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This book is about the dental pulp and its interac-

tion with other tissues during health and disease;

it is intended for practicing dentists as well as for

residents and dental students. Each chapter pro-

vides an introduction to its major themes, allow-

ing the busy clinician an opportunity to become

reacquainted with the subject matter. It then pres-

ents the latest research on that topic for the den-

tal pulp. Importantly, this research is interpreted in

terms of biologically based recommendations for

restorative and endodontic dental procedures.

Thus, the goal of this book is to provide a biologic

framework for the practice of dentistry.

We have named this book in honor of Sam

Seltzer and I. B. Bender, two dental pioneers who

were instrumental in developing biologically

based recommendations for endodontics and

restorative dentistry. Indeed, the philosophical

basis for the present book has evolved from a

similar work published by Sam and 1. B. nearly

three decades ago. They have actively participat-

ed in several chapters of the current book.

Sam and I. B. long ago said that the dental pulp

is a "big issue about a little tissue." And, in a way,

they are correct. The big issue is simply the cen-

tral role that pulp tissue plays in dental health.

Both local (eg, caries, periodontitis) and systemic

(eg, AIDS, hyperparathyroidism) disease can con-

tribute to pulpal pathosis. In turn, pulpal pathosis

can contribute to both local (eg, root resorption,

periodontitis) and systemic (eg, referred pain)

conditions.The astute clinician needs this informa-

tion to provide accurate diagnoses and effective

treatments. Accordingly, we have focused on the
biology of dental pulp and its interaction with

other tissues during health and disease in order to

provide comprehensive, biologically based clinical
recommendations for practicing dentists.

During the final preparation of this book, we

were greatly saddened to learn of the passing of
Professor Harold Stanley. Dr Stanley made numer-

ous important contributions during his long and

productive career, and his chapter represents a
summary of many of his important findings.

Preface

xi



History of Pulp Biology

Harold E. Goodis, DDS

Why Study Dental Pulp?

From many perspectives, dental health is directly

related to the health of a unique tissue-that is,

dental pulp. However, the study of dental pulp is

not restricted to this tissue alone, but extends to

its interactions with many other tissues in health

and disease. For example, since dentin and pulp

are anatomically and functionally integrated,

they are often referred to as the pulpodentin

complex.'

The pulp also interacts with other tissues

such as the periodontium (chapters 17 and 18)

and even the central nervous system (chapters 7

and 8). Indeed, the interrelationship between

dental pulp and other tissues is a major theme in

the field of dentistry, in pulp biology research,
and of course, in this textbook. It also serves as a

rationale for the specialty of endodontics.

According to one recent endodontics text, the
purpose of endodontic treatment is not to pre-

serve the pulp but to eliminate it, so as to

remove those factors found in necrotic and

infected pulp that stimulate apical periodon-

titis. 2 Thus, the biologic rationale for nonsurgical

endodontic treatment is to manage the apical

periodontitis that results from the functional

relationship between infected dental pulp and

apical tissue.

The importance of the relationship between

dental pulp and other tissues has also been rec-

ognized in other clinical fields. For example,

restorative dental procedures are closely linked

to the biology of the pulpodentin complex.

Indeed, the focus on prevention and treatment of

noncavitated caries lesions is based on the prem-

ise that the potential for subsequent pulpal

pathosis will be minimized. 3 Moreover, cavitated

lesions often are now treated by adhesive restora-

tions that take advantage of the exposed collagen

fibers, expressed by odontoblasts, that are

unmasked in demineralized dentin. 4 A recent

series of articles in Quintessence International

on pulpal responses to restorative materials was

introduced by the statement that "reactions in

dentin and pulp should be at the center of atten-

tion in restorative dentistry."' Contemporary peri-

odontics textbooks emphasize the importance of

recognizing the interrelationship of dental pulp
with the periodontium when evaluating potential

pulpal-periodontal pathoses. 6 It is clear that clini-

cal dentistry is built on a foundation of knowl-
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1 • History of Pulp Biology

edge of the dental pulp and its interrelationships

with other tissues.

In addition to its clinical implications, dental

pulp is worthy of study from a scientific perspec-

tive. Basic science research on dental pulp has

recognized several unique features of this tissue.

Its location within relatively hard, unyielding

walls and its particular vascular supply and dy-

namic cellular content have led to an increasing

interest in its responses to injury and bacterial

infection. Scientists have used this unique tissue

to study ectodermal-mesodermal interactions dur-

ing development (chapter 2), growth factors

embedded in dentin (chapter 3), phenotype plas-

ticity of nociceptors ("pain neurons") (chapters 7

and 8), bacterial-host interactions (chapters 5, 11,

12, and 17), and a number of other topics. To

close the circle, many of these topics have impor-

tant implications in the diagnosis and manage-

ment of diseases related to the dental pulp.

History of Dental Pulp and
Related Dental Procedures

The history of pulp biology and related dental
procedures is, surprisingly, long and varied. Sever-

al excellent reviews of dental history offer con-

siderable information about the dental pulp and
dental procedures designed to treat pulpal infec-

tions. 7,8 The following review summarizes these

contributions in three broad historical eras.

Early recognition of the role of
dental pulp in oral health

Early writings from around the world indicate a

recognition of the relationship between caries,

pulpal inflammation, and pain. Fu Hsi (2953 BC) is

credited with one of the earliest surviving de-

scriptions of several types of toothache, includ-

ing pain caused by cold and mastication. Later,

Pliny the Elder (23-79 AD) advised that a tooth-

ache could be relieved by chewing the root of

the hyocyamus soaked in vinegar, or the roots of

the plantain. Interestingly, extracts of plantain

are now known to possess antimicrobial and

anti-inflammatory properties. He also stated

that a mixture of plant extracts with opium was

effective for treating tooth pain. Scribonius

Largus (physician to the Emperor Claudius) re-
ported the application of "certain" medicaments,

or the mechanical removal of caries, were alter-

natives to tooth extraction due to pain. Root

canal treatments were performed in the Euro-

pean and Mediterranean Basin in antiquity10 and

the ancient Greeks attempted to hermetically
seal root canal systems." At the time, caries was

thought to be caused by small worms that exist-

ed in the tooth and consumed enamel. An early

reference to worms causing caries, or the "leg-

end of the tooth worm," is found in Mesopotamia

in the sixth century BC.

Archigenes of Syria (98-117 AD) treated pain

due to traumatic injuries to teeth by cauterizing

them with a red-hot iron. He also reported that

drilling small trephines directly into the pulp

chamber was effective for relieving pulpal pain.

Galen (130-201 AD) believed that teeth were

bones and were innervated by sensory neurons

originating from a pair of cranial nerves. Galen

also described two types of toothache, one origi-

nating from pulpal inflammation and the second

originating from the periodontal tissues. When all

remedies failed to cure pulpal pain, he too sug-

gested trephination of teeth in order to expose

the dental pulp. The casual reader will observe

only the gross nature of the observations and

treatment. However, upon reflection, the insight-

ful nature of these observations reveals a dedica-

tion to the well-being of patients.

A great Persian clinician, Rhazes (865-925),

published a comprehensive text on pathology and

therapeutics. He and others treated toothache as a

result of caries by applying arsenic and opium. If

pain was not relieved, red-hot needles were

placed through the caries into the root canal sys-

tem. The "second Galen," Avicenna (980-1037),

also believed in the tooth worm theory of caries.

To treat pain due to pulpitis, he drilled into the
tooth to relieve pressure and to release the "mor-

2



History of Dental Pulp and Related Dental Procedures

bid humors." Abulcasis (1013) used cauterization

(hot butter applied on a probe) to remove the

"worm" causing dental pain. Although the meth-

ods are not representative of contemporary tech-

niques (thankfully), it should be appreciated that

these clinicians based their treatments on the pre-

vailing beliefs of the pathologic process (eg, tooth

worm) involved and that the treatments were

designed to remove this pathology.

Development of dental therapeutics
These observations and remedies continued for

several hundred years until the time of Vesalius in

the middle of the sixteenth century, who correct-

ed the proposition by Galen that teeth were

bones. Pierre Fauchard, the father of modern den-

tistry (1678-1761), rejecting the theory of worms

in the teeth, used a lead-filled root canal space to

hold a pivot crown. Bourdet (1757) treated infect-
ed dental pulp by intentional reimplantation, in

which teeth were luxated with a forceps and the

pulp extirpated by means of an instrument with a
three-sided point. Teeth were instrumented and

then replaned once the root canal space was

packed, reportedly with some degree of success.

The treatment of diseased teeth and study of the

dental pulp begun by these practitioners reached

its zenith in the nineteenth century.

During this time, similar observations were

made by clinicians in England. Though most treat-

ed toothache with Galen's remedies, others, more

observant, attempted to understand the cause of

the pain. John Baumster in the latter part of the

sixteenth century described the presence of

nerves and arteries and veins that had been dis-

sected out of the tooth. Peter Lowe (1654), having

discovered that worms in the teeth were not the

cause of toothaches, used some of the same reme-

dies, such as cautery, as had the other advanced

French dentists.

At the beginning of the eighteenth century, a

few studied teeth more thoroughly. John Hunter's

work established a sound foundation for scientif-

ic procedures in dental treatment. He understood

the profound necessity of reaching the end of the

root when performing pulp debridement proce-

dures. James Snell, in the early nineteenth centu-
ry, employed acetate of morphia, silver nitrate,

and cautery for the destruction of inflamed and

sensitive pulp tissue. He devised a steel instru-
ment with a bulb at the end of a platinum wire,

which retained heat long enough to cauterize the

pulp tissue. Similar discoveries followed in the

United States, in the work of Horace Hayden

(1769-1844) and Chapin Harris (1806-1860),

who lectured extensively on diseases of the den-

tal pulp.

Discoveries of asepsis by Pasteur and Lister

were incorporated into dental practice. The

advent of rubber dam in the late 1800s allowed

for a practical method of aseptic root canal proce-

dures. Advances in root canal treatment appeared

rapidly from 1890 to 1920, guided by an over-

growing understanding of the histopathology of

the pulp and periradicular tissues and their reac-

tions to treatment.

The development of vital treatment for dis-

eased pulpal tissue without removing that tissue

has been reviewed by Francke.l 2 Philip Pfaff is

credited with some of the first attempts to treat

vital pulp. He cut small pieces of gold or lead so

that they fitted over the pulpal exposure. A

unique feature of the cap was the presence of a

concavity to prevent contact with dental pulpal

tissue. At about the same time, James Snell de-

scribed applying silver nitrate to the "ulcerated

surface" of the pulp that was then protected by a

temporary filling of mastic.The apparent purpose

of this type of treatment was pulp capping, a

common practice of the time.

Others have described responses of the pulpo-

dentin complex to various dental treatments.

Frederick Hirsh recommended that a diseased

tooth should be treated by cauterizing the pulp

with a red-hot probe and filling the opening with

lead. There are no records of patient responses to

this treatment. Leonard Koecker of Philadelphia

(1828) performed similar pulpal cauterizations.

Jacob Linderer and his son Joseph (1837) recom-

mended that the pulp be made insensitive by
placing essential or narcotic oils on it and then a

3



1 • History of Pulp Biology

Fig I-I

	

Margin of the dental pulp: a, dentinal fibrils; b, mem-
brana aboris or odontoblast layer; c, transparent zone
between odontoblasts and pulp cells; d, densely packed cell
l ayer; e, blood vessels; f, cells less closely packed (1/10 i nch

objective). (Reprinted from Black.13)

Fig I-2 Visualization of the apex of an incisor injected with
Beale's blue to show the blood vessels (original magnification

x25). (Reprinted from Black.13)

covering of wax or stopping. A permanent filling

was to be placed, cautiously, several days later.

Also recommended was a thin gold plate to be

placed over pulpal exposures. Gold was believed

to have unique healing capabilities and to be nec-

essary to produce a suitable barrier.

Jonathan Taft (1858) continued this theme by

introducing a new therapeutic concept to the

dental community. He proposed that the vital

pulpodentin complex was valuable in providing

greater resistance to caries. Taft stated that thera-

py directed at maintaining pulpal vitality could

lead to the formation of a "boney deposit," ie, sec-

ondary dentin. This was an incredibly insightful

observation for the period. The development of

secondary dentin was not generally recognized
until the 1960s.

Others of that era developed new methods of

diagnosis. Adolph Witzel (1879) recommended
that, after caries removal and pulpal exposure,

cold water should be placed into the cavity: if

that caused acute but transitory pain, then the
pulp was viewed to be reversibly inflamed and

could be capped; if the pain lingered, other treat-

ments were recommended.

Leber and Rottenstein (1867), finding a micro-

organism on the surface of a tooth and in the

decaying cavity and dental tubules, concluded

that caries could cause pulpal necrosis. At about

this time, Joseph Lister (1867) reported using car-

bolic acid for the aseptic treatment of wounds.

This led to use of antiseptic substances in pulp-

capping treatments. Julius Parreidt (1879) recom-
mended "Carbolgypse," a 5% water solution of

carbolic acid mixed with plaster. W E. Harding

(1883), in England, is said to have believed that
dental surgeons should ask first not "Can I save

the root?" but "Can I save the tooth?" John

Wessler, a Swede, found metal caps too difficult to

apply. In 1894, he proposed the use of "Pulpol," a

cement of oil of cloves containing 80% to 90%

eugenol mixed with zinc oxide. It relieved pain

and could easily be placed over exposures.

The following illustrations (Figs 1-1 to 1-15)

define the thinking of those involved in the treat-

ment of pulpal diseases at the end of the nine-

4



History ofDental Pulp and Related Dental Procedure

Fig I-3 Related blood vessels in pulpal hyperemia from a
tooth extracted during a paroxysm of intense pain. (Reprinted
from Black. '3)

Fig I-4 Progressive suppuration of the pulp of an incisor: a,
healthy tissue; b, odontoblast layer or membrane eboris; c,
i nflamed tissue in which veins are seen to be dilated; d, line of
demarcation of the suppurative process; e, abscess. (Reprint-
ed from Black. '3)

Fig I-5 Atrophy of the odontoblasts: a, odontoblasts that
have taken the stain in an irregular manner (1/10 i nch immer-
sion). (Reprinted from Black.13)

Fig I-6 (A) Diagram of mandibular molar, with caries (a),
which exposed the pulp (P). The darkened portion (b) shows
the extent of the inflammation. (8) Illustration of the inflamed
tissue of the abscess (a). The odontoblasts are undermined
( b). The blood vessels that were filled with blood clot in the
section are left blank to make them more apparent. (Reprinted
from Black.13)

teenth century. They point to an era of enlighten-

ment and discovery about pathoses most pulp

biologists and endodontists now take for granted.

More than pioneers, they were thinkers, and no

history of the evolution of information would be

complete without their findings. The illustrations

taken from textbooks published in the 1880s and

1890s include both photographs and drawings of

what was seen microscopically. Where possible,

the persons responsible for them are credited.

5



1 • History of Pulp Biology

Fig I-7 Secondary dentin on wall of pulp chamber (original

magnification X 100). (Reprinted from Marshall.")

Fig I-8 Section of dental pulp with secondary dentin in

chamber (original magnification X100). (Reprinted from
Marshall.)

Fig I-9 Section of tooth pulp undergoing fibroid degenera-
tion (original magnification X 110). (Reprinted from Marshall. 14 )

Fig I-10 Inflammatory
phenomena. (Reprinted

from Marshall.)

6



History of Dental Pulp and Related Dental Procedures

Fig 1-11 Vertical section of human canine, showing forma-
tion of secondary dentin in the coronal portion of the pulp
chamber as a result of loss of tissue at the dorsal edge (origi-
nal magnification X100). (Reprinted from Marshall. 14 )

Fig I-12 Growth of enamel organ and dental germ (ie, den-
tal papilla) in section of pig jaw embryo: 1, enamel organ; 2,
dental germ; 3, growth of jaw; 4, tongue. (Reprinted from

Kirk.'")

Fig I-13 Section of rat incisor: a, blood vessels with erythro-
cytes in situ; b, branch of blood vessels descending to supply
capillary loops around secreting papillae; c, ameloblasts (orig-
i nal magnification X175). (Reprinted from Bourchard.)

Fig I-14 Layer of odontoblasts and fibril cells attached to the
forming dentin in section of growing tooth of calf at birth.
( Reprinted from Kirk. 15)

Fig I-15 Microorganisms found in culture from a necrotic
pulp. (1) Necrotic pulp in carious tooth (letters indicate where
cultures were taken). (2-4) Different varieties of larger bacte-
ri a. (5) Smaller cocci. (Reprinted from Kirk. 15)

7



1 • History of Pulp Biology

Development of endodontic
techniques and the impact of the
focal infection theory

The sequence of events in the above history of

the protection of the dental pulp allows us to bet-

ter understand the evolution of the study of the
biology of the dental pulp. Despite their limited

facilities and instrumentation, the dentists of the

seventeenth and eighteenth centuries laid the

foundation for those following in the nineteenth

and early twentieth, whose work has in turn led in

the late twentieth century to the publication of

studies of pulp biology too numerous to quote in

this brief history. Suffice it to say that our forefa-

thers were bright, observant men who laid the

groundwork for today's investigations into the

biology of the dental pulp. Despite this overall

progress, some events, such as the focal infection

theory, still lead to the loss of millions of teeth.

In their book Clinical Endodontics,17 Sommer,

Ostrander, and Crowley reviewed previous histo-

logic studies of pulpal tissue thought to be infect-

ed. At the time (early twentieth century) many

physicians and dentists believed that teeth with

infected pulps were foci of infection for systemic

disease." The focal infection theory was based on

culture results from extracted teeth, with little

regard to the possibility that the bacteria recov-

ered may have been part of the normal flora of

the oral cavity. Interestingly, a supporter of the

focal theory did not find any proof that the organ-

isms found played a role in focal infection.'

Although the theory of focal infection had little

experimental support, it resulted in the needless

extraction of countless teeth. When reviewing

this period of dental history, we must remember

that the majority of contemporary dental pulp

research has been conducted only in the last 40

years. For example, only in the 1970s did clinical

studies demonstrate that flossing and tooth brush-

ing reliably produce transient bacteremias with-

out the risk of a systemic infection . 20,2 ' These and

numerous other studies (see chapter 12) have
refuted the theory of focal infection due to bacte-

ria in necrotic teeth.

A variant of this concept has appeared in re-

cent studies advancing the theory that periodon-

tal disease is associated with systemic health.

Many of these studies are based on cross-section-

al correlations of one factor (eg, periodontitis)

with another factor (eg, the systemic disease of

interest). However, since a correlation of factor A

with factor B could imply that factor A causes B,

or that factor B causes A, or that both A and B are

caused by some underlying common disorder (ie,

A and B caused by factor C), correlation does not

equal causation. Moreover, large-scale prospective

studies (N = 8,032) and meta-analyses of pub-

lished studies (N = 74,103) have failed to detect a

significant substantial correlation between peri-

odontal disease and systemic health . 22,23 Thus,

there is little evidence in support of a causative

relationship between chronic oral infections

such as infected pulps or periodontitis and sys-

temic disease. Other risk factors, however, may

eventually lead to determinations of a causative

relationship between systemic disease entities

and oral diseases. For example, a recent study 24 of

upper body obesity suggested that this may be a

common disorder linking both cardiovascular dis-
ease and periodontitis.

It was not until the mid- to late 1930s that the

"presence" of organisms (ie, colonization) and
"infection" were considered not to be synony

mous." This distinction between colonization and

infection continues to be a topic for contempo-
rary reviews (see also chapter 12). 26 Histologic

examination of pulp tissue from extracted teeth

has demonstrated the presence of microorgan-

isms where there is no evidence of inflammatory

changes . 27 This may have been due to an experi-

mental confound, since the same investigators

showed that it was impossible to sterilize tooth

surfaces and that bacteria from the oral cavity

could be forced into the pulp canal space during

tooth extraction.

Several advances in endodontic treatment

were made during this period. A focus on new

aseptic techniques offered the opportunity to dis-

rupt and significantly reduce the presence of oral

flora during root canal treatment . 27-29 Aseptic

8
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techniques made it possible, therefore, to control

and prevent infection. More recent papers de-

scribe the history of other types of endodontic

treatment. A history of formocresol pulpotomy30

and a historical review of the management of

tooth hypersensitivity31 have been published. G. V

Black prepared 88 handmade microscope slides,

staining or double staining different sections of

the same material to describe the histopathologic

features of the dental pulp. The slides were
reviewed by Loevy and Kowitz.32

Others have examined the history of endodon-

tics from its origins to the beginning of, and into,

the twentieth century.33-38 A recent president of
the American Association of Endodontists

explained the use of immediate root fillings in the
latter part of the nineteenth century, the use of

arsenic in the treatment of dentin and the dental

pulp,39 and the Herbst method of treating the den-

tal pulp.40,41 A three-part review of the history of

endodontics from 1889 to 1963 was presented by

Cruse and Bellizzi.42-44 They surveyed the evolu-

tion of root canal treatment from the time of

Fauchard to that of the recognition of endodon-

tics as a dental specialty. A history of the use of

gutta percha in endodontics described its use

beginning in the 1500s and its evolution over the

next several hundred years. 45 Rosenberg and

Schilder46 summed up the specialty of endodon-

tics by reviewing its past, present and future.

The foregoing review is essentially a prelude to

treatment modalities and instrumentation from

the 1920s to the present. However, coincident

with the development of the study of the diseased

pulp has been the exploration of the pathophysi-

ology of the pulpal tissue itself.

Development of Pulp
Biology As a Scientific
Discipline

The events described above coincided with an

evolution of "experimental" science. The Renais-

sance in Europe (fifteenth and sixteenth cen-

turies) included fundamental new research on

dental pulp. Its morphology was first described by

Coiter in the mid-sixteenth century, and develop-

mental changes occurring in teeth were described

by Ingrassia. Anthony van Leeuwenhoek (1632-

1723) used an early microscope to describe denti-

nal tubules. Bichat described dentin as bone and

noted the presence of secondary dentin. Later,

Bertin described pulp anatomy, and concluded

that secondary dentin was formed by cells in den-

tal pulp. Retzius (1837) predicted that dentinal

tubules would be found to contain a peculiar kind

of vessel functioning by elaborating a nourishing

and supporting fluid.

Additional studies laid the groundwork for

understanding the pulpodentin complex. 47-49 In

1881, Baume reviewed the status of pulpodentin

biology at the time of the Dental School of

Geneva's establishment in 1881. 5° Later, Sigron re-

viewed the anatomic contributions of Walter

Hess, an early dental pulp researcher 51 The stud-

ies of Professor Hess revealed the complexity of

root canal systems-their branching and their

multiple portals of exit.

Interest grew when, in 1963, a group led by Dr
Sidney B. Finn applied to the National Institute of

Dental Research (now named the National Insti-

tute of Dental and Craniofacial Research) for
financial aid for a symposium on the basic sci-

ence of the dental pulp organ and related fields.

The meeting in 1964 at Lake Martin, Alabama,

helped to establish a formal network of pulp biol-

ogy scientists. This led to the formation of the

Pulp Biology Group in 1975 under the leadership

of Dr William Cotton, the group's first president.

The Pulp Biology Group is a component of the

International Association for Dental Research.

Research in pulp biology has truly become inter-

national in scope.

The Pulp Biology Group has organized and

sponsored symposia at various venues throughout

the world. These include the Charlotte con-

ferences in 1984 and 1991 in Charlotte, North

Carolina; the conference on Hypersensitive

Dentin at Callaway Gardens, Georgia in 1993; the

Symposium on Dental Innervation in Seattle in

9
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1994; and the Pulp/Dentin Complex Conference

in Chiba, Japan, in 1995 and 2001. The published

proceedings of these conferences have proven an

incredible source of scientific studies on the den-

tal pulp. Several of the more interesting books

include Biology of the Dental Pulp Organ 52 in

1967, Dynamics Aspects of the Dental Pulp in

1990, 53 the Proceedings of the Finnish Dental

Society54 in 1992, and the Dentin/Pulp Complex

in 1996 55 and 2002. 56

Conclusions

A review of dental history illustrates the pivotal

role of dental pulp in oral health. Moreover, we
now recognize many and important interactions

between dental pulp and other tissues in health

and disease. This has led to the recognition that a

clinician cannot select the most appropriate and

effective dental procedures without a fundamen-

tal knowledge of dental pulp biology. Drs Samuel

Seltzer and 1. B. Bender were among the first to

incorporate contemporary research findings

emphasizing these important links between pulp

biology and clinical dentistry. In 1974, Seltzer and

Bender published The Dental Pulp, the first text-

book to devote its entire content to this tissue

and its relationship to clinical dentistry. With

characteristic humor, they succinctly encapsulat-

ed this concept by stating that the study of dental

pulp was "a big issue over a small tissue." In the

following chapters, our coauthors have used this

philosophy to review current knowledge of pulp-

al biology for the purpose of improving our care

of our patients.
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Development of the
Pulpodentin Complex

Rena D'Souza, DDS, MS, PhD

Dentin is a unique, avascular mineralized connec-

tive tissue that forms the bulk of the tooth. It

underlies enamel in the crown and cementum in

the roots, providing structural support to these

tissues and resilience to the tooth. In a mature

tooth, dentin encloses a richly innervated and

highly vascularized soft connective tissue, the

dental pulp. Dentin and pulp are derived from

the dental papilla, whose cells migrate to the first

branchial arch from within the ectomesenchyme

of the cranial neural crest. The tissues remain
closely associated during development and

throughout the life of an adult tooth and are

hence most commonly referred to as the pulpo-
dentin complex. It is this biologic intimacy that
dictates the response of the pulpodentin com-

plex to physiologic and pathologic stimuli.

Because the practice of dentistry often

involves manipulation of both the dentin and the

pulp, learning about the mechanisms that lead to

their formation will provide the dentist with a

better understanding of the response to and

treatment of pulpal injuries. The purpose of this

chapter is to provide a background for the suc-

ceeding chapters that discuss the biology of the

mature pulpodentin complex during health and

disease and in aging. This chapter reviews classic

and current knowledge of the events in tooth

development that lead to odontoblast differentia-

tion.Attention is focused on the common themes

that have emerged and on current knowledge

about the influence of tooth-signaling molecules

on the development of the pulpodentin com-

plex. In addition, the chapter describes the gener-
al principles of dentin matrix formation, in partic-

ular the synthesis and secretion of extracellular

matrix molecules. Examples of clinical applica-
tions of basic information are integrated through-

out the chapter to emphasize the fundamental

theory that developmental events are often reit-

erated in adult life.

Tooth Development
(Odontogenesis)

For several decades, the developing tooth organ

has served as a valuable paradigm for studying the

fundamental processes involved in organogenesis.

These processes are (1) the determination of

position, when the precise site of tooth initiation
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2 • Development of the Pulpodentin Complex

is established, (2) the determination of form, or
morphogenesis, when the size and shape of the

tooth organ is set, and (3) cell differentiation,

when organ-specific tissues are formed by defined
cell populations, each with unique properties. The

dental literature is enriched with excellent

reviews on tooth development, and the reader is

encouraged to study the topic in further detail.1 -6

how the adult or mature pulpodentin complex

responds in injury and repair. The latter clearly

involves a series of molecules that operate in con-

cert to dictate the outcome of pulpal disease and

therapies. In the adult situation, whether certain

cells and molecules can mimic the inductive influ-

ence of dental epithelium during development

has yet to be definitively proven and remains a

subject of interest in pulp biology research.

General features

Although the tooth is a unique organ, the princi-

ples that guide its development are shared in com-

mon with other organs, such as the lung, kidney,

heart, mammary glands, and hair follicles. The

most important developmental events are those

guiding epithelial-mesenchymal interactions,

which involve a molecular crosstalk between the

ectoderm and mesenchyme, two tissues that have

a different origin.Although teeth are found only in

vertebrates, their development involves genetic

pathways that are also active in invertebrates. This

conservation of a "molecular toolbox" for organo-

genesis throughout evolution proves that certain

master regulatory molecules are critical to all tis-

sue interactions during development.

New studies have also shown that tooth-signal-

ing molecules are repeatedly used at various

stages of development. 4,6 It is important that

tooth morphogenesis and cell differentiation

occur as a result of sequential interactions. Hence,
it is not one biologic event involving a single

molecule but rather a series of interactions involv-

ing several molecules that leads to the develop-
ment of the pulpodentin complex.

Signaling is reciprocal; an exchange of infor-

mation occurs in both directions from dental

epithelium to mesenchyme and from dental mes-

enchyme to epithelium. For example, in experi-

ments in which dental epithelium was separated

from mesenchyme, cuspal patterning failed to

occur. Similarly, in the absence of dental epitheli-

um, odontoblasts are unable to differentiate from

dental mesenchyme. 9-11

It is only logical to apply these basic develop-

mental principles to the current understanding of

Stages of tooth development

Teeth develop in distinct stages that are easily

recognizable at the microscopic level. Hence,

stages of odontogenesis are described by the his-

tologic appearance of the tooth organ. From early

to late, these stages are described as the lamina,

bud, cap, early bell, and late bell stages of tooth

development." Although the following descrip-
tion will use these common terms, modern litera-

ture uses functional terminology to describe

odontogenesis as occurring in four phases: initia-

tion, morphogenesis, cell differentiation (or

cytodifferentiation), and matrix apposition (Fig

2-1). Figures 2-2a to 2-2e depict the morphologic

stages of tooth development.

Lamina stage
The dental lamina is the first morphologic sign of

tooth development and is visible at approximately

5 weeks of human development and at embryon-

ic day 11 (E11) in mouse gestation. This thicken-

ing of the oral epithelium lining the frontonasal,

maxillary, and mandibular arches occurs only at

sites where tooth organs will develop.At the lami-

na stage, cells in the dental epithelium and under-

lying ectomesenchyme are dividing at different

rates, the latter more rapidly. As will be explained

later, the dental lamina has the full potential to

induce tooth formation by dictating the fate of

the underlying ectomesenchyme."

Bud stage
As the dental lamina continues to grow and thick-

en to form a bud, cells of the ectomesenchyme

proliferate and condense to form the dental
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Fig 2-I Stages of tooth development. Note the sequential transformation from the dental lamina to a distinctly shaped dental
organ. The transient appearance of the enamel knot in the region of the forming cusp tips precedes the terminal differentiation of
cells and the formation of specialized matrices. (Reprinted from Thesleff and Sharpe with permission.)

papilla. At this stage, the inductive or tooth-form-

ing potential is transferred from the dental

epithelium to the dental papilla.

Cap stage
At this stage, the tooth bud assumes the shape of

a cap that is surrounded by the dental papilla.The

ectodermal compartment of the tooth organ is

referred to as the dental or enamel organ. The
enamel organ and dental papilla become encapsu-

lated by another layer of mesenchymal cells,
called the dental follicle, that separates the tooth

organ papilla from the other connective tissues of
the jaws.

The transition from the bud stage to the cap

stage is an important step in tooth development,

because it marks the onset of crown formation.

Recent studies have pointed to the role of the

enamel knot as an important organizing center

that initiates cuspal patterning. 15,16 Formally

described as a transient structure with no ascribed

functions, the enamel knot is formed by the only
cells within the central region of the dental organ

that fail to grow. As will be described later, the

enamel knot expresses a unique set of signaling

molecules that influence both the shape of the
crown and the development of the dental papilla.

In incisors, the enamel knot initiates the first fold-

ing of dental epithelium. Secondary enamel knots

determine the site of new cusps in molars.

Similar to signaling centers in other organizing

tissues, such as the developing limb bud, the

enamel knot undergoes programmed cellular

death, or apoptosis, after cuspal patterning is

completed at the onset of the early bell stage.

Early bell stage
The dental organ assumes the shape of a bell as

cells continue to divide but at differential rates. A

single layer of cuboidal cells, called the external
or outer dental epithelium, lines the periphery of

the dental organ; cells that border the dental

papilla and are columnar in appearance form the

internal or inner dental epithelium. The inner

epithelium gives rise to the ameloblasts, cells

responsible for enamel formation. Cells located in

the center of the dental organ produce high levels

of glycosaminoglycans that are able to sequester

fluids as well as growth factors that lead to its

expansion. This network of star-shaped cells is
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Figs 2-2a to 2-2e Histologic survey of odontogenesis in a pig embryo. (Courtesy of the University of Houston, Health Science
Center at Houston, Dental Branch.)

Fig 2-2a Lamina phase: a, nasal septum; b, tongue; c, palatal
shelves; d, dental lamina (H&E stain).

Fig 2-2b Bud stage: A, ectodermal outgrowth; B, dental mes-
enchyme; C, tongue; D, oral cavity space; E, oral ectoderm
( H&E stain).

Fig 2-2c Cap stage or transition to early
bell stage: a, outer dental epithelium; b,
internal dental epithelium; c, stellate reticu-
lum; d, dental papilla ectomesenchyme; e,
dental lamina (H&E stain).

Fig 2-2d Late bell stage: a, nerve bun-
dle; b, alveolar bone; c, vasculature; d,
oral ectoderm; e, tongue. Note the exten-
sion of the dental lamina on the right
aspect of the dental organ that will form
the succedaneous incisor (H&E stain).

Fig 2-2e Onset of dentinogenesis: A,
dental pulp; B, cluster of odontoblasts
that appear crowded at the tip; C, odon-
toblast process; D, dentin.
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named the stellate reticulum. Interposed
between the stellate reticulum and the internal

dental epithelium is a narrow layer of flattened
cells, termed the stratum intermedium. These
cells express high levels of alkaline phosphatase.

The stratum intermedium is believed to influence

the biomineralization of enamel. In the region of

the apical end of the tooth organ, the internal and

external dental epithelial layers meet at a junction

called the cervical loop. 17-19

At the early bell stage, each layer of the dental

organ has assumed special functions. The recipro-

cal exchange of molecular information between

the dental organ and dental papilla influences the
important events that lead to cell differentiation

at the late bell stage.

Late bell stage
The dental lamina that connects the tooth organ

to the oral epithelium gradually disintegrates at

the late bell stage. The cells of the internal dental

epithelium continue to divide at different rates to

determine the precise shape of the crown. Shortly

after, cells of the internal dental epithelium at the

sites of the future cuspal tips stop dividing and

assume a columnar shape. The most peripheral

cells of the dental papilla enlarge and become

organized along the basement membrane at the

tooth's epithelial-mesenchymal interface. These

newly differentiated cells are called odontoblasts,

cells that are responsible for the synthesis and

secretion of dentin matrix. At this time, the dental
papilla is termed the dental pulp.

After odontoblasts deposit the first layer of

predentin matrix, cells of the internal dental

epithelium receive their signal to differentiate

further into ameloblasts, or enamel-producing
cells. As enamel is deposited over dentin matrix,

ameloblasts retreat to the external surface of the

crown and are believed to undergo programmed
cell death. In contrast, odontoblasts line the inner

surface of dentin and remain metabolically active
throughout the life of a tooth.

In summary, development of the tooth rudi-

ment from the lamina to the late bell stages cul-

minates in the formation of the tooth crown. As

root formation proceeds, epithelial cells from the

cervical loop proliferate apically and influence

the differentiation of odontoblasts from the den-

tal papilla as well as cementoblasts from follicle

mesenchyme.This leads to the deposition of root

dentin and cementum, respectively. The dental

follicle that gives rise to components of the peri-

odontium, namely the periodontal ligament

fibroblasts, the alveolar bone of the tooth socket,

and the cementum, also plays a role during tooth

eruption, which marks the end phase of odonto-

genesis.

Experimental systems for studying
tooth development

In the last decade, basic understanding of the

molecules that control the events that lead to

odontoblast differentiation and the formation of

dental pulp has advanced significantly."' Most of

the contemporary experimental approaches used

in these studies have taken advantage of the

mouse model because of its availability and ease

of accessibility. The development of the dentition

in mice closely parallels that in humans. Mice are

the predominant system for genetic engineering

approaches that have generated a volume of

exciting data on tooth development.

Before a discussion of the families of signaling

molecules is presented, it is important to under-

stand modern experimental approaches and key

techniques that are available for use in studies on

tooth development. This section is intended to

provide a simple description of these modern sci-

entific tools for the dental student or endodontic

resident interested in pursuing research in the
area of pulp biology.

Tooth organ culture systems
Over the years, researchers have utilized various

approaches to study and manipulate developing

tooth organs . 21-23 In vitro systems include whole
mandibular and maxillary explants as well as indi-

vidually dissected molar organs that can be cul-

tured in enriched serum by means of a Trowell-

type system.The system involves placing the tooth
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Figs 2-3a to 2-3c Tooth organ culture system. (Courtesy of Dr Richard Finkelman.)

Fig 2-3a Trowell method showing two molar organs at the
early cap stage placed on a filter on top of a metal grid within
a culture dish.

Fig 2-3b Molar organ after 12 days i n culture. Note the forma-
tion of distinct cusps.

Fig 2-3c Histologic view of Fig 2-3b shows fully differentiated
odontoblasts (od) and a layer of mineralized dentin (arrows)
(von Kossa stain, original magnification x 10).

organ in the correct orientation on a filter that is

supported by a metal grid at the gas-liquid inter-

face within a culture we1124 (Figs 2-3a to 2-3c).

Another in vitro approach is the use of func-

tional tooth organ recombination assays. Dental

epithelium is separated from papilla mesenchyme

by means of enzymes that degrade the basement

membrane at the interface . 25,26 Isolated epitheli-

um and mesenchyme can be cultured separately

or recombined and then transplanted in vivo to

study the effects on tooth development. Modifica-

tions of this approach include heterotypic recom-

binant cultures of epithelium and mesenchyme,

in which each is derived from a different organ

system, and heterochronic recombinations, in

which tissues that are from the same organ sys-

tem but at different stages of development are

used (Fig 2-4).

Researchers interested in studying the effects

of various molecules add these reagents in solu-
ble form to the culture and then transplant the

treated culture to the anterior chamber of the
eye or the subcapsular region of the kidney in

mice . 28 Overall, in vivo tooth organ explants that

are cultured at in vivo ectopic sites advance fur-

ther than do in vitro systems (Fig 2-5). In vivo cul-
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Fig 2-4 Strategy used for
homotypic and heterotypic
recombination assays: E11-
12, days 11 to 12 of mouse
embryonic development; e,
epithelium; m, mesen-
chyme; h, hours in culture;
d, days in culture. (Reprint-
ed from Mitsiadis et ale' with
permission.)

Fig 2-5 Microscopic view of a fully
formed tooth that developed from the
early cap stage after placement beneath
the renal capsule: od, odontoblasts; p,
dental pulp; k, kidney (H&E stain, original
magnification x4).

ture systems are also better suited for tooth organ

dissections and recombinations that are per-

formed at early stages of development.

An elegant experimental approach that has

yielded important information on the nature of

the signaling interactions between tooth epitheli-

um and mesenchyme is the use of bead implanta-

tion assays . 29 Briefly, either heparin or agarose

beads that are soaked in a known concentration

of a growth factor are placed on separated dental

mesenchyme. After approximately 24 hours in

culture, the mesenchyme is analyzed for changes

in gene or protein expression in the region sur-

rounding the bead (Fig 2-6).

The availability of mouse strains with sponta-
neous mutations and genetically engineered

"knockout" mice has further refined the use of the

bead implantation assay 31,32 When the reactions
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Fig 2-7 Odontoblast-like cells from the immortalized MDPC-
23 cell line (arrows). The blue staining detects the activity of
the LacZ gene, which encodes for B-galactosidase activity.
Blue cells have been successfully transfected with extra
copies of the core-binding factor a1 (Cbfal) gene, whose role
is discussed later in the chapter (X-gal stain, original magnifi-
cation X40).

Fig 2-6 Principles of tooth tissue recombination and bead
assays. (Modified from Thesleff and Sahlberg 30 with permis-
sion.)

of mutant dental mesenchyme and wild-type (nor-

mal) mesenchyme are compared, it is possible to

determine whether a certain molecule is needed

for the expression of a second gene. This ap-

proach has led to new information about the rela-

tionships of tooth-signaling molecules within a

genetic pathway. 6,33

Odontoblast and dental pulp cell cultures

While tooth organ cultures have facilitated stud-

ies of early tooth development, the recent avail-

ability of odontoblast and pulp cell culture sys-
tems has made it possible to study late events

that involve cell differentiation and matrix syn-

thesis. An interesting approach is to utilize hemi-

sectioned human teeth from which dental pulp

has been carefully extirpated. The remaining

layer of intact odontoblasts can then be cultured

within the native pulp chamber, to which nutri-

ent media and various growth factors or

cytokines are added. Thick slices of human teeth

with the odontoblastic layer left intact offer

another useful approach to study the behavior of

odontoblasts under conditions that simulate den-

tal caries.34,35
The use of primary odontoblast cultures has

been limited because intact cells are difficult to

isolate in sufficient numbers and become pheno-

typically altered after several passages in culture.

The recent development of cell immortalization

procedures has made it possible to generate two

established odontoblast-like cell lines. The

MO6-G3 cell line was derived from an established

murine odontoblast monolayer cell culture system

that was infected with a temperature-sensitive

Simian virus 40 (SV40). 36 MDPC-23 cells are a

spontaneously immortalized cell line derived from

mouse embryonic dental papilla that expresses

dentin matrix proteins. 37 Clones of transformed

cells can grow in selection media at 33°C for a

period of 3 to 5 months and display the morpho-

logic and biochemical characteristics of mature
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Fig 2-8a Whole-mount view of a developing transgenic
mouse embryo in which expression of the LacZ reporter gene
( blue staining) is driven by a type I collagen promoter. Expres-
sion of B-galactosidase i s seen in all areas of the embryo that
express type I collagen. mn, Meninges (B-gal stain). (Reprint-
ed from Niederreither et a1 42 with permission.)

Fig 2-8b Section through the developing
i ncisor at the neonatal stage showing
activity of the transgene in differentiating
odontoblasts (od) and some cells of the
dental pulp (dp). Note the complete
absence of staining for type I collagen in
ameloblasts (am) (H&E stain, original
magnification X10).

odontoblasts (Fig 2-7). Dental pulp clones, the

RPC-C2A and RDP 4-1 cell lines, which exhibit
characteristics ranging from pulpal fibroblasts to

preodontoblasts, are also available. 38,39

The use of odontoblast and pulpal cell lines to
test the biocompatibility of newly introduced

dental materials has opened up an exciting

dimension in pulp biology research. In addition,

the M06-G3 and MDPC-23 cell lines offer valu-

able systems for studying the regulation of genes

that encode for dentin matrix proteins, thought

to play critical roles in dentinogenesis.

Transgenic and knockout mice
The modern era of recombinant DNA technology

and genetic engineering has made it possible to

alter or mutate a gene of interest in vitro and then

inject it into the pronucleus of a fertilized mouse

egg- Because knockout experiments have

been used in many other dental pulp studies (see

chapters 3, 5, 7, 11, and 17), the general method

will be described in this chapter. The transgene, if
successfully integrated into the host genome, can

be transmitted through the germ line to the

progeny. Transgenic and knockout mice thus offer
a powerful means to study the role of molecules

in their natural in vivo environment.

Transgenic mice generated through conven-

tional technology can be designed to overexpress

the gene of interest in cells or tissues where it is

normally expressed (Figs 2-8a and 2-8b). When it

is desirable to study the behavior of a gene at an

ectopic site, the transgene of interest is placed

behind the promoter of another gene that will

drive expression in tissues where it is not nor-

mally expressed. In the case of a gene that is

expressed in multiple tissues or organs, it is now

possible to study activity at one particular site.

This is achieved by driving the expression of the

transgene with a tissue- or cell-specific promoter.
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The following example illustrates the useful-

ness of a tissue-specific transgenic mouse model.

As a means of assessing the precise role of trans-

forming growth factor-(31 (TGF-(31) in odonto-

blast differentiation, transgenic mice that overex-

press active TGF-(31 were generated . 43 Because

TGF-(31 is also highly expressed in bone and other

tissues, TGF-(31 overexpression was restricted to

odontoblasts alone by using the promoter for

dentin sialophosphoprotein (DSPP), a gene that is

highly tooth specific. Overexpressors of TGF-(31

have defects in dentin that closely resemble

dentinogenesis imperfecta, an inherited disorder

of dentin. This model permitted an analysis of the
direct role of TGF-B 1 in dentin formation that was

not confounded by its effect in bone and other tis-
sues.43 These results indicated an important role

for TGF in dentin formation, a subject that will be

discussed in further detail in chapter 3.

Knockout technology is used to generate lines

of mice that lack a functional gene of interest

throughout their lifespan. The targeted deletion

of the gene is performed in embryonic stem cells

that are derived from the inner cell mass of an

early embryo. After these cells are cultured to
select for the desired deletion, they are implanted

into the cavity of a fertilized egg to generate a

percentage of offspring that inherit the mutation.
Knockout mice offer a powerful means of

assessing the biologic roles of a molecule in the

context of a normal mouse. Certain knockout
strains appear completely unaffected, indicating

that the functions of the gene that are eliminated

in vivo can be shared by other genes within the

family, a phenomenon of biologic (functional)

redundancy. Several knockout mice strains die

during gestation or shortly after birth, indicating

the importance of these genes in developmental

processes. As a result, these mice have not proven

to be informative about the role of the gene later

in postnatal and adult life. Examples of this

include the knockout mice that lack the genes for

bone morphogenetic protein 2 (BMP-2) and 4

(BMP-4); these mice undergo embryonic lethality

during early gestation. This problem is overcome

by the use of conditional knockout technology, in

which the inactivation of the gene occurs at a

specific time and location.

Of relevance to pulp biology is the phenotype

of the TGF-B 1 mutant mouse. Teeth develop fully

in TGF-B 1 (-/-) mice and show no pathosis at

birth or through the first 7 to 10 days of postnatal

life compared to TGF-B 1 (+/-) or TGF-(31 (+/+) lit-

termates. By the end of the second week, TGF-B 1

(-/-) mice develop a rapid wasting syndrome,

characterized by multifocal inflammatory lesions
with dense infiltration of lymphocytes and

macrophages in major organs such as the heart

and lungs, that eventually leads to death by the
third week of life. 44 These observations supported

a vast volume of research documenting a critical
role for TGF-B 1 as a potent immunomodulator.

To study the state of adult dentition in TGF-B 1

(-/-) mice, their survival was prolonged with dex-

amethasone treatment . 44 The absence of a func-
tional TGF-(31 gene resulted in significant destruc-

tion of pulp and periapical tissues as well as the

hard tissues of the crown (Figs 2-9a and 2-9b).

These data prove that no other TGF-B family

members can substitute for the loss of TGF-B 1.

Clearly, the growth factor's dual role as a key mod-

ulator of pulpal inflammation and extracellular

matrix (ECM) production is significant. Chapter 3

discusses in further detail the role of TGF-B in

reparative dentinogenesis.

Laser capture microdissection

Among the new in vivo approaches available to

analyze the behavior of cells under normal and

diseased conditions, laser capture technology

stands out as being most innovative. Laser cap-

ture microdissection was developed and applied

in cancer biology to detect a mutant protein or

gene in a single malignant cell45 and to monitor

in vivo differential gene expression levels in nor-

mal and malignant breast cell populations. 46

Laser capture microdissection is being used in

the Cancer Genome Anatomy Project to catalog

the genes that are expressed during solid tumor

progression and to construct complementary

DNA (cDNA) libraries from normal and premalig-

nant cell populations. Microarray panels47 contain-
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Fig 2-9a Normal mandibular first molar
i n a TGF-(31 (+/+) mouse at 50 days of
postnatal life. dp, Dental pulp (H&E stain,
original magnification x10). (Reprinted
from D'Souza et a1 44 with permission.)

Fig 2-9b In a TGF-R1(-/-) animal whose
survival was prolonged with dexametha-
sone, there is extensive damage to the
hard and soft tissues of the molar: arrow-
heads, periapical inflammatory infiltrates;
star, calcification within the pulp cham-
bers and canals (H&E stain, original mag-
nification X10). (Reprinted from D'Souza
et all' with permission.)

ing these index genes are being used to obtain

gene expression patterns in human tissue biop-

sies.The fluctuation of expressed genes that cor-
relate with a particular stage of disease is com-

pared within or between individual patients. Such
a fingerprint of gene expression patterns will pro-

vide important clues regarding etiology and con-

tribute to diagnostic decisions and therapy.
Applications in this area will be particularly

useful for dental pulp research, in which individu-

al cell populations are difficult to access. The

progress in understanding odontoblast differenti-

ation has been slow because of serious limita-

tions inherent to both in vivo and in vitro ap-

proaches. Pure populations of differentiating and

mature odontoblasts are technically difficult to

obtain from heterogenous dental papilla or pulp.

Furthermore, immortalized odontoblast-like cell

lines fail to fully reflect the molecular events that

occur in the complex milieu of the tooth organ

from which they are derived. Terminology used

to describe odontoblast differentiation is sketchy,

because it is unclear how morphologic change is

reflected at the molecular cytogenetic level.

Initial studies of dentin ECM gene expression

in differentiating odontoblasts have been promis-

ing (Figs 2-10a to 2-10d). Data from the future use

of laser capture microdissection will provide a
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Figs 2-I Oa to 2-10d Preliminary reverse transcriptase-polymerase chain reaction (RT-PCR) amplification of type I collagen from
odontoblasts retrieved by laser capture microdissection.

Fig 2-10a Thick, stained frozen section through the mesial
cusp tip of a first molar from a newborn mouse prior to laser
capture: od, odontoblasts (H&E stain, original magnification
X 10).

Fig 2-1 Ob Outline of a zone of odontoblasts cut by the laser
beam (H&E stain, original magnification X 10).

Fig 2-10c Hole created in tissue after catapulting of cells into
the PCR tube (H&E stain, original magnification X 10).

Fig 2-10d RT-PCR reaction showing type I collagen gene
expression in odontoblasts at embryonic day 15.5 (E15.5), day
0 (DO), and day 3 (D3) of development: M, DNA markers; Con-
trol, MDPC-23 odontoblast-like cells.

correlation between the morphologic changes

and the expression of known ECM genes during

odontoblast differentiation. Information generated

from this approach will also be valuable in devel-

oping a nomenclature that can be consistently

used by researchers.

Moreover, known and unknown genes will be

identified from the developmentally staged,

odontoblast-specific cDNA libraries. Genes that

are defined for each stage of primary dentin for-

mation will provide important clues about tem-

poral patterns of gene expression and the poten-

tial functions of encoded protein products in

dentin mineralization. Such fundamental informa-

tion will be useful in characterizing cells within

the cell-rich zone of dental pulp, the identifica-

tion of the replacement population of pulpal

cells involved in reparative dentin formation, and
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Fig 2-11 Molecules (transcription factors, growth factors, and other proteins) involved in epithelial-mesenchymal signaling interac-
tions during tooth development. Little is known about molecules that influence the latest stages of terminal differentiation and tooth
eruption. Note the time of arrest of tooth development in knockout mice that lack important transcription factors. (Reprinted from
Jernvall and Thesleff6 with permission.)

in the development of vital pulp therapies aimed

at hastening the healing of the injured pulpo-

dentin complex.

Signaling interactions that influence
odontoblast differentiation and dental
pulp formation

The combined use of conventional tooth organ
culture and recombination techniques, as well as

the application of modern molecular and genetic

approaches, has significantly advanced the under-
standing of the genes responsible for tooth initia-

tion and morphogenesis. An informative Internet

site48 presents a current catalog of all the mole-

cules that are expressed in tooth organs.

The two principal groups of molecules that are

involved in the reciprocal exchange of informa-

tion between tooth epithelium and mesenchyme

are transcription factors and growth factors (Fig

2-11). Transcription factors are proteins that bind

to DNA near the start of transcription of a gene.

They regulate gene expression by either facilitat-

ing or inhibiting the enzyme RNA polymerase in

the initiation and maintenance of transcription.

Transcription factors are rarely found in high

amounts and are not secreted outside the cell. In

general, they perform critical cell- or tissue-specif-

ic functions. Mutations involving transcription fac-

tors often result in defects of tooth formation.

Growth factors are secreted proteins that are

capable of binding to specific receptors on the

cell surface. Subsequent interaction with both

membrane and cytoplasmic components leads to
a complex series of intracellular events (signal

transduction) that results in altered gene expres-

sion. These changes activate cell growth and dif-
ferentiation. The majority of growth factors are

synthesized at higher levels than transcription

factors and perform versatile functions. In many
instances, the functions of one growth factor

overlap with those of a related family member, so

that loss of function can be compensated for by

biologic redundancy.
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Molecular changes in dental mesenchyme are

affected by the following families of molecules:

the BMPs, fibroblast growth factors (FGFs), and

WNT families; sonic hedgehog (Shh) as well as
transcriptional molecules such as the Msx-I,

Msx-2 homeobox genes; lymphoid enhancer-
binding factor 1 (Lef-1); and Pax9, a member of

the paired-box-containing transcription factor

gene family. The actions and interactions of these

molecules are complex and have been described

eloquently in recent reviews. 6,13 The following dis-

cussion captures selected highlights.

The BMPs are among the best characterized

signals in tooth development. In addition to

directly influencing morphogenesis of the enam-

el organ (see the discussion on the enamel knot,

later in the chapter), epithelial BMP-2 and BMP-4

are able to induce expression of Msx-1, Msx-2,

and Lef-1 in dental mesenchyme, as shown in

bead implantation assays . The shift in

BMP-4 expression from epithelium to mes-

enchyme occurs around embryonic day 12 and

is coincident with the transfer of inductive

potential from dental epithelium to mes-

enchyme. 29 In mesenchyme, BMP-4, in turn,

requires Msx-1 to induce its own expression. 31

Figures 2-12a to 2-12d summarize the experi-

ments performed on the role of the BMPs in den-
tal mesenchyme.

The FGFs, in general, are potent stimulators of

cell proliferation and division both in dental mes-

enchyme and epithelium. Expression of FGF-2,

FGF-4, FGF-8, and FGF-9 is restricted to dental

epithelium and can stimulate Msx-1 but not

Msx-2 expression in underlying mesenchyme.

FGF-8 is expressed early in odontogenesis

(embryonic days 0.5 to 1.5), in presumptive den-
tal epithelium, and can induce the expression of

Pax9 in underlying mesenchyme. Interestingly,

BMP-4 prevents this induction and may share an
antagonistic relationship with the FGFs, similar to

that observed in limb development.50

The expression of Shh, a member of the verte-
brate family of hedgehog signaling proteins, is

limited to presumptive dental epithelium. Recent

studies by Hardcastle et a1 51 have shown that Shh

in beads cannot induce Pax9, Msx-I, or BMP-4

expression in dental mesenchyme but is able to

stimulate other genes encoding the transmem-

brane protein patched (Pte) and GO, a zinc finger

transcription factor. Because neither FGF-8 nor

BMP-4 can stimulate Ptc or GO, it can be assumed

at the present time that the Shh signaling path-

way is independent of the BMP and FGF path-

ways during tooth development.51

Several WNT genes are expressed during tooth

development and may be required for the forma-

tion of the tooth bud. 13 These genes are believed

to play a role in activating the intracellular path-

way involving frizzled receptors, B-catenin, and

nuclear transport of Lef-1. Other signaling mole-

cules, including the Notch genes, epidermal

growth factor, hepatocyte growth factor, and

platelet-derived growth factor families, may also

influence tooth development, although the exact
nature of their involvement remains to be eluci-

dated.

Mice genetically engineered with targeted

mutations in transcription factor genes such as

Msx-I, Lef-1, and Pax9 as well as activin-(3A, a

member of the TGF-(3 superfamily, have revealed

important information. Knockouts of BMP-2,

BMP-4, and Shh have proven less informative,

largely because death occurs in utero prior to the

onset of tooth development. In mutant strains

deficient in Msx-I, Lef-1, Pax9, and activin-PA,

tooth development fails to advance beyond the

bud stage (Figs 2-13a to 2-13c). Thus, these

molecules are important in directing the fate of

the dental mesenchyme and its ability to influ-

ence the progress of epithelial morphogenesis to

the cap stage. 52-55 Exciting discoveries in the

field of human genetics have shown that muta-

tions in MSX-1 and Pax9 are associated with pre-

molar and molar agenesis, respectively

(Frazier-Bowers and D'Souza, unpublished data,

2001; see Figs 2-13a to 2-13c) .56-58 These findings

illustrate the importance of animal models in

studies of human disease (Figs 2-14a to 2-14f).

More recently, mice lacking an important

osteoblast-specific transcription factor, core-bind-

ing factor al (Cbfal), were shown to completely
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Figs 2-12a to 2-12d Bone morphogenetic protein (BMP) expression within the developing tooth organ. In situ hybridization pic-
tures that have been digitized and processed. Red dots represent mRNA transcripts. (Reprinted from Thesleff and Sharpe13 with
permission.)

Fig 2-12a BMP-2 gene expression is highly restricted to the

	

Fig 2-12b BMP-7 is coexpressed in the thickened dental
dental lamina.

	

epithelium.

Fig 2-12c A bead that releases BMP-2 protein is capable of

	

Fig 2-12d A control bead that has been soaked in bovine
stimulating Msx-1 expression in dental mesenchyme.

	

serum albumin is not capable of stimulating Msx-1 expression.

lack osteoblast differentiation and bone forma-

	

defective clavicles, multiple supernumerary teeth

tion.59 Mutations in Cbfal cause cleidocranial dys-

	

that fail to erupt, and various tooth matrix

plasia, an inherited disorder in humans that is

	

defects .60,61 Molar organs that are Cbfal (-/-)

characterized by open fontanels in the skull,

	

arrest at the late cap or early bell stage of develop-
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Figs 2-13a to 2-13c Role of Pax9 in the formation of the posterior human dentition.

Fig 2-13a Panoramic radiograph of a normal dentition in an
unaffected family member.

Fig 2-13b Panoramic radiograph of an affected individual
who is missing molars (arrows).

Fig 2-13c Insertion mutation of a single nucleotide, guanine,
at residue 219. This defect caused a frameshift and a prema-
ture truncation site that resulted in a defective protein (com-
pare bottom drawing to the normal protein in the center) that
could not function like a normal Pax9 protein.

ment arid appear hypoplastic and misshapen.

Cbfal-mutant incisors show defective odonto-

blasts and highly dysplastic dentin (see Figs 2-14a
to 2-14f). 62

One theory is that this transcription factor

serves multiple functions in mineralizing tissue

organs. In addition to playing an essential role in

osteoblast differentiation, it is likely that Cbfal

conditions the dental papilla mesenchyme to

become responsive to epithelial signals. Once the

molecular trigger from the enamel organ reaches

the peripheral zone of dental papilla cells, Cbfal
is down-regulated in dental papilla and odonto-

blast differentiation ensues. Thus, the presence of

Cbfal in dental papilla can be viewed as a limiting
factor of odontoblast differentiation; its presence

in dental papilla at the bud and cap stages of

odontogenesis has an osteogenic-like influence,

while its removal from dental papilla triggers ter-

minal events in odontoblast differentiation.

It can logically be concluded that certain cell

populations within mature dental pulp retain an

osteogenic phenotype and that after injury to the

pulpodentin complex these are stimulated to

form an osteodentin matrix rather than a true

tubular dentin. Studies on this important mouse

model of a human disease should provide impor-

tant clues about the molecular mechanisms

underlying how lineage diversity is established

between osteoblasts and odontoblasts. Although

it is clear that the two cell populations share a

common pathway early in development, there is

emerging evidence that their terminal differentia-

tion into bone- and dentin matrix-producing

cells involves different molecular pathways. As

more information becomes available, researchers
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Figs 2-14a to 2-14f Bone and tooth phenotype in mice genetically engineered to lack a functional Cbfa1 gene.

Fig 2-14a Coronal section through the molar region of a
Cbfa1 (+/+) newborn mouse, revealing normal molar develop-
ment (arrows) and formation of the alveolus (H&E stain, origi-
nal magnification x4).

Fig 2-14b Extremely hypoplastic molar organs and a com-
plete lack of bone in a Cbfa1 (-/-) mouse. Arrows, knockout
tooth organs (H&E stain, original magnification x4).

Fig 2-14c High-magnification view of a normal Cbfa1 (+/+)
first molar (H&E stain, original magnification x 10).

Fig 2-14d Higher-magnification view of a Cbfa1 mutant
molar, which lacks normal cusp formation (H&E stain, origina
magnification X10).

will be provided better clues on how to develop

dentin-specific therapeutics capable of generating
a true dentin matrix.

Enamel knots as signaling centers for cusp al

morphogenesis

For more than a century, enamel knots were

described as histologically distinct clusters of

epithelial cells located first in the center of

cap-stage tooth organs (primary) and then at the

sites of future cusp tips (secondary). For years, it

was speculated that these structures, appearing

only transiently in odontogenesis, controlled the

folding of the dental epithelium and hence cuspal

morphogenesis. Recently, the morphologic, cellu-

lar, and molecular events leading to the formation

and disappearance of the enamel knot have been

described, thus linking its role to that of an orga-

nizing center for tooth morphogenesis. 16,63,64

The primary enamel knot appears at the late

bud stage, grows in size as the cap stage is

reached, and is no longer visible at the early bell
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Fig 2-14e Newborn Cbfal (-/-) mouse with incisor organs
that show defects in odontoblast differentiation and dentinal
formation. The latter resembles an osteodentin matrix (star)
( H&E stain, original magnification X10).

Fig 2-14f Whole-mount staining with alizarin red for bone
and alcian blue for cartilage reveals the absence of bone in
the mutant (right) compared to a normal littermate (left)
( alizarin red stain for bone, alcian blue stain for cartilage, origi-
nal magnification X2). (Reprinted from the cover of Cell, vol
89, May 1997, with permission.)

stage (Figs 2-15a to 2-15d). Cells of the enamel

knot are the only cells within the enamel organ

that stop proliferating" and eventually undergo

programmed cell death, or apoptosis. 65 Another

intriguing finding has linked p21, a cyclin-depen-

dent kinase inhibitor that is associated with ter-

minal differentiation events, to apoptosis of the

enamel knot. 64

Although morphogens such as BMP-2, BMP-4,

BMP-7, 63 FGF-9, 66 and Shh are expressed variantly

throughout tooth morphogenesis, their co-local-

ization within the primary enamel knot is strongly

suggestive of its role as an organizing center for

tooth morphogenesis. Notably, FGF-4 is exclusively

expressed in the enamel knot, either singly or

in concert with FGF-9, to influence patterning or

to regulate expression of downstream genes such

as Msx-1 in underlying papilla mesenchyme.

Because the instructive signaling influence lies

with the dental mesenchyme prior to the develop-

ment of the primary enamel knot, it is reasonable

to assume that the dental mesenchyme is involved

in the regulation of enamel knot formation. It is

highly likely that signals from the enamel knot

area influence gene expression in an autocrine

and paracrine fashion, thus influencing the fate of

the enamel organ and the dental papilla.

Role of the extracellular matrix in tooth

morphogenesis and cytodiferentiation

Remodeling of the ECM is an important feature

of epithelial morphogenesis, especially in

branching organs such as salivary and mammary

glands.', 68 The ECM also regulates morphogenet-

ic functions in a variety of craniofacial tissues. 69

Results of several functional in vitro studies have

shown that the integrity of the ECM, in particular

the basement membrane, influences the budding

and folding of dental epithelium during morpho-genesis.

Molecules such as types I, III, and IV collagen,

along with laminin and various proteoglycans,

are differentially expressed in the basement

membrane at the tooth epithelial-mesenchymal

interface. 11,72,73 The presence of matrix metallo-

proteinases (MMPs) has been linked with the
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Fig 2-15b BrdU labeling identifies cells in the putative enam-
el knot that are negative for the stain and have left the cell
cycle. (Reprinted from Thesleff and Sharpe1 3 with permission.)

Fig 2-15a Role of the enamel knot as a signaling center for
morphogenesis of the tooth cusp. (Courtesy of Dr I. Thesleff.)

Fig 2-15c Same cell within the enamel knot expresses high
l evels of Shh (Reprinted from Thesleff and Sharpe" with per-
mission.)

Fig 2-15d Same cell within the enamel knot expresses high
l evels of FGF-4. Three-dimensional reconstructions of serial
sections (Figs 2-15b to 2-15d) illustrate the shape of the enamel
knot. (Reprinted from Thesleff and Sharpe 13 with permission.)

morphogenesis of several epithelial-mesenchy-

mal organs, including teeth . 74,75 Studies by
Sahlberg et al76 showed that gelatinase A, a MMP
that cleaves type N collagen increases in odon-

toblasts shortly after cuspal morphogenesis, con-

tributes to the degradation of the basement

membrane. The expression of protease

inhibitors, tissue inhibitor of metalloproteinase

1, 2, and 3, also correlates with tooth morpho-

genesis (Sahlberg C et al, unpublished data,

2001). Earlier functional in vitro studies have

shown that the integrity of the basement mem-

brane influences the budding and folding of den-

tal epithelium during morphogenesis and the

spatial ordering of cells that undergo terminal

differentiation. 11,70,77 The precise natures of the

molecular interactions that influence morpho-

genesis at this dynamic interface are unknown.

Odontoblast differentiation

Odontoblast differentiation is initiated at the

cusp tip in the most peripheral layer of dental

papilla cells that align the epithelial-mesenchymal

interface and follows three steps: induction, com-

petence, and terminal differentiation. Inductive

signals from the internal epithelial cells most like-

ly involve members of the TGF-(3 family (BMP-2

and BMP-4; TGF-(31) that become partially se-

questered in the basal lamina, to which peripher-
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Fig 2-16 Terminal events in odontoblast differentiation: a, undifferentiated mesenchymal cells;
b, committed dental mesenchymal cells that are in a state of mitosis or cell division; c, inner dental
epithelium, which is important for driving the differentiation of cells nearest the basement mem-
brane; d, basement membrane; e, daughter cells that are competent to become odontoblasts
remain in the peripheral zone of the dental papilla; f, differentiated odontoblast with a polarized
nucleus and cytoplasmic extensions; g, subodontoblastic cells.

al cells of the dental papilla become aligned.

Competence is achieved after a predetermined

number of cell divisions is complete and cells
express specific growth factor receptors. In the

final round of cell division, only the most periph-

eral layer of cells subjacent to the basal lamina

respond to the signals from the internal dental

epithelium to become fully differentiated into

odontoblasts. The subodontoblastic layer of den-

tal papilla cells thus represents dental papilla

cells that are competent cells exposed to the

same inductive signals as differentiated odonto-

blasts, but the competent cells lack the final sig-

nal (Fig 2-16).

Based on the information presented so far, it is

clear that there has been considerable progress

made in understanding the molecular events pre-

ceding the terminal differentiation of odonto-

blasts (see Fig 2-11). However. the final determi-

nants of odontoblast differentiation remain to be

characterized.

As is well documented in the literature, fully
differentiated odontoblasts are postmitotic cells

that are morphologically distinct from cells of the

dental pulp. As differentiation proceeds in an api-
cal direction, the round to cuboidal shape of

these cells changes to a tall columnar appear-

ance. On the subcellular level, cells acquire a syn-
thetic and secretory apparatus by developing an

extensive rough endoplasmic reticulum and golgi

apparatus along with numerous lysosomes. To

accommodate these organelles and to prepare for

the secretion of dentin matrix components in an

apical and unidirectional manner, the nucleus

moves to the opposite pole of the cell in a posi-

tion opposite to the inner dental epithelial cells.

Nuclear repolarization is one of the hallmarks of

odontoblast terminal differentiation.
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Dentin matrix proteins and the
biomineralization of dentin

The formation of dentin follows the same princi-

ples that guide the formation of other hard con-

nective tissues in the body, namely, cementum and

bone (see also chapter 3). The first requirement is

the presence of highly specialized cells that are

capable of synthesizing and secreting compo-

nents of an organic matrix that is capable of

accepting biologic apatite or mineral. Other pre-

requisites include a rich vascular supply and high

levels of the enzyme alkaline phosphatase. At an

alkaline pH, the latter is capable of cleaving phos-

phate ions from organic substrates and may play a

role in ion transport through cell membranes.

As odontoblasts begin to secrete a predentin

ECM, they retreat in a pulpal direction but remain

connected to the matrix as it is being formed

through cell extensions called odontoblcast pro-

cesses. The conversion of the organic predentin

matrix, which is principally composed of type I

collagen, into a mineralized layer of dentin is a

highly complex process that begins at a distance

away from the odontoblastic cell bodies.

The process of dentin mineralization is not

well understood, and, for the past four decades,

several researchers have attempted to answer the

following questions78:

1. What is the exact composition of dentin
matrix?

2. What biochemical features distinguish dentin
from bone and cementum?

3. Are there dentin-specific markers and can they

be used to characterize the nature of the
replacement cell population responsible for

forming reparative dentin?

4. How do the physical features and conforma-

tional structures of ECM molecules facilitate

the calcification of dentin?

5. Do these macromolecules interact with each

other during the mineralization of dentin, and

do they form supramolecular complexes that

promote the deposition of hydroxyapatite

crystals?

6. What is the nature of the ECM molecules that

modulate the initiation, rate, and extent of

dentin deposition?

7. What is the nature of the genes that encode for

dentin ECM molecules and are defects in these

genes responsible for the inherited dentin dis-

orders, namely, dentinogenesis imperfecta and

dentin dysplasia?

8. What genes regulate the expression of key

dentin ECM molecules?

Excellent reviews by Linde and Goldberg80

and Butler and Ritchie" detail the composition of

dentin matrix and the process of dentinogenesis.

The following is a brief description of the princi-

pal components of the organic phase of dentin,

which is composed of proteins, proteoglycans,

lipids, various growth factors, and water.

Among the proteins, collagen is the most abun-

dant and offers a fibrous matrix for the deposition

of carbonate apatite crystals. The collagns that

are found in dentin are primarily type I collagen

(Figs 2-17a to 2-17d) with trace amounts of type V

collagen and some type I collagen trimer. The

importance of type I collagen as a key structural

component of dentin matrix is illustrated by the

inherited dentin disorder called dentinogenesis

imperfecta (DGI), which is characterized by

severe defects in dentin mineralization caused by

a mutation in type I collagen. This form of
dentinogenesis imperfecta is coupled with osteo-

genesis imperfecta-related bone diseases.

The other group of proteins is the noncol-
lagenous proteins. Based on the classification of

Butler and Ritchie, dentin noncollagenous pro-

teins are further grouped into five categories.
The first and likely the most important group of

dentin noncollagenous proteins are two pro-

teins, originally classified as dentin-specific,

dentin phosphoproteins (DPP), or phospho-

phoryns, and dentin sialoprotein (DSP) (see Figs

2-17a to 2-17d). After type I collagen, DPP is the

most abundant of dentin matrix proteins and

represents almost 50% of the dentin ECM. DPP is

a polyionic macromolecule that is rich in phos-

phoserine and aspartic acid. Interestingly, DPP
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Figs 2-17a to 2-17d Photomicrographs of in situ hybridization results showing dentin matrix gene expression in newly differentiated
odontoblasts.

Fig 2-17a Brightfield view showing high levels of
type I collagen messenger RNA transcripts in
odontoblasts (arrow). Opposing ameloblasts (am)
are clearly negative, confirming the specificity of
the a1 (I) collagen probe (H&E stain, original mag-
nification X10).

Fig 2-17b Darkfield view of type I collagen mes-
senger RNA transcripts in odontoblasts (H&E stain,
original magnification X10).

Fig 2-17c Dentin matrix protein 1 is expressed at a
l ower level in odontoblasts and osteoblasts (H&E
stain, original magnification x 10).

Fig 2-17d DSPP expression in odontoblasts and
preameloblasts. Note that DSPP transcripts are not
found in osteoblasts within the alveolar crypt (H&E
stain, original magnification x10).
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Figs 2-18a to 2-18c Immunoreactive DSPP localized specifically in a rat molar tooth organ. Note the presence of DSPP in both
physiologic and reparative dentin matrices.

Fig 2-18a DSPP in differentiating odon-

	

Fig 2-18b DSPP in mature or "resting"
toblasts (od).

	

odontoblasts (od) lining circumpulpal
dentin.

Fig 2-18c DSPP in a replacement pop-
ulation of odontoblasts aligning repara-
tive dentin (rd). Arrow, replacement cells.

has a high affinity for type I collagen as well as

calcium and is therefore considered a key pro-

tein for the initiation of dentin mineralization.

Additionally, DPP may also affect the shape and

size of apatite crystals. DSP accounts for 5% to

8% of the dentin matrix and has a relatively high

sialic acid and carbohydrate content. Because

DSP closely resembled osteopontin and bone
sialoprotein, researchers assumed that the pro-

tein played a role in cell attachment via an RGD

sequence. However, further molecular analysis
revealed the absence of such a sequence, leaving

open questions about the potential role of DSP

in dentinogenesis.

For several years it was believed that DSP and

DPP were two independent proteins that were

encoded by individual genes. Important studies

by MacDougall et a1 83 provided definitive evi-

dence that the two proteins were specific cleav-

age products of a larger precursor protein that

was translated from one large transcript. The sin-

gle gene encoding for DSP and DPP was named

dentin sialophosphoprotein (DSPP). In situ

hybridization studies showed the co-localization

of DSP and DPP transcripts in newly differentiat-

ed and fully functional odontoblasts in develop-

ing mouse molars, providing further proof that

the two proteins were products of a single

gene . 84 Immunolocalization studies using affinity-

purified antibodies to DSP demonstrated the

presence of the protein throughout the odonto-
blastic life cycle during primary, secondary (phys-

iologic), and tertiary (reparative) dentinogenesis

(Figs 2-18a to 2-18c).
The importance of DSPP in dentin formation

was recently underscored with the discovery that

mutations in this gene are responsible for the

underlying dentinal defects in individuals with

DGI.85,86 Earlier studies had mapped the dentino-

genesis imperfecta locus to human chromosome
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Fig 2-19a Patient afflicted with DGI. Note the discoloration
and extensive loss of tooth structure. (Courtesy of Dr Nadarajah
Vigneswaran.)

Fig 2-19b Radiograph of the affected teeth, revealing bul-
bous crowns, obliterated pulp chambers, and narrowed root
canals. (Courtesy of Dr Nadarajah Vigneswaran.)

4 within the long arm region 813.21 (Figs 2-19a

and 2-19b). Several important dentin ECM mole-

cules, including DSPP, were also mapped to this

critical region. Genetic studies of four indepen-

dent families affected with varying forms of DGI

led to the discovery of four different mutations in

DSPP Affected individuals in two of the four fami-

lies showed a progressive hearing loss that was

associated with DGI. Further analysis in mice

revealed that DSPP is expressed in inner ear cells.

This provides the first evidence that Dspp is not a

dentin-specific gene.

A second category of noncollagenous proteins

with calcium-binding properties is classified as

mineralized tissue-specific, because these pro-

teins are found in all the calcified connective tis-

sues, namely, dentin, bone, and cementum. These

include osteocalcin and bone sialoprotein. A ser-

ine-rich phosphoprotein, dentin matrix protein 1,
whose expression was first described as being

restricted to odontoblasts, was later shown to

be expressed by osteoblasts and cementoblasts"
(see Figs 2-17a to 2-17d) and by brain cells."

A third group of noncollagenous proteins that

is synthesized by odontoblasts is found in soft
connective tissues and organs. These include

osteopontin and osteonectin.The fourth category

of dentin noncollagenous proteins is not

expressed in odontoblasts but is primarily synthe-

sized in the liver and released into the circula-

tion. An example of a serum-borne protein is

a2HS glycoprotein.The fifth group of noncollage-

nous proteins is the various growth factors that

appear to be sequestered within dentin matrix.

They include the BMPs, insulin-like growth fac-

tors, and TGF-Bs.

Future Directions in
Research

Following the completion of the initial mapping

of the human genome (Human Genome Project),

it is anticipated that nearly every human disease

gene will be identified and isolated. The current

postgenomic era will stimulate new research on
the nature of proteins and their defects. Gene dis-

coveries will lead to genetic screening and pre-

vention strategies, and it is highly likely that the
genetic code for human dentition will be unrav-

eled through the use of reverse genetics.
For pulp biology researchers, this era will

undoubtedly provide challenging and exciting

opportunities to explore several basic biologic

issues that are not well understood. With the help
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of commercially available DNA microarrays (also

referred to as DNA chips and oligonucleotide
arrays) that allow screening of the entire human

and mouse genomes, it will soon be possible to

catalog the complete genetic and biochemical

profile of odontoblasts (Fig 2-20). Through this

method, odontoblast-specific and dental

pulp-specific determinants during health and dis-

ease can be identified. Such knowledge can
quickly be extrapolated to studies directed at

understanding the nature of cells within the sub-

odontoblastic layer as well as other pulpal cell
populations. Furthermore, the underlying mecha-

nisms of pulpitis and the molecular predictors of

reversible versus irreversible pulpitis will be

explored in depth.

Such new molecular data will be applied to

tissue engineering and biomimetic approaches

that are geared toward dentin regeneration after

injury from caries and operative procedures.

Basic science approaches directed toward under-

standing how key dentin matrix genes are regu-

lated will lead to further studies on the molecules

that control the terminal phases of odontoblast

differentiation. Identification and isolation of

growth factors and transcription factors will en-

courage the use of a multipronged approach for

the treatment of injuries to the pulpodentin com-

plex.This may require the use of genetically engi-

neered mouse models before translational studies

are performed on human teeth. Importantly,

knowledge of these genes will generate a candi-

date list of genes whose role in inherited disor-

ders of dentin, in particular the dentin dysplasias,

can be analyzed in depth.

References

3.

4.

Fig 2-20 Experimental use of microarray technology. This
technique is useful for studying differential levels of gene
expression during development, disease, and repair. The iden-
tification of genes that are either up-regulated or down-regulat-
ed helps researchers understand the underlying mechanisms
of gene expression.
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Dentin Formation
and Repair

Anthony J. Smith, BSc, PhD

Classification of the orthodentin of mammals as

primary, secondary, or tertiary' has provided a

basis for understanding how dentin forms over

the course of a lifetime (Fig 3-1). Primary dentin

is the regular tubular dentin formed prior to

eruption and completion of the apical region of

the tooth, including the first formed mantle

dentin. Secondary dentin is the regular circum-

pulpal orthodentin formed (in tubular continuity

with the primary dentin) at a slower rate

throughout the remaining life of the tooth. Ter-

tiary dentin represents the more or less irregular

dentin formed focally in response to noxious

stimuli such as tooth wear, dental caries, cavity

preparation, and restorative procedures.This cate-

gory has been proposed to encompass a range of

sometimes confusing terms, including irregular

secondary "dentin, irritation dentin, reparative

dentin, irregular dentin, reaction dentin,

replacement dentin, defense dentin, etc. Primary

and secondary dentin, including mantle dentin,

are the exclusive secretory products of the tight-
ly packed layer of primary odontoblasts found on

the formative surface of the tissue. Barring injury,

these postmitotic cells generally survive for the
life of the tooth and provide both vitality to the

Fig 3-I Schematic diagram of the locations of primary, physi-
ologic secondary, and tertiary dentin in the human tooth.

tissue and the ability to respond to a wide variety

of environmental stimuli. An appreciation of

odontoblast behavior throughout life is critical to

our understanding of dentin formation.
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Fig 3-2 Diagram of the ultrastructural appearance of the
human odontoblast throughout its life cycle. (Reprinted from
Couve 4 with permission.)

Odontoblasts and
Dentinogenesis

Odontoblasts and their relationship
to the pulp

The traditional understanding of the morphology

of the odontoblast is that of a tall, columnar secre-

tory cell with a polarized, basal nucleus and a sin-

gle cytoplasmic process. Although this concept

holds true during active dentinogenesis, it is now

clear that an odontoblast varies throughout its life

cycle both in size and in content of cytoplasmic

Fig 3-3 Resin cast of the subodontoblastic capillary plexus in a
dog pulp: TCN, terminal capillary network beneath the dentin;
A, terminal arteriole; V, venule. (Reprinted from Takahashi et al"
with permission.)

organelles, and that these changes are closely

related to its functional activity (Fig 3-2) . 2-5 The

relationship between size and secretory activity

of the cells is borne out by the differences in size
between odontoblasts in the crown and those in

the root of the tooth, which may be related to

the varying rate of dentinogenesis in these two

areas of the tooth.

The phenotype of the odontoblast is defined

both by its morphology and by its polarized

secretion of a specific set of molecules' leading

to deposition of a mineralizable matrix that has a

regular tubular structure within which the odon-

toblast processes lie. These features may be

important in considering the specificity of any

repair responses seen after injury to the tooth.

However, the odontoblast cannot exist alone

and requires the presence of other pulpal ele-

ments to survive and function. Attempts to culture

odontoblasts in isolation have met with little suc-

cess; organ cultures involving the entire dentin-

pulp complex have been required for mainte-

nance of their growth in vitro, although

immortalized pulp cell lines with odontoblast-like

cell characteristics have been established." , " The

cell-rich layer of Hohl underlying the odontoblast

layer shows some unique phenotypic characteris-
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tics in terms of cellular morphology" and may

function to support odontoblast activity, being

most conspicuous in the crown of the tooth dur-

ing active dentinogenesis. During the last cell divi-

sion of the pre-odontoblast prior to terminal

differentiation, one of the daughter cells is posi-

tioned adjacent to the dental basement mem-

brane and receives the inductive signal to differ-

entiate to an odontoblast, while the other does

not and may contribute to the cell-rich layer of

Hohl.These cells may contribute to the progenitor

cell population for odontoblast-like cell differenti-

ation during tertiary dentinogenesis. Associated

with this cell-rich layer is a rich capillary plexus

that probably plays a key role in the transport of

nutrients for secretion of the mineralized organic

matrix during active dentinogenesis. Correlation

of the blood supply of the developing tooth with
the extent of mineralization 13 has demonstrated
the intimate relationship between angiogenesis

and dentinogenesis. The extensive vascular net-
work in the coronal part of the pulp has been ele-

gantly demonstrated in resin casts (Fig 3-3). 14 The
importance of an adequate vascular supply to the
odontoblasts for dentinogenesis is also highlight-

ed during tertiary dentinogenesis when success-

ful outcomes of the repair process generally

require angiogenic activity at the injury site.

Secretory behavior of odontoblasts

The cytologic features of the active odontoblast

have been well described" and reflect those of a

secretory cell. Such features include a basal nucle-

us with parallel stacks of rough endoplasmic

reticulum aligned parallel to the length of the

cell, both on the apical side of the nucleus and at

the apical end of the cell on either side of the

prominent Golgi apparatus. The saccules are

more distended on the mature aspect of the

apparatus, and secretory granules, which are also

found in apical areas of the cell and in the odon-

toblast process, are seen in the nearby cytoplasm.

These sites are probably associated with exocyto-

sis of the secretory granules. The terminal web,

comprising transverse microfibrils, morphologi-

cally separates the cell body from the process,

which has fewer cytologic features reflecting its

secretory role. 16

Use of radiolabeled proline and autoradiogra-

phy has shown that the pathway of collagen syn-

thesis and secretion is typical of most connective
tissue cells. The radiolabel first appeared in the

rough endoplasmic reticulum, then in the Golgi

apparatus, and finally in the presecretory and

secretory granules. Label appeared in the pre-

dentin within 4 hours in the rat, presumably by

exocytosis, but was not seen in the dentin until

nearly a day after pulse-labeling. Similar pathways

are responsible for secretion of the other matrix

components of dentin, including phosphopro-

teins, glycoproteins, and proteoglycans, although

these demonstrate much more rapid incorpora-

tion on the order of minutes rather than days. 19,20

This highlights possible differences in the control

of secretion of the various components of dentin

matrix, although much more needs to be learned

about the control of odontoblast secretion.

The concept of two levels of secretion from

the odontoblast has been proposed by Linde."

The major level of secretion is envisioned as

being at the proximal end of the odontoblast cell

body to form a matrix comprising collagen and

proteoglycans, which reaches the advancing min-

eralization front after approximately 24 hours.

The second, distal level of secretion is anticipated

as being close to the mineralization front, where

various tissue-specific noncollagenous matrix

components, including phosphoproteins, are

secreted (Fig 3-4). The latter components have

been implicated in the mineralization process as

nucleators for hydroxyapatite crystal formation ' 22

and their secretion at this site could explain the

mineralization of the collagenous predentin after

a certain interval of time. Furthermore, this model
might also explain the formation of peritubular

dentin at this site, with its collagen-poor and non-

collagenous rich matrix. Although very attractive,
this model of dentin secretion should be recog-

nized as merely hypothetical.

Complex matrix remodeling occurs during
the transition of the matrix from predentin to
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Fig 3-4 Schematic diagram of dentinogenically active odontoblasts with two proposed levels of
secretion. Secretion of collagen (1) and proteoglycan (3) occurs at the proximal level and accumu-
lates in the predentin (4), while secretion of noncollagenous components, including phosphopro-
tein, y-carboxyglutamate-containing protein, and proteoglycan (5) occurs at the distal level (2) just
prior to the mineralization front. (Reprinted from Linde21 with permission.)

dentin, particularly in the proteoglycans. The

matrix metalloproteinases (MMPs) are a complex

family of matrix-degrading enzymes, and their

expression by odontoblasts23 and presence near

the mineralization front is likely to be associated

with the matrix remodeling taking place there.

The involvement of this family of enzymes in

dentinogenesis, which is just starting to be unrav-

eled, should clarify our understanding of the mat-

uration changes in the matrix during secretion

and the mechanisms of mineralization.

Dentin has traditionally been regarded as a rel-

atively inert tissue that does not undergo tissue

remodeling to the same degree as is seen in bone.

However, there is some ultrastructural evidence

to indicate that limited endocytosis by the odon-

toblast does occur,25 although the functional sig-

nificance of this is still unclear. Nevertheless,

what is clear is that the odontoblast maintains

communication with deeper areas . of the matrix

through its process, which lies in the dentinal

tubule. Numerous lateral branches from the pro-

cesses permeating the dentin matrix can be

observed (Fig 3-5), and these may connect with

lateral branches of other odontoblasts. This level

of communication between the cell and its

matrix suggests that dentin may not be as inert as

traditionally believed. The s-shaped primary cur-

vature of the dentinal tubules in the crown of the

tooth (Fig 3-6) is an effect of the crowding of

odontoblasts as they move toward the center of

the pulp. The result is a greater tubular density

nearer to the pulp, but it also has consequences

for the pulp region itself, which directly commu-

nicates with the outer surface of the dentin.

The mineralization of dentin requires the trans-

fer of considerable quantities of mineral ions from

the serum to the extracellular sites, where they

are deposited as hydroxyapatite crystals. The sub-

odontoblastic capillary plexus is well located for

this transfer, although the transport of ions and

the necessary regulation have to be addressed.
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Fig 3-5 Odontoblast processes in human dentin with numer-
ous lateral branches (original magnification X2,000).

Fig 3-6 S-shaped primary curvature of the dentinal tubules in
human crown dentin (H&E stain, original magnification x80).

Fig 3-7 Globular appearance of the mineralization front in
dentin arising from fusion of globules of hydroxyapatite or cal-
cospherites (H&E stain, original magnification X400).

While the odontoblast layer represents a relatively

impermeable barrier, Nagai and Frank26 found

some evidence to suggest that calcium passes

through the interodontoblastic space as well as

through the odontoblast, accumulating in the

Golgi apparatus and mitochondria but not in

secretory vacuoles. High concentrations of calci-

um at the distal secretory pole of odontoblasts

have been demonstrated by electron probe analy-

sis, 27 supporting the concept of the latter route of
calcium transport. A calcium transport system in

which ions become associated with matrix com-

ponents as they are synthesized and secreted
could have energetic advantages for the cell as

well as providing a means of regulation. However,

a central role for the odontoblasts, in which
calcium ions are transported through the cells

themselves by different transmembranous ion-

transporting mechanisms, has become apparent . 28

The possible nucleation of hydroxyapatite crystals

on components of the organic matrix of dentin

has long been suggested. The anionic nature of

many of the matrix components has led to their

implication in such a role ,22 but in vivo data impli-

cating any single component are lacking. It is gen-

erally accepted that heterogeneous nucleation on

organic matrix components is responsible for
mineralization of circumpulpal dentin after man-

tle dentin formation and that the globular appear-

ance of the mineralization front arises from the
fusion of calcospherites (Fig 3-7). During mantle

dentin formation at the initiation of dentinogene-

sis, mineralization is achieved through the media-

tion of matrix vesicles.29 These are small mem-
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Fig 3-9 Schematic diagram of the differences in tubular den-
sity of the floor of a shallow (right) and deep (left) cavity pre-
pared in dentin.

Fig 3-8 Matrix vesicle (arrow) adjacent to an odontoblast pro-
cess (P) and beside the dental basement membrane (BL) in
the early mantle dentin matrix. Large, coarse fibrils of collagen
showing a typical striated appearance can be observed per-
pendicular to the basement membrane. (Reprinted from
Eisenmann and Glick 29 with permission.)

brane-bound vesicles rich in adenosine triphos-

phatase (ATPase) and phosphohydrolytic enzymes
that arise by budding off from the odontoblast.

The matrix vesicles are capable of concentrating

mineral ions to overcome the solubility product
to allow calcium phosphate crystal precipitation.

These vesicles are present in the earliest mantle

dentin matrix, adjacent to the large coarse fibrils

of collagen lying perpendicular to the site of the

dental basement membrane (Fig 3-8), but they are

absent from the matrix subsequent to mantle

dentin formation. The need for an alternative

mechanism of mineralization during mantle

dentin formation may relate to the fact that odon-

toblasts are still completing their terminal differ-

entiation at this stage and may not be able to fully

exhibit the odontoblast phenotype in terms of

expression of dentin-specific matrix components.

However, as soon as mantle dentin formation is

completed and the odontoblasts are seen as a dis-

crete, tightly packed layer of cells, mineralization

proceeds in association with the extracellular

matrix, and matrix vesicles can no longer be

observed.

Primary Dentinogenesis

When mantle dentin formation is completed and

the odontoblasts eliminate the extracellular com-

partment between them to form a tightly packed

layer of cells, the matrix of dentin is produced

exclusively by the odontoblasts. Elaboration of

this matrix involves secretion of collagen fibrils

that are smaller in dimension than are those in

mantle dentin and associated noncollagenous

organic matrix or ground substance. The odonto-

blasts lie on the formative surface of this matrix

and move pulpally as the matrix is secreted, leav-

ing a single cytoplasmic process embedded with-

in a dentinal tubule in the matrix. These tubules,

which increase in density nearer to the pulp, con-
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Fig 3-10 Scanning electron micrographic
appearance of dentin showing the denti-
nal tubules cut in cross-section, each with
a surrounding collar of peritubular dentin
matrix, which has a homogeneous nonfib-
rillar appearance. The fibrillar, collage-
nous matrix of the intertubular dentin con-
trasts in appearance and composition
with the peritubular dentin. (Reprinted
from Scott et al" with permission.)

Fig 3-11 Apical sclerotic dentin in a
ground section of an old tooth, the translu-
cent appearance of which allows visualiza-
tion of the mesh pattern underlying it.
( Reprinted from Ten Cate" with permis-
sion.)

fer the property of permeability on the dentin.

The gradient of tubular density as the dentin is

traversed (Fig 3-9) has clinical implications relat-

ed to the depth of cavity preparation and tissue

permeability.30 This intertubular dentin matrix

comprises the bulk of the circumpulpal dentin.As

this matrix forms, a matrix with a rather different

composition, known as the peritubular dentin

matrix, is secreted around the tubule perimeter.

Peritubular dentin is more highly mineralized

than the intertubular dentin matrix, contains few

collagen fibrils, and is rich in noncollagenous

matrix components (Fig 3-10). Its continued

deposition throughout primary dentinogenesis

leads to regional differences in its thickness

through the dentin matrix. The dentinal tubules

are tapered structures because of peritubular

dentin formation, and they vary in diameter from

approximately 2.5 um near the pulp to 0.9 um

near the amelodentinal junction. Complete occlu-

sion of dentinal tubules can be observed. The

translucent appearance of areas of matrix con-

taining such tubules has been described as scle-

rotic dentin, which appears to be age-related and

shows a preferential distribution in the apical

third of the root, the crown midway between the

pulpal and outer surface of the tooth, and on the

pulpal surface of the dentin (Fig 3-11).The deriva-

tion of this sclerotic dentin may be varied. Its

presence in root dentin of adolescent premolars

in the absence of any external influence is sug-

gestive of a physiologic response involving con-

tinued secretion of peritubular dentin. However,

it might also arise from deposition of mineral

within the tubule in the absence of peritubular

dentin formation, from diffuse calcification with-
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in a viable process or from calcification of both

the process and the tubular contents.' Whatever
the derivation, the presence of sclerosis will

reduce the permeability of dentin and has obvi-

ous clinical significance in terms of dentinal sen-

sitivity and the potential transport of irritants

along the tubules.

The secretion of dentin occurs rhythmically,

showing alternate phases of activity and quies-

cence, and this leads to formation of incremental

growth lines in dentin perpendicular to the denti-

nal tubules. Both a daily and a 5-day rhythmic pat-

tern of incremental lines, the latter showing a 20-

um periodicity, can be observed in dentin, though

there has been confusion over the nomenclature

associated with these lines. Control of this rhyth-

mic dentin deposition has been suggested to be

associated with the circadian rhythmic activity of

peripheral adrenergic neurons that produce varia-

tions in blood flow to the odontoblasts." Howev-

er, this explanation does not correspond with the

different periodicity observed for these lines in

the crown and root of the tooth. The rate of

dentin deposition is slower in the root than in the

crown, and yet circadian rhythms are likely to

influence cell secretion similarly in both areas.

This raises a critical question: what are the

mechanisms controlling odontoblast secretion?

Odontoblast secretion proceeds rapidly through-

out primary dentin formation (with differences in

rate between the crown and root of the tooth)

with a clear blueprint for both the crown and the

root. Once these parts of the tooth have been

completed, the rate of secretion abruptly decreas-

es. Such control will also be fundamental to our

understanding of the factors controlling tertiary
dentin secretion during repair after injury to the

pulpodentin complex. The control mechanisms

for physiologic dentin secretion remain elusive,

but various growth factors, hormones, and tran-

scription factors have been implicated in the reg-

ulation of odontoblast secretory activity (re-

viewed by Smith and Lesot32). Identification of

various growth factors, particularly the transform-

ing growth factor-B (TGF-B) family, and of signal

transduction pathways provides some clues as to

how odontoblast secretion may be regulated.

Both paracrine and autocrine control of expres-

sion of these growth factors may have a strong

regulatory effect on odontoblast secretion. Al-

though such signaling molecules may be capable

of regulating odontoblast secretion, it is unclear

what determines their control to up- and down-

regulate specific phases of dentinogenesis. Modu-

lation of their activity by extracellular matrix

(ECM) molecules33 perhaps indicates a "chicken

and egg" situation whereby growth factors can

influence ECM secretion and ECM molecules in

turn modulate growth factor activity. Transcrip-

tional control of growth factor expression may

also provide a key mode of regulation. Some form

of pre-programming of odontoblasts to regulate

their secretory activity cannot be excluded. Pro-

gramming is a feature of cell death or apoptosis,

and it appears to occur to some extent in odonto-
blasts, 34 though to a lesser degree than in most

tissues. However, the ability to up-regulate odon-

toblast secretion during tertiary dentinogenesis
suggests that for the majority of the primary

odontoblast population, local cellular signaling

mechanisms can override any pre-programming
of cellular secretory activity. Clearly, the physio-

logic regulation of odontoblast secretion will pro-

vide many challenges to researchers and will rep-

resent a key topic of study for the future.

Physiologic Secondary
Dentinogenesis

Physiologic secondary dentinogenesis represents

the slower-paced deposition of dentin matrix

that continues after completion of the crown

and root of the tooth and spans a lifetime (see

Fig 3-1 ). While secondary dentin is deposited all

around the periphery of the tooth, its distribu-

tion is asymmetric, with greater amounts on the

floor and roof of the pulp chamber. This leads to

pulp recession, the extent of which will depend

48



Physiologic Secondary Dentinogenesis

on the age of the individual. Thus, secondary

dentinogenesis may potentially increase the diffi-

culty of endodontic procedures. Historically,

there has been considerable confusion over

what constitutes physiologic secondary dentin -

and use of the term secondary dentin to de-

scribe tertiary dentin formed in response to an

external influence. Differences between the

composition of glycosaminoglycans and that of

other glycoconjugates for secondary dentin have

been reported on the basis of histochemical

stains, 35 although it is unclear whether these dif-
ferences can be ascribed to true physiologic sec-

ondary dentin.

The tubules of the secondary dentin matrix
are largely continuous with those of the primary

dentin, suggesting that the same odontoblasts are

responsible for primary and secondary dentin
secretion. However, down-regulation of the secre-

tory activity of these cells means that secondary

dentin is deposited relatively slowly. The wide-
ranging rates (from less than 1 to 16 um per day)

of secondary dentin deposition that have been

reported perhaps reflect in part the unclear iden-

tification of secondary and tertiary dentins. How-

ever, early studies from Hoffman and Schour 36 in

the rat molar provide insight into both the

dynamics and the gradients of secondary dentin

secretion. In the pulp horns, a daily rate of 16 um

observed at 35 to 45 days had declined to 1.25

um per day at 500 days. On the roof and floor of

the pulp cavity, the rate was 2.5 um per day at

125 to 135 days and declined to 0.69 um at 500

days.Thus, the rate of formation varies in different

areas of the tooth and appears to slow with age

to a rate of only about 8% to 25% of that

observed at a younger age. However, if the greater

rate of secretion in the pulp horns reflects a

response to attrition, at least in part, then some of

this secretion represents strictly tertiary dentino-

genesis.This highlights the need to use terminolo-

gy describing the different phases of dentinogen-

esis only as a means of understanding the

processes taking place and not as an inflexible

classification system.

Fig 3-12 Schematic diagram of reactionary (secreted by sur-
viving postmitotic primary odontoblasts) and reparative
(secreted by a new generation of odontoblast-like cells after
death of the primary odontoblasts) variants of tertiary dentino-
genesis. (Reprinted from Smith et al38 with permission.)

Tertiary Dentinogenesis

To overcome the plethora of confusing terms

used to describe the focal secretion of dentin in

response to external influences-including such

as dental caries, tooth wear, trauma, and other tis-

sue injury-Kuttler1 proposed the concept of ter-

tiary dentin formation. Tertiary dentin encompass-

es a broad spectrum of responses, ranging from

secretion of a regular, tubular matrix that differs

little from primary and secondary dentins, to

secretion of a very dysplastic matrix that may
even be atubular. The cellular and molecular pro-

cesses responsible for this spectrum of responses

also may show a number of differences. Tertiary

dentin has been subclassified as either reac-

tionary or reparative 37,38 as a means of distin-

guishing the different sequences of biologic
events taking place in situations of milder and

stronger external stimuli responsible for initia-

tion of the response (Fig 3-12).
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Fig 3-13 Schematic diagram of biologic pro-
cesses taking place during reactionary and
reparative dentinogenesis. (Reprinted from
Smith et al38 with permission.)

Reactionary dentin is defined as a tertiary

dentin matrix secreted by surviving postmitotic

odontoblast cells in response to an appropriate

stimulus. Typically, such a response will be made to

milder stimuli and represents up-regulation of the

secretory activity of the existing odontoblast

responsible for primary dentin secretion. In con-
trast, reparative dentin is defined as a tertiary

dentin matrix secreted by a new generation of

odontoblast-like cells in response to an appropri-

ate stimulus after the death of the original postmi-
totic odontoblasts responsible for primary and

physiologic secondary dentin secretion. Such a

response will normally be made to stronger stimuli
and represents a much more complex sequence of

biologic processes. Reparative dentin actually

encompasses a broad range of responses, some of
which appear to be relatively specific while others

are classified as tertiary dentinogenesis only

because they occur in the pulpodentin complex.

It is appropriate to consider these two vari-

ants of tertiary dentinogenesis individually

in view of the diversity of the biologic processes

taking place (Fig 3-13), although it must be

recognized that reparative dentinogenesis will

often be a sequel to reactionary dentinogenesis

and that both variants may be observed within

the same lesion.

Reactionary dentinogenesis

Reactionary dentin is, by definition, secreted by

surviving primary odontoblasts.Therefore, to deter-

mine cell survival, its identification requires

chronologic information on the postinjury events

within the pulpodentin complex. While such infor-

mation is often lacking in histologic studies of pul-

pal responses following dental injury, the presence

of tubular continuity between physiologic sec-

ondary and tertiary dentin matrices has been sug-
gested as characteristic of this response . 39

The biologic processes responsible for reac-

tionary dentinogenesis represent focal up-regula-
tion of the secretory activity of the surviving

odontoblasts.As such, this response might be con-

sidered an extension of the physiologic behavior

of these odontoblasts, and the rationale for identi-

fication of a tertiary dentinogenic response

would be the nature of the initiating stimulus, ie,

injury to the tissues. This distinction is probably

important in that control of up-regulation of

secretion is determined by the stimulus and may
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show differences to physiologic regulation of cell

secretory behavior. The intensity of the response

will reflect both the degree and the duration of

the stimulus, although the extent of the response

is limited to those cells in direct tubular commu-

nication with the initiating stimulus. Thus,

beneath a cavity preparation, the reactionary

dentinogenic response is generally limited to

those areas where the dentinal tubules communi-

cate with the cavity. In unetched preparations,

variable plugging of the tubules may lead to dif-

ferential stimulation of individual odontoblasts

beneath the preparation and an irregular inter-

face between the reactionary dentin and odonto-

blasts, possibly with finger-like projections of

matrix (Fig 3-14).

The molecular basis of odontoblast up-regula-

tion during reactionary dentinogenesis has only

recently received much attention. Traditionally, it

has been suggested that "irritation" from plaque
bacterial products during caries or leaching of

components from restorative materials beneath

preparations may be responsible for the stimulus.
However, these hypotheses have never really iden-

tified the molecular signaling processes responsi-

ble for cellular up-regulation. An in vivo study, in

which isolated dentin matrix components were

implanted in the base of unexposed cavities that

had been carefully prepared in ferret teeth to

ensure primary odontoblast survival, has shown

that bioactive molecules in these isolated matrix

preparations are capable of stimulating reac-

tionary dentinogenesis.40 These findings indicate

that the signaling molecules for reactionary

dentinogenesis may be derived and released by

diffusion of the injurious agent through the dentin

matrix. Partial purification of the isolated matrix

preparations to enrich their growth factor con-

tent, particularly of the TGF-(3 family, has implicat-

ed these molecules in the cellular signaling

responsible for reactionary dentinogenesis. 38

Direct application of the TGF-(31 and TGF-R3 iso-

forms to the odontoblast layer on agarose beads in

cultured tooth slices has demonstrated their abili-

ty to up-regulate odontoblast secretion .4' Similar

findings were made after application of a solution
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Fig 3-14 Reactionary dentinogenic response beneath an
unetched and unexposed cavity (top) prepared in a ferret
canine tooth in which a lyophilized preparation of isolated
dentin matrix proteins have been implanted. Reactionary
dentin secretion is restricted to that area in which the dentinal
tubules are in direct communication with the cavity. Note the
finger-like projections of reactionary dentin matrix (arrows)
due to differential stimulation of individual odontoblasts
beneath the preparation.

of TGF-(31 to cultured tooth slices using small Per-

spex tubes glued to the dentin matrix that

allowed diffusion of the growth factor through

the dentinal tubules." TGF-B1,TGF-B2, and TGF-(33

isoforms are expressed by odontoblasts, 43 and

TGF-(31 becomes sequestrated within the dentin

matrix . 44 Thus, considerable endogenous tissue

pools of this growth factor are found within the

dentin matrix, and these are available for release if

the matrix is solubilized or degraded.

During caries, plaque bacterial acids diffusing

through and demineralizing the dentin matrix

might be expected to solubilize some of this tis-

sue pool of growth factor. In cavity preparation,

the use of etchants or cavity conditioning agents

may also release these molecules. A number of

commonly used etchants have been found to solu-

bilize TGF-(31 and various noncollagenous matrix
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components from dentin, the most effective of

these being ethylene diaminetetraacetic acid

(EDTA) (Smith and Smith, unpublished data,

1998). Restorative materials may also stimulate

reactionary dentinogenesis through similar mech-

anisms. Calcium hydroxide can solubilize TGF-(31

and noncollagenous matrix components from

dentin (Smith et al, unpublished data, 1995), a

finding that provides new insight into the action

of this widely used material. Thus, a variety of fac-

tors associated both with the injury process to

the tissue and its subsequent restoration may for-

tuitously contribute to defense reactions of repair.

A role for the TGF-(3s in tertiary dentinogenesis

is supported by studies with TGF-(31 (-/-) mice, in

which there appears to be decreased "secondary"

(tertiary) dentin formation . 45 Although release of

TGF-(31 from the dentin matrix may provide an

explanation for the cellular signaling of reac-

tionary dentinogenesis, it must be recognized that

other growth factors are also sequestrated within

the dentin matrix. Insulin-like growth factors

(IGFs) -I and -II, 46 bone morphogenetic proteins

(BMPs),47 and a number of angiogenetic growth

factors48 have been reported in dentin matrix.This

diverse group of growth factors provides a power-

ful cocktail of bioactive molecules that may be

released and participate in cellular signaling dur-
ing injury and repair to the pulpodentin complex.

The presence of angiogenic growth factors in

dentin may explain the stimulation of angiogene-
sis at sites of tertiary dentin formation, but the

range of cellular effects arising from release of

some of the other growth factors remains to be

elucidated. The concept of dentin as an inert tis-

sue must therefore be questioned, and a variety of

cellular effects arising from solubilization of its

matrix remain to be identified.

Factors Influencing
Reactionary Dentinogenesis

A tertiary dentinogenic response beneath a caries

lesion is easily recognized . 49 A reactionary response
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is often associated with small, slowly progressing

lesions,50 whereas in more active lesions death of

the primary odontoblasts is more likely to occur,

and reparative dentinogenesis will be seen if the

prevailing tissue conditions allow. However, even

in more slowly progressing lesions, the response

may be a mixture of reactionary and reparative

dentinogenesis.50 Thus, the activity of a caries

lesion will have a strong influence on the nature

of the tertiary dentinogenic response.

Various factors associated with cavity prepara-

tion and restoration can influence the tertiary

dentinogenic response: the method of cavity

preparation, the dimensions of the cavity, the

residual dentin thickness (RDT) of the cavity,

etching of the cavity, and the nature of the dental

materials used and the method of their applica-

tion for the restoration. Many studies have de-

scribed the pulpal changes in response to these

various factors, and the consensus is that cavity

restoration events can influence the underlying

pulpal cell populations to a degree that is pro-

portionally greater than the differences in cyto-

toxicity of cavity restoration materials them-

selves This highlights the need for careful

control of cavity preparation conditions in stud-

ies of pulpal responses. Use of animal models

for assessment of pulpal responses to restorative

factors can allow more reproducible control of

these factors, while in vitro organ culture

approaches offer opportunities to examine some

of these factors in the absence of inflammation

and bacteria." , " Nevertheless, it is still important

to assess human dental responses to these fac-

tors to overcome possible species variations and

to attempt to quantify their relative importance.

The complex interplay between the various fac-
tors makes it difficult to unravel their involve-

ment during different phases of the injury and

repair responses.
Histomorphometry of reactionary dentinogen-

esis beneath standardized cavity preparations in a

relatively young population of human teeth with
subsequent statistical analysis showed a strong

correlation between reactionary dentin secretion

and RDT, patient age, and cavity floor surface area
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and restoration width . 53 RDT was apparently the

most significant factor determining the secretion

of reactionary dentin, which is increased in area

by 1.187 mm2 for every 1-mm decrease in the

RDT beneath the cavity. Increases in reactionary

dentin area were also correlated with increases in

the dimensions of other cavity preparation vari-
ables.A weaker correlation was observed between

choice of restoration material and reactionary

dentinogenesis; however, zinc oxide- eugenol
appeared to have no effect on reactionary

dentinogenesis compared with calcium hydrox-

ide/amalgam types of restorations.

Similar observations on the quantitative rela-

tionship between RDT and reactionary dentino-

genesis were made in a larger study of 217

human teeth . 54 Reactionary dentin secretion was

seen beneath cavities with an RDT above 0.5

mm or below 0.25 mm; however, maximum reac-

tionary dentinogenesis (approximately fourfold

greater) was observed beneath cavities with an

RDT between 0.5 and 0.25 mm. Reduced reac-

tionary dentin secretion beneath cavities with an

RDT below 0.25 mm appeared to be associated

with reduced odontoblast survival, presumably

as a result of irreversible cell damage during cavi-

ty cutting. Choice of restoration material influ-

enced reactionary dentin secretion, as well as

odontoblast survival, to a significant but lesser

degree than did RDT In terms of their influence

on reactionary dentinogenesis, calcium hydrox-

ide had the greatest influence, followed by resin

composite, resin-modified glass ionomer, and

zinc oxide-eugenol. This ranking reflected a

combination of the effects of the materials on

odontoblast cell survival and stimulation of reac-

tionary dentinogenesis. A schematic diagram of

the relationship between RDT and reactionary

dentinogenesis may offer guidance in treatment

planning (Fig 3-15).

We can now start to understand how the vari-

ous restorative factors influence reactionary

dentinogenesis on a mechanistic basis. RDT after

cavity cutting has the potential to influence

odontoblast cell survival: in deep (RDT less than

0.25 mm) cavities, little more than 50% odonto-

Fig 3-15 Schematic diagram of the relationship between cavi-
ty residual dentin thickness, odontoblast survival, and tertiary
dentinogenesis.

blast survival may be seen, whereas in shallow-

er cavities, odontoblast survival is about 85% or

greater, and despite the likely cutting of the odon-

toblast process, the cells respond by secretion of

reactionary dentin.Although little is known about

how the cell responds to cutting of its process, it

is generally assumed that such breaks in the

membrane integrity are soon restored. Receptors

to TGF-Bs have been demonstrated on odonto-

blasts," and ultrastructural immunolabeling stud-

ies have suggested their presence on the odonto-

blast process as well, especially nearer to the

pulp (Murray et al, unpublished data, 2001).

Receptors to other growth factors may also be

present, and therefore localization studies are

required. With shallower cavities, the amount of

reactionary dentin that is secreted can be corre-
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lated with the RDT, which suggests that distance

of diffusion of cell-signaling molecules is a deter-

mining factor.

Cavity etching can positively influence the

secretion of reactionary dentin. Treatment with

EDTA55 for 0 seconds, 60 seconds, and 120

seconds led to a ranking of 60 seconds > 120 sec-

onds > 0 seconds for reactionary dentin secretion.

Reduced reactionary dentinogenesis after 0 or

120 seconds of treatment was associated with

decreased odontoblast survival. The stimulatory

effect of EDTA treatment on reactionary dentino-

genesis might be ascribed to the ability of this

chemical to release growth factors from the

dentin matrix.during its solubilizing action, which

could then diffuse down the dentinal tubules and

bind to receptors on the odontoblasts for signal-

ing of a reactionary dentinogenic response. Other

etchants such as phosphoric acid have less of a

stimulatory effect on reactionary dentinogenesis,

perhaps reflecting their less effective action in sol-

ubilizing matrix-bound growth factors. Such a

sequence for cellular signaling of reactionary

dentinogenesis would be expected to be depen-

dent on the distance of diffusion of the growth

factor molecules, and this would be in accord

with the observations on the importance of RDT

to the amount of reactionary dentin secreted.

Restorative materials that are capable of stimulat-

ing reactionary dentinogenesis, such as calcium

hydroxide, may have similar actions on the dentin

matrix-releasing growth factors, which then dif-

fuse to the odontoblasts and prompt their up-reg-

ulation. Clearly, complex events take place during

cavity preparation and restoration involving the

interplay of many factors, but odontoblast cell sur-
vival and release of endogenous matrix-bound

pools of growth factors and other bioactive

molecules in the tooth may be critical to the sig-
naling of reactionary dentinogenesis.

Reparative dentinogenesis

In nonexposed pulps, reparative dentinogenesis

may be a sequel to reactionary dentinogenesis

(Fig 3-16), or it may occur independently in the
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absence of reactionary dentin if the injury is of

sufficient intensity (eg, an active caries lesion).

The reparative response of tertiary dentinogene-

sis will always take place at sites of pulp expo-

sure because of the loss of odontoblasts and the

need for dentin bridge formation. Reparative

dentinogenesis involves a much more complex

sequence of biologic events than reactionary

dentinogenesis in that progenitor cells from the

pulp must be recruited and induced to differenti-

ate into odontoblast-like cells before their secre-

tion may be up-regulated to form the reparative

dentin matrix (Fig 3-17).

The matrices secreted during reparative den-

tinogenesis show a broad spectrum of appear-

ances ranging from a regular, tubular matrix to a

very dysplastic, atubular matrix (Fig 3-18) some-

times with cellular inclusions present.This hetero-
geneity in matrix morphology is often paralleled

in the morphology and secretory behavior of the

odontoblast-like cells responsible for its secretion,
leading to considerable variations in matrix struc-

ture and composition (Fig 3-19).

Though all of these responses may generally
be categorized as reparative dentinogenesis, they

nonetheless show considerable heterogeneity.

This heterogeneity may reflect the specificity of

the dentinogenic processes taking place. These

processes may resemble physiologic dentinogen-

esis or, instead, represent nonspecific matrix

secretion. Nonspecific secretion can occur from

cells with few phenotypic characteristics of

odontoblast-like cells, and is believed to represent

part of a more generalized wound-healing re-

sponse.The differences in tubularity observed in

a reparative dentin matrix (Fig 3-20) will have

consequences for the permeability of the matrix

to provide pulpal protection from the possible

effects of bacteria and restorative materials. Main-

tenance of the tubular physiologic structure of

dentin may be a sensible goal in tissue regenera-

tion generally, but it must be considered in rela-

tion to the tissue environment created by a res-

toration.Where there is a need to provide pulpal

protection from the effects of bacterial micro-

leakage and components of restorative materials,
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Fig 3-16 Tertiary dentinogenic response beneath a caries
l esion in a human tooth showing an initial reactionary dentino-
genic response adjacent to the physiologic dentin with a sub-
sequent reparative dentinogenic response, the matrix of which
shows heterogeneity in its tubularity (periodic acid-Schiff
stain, original magnification x250).

Fig 3-17 Schematic diagram of biologic events during repara-
tive dentinogenesis showing progenitor cell recruitment
through chemotaxis and migration and temporospatial pre-
sentation of the molecular signal for induction of odontoblast-
l ike cell differentiation on the surface of existing dentin matrix
prior to secretion of reparative dentin matrix. (Reprinted from
Smith et a I'9 with permission.)

Fig 3-18 Reparative dentin secreted beneath and demarcat-
ed from physiologic dentin by a darker-staining calcio-
traumatic line underlying a caries lesion in a human tooth.
Note the considerable heterogeneity in the reparative dentin
ranging from a tubular (right) to an atubular (left) matrix (peri-
odic acid-Schiff stain, original magnification x 100).

the presence of a tubular, reparative matrix will

increase permeability and may therefore be disad-

vantageous.
Reparative dentinogenesis will often be pre-

ceded by secretion of a fibrodentin matrix, 12

which is atubular and is associated with rather

cuboidal cells with poorly developed organelles

on its formative surface. Deposition of tubular

matrix by polarized cells is then seen later on the

surface of this fibrodentin. Whether fibrodentin

deposition represents a specific dentinogenic

response or a nonspecific connective tissue

wound-healing response is uncertain. Data on the

molecular phenotype of these cells are not avail-

able, but the morphology of the cells responsible

for its synthesis and secretion point to a relatively

nonspecific response. Nevertheless, it may play

an important role in the signaling of true repara-

tive dentinogenesis by providing a substrate upon

which signaling molecules for odontoblast-like

cell differentiation may become immobilized. In

this way, it could mimic the role of the dental

basement membrane for odontoblast differentia-

tion during tooth development, where it has been

suggested that growth factors derived from the

inner dental epithelium become temporospatially
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Fig 3-19 Reparative dentin matrix secreted beneath a caries
l esion in a section of a human tooth stained with silver colloid
to demonstrate phosphoproteins. Note considerable hetero-
geneity in the staining intensity of these matrix components
reflecting variations in odontoblast-like cell behavior during
secretion (original magnificatoin X250).

immobilized on the basement membrane for pre-

sentation to the pre-odontoblasts to signal their

terminal differentiation. 58

Recapitulation of embryonic events leading to

tooth development during tertiary dentinogene-

sis has been proposed, and indeed, many com-

mon features of the two processes can be

observed . 32 The need for progenitor cell recruit-

ment, induction of differentiation, and up-regula-

tion of secretory activity are common to both

processes (Fig 3-21), although the absence of

physiologic regulation of the biologic events dur-

ing repair may lead to more diversity in the cellu-

lar secretions seen. Progenitor cell recruitment,

signaling of odontoblast-like cell differentiation,

and subsequent up-regulation of matrix secretion

by these cells are the three critical steps for

reparative dentinogenesis. While up-regulation of
matrix secretion is common to reactionary

dentinogenesis, the first two steps distinguish the

process of reparative dentinogenesis.

Progenitor cell recruitment

The derivation of the progenitor cells recruited
for odontoblast-like cell differentiation during

reparative dentinogenesis is still unclear. Howev-

er, the neural crest origin of the ectomesenchy-
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Fig 3-20 Reparative dentin matrix secreted beneath a caries
l esion in a human tooth, showing a less tubular structure than
the adjacent physiologic dentin, which will reduce the perme-
ability of this tissue (H&E stain, original magnificatoin x250).

mal cells of the dental papilla giving rise to the

odontoblasts is likely to be important to their

phenotype. Isolated pulpal cells from adult

human teeth show many similarities in their

molecular phenotype to bone marrow stem cells

but appear to show different behavior both in

vitro and after transplantation into immunocom-

promised mice in vivo. 59 Thus, the pulpal deriva-

tion of these cells appears to confer specificity

on their developmental potential. However, this

study was not able to identify the nature or local-

ization of the cell population from which these

pulpal cells were isolated.

The undifferentiated mesenchymal cells in the

cell-rich zone of Hohl adjacent to the odontoblast

layer have been suggested as progenitors,60 and

they are attractive candidates since they will have

experienced a developmental history similar to

that of the primary odontoblasts. During tooth

development, pre-odontoblasts align themselves

perpendicular to the dental basement membrane

during the final mitotic division. One daughter cell

is exposed to the epithelial-derived epigenetic sig-

nal for induction of odontoblast differentiation and

the other is not" and is generally assumed to join

the cells in the cell-rich zone of Hohl instead. How-

ever, cells from elsewhere in the pulp have also
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been implicated as progenitors for the odonto-

blast-like cell. These include perivascular cells,

undifferentiated mesenchymal cells, fibroblasts,

etc.61 What the relative contribution from any of

these cell populations is to progenitor recruitment

for odontoblast-like cell differentiation is unclear,
but the possibility suggests opportunities for het-

erogeneity in the nature of the response. Aging

may influence the survival of some of these possi-
ble progenitor cell populations, and their different

phenotypic characteristics may contribute to the

specificity of the process if they are involved in
reparative dentinogenesis. Thus, depending on the

age of the patient and the survival of cells follow-

ing injury to the dentin-pulp complex, consider-

able heterogeneity may be seen in the cellular

response. Stem cells are pluri-potent, and their

presence in tissues can offer opportunities for

regeneration in response to growth and differentia-

tion signals.There are many genes that control the

behavior and expression potential of stem cells,

including the highly conserved Notch signaling

pathway, which can enable equivalent precursor

cells to adopt different cell potentials.62 Such

genetic control may be important in determining

progenitor cell recruitment during reparative

dentinogenesis. Reappearance of Notch in sub-

odontoblast cells during reparative responses to

injury and in association with vascular structures

in apical areas of the root of the tooth63 may indi-

cate the role of cells in these areas to contribute to

reparative dentinogenesis. If this is the case, then

both undifferentiated mesenchymal cells and peri-

cytes may be progenitors of odontoblast-like cells.

Migration of progenitor cells in the pulp to the

site of injury for reparative dentinogenesis

requires an appropriate chemotactic attractant.

Isolated human dentin matrix components have

been found to be chemotactic in vitro to pulpal

cells showing characteristics of pericytes (Murray

et al, unpublished data, 2001), and dissolution of

dentin matrix at sites of injury could provide such

a stimulus. Although the specific components in

the matrix that are responsible for these effects

remain to be identified, TGF-B1 is known to be

chemotactic for fibroblasts, macrophages, neu-

Fig 3-21 Schematic comparison of events during tooth devel-
opment and dental tissue repair highlighting the many similar-
i ties among the processes taking place. (Reprinted from
Smith and Lesot" with permission.)

trophils, and monocytes during dermal wound

healing. 64 Attraction of inflammatory cells to the

site of injury may further enhance the chemotaxis

of other cells, including pulpal progenitor cells,

since many will also produce TGF-(3s and other

growth factors. TGF-(31 has also been reported to

be mitogenic for cells in the subodontoblast

layer, 42 and thus may provide both a migratory

stimulus for progenitor cells and stimulate their

proliferation to expand the available population of

progenitor cells.
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Signaling of odontoblast-like cell
differentiation
Following recruitment of progenitor cells to the
site of injury, signaling of odontoblast-like cell dif-
ferentiation has to be achieved before reparative
dentin secretion can commence. While an epithe-
lial-derived, temporospatially regulated epigenetic
signal is responsible for induction of odontoblast
differentiation during tooth development,58 the
absence of epithelium in the mature tooth re-
quires an alternative derivation for this signal.

Dentin matrix can be autoinductive, and the
various reports of its ability to induce odonto-
blast-like cell differentiation65 concur with the
histopathologic reports of matrix growth from
dentin chips pushed into the pulp during cavity
preparation. Implantation of isolated dentin
matrix components, including fractions derived
from both the soluble and the insoluble matrix
compartments, in exposed cavities prepared in
ferret teeth gave rise to a reparative dentinogenic
response, with secretion of a regular tubular
matrix by polarized, columnar odontoblast-like
cells in the absence of a fibrodentin precursor
matrix. 66 Culture of dissociated embryonic dental
papillae with the same dentin matrix prepara-
tions induced a physiologic gradient of odonto-
blast differentiation, which could be inhibited by
inclusion of antibodies to TGF-B1.5 7 Similar
effects were observed when the dentin matrix
components were substituted by recombinant
TGF-(31 immobilized with heparin, and the odon-
toblast-like cells showed most of the molecular
phenotypic characteristics of physiologic odon-
toblasts.67,68 Thus, the epigenetic signaling of
odontoblast differentiation by growth factors
may be recapitulated during repair in adult tis-
sues. Experimental application of recombinant
TGF-(31 to adult pulp tissue in dogs has con-
firmed the ability of this growth factor to signal
odontoblast-like cell differentiation . 69TGF-B3 may
also exert similar effects since application of
agarose beads soaked in this growth factor at
sites of needle-punch injury in cultured tooth
slices led to alignment of columnar odontoblast-
like cells on the bead surface in a number of cul-
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tures.41 Other members of the TGF-B family of
growth factors, including the BMPs, have also
been implicated in signaling of odontoblast-like
cell differentiation during reparative dentinogen-
esis. These findings provide new opportuni-
ties to exploit endogenous pools of growth fac-
tors sequestrated in dentin matrix and to develop
novel biomaterials containing growth factors for
use in pulp-capping.

The presence of growth factors, particularly
the TGF-(3s, in both the soluble and insoluble tis-
sue compartments of dentin matrix provides
opportunities for cellular interaction with these
molecules in several ways. Release of growth fac-
tors from the soluble tissue compartment may
arise from tissue demineralization by bacterial
acids during caries. Further release of these
molecules during cavity preparation and restora-
tion may also arise from the action of cavity-etch-
ing agents and diffusion of components leached
from restorative materials. Diffusion of these solu-
ble growth factors to the pulp may provide a
chemotactic attraction for progenitor cells to the
injury site and a mitogenic stimulus to expand
this cell population. It is unclear whether the sig-
naling of odontoblast-like cell differentiation may
involve the soluble or insoluble tissue pools of
these growth factors. However, if developmental
events are recapitulated, it seems likely that
immobilized matrix-bound growth factors may
provide the signal for differentiation. This tissue
pool of growth factors appears to be masked by
mineral and other matrix components and
requires exposure before they can participate in
signaling processes. Ultrastructural immunolabel-
ing of untreated cut dentin surfaces for TGF-B
showed absence of reactivity. 73 However, treat-
ment of the cut surface with cavity etchants
unmasked the TGF-B in the matrix to varying
degrees, with the different etchants demonstrat-
ing variable ability to expose these molecules
(Fig 3-22). It is therefore apparent that conven-
tional restorative procedures can act on the den-
tal tissues in ways not previously appreciated and
may contribute significantly to cellular events
involved in repair after injury.
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Fig 3-22 Comparison of immunoreactivity of cut human dentin
matrix for TGF-B1 after treatment with various etchants. EDTA,
ethylenediaminetetraacetic acid. (Data from Zhao et al. 73 )

Fig 3-23 Schematic diagram of possible derivations of sig-
naling molecules contributing to pulpal injury and repair
responses.

It is also important to recognize that a variety

of cell-signaling molecules may be present in the

extracellular milieu at sites of injury in the pulp.

Even though the greatest focus recently has been

on TGF-Bs derived from the dentin matrix, it must

be remembered that a cocktail of growth factors

is present within this matrix. The effects of some

of the individual molecules on pulpal cells

remain to be determined, and little attention has

been paid to any synergistic effects that combina-

tions of these molecules may have. Thus, it is pos-

sible that a variety of biologic effects arising from

dentin matrix dissolution may yet be identified.

Clearly, pulpal injury, cavity preparation, and

restoration procedures may all influence these
biologic effects through differential solubilization

of various matrix-bound bioactive molecules.

Injury events within the pulp may also directly

give rise to bioactive molecules from cells, which

may influence subsequent cellular events. Death

of odontoblasts and other pulpal cells may

release intracellular contents at the site of injury.

Inflammatory cells attracted to the site of injury

will also give rise to cytokines and growth fac-

tors, which will modulate cellular events both

directly and indirectly. Thus, a complex interplay

between signaling molecules in the pulp can be

anticipated after injury (Fig 3-23), which may

result in a range of responses.

Dentin bridge formation

At sites of pulp exposure, dentin continuity may

be restored through dentin bridge formation

across the exposure. There have been reports of

bridging after pulp-capping with a variety of

agents, the most common being calcium hydrox-

ide (although resin composites are gaining in

usage; see also chapters 13 and 14). Dentin bridge

formation is not distinct from reparative dentino-

genesis but rather represents a particular situa-

tion under which reparative dentin is formed.

However, the extent of the injury and the repara-

tive processes required may influence the quality

or structure of the new matrix secreted within

the bridge. Divergence from the normal, regular
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Fig 3-24 Tunnel defect containing debris (b) within a repara-
tive dentin bridge (a) of a Dycal (Dentsply, York, PA) direct-
capped exposure at 2 years. Chronic inflammatory cells,
some with ingested Dycal particles (c), are present below the
bridge in the pulp (Masson stain, original magnification
X41.4). (Reprinted from Cox et al7 6, with permission.)

tubular structure of dentin may be common. This

must lead us to question the specificity of the

dentinogenic response in some situations.

New dentin bridge formation is often regarded

as an indication of successful pulp-capping treat-

ment, although this is probably true only where

the bridge provides an effective bacteriometic

seal. Mjdr74 cautioned that the presence of a

dentin bridge may not be a suitable criterion for

assessment of successful pulp healing, especially

during capping of young healthy pulps. Many

bridges are permeated by pulpal tissue and opera-

tive debris.The concept of dentin bridges has

been questioned because of the presence of
imperfections in many bridges .7s These imperfec-

tions, called tunnel defects (Fig 3-24), involve

multiple perforations that allow communication

between the pulp and capping material interface.

An incidence of 89% for multiple tunnel defects

in dentin bridges after calcium hydroxide pulp

capping has been reported ,76 and 41% of these

bridges were associated with recurring pulpal

inflammation or necrosis and with the presence

of inflammatory cells and stained bacterial pro-

files.The patency of these tunnel defects prevents

a hermetic seal that would protect the pulp

against recurring infection from bacterial

microleakage. This highlights the need to use

materials capable of providing long-term bacteri-

ometic sealing over capped pulps and opportuni-

ties for developing new capping materials that

stimulate more specific dentinogenic responses

during pulpal healing.
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Pulpodentin Complex

David Pashley, DMD, PhD

The previous chapters have dealt with the devel-

opmental aspects of dentin and the pulp, the vari-

ous types of dentinogenesis, and mineralization.

This chapter describes the structure of dentin, its

chemical and physical properties, and some of its

mechanical properties. This topic is clinically sig-

nificant in that the permeability properties of

dentin regulate the rate of diffusion of irritants

that initiate pulpal inflammation. Because of this

interaction, the pulp and dentin are often dis-

cussed together as a functional unit, the pulpo-

dentin complex.

Structure of the
Pulpodentin Complex

There is a great deal of evidence' that dentin and

the pulp are functionally coupled and hence inte-

grated as a tissue. For example, when normal

intact teeth are stimulated thermally, dentinal fluid

expands or contracts faster than does the volume

of the tubules that contain the fluid, which causes

hydrodynamic activation of intradental nerves. If

the external tissues that seal dentin (eg, enamel

and cementum) are lost for any reason, the normal

compartmentalization of the two tissues is lost

and they become functionally continuous. Under

these pathologic conditions, the dentin surface to

the pulp becomes a fluid-filled continuum. It is

through this fluid medium that bacterial sub-

stances may diffuse across dentin to produce pul-

pal reactions. "The pulp responds to these chem-

ical stimuli in the short term by mounting an

acute inflammatory response, which produces an

outward movement of both fluid"' and macro-

molecules. In the long term, pulpal tissues

produce tertiary dentin as a biologic response in

an attempt to reduce the permeability of the

pulpodentin complex and to restore it to its origi-

nal sequestration (see also chapter 3). In vivo,

radioactive tracer experiments demonstrate the

continuity of the dentinal fluid-pulpal fluid circu-

lation in exposed dentin and the importance of

pulpal blood flow in clearing pulpal interstitial flu-

ids of exogenous material. 17,18 Thus, the pulpo-

dentin complex functions as an integrated unit.'

Odontoblasts are highly differentiated cells

that form the tubular dentin matrix (chapter 3).

Their cell bodies reside in the pulp chamber (Fig

4-1), but their processes pass various distances
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Fig 4-I (above) Human odontoblast layer at the junction of the
pulp and predentin. Each cell sends an odontoblast process
(arrow) through the predentin toward the periphery. (Reprinted
from Jean et all' with permission.)

Fig 4-2 (right) After removal of odontoblasts and their processes,
the predentin can be seen to be woven from collagen fibrils approxi-
mately 100 nm in diameter. These fibrils polymerize perpendicular
to the cell process, forcing the network to form circumferentially
around the process. (Reprinted from Jean et ale° with permission.)

Fig 4-3 When the predentin is removed by NaOCI treatment,
the underlying mineralizing dentin matrix can be seen, orga-
nized into hemispherical units called calcospherites. Note that
each calcospherite contains many dentinal tubules. (Courtesy
of Dr Franklin Tay, University of Hong Kong.)

through the unmineralized, freshly secreted pre-

dentin into the mineralized matrix .2" Detailed

information about the structure and function of

odontoblasts may be found in recent reviews. 21,22

If the odontoblast layer is removed, the odonto-

blast processes are sometimes removed from the

unmineralized tubules of predentin as well

(Fig 4-2).23 This dentin matrix is not yet mineral-

ized and contains tubular openings 3 um in diam-

eter where no peritubular dentin matrix has yet

been formed. When the predentin is removed by

treatment with 5% NaOCI, one can see the under-

lying mineralized tubules that are almost 3 um in

diameter (Fig 4-3). At this relatively low magnifica-

tion (X500), the spherical surface of calco-

spherites24 can be seen (Fig 4-3).
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Fig 4-5 Acid etching dentin removes the peritubular dentin
matrix and strips the crystallites off the collagen fibrils, permit-
ting the true fibrillar nature of the dentin matrix to be seen
(original magnification X10,000). (Courtesy of Dr Jorge
Perdigao, University of Minnesota.)

Fig 4-4 Fractured dentin showing a single dentinal tubule
l i ned by hypermineralized, collagen-poor peritubular dentin,
more accurately called intratubular dentin. Note that the dentin
surrounding the tubules (ie, intertubular dentin) has a different
texture due to the presence of collagen fibrils, whose presence
i s masked by apatitic crystallites (original magnification
x 19,500). (Reprinted from Pashley with permission.)

Dentin

Dentin morphology

Dentin is a porous biologic composite made up

of apatite crystal filler particles in a collagen

matrix (Fig 4-4). This mineralized matrix was

formed developmentally by odontoblasts, which

began secreting collagen at the dentinoenamel

junction (DEJ) and then grew centripetally while

trailing odontoblast processes. Acid etching or

ethylenediaminetetraacetic acid (EDTA) chela-

tion removes the peritubular dentin matrix,

thereby enlarging the tubule orifice, and removes

the mineral crystallites from around the collagen

fibrils, exposing the fibrillar nature of the dentin
matrix (Fig 4-5).

There are three types of dentin: primary, sec-
ondary, and tertiary. Primary dentin is the origi-

nal tubular dentin largely formed prior to erup-

tion of a tooth. The outer layer of primary dentin,
called mantle dentin, is slightly less mineralized

(about 4%) than is regular circumferential dentin.
Mantle dentin is about 150 um wide and compris-

es the first dentin laid down by newly differenti-
ated odontoblasts. 25 These cells may not be com-
pletely differentiated, or they may have had

relatively short odontoblast processes providing

slightly less than ideal mineralization. Secondary
dentin is the same circumpulpal dentin as prima-

ry dentin, but secondary dentin is formed after

completion of root formation. The major differ-

ence between primary and secondary dentin is

that the latter is secreted more slowly than prima-

ry dentin. Because the same odontoblasts form

both types of dentin, the tubules remain continu-

ous. Over decades, a large amount of secondary

dentin is formed on the roof and floor of the pulp

chamber, causing the chamber to become more

shallow. Similarly, secondary dentin formation
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Fig 4-6 Schematic showing the tubular nature of various
types of dentin. (a) Primary dentin (PD) is shown above less
tubular tertiary dentin (TD). The small dots indicate the con-
centration of a potentially noxious substance diffusing across
dentin. The original odontoblasts were destroyed, but the
newly differentiated odontoblasts in the reparative dentin did
not line up with the original primary dentin, greatly lowering its
permeability. (b) Sometimes the newly formed odontoblasts
l ack a process and form a layer of atubular dentin that can
reduce the permeability to near zero. (c) Injured odontoblasts
sometimes do not die but simply make more dentin at a fast
rate, thereby increasing dentin thickness and reducing its per-
meability. (d) Intraluminal crystalline deposits (I) in tubules may
l ower dentin permeability. (Modified from Tziafas et al '6 with
permission.)

Fig 4-7 Each dentinal tubule is an inverted cone with the
l argest diameter at the pulp chamber or root canal and the
smallest diameter at the cementodentinal junction (CDJ) or
DEJ due to the progressive formation of more peritubular
dentin. (Courtesy of Parkell, Biomaterials Division, Farming-
dale, NY.)

causes the dimensions of the root canal to

become increasingly smaller with age. The pres-

ence of cellular processes on odontoblasts makes

primary and secondary dentin tubular in nature.

The third type of dentin, tertiary dentin (also

known as irritation dentin, irregular secondary

dentin, reactionary dentin, or reparative

dentin16,26) (Fig 4-6) is found only in dentin that

has been subjected to trauma or irritation (eg,

exposed hypersensitive cervical dentin, carious

dentin, traumatic cavity preparation).

Because the circumference of the most periph-

eral part of the crown or root of a tooth is much

larger than the circumference of the final pulp

chamber or root canal space, the odontoblasts are

forced closer together as they continue to lay

down dentin, developing a pseudostratified

columnar layer in parts of the coronal pulp, espe-
cially over pulp horns.27,28 They are cuboidal in
the root canal24 and become flat near the apex . 22

The convergence of dentinal tubules toward the

pulp creates a unique structural organization to

dentin that has profound functional conse-

quences, as will be discussed below. This conver-

gence in the density of tubules has been estimat-

ed to be 5:129-31 in coronal dentin. It is less in root

dentin but still more than 2:1.

Each individual dentinal tubule is an inverted

cone with the smallest dimensions at the DEJ and

the largest dimensions at the pulp (Fig 4-7). Origi-

nally, each tubule had a diameter of nearly 3 um.

However, within each tubule is a collagen-poor,

hypermineralized cuff of intertubular dentin (see

Fig 4-4), called peritubular dentin in many texts.

It is actually periluminal dentin or, more accurate-

ly, intratubular dentin. 32 Its formation narrows the

lumen of the tubule from its original 3 um to as lit-

tle as 0.6 to 0.8 gm in superficial dentin.This large

amount of peritubular dentin in superficial dentin

near the DEJ is due in part to the fact that it is
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"older" than middle or deep dentin. Thus, the

width of intratubular (peritubular) dentin de-

creases as tubules are followed inward toward the

pulp, with the exception that there is no peritubu-

lar dentin in intraglobular dentin.33 Very close to

the pulp, where there is no intratubular or per-
itubular dentin, the tubule (luminal) diameter is

almost 3 um.34 Thus, most of the narrowing of the

tubule lumen as one observes dentin more periph-
erally is due to deposition of peritubular

dentin .21,35,36 Although there have been reports of

giant tubules 5 to 40 um in diameter in human
permanent and primary teeth, 37 they number

fewer than 30 giant tubules per tooth. They

extend from the pulp chamber to the incisal DEJ,

but there is some question as to their patency.

Similar developmental defects in incisal regions

have been reported. 38,39

The composition of collagen-poor and miner-

al-rich peritubular dentin is different from that of

intertubular dentin (see Fig 4-4).The mineral is in

the form of small calcium-deficient, carbonate-

rich hydroxyapatite crystals, which have a higher

crystallinity and are almost 5 times harder than

intertubular dentin .4° Little is known about the

biologic control of peritubular dentin apposition.

Although it is a very slow process, it can be accel-

erated by occlusal abrasion 41 and other forms of

pulpal irritation and may be more rapid in prima-

ry42 than in permanent teeth.

Although the complete composition of dentin-

al fluid is unknown, it presumably contains an ion

product of calcium and phosphate near or above

the solubility product constants for a number of

forms of calcium phosphate. 43-45 This fluid tends

to form mineral deposits in dentinal tubules,

which may take many forms38,39 (see Fig 4-6), for

the outward movement of dentinal fluid presents

a larger amount of mineral ions to the walls of

the tubules than could occur by diffusion in

sealed tubules. This principle has been used

experimentally to slow the depth of demineraliza-

tion of dentin in vivo under simulated caries-

forming conditions. 46

The permeability properties of dentinal tu-

bules indicate that they have functionally much

smaller dimensions than their actual microscopic

dimensions .47,48 Although the microscopic diame-

ter of dentinal tubules at the DEJ has been report-

ed to be 0.5 to 0.9 um, they function as though

they are 0.1 um in diameter. Dentin can remove

99.8% of a bacterial suspension of streptococci

that are approximately 0.5 um in diameter when

pressure is applied to the solution ,49 which tends

to prevent infection of the pulp even when
patients masticate on infected carious dentin.This

phenomenon is why there are no bacteria in the

tubules at the extreme front of the carious
attack.38 Although bacteria can invade dentinal

tubules,50 they do not invade as fast or as far in

vital dentin, 51,52 presumably because dentinal fluid

moving outward contains immunoglobulins. 53

Fluid shifts across dentin may occur, but the fluid

is virtually sterile because of the presence of
intratubular deposits of mineral and collagen fib-

rils that form multiple constrictions within the

tubule to dimensions less than those of most

microorganisms. In one study, 65% of the dentinal

tubules in occlusal coronal dentin contained large

collagen fibrils. 54 These would tend to trap any

suspended bacteria as fluid flows through the

tubules. The long-term effects of having bacteria

trapped in tubules depend upon their source of

nutrition and the effects of immunoglobulins from

the pulp.

Extent of the odontoblast process .
Controversy continues regarding the extent of

the odontoblast process. Developmentally, odon-

toblast processes extend from the odontoblast

cell body, through mineralized dentin matrix, to

the dentin-enamel junction at the bell stage of

tooth development. However, as dentin thickens,

the cellular processes must elongate. Because

there are no supporting cells or blood vessels in

the tubules, the ability of the odontoblast cell

body to support a long cytoplasmic process is

questionable. In human teeth, the thickness of

dentin is about 3 to 3.5 mm. Although nerve

axons can be more than 1 m in length, they are

not 3 mm from supporting cells or capillaries. In

the absence_ of any evidence for cytoplasmic
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streaming analogous to axon transport, it seems

unlikely that any odontoblast could maintain
such a long process.

The length of processes of most odontoblasts,
regardless of dentin thickness, is between 0.1

and 1.0 mm. 55-61 The extent varies somewhat
with species and position within the tooth. 55-57

The extent of the odontoblast process is impor-

tant for a number of reasons. If odontoblasts par-
ticipate directly in the mechanism of dentin sen-

sitivity to surface stimuli, then these stimuli must

interact with a cytoplasmic process. When cavi-

ties are prepared in deep dentin for restorative

procedures, the odontoblast processes are ampu-

tated, thereby irritating the cell body residing in

the pulp. Most studies23,55-59.62 have shown that
the process does not extend more than one third

the length of the tubule under normal condi-

tions. Based on this analysis, the odontoblast is

probably not directly involved in dentin sensitivi-
ty63 Branching of dentinal tubules into multiple

smaller lateral branches is extensive at the DEJ,

minimal in middle dentin, and almost absent near
the pulp. 64 In addition, branching of tubules is

highest in the apical region and lowest in the
coronal region.26
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of collagen fibrils. Fortunately, the water con-
tent can be controlled in nonvital dentin, which

facilitates bonding to endodontically treated

dentin. This phenomenon may become more

important in endodontics as the use of adhesive

resins for secondary seals increases in popularity.

It is well known that loss or leakage of the access-

opening temporary restorative material can lead

to bacterial contamination of root canal fill-

ings.72- To avoid such contamination, several

investigations have recommended the use of sec-

ondary seals on the floor of the pulp chamber

that extend over the orifice of the filled canal.

This technique not only protects the root canal

filling from leakage but also seals off any accesso-

ry canals that might exist on the pulpal floor. The

use of transparent, unfilled resins is preferred

because they permit observation of the underly-

ing gutta-percha and are soft enough to remove

easily should retreatment be necessary.

Chemical composition of dentin

The composition of bulk dentin (see Table 4-2) has

been reported to be 70% mineral, 20% organic,

and 10% water .2' Due to the high density of den-

tin (ranging between 2.05 and 2.30 g/cm -3), the
weight percentage is much higher than volume

percentage. 84

The mineral phase of dentin is a calcium-defi-
cient carbonate-rich apatite with platelike crystals

of intertubular dentin 50 to 60 nm long, 85 36.4 ±

1.5 nm wide, and 10.3 ± 0.3 nm thick. 16 This small
size, relative to large apatite crystals in enamel, is

thought to be responsible for the high critical pH

of dentin (pH 6.7).This crystal size is clinically sig-

nificant because root dentin demineralizes at less

than 10% of the hydrogen ion concentration

required for enamel demineralization (pH 6.7 vs

5.5), making dentin more susceptible to caries

than enamel once root surfaces become ex-

posed . 17 Trace elements are also found in den-

tin. About 90% of the organic portion of the

dentin matrix is made up of type I collagen; non-

collagenous protein growth factors and proteogly-

cans make up the remainder. 90-92 The water con-

tent of dentin varies with location, but bulk

dentin has been reported to be between 8% and

16% water , 89 most of which is unbound water
that can be removed by heating to 120°C.A small

fraction of the water (probably less than 1%) is

associated with apatite crystals and with collagen.

Physical characteristics of dentin
Dentin is a heterogeneous composite material
that contains micrometer-diameter tubules sur-

rounded by highly mineralized (about 95 vol%

mineral phase) peritubular dentin embedded

within a partially mineralized (about 30 vol%

mineral phase) collagen matrix (intertubular den-

tin).93.94 The bulk of tooth structure is made up

of dentin, which is the vital part of the tooth

(Table 4-3).

Dentin is much softer than enamel (Knoop

hardness of 68 vs 343 kg/mm-2). The softness of

dentin makes it wear much faster than enamel 95

and permits efficient endodontic instrumentation

with hand or rotary files. 96 Dentin is also more

elastic than enamel (modulus of elasticity of

about 11 to 20 vs 86 GPa). This greater elasticity

makes dentin tougher than enamel, and it also

supports dentin's stress-breaking or shock-absorb-

ing function for the overlying enamel.

Recent modifications to the atomic force micro-

scope (AFM) permit measurement of both

nanohardness and the modulus of elasticity of

intertubular and peritubular dentin.40 Peritubular

dentin has a greater nanohardness than intertubu-

lar dentin (250 KHN vs 52 KHN). In addition, deep

dentin tends to be more elastic than superficial

dentin (modulus of elasticity of about 17 vs 21

GPa). The shear strength of dentin also varies by
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region, with superficial dentin having greater shear

strength than deep dentin (132 vs 45 MPa). 97

Although measured using a different technique,

the shear strength of middle dentin is reported to

be about 72.4 to 86.9 MPa.98
The ultimate tensile strength of human dentin

has been reported to range from 36 to 100 MPa,

with the larger value derived from recent studies

using smaller specimens. 99-101 The bulk modulus

of elasticity (s) of human dentin has been re-

ported to range from 11 to 19 GPa, with a value of

14 GPa derived from recent studies using smaller

specimens. 99-101

Due to wide variation in the microscopic

structure of dentin, one would expect the

mechanical properties of dentin to vary across

regions. Indeed, the values given for the bulk

mechanical properties of dentin are generally list-

ed as a range because they are not uniform. For

instance, microhardness values in the crown fall

from 350 kg/mm -2 in enamel to 50 kg/mm-2 in

dentin just beneath the DEJ, rise to 70 kg/mm -2

within 1 mm from the DEJ, and then decline slow-

ly to the pulp (40 to 50 kg/mm -2 near the

pulp).'° 2 Similar distributions are found for the

modulus of elasticity. 103 Thus, mantle dentin and

the zone of interglobular dentin about 200 um

from the DEJ are less mineralized , 25 less stiff

regions compared with the stiffer inner core of

dentin. Root dentin has an even lower microhard-

ness as it is measured from the cementoenamel

junction (CEJ) (about 30 kg/mm -2), rises to 52

kg/mm 2 about halfway across, and then falls to 40

to 45 kg/mm- 2 near the pulp.'°2 This variation in

mechanical properties of dentin plays a critical

role in the distribution of mechanical forces

through a tooth.

Mechanics of root dentin
What have been needed in dental mechanics are

techniques that can show the distribution of

stresses and strains in dental hard tissues under

load. Modeling techniques such as the use of

model teeth constructed of photoelastic materi-

als or the use of finite element stress analy-

sis have been questioned because they assume

uniform mechanical properties. Alternative tech-

niques measure the distribution of stress or strain

applied to whole teeth.107 For example, grids used

to support tiny tissue sections for transmission

electron microscopy have been used to transfer

microscopic patterns to tooth surfaces. This per-

mits multiple measurements of regional micro-

strains by measuring distortions in the grid.'°s A

more sophisticated approach involves the applica-

tion of Moire gratings (200 lines/mm-1) to longitu-

dinal sections of teeth, permitting measurement of

two-dimensional strain fields. Under these con-

ditions, most of the strain was found in the low-

modulus, 200-um-thick region just below the DEJ

and at the CEJ, suggesting that these low-modulus

zones act as stress buffers or cushions. An even
more sensitive method, called Moire interferome-

try, uses laser light and a grating with 2,000 lines/
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mm-2 (Fig 4-8). Few interference fringes were

apparent when the grid was placed on the relative-

ly dry longitudinally sectioned tooth, but after

allowing the specimen to rehydrate, the dentin

gained more moisture than the enamel and hence

expanded, creating negative (eg, compressive)

strains, the magnitude of which is shown in the

closeness of the fringes (see Fig 4-8). Changes in

full-field microstrains can be quantitated by taking

sequential photographs of the changing fringe pat-

terns, followed by quantitative image analysis." °°"'

Because of the regional differences in mineral

distribution, hardness, and elastic modulus within

root dentin," 2 such two-dimensional studies need

to be done in the x, y and z planes. For example,

multiple rosette strain gauges were placed on the

buccal plate of bone over a maxillary central

incisor at the cervical, middle, and apical thirds of

the root in a patient undergoing surgery. '13 The

tooth was then loaded, and strains induced in the

overlying bone were measured. Maximum strain

was found in the bone over the cervical region,

intermediate strain in the bone over the middle

third, and no strain in the bone over the apical

third. In another patient who had lost buccal bone

to periodontal disease, the same procedures were
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Fig 4-9 Schematic representation of cavities prepared on the
occlusal surface of coronal dentin (a,b) and at the cervical
region of the root surface (c). Note that there are fewer tubules
i n superficial dentin (a) than in deep dentin (b) and that the
tubules are not only closer together in deep dentin but larger
i n diameter. This combination is responsible for the exponen-
tial increase in dentin permeability with depth. (Reprinted from
Pashley with permission.)

repeated with rosette strain gauges fixed to the

cervical, middle, and apical thirds of root dentin.

The strains in root dentin were much lower than

in bone, and the distribution of shear strain on the

bone surface was nearly constant. In these studies,

most of the axial bite forces were distributed

along the cervical and middle thirds of the root

and of the supporting bone, thereby relieving the

apical region of stress and strain. This distribution

of forces may protect blood vessels entering the

root apex from occlusal forces that might tran-

siently cut off venous outflow. 3

The ideal approach to evaluating the mechani-

cal properties of teeth under function is to use

three-dimensional quantitative microscopic X-ray

tomography. 14,"s Such studies will permit quan-

titative 3-D microstrains in teeth under functional
loads before and after endodontic therapy,

cementation of posts, etc.

Permeability of coronal dentin

The tubular structure of dentin provides channels

for the passage of solutes and solvents across

dentin.The number of dentinal tubules per square

millimeter varies from 15,000 at the DEJ to 65,000

at the pulp.26,28,30,34,66 Because both the density

and diameter of the tubules increase with dentin

depth from the DEJ, the permeability of dentin is

lowest at the DEJ and highest at the pulp (Fig 4-9;

see also Table 4-1). However, at any depth, the per-

meability of dentin in vitro is far below what

would be predicted by the tubule density and

diameters due to the presence of intratubular

material such as collagen fibrils, mineralized con-

strictions of the tubules, etc. 116 The permeability

of dentin is highest for small molecules (Fig 4-10)

such as water, lower for larger molecules such as

albumin and immunoglobulins, and still lower for

molecules with MW over 106 such as endotoxins.

The details of methods used to measure dentin

permeability may be found elsewhere. 48

Dentin permeability is divided into two broad

categories: (1) transdentinal movement of sub-

stances through dentinal tubules, such as fluid

shifts in response to hydrodynamic stimuli, and

(2) intradentinal movement of exogenous sub-

stances into intertubular dentin, as occurs with

infiltration of hydrophilic adhesive resins into

demineralized dentin surfaces during resin bond-
ing (Fig 4-11) or demineralization of intertubular

dentin by acids.

Dentin may be regarded both as a barrier and
as a permeable structure, depending on its thick-

ness, age, and other variables.119 Dentin's tubular

structure makes it very porous. The minimum

porosity of normal peripheral coronal dentin is

about 15,000 tubules per square millimeter. Once

uncovered by trauma or tooth preparation, these

tubules become diffusion channels from the sur-

face to the pulp. The rate of diffusional flux of

exogenous material across the dentin to the pulp

is highly dependent upon dentin thickness and

the hydraulic conductance of dentin.48,120 Thin

dentin permits much more diffusional flux than
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Fig 4-10 Permeability of dentin for various substances. Permeability decreases as a function of
molecular weight (MW), or more accurately, with the cube root of MW. The solid line indicates the
results obtained with smear-layer-covered dentin; the dashed line indicates the higher permeability
of acid-etched dentin. (Reprinted from Pashley and Livingston"' with permission.)

does thick dentin. However, in exposed vital

dentin with open tubules, the inward diffusional

flux of materials competes with the rinsing action

of outward convective fluid transport. 12,12' This

competition may serve a protective function in

mitigating the inward flux of potentially irritating

bacterial products into exposed, sensitive dentin.

The permeability of dentin is not uniform but

varies widely, especially on occlusal surfaces,

where perhaps only 30% of the tubules (Fig 4-12)

are in free communication with the pulp. 123 Scan-

ning electron microscopic examination of acid-

etched occlusal dentin reveals that all the tubules

are exposed, but functional studies of the distribu-

tion of fluid movement across the occlusal dentin

reveal that the tubules that communicate with the

pulp are located over pulp horns and that the cen-

tral region is relatively impermeable. Apparently,

intratubular materials such as collagen fibrils 54 and

mineralized deposits restrict fluid movement even

though the peripheral and central ends of the

tubules are patent. Even microscopically, within

any 100 X 100 um field, only a few tubules are

patent from the periphery to the pulp. 1 24

Axial dentin is much more permeable than

occlusal dentin. 125,126 The gingival floor, proximal

boxes, or gingival extension of finish lines in

crown preparations often ends in regions of high

dentin permeability. '2? As many as 4 million

exposed dentinal tubules are found in a surface

area of approximately 1 cm2 in full-crown prepa-

rations on posterior teeth.68 Although the tubules

are occluded by smear layers and/or cement fol-

lowing placement of castings, both cement and

smear layers have finite solubilities and may per-

mit some tubules to become exposed over time,

most likely occurring at the most peripheral

extensions of restorations, where diffusion dis-

tances to the pulp are shortest.

The permeability of sclerotic dentin is very

low,128 regardless of whether the sclerosis was

due to physiologic or pathologic processes, be-

cause the tubules become filled with mineral

deposits. Indeed, this reaction is fortuitous in that
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Fig 4-11 Schematic diagram contrasting transdentinal per-
meablity due to movement of materials within tubules and
i ntradentin permeability in which materials diffuse into porosi-
ties created between tubules by demineralization. (Reprinted
from Pashley" with permission.)

Fig 4-12 Photograph showing fluid moving across dentin
from the underlying pulp chamber in vitro under a simulated
pulpal pressure of 20 cm H 2 O. Note that the dentin is most per-
meable over the pulp horns, where the tubules have their
l argest diameters and densities. (Reprinted from Pashley et
al '23 with permission.)

it slows the caries process and tends to protect

the pulp. Most pulpal reactions to cavity prepara-

tions or restorative materials used on carious

dentin are due to changes that occur across adja-

cent normal dentin rather than the almost imper-

meable caries-affected dentin.

Permeability of root dentin

As in coronal dentin, the permeability of root

dentin depends upon dentin thickness, the num-

ber of tubules/mm2, and the diameter and patency

of the tubules. 48,68,120 There are more tubules/
mm 2 in deep dentin near the canal than in periph-

eral dentin because the outer circumference of

the root is larger than the circumference of the

root canal (Fig 4-13). The number of tubules (and

odontoblasts) remains constant from the outer

root dentin to the root canal, but the tubules

become crowded together at the canal. 129 Al-

though a number of authors have reported tubule

densities in various regions of teeth, few have

been specific about the exact location. For exam-

ple, the greater concavity of buccal or lingual

walls, compared with mesial or distal walls,

increases tubule density. In premolars, dentinal

tubule densities of the pulpal wall at the level of

the CEJ are higher on the lingual side than the

mesial or distal side (72,000 vs 44,000 tubules/

min2). 2s There is less concavity in third molars (ie,

the crown is more square in outline), and the cor-

responding dentinal tubule densities are more

similar (66,000 vs 61,000 tubules/mm2
). Given

these values for tubule density (72,000 tubules/

mm2) and known values for the radius of each

tubule (2.5 um), one can calculate the percentage

of dentin surface area occupied by tubule um-ina.31,66,68 By this calculation, 35% of the area of

the buccal wall of the coronal pulp chamber of

premolars is occupied by tubules. Although the

permeability of dentin should be proportional to

the area occupied by dentinal tubules, quantita-

tive comparisons of the theoretical or calculated

permeability versus the actual measured perme-

ability revealed the latter to be less than 3% of the
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Fig 4-13 Permeability of inner and outer root dentin as a function of dentin thickness. Flat root sur-
faces were split longitudinally into outer and inner halves, each about 1.1 mm thick. The permeabili-
ty of the outer half (solid circles) was low even after removal of cementum (from 1.1 to 0.9 mm) and
then only slowly increased as the dentin was made thinner by grinding the periphery. The rate of
increase of root dentin permeability was much higher in inner dentin (open circles). (Modified from
Fogel et a1 129 with permission.)

theoretical value. I " This finding is explained by

the fact that dentinal tubules are not smooth bore

tubes but contain a good deal of intratubular

material such as mineralized nodules and collagen
fibrils.54,131

Dentinal permeability has numerous clinical
implications. For example, NaOCI is a commonly

used irrigant in endodontic procedures. Soaking

dentin disks in 5 % NaOCI for 1 hr produces a

105% increase in the hydraulic conductance of

human cervical dentin. 132 In contrast, soaking
dentin disks with even 35% H 20 2 for 1 hr pro-

duces a 16% decrease in permeability.

During endodontic instrumentation of root
canals, the softest inner dentin is removed. The

increase in the diameter of the root canal leads to

a decrease in the number of tubules/mm 2 (the
exact opposite of what occurs in operative den-

tistry when drilling from the enamel toward the

pulp). In addition, the root dentin is made slightly

thinner.133 These two phenomena tend to influ-

ence root dentin permeability oppositely, with the

reduction in thickness being more dominant.

However, the shaping of the canal also creates

long smear plugs 134 and thick smear layers 62,129
on

the instrumented surface that decrease the per-

meability of dentin.

Smear layers and smear plugs
Smear plugs are composed of grinding debris

whose particle sizes are smaller than tubule ori-

fices (Figs 4-14 to 4-16). Although most smear

plugs in coronal or radicular dentinal tubules are

only 1 to 3 um long, smear plugs in instrumented

root canals are up to 40 times longer (40 um),

because the tubule diameters are so much larger

at the pulp chamber. 128 The presence of grinding

debris in the tubule orifices and on the dentin

surface also lowers the permeability of den

tin .67,135,136Treatment of smear layers with NaOCI
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Fig 4-15 Schematic diagram illustrating that smear layers and
smear plugs are made up of submicron pieces of grinding or
cutting debris burnished together and to the underlying dentin.
Although it looks solid in Fig 4-14, isotope tracer studies have
shown the debris to be permeable to water-soluble materials
(see Fig 4-10) via water-filled channels around constituent par-
ticles. (Reprinted from Pashley et al 144 with permission.)

Fig 4-14 SEM of the fractured edge of smear-layer-covered
dentin showing that the smear layer is about 0.5 um thick and
continuous with the smear plug, shown here to be about 1 um
deep. The smear layer and plugs function as a unit to lower
permeability. (Reprinted from Pashley1 9 with permission.)

Fig 4-16 Schematic diagram illustrating that instrumented

radicular dentin is occluded on the inside by a smear layer
and smear plugs and on the outside by cementum. The
tubules in root dentin taper to submicron terminal branches
that reduce radicular permeability. The total resistance to fluid
flow across root dentin is the sum of the pulpal resistance due
to the presence of a smear layer and smear plugs (R P );
i ntratubular resistance due to the presence of intratubular col-
lagen fibrils, mineralized nodules, etc (R1); and the peripheral
cemental resistance (Rc).
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does not remove the smear layer137 because most

of the organic component is masked by mineral.

Only after removal of the mineral with EDTA or

acids can NaOCI remove the organic portion. 138

This restriction is the rationale for the sequential

use of NaOCI and EDTA as endodontic irrigants

for removal of the smear layer.

Any instrument placed in contact with the root

canal or pulp chamber will create a smear layer.

For example, instrumentation with K-files decreas-

es the permeability of root dentin by 49%. 139 The

presence of the smear layer and smear plugs pre-

vents the entry of sealer 140 or thermoplasticized

gutta-percha 141 into dentinal tubules. However, the

critical seal is in the apical third, a region where it

is difficult to remove the smear layer. It is impor-

tant to understand that the mere presence of den-

tal materials (eg, sealer or gutta-percha "tags") in

tubules does not ensure a perfect seal. For exam-

ple, in resin bonding studies, the presence of long

resin tags in dentinal tubules was not correlated

with lack of microleakage because most of the

tags were loose.142

Moreover, even the absence of a smear layer

on the dentinal surface may not necessarily corre-

late with increased dentinal permeability. 143 To

evaluate this possibility, the canals of single-root-

ed teeth were endodontically instrumented, filled

with radioactive water, and the diffusional flux of

the water was measured before and after removal

of the smear layer. Removal of the smear layer

with 0.5 mol/L EDTA and 5% NaOCI resulted in a

34% decrease in permeability. When the measure-

ments were repeated after soaking the specimens
in water for 2 months, the permeability of roots

to tritiated water had increased 81% above the

previously measured values. Apparently, during

the treatment of root canals with EDTA, the con-

centration of ionized calcium and phosphate in

tubular fluid increases to high levels, allowing the

formation of precipitates in the tubules that actu-

ally lower the permeability of dentin, even

though SEM studies of these surfaces indicate

that the smear layer has been removed. Over the

next 2 months, these precipitates slowly dis-

solved, leading to an increase in permeability.

Thus, SEM studies demonstrating smear layer

removal may not indicate an increase in dentin

permeability because they fail to show subsur-

face changes that can have a profound effect on

dentin permeability.

The permeability of root dentin and coronal

dentin is not uniform.143 When measured for

hydraulic conductance, root dentin has a perme-

ability that is only about 3% to 8% as great as that

of coronal dentin (Table 4-4). It is likely that the

relative impermeability of root dentin protects

the periodontal tissues from the wide variety of

potentially cytotoxic compounds that historically

have been placed in root canals to sterilize

them. 1 29,145,146 Similarly, the low permeability of

root dentin prevents sulcular endotoxins1 47 from

diffusing into the pulp. Part of the barrier proper-

ties of the root are due to the low permeability of

cementum,1 48 although this characteristic may

increase in periodontally involved teeth.

Cementum serves as a "surface resistor" in

series with root dentin to reduce permeability

(see Fig 4-16). For example, the outer half of root

dentin slabs, covered peripherally by cementum,

has a very low permeability as compared with the

inner half slabs (see Fig 4-13).1 29 Even after

removal of all of the cementum, the permeability

remains low until more than 200 um of outer

dentin is removed because there is no sharp

demarcation between cementum and root

dentin, 149 and multiple branches in the tubules of

root dentin26 often modify the hydraulic conduc-
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Fig 4-17 Root canal filled with 1 mol/L citrate-chelated gallium nitrate for 1 week in vitro in an
attempt to permeate gallium from the root canal space to the cemental surface, where it could
i nhibit osteoclast-induced external resorption. The root was split-mounted on a stage and subject-
ed to continuous laser ablation (266 nm). The plume of dentin "dust" was swept into an inductively
coupled plasma mass spectrometer to quantitate the amount of gallium and calcium across the
thickness of root dentin. The y-axis represents counts/sec of 69 gallium or 43 calcium, both naturally
occurring, nonradioactive isotopes. Note that the concentration of 43 Ca was constant across the
thickness of the root (2.4 mm) but that the concentration of gallium was very high near the canal
( RC), fell as the tubules became smaller, and increased again at the CDJ due to low barrier proper-
ties of cementum.

tance of dentin. 150 After removal of the most

external root dentin, the permeability of the outer

half of the root dentin slabs increases rapidly (see

Fig 4-13). Other studies have confirmed the
importance of cementum in reducing the perme-

ability of root dentin. In one study 133 two groups

of single-rooted teeth underwent endodontic

instrumentation. One group had all of the cemen-

tum and some external root dentin removed

(about 0.5 mm) along with the smear layer on the

instrumented external surface, and the second

group had intact cementum layers sealing the

external surfaces. The group without cementum

showed significant increases in permeability dur-

ing extirpation of the pulp, cleaning and shaping

with NaOCI, and removal of the smear layer with

EDTA. In another study, gallium nitrate, a sub-

stance known to inhibit osteoclasts, 151 was placed

in the canal of extracted teeth as a therapeutic

dressing for 1 week. It was then removed, the root

was sectioned longitudinally, and the amount of

gallium taken up by root dentin was quantitated

by laser ablation combined with inductively cou-

pled plasma mass spectrometry. '52 The gallium

concentration was highest adjacent to the canal

but fell off as the more peripheral dentin was sam-

pled. At the extreme periphery near the cemen-

tum, the gallium concentration rose (Fig 4-17).

This finding was interpreted to confirm previous

observations that cementum has a lower perme

ability than root dentin. 148,153,154 Thus, cementum

and the low permeability of peripheral root

dentin protect the periodontium from chemicals

that are used during root canal therapy.
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Fig 4-18 Schematic diagram showing the influence of apical bevel angle on the depth of the
reverse filling required to prevent leakage of substances through exposed dentinal tubules. (a) Pos-
sible angles of resection. (b) Reverse filling. (c) Routes of leakage via gaps around the filling (2) or
via tubules that were not sealed by filling (1). (Modified from Gilheany et a1 163 with permission.)

Upon closer examination, the permeability of

root dentin itself is not uniform but displays
regional differences along its axial length. Cervical

and middle root dentin have higher permeabilities

than apical dentin, 133,145,154,155 consistent with
their higher tubule density as compared with api-

cal dentin. 156 The permeability of the floor of the

pulp chamber in the region of the furcation has

been reported to be high because of the presence

of accessory canals.157-160 However, subsequent

studies examining the floor of the pulp chamber

in 100 unerupted third molars found only one

tooth with a patent accessory canal. 161 The higher

incidence of accessory canals reported in earlier

studies may have been due to soaking specimens

in 5 % NaOCI, which may have removed organic

material in accessory canals, thereby exaggerating

their incidence. Although it is possible that the use

of third molars may have underestimated the inci-

dence of accessory canals, other studies using

SEM to examine the pulpal floors of human

molars revealed only two accessory canals out of

87 human molars.24 Thus, the current findings

clearly demonstrate that coronal and middle root

dentin have greater permeability than apical

dentin, with permeability of the pulpal floor being

largely influenced by the presence of patent

accessory canals.

Endodontists need to be especially aware of

the tubule density of apical dentin because this

region may be beveled during apical surgery. Dur-

ing such surgery, the resection of the root at an

oblique angle may be favored to facilitate visibili-

ty and the placement of a reverse filling. Howev-

er, this angled resection may expose dentinal

tubules beneath the retrofilling material, thereby

introducing the possibility of tubule leakage (Fig

4-18). The greater the angle of the root resection,

the greater the potential for microleakage. 162,163

Thus, minimally angled resections have been

advocated along with placement of the reverse

filling below the edge of the bevel to prevent
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Fig 4-19 Schematic diagram illustrating how dual chambers were placed on both buccal and lin-
gual surfaces of dog molars to measure both systemic absorption of substances applied to dentin
and changes in pulpal interstitial fluid concentration of substances. Triangles indicate radioactive
i odide. (Reprinted from Pashley 17 with permission.)

leakage through dentinal tubules exposed by the

bevel (see Fig 4-18). The steeper the bevel, the

deeper the reverse filling must be to prevent this

leakage. In addition to apical root resection with

near-zero-degree bevels, others have proposed

sealing the resected surface with resin, eliminat-

ing the need for a reverse filling. 164-166 Several
quantitative and qualitative studies have evaluat-

ed dentinal tubules in apical dentin.156,167-171 As

described above, the tubule density is much

lower in apical dentin than in coronal dentin, and

the density of apical dentinal tubules can be fur-

ther reduced with age, becoming nearly translu-

cent over time due to increased deposition of
mineral crystals.

Balance between permeation of noxious

substances across dentin and clearance

There is a balance (Fig 4-19) between the rate at

which materials permeate exposed dentin to

reach the pulp and the rate at which they are

cleared from interstitial fluid by the pulpal

microcirculation and lymphatic vessels. 17,19,119,120

This is shown in Fig 4-19, where conical cham-

bers were placed on the buccal and lingual sur-

faces of a dog molar in vivo. Radioactive iodide

(triangles in Fig 4-19) was placed in the buccal

chamber.The lingual chamber was perfused with

samples collected by a fraction collector. Blood

samples, drawn every 10 minutes, revealed that

the pulpal circulation cleared almost all of the

iodide that permeated the buccal dentin. Little

iodide showed up in the rinsing fluid of the lin-

gual chamber (open triangles in Fig 4-20) until

epinephrine was added to the buccal chamber,

causing cessation of pulpal blood flow and accu-

mulation of iodide in the pulp, as indicated by

the large increase in iodide diffusing across the

lingual dentin. Procedures that reduce pulpal

blood flow (eg, activation of pulpal sympathetic

nerves, administration of vasoconstrictor agents

with local anesthetics) (see Fig 4-20) upset this

balance, permitting higher interstitial fluid con-

centrations of extrinsic material to exist than
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Fig 4-20 Effects of topical epinephrine on pulpal interstitial fluid iodide concentration. Over the first
3.5 hours, the plasma iodide concentration rose linearly as iodide permeated the buccal dentin into
the pulp where the microcirculation cleared it so efficiently that little iodide ever showed up in rins-
i ngs from the lingual chamber. However, as soon as epinephrine was added to the buccal chamber,
the pulpal clearance stopped, and the insterstitial fluid concentration rose and began diffusing
across the lingual dentin into the lingual chamber. (Reprinted from Pashley" with permission.)

would occur at normal levels of capillary flow. 1 19
The control of pulpal blood flow is covered in

detail in chapter 6.

Interventions that stimulate pulpal blood flow

can lead to reduced interstitial levels of materials

due to reduced permeability of dentinal tubules

and increased clearance by the pulpal microvas-

culature. For example, electrical stimulation of

the inferior alveolar nerve in cats causes an

increase in pulpal blood flow and an increase in

outward dentinal fluid movement. 11,172-174 This

increase shifts the inflow-outflow balance in the

opposite direction, leading to a reduction in pulp-

al levels of materials. This response is believed to

be due to axon reflex activity. That is, antidromic

stimulation of the inferior alveolar nerve causes

simultaneous depolarization of all of the nerve

terminals providing sensory innervation of the

teeth. This release of neuropeptides from the ter-

minals causes both increased pulpal blood flow

and extravasation of plasma proteins from the

microcirculation.13,173

Alterations in pulpal blood flow may alter dif-

fusion of substances through dentinal tubules

by varying the rate of dentinal fluid outflow.

Matthews and Vongsavan 172 speculated that hydro-

dynamic stimulation of exposed dentin (for

instance, mechanically) evoked the release of neu-
ropeptides from nerve terminals, thereby increas-

ing local blood flow, tissue pressure, and stimula-

tion of outward flow of fluid in dentinal
tubules."' This outward fluid flow might rinse the

tubules free of inward-diffusing noxious sub-

stances by "solvent drag." Indeed, Vongsavan et

al9-12 demonstrated that Evans blue dye would not

diffuse into exposed dentin in vivo but would do

so in vitro.They speculated that the outward fluid

flow in vivo blocked inward diffusion.This notion

was tested in vitro by quantitation of the decrease

in the inward flux of radioactive iodide when a
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Fig 4-22 Changes in permeability from control (solid line)
and fibrinogen-depleted dogs (dashed line) as a function of
time following cavity preparation. Asterisks indicate experi-
mental time periods where significant differences (P < .05)
were noted. (Reprinted from Pashley120 with permission.)

Fig 4-21 Changes in dentin permeability of dog dentin in
vivo as a function of time. Dashed line indicates the data
obtained from unetched cavities; solid line indicates the com-
bined acid-etched and unetched data in intact teeth; dotted
li ne indicates the data obtained in pulpectomized teeth. Num-
bers in parentheses are the number of teeth studied. (Reprint-
ed from Pashley1 2 0 with permission.)

simulated outwardly directed 15-cm H 2O pulpal

pressure was applied to dentin disks.This outward

fluid movement produced a 50% to 60% reduc-

tion in the inward diffusion of radioactive iodide

across acid-etched dentin in vitro.121 Thus, stimula-

tion of dentin with open tubules (ie, hypersensi-

tive dentin) should produce higher rates of out-

ward fluid flow and less inward diffusion of

bacterial toxins than nonstimulated dentin. This

protective effect is diminished in the presence of

a smear layer. '2' Under these conditions, the

inward flux of noxious substances may increase

and permit higher interstitial fluid concen-

trations to be achieved than would occur if

there was more outward fluid movement. Howev-

er, such partial occlusion may be of therapeutic

advantage to the increase in pulpal concentra-
tions of topically applied agents. 175

In exposed dentin, the outward fluid flow

through tubules is a first line of defense against
the inward diffusion of noxious substances.

Dentinal fluid also contains plasma proteins (eg,

albumin, globulins) that bind or agglutinate some

materials and may play a protective role. 53 A sec-
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and defensive reaction occurs in freshly exposed

dentin that causes the permeability of dentin to

fall after cavity preparation (Fig 4-21) in vital dog
teeth but not in nonvital teeth. 1 20 Further, in ex-

periments in which there was a continuous

inward-directed bulk fluid movement, the rate of

decrease in dentin permeability was due to the

slow outward movement of some unidentified

substance. These experiments were repeated on

dogs treated with an enzyme that depleted fib-

rinogen from their blood. Under these conditions,

cavity preparation produced a much smaller

reduction in dentin permeability (Fig 4-22).

Apparently the outward movement of fluid is

associated with an outward flux of plasma pro-

teins,' 4 including fibrinogen. " 5 Although

attempts to recover fibrinogen in dentinal fluid

have been unsuccessful (Pashley, unpublished

observation), labeled fibrinogen has been detect-

ed in the dentin of rat molars. 176 This finding may

be because the dentin thickness in rat molars fol-

lowing cavity preparation is only about 100 um.

Bergenholtz et al4,177,178 found fibrinogen only in

very deep cavities prepared in monkey or human

teeth. Pashley et al 175 reported that dentin

removed 61% of fibrinogen as it passed through a

1.0-mm disk. Presumably, even larger amounts of

fibrinogen in vivo would be removed because the

tubules contain odontoblast processes at their ter-

minations, which further reduces the sizes of the

channels through which this high-molecular-

weight molecule must move. This molecule may

be responsible for reducing dentin permeability,

especially at the pulpal terminations of the

tubules, where it may polymerize into fibrin.

Thus, there are multiple physiologic mechanisms

regulating the inward diffusions of substances
through dentinal tubules.

Effects of restorative procedures and caries on

dentin permeability and pulp

Traumatic cavity preparations and hydrodynamic

activation of exposed cervical dentin are often

associated with more rapid dentinogenesis, 179

which may be due to intratubular fluid shifts that

activate intrapulpal nerves. These nerves have

been shown to release neuropeptides such as

substance P and calcitonin gene-related peptide

(CGRP) in the pulp, where they have many

effects. For example, CGRP increases the in vitro

expression of bone morphogenetic protein

(BMP) -2 transcripts in human pulpal cells. 180

When this expression leads to more dentin for-

mation, it also tends to lower dentin permeability

by making the tubules longer.

As dentin matrix is synthesized, secreted, and

mineralized, several growth factors are trapped in

its structure181-186 (see chapter 3). For example,

growth factors such as bone morphogenetic pro-

tein-2 (BMP-2), fibroblast growth factor (FGF), epi-

dermal growth factor, insulin-like growth factor-l,

transforming growth factor-(3, vascular endothelial

growth factor (VEGF), and others may be incorpo-

rated into mineralized dentin matrix. These

growth factors may be released during carious

invasion of dentin or pulpal inflammation. 182,183,187

The release of these preformed growth factors

may permit their diffusion into the pulp, where

they can bind to their receptors on odonto-

blasts188-190 and activate appropriate genes to initi-

ate repair processes. 188-190

It may be possible to apply growth factors

onto intact dentin that, following inward diffu-

sion, will stimulate dentinogenesis. To test this

hypothesis, Smith et al191 created Class V cavities

in ferret canines using an atraumatic technique.

They then applied an EDTA extract containing a

complex mixture of growth factors solubilized

from dentin to the cavity preparation. 192,193 In

young adult ferrets, the reparative dentin resem-
bled normal primary tubular dentin; in older ani-

mals it resembled osteodentin in that it was atubu-

lar and displayed cellular inclusions. This finding
was the first unequivocal report of the activation

of dentinogenesis by molecules applied to intact

dentin. The response was less in cavities with

thicker dentin between the cavity floor and the

pulp chamber than with thinner dentin. Interest-

ingly, dentin matrix formation was sometimes so

rapid that cells became trapped within the

matrix. The rate of dentinogensis seemed to

become slower as more dentin was formed. As
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more dentin is formed, the amount of growth fac-

tors diffusing from the floor of the cavity to the

pulp is expected to decrease, which in turn slows

matrix secretion. The details of which factors are
important, their dose-response relationships, pos-

sible synergism, and location of receptors and sec-
ond messengers need to be explored. ' 88 In one
study, various concentrations of soluble osteo-

genic protein-1 (OP-1) were applied to the floors
of Class V cavities prepared in monkey teeth. 194

Control cavities received no treatment while

experimental cavities received either calcium
hydroxide paste or OP-1 at concentrations of

0.01, 0.1, 1, or 10 ug/uL.The lower two concentra-
tions of OP-1 were found to be ineffective at stim-

ulating reparative dentin formation when the tis-

sue was examined 2 months later. In both

experimental groups (calcium hydroxide and OP-

1), more reparative dentin was formed in cavities

where the remaining dentin thickness was 0.2

mm.These results suggest either the receptors for

osteogenic proteins are located on the cell body

of the odontoblasts, rather than on the odonto-

blast process, or that the process is extremely

short."' The lack of response in pulps beneath

thicker dentin may have been due to dissipation

of the concentration of the growth factor to levels

that were below its therapeutic concentration or

to nonspecific binding of the protein to the walls

of the tubules.195

From a clinical perspective, it would be advan-

tageous to induce odontoblast-like cells to pro-

duce atubular dentin following the topical applica-

tion of growth factors to dentin, which would seal

the pulp from hydrodynamic and bacteriologic

insult. It would also interfere with further diffusion

of growth factors to the pulp and would therefore

be self-limiting. However, this technique may not

be possible if the odontoblasts are normal, for the

odontoblast phenotype results in the production

of tubular dentin. Apparently, only less differentiat-

ed odontoblastoid cells without processes can

form atubular dentin. Whether fully differentiated

odontoblasts can be transiently induced to dedif-

ferentiate into more primitive phenotypes to pro-

duce atubular dentin remains to be seen.

Dynamics of the
Pulpodentin Complex

Dentin is a living tissue that can and does react to

changes in its environment. 19,135 It is the only

innervated hard tissue of the tooth. 15,196 Normally,

dentin is covered coronally by enamel and on its

root surfaces by cementum. Dentin exposed to

the oral environment is subjected to large chemi-

cal, mechanical, and thermal stimuli.The exposed,

fluid-filled tubules permit minute fluid shifts

across dentin whenever dentin is exposed to tac-

tile, thermal, osmotic, or evaporative stimuli,

which in turn activate mechanoreceptors in the

pulp. These fluid shifts can directly stimulate

odontoblasts, pulpal nerves, and subodontoblastic

blood vessels by applying large shear forces on

their surfaces as the fluid streams through narrow

spaces. In rats, exposure of dentin irritates the

pulp and causes the release of neuropeptides

such as CGRP or substance P from the pulpal
nerves to create a local neurogenic inflammatory

condition. 15,197,198 These stimuli also produce

changes in pulpal blood vessels, leading to
increased flow of plasma fluid and plasma pro-

teins from vessels into pulpal tissue spaces and

out into dentinal tubules. 9-11,13,15,167 This extravasa-
tion of plasma can also cause increases in local

pulpal tissue pressure, 174,199 which tends to

increase firing of sensitized neurons. 15,198 The out-
ward fluid flow may have a protective, flushing

action that may reduce the inward diffusion of

noxious bacterial products in both exposed cervi-

cal dentin (Fig 4-23) and perhaps even in leaking

restorations. Additional information on

this topic is found in chapters 6, 7, and 8.

Reactions to cavity preparations:

Fluid shifts

Although most dentists regard cavity preparation

as a minor, routine restorative procedure, it is a

crisis from the perspective of the pulp.The use of

cutting burs in handpieces produces vibrations,

inward fluid shifts (caused by frictional heat gen-

eration on the end of a poorly irrigated cutting
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bur), outward fluid shifts due to evaporative water

loss (if only air cooling is used), and slight inward

fluid shifts due to osmotic movement of cooling

water into dentin. When air blasts are directed

on smear layer-covered dentin, the evaporative

water loss induces an outward fluid flow equiva-

lent to that produced by applying a negative pres-
sure of 247 cm H 2O to dentin. Thus, simple

restorative procedures may have profound effects

on the pulp.These fluid shifts occur in both direc-
tions at various stages of cavity preparation. Out-

ward fluid shifts accompany the application of

hypertonic conditioners, primers, varnishes, or

bonding agents,144 and then, during light curing of

adhesive resins, additional inward fluid shifts

occur due to heat generated during polymeriza-

tion of adhesive resins and resin composites.203

All of these fluid shifts create a barrage of

hydrodynamic stimuli across dentin into the pulp,

causing pain in the unanesthetized patient. Fur-

ther, these stimuli will evoke peripheral release of

neuropeptides, causing local pulpal neurogenic

inflammation under the irritated tubules, 1 87,204

alterations in pulpal blood flow, 2115 and increases

in tissue pressure. 174 Although the fluid shifts

would still occur in patients following administra-

tion of local anesthesia, fewer nerves would fire,

resulting in less release of neuropeptides and gen-

erally less neurogenic inflammation. 1 5,197, 204

Disruption of odontoblast layer

Restorative dental procedures can also damage

odontoblasts. Deep cavity preparation in rat

molars causes aspiration of odontoblasts' 5 and

nerves206 ; more shallow cavity preparation causes

disruption of junctional complexes between

odontoblasts, 207 which decreases their barrier

properties , 208-2 10 allowing large molecules (eg,

horseradish peroxidase) from the blood stream to

penetrate dentin.210,211 The loss of gap junctions

may interfere with the ability of the odontoblasts

to secrete a collagen matrix in a synchronous,

coordinated manner due to the loss of cell signal-

ing between adjacent cells. The proteins that

make up gap junctions are called connexins. 212,213

Fig 4-23 Schematic diagram showing the inward diffusion of
noxious material (small solid circles) opposed by the outward
movement of dentinal fluid in response to axon-reflex-induced
release of neuropeptides causing vasodilation, transudation,
and increased capillary permeability. (Reprinted from Pashley 2 00

with permission.)

How long it takes odontoblasts to re-establish the

continuity of gap junctions and to revert to tissue

rather than cellular function is unknown. Presum-

ably, bacterial substances in plaque and saliva

could easily move from the oral cavity into the

pulp after such operative procedures. 3,4,6-8 Mecha-

nisms responsible for the disruption of rat odonto-

blasts during cavity preparation have not been

studied but probably arise from the rapid, out-

ward movement of dentinal fluid in response to

evaporative water loss from dentin during cavity

preparation. As subodontoblastic capillaries pass

into the odontoblast layer, disruption of the layer

will also cause direct damage to capillaries that

sustain the odontoblasts, leading to microhemor-

rhages.They may leak plasma proteins"' such as

fibrinogen into tissue spaces that are in communi-
cation with dentinal fluid.As described above (see

Figs 4-21 and 4-22), this leakage of fibrinogen may

mediate the reduction in dentinal permeability
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observed after cavity preparations because deple-

tion of circulating fibrinogen greatly attenuates

reduction in dentin permeability. `9, l20

Several investigators have measured the flux of

plasma proteins across dentin following cavity

preparation. 14,177,178,214,215 They reported that sev-
eral plasma proteins, including albumin, could be

detected in relatively high concentrations immedi-

ately after cavity preparations in monkeys and

humans , 215 but concentrations fell over the next

few hours to days. These plasma proteins contain

immunoglobulins that may inactivate some bacte-

rial products. Bacterial or salivary products possi-

bly activate complement, which would also con-

tribute to pulpal inflammation. Many of these

reactions to cavity preparation are immediate and

short term. Displacement of odontoblasts into

tubules disrupts their internal cytoskeleton and

causes cell death .207,216 These cells undergo auto-

lysis over the next few days and are replaced by

mesenchymal reserve cells that begin to differenti-

ate into new odontoblasts.The cell signals respon-

sible for this process are now beginning to be

understood (see chapter 3).

Displacement of odontoblasts and their re-

placement by new cells217 is associated with very

little pulpal inflammation if the environment is

sterile and if the dentin is well sealed. It is possi-

ble for cavities in teeth to be prepared with no

pulpal inflammation or formation of reparative

dentin186,191 using copious air-water spray; light,

intermittent cutting forces; and sharp burs. How-

ever, when the dentin is not sealed (ie, cervical

abrasion) or when the restored cavity exhibits

microleakage, the pulpodentin complex will

undergo long-term reactions that are the result of

continual leakage and permeation of bacterial
substances around gaps in restorations and

through unsealed dentinal tubules into the

pulp. 4,119 This condition converts acute pulpal
reactions associated with cavity preparation or

dentin exposure into chronic pulpal reactions.

Bacteria and their products have been shown

to produce severe pulpal reactions.',4` The argu-

ment over whether bacterial or chemical irritants

cause more pulpal inflammation has been going

on for decades. Early germ-free animal studies

demonstrated minimal pulpal reactions to materi-

als. 218,21v These findings have been confirmed

more recently by studies in rat and monkey teeth,

where restorative materials were placed directly

on pulpal soft tissues followed by surface seal-

ing. 220-223 The pulpal reactions seen in most dental

materials usage studies seem to be the result of

bacterial colonization of gaps between restorative

materials and tooth structures. These colonies

continually shed bacterial products that cause

continual pulpal irritation. The extensive experi-

mental work supporting this conclusion has been

recently reviewed.4,222,224-226

An intricate network of contact between pulp-

al microvessels and nerve fibers provided by the

cellular processes of dendritic cells (specialized

antigen-presenting cells) was demonstrated by

Jontell et al227,228 (see chapter 5). They also

showed that low concentrations (10 -9 mol/L) of

substance P stimulated Tcell mitogenesis in vitro

when pulp cells were used as accessory cells;

CGRP produced inhibition under the same condi-

tions.These findings indicate that immunocompe-

tent cells, peripheral nerve terminals, and the pul-

pal vasculature may interact and provide

significant defensive functions at multiple levels

in pulpal defense.These defenses may be compro-

mised by some restorative materials if they are

applied to pulp exposures . 229-231

Conclusion
The pulpodentin complex is an important con-

cept in understanding the pathobiology of dentin

and pulp. Developmentally, pulpal cells produce

dentin, nerves, and blood vessels. Although

dentin and pulp have different structures and

compositions, once formed they react to stimuli

as a functional unit. Exposure of dentin through

attrition, trauma, or caries produces profound

pulpal reactions that tend to reduce dentin per-

meability and stimulate formation of additional

dentin. These reactions are brought about by

changes in fibroblasts, nerves, blood vessels,
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odontoblasts, leukocytes, and the immune system.

Recent discoveries of the effects of nerves on

pulpal blood vessels and vice versa have pro-

duced a new appreciation for the interaction of

these two systems in response to stimuli applied

to dentin.

Too often, for technical or experimental rea-

sons, the individual components of the pulpo-

dentin complex are studied independently. How-

ever, it is becoming clear that the individual

components are very interactive and that each

modifies the activity of the other. Thus, where we

used to speak of neurovascular interactions, we

now must consider neurovascular-immuno-odon-

toblast interactions . 227
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PulpAs a Connective
Tissue

Takashi Okiji, DDS, PhD

Dental pulp is a connective tissue uniquely situat-

ed within the rigid encasement of mineralized

dentin. Although dental pulp shares many proper-

ties with other connective tissues of the body, the

peculiar location of dental pulp imposes several

special characteristics on it. It is apparent that the

composition and structure of the pulp are quite

different from those of the dentin. However, the

two tissues exist in intimate embryologic and

functional relation, which is why the dentin and

pulp are usually considered together as an undis-

sociable functional complex, termed the pulpo-

dentin complex.

General Properties of
Connective Tissue

Connective tissue is the supporting tissue widely

distributed throughout the body. The major con-

stituent of connective tissue is its extracellular

matrix, which is mainly composed of fibriller pro-

teins and ground substance. Connective tissue

cells are scattered within the extracellular matrix.

Fibriller proteins form an extensively meshed net-

work of long, slender polymers that are arranged

in an amorphous hydrated gel of ground sub-

stance. There are two types of fibriller proteins:

collagen and elastin. Collagen is the more abun-

dant type and is the main component of collagen
fibers, which confer strength of the tissue. Elastin

is the main component of elastic fibers, which

provide elasticity to the tissue. In the pulp, elastic
fibers are distributed only in the walls of larger

blood vessels. Ground substance is responsible

primarily for the viscoelasticity and filtration func-
tion of connective tissue. It is mainly composed of

macromolecules called proteoglycans, which con-

sist of a protein core and a varying number of

large, unbranched polysaccharide side chains

called glycosaminoglycans. Extracellular matrix

also contains adhesive glycoproteins such as

fibronectin, which primarily function to mediate

cell-matrix interactions.

Fibroblasts are the principal cells in connec-

tive tissue.They form a network within extracellu-

lar matrix and produce a wide range of extracellu-

lar matrix components already described. They

are also responsible for degrading the extracellu-

lar elements and thus are essential in the remodel-

ing of connective tissue. Other cellular elements
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Fig 5-I Light micrograph of mature coronal pulp (human
third molar). D, dentin; PD, predentin; OB, odontoblast layer;
CF, cell-free zone; CR, cell-rich zone; P, pulp proper.

include blood-derived defense cells, such as

macrophages, whose primary function is to cope

with infection.

There are several types of connective tissue

that differ in their relative composition of the

basic elements already described. Connective tis-

sue proper is divided broadly into two classes: (1)

loose connective tissue, which is rich in ground

substance and contains relatively fewer fibers, and

(2) dense connective tissue, which is character-

ized by a clear predominance of collagen fibers

and fewer cells. Dental pulp is classified as a loose

connective tissue.

The major function of connective tissue is to

provide a matrix that binds cells and organs and

ultimately gives support to the body. Connective

tissue is also responsible for various activities that

initiate and orchestrate reactions to pathogenic

invasion, and thus it serves as an essential site of

host defense. Connective tissue also has a remark-

able capacity to repair damaged tissue in the form
of scarring.

Structural Organization of
the Pulp

In the central core of the pulp, the basic compo-

nents already described are arranged in a manner

similar to that found in other loose connective tis-

sues. However, a characteristic cellular arrange-

ment can be seen in the peripheral portion of the

pulp (Fig 5-1).

A layer of odontoblasts, the specialized cells

that elaborate dentin, circumscribes the outer-

most part of the pulp.They form a single layer lin-

ing the most peripheral portion of the pulp, with

cell bodies in the pulp and long cytoplasmic

processes, the odontoblast processes, extending

into the dentinal tubules (Fig 5-2). The shape of

the cell body of odontoblasts is not uniform,

rather these cells are tall and columnar in the

coronal pulp, short and columnar in the midpor-

tion of the tooth, and cuboidal to flat in the root

portion. A network of capillaries, termed the ter-

minal capillary network, exists within the odon-

toblast layer.' There also exist nerve fibers (termi-

nal axons that exit from the plexus of Raschkow)

that pass between the odontoblasts as free nerve

endings' (Fig 5-3). Moreover, this layer is populat-

ed by a substantial number of Class lI major histo-

compatibility complex (MHC) molecule-express-

ing dendritic cells that may be responsible for

detecting transdentinal antigenic stimuli. 3,4 Colla-

gen fibrils," proteoglycans,9,10 and fibronec-

tinl are identified between odontoblasts. They

seem to be part of the interodontoblastic fibrous

structure, the Korff fibers, which may be demon-
strated by means of silver impregnation.

Subjacent to the odontoblast layer, an area rela-

tively free of cells is seen. This area is known as
the cell-free zone or zone of Weil. Major con-

stituents of this zone include the rich network of

mostly unmyelinated nerve fibers (see Fig 5-3),

blood capillaries, and processes of fibroblasts.This

zone is often inconspicuous when the odonto-

blasts are actively forming dentin.

More deeply situated pulpward is the cell-rich

zone, which has a relatively high density of cells.

The constituents of this zone are basically the
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Fig 5-2 Electron micrograph of the odontoblast layer of a rat
molar. D, dentin; PD, predentin; OB, odontoblast; C, capillary.

Fig 5-3 Distribution of neural elements (nerve fibers and
Schwann cells) in a human third molar. Immunoperoxidase
staining using a monoclonal antibody directed against nerve
growth factor receptor. D, dentin; PD, predentin; OB, odonto-

blast layer; PI, plexus of Raschkow.

same as those in the pulp proper, ie, fibroblasts,

undifferentiated mesenchymal cells, defense

cells (macrophages and lymphocytes), blood
capillaries, and nerves. This zone is discernible

due to its higher density of fibroblasts than the

pulp proper and is much more prominent in the
coronal pulp than in the root pulp. It has been

suggested that this zone is a source of cells that

differentiate into secondary (replacement) odon-

toblasts upon injury to primary odontoblasts

(see chapter 3).

From the cell-rich zone inward is the central

connective tissue mass known as pulp proper or

pulp core. This zone contains fibroblasts, the

most abundant cell type; larger blood vessels; and

nerves. Undifferentiated mesenchymal cells and

defense cells such as macrophages are frequently

located in the perivascular area. Collagen-fiber

bundles are much more numerous in the root

pulp than in the coronal pulp. The clinical impli-

cation of this higher density of collagen-fiber

bundles in the apical region is the use of a

barbed broach during pulp ectomies. The most

efficient removal of pulp tissue is achieved when

the broach is passively placed apically to engage

these large collagen bundles.

Pulp As the Soft Tissue
Component of the
Pulpodentin Complex

As already stated, the pulp is usually considered

together with the dentin as the pulpodentin com-

plex due to anatomic, developmental, and func-

tional relationships. Structurally, pulpal elements

such as odontoblast processes and neuronal ter-

minals extend into the dentin. Functional cou-
pling between pulp and dentin is exemplified in

several aspects: (1) pulp is capable of elaborating

dentin both physiologically and in response to
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external stimuli; (2) pulp carries nerves that give

dentin its sensitivity; (3) pulpal connective tissue

is able to respond to dentinal injuries, even when

it is not directly stimulated; and (4) encapsulation

in dentin creates a low-compliance environment

that influences the defense potential of the pulp.

Low-compliance environment

The most restrictive anatomic feature characteris-

tic of the connective tissue of pulp is that it is

encased in rigid mineralized tissue. This provides

the pulp a low-compliance environment in which

nutrition for the tissue is almost entirely supplied

via vessels traversing the narrow apical foramen.

Recognition of this physiologic restriction was

the historical basis for the so-called self-strangula-

tion theory that stigmatized the pulp as a connec-

tive tissue with a low capacity for defense or
repair. According to the theory, increased tissue

pressure, resulting from even modest increases in

vasodilation and plasma exudation during inflam-
mation, caused blood vessel compression and

resultant ischemia and pulp necrosis. Some stud-

ies indeed showed a dramatic and sustained
decrease of pulpal blood flow following applica-

tion of inflammatory mediators. 13 However, more
recent studies indicate that the pulp has physio-

logic feedback mechanisms that act to oppose

increases in tissue pressure (ie, increased lymph

flow and absorption of interstitial fluid into capil-

laries in noninflamed areas). 14 This may be why
inflammation of the pulp is usually long-standing

within a confined area but heals following appro-

priate treatment measures. See chapter 6 for a

detailed description of this point.

Dentin permeability

As described extensively in chapter 4, dentin is

not a barrier that completely prevents the inva-

sion of external noxious substances, eg, bacteria

and their by-products, in the underlying pulp. This

is due to its tubular structure, through which irri-

tants may diffuse and affect the pulp in a number

of clinical situations. A clear example is the effect

of Class V cavity preparations in monkey teeth.

Neutrophil infiltration was evident in the area of

the pulp below the cut dentin when bacterial

products were sealed within the cavities, whereas

little or no inflammation was seen when the bac-

terial products were not applied. 15, 11,16 Responses of
the connective tissue of the pulp to several types

of injuries, including caries and operative proce-

dures, are thus highly dependent on the degree of

dentinal damage and resultant status of dentin

permeability. 17-20

Dentin permeability is influenced by patho-

physiologic conditions of the neural and vascular

systems of the underlying pulp. Microcirculatory

changes of the pulp under the low-compliance

environment can determine the status of pulpal

blood flow, plasma exudation, and intradental tis-

sue pressure, and thus may influence the amount

and direction of dentinal fluid movement. 13,21,22 As

described below, excitation of intradental nerves

causes release of vasoactive neuropeptides that

potentially influence pulpal circulation. 20,22-24

Sensory innervation

The extremely rich sensory innervation (see Fig

5-3) likely influences the defense reactions in the
connective tissue of the pulp (see also chapter 7).

A large portion of the sensory fibers contains neu-

ropeptides, such as substance P and calcitonin
gene-related peptide (CGRP), 2,25 which are stored
in the nerve terminals and may be released upon

depolarization. These neuropeptides are known to

modulate vasodilation and increase in vascular

permeability (neurogenic inflammation). Several

researchers have actually demonstrated that stimu-

lation of pulpal sensory nerves induces blood-flow

increases and vascular leakage of proteins, which

are most likely mediated by the release of neu-

ropeptides.21,26,27 Immunomodulatory effects of

these neuropeptides have also been suggested.

Substance P and CGRP exert trophic effects on

the growth of pulp fibroblasts in vitro .29,30 More-

over, inferior alveolar nerve sectioning and cap-

saicin treatment, both of which caused a decrease

in the number of nerves containing substance P
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Fig 5-4 Transmission electron micro-
graph (TEM) of collagen fibrils in the cen-
tral portion of the coronal pulp of a rat
molar. Characteristic striations are visible.

Fig 5-5 Scanning electron micrograph (SEM) of the central portion of the coronal
pulp of a rat molar. (a) Low-power view showing network of collagen fibrils. Fibroblasts
( FB) are embedded. (b) High-power view showing striations of the fibrils.

and CGRP, resulted in reduced secondary dentin

deposition in rat molars. 31 These findings suggest

that sensory nerves play a role in the modulation

of extracellular matrix production and secondary

dentinogenesis.Thus, pulpal sensory neurons have

afferent (ie, pain-detecting) and efferent (ie, neu-

rogenic inflammation, immunomodulatory, and

healing) functions.

Extracellular Matrix
of the Pulp

Collagen overview

Collagen is an extracellular structural protein that

represents the major constituent of all connective

tissues. Its structure is characterized by the pres-

ence of the triple-helical domain, which is formed

by an assembly of three polypeptide chains (a

chains) bound by hydrogen bonds and hydropho-

bic interactions. Chemically, collagen contains two

characteristic amino acids: hydroxyproline and

hydroxylysine. Glycine, proline, and hydroxypro-

line are the three main amino acid components,

but there are at least 15 collagen types that differ

in chemical composition, morphology, distribution,

and function.32 Cells responsible for the synthesis

of collagen include fibroblasts, chondroblasts,

osteoblasts, cementoblasts, and odontoblasts.

Collagen type I is the most common form and

occurs in a variety of tissues, including skin, ten-

don, bone, dentin, and dental pulp.Type I collagen

is the major component of macromolecular struc-

tures, designated as collagen fibers. The collagen

fibers are made up of fibrils in which the basic

collagen molecules are aggregated in a highly

organized structure.The fibrils display characteris-

tic striations at intervals of 67 nm, determined by

the stepwise overlapping arrangement of the mol-

ecules, and are a hallmark for identification of col-

lagen fibrils under the electron microscope (Figs

5-4 and 5-5). The common molecular species con-

tains two genetically distinct o chains that differ

in their amino acid composition and sequence in
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Collagen in pulp

Collagen is a major organic component in the

pulp, although the pulp appears to contain rela-

tively lower concentrations of collagen compared

with other collagenous connective tissues. The

amount of collagen in dried human pulp is 25.7%

in premolars and 31.9% in third molars. 33 These

percentages are much higher than those reported

for pulp in other species, such as 10.3% of the

total protein in rabbit incisor pulp. 34 The content

is higher in the radicular part of the pulp than in

the coronal part.

Of the collagen molecules occurring in the

pulp, types I and III represent the bulk of the tis-

sue collagen.35-37 Type I is the predominant type

and may contribute to the establishment of the

architecture of the pulp. It is found mainly in

thick, striated fibrils distributed in varying num-

bers and density throughout the connective tis-

sue of the pulp. The relative proportion of type

III collagen in the pulp is also high.35-40 It has

been reported that type III collagen constitutes
42.6% of total collagen in human pulp 33 and over

40% in bovine pulp. 36 This high level may pro-

vide the pulp a certain measure of elasticity. 41

Type III collagen usually forms thinner fibrils

than type I. In the pulp proper, type III collagen

appears as fine-branched filaments, whose distri-

bution is similar to that of reticular fibers. 37 In

both cell-free and cell-rich zones, type III colla-

gen is richly distributed . 42

The composition of collagen types in dentin

and predentin differs considerably from that of

pulp. Dentin and predentin collagens are almost

exclusively composed of type 1,38,43 although some

investigators detected the presence of type III 42,44

and type V45,46 collagens in predentin. Pulp fibro-
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blasts can produce both type I and type III colla-

gens, whereas the majority of collagen molecules

produced by odontoblasts are type 1. 4 This find-

ing supports the idea that dentin collagen origi-

nates from odontoblasts and is not a combined

product of odontoblasts and pulp fibroblasts.

Collagen fibers between odontoblasts were

originally described as coarse argyrophilic fibers,

the so-called Korff fibers, arising from the pulp,

passing spirally between the odontoblasts, and

entering the predentin.These fibers are particular-

ly evident during early dentinogenesis, suggesting

that they are implicated in odontoblast differentia-

tion and formation of the mantle dentin. Ten Cate

et al, however, reported that there was no elec-

tron microscopic evidence of collagen bundles of

the size of Korff fibers between odontoblasts. 48,49

Yet later electron microscopic studies detected

interodontoblastic collagen fibers, some of which

were continuous from the predentin to the pulp,

possibly corresponding to the Korff fibers. 5-8,50

These fibers are mainly composed of collagen

types I5 ' and III.44,52

Collagen type V31,40,46 and type VI40,46,53 have

been observed in the pulp forming a dense mesh-

work of thin microfibrils throughout the stroma

of the connective tissue of the pulp. Corkscrew

fibers of collagen type VI have been found

between fully differentiated odontoblasts toward

the predentin, suggesting that these fibers are a

component of Korff fibers. In addition, collagen

type N is identified as a component of basement

membranes of pulpal blood vessels. 4 0 ,54

Turnover of collagen fibers in normal pulp is

fairly high as compared with that of other dental

tissues.55 This activity is mostly associated with

fibroblasts, which are able to both synthesize and

degrade collagen (see Fibroblasts of the Pulp
below). Upon bacterial infection and inflamma-

tion, collagen degradation may be accelerated, an

observation supported by the findings that pulps

collected from teeth diagnosed with suppurative

pulpitis showed elevated collagenolytic activity

and that no structure showing immunoreactivity

to collagen type III was detected in the area of

inflammatory infiltrates in pulpitic human teeth. 57

Collagenase produced by bacteria and/or neu-

trophils may be primarily responsible for such

accelerated collagen degradation. However, in

vitro studies have suggested that fibroblasts also

up-regulate production of collagenolytic enzymes

in response to infection and inflammation. 58-60

Collagen synthesis in the pulp is accelerated

during the reparative process, exemplified in the

process of dentin bridge formation following

application of calcium hydroxide to exposed vital

pulps (see also chapter 13). Calcium hydroxide

initially induces the formation of a superficial

necrotic zone due to its high pH. Following infil-

tration of inflammatory cells, fibroblast-like cells

(including progenitors of secondary odonto-

blasts) proliferate and migrate to the injury site.

This action is followed by the formation of new

collagen that is arranged in contact with the

superficial necrotic zone and contains cellular

inclusions.' Thus the application of calcium

hydroxide results in an accelerated collagen for-

mation. During the early phase of reparative

dentinogenesis, collagen fibrils show an inter-

odontoblastic arrangement comparable to that of

Korff fibers. However, these fibers become thin-

ner and fewer following establishment of a firm

layer of secondary odontoblasts. 62,63 It has thus

been postulated that these fibers give support to

the precursors of secondary odontoblasts before

the formation of the regular odontoblastic layer.

Elastin

Elastin molecules are joined to form a random

coil structure that expands and contracts like a
rubber band. This characteristic confers a pro-

nounced elasticity to these fibers. Elastic fibers

are first formed in bundles of thin microfibrils
called oxytalan fibers. Elastin is then deposited

between oxytalan fibers to form elastic fibers. In

the pulp, elastic fibers are always associated with

larger blood vessels. Fine oxytalan fibril-like, non-

striated filaments interspersed between collagen

fibrils have been observed 64 ; however, a later

immunoelectron microscopic study reported that

these filaments represent type III collagen. 37
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Glycosaminoglycogens and
proteoglycans

Glycosaminoglycans are long, unbranched poly-

mers of repeating disaccharide units (70 to 200

residues). The disaccharides usually consist of a

hexosamine (glucosamine or galactosamine),

which may contain ester sulfate groups, and a

uronic acid (D-glucuronic acid or L-iduronic acid)

with a carboxyl group. There are four main types

of glycosaminoglycans that differ in the composi-

tion of the disaccharides and in tissue distribu-

tion: chondroitin sulfate/dermatan sulfate, heparin

sulfate/heparin, keratin sulfate, and hyaluronic

acid. Hyaluronic acid is not sulfated and exists as

free chains. The other glycosaminoglycans are

present as constituents of proteoglycans, which

consist of a central protein core to which side

chains of glycosaminoglycans are covalently

linked. The structure of proteoglycans is greatly

heterogeneous in terms of the size of the core

protein and the size and number of glycosamino-

glycan chains. In general, the three-dimensional

structure of proteoglycans can be portrayed as an

interdental brush, with the wire stem represent-
ing the protein core and the bristles representing

the glycosaminoglycans.

Because of the abundance of carboxyl groups,
sulfated hexosamines, and hydroxyl groups in gly-

cosaminoglycan chains, proteoglycans are intense-

ly hydrophilic and act as polyanions. The long gly-

cosaminoglycan chains form relatively rigid coils

constituting a network in which a large amount of

water is held. Thus, proteoglycans are present as a

characteristic gel that occupies a large space rela-

tive to their weight and provides protection

against compression of connective tissue. Given

their spatial organization and high negative

charge, proteoglycans prevent diffusion of larger

molecules but attract cationic material. Important-

ly, most extracellular matrix proteins and many

growth factors such as transforming growth fac-

tor-(3 have binding sites for glycosaminoglycans.

Thus, proteoglycans regulate tissue organization

by linking together several extracellular matrix

components (which serve as cellular binding

sites) and may act as a reservoir for bioactive mol-

ecules. Some proteoglycans, such as syndecan, are

located on the cell membrane. These feature an

extracellular domain that is able to bind to extra-

cellular glycoproteins (collagen, fibronectin,

tenascin, etc) and a cytoplasmic domain that links

with the cytoskeleton. Thus they are cell-surface

receptors that connect extracellular matrix mole-

cules to the cell's cytoskeleton and control the

cell's functions. 32

The pulp contains several types of glycos-

aminoglycans that normally occur in other con-
nective tissues. 38,6s In human pulp, chondroitin
sulfate, dermatan sulfate, and hyaluronic acid are

consistently found . 66-69 A variety of proteoglycans

are also identified in the connective tissue of the

pulp by means of immunohistochemistry9,10 Pre-
dentin possesses various types of glycosaminogly-

cans and proteoglycans, whereas dentin mainly
contains chondroitin sulfate. 9,38,70,71

Glycosaminoglycans and proteoglycans are

thought to play an important role during dentino-

genesis. They show an affinity for collagen and

thus influence its fibrinogenesis, which takes

place before the period of mineralization. Chon-

droitin sulfate, the major glycosaminoglycan pres-

ent in teeth with active dentinogenesis, has a

strong capacity to bind calcium 72 and may be

involved in maintaining calcium phosphate during

mineralization. 73 An in vitro study has demonstrat-

ed that glycosaminoglycan may also be involved

in the maintenance of the polarized state of cul-

tured odontoblasts. 74 In a recent study employing

human teeth, decorin, a small chondroitin-der-

matan sulfate proteoglycan consisting of a core

protein and a single glycosaminoglycan chain, was

immunolocalized in odontoblast cell bodies and
its processes located within predentin and along

the calcification front and dentinal tubules (Fig

5-6).'0 This finding suggests that decorin is synthe-

sized by odontoblasts and transported through

the odontoblast processes, where an accumula-

tion along the calcification front may be involved
in mineral nucleation.

During infection and inflammation, the high

viscosity of proteoglycans may present a mechan-
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Fig 5-6 Distribution of the small proteoglycan decorin in the
pulpodentin complex of a human tooth. Immunofluorescence
staining using an antiserum against decorin. Intense immuno-

reactivity extends along the calcification front (arrows) and
dentinal tubules. Odontoblast cell bodies (OB) and their
processes (arrowhead) i n predentin (PD) also express specific
antibody reaction. D, dentin; P, pulp. (Reprinted from Yoshiba
et al'° with permission.)

Fig 5-7 Distribution of fibronectin in the pulpodentin complex
of a human tooth. Immunofluorescence staining using an
antifibronectin antibody. Between odontoblasts (OB), fibrous
structures, some of which extend into predentin, show specific
antibody reaction. A fluorescent line is visible at the border
between odontoblast cell bodies and predentin (PD). D,
dentin; P, pulp. (Reprinted from Yoshiba et al" with permis-
sion.)

ical barrier to bacteria. However, several bacterial

species, such as some strains of streptococci, pro-

duce hyaluronidase as a spreading factor. This
enzyme reduces the viscosity of the barrier by

hydrolyzing glycosaminoglycans and thus con-

tributes to bacterial penetration of connective tis-
sues. By virtue of this ability, hyaluronidase is pre-

sumed to be a factor promoting the destruction

of periodontal tissues.75 The enzyme activity has

been detected in bacterial isolates from infected

root canals,76 although its relevance to pulpal

pathosis is not completely understood.

Fibronectin

Fibronectin is a multifunctional stromal glycopro-

tein that exists as (1) a circulating plasma pro-

tein, (2) a protein that attaches on the surface of

cells, and (3) insoluble fibrils forming part of the

extracellular matrix. This molecule, with a molec-

ular weight of 440,000, features sites binding col-

lagen, glycosaminoglycans, and several cell adhe-

sion molecules such as integrens. By virtue of this

ability, fibronectin acts as a mediator for cell-cell

and cell-matrix adhesion and thus has a major

effect on the proliferation, differentiation, and

organization of cells.
Fibronectin is ubiquitously distributed in the

extracellular matrix of the pulp. In the pulp prop-

er, it forms a reticular network of fibrils, with an

increased concentration around the blood ves-

sels. Fibronectin is also immunolocalized in

the odontoblast layer, where it forms corkscrew

fibers passing from the pulp into predentin paral-

lel to the long axis of odontoblasts (Fig 5-7),

which suggests that fibronectin is a constituent of

Korff fibers. Fibronectin at this position is

believed to mediate the interaction between fully

differentiated odontoblasts and extracellular fibers

and may contribute to the maintenance of the

specific morphology of these cells. 11,12 Immuno-

reactivity of fibronectin is also seen at the border

between odontoblast cell bodies and predentin,

suggesting that fibronectin may contribute to the

maintenance of a tight seal at this site. 11,12

Fibronectin is implicated in the terminal dif-

ferentiation and polarization of primary odonto-

blasts. Preodontoblasts in the dental papilla
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are initially surrounded by fibronectin associated

with the dental basement membrane. During ter-

minal differentiation of odontoblasts, however,

fibronectin is restricted to distribution around

the apical pole of polarizing odontoblasts. Conse-

quently, a 165-kDa nonintegrin protein, presum-

ably representing a membrane fibronectin recep-
tor, accumulates at the apical pole . 82 It has been

postulated that an interaction between extracel-

lular fibronectin and this protein modulates the

shape and polarity of the odontoblasts through

reorganization of the cytoskeleton.

As in other connective tissues, fibronectin may
be involved in cell migration and anchorage in the

wound-healing process of the connective tissue of

the pulp. Moreover, it is implicated in reparative
dentinogenesis as well. In exposed human pulps

capped with calcium hydroxide, fibronectin is
immunolocalized in the zone of initial dystrophic
calcification located just beneath the superficial

necrotic layer. Progression of odontoblast differen-

tiation has been seen beneath this zone . 83 In
another study in which cavity preparation was

made in rat molars, fibronectin was shown to

accumulate first in the exudative lesion below the

cavity and then distributed in newly formed pre-

dentin.s4 These findings suggest that fibronectin

regulates the migration and differentiation of sec-

ondary odontoblasts.

Fibronectin is recognized by most adherent

cells via integrins, a group of heterodimeric cell-

surface glycoprotein receptors. The integrins are

composed of two noncovalently linked polypep-

tide chains, a and B. Eight a subunits and 15 B

subunits have been identified. The various com-

binations of a and B subunits constitute about

30 different integrin molecules that differ in

their ligand-binding specificity and expression

on different types of cells. Each subunit contains

a large extracellular domain, a transmembrane

segment, and usually a short cytoplasmic do-

main. The extracellular domain, where the a and

B subunits are bound, interacts with their lig-

ands. The cytoplasmic domain forms links with

the cytoskeleton through a series of linked pro-

teins. Thus, integrins are transmembrane recep-

tors that link the intracellular actin network with

extracellular matrix. 85 Besides fibronectin, there

are various other integrin ligands, including

extracellular proteins (collagen, laminin, tena-

scin), adhesion molecules belonging to the im-

munoglobulin superfamily, fibrinogen, coagula-

tion factors, complement factor C3b, and some

bacterial and viral proteins. Fibroblasts from

human pulp have been reported to express a1,

a3, a5, a6, av, and B1 integrin subunits, although

subunits responsible for fibronectin binding

have not yet been determined. 86,87

Basement membrane

At the epithelial-mesenchymal interface, there

exists a sheet-like arrangement of extracellular

matrix proteins known as the basement mem-

brane. Under conventional electron microscopy,

the sheet resolves into two layers: an electron-

dense "lamina densa" and an electron-lucent "lami-

na lucida"The basement membrane is a combined

product of connective tissue and epithelium and
is mainly composed of type IV collagen, the adhe-

sive glycoprotein laminin, fibronectin, and hepari-

an sulfate. The dental basement membrane, found

at the interface between the inner enamel epithe-
lium and the dental papilla, also expresses these

molecules.88 Type IV collagen molecules aggregate

to form a flexible meshwork, with binding sites
for the rest of the basement membrane compo-

nents, and thus they form the skeleton for several

adhesive proteins. Laminin binds not only to the

basement membrane components but also to

epithelial cells, thereby anchoring these cells to

the sheet of type IV collagen. Besides providing

anchorage, the basement membrane acts as a

molecular sieve that controls the passage of mole-

cules between epithelial cells and connective tis-

sue. Moreover, the basement membrane controls

cell organization and differentiation by the mutual

interaction of extracellular matrix molecules and

cell-surface receptors. This type of action is well

exemplified in the process of odontoblast differen-

tiation during tooth development (see chapter 2).

In mature pulp, basement membranes are distrib-
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uted at the cell-connective tissue interfaces of

endothelial cells and Schwann cells, as demon-

strated by immunohistochemistry to laminin and

type IV collagen.

Cells of the Pulp

Odontoblasts

Odontoblast structure and function

Odontoblasts, the most highly differentiated cells
of the pulp, are postmitotic neural crest-derived

cells.They produce the components of the organ-

ic matrix of predentin and dentin, including colla-

gens (mainly type I) and proteoglycans. Odonto-

blasts also synthesize various noncollagenous

proteins, including bone sialoprotein, dentin
sialoprotein, phosphophoryn, osteocalcin, osteo-

nectin, and osteopontin. Dentin sialoprotein and

phosphophoryn are considered to be dentin-spe-

cific.89 These molecules are secreted at the apical

end of the cell body as well as along the cytoplas-

mic processes within the tubules of the pre-
dentin. Moreover, odontoblasts may intracellularly

transport calcium ions to the mineralization

front.90 In addition, they may also have the capac-

ity to degrade organic matrix.91 Odontoblasts are

most active during the early period of primary

dentin formation. The cell body of actively syn-

thesizing odontoblasts is columnar, 5 to 7 um in

diameter and approximately 40 um in length. Fol-

lowing the completion of primary dentin forma-

tion, the odontoblasts become less active and

appear rather flat.

The cytoplasmic feature of the odontoblast cell

body varies according to the cell's functional

activity. 92-9 ' Actively synthesizing odontoblasts

exhibit all characteristics of matrix-synthesizing

cells. They display prominent organelles consist-

ing of an extensive rough endoplasmic reticulum,

a well-developed Golgi complex, numerous mito-

chondria, and numerous vesicles (Fig 5-8). A large

oval nucleus is eccentrically located in the basal

part of the cell body. This nucleus contains up to

Fig 5-8 Ultrastructure of odontoblast cell body (rat molar). N,
nucleus; G, Golgi complex; M, mitochondria; rER, rough
endoplasmic reticulum; arrows, cell-cell junctions.

four nucleoli and is surrounded by a nuclear enve-

lope. A particularly well-developed rough endo-
plasmic reticulum is found throughout the entire

cell body, closely associated with numerous mito-

chondria. The rough endoplasmic reticulum con-
sists of closely stacked cisternae that are usually

aligned parallel to the long axis of the cell body.

Numerous ribosomes are associated with the
membranes of the cisternae. A well-developed

Golgi complex composed of several stacks of sac-

cules is centrally located in the supranuclear

region. Numerous transport vesicles are accumu-

lated at the immature face of the Golgi complex,

and secretory granules of various sizes are found

at the mature face. Autoradiographic studies using

a radioactive collagen precursor ( 3H-proline) as a

tracer revealed that the synthesis, migration, and
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Fig 5-9 Ultrastructure of odontoblast process (rat molar). D, dentin; PD, predentin. (a)
Cross section of processes in predentin showing mitochondria (M) and vesicles (arrows).
(b) Longitudinal section of processes situated in predentin and dentin showing parallel
alignment of microtubules and filaments.

release of collagen precursors in odontoblasts fol-

low the classical pathway for secretion of extra-

cellular proteins. The isotope was rapidly incorpo-

rated in the rough endoplasmic reticulum and

transported to the Golgi apparatus, where it was

packed into secretory vesicles. The vesicles then

migrated to the base of the cellular process,

where the labeled vesicles fused with the cell

membrane and the contents were released into

the predentin matrix.91,96 Numerous mitochon-

dria are evenly distributed throughout the cell

body. Besides being the major site of adenosine

triphosphate (ATP) production, mitochondria in

odontoblasts may also serve as sites for intracellu-

lar storage and regulation of calcium. 91 Numerous

filaments and microtubules are located among the

organelles described above.This cytoskeleton con-

tributes to cell shape and polarity.

Quiescent odontoblasts are shorter and less

polarized than actively synthesizing cells and

show a reduction in number and size of the

endoplasmic reticulum, Golgi complex, and mito-

chondria. 93-95 When the cells are in the transi-

tional stage between active synthesis and quies-

cence, these organelles tend to show perinuclear

distribution. Autophagic vacuoles can be seen

within the cytoplasm, and thus an autophagic

process may mediate the reduction of organ-

elles. At the final stage of the cell's life cycle,

these organelles are located only within the

infranuclear region; the supranuclear region is

devoid of organelles except for large lipid-filled

vacuoles.94

Odontoblast process
The odontoblast process is a direct extension of

the cell body and occupies most of the space

within the dentinal tubules (Fig 5-9). Its diameter

is 3 to 4 um at the pulp-predentin border and

gradually narrows as it passes within the dentinal

tubules. The process has numerous side branches

that may contact the branches of other odonto-

blasts. In contrast to the main cell body, the

process is virtually devoid of major organelles for
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synthetic activityA few cisternae of the endoplas-

mic reticulum, sparsely occurring mitochondria,

and occasional ribosome-like granules are seen,

mostly at the level of the predentin. However, the

process displays a well-developed cytoskeleton as

its principal component, filled with numerous

microfilaments and microtubules oriented paral-

lel to its long axis. 92,95,97-101 The process also con-

tains numerous secretory vesicles and coated

vesicles of various sizes and shapes.

Cavity or crown preparation may disturb

odontoblast processes, leading to irreversibly

damage odontoblasts. Thus information on the

extent or length of odontoblast processes is

important to clinicians because it allows for bet-

ter estimation of the impact of tooth cutting on

the pulpodentin complex. There is, however,

controversy regarding the extent of the odonto-

blast process. It was long believed that the

process occupies the full length of dentinal

tubules. Several scanning and transmission elec-

tron microscopic studies, however, demonstrat-

ed that the process is present only in the inner

third of the dentin.97,99,102-106 However, the possi-

bility that this finding is the result of shrinkage

of the odontoblast processes during tissue

preparation cannot be ruled out. On the other

hand, other investigations using scanning elec-

tron microscopy (SEM) described the presence

of odontoblast process-like structures in the

periphery of dentin, even at the dentinoenamel

junction. 107-110 It has been pointed out, however,

that the images do not show actual processes

but display an organic sheet-like structure, the

so-called lamina limitans, which lines the inner

peritubular dentin throughout the length of the

tubules. 105,106 In immunohistochemical studies in

which antibodies directed against cytoskeletal

proteins (tubulin, actin, and vimentin) were

employed, immunoreactivity was observed in

the full thickness of the dentin, which suggests

that the processes extend to the very periphery

of the dentin. 110-112 However, a recent study

employing fluorescent carbocyanine dye and

confocal laser scanning microscopy also demon-

strated that the processes in rat molars do not

extend to the outer dentin except during the

early stage of tooth development. 113 It seems

obvious that this controversy is not yet resolved.
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Fig 5-10 Reparative dentin (RD) formed in response to caries
i n a human third molar, showing more irregular, less mineral-
i zed, and less tubular structure than found in primary dentin
( D). Odontoblasts (013) are cuboidal.

fluid. This phenomenon may contribute to repara-

tive processes, for it may transfer reparative com-

pounds and ions to the site of injury and prevent

inward diffusion of external noxious substances.

Responses of odontoblasts to injury
The pulpodentin complex has a unique kind of

defense and repair reaction not seen in most

other connective tissues. This reaction involves

the formation of new mineralized tissue in

response to injury (see also chapter 3). Either the

odontoblasts already exist in the pulp (primary

odontoblasts) or newly generated mineralized tis-

sue-forming cells may elaborate the new mineral-
ized tissue.

Under physiologic conditions, primary odonto-

blasts in the adult tooth produce new dentin (sec-

ondary dentin) at a very slow rate. Once the pri-

mary odontoblasts are injured, the dentin

production may be accelerated as a defense/repair

reaction. Depending on the nature, magnitude,
and duration of the injury, the primary odonto-

blasts may be reversibly damaged or they may

actually die. In the latter situation, the dead cells
may be replaced by secondary (replacement)

odontoblasts that produce new dentin matrix. For

example, cavity preparation and/or desiccation of
exposed dentin surface sometimes cause a partic-

ular type of irreversible injury to odontoblasts,

termed odontoblast aspiration. In this reaction,
the cell bodies of odontoblasts are sucked into

the dentinal tubules, presumably by a rapid out-

ward movement of fluids in the tubules. Such dis-
placement results in the autolysis of odontoblasts.

However, new dentin may eventually be laid

down on the dentinal wall corresponding to the

site of injury by the action of newly recruited sec-

ondary odontoblasts. The new dentin produced in

response to the injury is called tertiary dentin.
Some researchers define reactionary dentin as

the new dentin secreted by surviving primary

odontoblasts, in contrast to reparative dentin,
which is produced by newly recruited secondary

odontoblasts (see also chapter 3).' 2 °

The quality of tertiary (reparative and reac-

tionary) dentin is quite variable. In general, it is

more irregular, less mineralized, and contains

fewer dentinal tubules than either primary or sec-

ondary dentin (Fig 5-10). Severe injury (eg, deep

cavity preparation and deep caries) may cause the

formation of better organized tertiary dentin,

whereas mild injury may lead to the formation of

tertiary dentin that resembles the structual

integrity of primary dentin. 121 Tertiary dentin

increases the thickness of the hard tissue barrier

overlying the pulp. Moreover, the dentinal tubules

are usually discontinuous between primary and

tertiary dentin. Hence, tertiary dentin physically

attenuates external stimuli to the pulp derived

from dentinal tubules, and thus its formation may

be regarded as a defense reaction.
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Although controversy still surrounds the ori-

gin of secondary odontoblasts, undifferentiated

mesenchymal cells in the pulp proper and/or dif

ferentiated pulpal cells that dedifferentiate into

undifferentiated cells and then redifferentiate

into odontoblasts have been implicated as likely

sources. 122-124 Although variable in morphology,

secondary odontoblasts may be less columnar

and more sparsely arranged than primary odonto-

blasts. However, secondary odontoblasts seem to

share several phenotypic and functional proper-

ties with primary odontoblasts.A study of repara-

tive dentinogenesis in rats demonstrated that sec-

ondary odontoblasts express mRNA for type I but

not type III collagen and that they are immuno-

positive for dentin sialoprotein, a dentin-specific

protein that marks the odontoblast phenotype. 47

Fibroblasts of the pulp

Fibroblasts are the most numerous connective tis-

sue cells with the capacity to synthesize and

maintain connective tissue matrix (Fig 5-11; see

also Fig 5-5a). They are widely distributed

throughout the connective tissue of the pulp and

are found in high densities in the cell-rich zone of

the coronal pulp. Synthesis of collagens type I and

type III is a main function of fibroblasts in the

pulp, as in fibroblasts elsewhere in the bodyThey

are also responsible for the synthesis and secre-

tion of a wide range of noncollagenous extracellu-

lar matrix components, such as proteoglycans and

fibronectin.

The morphology of pulp fibroblasts varies

according to their functional state, which is in

common with fibroblasts in other parts of the

body. Intensely synthetic cells have several irregu-

larly branched cytoplasmic processes with a

nucleus located at one end of the cell. They are

rich in rough endoplasmic reticulum, and the

Golgi complex is well developed.This type of cell

is particularly common in the young pulp. How-

ever, quiescent cells, frequently seen in older

pulp, are smaller than the active cells and tend to

be spindle-shaped with fewer processes. The
amount of rough endoplasmic reticulum in these

Fig 5-I I TEM of a fibroblast in the coronal pulp of a rat
molar. This cell has several long cytoplasmic processes and
relatively well-developed organelles.

cells is also smaller. When the quiescent cells are

adequately stimulated, their synthetic activity

may be reactivated. Mitotic activity of fibroblasts

is quite low in adult connective tissues, but active

cell division occurs when the tissue is damaged.

In addition to synthetic activity, fibroblasts are

implicated in the degradation of extracellular

matrix components and thus are essential in the

remodeling of connective tissues. Fibroblasts are

able to phagocytose collagen fibrils and digest

them intracellularly by lysosomal enzymes. More-

over, these cells are a source of a group of zinc

enzymes called matrix metalloproteinases (colla-

genase, gelatinase, stromelysin, etc) that degrade

matrix macromolecules such as collagens and

proteoglycans. In vitro studies demonstrated that

matrix metalloproteinase production from cul-
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tured pulp fibroblasts showed an increase follow-

ing stimulation with cytokines and/or bacterial

components. These findings suggest that

fibroblasts stimulated by inflammatory cytokines

and bacterial byproducts play a role in the degra-

dation of pulpal connective tissue during pulp

inflammation.

Undifferentiated mesenchymal cells

Undifferentiated mesenchymal cells are distrib-

uted throughout the cell-rich zone and the pulp

core, frequently occupying the perivascular area.

These cells appear as stellate-shaped cells with a

relatively high nucleus-to-cytoplasmic ratio. How-

ever, they are usually difficult to distinguish from

fibroblasts under light microscopy. After receiving

appropriate stimuli, they may undergo terminal

differentiation and give rise either to fibroblasts

or to odontoblasts. In older pulps, the number of

undifferentiated mesenchymal cells may dimin-
ish, which may also reduce the regenerative

potential of the pulp.

Immunocompetent cells

The ability of connective tissue to generate and

support local inflammatory and immune reac-

tions makes it an active participant in host

defense. A considerable part of this capacity

depends on immunocompetent cells resident in
the tissue. These cells are recruited from the

bloodstream, where they reside as somewhat

transient inhabitants. Once foreign antigens gain

entry into connective tissue, these cells interact

to create mechanisms that help defend the tissue
from antigenic invasion.

Lymphocytes
The specificity of immune responses is due to lym-
phocytes, for they are the only cells in the body

capable of specifically recognizing different anti-

gens.They are broadly divided into B lymphocytes
and T lymphocytes, which are quite different in

phenotype and function. B lymphocytes differenti-

ate into antibody-secreting cells (ie, plasma cells)

and thus play a major role in humoral immunity.

They carry membrane-bound forms of antibodies

by which they can recognize antigens. T lympho-
cytes play a central role in specific immune

responses to protein antigens.They are subdivided

into helper (CD4+) and cytotoxic (CD8 + ) types.
The main function of cytotoxic T lymphocytes is

to cause lysis of other cells that carry foreign anti-

gens, such as cells infected by intracellular

microbes (viruses, etc). Thus, cytotoxic T lympho-

cytes are predominantly involved in cell-mediated

immunity. Helper T lymphocytes play a crucial role

in orchestrating both Immoral and cell-mediated

immune responses through production of

cytokines, a group of bioactive molecules that reg-

ulates the intensity and/or duration of the immune

response by either stimulating or inhibiting the

action of various target cells. Following activation,

helper T lymphocytes secrete several cytokines.

According to the profile of cytokine production,

these cells are further classified into Thl and Th2

cells. 125 Thl cells predominantly produce inter-

leukin (IL) -2 and interferon-gamma (IFN-y) and

are primarily involved in activation of macro-

phages.Th2 cells predominantly produce IL-4, IL-5,

and IL-6 and stimulate proliferation and differentia-

tion of B lymphocytes.

Mechanism of T-lymphocyte activation: Role

of antigen-presenting cells. The T -lymphocyte

response to protein antigens requires the partici-

pation of antigen-presenting cells. These cells

uptake protein antigens, convert them to peptide

fragments, assemble the peptides with proteins

encoded for the MHC, and then express the

assembly on their surface. T lymphocytes are able

to recognize not the antigens themselves but the

assembly. Class I and Class II MHC molecules bind

to CD8 and CD4 molecules on T lymphocytes,

respectively, and are involved in the Tlymphocyte

response. Class I MHC molecules, designated as

human leukocyte antigen (HLA) -A, -13, and -C in

humans, are expressed on almost all cells of the

body and are involved in the activation of CD8+ T

lymphocytes. Class II MHC molecules (HLA-DR,

-DP, and -DQ in humans) are expressed on limited
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types of cells; dendritic cells and B lymphocytes

constitutively express these molecules, whereas

macrophages, endothelial cells, and some other

types of cells can be induced to express them.The

interaction between antigen-presenting cells and

CD4+ T lymphocytes involves contact between

the Class 11 MHC molecule-associated peptide

and the T -cell receptor, the first signal required for

T lymphocytes to become activated. Binding of

several co-stimulatory molecules on antigen-pre-

senting cells to their ligands on T lymphocytes is

also necessary for the activation. Throughout this

chapter, the term antigen presenting cells will be

used to denote cells that are involved in the class

11-restricted antigen recognition, although it seems

appropriate that target cells of CD8 + T lympho-

cytes should be included in antigen-presenting

cells as well.

Lymphocytes of the pulp. The composition of

lymphocytes in the pulp resembles that seen in

other connective tissues, such as the dermis of

the skin. T lymphocytes are recognized as normal

residents of human and rat dental pulp (Fig 5-12).

These cells are scattered predominantly along the

blood vessels in the pulp proper, although numer-

ically fewer among pulpal cellular elements. Sev-

eral immunohistochemical studies have demon-

strated that CD8+ T lymphocytes outnumber

CD4 + T lymphocytes. 126-129 In normal human

pulp, T lymphocytes usually express CD45RO, a

marker for memory T lymphocytes. 127,128 Thus

they are predominantly composed of memory T

lymphocytes. However, cells expressing pheno-

typic markers for activated T lymphocytes, such

as CD25 (interleukin-2 receptor), are rarely found.

As will be described later, T lymphocytes may be

involved in the initial immunodefense of the pulp

following interaction with Class 11 MHC mole-

cule-expressing cells.

B lymphocytes and plasma cells, the terminally

differentiated B lymphocytes with a specialized

capacity for antibody synthesis, are rarely encoun-
tered in normal human pulp. 126,127,129-131 In stud-

ies of rat molar pulp, a few plasma cells were

occasionally detected in the coronal pulp. 132,133

Fig 5-12 T lymphocytes in the coronal pulp of a human third
molar visualized by immunoperoxidase staining using a mono-
clonal CD3 antibody (reactive to all T lymphocytes). Small,
round cells are scattered in the connective tissue of the pulp.

At present, it seems difficult to identify a signifi-

cant role for B lymphocytes in the normal pulp.

Macrophages

Macrophages are constituents of the mononu-

clear phagocyte system, which consists of hetero-

geneous populations of bone marrow-derived

cells whose primary function is phagocytosis.

They primarily act as scavenger cells that phago-

cytose and digest foreign particles (eg, microbes)

as well as self-tissues and cells that are injured or

dead. Macrophages are activated by a variety of

stimuli and acquire several properties that con-

tribute to the defense and repair of connective

tissues. For example, activated macrophages

show an elevated production of various bioactive

substances such as bactericidal enzymes, reactive

oxygen species, cytokines, and growth factors.

Upon expression of Class 11 MHC molecules on

their cell surface, macrophages acquire the capac-
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Fig 5-13 Ultrastructure of macrophages (coronal pulp of rat
molars). (a) SEM of a macrophage with numerous microvilli on its
surface. (b) TEM of two macrophages (MO) in the central portion
of the coronal pulp. Immunoperoxidase staining using a monoclon-
al antibody against rat Class II MHC molecules (OX6) was used.
One of the macrophages (upper cell) shows OX6-immunoreactivity
on its cytoplasmic membrane. Arrowheads, phagosomes; Bv,
blood vessel. (Courtesy of Dr T. Kaneko, Tokyo Medical and Dental
University.)

ity of antigen presentation and thus play a role in

T -lymphocyte activation.

Macrophages show diversity in terms of mor-

phology, phenotype, and function. This hetero-

geneity mostly reflects local microenvironmental

conditions and the resulting difference in the

state of differentiation and activation. 134 Morphol-

ogy of macrophages varies according to the state

of activation and differentiation, but it is generally

characterized by an irregular surface with protru-

sions and indentations, a well-developed Golgi

complex, many lysosomes, and a prominent

rough endoplasmic reticulum (Fig 5-13).

Macrophages of the pulp. Macrophages are

classically described as histiocytes predominantly

located in the vicinity of blood vessels. Recent
immunohistochemical studies have demonstrated

that there is a remarkably high number of cells

expressing macrophage-associated antigens

throughout the pulpal connective tissue (Fig

5-14). These cells are particularly rich in

the perivascular area of the inner pulp. The mor-

phologic appearance of these cells is diverse, but
cells with long, slender, branching processes are

predominant. Typically, the ultrastructural appear-

ance of these cells is characterized by an irregular-

ly indented cell surface and the presence of rela-
tively well-developed lysosomal structures within
the cytoplasm.

Macrophages of the pulp have several pheno-
types. They express varying combinations of sev-

eral macrophage-associated antigens, such as

CD14, CD68, coagulation factor XIIIa, and HLA-
DR in humans. 135 In the rat, the majority of cells
immunoreactive to the monoclonal antibody ED I

(a general macrophage marker that recognizes an
intracytoplasmic CD68-like antigen) coexpress
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immunoreactivity to ED2 (a monoclonal antibody

exclusively reactive with tissue-resident macro-

phages [see Fig 5-14]). This expression indicates

that macrophages of the pulp are predominantly

composed of typical resident-type cells, as in

most other connective tissues. Moreover, part of

these macrophages coexpress Class II MHC mole-
cules (see Fig 5-13b) and thus may have a capaci-

ty for antigen presentation to T lymphocytes. In

rat molars, approximately 30% of the ED1 + cells

in the coronal pulp and 15% of cells in the root

pulp coexpress Class II MHC molecules. 132 This

ratio may be higher in human pulp because it has

been reported that 86.9% of CD68+ cells coex-

press HLA-DR. 135 As will be described later, a cer-

tain proportion of these Class 11 MHC molecule-
expressing cells may represent dendritic cells,

although precise discrimination of dendritic cells

from macrophages is at present difficult to

achieve due to a lack of dendritic cell-specific

markers.

Dendritic cells
Dendritic cells are discrete populations of hema-

topoetically derived leukocytes sparsely distrib-

uted in almost all tissues and organs of the body.

They are characterized by (1) peculiar dendritic

morphology, (2) constitutive expression of a high

amount of Class II MHC molecules, (3) high motil-

ity, (4) limited phagocytic activity, and (5) potent

capacity for antigen presentation to T lympho-

cytes. 136,137 Dendritic cells generally express sever-

al cell-surface molecules, including Class II MHC

molecules and various adhesion and co-stimulato-

ry molecules. Expression of myeloid-associated

antigens is generally weak or lacking. However, the

profile of the expression of those markers varies,

mostly due to the difference in the state of matura-

tion and local microenvironmental conditions. Fol-

lowing maturation in the bone marrow and circu-

lation in the bloodstream, dendritic cells populate

peripheral nonlymphoid tissues, where they moni-

tor the invasion of antigens and thus act as an
immunosurveillance component. During primary

immune responses, they are the only cell type able

to stimulate naive T lymphocytes (cells that have

Fig 5-14 Macrophages in the coronal pulp of a rat molar
visualized by immunoperoxidase staining using a monoclonal
antibody against tissue-resident macrophages (ED2). Cells
with diverse profiles are distributed throughout the connective

tissue of the pulp.

not previously been exposed to any antigen). Den-

dritic cells capture invaded antigens and then

migrate through afferent lymphatics to lymphoid

tissues, where they fully mature and present anti-

gens to resting T lymphocytes. During secondary

immune responses, both dendritic cells and Class

11 MHC molecule-expressing macrophages may

present antigens to locally recruited memory T

lymphocytes.

Dendritic cells of the pulp. In human pulp,

Class 11 MHC molecule-expressing (HLA-DR+)

cells form a continuous reticular network through-

out the entire pulp' 16,127,135,138 The majority of

these cells co-express coagulation factor XIIIa, a

marker for antigen-presenting cells of the der-
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Fig 5-15 Distribution of cells expressing coagulation factor Xllla (a

marker for antigen-presenting cells of the dermis) in the peripheral
portion of the coronal pulp (human third molar). Immunoperoxidase
staining using an antiserum against factor Alla was used. Positively
stained cells with a dendritic profile are arranged in and just subja-
cent to the odontoblast layer (OB). Cells located in the vicinity of the
pulp-predentin border (arrows) extend their processes into dentinal
tubules. D, dentin.

Fig 5-I6 TEM showing a dendritic cell (DC) in the odon-
toblast layer of a rat molar. Immunoperoxidase staining
using a monoclonal antibody against rat class II MHC mol-
ecules (OX6) was used. Immunoreaction is seen on the
cytoplasmic membrane. The positively stained cell has a
l ong cytoplasmic process (arrow). OB, odontoblasts.
( Courtesy of Dr T. Kaneko, Tokyo Medical and Dental Uni-
versity.)

mis135 (Fig 5-15). The HLA-DR+ cells have three or
more branched cytoplasmic processes of more

than 50 um in longitudinal length. They are par-

ticularly rich in the periphery of the pulp (in and

just subjacent to the odontoblast layer), where

they compete for space with the odontoblasts and

sometimes extend their processes into the dentin-

al tubules. 127,13' The cells are also rich in the

perivascular area, where they are arranged with

their longitudinal axes parallel to the endothelial

cells.135 Rat pulp tissue also contains similar types

of cells. 132,139

Class 11 MHC molecule-expressing cells of the

pulp are most likely composed of macrophages

and "true" dendritic cells, although it is often diffi-

cult to make a clear-cut discrimination solely by

means of light microscopic appearances. Trans-

mission electron microscopy has thus been

employed, and cells with ultrastructural charac-

teristics comparable to those of dendritic cells in

other tissues ("true" dendritic cells) have been

identified (Fig 5-16). The "true" dendritic cells are

reported to exhibit narrow, tortuous cytoplasmic

processes and to contain fine tubulovesicular
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Fig 5-17 Role of Class II MHC molecule-expressing cells in the pulp. Dendritic cells (DC) capture
antigens in the pulp and then migrate to regional lymph nodes, where the dendritic cells present
antigens to antigen-specific naive CD4+ T lymphocytes (T) (primary immune responses). The antigen
presentation causes clonal expansion and development of antigen-specific memory T lymphocytes
(Tm), which leave the lymph nodes and scan peripheral tissues such as the pulp. When the same
antigens again challenge the pulp, both dendritic cells and macrophages (MO) are able to present
the antigens directly in the pulp to the memory T lymphocytes (secondary immune responses). The
resultant activation of the memory T lymphocytes triggers the effector phase of immune responses.

structures, a moderately developed Golgi appara-

tus, and poorly developed lysosomal structures

within the cytoplasm. '26,138-141 These cells are

predominantly located in and just beneath the

odontoblast layer of the coronal pulp. Other stud-

ies employing double-labeling immunohisto-

chemistry have shown that the pulp contains

Class II MHC molecule-expressing cells that lack

expression of macrophage markers. In

human pulp, these cells account for about 13% of

HLA-DR+ nonendothelial cells.135

Functions of Class II MHC molecule-express-

ing cells have been investigated in vitro using

enzymatically released pulp cells from rat inci-

sors. The results indicate that (1) dendritic cells

may correspond to a minor subpopulation of

Class II MHC molecule-expressing cells with

weak phagocytic capacity,139 and (2) dendritic

cells may have a stronger capacity for providing

signals to cause proliferation of mitogen-stimulat-

ed T lymphocytes than macrophages. 142 The T lym-

phocyte proliferation was influenced by neu-

ropeptides (substance P and calcitonin gene-
related peptide), suggesting that dendritic cell-T

lymphocyte interaction in the pulp may be modu-

lated by these neuropeptides. 28

In summary, the pulp is equipped with den-

dritic cells as a minor but distinct subpopulation

of Class II MHC molecule-expressing cells. Their

primary function may be to monitor invasion of

antigens. Following ingestion of invading anti-

gens, they may act in either of two ways (Fig

5-17): (1) migrate to regional lymph nodes,

where they present antigens to antigen-specific

naive T lymphocytes in order to initiate primary

immune responses, or (2) locally present anti-

gens to patrolling memory T lymphocytes when

the antigens again challenge the pulp (secondary
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immune responses).3 4 Class II MHC molecule-

expressing macrophages may interact only with

memory T lymphocytes and thus may be involved

in the initiation of secondary immune responses.

Dendritic cells are particularly rich in and just

subjacent to the odontoblast layer.This character-

istic distribution suggests that dendritic cells are

strategically positioned in the area where the

opportunity for these cells to encounter exoge-

nous antigens is the greatest.

Effects of Injury on Pulpal
Immunocompetent Cells

Immunocompetent cells resident in the connec-

tive tissue of the pulp may respond to a number

of clinical situations that cause loss of hard tissue

integrity, eg, caries, tooth fracture, and cavity

preparation. Bacteria and their by-products invad-

ing from the oral cavity are the key elements

associated with such a response. It should be

noted that the response may be initiated even

when the pulp is not directly exposed to the oral

environment (see also chapters 4 and 12). Studies

have revealed that Class II MHC molecule-ex-

pressing cells respond promptly and actively to

dentinal injuries, presumably by detecting incom-

ing antigens and subsequently initiating immune
responses by acting as antigen-presenting cells.

The Class II MHC molecule-expressing cells are
most likely composed of "true" dendritic cells and

macrophages. The two types of cells are collec-

tively termedpulpal dendritic cells because com-
plete discrimination of these cells is not always

possible.

Response to cavity preparation and
restoration
Cavity preparation in rat molars causes a rapid and

intense accumulation of pulpal dendritic cells

under the freshly exposed dentinal tubules. The

accumulation is transient and gradually subsides

following initiation of reparative dentinogene-

sis. 143 In a recent study, responses of pulpal den-

dritic cells to deep-cavity preparation and immedi-

ate restoration with 4-META/MMA-TBB resin were

studied. '44 Results demonstrated that the restora-

tion reduced the accumulation of these cells, and

subsequently sound reparative dentin was formed,

whereas unrestored teeth initially developed an

intrapulpal abscess and then exhibited partial pulp

necrosis. Findings from these studies143 indicate

that pulpal dendritic cells are able to respond to a

transdentinal bacterial challenge resulting from

acute dentinal exposure.The restoration most like-

ly reduced the bacterial challenge and thereby

diminished the response of pulpal dendritic cells.

This phenomenon may strongly support the key

concept that reduction of transdentinal bacterial

challenge by the use of dentin adhesive materials

is of utmost importance for vital pulp therapy (see

also chapters 4, 13, and 14).

Response to dentinal caries

The kinetics of pulpal dendritic cells was investi-
gated following experimental caries induction in

rat molars. '45 The initial pulpal response was

characterized by a localized accumulation of

these cells beneath the pulpal ends of dentinal

tubules communicating with early caries lesions.

The accumulation in this position may indicate

that these cells respond promptly and actively to

incoming bacterial antigens diffusing through the

dentinal tubules. On the other hand, the accumu-

lation was not evident following reparative

dentin formation, suggesting in that case the

influx of bacterial antigens is reduced or inhibit-

ed. However, these cells again accumulated mark-

edly when the reparative dentin was invaded by

caries. These findings support the view that the

intensity of inflammatory/immunologic respons-

es beneath dentinal caries does not necessarily

correspond to the depth of the lesion but may be

associated with the status and quality of reac-

tive/reparative processes of dentin that influence

dentin permeability.

A similar pattern is served in human teeth that

have dentinal caries without pulp exposure, in
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Fig 5-18 Distribution of pulpal dendritic cells in a human
third molar with dentinal caries. Peripheral portion of the pulp
corresponding to carious dentinal tubules. Immunoperoxidase
staining with an anti-HLA-DR monoclonal antibody was used.
Note accumulation of immunopositive cells. Many cells locat-
ed in the vicinity of the pulp-predentin border extend their
processes (arrows) into dentinal tubules. D, dentin. (Courtesy
of Dr K. Sakurai.)

Fig 5-19 Accumulation of T lymphocytes in the peripheral
portion of the coronal pulp in a human third molar with denti-
nal caries. Immunoperoxidase staining using a monoclonal
CD3 antibody (reactive to all T lymphocytes). D, dentin. (Cour-
tesy of Dr K. Sakurai.)

which there is a marked localized accumulation of

HLA-DR+ pulpal dendritic cells in the para-odonto-

blast region immediately subjacent to the pulpal

end of the carious dentinal tubules (Fig

5-18). Here, numerous dendritic cells extend their

cytoplasmic processes into the affected dentinal

tubules, probably representing the high motility of

these cells. 127,138 This localized accumulation is

more evident in teeth without reparative den-

tin. 127 Studies have also demonstrated that T

lymphocytes increase under these conditions (Fig

5-19). This increase is evident even in teeth with

relatively shallow carious lesions, whereas

increase of B lymphocytes is noticeable only in

teeth with deep lesions. 1 27,128 Thus,T lymphocytes

may be more deeply involved in the initial

immunologic reactions that take place following

caries attack than are B lymphocytes.The majority

of T lymphocytes may be memory T lymphocytes

expressing CD45RO. 127 Taken together, these find-

ings suggest an early critical role of local interac-

tion between pulpal dendritic cells and memory T

lymphocytes in the initial immunodefense of the

pulp against dentinal tubule-derived carious anti-

genic stimuli. It is postulated that the interaction

results in the activation of both T lymphocytes and

pulpal dendritic cells, which in turn may facilitate

the recruitment and activation of several types of

effector cells and thus may trigger a cascade of

immunopathologic events involved in the process

of pulpal pathosis associated with dental caries.
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The Circulation of the
Pulp

Hideaki Suda, DDS, PhD

Hideharu Ikeda, DDS, PhD

The micro circulatory system of dental pulp

serves many essential roles.This system is critical-

ly important in maintaining tissue homeostasis

and yet is capable of undergoing a dynamic re-

sponse to injury by altering local capillary filtra-

tion rates, initiating immunologic responses to in-

jury and inflammation (via endothelial expression

of adhesion molecules'), and even sprouting via

angiogenesis. This chapter will review the anato-

my and physiology of this important system and

emphasize its response characteristics following

pulpal inflammation caused by dental proce-

dures, infection, or trauma. This information is

critical for clinicians so that they can minimize in-

jury to pulp during dental procedures and assess

the status of the pulp's microcirculatory system

in individual clinical cases.

function is to regulate the local interstitial envi-

ronment of dental pulp via the transport of nu-

trients, hormones, and gases and the removal of

metabolic waste products. However, the pulpal

microcirculatoon is a dynamic system that regu-

lates blood flow in response to nearby metabolic

events (including dentinogenesis). It also re-

sponds to inflammatory stimuli with a great

change in circulatory properties and the endo-

thelial expression of certain proteins, leading to

the recruitment of immune cells to the site of

tissue injury (see chapters 5, 10, 11, and 17).

Clearly, knowledge of this system is essential to

an understanding of the dental pulp in health

and disease.

Arterioles

Organization of Pulpal
Vasculature

The dental pulp is a microcirculatory system be-

cause it lacks true arteries and veins; the largest

vessels are arterioles and venules.2 Its primary

The pulp has an extensive vascular supply3 (Fig

6-1). The organizational structure of dental pulp

is presented in Fig 6-2. The arterioles are resis-

tance vessels, measuring approximately 50 um in

diameter, and have several layers of smooth mus-

cle, which regulate vascular tone. The transition-

al structure between arterioles and capillaries is

called the terminal arteriole. This segment of
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6 • The Circulation of the Pulp

Fig 6-I Montage of scanning electron micrographs of dental
pulp illustrating the extensive vascular network in the dog
mandibular first molar. The superficial capillary layer has been
removed to better illustrate the organizational features of the
pulpal circulatory system. (Reprinted from Kishi and Takahashi 3
with permission.)

Fig 6-2 Major organizational features of the microcirculatory
system of dental pulp. AVA, arteriovenous anastomosis.

the arteriole has the same dimensions as a capil-

lary but is surrounded by a few smooth muscle

cells.These smooth muscle cells are organized in

a spiral fashion surrounding the endothelial

cells. The arterioles then divide into terminal ar-

terioles and then precapillaries. Metarterioles

give off capillaries, which are about 8 um in di-
ameter (Figs 6-3 and 6-4). The arterioles, the cap-

illaries, and the venules form functional units

that respond to signals elaborated from the near-

by tissue (discussed later in the chapter). This is

an important concept, because virtually every

cell in the body is within 50 to 100 un of capil-

laries. Thus, there is a functional coupling be-

tween cellular activity and nearby capillary

blood flow.

The branch points of terminal arterioles and

capillaries are characterized by the presence of

clumps of smooth muscle that serve as precapil-

lary sphincters. These sphincters are under neu-

ronal and local cellular control (via soluble fac-

tors) and act to regulate local blood flow through

a capillary bed. These functional units permit lo-

calized changes in blood flow and capillary filtra-

tion, so that adjacent regions of the pulp have sub-

stantially different circulatory conditions. Thus,

pulpal inflammation can elicit a localized circula-

tory response restricted to the area of inflamma-

tion and does not necessarily produce pulpwide

circulatory changes.

Capillaries

Capillaries serve as the workhorse of the circula-

tory system, because they function as the ex-

change vessels regulating the transport or diffu-
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Organization of Pulpal Pasculature

Fig 6-3 Scanning electron micrograph of a resin injection
cast of dental pulp vasculature illustrating the extensive ar-
borization of capillaries from the metarterioles. High-magnifi-
cation view of the superficial three layers of the vascular net-
work: TCN, terminal capillary network; CN, capillary network;
VN, venular network. (Reprinted from Kishi and Takahashi 3
with permission.)

Fig 6-4 The superficial layer of the vascular network from Fig
6-3 has been removed to show the venular network (VN). The
terminal capillary network (TCN) is on the far-left side, the cap-
ill ary network (CN) is in the middle, and the venular network is
on the right side. (Reprinted from Kishi and Takahashi 3 with
permission.)

sion of substances (gases, fluids, proteins, etc) be-
tween blood and local interstitial tissue elements.
At any given moment, only about 5 % of the blood
supply circulates in capillaries, but this is the
major site of nutrient and gas exchange with
local tissues. Capillaries consist of a single layer of
endothelium surrounded by a basement mem-
brane and a loose group of reticular and collage-
nous fibers. In dental pulp, capillaries often form
extensive loops in the subodontoblastic region
(see Figs 6-3 and 6-4).The basement membrane is
composed of fine reticular filaments embedded
in a mucopolysaccharide matrix.

The wall of a capillary is about 0.5 um thick
and serves as a semipermeable membrane. This
semipermeable membrane restricts egress of pro-
teins and cells from the vascular compartment
under normal conditions, and it is this filtering

property that generates a colloidal osmotic pres-
sure within the vascular system. This has impor-
tant implications for the regulation of capillary fil-
tration under normal and inflamed conditions, as
described in detail later in the chapter.

There are several major classes of capillaries
that differ dramatically in their properties as
semipermeable membranes 4 (Fig 6-5). The first
class of capillary is the fenestrated capillary.

These structures are characterized by endotheli-
um with openings (fenestrations) in the capillary
walls. These fenestrations can be open or occlud-
ed by a thin diaphragm. Fenestrated capillaries are
found in dense networks in dental pulp as well as
in the renal glomerulus, the intestinal mucosa, and
the sulcular gingiva."

The second class is the continuous (or non-

fenestrated) capillary; these vascular structures
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6 • The Circulation of the Pulp

Fig 6-5 Relative permeability of three major classes of capil-
l aries to hydrophilic substances of various molecular weights.
Permeability of nonfenestrated capillaries (eg, skin), fenestrat-
ed capillaries (eg, gastrointestinal mucosa), and tight-junction
capillaries (eg, brain) were compared for glucose (molecular
weight -- 180), sucrose (molecular weight = 342), albumin
(molecular weight = 69,000), and haptoglobin (molecular
weight = 100,000). (Redrawn from Renkin 4 with permission.)

continuous endothelium with wide intercellular

spaces of approximately 5 to 10 nm. The base-

ment membrane is also discontinuous. Discontin-
uous endothelium is found in the spleen, liver,

and bone marrow.
The fourth major class of capillary is the tigbt-

junction capillary, found in the central nervous

system and the retina. The differences in the

semipermeable properties of these classes of cap-

illary play an essential role in defining the basal

filtration properties of these vessels.

The microcirculatory organization of the sub-

odontoblastic region is divided into three major

layers7 (see Fig 6-4). The terminal capillary net-

work is located in the first layer, also called the

odontoblastic layer.The second layer, also known

as the capillary network, contains precapillary

and postcapillary vessels organized adjacent to

the odontoblastic layer. The third layer consists of

a venular network of vessels. During aging, there

is a general reduction in pulpal metabolism, and

the capillary organization is often simplified and

becomes one single layer of capillaries terminat-

ing directly into venules.

Venules

are defined by endothelium devoid of fenestra-

tions. Continuous capillaries are found in dental

pulp as well as in heart, lung, and muscle. The in-

tercellular space contains gap junctions, which

are localized openings with a width of 5 to 10

rim. Continuous capillaries are found near odon-
toblasts during early tooth development (ie, be-

fore dentin is formed). With the active expression

of primary dentin, capillaries become fenestrated
and form a dense network adjacent to the odon-

toblastic layer. When dentin formation is nearly

complete, the capillary bed switches back to a
continuous capillary morphology and retreats to

below the odontoblastic layer. Thus, the mor-

phology and location of pulpal capillary beds fol-
low odontoblast activity levels during develop-

ment (see chapter 2).

The third major class of capillary is the discon-

tinuous capillary.These capillaries consist of dis-

The venular organization in dental pulp has sev-

eral important characteristics. First, the collecting

venules receive pulpal blood flow from the capil-

lary bed and transfer it to the venules. As de-

scribed earlier, these structures are characterized

by a spiral organization of smooth muscle. Ac-

cordingly, the contractile state of these vessels

play an important role in regulating postcapillary

hydrostatic pressure. Moreover, arteriovenous

anastomosis (AVA) shunts permit regional control

of pulpal blood flow via direct shunting of blood

from arterioles to venules (Figs 6-2 and 6-6).

Lymphatic vessels

The lymphatic system plays a critical role in tissue

homeostasis and response to injury. Because of

the semipermeable nature of capillaries, they do

not absorb solutes of high molecular weight (eg,
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proteins such as albumin). Instead, the lymphatic

system is the dominant mechanism for removal of

high-molecular weight solutes from the intersti-

tial fluid. This reduces the interstitial colloidal os-

motic pressure and therefore regulates the devel-

opment of tissue edema or interstitial pressure. In

addition, the lymphatic vessels transport lymph to

regional lymph nodes prior to reentry into the

vascular compartment. This provides an important

immunosurveillance function by direct transport

of antigens to nodal collections of immune cells.

Lymphatic vessels are formed from a fine

mesh of small, thin-walled lymph capillaries. The

lymphatic vessels coalesce to form larger vessels

that resemble veins equipped with valves to pre-

vent backflow (see Fig 6-2). An extensive network

of lymphatic vessels and ducts carries the tissue

fluid back into the vascular system. Lymph from

dental pulp (and nearby orofacial tissues) drains

into the submaxillary and submental lymph

glands and eventually to superficial and deep cer-

vical glands that are distributed along the exter-

nal and internal jugular veins.

Dental pulp contains lymphatic vessels. This

statement was controversial in the older dental

literature because early histologic studies had dif-

ficulty distinguishing lymphatic vessels from simi-
lar-appearing veins or capillaries. The main struc-

tural differences between the lymphatic vessels

and capillaries are the lack of a basement mem-
brane and the absence of fenestration in the en-

dothelial cells. However, careful observations at

the light'-" and electron microscopic9,12,13 levels
have provided evidence supportive of the pres-

ence of pulpal lymphatic vessels.

Physiologic tracking studies have provided ad-
ditional evidence demonstrating that lymph cap-

illaries originate as blind openings near the zone

of Weil and odontoblastic layer. 14.15 The collect-

ing vessels then pass apically in the pulp, accom-

panying blood vessels and nerves. The large-cal-

iber lymphatic vessels contain valves, which are

not present in similar-sized veins. Multiple col-

lecting lymph vessels exit through the apical

foramen to drain into large lymph vessels in the

periodontal ligament.

Fig 6-6 Scanning electron micrograph of a resin cast illustrat-
i ng the presence of a Y-shaped arteriovenous anastomosis
( AVA) between an arteriole (A) and a venule (V) using a sample
from a dog tongue. Bar -- 10 um. ( Reprinted from Kishi and
Takahashi 3 with permission.)

More definitive studies have recently con-
firmed the presence of lymphatic vessels in dental

pulp.An enzyme-histochemical double-staining

method, which exploits the enzyme activity differ-

ences between lymphatic vessels (higher activity

of 5'-nucleotidase [5'-Nase]) and blood vessels

(higher activity of alkaline phosphatase), is useful

for discriminating between the two kinds of ves-

sels.15-17 Immunohistochemical staining methods

with monoclonal antibodies to the human tho-

racic duct and desmoplakin also can identify

lymphatic vessels specifically.18 In human frozen

sections, both enzyme-histochemical and immuno-

histochemical methods demonstrated that large

lymphatic vessels are located in the central part of

the pulp, while small lymphatic vessels are found

in the periphery of the pulp (Fig 6-7), suggesting

that lymphatic drainage of the human dental pulp

starts from the periphery of the pulp and collects

in the central part of the pulp.19.20
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Fig 6-7 Serial sections of human dental pulp: B, blood vessels; L, lymphatic vessels. (a) Section immunostained with anti-L. The
basement membrane reacting with anti-L in blood vessels and lymphatic vessels is shown. It is difficult to discriminate the lymphatic
vessel from the blood vessels by the difference in reactivity to anti-L. (b) Higher magnification view of the vessels in the sections
shown in (a). (c) Adjacent section immunostained with mAb-D. A lymphatic vessel is strongly stained, and blood vessels are not
stained. (d) Higher-magnification view of the vessels in the sections shown in (c). Immunostaining with mAb-D. Reaction products are
on the endothelial cells. (Reprinted from Sawa et al20 with permission.)

Effect of Microvascular
Exchange on Interstitial
Pressure

Microcirculation

The exchange of nutrients, hormones, metabolic

wastes, and gases between capillaries and the in-

terstitial compartment is controlled by two major

determinants. The first determinant is the control

of the microcirculation.This process directs capil-

lary blood flow to those local pulpal regions with

the greatest metabolic need. Moreover, alterations

in capillary blood flow produce changes in capil-
lary hydrostatic pressure (Pc); this, in turn, regu-

lates fluid balance between the vascular and in-
terstitial compartments.

Not all capillaries are continuously perfused,

and the proportion of perfused capillaries may

range from 10% (during vasoconstriction) to

nearly 100%.The terminal arterioles and precapil-

lary sphincters play major roles in the control of
capillary perfusion (see Fig 6-2). In contrast, the
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major sites of blood volume control and postcap-

illary resistance are the muscular venules. Pulpal

blood flow (PBF) is determined by the following

relationship:

Transcapillary exchange
The second major determinant in the exchange

of nutrients, wastes, and gases between capillar-

ies and the interstitial space is transcapillary ex-

change. Several processes regulate the exchange

of materials between the vascular compartment

and the interstitial space. First is the morphology

of the capillary bed. Clearly, fenestrated capillar-

ies possess much higher exchange rates than do

nonfenestrated or tight-junction capillaries (see

Fig 6-5). The junctional openings in capillary

walls permit passage of many low-molecular

weight substances while they restrict exchange

of larger plasma proteins (eg, albumin). The

semipermeable nature of the junctions helps to

maintain vascular colloidal pressure. These func-

tional openings permit passive exchange of so-
lutes and gases by either diffusion (ie, the net

movement of molecules such as glucose, O 2 , CO 2 ,

and H2O down their respective concentration

gradient) or osmosis (ie, the selective movement

of fluid and solutes through a semipermeable
membrane). The osmotic-driven exchange of

fluid and solutes is termed capillary filtration.

A second factor regulating exchange is the

composition and concentration gradient of the

substance of interest; smaller or more lipophilic

substances cross cell membranes relatively easily,

whereas larger or more hydrophilic substances

require capillary openings or transport mecha-

nisms. A third process is active transport via

pinocytosis. Of these three general processes,

capillary filtration is a major mechanism for the

transcapillary exchange of solutes.

The rate of capillary filtration is defined by the

Starling forces, named for the English physiologist

who first described them . 21,22 The difference be-

tween capillary hydrostatic pressure (Pc) and in-

terstitial hydrostatic pressure (P I ), that is, PC - PI,

generally favors an outward direction of fluid flow

(filtration) at the arteriolar end of capillaries. The

second Starling force is the difference between

capillary colloidal osmotic pressure (COP S) and

interstitial colloidal osmotic pressure (COP T), or

COPC - COP T ; this generally favors an inward di-

rection of fluid flow (absorption) at the venular

end of capillaries.

Thus, under normal conditions, there is a net

outward flow of fluid (filtration) at the arteriolar

end of capillaries, because the filtration pressure

gradient exceeds the colloidal osmotic pressure

gradient, and a net inward flow of fluid (absorp-

tion) at the venular end of capillaries, because

colloidal osmotic pressure gradient exceeds the

filtration pressure gradient (Fig 6-8). Overall, the

amount of fluid movement across the entire cap-

illary system of the body is enormous; it has

been estimated that every minute the net capil-

lary filtration rate equals the entire plasma vol-

ume, with an equal absorption rate back into

capillaries and lymphatics. 23 The clinical signifi-

cance of the Starling forces is that they are al-

tered during inflammation, giving rise to dramat-
ic increases in localized interstitial pressure (P I)

that may have pathophysiologic significance for

injured regions of dental pulp. 22.24

Pulpal interstitial pressure

Several experimental techniques have been devel-

oped to measure pulpal interstitial pressures. De-

termination of this pressure during homeostasis
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and during inflammation is critical for under-

standing vascular responses to pulpal injury.

Methods to determine pulpal interstitial pressure

include photoelectric methods, 25 pressure trans-

ducer systems, 26 tonometric measurements, 27

and micropuncture techniques.1,22,28,29

Many of the earlier methods in this area pro-

duced relatively large injuries to the pulp, and in-

terstitial pressures of about 16 to 60 mm Hg were

recorded. 26,30-32 The micropuncture technique is

much less invasive; the pipettes have tip diameters

of only 2 to 4 um.33 These studies measured pulpal

interstitial pressures of about 5 to 6 mm Hg under

controlled conditions. 24,28,29,34-36 Using these hy-

drostatic measurement techniques, Tonder and

Naess33 reported that arteriole pressure is 43 mm

Hg, capillary pressure is 35 mm Hg, venule pres-

sure is 19 mm Hg, and pulpal interstitial pressure

is 6 mm Hg.

Studies have demonstrated that P I increases

in response to inflammation. 32,37 Tonder and

Kvinnsland" used glass micropipettes connect-

ed to a servocontrolled counter-pressure system

to measure not only the pulpal interstitial pres-

sure but also the intravascular pressure of cat

teeth. The PI in cat dental pulp was 16.3 mm Hg

at the site of pulpal inflammation and 7.0 mm

Hg at a site 1 to 3 mm away (Fig 6-9). The pulpal

interstitial pressure in control teeth (ie, in the

contralateral arch) was 5.5 mm Hg.

130



Effect of Microvascular Exchange on Interstitial Pressure

The results of the aforementioned study are

important because they demonstrate that the

pulpal interstitial pressure response to pulpal in-

flammation is restricted to the site of injury and is

not generalized throughout the pulp. A general-

ized increase in PI during pulpal inflammation has

been theorized to occur and would lead to a gen-
eralized collapse of venules and cessation of

blood flow (the pulpal strangulation theory). Stud-

ies such as the one by Tonder and Kvinnsland"
have refuted this concept of pulpal strangulation.

Instead, it appears that circulatory responses to

pulpal inflammation are localized reactions to re-

lease of inflammatory mediators or other fac-

tors .22,29,38,39 This finding is similar to that of

other studies demonstrating localized tissue re-

sponses to pulpal inflammation (eg, localized

sprouting of calcitonin gene-related peptide

fibers; see chapter 7).

A number of factors help to restrict the in-

crease in P I to the site of tissue injury and prevent

a generalized pulpwide increase in PI.22 First, an

increase in PI will reduce capillary filtration by re-

ducing the Starling hydrostatic pressure gradient

(ie, an increase in PI reduces the difference be-

tween capillary and interstitial hydrostatic pres-

sures [PC-PI]). Second, an increase in P I at the site

of inflammation may lead to an increase in capil-

lary absorption in nearby uninflamed pulpal tis-

sue. Third, increased lymph outflow will reduce

both interstitial tissue fluid volume and interstitial

protein concentrations (thereby reducing intersti-

tial colloid osmotic pressure).This is an important

function of lymphatic vessels because the lym-

phatic system is the predominant mechanism for

removing osmotically active proteins from the in-

terstitial space. These factors help to restrict in-
creases in P I to the site of injury under many con-

ditions of pulpal inflammation. However, it is still

possible that major insults to the pulp (eg, involv-
ing microvascular hemorrhage or extreme capil-

lary permeability) may lead to widespread in-

creases in PI .
Collectively, studies indicate that numerous fac-

tors regulate the interstitial hydrostatic pressure

in dental pulp. Changes in the interstitial fluid

1. Arteriolar dilation (increased P C)

2. Venular constriction (increased P C)

3. Decreased colloidal osmotic pressure in capil-

laries
4. Increased colloidal osmotic pressure in intersti-

tial compartment

5. Increased capillary permeability (eg, certain in-
flammatory mediators)

6. Reduced lymphatic outflow
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lation and describe the effects of dental proce-

dures, drugs, injury, and inflammation on pulpal

hemodynamics.

Regulation of Pulpal Blood
Flow

Measurement of pulpal blood flow

Pulpal blood flow has been measured in animals

with a variety of methods: tracer disappearance

(eg, potassium [42K], lead [86Pb] iodine [1311] , hydro-
gen [2 H], or xenon [ 133X]); electrical impedance;

plethysmography; and other techniques . 39-45 Of

these, the 42 K, 86PB, and 133X tracer disappearance

and the microsphere methods yield the highest and

most similar blood flow values: approximately 40

to 50 mL/min per 100 g of pulpal tissue. 46

Blood flow values for various oral and visceral

tissues at a hematocrit of 45% have been com-

pared (Fig 6-10). Blood flow in the pulp is the

highest among oral tissues and is similar to levels
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Regulation of Pulpal Blood Flow

Fig 6-I I

	

Major mechanisms regulating pulpal blood flow: PGs, prostaglandins; LIPS, lipopolysaccharide.

the major determinant of pulpal blood flow is RT

which is determined primarily by arteriolar resis-

tance. Therefore, factors that regulate arteriolar

vasoconstriction have major effects on regulating

pulpal blood flow. These factors can be divided

into three broad classes: metabolic factors, neu-

ronal factors, and paracrine/endocrine factors
(Fig 6-11).

Metabolic regulation of pulpal blood

flow

In most tissues of the body, the arteriolar vascular

tone is regulated by locally released metabolic by-

products.This serves as an efficient mechanism to

couple local blood flow with increased metabolic

activity. The actual by-product that evokes arterio-

lar vasodilation differs in different tissues. In the

heart, interstitial oxygen tension regulates vascu-

lar tone. In the brain, interstitial carbon dioxide

levels (or pH) regulate vascular tone. In other tis-

sues, such as muscle, more than one by-product

appears to regulate vascular tone. These effects

are independent of nerves, because these by-prod-

ucts have been shown to have direct vasodilatory
effects on vascular smooth muscle.

Comparatively few studies have evaluated the
effect of metabolic activity on pulpal blood

flow. 44 This is a relatively difficult problem for in-

vestigation, because pulpal tissue is not easily ac-

cessible, and the pulp is thought to have a rela-

tively low basal metabolic rate. However, studies

have suggested that adenosine, low interstitial

p02 levels, low pH, or elevated pC0 2 levels may

increase pulpal blood flow via vasodilatory ef-

fects. 44 On the other hand, there is no evidence

that transient vascular blockage (20- and 60-sec-

ond occlusion of the external carotid artery) pro-

duces a reactive hyperemia in pulp.48 Collectively,
these studies are consistent with the notion that

localized increases in pulpal activity (eg, dentino-

genesis) may lead to localized increases in pulpal
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Fig 6-12 Effect of the role of a-adrenergic receptors in regu-
lating pulpal blood flow. Pulpal blood flow was measured with
15-um microspheres, and blood flow was altered by either
electrical stimulation of pulpal sympathetic fiber (by stimula-
tion of the cervical sympathetic nerve; symp stim) or adminis-
tration of norepinephrine (NE). Phenoxybenzamine pretreat-
ment was used to block a-adrenergic receptors. **P < .05;
***P < .001. (Redrawn from Kim and Dorscher-Kim" with per-
mission.)

blood flow. However, the relatively low overall

metabolic activity of the pulp suggests that

metabolic control of pulpal blood flow may not

be a major regulatory mechanism for the entire

dental pulp.

Neuronal regulation of pulpal blood
flow

In contrast to the relative dearth of studies evalu-

ating metabolic control of pulpal blood flow, nu-

merous investigations have characterized neu-

ronal regulation of pulpal blood f1ow.Three major

neuronal systems are implicated in the regulation

of pulpal blood flow: sympathetic fibers, parasym-

pathetic fibers, and afferent (sensory) fibers.

Sympathetic nerves and the regulation of

pulpal blood f lov

Dental pulp is innervated by the sympathetic ner-

vous system .42,10,51 The sympathetic fibers termi-

nate as free nerve endings in pulp and innervate

predominantly the arterioles, although other ves-

sels also receive some innervation.2,51-53 Depolar-

ization of sympathetic nerve fibers in pulp from

animals or humans leads to the local release of

several neurotransmitters, including norepine-

phrine, neuropeptide Y (NPY), and adenosine

triphosphate, which constrict vessels expressing

the appropriate receptors. Studies conducted
with human dental pulp have confirmed that

norepinephrine is present in pulp, is released

from local terminal endings in pulpal tissue, and is
regulated by several presynaptic receptors. 54-5 s

The distribution of sympathetic fibers is highest

in blood vessels in the pulp horns near the odon-

toblastic region and is lowest in the apical region

of mouse molars . 59

Activation of the sympathetic nervous system

reduces pulpal blood flow. Electrical stimulation

of sympathetic efferent nerves reduces pulpal

blood flow via local release of neurotransmitters

in the pulp. 60 At the resting stage, pulpal vessels

are not under the tonic influence of sympathetic

nerve discharge. However, electrical stimulation

of the cervical sympathetic trunk causes a pro-

nounced reduction of pulpal blood flow in the

dog, cat, and rat , 46,61-65 owing to activation of a-

adrenergic receptors. 33,39,66,67 Stimulation of pulp-

al sympathetic fibers reduces pulpal blood flow

by more than 80%; this effect is blocked by pre-

treatment with an a-adrenergic receptor antago-

nist, phenoxybenzamine (Fig 6-12).

Reflex excitation of the entire sympathetic ner-

vous system by experimental hypotension (nitro-

prusside infusion and graded hemorrhage) or de-

crease in systemic oxygen transport (extreme

hemodilution and hemoconcentration) also causes

pulpal vasoconstriction and a reduction of pulpal

blood flow. 42,47 Similar studies have been conduct-

ed in human dental pulp; results indicated that sys-

temic alterations of the activity of sympathetic

nervous system produce alterations in pulpal

blood flow. 67 Thus, activation of the sympathetic

fibers innervating dental pulp by either local or re-

flexive activity produces a profound reduction in

pulpal blood flow.
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Administration of sympathetically derived neu-

rotransmitters also reduces pulpal blood flow.The

catecholamines, such as epinephrine and nor-

epinephrine, exert their physiologic effects on a-

adrenergic and B-adrenergic receptors in the

blood vessels. The a-adrenergic receptors are re-

sponsible for contraction of vascular musculature

and produce vasoconstriction. Norepinephrine-in-

duced reduction in pulpal blood flow is mediated

by activating a-adrenergic receptors, because pre-

treatment with an a-adrenergic receptor antago-

nist blocks the effect (see Fig 6-12). 33,39,66 This

general finding has been replicated in numerous

studies and several species. 46,47,61,63 In addition, ad-

ministration of the a,-adrenergic agonist phenyle-

phrine causes a sharp decrease of pulpal blood

flow that is blocked by pretreatment with the a l -

adrenergic antagonist prazosin. Administration of

the a2adrenergic agonists results in a less pro-

nounced reduction in pulpal blood flow than

does a1-adrenergic receptor activation. 68-70

In anesthetized dogs, the infiltration injection

of 2% lidocaine with 1:100,000 epinephrine pro-

duces a significant reduction in pulpal blood

flow, whereas 3% mepivacaine without epine-

phrine increases it (Fig 6-13). The effect of the

former is due to the catecholamine component,

because injection of plain 2% lidocaine produces

a vasodilatory effect. Thus, a, -adrenergic recep-

tors appear to be primarily responsible for medi-

ating reduced pulpal blood flow by either en-

dogenous catecholamines (eg, stimulation of

pulpal sympathetic fibers) or exogenous adrener-
gic agonists (eg, administration of "vasoconstric-

tors" in local anesthetics).

Neuropeptide Y (NPY) is another sympatheti-
cally derived neurotransmitter that is co-localized

in terminals with norepinephrine. Human dental

pulp contains NPY in sympathetic fibers, and

pulpal blood vessels express the Y l class of NPY

receptors . 2,72,73 Figure 6-14 illustrates the perivas-

cular distribution of pulpal nerves that express

NPY immunoreactivity. 2 Administration of NPY to

dental pulp reduces pulpal blood flow via vaso-

constriction. 74 Administration of NPY produces a

reduction in pulpal blood flow that is similar in

Fig 6-13 Effect of infiltration anesthesia using 2% lidocaine
with 1:100,000 epinephrine or 3% mepivacaine on pulpal
blood flow in anesthetized dogs. Pulpal blood flow was mea-
sured with the microsphere injection method. (Redrawn from
Kim" with permission.)

magnitude to that produced by electrical stimula-
tion of the sympathetic fibers that innervate the

pulp (Fig 6-15).

Stimulation of B-adrenergic receptors causes a
relaxation of the vascular musculature. Pulpal

blood vessels respond to B-adrenergic agonists,75

but the B-adrenergic receptors may be expressed

at relatively low levels. 33 The local administration

of isoproterenol, a B-adrenergic agonist, to ex-

posed dentinal tubules produces a vasodilatory

effect, as measured by dose-related increases in

pulpal blood flow. 75,76 In contrast, the injection of

systemic (intra-arterial) or larger doses of isopro-

terenol causes an initial increase and subsequent

decrease in pulpal blood flow in dogs. 46,75-77

Three hypotheses have been advanced to ex-

plain this biphasic finding.39,76 First, the reduction

in pulpal blood flow following intra-arterial ad-

ministration of isoproterenol may result from

"stealing" of blood flow by the adjacent tissues,

which have a much greater vasodilator response

to isoproterenol.38,77 Second, the effect of sys-

temic isoproterenol may have been due to active
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Fig 6-15 Effects of neuropeptide Y (NPY) administration (1.3
to 2.0 mg/kg) and electrical stimulation of the sympathetic
fibers that innervate dental pulp on pulpal blood flow in anes-
thetized cats. (Redrawn from Kim et al74 with permission.)

Fig 6-14 Light micrograph showing a perivascular meshwork
of neuropeptide Y-immunoreactive (NPY-IR) nerves. The
meshwork consists of both fine nerve fibers (a) and medium-
sized nerve fibers (b). Terminal varicosities are numerous in
the fine fibers, but there are only a few in the medium-sized
fibers. The vascular axis is horizontal. (Reprinted from Zhang
et ale with permission.)

AVA shunting, especially in the apical region of

the dental pulp. Third, the biphasic effect may

have been due to initial vasodilation of pulpal ar-

terioles, leading to an increase in pulpal interstitial

pressure. This increase in interstitial pressure then

led to a collapse of pulpal venules and reduced

pulpal blood flow. 39,46,47 There is strong evidence

to support this third potential mechanism, and in-

creased interstitial pressure may serve as an

edema-preventing mechanism because it will lead

to increased lymphatic outflow.

Parasympathetic nerves and the regulation of
pulpal blood f low

The parasympathetic nervous system does not

appear to have as dominant a role in regulating
pulpal blood flow as the sympathetic nervous

system, and some investigators have suggested

that the former may be a relatively minor player

in the regulation of pulpal circulation.70

The two major neurotransmitters derived from

parasympathetic fibers are acetylcholine and va-

soactive intestinal polypeptide (VIP). Histologic

studies have suggested the existence of pulpal

parasympathetic fibers in dental pulp. Acetyl-

cholinesterase (ACNE) is a key enzyme in the

degradation of acetylcholine and has been found

in dental pulp.50,79 However, the presence of AChE

is not a selective marker for parasympathetic

fibers. Moreover, at least some species do not pos-
sess a parasympathetic (cholinergic) vasodilator

mechanism.33.82 The local administration of acetyl-

choline to exposed dentinal tubules had been
shown to produce an increase in pulpal blood
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flow, and this effect is blocked by the muscarinic

receptor antagonist, atropine .75,76 Immunoreactive

VIP is present in pulp, and the intra-arterial injec-

tion of VIP also increases pulpal blood flow.

However, the existence of neurotransmitters and

receptors does not necessarily indicate that they

are derived from parasympathetic fibers, and the

magnitude of parasympathetic contribution to

pulpal blood flow appears low.

Peptidergic afferent fibers and the regulation of

pulpal blood flow

Dental pulp is innervated by sensory neurons

originating from the trigeminal ganglion. Al-

though these neurons are classified as sensory

(ie, afferent), they have major efferent functions

because of their release of neuropeptides from

their peripheral terminals, innervating tissues

such as dental pulp (see chapter 7) . 7°,84-86 Neu-

ropeptides released from these fibers include

substance P and calcitonin gene-related peptide

(CGRP).

It has been estimated that about 80% of neu-

ropeptides such as substance P are transported to

the peripheral terminals of these afferent fibers

rather than to their central terminals. Thus,

there is a substantial pool of these neuropeptides

in peripheral terminals. This "sensory" system of

afferent fibers plays a major role in modulating

pulpal circulatory and immune systems via pe-

ripheral release of neuropeptides (see chapters 7,

11, and 15). Studies conducted in dental pulp in-

dicate that sensory-derived neuropeptides, such

as Immunoreactive substance P, CGRP, and neu-

rokinin A, terminate primarily near blood vessels,

although some free nerve endings are also ob-

served. Both substance P and CGRP are
released from terminals of pulpal nociceptors

consisting of certain unmyelinated C91 and thinly
myelinated A-delta 92,93 fibers. Other studies have
demonstrated that the appropriate receptors for

these neuropeptides are also found in dental

pulp. 94,95

Activation of trigeminal sensory neurons has

several effects on the pulpal circulatory system.

Antidromic stimulation of sensory nerves induces

Fig 6-16 Effect of denervation of a sensory nerve on peak
pulpal blood flow after electrical stimulation of the enamel
(five impulses 2 Hz at 50 uA), application of capsaicin (1
mmol/L), or application of bradykinin (1 mmol/L) to exposed
dentinal tubules. Pulpal blood flow was measured with a laser
Doppler flowmeter (LDF). Denervation was accomplished by
transsection of the inferior alveolar nerve 10 days prior to the
experiment. The contralateral nerve was used as the control.
( Data from Olgart.102)

pulpal vasodilation and increases pulpal blood

flow. 4,48,86,96-98 This is a powerful system; stimula-

tion of just a single pulpal C fiber is capable of in-

ducing a detectable increase in pulpal blood

flow.98 In contrast, electrical stimulation of dener-

vated pulp has no effect on pulpal blood flow

(Fig 6-16).

The effect of electrical stimulation is inhibited

by pretreatment with antagonists to the recep-

tors for substance P or CGRP, and is greatly dimin-

ished after 4 to 5 hours of stimulation. 86,99

These studies suggest that finite pools of sub-

stance P and CGRP are available for regulation of

pulpal blood flow, requiring replenishment via

axonal transport from the neuron's cell bodies, lo-

cated in the trigeminal ganglion.

Activation of capsaicin-sensitive fibers in den-

tal pulp increases pulpal blood flow. Cap-

saicin is an extract of hot chili peppers and caus-

es pain (ie, activates polymodal nociceptors)

when eaten or injected, because capsaicin's re-

ceptor (VR1) is expressed on a major subclass of
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nociceptors, including unmyelinated C fibers and

some lightly myelinated A-delta fibers. 93,106 Activa-

tion of pulpal nociceptors with capsaicin evokes

the peripheral release of neuropeptides such as

substance P and CGRP 107

Given these findings, it is not surprising that

the application of capsaicin to exposed dentinal
tubules increases -pulpal blood flow in intact

teeth but not teeth that have been previously

denervated (see Fig 6-16). Repeated application

of capsaicin reduces the vascular response, possi-

bly because of neuropeptide depletion or de-

struction of the terminals. 93,103 These and other

findings (see chapter 7) support the conclu-

sion that capsaicin-sensitive fibers represent a

major source of the substance P and CGRP that
regulates pulpal circulatory responses.

There is evidence that the basal rate of release

of CGRP and, to a lesser extent, substance P, regu-
lates resting pulpal blood flow. In the ferret dental

pulp, this resting vasodilator tone is due to tonic

release of CGRP, substance P, and nitric oxide. 1 00,101

The intra-arterial infusion of the CGRP receptor

antagonist, CGRP(8-37) , results in a 32% reduction in

basal pulpal blood flow (Fig 6-17). The administra-
tion of the neurokinin 1 substance P receptor an-

tagonist, SR 140,333, produces a 17% decline in

basal pulpal blood flow. These results suggest that
the basal tonic release of these neuropeptides in

dental pulp plays an important role in regulating

basal vasodilatory state and therefore pulpal

homeostasis.

Studies have indicated that the peripheral re-

lease of afferent neuropeptides such as substance

P and CGRP has additional effects besides vasodi

lation. For example, these neuropeptides are

known to produce plasma extravasation in other

tissues as well as in dental pulp.107-109 Plasma ex-

travasation increases outflow of fluid from the

vascular compartment as well as inflammatory

mediators normally sequestered within the vascu-

lar compartment (eg, the kinin system). Thus, tis-

sue injury may activate these high-threshold noci-

ceptors, sending signals back to the brain as well

as initiating neurogenic inflammatory responses

(see chapter 7).8' , 86 Moreover, prolonged sensory

nerve stimulation leads to an accumulation of im-

mune cells in dental pulp.86

The administration of neurotransmitters de-

rived from trigeminal sensory neurons also evokes

major effects on pulpal circulation. Administration

of exogenous substance P and CGRP induces va-

sodilation in pulpal vasculature. 76,109-113 The direct

application of substance P to exposed dentinal

tubules leads to vasodilation, whereas the intra-ar-

terial injection of substance P has been reported

to produce biphasic effects (an initial vasodilation

followed by a vasoconstriction).76 It is unclear

whether these contrasting effects are the results

of differences in dose, route of injection, methods

of measurement, physiologic responses, or species

studied. However, substance P-induced vasodila-

tion is a consistent observation.

Both CGRP and substance P exert their effect

predominantly on precapillary vessels, whereas

nitric oxide acts predominantly on postcapillary

vessels.' °° In the mature rat molar pulp, the main

targets for substance P acting through the neu-
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rokinin 1 receptors are blood vessels in the odon-

toblastic and subodontoblastic layer. 94

Given the importance of the trigeminal senso-

ry neurons in regulating basal and stimulated

pulpal blood flow, it is not surprising that other

systems act to modulate the release of these neu-

ropeptides. There is strong evidence that sympa-

thetic fibers act to inhibit the release of sub-

stance P or CGRP via presynaptic actions (see

Fig 6-11). Evidence supports both an

adrenergic and NPY mechanism for inhibiting

these fibers. Other studies have shown

that bradykinin and prostaglandins enhance re-

lease of CGRP from dental pulp terminals and

that the ability of bradykinin to increase pulpal

blood flow is significantly reduced in denervated

animals"' (see Fig 6-16).Thus, the peripheral re-

lease of substance P and CGRP can be presynap-

tically modulated, resulting in either reduced or

enhanced release. 107

Paracrine/endocrine regulation of
pulpal blood flow

Another group of factors that regulates pulpal

blood flow is substances of paracrine or en-

docrine origin. Paracrine factors are locally pro-

duced or released at their site of action and do

not circulate in the bloodstream. Endocrine fac-

tors are released from a distant gland and circu-

late in the bloodstream to modify the activity of

the target cell. An example of hormones thought

to participate in regulation of pulpal blood flow

include circulating epinephrine and norepi-

nephrine, although the magnitude of this effect

may be relatively small.

There are several examples of paracrine fac-

tors that regulate pulpal blood flow. One factor is

bradykinin. Bradykinin is locally produced at a

site of inflammation via plasma extravasation of

its precursor (kininogen) and releasing enzyme

(kallikrein) that normally circulate in the blood-

stream. 117 Bradykinin levels are elevated in irre-

versible pulpitis, 118 and the application of brady-

kinin increases pulpal blood flow. 76,102 About one

half of bradykinin's effect is lost in denervated

pulp, suggesting that this paracrine factor acts
partly by activating sensory neuron release of

neuropeptides and partly by a direct action on

pulpal vasculature (see Figs 6-11 and 6-16).
Bradykinin has been shown to evoke prosta-

glandin release from a number of tissues, and the

two inflammatory mediators can produce additive

or synergistic effects when coadministered to

pulp.,16 The coadministration of indomethacin, a

cyclooxygenase inhibitor, with bradykinin signifi-

cantly reduces the effect on pulpal blood flow

compared to that produced by bradykinin alone. 76

Microsphere studies have indicated that

bradykinin can produce a biphasic effect on put-

pal blood flow similar to that induced by other

substances. 119 One interpretation of the biphasic

flow response is related to the low-compliance

environment of the tooth, in which active arterio-

lar vasodilation increases interstitial hydrostatic

pressure, which in turn could increase flow resis-

tance by compression of venules, thereby causing

a reduction in pulpal blood flow.

A second example of a paracrine factor is the

prostaglandins. As mentioned, prostaglandins en-

hance the effect of bradykinin on increasing pulp-

al blood flow,' and prostaglandin levels are ele-

vated in samples of dental pulp with the clinical

diagnosis of irreversible pulpitis. 120 Administration

of prostaglandin E 2 increases pulpal blood flow

by more than 60% over basal levels and induces a

moderate degree of plasma extravasation. 119,121

A third example of a paracrine factor is his-

tamine. Histamine increases pulpal blood flow to

a moderate extent but produces a profound in-

crease in plasma extavasation. 76,119 Histamine's

effect on blood flow is reduced by pretreatment

with diphenhydramine, a histamine receptor an-

tagonist. 76 The effect of histamine on plasma ex-

travasation is also reduced by pretreatment with

ciproxifan or BP 2-94, antagonists to the H 3 his-

tamine receptor. 122 Compared to administration

of histamine alone, administration of the combi-

nation of histamine with prostaglandin E 2 pro-

duces relatively little change in pulpal blood

flow but evokes nearly 50% greater plasma ex-

travasation. 119
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Fig 6-18 Effect of infiltration injection and intraligamentary in-
j ection of 2% lidocaine with 1:100,000 epinephrine on pulpal
blood flow in canine teeth of anesthetized dogs (N = 5 or 6
per group). The same local anesthetic was used for the two
routes of injection, but the injection volume differed. (Data
from Kim" and Kim et al. 124)

Circulatory Responses to
Dental Procedures,
Inflammation, and Drugs

Effect of local anesthetics on pulpal
circulation

Vasoconstrictors are added to local anesthetic

agents for the purpose of prolonging the anesthet-

ic state and for obtaining a deeper anesthesia.This

effect is the result of arteriolar vasoconstriction,

which reduces pulpal blood flow primarily by in-

creasing vascular resistance (see Fig 6-11). Several

studies have characterized the reduction in pulpal

blood flow that occurs following local anesthetic

injection with various vasoconstrictors such as

epinephrine. 123,124 At doses of epinephrine ex-

ceeding 10-8 mol/L, the pulpal vessels collapse

and total ischemia of the pulp results. 125

Fortunately, dental pulp recovers from these

periods of reduced pulpal blood flow. Langeland's

classic study 126 demonstrated that human dental

pulp is not damaged permanently by injections of

local anesthetic agents. Others have shown that

the metabolic activity of rat pulps after 2 to 5

hours of ischemia is not significantly different

from that of control pulps. 127 These investigators

concluded that the anaerobic metabolic activity of

the dental pulp would enable it to survive the

vasoconstrictioe action of the local anesthetic. In

clinical usage, the vasoconstricting effect of

epinephrine may be reduced by some local anes-

thetics, such as lidocaine, which possesses a va-

sodilating effect.

Both infiltration and intraligamentary routes of

injection of local anesthetic with vasoconstrictor

produce a profound reduction in pulpal blood

flow (Fig 6-18).Although both routes of injection

were made with the same local anesthetic (2% li-

docaine with 1:100,000 epinephrine), the infiltra-

tion route of injection produced about a 50%

greater reduction in pulpal blood flow than did

the intraligamentary route of injection. 71,124 This

difference is most likely due to the difference in

the injection volume (ie, dose) used in infiltration

and intraligamentary techniques.

The reduction in pulpal blood flow is due to

the presence of the vasoconstrictor, because in-

jection of lidocaine alone actually causes an in-

crease in pulpal blood flow and has limited suc-

cess in obtaining anesthesia. 71 Similar results

have been found in clinical trials, in which epine-

phrine (1:80,000) increases the duration of 2% li-

docaine anesthesia from 25 to 100 minutes after

infiltration injection. 12' Although the vasocon-
strictor is necessary for successful anesthesia

through these routes of injection, 128,129 there is

no significant difference between intraligamental

injection of 2% lidocaine with 1:100,000

epinephrine and 2% lidocaine without 1:100,000

epinephrine in onset of anesthesia in the cat. 130

Effect of dental procedures on pulpal
circulation

Restorative or prosthetic dental procedures
Dental procedures alter pulpal microcirculation

via two major routes: thermal stimulation when

handpieces or certain techniques are used and
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Fig 6-19a Vascular cast of a first molar 4 hours after cavity
preparation with a carbide bur in a high-speed handpiece
without water spray. Presence of extensive plasma extravasa-
tion (arrow), as indicated by leakage of resin into the interstitial
space. The terminal capillary network on the superficial layer
of pulp never showed any particular changes. (Reprinted from
Takahashi with permission.)

Fig 6-19b High-magnification view of a vascular cast of a
mandibular premolar 1 week after cavity preparation. Furrows
(arrows) located between the glomerulus-like network (G) and
normal network. Bar = 100 um. (Reprinted from Takahashi
with permission.)

the effect of dental treatment, including restora-
tive materials. The effects of restorative materials

(see chapters 4, 14, and 15) and thermal stimula-

tion (see chapter 16) on dental pulp are discussed

elsewhere in this text. This chapter will focus on

circulatory responses to dental procedures.

It is critical that clinicians use water spray to

control heat buildup when performing restorative

or prosthetic dental procedures. Heat generated

by tooth preparation can cause major changes in

the pulpal microcirculation, including extensive

plasma extravasation. Figures 6-19a and 6-19b

show a vascular cast of a dog molar 4 hours and 1

week, respectively, after cavity preparation with-
out water spray. 131 The development of plasma ex-

travasation is indicated by the extensive leakage

of resin near the site of the cavity preparation.

Other studies have replicated the finding that

water spray minimizes the development of pulpal

inflammatory changes after restorative proce-

dures. Figure 6-20 illustrates the effect of water

spray on pulpal blood flow after crown prepara-
tion. 132 Crown preparation without water spray

causes about a 95% reduction in pulpal blood

flow by 1 hour after preparation. In contrast, the

use of water spray virtually eradicates any alter-
ation in pulpal blood flow. The reduction in coro-

nal pulp blood flow is the result of an increase in

blood flow through the apically positioned AVA
shunts and a redistribution of blood flow from the

drilled side to the opposite side of the pulp. 43,119

What physiologic system mediates this large
response in blood flow in coronal pulp? Of the

several potential factors known to regulate pulpal

blood flow (see Fig 6-11), the trigeminal sensory
nerves appear to mediate pulpal circulatory re-

sponses to cavity preparation. This was demon-

strated in an elegant study in which cavity prepa-
rations were performed in control and denervated

teeth (Fig 6-21). Denervation of the inferior alveo-

lar nerve reduces the peak pulpal blood flow re-
sponses by about 75% in shallow dentinal prepa-
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Fig 6-20 Effect of crown preparation with and without the
use of water spray on pulpal blood flow. Pulpal blood flow
was measured at a control period, at one-half completion of
crown preparation (50% prep), at the completion of the crown
preparation (Full prep), and 1 hour after completion of the
preparation. (Redrawn from Kim et al'" with permission.)

Fig 6-21

	

Effect of dentin grinding on pulpal blood flow in con-
trol teeth and inferior alveolar nerve-d enervated teeth. Flow
was measured with a laser Doppler flowmeter. Dentin was
stimulated by grinding with a low-speed handpiece (1.5-mm
round diamond) three times, each time for 1 second. 'P < .05.
Shallow preparations were in outer dentin. Deep preparations
were in inner dentin. (Redrawn from Olgart et al133 with permis-
sion.)

rations.133 Collectively, these studies indicate that

water spray plays a critical role in reducing pulpal

inflammatory responses to dental preparation

procedures and that the absence of water spray

induces a circulatory response that is mediated

primarily by activation of trigeminal sensory

nerves in tooth pulp.

A systematic evaluation of changes in micro-

circulatory dynamics following various dental

procedures and materials currently used in den-

tistry has obvious clinical importance in minimiz-

ing pathophysiologic pulpal responses.The place-

ment of zinc phosphate cement at the base of a

Class V preparation results in a biphasic response
to pulpal blood flow; an initial 33% increase is fol-

lowed by a subsequent 33% decrease in blood

flow after the cement hardens. 134 Acid etching of
rat incisors with 36% phosphoric acid produces a

minimal effect when done over 15 to 20 seconds

but produces a profound vasoconstriction when
continued for longer periods (eg, 60 seconds),

with up to 40% of tested pulps showing stasis of

blood flow. 135

Longer-term effects following restorative dental

procedures can also occur. Many of these changes

are mediated via diffusion of substances through

exposed dentinal tubules (see chapters 4, 14, and

15). For example, the application of zinc phos-

phate base to shallow cavity preparations results

in a 40% to 50% elevation of pulpal blood 1 week

and 1 month after completion of treatment. 136

Mechanical, chemical, and microbiologic irrita-

tion of dentin under a provisional restoration

could cause severe hyperemia when there is no

adhesive lining. It is of vital importance that the

freshly exposed dentin surface be covered secure-

ly. Application of adhesive resins to coat freshly
exposed dentin seems to provide a new tech-

nique for minimizing pulpal irritation for indirect

restoration. 1 37

Endodontic therapy
If the pulp is partially extirpated during endodon-
tic therapy, a profuse hemorrhage may result be-

cause of the,rupture of wide-diameter vessels in

the central part of the pulp. There would be less
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hemorrhage if the pulp were extirpated closer to

the apex of the tooth. Therefore, excessive bleed-

ing during instrumentation of the canal may indi-

cate that some pulpal tissue remains in the apical

portion of the root canal. The apex locator is use-

ful for detecting the position of the apical fora-

men in such cases. 138,139

Kishi et al140 reported that a flat and dense vas-

cular network is newly formed 1 week after pulp-

otomy in dog molars. Eight weeks after pulpoto-

my, the vascular network just beneath the thick

dentin bridge consists of three normal layers. Un-

fortunately, because of the location of the remain-

ing pulpal tissue, neither electrical nor thermal

testing can determine the vitality, and hence the

presence of circulation, in the apical portion of

the pulp. 141

Orthodontic therapy

Orthodontic treatment has substantial effects on

the microcirculatory system of the dental pulp.

Following localized tooth movement, a steady

and significant increase in blood flow can be ob-

served not only in the periodontal tissues but

also in the pulp.142 At later time points, orthodon-

tic movement stimulates a large and coordinated

sprouting in pulpal nerve terminals and blood

vessels.143 This has raised the hypothesis that or-

thodontic movement leads to an increase in pulp-

al concentrations of angiogenic growth factors.

Indeed, extracts of human pulp taken after or-

thodontic movement have increased concentra-

tions of angiogenic factors and show increased

growth of blood vessels even when cultured in

vitro. 144,145 Other studies have shown that growth

factors, including vascular endothelial growth fac-

tor, are embedded in dentin and are released

from the matrix following injury (see chapter

3). 146 Thus, it is possible that dental procedures

that lead to release of these growth factors from

the dentin matrix may result in enhanced angio-

genesis.

Orthognathic surgery

Occlusal abnormalities may be corrected by max-

illary or mandibular segmental osteotomies. At-

tempts have been made to determine the effects

of such procedures on the blood flow to the oral

mucosa, bone, and dental pulp. Techniques that

have been used for this purpose include microan-

giography147 isotope fractionization and particle

distribution, 148 hydrogen washout technique,149

and laser Doppler flowmetry (LDF).150 Of all the

tissues, pulpal blood flow was most severely de-

creased (by 82%) immediately after surgery.149
However, blood flow has been reported to be

reestablished at later time points.

More recent studies using a laser Doppler

flowmeter have reported that, although pulpal

blood flow is detectable 6 months after a Le Fort

I procedure, it is still significantly lower than pre-

operative levels.1 5 1 Early studies have claimed

that tooth pulp responses to thermal and electri-

cal stimuli return to normal in more than 90% of

patients, 152,153 although recovery of pulpal sensi-

tivity may take days or weeks.1 54 Thus, preemp-

tive endodontic therapy or extraction is not war-

ranted in patients undergoing these types of

surgeries unless there is evidence of periradicu-

lar pathoses. 155

Inflammation

A number of inflammatory mediators that are re-

leased after pulpal injury may have direct effects,

or indirect effects via modulation of trigeminal

sensory nerve fibers, on pulpal vasculature (see

Fig 6-11). Previous sections of this chapter have al-

ready reviewed several of these mediators, includ-

ing bradykinin, prostaglandins, and histamine.

The two major actions of mediators of acute

inflammation are alterations in pulpal blood flow

and increases in capillary permeability, leading to

plasma extravasation. The increased permeability

of the vessels permits the escape of plasma pro-

teins and leukocytes from the capillaries into the

inflamed area to carry out neutralization, dilution,

and phagocytosis of the irritant. In the acute pul-

pitis stage following cavity preparation without

water coolant, increased permeability of blood

vessels is seen not in the superficial, terminal cap-

illaries just beneath the cavity but in the venular

and capillary networks. In the inflamed pulp, vas-
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cular loops, AVA shunts, increased blood flow, and

increased lymphatic outflow may represent pro-

tective changes against inflammation. 22,24,29,131

The introduction of bacterial plaque into den-

tal pulp or the administration of bacterial lipo-

polysaccharide induces profound alterations in

pulpal blood flow. Pulpal blood flow can increase

up to 40% over control levels in dental pulp mod-

erately inflamed with bacterial plaque." 9 As pulp

becomes partially necrotic, there is a reduction in
blood flow. 119 In other studies, application of bac-

terial lipopolysaccharide to pulp has resulted in a

large increase in pulpal prostaglandins, leuko-
trienes, and plasma extravasation.28,119,156 Thus,

bacteria and their by-products produce profound
circulatory responses in dental pulp.

During chronic inflammation, pulpal tissue

pressure is elevated, although not as greatly as it
is during acute inflammation . 28,37 The muscular

elements in the microcirculation reestablish con-

trol over capillary pressure. Capillary permeabili-

ty is gradually decreased as repair occurs.

In severe inflammation, the lymphatic vessels

are closed, resulting in persistently increased

fluid and pulpal pressure. The final result may be

pulpal necrosis. Care must be taken, however, to

assess the vital pulp restricted to the apical por-

tion of the root in teeth with eoronal necrosis. 141

In addition, histologic and physiologic changes,

including pulpal tissue pressure, 34,38 could take
place at the site of inflammation, while the neigh-

boring region shows no sign of inflammation . 4
Thus, total pulpal necrosis represents the gradual

accumulation of local necrosis.

Detection of Pulpal
Circulation As a
Diagnostic Test

Given the essential role of the pulpal microcircu-

lation in maintaining the health of this tissue, it is

not surprising that the circulatory status of dental

pulp has been proposed by clinicians to assess

the vitality of this tissue. Several general methods

have been used to clinically evaluate pulpal circu-

lation, including LDF, pulse oximetey, and trans-

mitted-light photoplethysmography.

Laser Doppler flowmeters are based on the

principle that reflected light from blood flow will

demonstrate a Doppler (frequency shifting) ef

fect, depending on the relative velocity of the

blood flow compared to the probe. Several stud-

ies have suggested a reliability of greater than

80% to 90% for LDF assessment of vitality. 1 57-166

However, others have observed lower levels of re-

liability or technical difficulties, including the po-

tential confounding factor that up to 80% of the

signals measured by LDF originate from the peri-

odontal tissue. 151,166-169 The use of a dual-probe
LDF system has been suggested to increase the

reliability of this method, as has the use of a 633-

nm laser source placed 2 to 3 mm above the gin-

gival margin. 158,164The method is contraindicated

in heavily restored teeth and teeth with apical vi-

ability (because LDF probes detect only eoronal

pulpal blood flow). 165

The use of a pulse oximeter is a clinically ac-

cepted technique for evaluating oxygen saturation

of tissues. Pulse oximeters are often configured as

forger or ear probes. Pulse oximeters have been

used to assess pulpal vitality; some studies have re-

ported greater success 166,167 than others. 168 Al-

though the pulse oximetry approach is promis-

ing, additional developmental research should be

conducted before this method is considered clini-

cally acceptable.

Transmitted-light photoplethysmography 169,170

may be useful for vitality testing of young perma-

nent teeth. 163,171 Validation studies have reported

that 565 nor gives a peak intensity of signal when

transmitted-light photoplethysmography is used
on extracted teeth.170

Although promising, these current techniques

suffer from concerns about sensitivity, specificity,

and ease of use. However, given the central im-

portance of their approach (assessment of pulpal

microcirculation as a measure of pulpal vitality),

it is hoped that future research and development

will lead to the introduction of methods that are
reliable, valid, and easy to apply.
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Nerve Supply of the
Pulpodentin Complex
and Responses to Injury
Margaret R. Byers, PhD; Matti V O. Narhi, DDS, PhD

The pulpodentin complex is among the most

densely innervated tissues in the body, yet we

rarely perceive sensations from this structure

unless a tooth is injured or inflamed. Many ques-

tions have arisen about this tissue. Why is there
so much innervation? Where do those fibers end

and how are they activated? Why do we just feel

pain from teeth? What are those nerve fibers
doing when our teeth are not hurting? Why do

so many dentinal tubules contain nerve fibers?

How do nerve fibers react to injury, and what do
they contribute to healing? What (if anything) do

odontoblasts or other pulpal cells contribute to

tooth pain? Conversely, what do nerve fibers

contribute to pulpal, dentinal, odontoblastic,

inflammatory, and immune functions? Questions

such as these have been asked about dental

innervation for more than a century. 1-28 Our

improved understanding over the past several

decades has depended on development of addi-

tional techniques for visualizing pulpal innerva-

tion and for testing sensory functions. Highlights

from the extensive literature in this field, first

related to structural issues and then to physiolo-

gy, are cited in this chapter. Other chapters in

this text cover the related topics of central

mechanisms of pain (chapter 8), pharmacologic

management of pain (chapter 9), and differential

diagnosis of odontogenic and nonodontogenic

dental pain (chapter 20).

Preservation of enamel over many decades

requires healthy dentin and pulp, and sensory

nerve fibers have important interactions with

other pulpal cells, such as odontoblasts, fibro-

blasts, blood vessels, and immunocompetent cells,

that contribute to pulpal survival. l6-28 For exam-

ple, the profuse innervation of pulp and dentin
contains many neuropeptide-rich fibers that can

release those peptides when stimulated. The tim-

ing, concentration, and location of secreted neu-

ropeptides act as important signals for other pul-

pal cells about the status of the tooth (see also

chapter 8). Neural agents are an important signal

for neurogenic inflammation, for stimulation of

repair, and for assisting with the everyday "house-

keeping" functions in the dentin-pulp border area.

Similarly, pulpal fibroblasts make neurotrophin

growth factors such as nerve growth factor

(NGF).They alter their expression of those factors

after injury, and those changes are detected by

odontoblasts, immune cells, and nerve fibers that

express the high affinity receptor for NGF.29,30
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During different phases of injury and healing, the

nerve fibers (and other cells) adjust their respons-

es either to enhance their defense and tissue

repair phenotypes or to begin returning to the

normal resting condition, depending on the
homeostatic needs of the pulp.

Cells in the dental pulp respond directly to

endocrine, paracrine, and autocrine signals. Nerve
fibers, however, have their control center (ie, cell

body) located far away in the trigeminal ganglion

for sensory neurons, and in the cervical sympa-
thetic ganglia for sympathetic fibers (Fig 7-1).

Thus, retrograde axonal transport is required to

bring many of the tissue factors to the neuronal

cell body, and then new neuropeptides, recep-

tors, or ion channels are sent back out to the end-
ings via anterograde transport.31 These sequential

axonal transport signals alter neuronal gene

expression and phenotype, but the round trip to
and from the cell body requires at least several

hours and can take up to several days (Fig 7-2a).

The electrophysiologic signals also contribute to

tooth protection, of course, when they trigger

pain and defensive reflexes via action potential

signaling (Fig 7-2b).32 The distinction between
very rapid signals via action potentials that travel

along nerve membranes and the much slower

chemical signals carried by axonal transport is
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Normal Anatomy of Dental Innervation

Figs 7-2a and 7-2b The two main information systems for neurons: axonal transport (a) and elec-
trophysiologically conducted action potentials (b). For axonal transport, specific molecules in vesi-
cles or cytoplasm can go in the retrograde direction, from the endings (receptive or central synaptic
endings) to the cell body, or in the anterograde direction, from the cell body out to the endings. The
rates of axonal transport vary from 1 to 400 mm/day for the anterograde, and from 50 to 100
mm/day for the retrograde system, both of which are much slower than the conducted action
potentials. Local cells, such as odontoblasts, fibroblasts, dendritic cells, blood vessels, smooth
muscle cells, and immune cells, modulate the activity of sensory receptive endings of somatosen-
sory neurons. At the central endings there are modulatory interactions with glia, local neurons,
axons from higher centers, endocrine, and immune signals. The receptive generator sites in the
nerve endings detect tissue stimuli such as mechanical, thermal, chemical, and inflammatory sig-
nals. Their conducted action potentials usually travel from periphery to central endings, where they
trigger synaptic communication with central neurons. The signals in some cases ('), such as axon
reflex, travel in the opposite direction out to the peripheral endings, where they stimulate the secre-
tion of neuropeptides and other neural agents.

important to the understanding of the functions

of sensory nerves in teeth, their interactions with

pulp, and their injury responses. Additional inter-
actions of nerve fibers with pulp involve endo-

crine, paracrine, and autocrine responses in the

nerve endings, as well as efferent action poten-
tials that backfire the sensory nerve endings and

cause release of neuropeptides. The variety of

nerve-pulp interactive systems and the high den-

sity of sensory innervation in teeth indicate a

powerful role for dental innervation in pulpal

biology and dental injury reactions.

Normal Anatomy of Dental
Innervation

Types of innervation and terminal
locations

The nerve fibers in pulp and dentin are compo-

nents of a larger peripheral nervous system that

also includes sensory innervation of the gingiva,

j unctional epithelium, periodontal ligament,

tongue, lips, mastication muscles, and temporo-
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Fig 7-3 Light microscopic autoradiography of nerve endings in dentin. (a) About half of
tubules in the inner dentin (D) of this monkey canine tooth have autoradiographic label
i ndicating the location of trigeminal nerve endings. PD, predentin. Bar = 0.1 mm. (Modi-
fied from Byers et a1 42 with permission.) (b) Autoradiographically labeled trigeminal nerve
endings in an adult rat molar are concentrated in the tubular dentin (D), while avoiding
the reparative dentin (RD). The predentin (PD) is wider at the innervated regions than it is
for other crown dentin. Bar -- 0.065 mm. (Modified from Byers et a1 43 with permission.)

mandibular joint. Each part of the system con-

tributes different kinds of somatosensory informa-

tion that is needed for tooth use and preservation.

For example, from the gingiva we perceive sensa-

tions of touch, pressure, and temperature via acti-

vation of special mechanoreceptors or thermore-

ceptors. The junctional epithelium is richly

innervated by sensory fibers that release neu-

ropeptides to regulate vasodilation and transmi-

gration of leukocytes across the epithelium into

the oral cavity for defense against oral pathogens.

The periodontal ligament contains many Ruffini

mechanoreceptors from the trigeminal ganglion or

mesencephalic nucleus. These mechanoreceptors

give us our sensations of tooth touch and occlusal

plane during chewing, speech, and swallow-
ing.33-41 Some part of the sensory information

from the periodontal mechanoreceptors may

remain unconscious and subserve automatic

responses needed for the regulation of the mastica-

tory functions. All the orofacial tissues also have

specific and polymodal nociceptive nerve fibers

(eg, silent nociceptors and autonomic nerve fibers)

that initiate acute pain sensation if there is damage

or inflammation. Together, the multiple nerve fiber

systems of these regions provide an integrated reg-

ulatory system acting on teeth and their support-

ing tissues.

The sensory innervation of teeth terminates

primarily in the coronal odontoblast layer, pre-

dentin, and inner dentin (Figs 7-3 and 7-4), and

morphologically it is made up of at least six differ-

ent kinds of nerve fiber, each of which has a pre-

ferred location (see Fig 7-1).3,11,20,41-48 A small pro-

portion is medium-sized (A-beta) myelinated

fibers. They innervate mainly dentin and the

dentin-pulp border near the pulp horn tip and lack

the receptors for the low-affinity NGF receptor.

They are the most sensitive fibers to mechanical

(hydrodynamic) stimulation of dentin. 13,14 The A-

beta fibers form some of the large endings that

make close appositions with odontoblasts (Fig
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7-5), and they probably comprise the endings that

have been shown by Gunji to form a series of large

endings near neighboring odontoblast processes.

About 25% to 50% of dental nerve fibers are

small myelinated (A-delta) fibers that contain the

neuropeptide calcitonin gene-related peptide

(CGRP) and express receptors for NGE Most of

these innervate dentin, predentin, and the odonto-

blast layer in the coronal regions underlying

enamel (see Figs 7-4 and 7-5). 16-20,53-58 The dentin-

al endings occur close to the odontoblast process-

es and may form some type of association with

them, or they may simply be located nearby. No

synaptic or gap junctions have been found for

nerve-odontoblast associations, but a paracrine

signaling mechanism would be facilitated by close

association. Most of the A-delta innervation is con-

centrated in dentin near the pulp horn tip; it is

progressively less frequent toward the cervical

region and least prevalent in the root dentin.Thus,

there are focal regions of dense innervation of

dentin and specific gradients of innervation.There

are also a few slow-conducting thin A-delta fibers

that have capsaicin sensitivity and that may end

primarily in pulp.56
The majority of nerve fibers in teeth are

unmyelinated, slowly conducting C-fibers. Most are
regulated by NGF in the adult, and about half

require NGF during development, while others uti-

lize brain-derived neurotrophic factor (BDNF) or
glial-derived neurotrophic factor (GDNF).29,30,57-61
In spite of varying morphology and terminal distri-

bution, most of the C-fibers of the pulp seem func-

tionally to be quite uniform. They are polymodal

and responsive to capsaicin and to inflammatory

mediators such as histamine and bradykinin. C-

fibers express NGF-receptors and neuropeptides

such as substance P, CGRP, or neurokinin

A.16,41,57-61 They terminate in peripheral pulp or

along blood vessels, and they are mostly activated

by pulpal damage (see below).The C-fiber sensory

population in other tissues such as skin can be

subdivided into at least three groups: specific,

polymodal, and silent. While some dental C-fibers

respond to intense heat or cold, it is not clear that

they differ from the polymodal receptors, as

Fig 7-4 Section showing a portion of the terminal arborization
of a single calcitonin gene-related peptide (CGRP) -immuno-
reactive nerve fiber. Its branches (arrow) spread out parallel to
the dentin-pulp border in the subodontoblast plexus region
and send many terminal branches into the odontoblast layer
( O) and dentin (D). These endings originated from a myelinat-
ed axon that had a diameter of 4 mm in the root nerve (coun-
terstained with methylene blue). Bar = 10 mm. (Modified from
Byers with permission.)

described below. The axon caliber of nerves

entering teeth range from C to A-beta sizes that

then branch and become progressively narrower

in cervical and crown levels until virtually all

preterminal and terminal fibers are unmyelinated

in the cell-rich, cell-free, odontoblast and dentinal

regions (Fig 7-6).

Finer details about anatomic and chemical

subspecializations within the categories of A-beta,
A-delta, and C sensory fibers are still being discov-

ered; therefore, a full picture of dentinal sensory

subtypes cannot yet be given. It has been recog-
nized for some time that these nerve fibers are

dynamic and continually adjusting their associa

tion with pulpal cells and dentin. 9,11,17-20,62 That

ability has been further explained by recent stud-

ies showing growth-associated protein-43 in den-

tal nerve fibers and endings. 63
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Fig 7-5a An autoradiographically labeled trigeminal fiber (N)
i s separated by a small, uniform space (arrow) from an odon-
toblast, as well as from other nerve-like fibers, in a rat molar.
Bar = 0.5 um. ( Modified from Byers" with permission.)

Fig 7-5b This nerve-like fiber (N) in a human tooth maintains
a separation from the adjacent odontoblast process (OP). Bar
= 0.5 um. (Modified from Frank50 with permission.)

Fig 7-5c The large odontoblast process (OP) is close to
many small fibers in a dentinal tubule of a cat canine (origi-
nal magnification x32,000). (Modified from Holland with
permission.)

Fig 7-5d This dentinal tubule from a human tooth contains two
nerve-like processes (N) that maintain their separation (arrow) from
the odontoblast process (OP) in that region of the terminal fiber.
Bar = 0.5 um. (Modified from Byers et a1 52 with permission.)

A great many other cytochemical features of

dental nerve fiber subgroups have been identified,

such as calcium-binding proteins or receptors for

nociceptor modulating agents such as opioid pep-

tides, somatostatin, cannabinoids, excitatory amino

acids, and adenosine triphosphate (ATP) (Box 7-1;

see also chapter 8).64-66 Recent studies indicate

that some of the dental innervation is regulated by

NGF and GDNF during development and possibly

in mature teeth .60) An interesting aspect of tooth

innervation is that some intradental fibers are

branches from larger, faster-conducting "parent"
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Fig 7-6a Preterminal axons in the plexus of Raschkow
from a human tooth. All have lost myelin and some are
close to each other (arrows) without a Schwann cell
sheath. Bar = 1.0 um. ( Modified from Byers et a1 46 with
permission.)

Fig 7-6b Various sizes of myelinated axon, including A-beta
and A-delta sizes, in a mouse molar root. Bar = 10 mm.
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Fig 7-7a Cholinergic fibers associated with blood vessels in
the pulp of a monkey tooth are shown by fluorescence
i mmunocytochemistry. Bar -- 0.1 mm. (Reprinted from Pohto
and Antila 71 with permission.)

Fig 7-7b Bright field microscopy of the section in Fig 7-7a
shows the vascular structure of that region. Bar = 0.1 mm.
( Reprinted from Pohto and Antila 71 with permission.)

axons located outside. 68 Although the conduction

velocities and size spectra increase in main trigem-

inal nerves compared to pulpal nerves, there are

also A-beta fibers in pulpal nerves (see Fig 7-6).1320

The key feature of all of the nerve fibers

described above is that they have specific mem-

brane receptors for chemical signaling with their

neighboring cells. Ultrastructural and immunocy-

tochemical data show a close association of

nerve fibers with odontoblasts (see Fig 7-5),

fibroblasts, blood vessels, and immunocompetent

cells. 6,8,9,11,17,21,24-28,41,45-47,51,69 In research that

uses specific labeling of sensory nerve fibers (eg,

axonally transported protein), such associated

cells are simply close neighbors without the spe-

cific junctions or the specialized structural fea-

tures found in synapses. It may be important that

there are similar associations between unmyeli-

nated axons and Schwann cells in preterminal

pulpal nerve bundles (see Fig 7-6), where

paracrine signaling would be enhanced. Specific
synaptic or gap junctional connections between

pulpal cells and clearly identified nerve fibers do
not occur. 9,2(' However, the dental sensory fibers
can interact with pulpal cells via paracrine sig-

naling. Those interactions can be complex; for

example, NGF is made by pulpal fibroblasts for

signaling to odontoblasts, dendritic cells, and
nerve fibers, as well as to the fibroblasts. 29,30,60,61,70

Some of the neural responses to NGF involve

axonal retrograde transport back to the trigeminal
ganglion for induction of altered gene expression.

Sympathetic and parasympathetic
innervation of teeth

The vasodilatory functions of sensory innervation

in teeth are opposed by vasoconstriction by the

sympathetic fibers (see Figs 7-1 and 6-11), as

described below.', 18,21,21,28 The sympathetic fibers

are much less numerous than are sensory fibers,

although there are species differences in those

relative proportions (Fig 7-7). 71-73 Sympathetic

fiber distribution also differs from that of sensory

fibers in that they are located mainly in deeper

pulp and along blood vessels . 71 Parasympathetic

activity can affect blood flow in teeth, but it is

not clear whether that is from intradental or peri-

odontal sites; in any case, the relative importance

of parasympathetic activity is much less than that
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Figs 7-8a and 7-8b Asymmetric innervation (arrows) of developing rat molar dentin occurs on opposite sides of the maxillary (a)
and mandibular cusps (b), as shown by immunocytochemistry for CGRP. The maxillary cusps of rat molars are tilted posteriorly and
the mandibular cusps tilt anteriorly when newly erupted. Thus, the first nerve fibers that enter dentin during development target the

side of each cusp that is oriented closest to the occlusal plane. Bar = 0.2 mm. (Modified from Byers et al with permission.)

of the sympathetic activity. 18,74, These neuronal

classes are discussed in detail in chapter 6.

Developing and primary teeth
During tooth development, the innervation enters

the pulp during the crown stage and makes
branches near the pulp horn odontoblasts (see

also chapter 2). There is a rapid increase in nerve
fiber entry into dentin when eruption starts, and

then innervation density continues to increase

during maturation of the tooth.' 1,12,57,61,76,77 Dur-

ing maturation and aging, the pulp becomes pro-

gressively narrower and usually acquires regions

with tertiary dentin or dead tracks. Those areas, as

well as reparative regions, generally lose most of

their dentinal innervation.9,11,20,52,78 The sensory

innervation adjusts its location to maintain its

greatest association with the surviving primary

odontoblasts close to the pulp horn tip (Fig 7-8).

Its associations with blood vessels are also main-

tained during the progressive maturation of pulp.

With increasing loss of primary dentin, tooth

innervation decreases and its cytochemistry

changes to have reduced expression of neuropep-

Fig 7-8c This sample has radioactive growth lines that were
made in dentin by systemic injections of tritiated proline at
postnatal days 15 and 21. Those lines indicate that the initial

innervation of this tooth maintained its position, with the nerve

endings (double arrow) still in the early dentin at 96 days later,
when they were mapped by radioactive axonal transport. RD,

reparative dentin. Bar = 0.2 mm. (Modified from Byers et al
with permission.)

159



7 • Nerve Supply of the Pulpodentin Complex and Responses to Injury

tides and neurotrophin receptors. 79 s° The loca-
tion of innervation is approximately the same for

primary and permanent teeth, and the number of

fibers increases for larger teeth . 8°,s ' In most
mature teeth, regardless of size and dental type,

there is some innervation at the most occlusal 0.5

to 1.0 mm of a pulp horn that extends into the

neighboring tubular dentin for up to 0.1 to 0.2

min.9,11,17,20 An exception to this is found in con-

tinuously erupting teeth, such as rodent incisors,

where innervation of dentin is sparse or absent.

The development of crown innervation complexi-

ty can proceed even when tooth buds are trans-

planted to the anterior chamber of the eye or to

other tissues, or when osteopetrotic overgrowth

of bone prevents tooth eruption .82-84

Interactions Between
Sensory Fibers and Pulp

All peripheral nerve fibers have a definable set of
interactions with local cells that are specific for

different functional subtypes. For example, mech-

anoreceptors that end in cutaneous epithelia are
associated with Merkel cells, a special kind of

neuroendocrine cell that secretes an array of neu-

roactive substances that are essential to the loca-

tion and function of the nerve endings. Pacinian

corpuscles are completely encapsulated

mechanoreceptors with their terminal support

cells also inside, while Ruffini mechanoreceptors

are partly covered but also have direct contacts

with the ligament fibers. By contrast, nociceptive

endings throughout the body are more exposed

to tissue factors because they have only a basal

lamina covering in addition to partial Schwann
cell support. 85,86 Each of these types of

somatosensory nerve fibers contains the sensory

transducer in its peripheral endings and does not

associate with special receptor cells.

Although some have proposed that odonto-

blasts are special receptor cells, there are no

synaptic or gap junctions connecting them with

the nerve terminals (see Fig 7-6). 6,8,11,2O,46 All other

somatosensory receptors and nociceptors have
the sensory transduction function (ie, the ability

to convert tissue events into neural signals) in

their peripheral ending, so it is unlikely that pulpal

nerve fibers use a special system. The nerve end-

ings that extend into the dentin-pulp border zone

and into dentin are especially exposed to tissue

factors because they have little or no covering by

Schwann cells or basal lamina after leaving the

cell-free zone.

Odontoblasts are the predominant non-neu-

ronal cells in peripheral pulp, predentin, and

dentin; as a result, any special support functions

for the free nerve fibers would have to be sup-

plied by them. Several interesting studies on odon-

toblasts have detected calcium currents that are

thought to regulate primarily dentin matrix pro-

duction and calcification . 87,88 However, it is possi-

ble that nearby sensory fibers can detect and

respond to current fluctuations in odontoblasts, in

addition to their ability to respond to hydrody-

namic movement of dentinal tubule contents.

The new knowledge about paracrine interac-

tions of cells in pulp, including the dentinal nerve

fiber, supports the hypothesis that dental nerve

fibers and odontoblasts may have a profound

influence on each other's activity levels. Demon-

strations of neuropeptide and neurotrophin

receptors on odontoblasts are consistent with

this proposal. Indeed, the main contribution

of odontoblasts to sensory functions in teeth may

be their production of a permissive interactive

environment. This idea is supported by the fol-

lowing observations: (1) the nerve fibers prefer

dentinal tubules with coronal primary odonto-

blasts, (2) they avoid tertiary dentin or odonto-

blast-free tubules, and (3) they prefer the special
odontoblasts that make the dentin that lies direct-

ly under enamel. 20,43,51,78,90

Pulpal cells and pain mechanisms

The current hypothesis is that pulpal cells do not
act as special sensory receptors analogous to the

photoreceptors in the eye or to hair cells of the

inner ear. Instead, the pulpal cells provide the envi-
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ronment in which the nerve fibers function. The

odontoblasts may well assume some Schwann-like

functions since Schwann cells are rare in peripher-

al pulp and dentin. In addition, some neuroen-

docrine activity is suggested by the demonstration

of neurotensin-like immunoreactivity in odonto-

blasts." Recent work has identified at least 130

odontoblast-specific genes, demonstrating that

there is great capacity for important paracrine sig-

naling that might affect nerve fibers as well as

other neighboring cells.'

It has been suggested that odontoblastic ion

currents, which are related to dentinal matrix

production and calcification, might also alter the

ionic environment for the nearby nerves.' 1,8-,88

The resident pulpal cells, along with the invading

immune cells, provide signals that regulate senso-

ry phenotype (see Box 7-1) and thus have impor-

tant effects on the functional activity of peripher-

al neurons, including nociceptive transmission.

Conditions such as hypersensitive dentin may

have a central component caused by altered sig-

nal processing in the central nervous system (see

chapter 8), but they also include a peripheral

component caused by altered pulpal conditions

that affect nerve activity. For example, many

enzymes and membrane receptors acquire differ-

ent functional levels in inflamed or acidic condi-

tions. Thus, there may be important but indirect

roles for pulpal cells in dental pain, related to

their effects on the local environment and the
functional phenotype of the sensory fibers.A par-

tial list of pulpal agents that affect dental nerve

fibers and neural agents that affect pulp can be
found in Box 7-1.

Neuroanatomic Responses to
Tooth Injury and Infection

Injury to the pulpodentin complex produces

numerous neuronal responses. The nerve fibers

not only send rapid eleetrophysiologic signals to

the ganglion and central pain pathways, but they

also release neuropeptides from their peripheral

terminals that regulate vasodilation and leukocyte

invasion of the injury site. Thus, if the

sensory innervation has been removed prior to

injury, the pulp is less able to defend itself, pro-

mote neurogenic inflammation, or heal after pulp-

al exposure .20,54,77,92

Nerve sprouting and cytochemical
changes

The dental sensory fibers also react to tooth

injury by extensive anatomic and cytochemical

changes in their preterminal branches and end-

ings. In rat models of dental injury, there is an ini-

tial depletion of neuropeptides that are released

into the pulp tissue, followed by increased neu-

ropeptide content and sprouting of the terminal

fibers within 1 day after injury. Those responses

differ in intensity and duration depending on the
severity of the injury.19,20,26,28,29,54,77,79.90,92-96

Innocuous stimuli such as cold, heat, and vibra-

tion may cause nerve fibers to be activated at lev-

els sufficient to cause changes in neurally reg-

ulated pulpal blood flow and interstitial fluid

pressure (see also chapter 6). Gentle or superfi-
cial stimuli do not usually injure dentin or pulp,

but they can cause sufficient dentinal fluid move-

ment to induce some pain. 1,7,13.14,97-100 Low-inten-

sity electrical stimulation is able to induce similar

pulpal responses and also evoke nonpainful (pre-

pain) sensations . 97-100

Stimuli that injure the pulpodentin complex

have been classified at four different levels (Table

7-1).19,20 Type I injuries are least damaging. They

cause a transient change in pulp, and the dentinal

damage can be easily fixed by reactive dentino-

genesis (the original odontoblasts survive and are

not replaced by reparative cells). There is exten-

sive sprouting of neuropeptide-rich nerve fiber

endings near the injury that return to normal

within a few days to a few weeks. Those changes

have been correlated with local production of

NGF by the fibroblasts near the injury site . 29

Under these conditions, there is little or no inva-

sion of leukocytes, and the local defense mecha-

nisms are sufficient. Examples of this type of
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injury are shallow cavity preparation, shallow

scaling of cervical dentin, minor occlusal trauma,

strong orthodontic force, transient heat, or mod-

erate hydrodynamic dentinal injury.

Type Il injuries have more extensive dentinal

injury with some loss of pulpal tissue and focal

inflammation. There is invasion of leukocytes and

local vascular responses, but the pulp can repair

itself and form reparative dentin. For these

lesions, there is extensive sprouting of sensory

fibers that have enhanced neuropeptide contents

such as CGRP and substance P Examples of this

type of injury include deep dentinal cavities,

small pulpal exposures, and heat stimulation of
long duration and/or high intensity. For these

intermediate injuries, the sprouting and CGRP

up-regulation continue as long as there is active

inflammation that has not been walled off by scar

formation (Figs 7-9a and 7-9b). Once an effective

scar and dentin repair are underway, the sensory

sprouting decreases and neuropeptide levels

return to normal range or are subnormal (Fig

7-9c).19,20,92-96 During aging of teeth, the pulp nar-

rows, the innervation is reduced, the nerve fibers

contain fewer neuropeptides, and much of the

tubular primary dentin that nerve fibers prefer to

innervate is replaced by reparative dentin. While

those changes may alter the ability of teeth to

defend against injuries and to heal effectively, a

study of dentinal cavity injury in old rats found

essentially the same ability for sprouting respons-

es as in the younger teeth."' If infection is pre-
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Figs 7-9a to 7-9c Different patterns of nerve fibers in rat molars detected by immunocytochemistry for CGRP.

Fig 7-9a Pattern in normal molars. Bar
= 0.2 mm. (Modified from Kimberly and
Byers54with permission.)

Fig 7-9b Pattern 4 days after inducing
a large abscess (") near a cervical
dentinal cavity. Bar = 0.2 mm. (Modified

from Taylor and Byers 96 with permis-

sion.)

Fig 7-9c Pattern after 3 weeks of heal-
i ng and reparative dentin (RD) forma-
tion at an injury site that was similar to
Fig 7-9b. Bar = 0.2 mm. (Modified from
Taylor and Byers" with permission.)

vented, then much larger injuries can have a suc-

cessful repair outcome.102
When injuries reach the Type III level, there is

enough pulpal damage or infection that local

repair is not possible, and irreversible pulpitis

ensues. 54 If a tooth has been denervated prior to

injury, the extent of damage is greater and the

progression to necrosis proceeds more quickly

(Fig 7-10).92 Some of the conditions that lead to

irreversible pulpitis are large infected pulpal ex-

posures, bacterial invasion at failed restorations,

deep infected caries, failure of pulp to make a scar

barrier around an abscess, and coronal pulp

destruction by heat or other excessive stimula-

tion. In some cases a Type 11 injury (eg, one occur-

ring at a crack in enamel and dentin) can persist a

long time (Fig 7-11), or can shift to Type III level if

pulpal defense mechanisms are overwhelmed. An

increased intensity of sensory nerve sprouting in

the surviving pulp near the lesion correlates with

elevated pulpal cell expression of NGF after denti-

nal injury (Fig 7-12); in contrast, both the NGF

expression and sensory sprouting are low at sites

of healing (see Fig 7-9c).20,54,93,94,96

Type IV injuries involve other tissues in addi-
tion to dentin and pulp. These complex situations

occur when pulpal infections expand out of the

tooth into the periradicular tissues to affect liga-

ment and bone (Fig 7-13) (see also chapter 17).

Periodontal tissues are also involved at the time of

initial injury in a variety of dental fractures. In

addition, tooth extractions damage the ligament

extensively, and pulpotomy can cause long-term

nerve reactions in the periradicular tissue. 103
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Fig 7-10a I f rat molars are denervated
several days before a small pulpal expo-
sure, the pulpal damage and necrosis are

severe (arrowheads and bar) at 6 days
after the injury. (Reprinted from Byers and

Taylor 92 with permission.)

Fig 7-10b The innervated contralateral
teeth with many sprouting nerve fibers
had only small loss of pulp (arrowheads
and bar). The sprouting nerve fibers
showed immunoreactivity for CGRP.
( Reprinted from Byers and Taylor e2 with
permission.)

Fig 7-I la Persistent sprouting of nerve fibers that
are immunoreactive for CGRP occurred in vital pulp
near a long-term crack in dentin of a rat molar (coun-
terstained with methylene blue). Bar = 0.5 mm. (Cour-
tesy of Dr Inger H. Kvinnsland, University of Bergen,
Norway).

Fig 7-11 b Higher magnification of Fig 7-

11a (counterstained with methylene blue).
Bar = 0.25 mm. (Courtesy of Dr Inger H.
Kvinnsland, University of Bergen, Norway.)
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Fig 7-12a Expression of nerve growth factor
occurs in fibroblast-like pulpal cells (F) below the
odontoblast layer (O) of normal adult rat molars,
as demonstrated by in situ hybridization. Dark-
field microscopy was used to detect autoradio-
graphic signal (counterstained with methylene
blue). Bar = 100 um. See Byers et a1 29 for further
details.

Fig 7-12b Six hours after cavity preparation
i n crown dentin of a rat molar, the mRNA
expression had increased to five to eight
times the normal amount. Bar = 100 um. See
Byers et al29 for further details.

Fig 7-13a This normal periapical region of a rat molar was
i mmunoreacted for CGRP and shows sparse innervation of
the periodontal ligament. The arrow indicates the adjoining
periapical nerve. Bar = 0.1 mm. (Reprinted from Kimberly and
Byers 54 with permission.)

Fig 7-13b Periapical changes and sprouting nerve fibers
appeared 3 to 5 weeks following establishment of irreversible
pulpitis subsequent to pulpal exposure lesions. The nerve fiber
i mmunoreactivity for CGRP was also enhanced in the adjoin-
i ng periapical nerve (arrow) compared to Fig 7-13a. Bar = 0.1
mm. (Reprinted from Kimberly and Byers 54 with permission.)
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Figs 7-14a and 7-14b The normal immunoreactivity patterns for PQ-type voltage-gated calcium channels are shown in trigeminal
cell bodies in the region that supplies innervation for maxillary teeth for normal ganglia (a) and at 8 days after making pulpal expo-
sure lesions in the right maxillary molars (b). By 8 days after tooth injury, the calcium channel expression was greatly enhanced. Bar
= 50 mm. (Modified from Westenbroek and Byers' °4 with permission.) (inset) When radioactive NGF is implanted into rat molars, it
transports retrogradely to large and medium cell bodies in the trigeminal ganglion within 15 hours. Bar = 20 um. (I nset photo cour-
tesy of Dr C. Von Bartheld, University of Reno, Nevada. Modified from Wheeler et al'° with permission.)

Distant plasticity in the trigeminal
ganglion and central endings after
tooth injury

The discussion so far has focused on dental sen-

sory reactions in the terminal branches within

the tooth. These neurons also have extensive

changes in their alveolar branches (see Fig 7-13),

at their cell bodies in the trigeminal ganglion (Fig

7-14), at their sensory endings in the brain stem,
and in the second-order neurons within the CNS

(Fig 7-15). The responses at the ganglion are gen-

erally similar to those shown for spinal nerves
responding to tissue inflammation, including

increased expression of neurotrophin receptors,

neuropeptides, and voltage gated ion channels by

the neurons and increased expression of injury

proteins by the satellite cells. 11,70,77,1o4-1o6 Those

changes can have profound effects on central

pain pathways. For example, tooth injuries can

cause persistent expression of the c-Fos transcrip-

tion factor by central neurons (see Fig 7-15),

which may indicate altered central pain pathway

functions.107-109 Further discussion of the extraor-

dinary functional and cytochemical plasticity of

sensory neurons, as well as that of central neu-

rons responding to the input of sensory neurons,

is found in the next chapter.

Neurophysiology of Pulpal
Nociceptors and Dentinal
Sensitivity

As described earlier, distinct groups of pulpal

afferent nerve fibers can be classified based on
their morphologic characteristics and conduction

velocities. A number of recent studies indicate

that these neuronal classes are functionally differ-

ent and their activation may mediate different

types of prepain and pain sensations.1 10 General-

ly, these studies indicate that firing of pulpal affer-

ents in human teeth induces mostly, if not entire-

ly, painful sensations. 97-99 However, the type of

pain may vary according to the type of stimulus

applied, the type of neuronal fiber activated, or

the condition of the pulp.
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Tissue injury and inflammation can sensitize

and activate certain pulpal neurons. In previous

experimental studies on animals, pulpal inflamma-

tion has been associated with reduced thresholds

to external stimulation and spontaneous dis-

charges of pulpal nerve fibers." 1,112 These changes

are probably due to synthesis or release of a num-

ber of inflammatory mediators, which have been

shown to activate pulpal nerves and sensitize

them to external stimuli (see also chapter
8) .12,110,112-114

Application of a cold stimulus to hypersensitive

dentin in human subjects induces pain that, in
many cases, can reach a very high intensi-

ty.110 Moreover, patients experiencing acute

pulpitis often report moderate to severe pain."
However, this is not invariable: Pulpitis may pro-

ceed to a total pulpal necrosis with only minor

symptoms or without any symptoms at all. 117,118
Considering the exceptionally rich nociceptive

innervation of the pulp, such asymptomatic cases

("silent pulpitis") are puzzling. However, recent

studies indicate that pulpal nociceptor activation

may be abolished by local inhibitory mediators

(eg, local opioids, cannabinoids, or somato

statin),18,64,112,114,119 or by loss of functional termi-

nals of these fibers (eg, via apoptosis or secondary

to liquefaction necrosis). In addition to these

peripheral factors, other central neural mecha-

nisms may have a significant impact in the devel-

opment of dental pain conditions (see chapter
8) , 15,120-122

Collectively, these studies indicate that there

is a poor correlation between clinical pain symp-

toms and the histopathologic status of the

pulp. 117,118,123,124 This is not surprising consider-

ing that hyperalgesia is a perceptual event medi-

ated by peripheral and central pain mechanisms

at the molecular level; these mechanisms are not

necessarily discernible with microscopes evaluat-

ing biopsies of human dental pulp. In the follow-

ing sections, the function of the pulpal neurons

in healthy teeth and their responses to tissue

injury and inflammation will be described. The

role of different pulpal nerve fiber groups in the

mediation of pulpal and dentinal pain under nor-

Fig 7-15 Two weeks after untreated pulpal exposure lesions
were made in rat molars, persisting expression of the c-Fos
transcription factor occurred in the superficial neurons of the
trigeminal subnucleus caudalis (white arrow) and paratrigemi-
nal nucleus (black arrow). This central plasticity, which was
still present 4 weeks after similar injuries in other rats, did not
occur for shallow filled dentinal cavity lesions. Bar = 0.1 mm.
( Modified from Byers et al 107 with permission.)

mal and pathologic conditions will be discussed

in the next two chapters (chapters 8 and 9).

Sensory functions of pulpal nerves
under normal conditions

A major part of our knowledge regarding the

function of dental nerves is based on electro-

physiologic recordings performed on animals (eg,

cats, dogs, and monkeys). In such experiments, sin-

gle intradental nerve fibers are identified and their

responses to various stimuli are recorded (Figs

7-16 and 7-17).These electrophysiologic responses

to various external stimuli have been compared to

the perceptual responses induced by the same

stimuli applied to human teeth. Such comparisons

have shed light on how different pulpal nerve

fiber groups contribute to different pain respons-

es under normal and pathologic conditions. The

morphologic similarity of the intradental innerva-
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Fig 7-16 Schematic presentation of the setup for electro-
physiologic recording of single intradental nerve fibers. The
i nferior alveolar nerve is exposed and the nerve filaments dis-
sected from the nerve trunk. Single fibers innervating the
canine or incisor teeth are recorded using metal wire elec-
trodes (R). The nerve fibers are identified using electrical stimu-
lation applied to the tooth crown. (Reprinted from Narhi and Hir-

vonen125 with permission.)

Fig 7-17 Nerve recording from a nerve filament containing
one A- and one C-fiber. The action potential of the A-fiber
shows after a latency of only about 2 milliseconds after the
electrical stimulus artifact on the left (arrow). The C-fiber
action potential on the right is delayed by about 30 millisec-
onds because of slow conduction along the axon. By dividing
the conduction distance (the length of the nerve fiber) by the
conduction delay, the conduction velocity of the recorded
fiber can be calculated.

tion of animals and humans serves as a good basis

for such comparisons (see above).

The classification of the pulpal primary affer-

ents as A- and C-fibers is based on their conduc-
tion velocities measured in single-nerve-fiber

recording experiments (see Figs 7-16 and 7

17). 68,126-128 These two classes correspond to the
myelinated and unmyelinated fibers found in mor-

phologic studies. 11,129-131 According to the results

of electrophysiologic recordings, the A- and C-

fibers are functionally different. 14,56,110,126,127,132,133

In addition, the A-fiber group is not uniform

because some slow-conducting (small) A-fibers
seem to be sensitive to capsaicin, whereas most of

the faster-conducting fibers respond to hydrody-

namic stimulation but are not activated by cap-

saicin.14,56,110,112, '28,1 32-1 3 5 The results of the electro-

physiologic studies also indicate that C-fibers do

not respond to dentinal hydrodynamic stimulation.

Instead, the sensitivity of dentin is entirely based

on the function of intradental A-fibers. 14.115,133

Comparison of the sensory responses from stimu-

lated human teeth to the electrophysiologic

responses from animal studies reveals functional

differences between these two fiber groups in

response to tissue injury. 12,100,110,133,136

As described above, pain and prepain are the

only sensations that can be evoked by intradental

nerve stimulation in human subjects. However,

the quality of the pain can vary depending on the

type of stimuli applied and can range from sharp,

stabbing pain to dull, aching, throbbing pain sen

sations. 100,116,127,136,137 The variation is caused by

activation of different nerve fiber types and differ-

ences in the nerve firing patterns (temporal sum-

mation) evoked by various St imuli . 14,110,127,136

The application of low-intensity electric stimu-

lation of human teeth can produce a nonpainful

sensation. 97-99,118 It has been proposed that intra-

dental low-threshold and fast-conducting A-beta

type afferents mediate such prepain sensa-

tions.97,98 A-beta fibers do have low electric

thresholds. However, the thresholds of A-beta and

A-delta fibers overlap considerably (Fig 7-18) and,
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accordingly, both fiber groups may be involved in

the mediation of prepain sensations. 110,126 It is also

important to note that painful sensations can be

induced by increasing the stimulation frequency

at prepain intensities, 99,110 a procedure that pro-

duces temporal summation of the nerve activity at

the level of the trigeminal nuclei. Collectively,

these findings suggest that prepain and pain sen-

sations are mediated by the same afferent fibers.

On the basis of the single-fiber recordings (see

Fig 7-18), it can be concluded that activation of

only a small number of pulpal afferents is needed

to evoke prepain or pain sensations. 110,126 This is

clinically important because it suggests that pulp

testing may produce a false-positive response,

even in teeth with extensive pulpal necrosis, as

long as at least some pulpal axons are still re-

sponsive.This could explain the clinical observa-

tion of a positive pulpal response in a tooth with a

periradicular radiolucency (see also chapter 17).

It has been suggested that non-noxious me-

chanical (tactile) stimulation of the intact tooth

crown activates pulpal A-beta fibers. On

the basis of such findings, those fibers were

regarded as a discrete functional group that
would be involved with the regulation of masti-

catory functions and the sensation of food tex-

ture between the teeth. However, A-beta and A-
delta fibers show similar responses to various

external stimuli and to inflammatory media-

tors, and the results suggest that
the fibers belong to the same functional group.

Taken together, the results of human and ani-

mal experiments indicate that a hydrodynamic
mechanism mediates intradental nerve activation

in response to several different stimuli (see also

chapters 8 and 9). The responding

fibers consist of the A-delta and A-beta classes of

neurons (Fig 7-19). Considering the tissue distor-

tion and injury in the dentin-pulp border related

to their activation, the responding receptors

can be classified as high-threshold mechanorecep-

tors or mechanical nociceptors. 146,147

The pulpal C-fibers are polymodal because they

respond to several different modes of stimulation

and have high thresholds for activation. 126,127,132

Fig 7-18 Electrical thresholds of intradental nerve fibers of
the cat canine teeth plotted against their conduction veloci-
ties. The figure shows that the thresholds of many A-fibers are
extremely low; in addition, a considerable overlap in the
thresholds between A-fibers of different conduction velocities
i s obvious. (Reprinted from Narhi et al"° with permission.)

They are activated only if stimuli reach their termi-

nal endings inside the pulp. In an intact tooth,

given the insulating enamel and dentinal layers,

rather intense thermal stimuli are needed for their

activation. The insensitivity of pulpal C-fibers to

dentinal (hydrodynamic) stimulation" 0,132,148 i s

consistent with the location of their endings and

receptive fields deep in the pulp. 14,127,132 They also

respond to histamine and bradykinin (Fig 7-20)

applied to the exposed pulp, which indicates

that this fiber group also may be activated in con-

nection with pulpal inflammatory reactions. Thus,

the dull pain induced by pulpitis may be evoked

by C-fiber activation. C-fibers also respond to cap-

saicin, which is a selective irritant of small noci-

ceptive- and neuropeptide-containing affer-

ents. 14,56,110,149

The application of intense heating or cooling

to human teeth produces a sharp pain sensation

with a short latency, typically within a few sec-

onds. 127,137 If the stimulation is continued, a dull,

radiating pain response fo llows. 127,137 Corre-
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Fig 7-19 Responses of a single intradental A-fiber to (a) probing; (b) air blast; (c) hypertonic, 4.9 mol/L calcium chloride applied to
dentin; and (d) drilling of dentin. The approximate timing of the stimulus application is indicated by the horizontal lines in Figs 7-19a,
7-19b, and 7-19d, and by the arrow in Fig 7-19c. 1 second = 54 mm. (Reprinted from Narhi et al 134 with permission.)

spondingly, biphasic responses to thermal stimuli
are observed in cat teeth (Fig 7-21). The first

response is an immediate or short-latency firing

of intradental A-fibers, followed by a delayed C-

fiber activation.'4,110,127 The initial A-fiber re-

sponses are supposedly induced by the dentinal

fluid flow resulting from the rapid temperature
changes. The delayed C-fiber activation is

probably induced by a direct effect of heat and

cold on the nerve endings in the pulp.' 1 0,127,132

The results of these thermal stimulation stud-

ies strongly indicate that intradental A- and C-

fibers may mediate different perceptual qualities

of dental pain, ie, sharp and dull, respectively. In

addition, certain other stimuli, such as air drying

of exposed dentin and bradykinin applied to the

exposed pulp, which are known to activate selec-

tively pulpal A- or C-fibers, are also able to induce

either sharp or dull pain, respectively, in human

experiments. 116,136
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Fig 7-20 Responses of a single intradental C-fiber (small
action potential) in the exposed pulp of a cat canine tooth to
bradykinin application (BK) and after washing with physiologic
saline (NaCl). The A-fiber (large action potential) in the same
nerve filament only shows firing of a single action potential at
the ti me of the bradykinin application, probably because of a
mechanical effect. (Reprinted from Narhi14 with permission.)

Fig 7-21 Responses of intradental nerve fibers to intense
heating of an intact cat canine tooth. The timing of the stimu-
l us application is indicated by the horizontal line. The A-fiber
(large action potential) in the filament gives an immediate
response at the beginning of stimulation. In contrast, activa-
tion of the C-fiber (small action potential) is much delayed.
( Reprinted from Nbrhi14 with permission.)

Neurophysiologic mechanisms of
dentinal sensitivity

Numerous published studies indicate that the
nociceptors in the dentin-pulp border area are

activated by hydrodynamic fluid flow in response

to dentinal stimulation (the hydrodynamic mech-
anism). 1.117,141 The fluid flow in turn stimulates

the nerve endings in the dentin-pulp border area

and causes their activation (Fig 7-22). Movement

of dentinal fluid can also be induced in unex-

posed dentin, but in such cases the capillary

forces are not activated and the effect of the stim-

ulus is much weaker.

The results supporting the hydrodynamic

mechanism of pulpal nerve activation are based

both on in vivo studies on human subjects and

experimental animals and in vitro experiments

performed on extracted teeth. The results of the

human experiments uniformly confirm that paten-

cy of the dentinal tubules is a prerequisite for the

sensitivity of exposed dentin. 115,141.150-152 The rela-

tionship between the dentinal tubular condition

and dentinal sensitivity was further confirmed in

experiments showing a significant positive correla-

tion between the degree of the dentinal sensitivity

and the density of open dentinal tubules counted

in exposed cervical dentinal surfaces in a scanning
electron microscopic replica study on human

teeth.153 in vitro measurements have also shown

that opening or blocking of the tubules deter-
mines the hydraulic conductance of dentin 154,155

and, accordingly, the fluid flow in the dentinal

tubules (see also chapter 4).

Several electrophysiologic studies performed

on cats and dogs have shown that acid etching of

drilled dentin significantly increases the respon-

siveness of intradental nerves to air blasts, prob-

ing, and hyperosmotic solutions. 1211,134,148,156,157

The increased sensitivity is strongly related to the

patency of the dentinal tubules.' 43 The sensitizing

effect of acid etching can be abolished almost

completely by blocking the tubules (eg, with

oxalates or composite resins).143 Similar studies

conducted in human teeth indicate that acid

etching increases dentinal sensitivity.' 17,141

According to the hydrodynamic theory, rapid

dentinal fluid flow serves as the final stimulus acti-
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Fig 7-22 Activation mechanisms of intradental nerve fibers. A-fibers in the dentin-pulp border area
respond to stimulus-induced fluid flow in the dentinal tubules and consequent deformation of the
peripheral pulpal tissues containing the nerve endings (hydrodynamic mechanism). For C-fiber acti-
vation the applied stimuli must reach the nerve endings, which are mostly located deeper in the
pulp. C-fibers also respond to certain inflammatory mediators.

vating intradental nociceptors for many different

types of stimuli. In support of this hypothesis, sin-

gle intradental A-fibers respond to a number of dif-
ferent hydrodynamic stimuli including dentinal

probing, air blasts, and hyperosmotic solutions (see
Fig 7-19).14,110,115,125,128,133,134 Studies conducted in
vitro demonstrate that all these stimuli induce

fluid flow in the dentinal tubules.1 17,141,142,158 It is

the osmotic strength of solutions and not their
chemical composition that elicit pain responses in

human teeth, nerve responses in experimental ani-

mals, and fluid flow responses in dentinal

tubules. 11 5, 12 5, 1 5 8-161 Finally, recent electrophysio-

logic recordings performed on cat canine teeth

indicate that a direct relationship exists between

the dentinal fluid flow and intradental nerve acti-

vation. 144 However, inflammation may develop,

leading to sensitization of the intradental nerves. 115

Such changes may result in poor responses to

treatment of hypersensitive dentin and may be sig-

nificant in cases with open dentinal tubules that

have been exposed for a long time.' 15

Sensory functions of pulpal nerves
under conditions of pulpal
inflammation

As is discussed in chapter 8, the two major mecha-

nisms of pulpal pain are related to dentinal sensi-

tivity and pulpal inflammation. Injury to the pulp

can alter both of these pain mechanisms. Intense

hydrodynamic stimulation may induce tissue

injury in the dentin-pulp border area, including

disruption of the odontoblast layer with aspiration
of the cells into the dentinal tubules. 117,141,145,162

The nerve endings may also be injured. 163,161 The

inflammation-induced elaboration of growth fac-
tors can lead to subsequent morphologic and phe-
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notypic changes in the nociceptive nerve endings,

including sprouting and increased neuropeptide

expression 92,164,165; these changes may contribute

to long-term functional changes in the pulpal

afferents.20,112 For example, the local changes in

the density of the innervation in the dentin and

pulp might result in changes in the regional sensi-

tivity of the affected tooth. However, our current

knowledge about the possible functional corre-

lates of the morphologic changes is limited.

The effect of various inflammatory mediators

on pulpal nerve function has been studied in cat

and dog teeth. They activate intradental nocicep-

tors and/or sensitize them to subsequent stimuli

(ie, they reduce the threshold for firing). 14,1 1 0 For

example, serotonin activates A-fibers and sensitizes

them to external stimulation (eg, hydrodynamic
Stimuli) .110,113,166 Intense, repeated heating sensi-

tizes intradental nerves in cat canine teeth, and

prostaglandins seem to mediate this response.' ° As

stated earlier, pulpal C-fiber responses are activat-

ed by histamine and bradykinin, which may be sig-

nificant for the development of pain in pulpi-

tis.14,110 Thus, the injury-induced inflammatory
cascade probably signals pulpitis pain and acts to

amplify dentinal hypersensitivity.
According to single-fiber recordings, the faster-

conducting pulpal afferents primarily respond to

hydrodynamic stimulation of dentin, although

certain small-diameter myelinated afferents may

also be activated. 110,115,128,134 Hydrodynamic stim-

ulation also affects the pulpal blood flow, indicat-

ing that the nerve fibers activated by such stimu-

lation are able to induce neurogenic vascular

effects. 18,114
Pulpal A-fibers comprise functionally distinct

classes of sensory neurons. Although most of the

intradental A-fibers are activated by hydrodynam-

ic stimulation, there exists a rather high number

of relatively slowly conducting pulpal A-delta

fibers that are not sensitive to hydrodynamic

stimulation of the coronal dentin of healthy

teeth. This class of "silent" A-fibers

can be activated only by intense heat or cold

that reaches the pulp proper, and their mechani-

cal receptive fields are located deep in the

pulp. 168,169 However, the sensitivity of these

silent A-delta fibers is enhanced in pulpal inflam-

mation, when they significantly increase their

responsiveness to dentinal stimulation. 112

Studies to date suggest that there is a function-

al significance to the sprouting of sensory termi-

nals that occurs during inflammation. For exam-

ple, experiments on dog teeth indicate that nerve

sprouting may be reflected in the size of the

receptive fields of pulpal afferents responsive to

hydrodynamic stimulation of dentin. 20,112 In

healthy teeth, gentle probing of the exposed

dentinal surface revealed small receptive fields

that were most often composed of a single small

spot in the exposed dentin.112,169 In contrast, gen-

tle probing of exposed dentin in inflamed teeth

revealed a dramatic change, with emergence of

wide receptive fields, sometimes covering the

whole dentinal surface at the crown tip in in-

flamed incisors. 112 This increase in the size of the

receptive field could be caused by sprouting as

well as activation of normally "silent" terminals of

branched axons. An increase in the size of recep-

tive fields would result in an increased overlap of

receptive fields and, accordingly, would enhance

spatial summation of peripheral nerve activity

with resulting increased pain intensity in response

to dentinal stimulation.

Inflammation may also increase the regional

sensitivity of dentin in various parts of the tooth.

In normal dog teeth, the nerve fibers innervating

the cervical dentin are far less responsive to

hydrodynamic dentinal stimulation compared to

those innervating dentin in the crown tip. 168,169

However, in inflamed teeth the sensitivity of cer-

vical dentin can increase to the same level as that

of the crown tip.
Although most inflammatory mediators acti-

vate or sensitize peripheral neurons, some media-

tors released in pulp after injury, including endo-

genous opioids and somatostatin, appear to be

inhibitory. In experiments performed on inflamed

dog teeth, the local application of a somatostatin

antagonist increases firing of intradental nerves,

suggesting that the release of endogenous somato-

statin reduces firing during injury. 112,119 In other
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preliminary experiments, administration of the

opioid antagonist naloxone produced a similar

effect."' In addition, local application of mor-

phine in deep cavities completely abolished the

pulpal nerve responses to mustard oil, a substance

that induces inflammation and activates nocicep-

tive afferents. These results suggest that in pulpal

inflammation both somatostatin and endogenous

opioids effectively reduce or abolish intradental

nerve activity, despite the presence of other

inflammatory mediators that have a stimulatory

effect. These data suggest that one possible mech-

anism for the frequently reported lack of clinical

symptoms in teeth with pulpal inflammation may

be based, in part, on the release of local inhibitory

mediators in the inflamed tissue.

Conclusions

Research conducted over the last two decades

has greatly increased our understanding of denti-

nal innervation and sensitivity, efferent signals

from sensory nerve fibers that affect pulp cells

(and vice versa), the neurophysiology of pulpal

nociceptors, neuroanatomic and functional

responses to injury, pulpal neuroinflammatory

interactions, and the relationship of all these dif-

ferent features to dental pain. However, there is
still much to be determined about types of nerve

fibers in teeth and their different functional states

and injury responses, neuropulpal interactions

(especially nerve-odontoblast interactions), and

the mechanisms and treatment of hypersensitive

teeth. The pace of discovery in this field suggests

that new answers and clinical insights concern-
ing the peripheral mechanisms of dental pain will

be developed rapidly.

References

174



References

175



7 • Nerve Supply of the Pulpodentin Complex and Responses to Injury

176



References

177



7 • Nerve Supply of the Pulpodentin Complex and Responses to Injury

178



References

179



Pain Mechanisms of the
Pulpodentin Complex

Kenneth M. HargTeaves, DDS, PhD

The diagnosis and management of pain are foun-

dation skills in clinical dentistry' Although the

subject of pain is of considerable significance to

all health care providers, the simple reality is that

many patients consider pain and dentistry to be

synonymous. This association is even stronger

between dental pulp and pain; to many patients,

it comes as no surprise that dental pulp is inner-

vated predominantly by pain receptors. Accord-

ingly, this textbook provides an extensive review

of mechanisms of pulpal inflammation (see chap-

ters 5, 10, 11, and 12), neuroanatomy and neuro-

physiology of the dental pulp (see chapter 7),

and effective pharmacologic and nonpharmaco-

logic strategies for managing dental pain (see

chapter 9). The present chapter contributes to

the development of this foundation skill in dental

pain therapeutics by reviewing mechanisms of

dental pain that arise from dentinal hypersensitiv-

ity and pulpal inflammation. This knowledge base

should help clinicians to make more accurate

diagnoses and to design more effective pain con-

trol plans for their patients.

Orofacial pain is one of the most common

types of pain, and odontalgia is the most prevalent

form of orofacial pain, occurring in nearly 12% to

14% of the population.2,3 Broadly stated, there are

three steps to the perception of acute pain: detec-

tion, processing, and perception (Fig 8-1). Detec-

tion is a primary function of peripheral sensory

(afferent) neurons; processing is thought to occur

largely in the medullary and spinal dorsal horns;

and perception is the result of activity in more

rostral brain regions such as the cerebral cortex.

The clinician interacts with all three levels in diag-

nosing and treating odontalgia.

Transmission of Nociceptive
Information to the Central
Nervous System

Odontogenic pain is usually caused by either

noxious physical stimuli or the release of inflam-

matory mediators that stimulate receptors locat-

ed on terminal endings of nociceptive (pain-

detecting) afferent nerve fibers (see chapter

7).4- Physical stimuli, via their effect on dentinal

fluid flow, can activate the nociceptors that
innervate dentinal tubules, leading to the percep-

tion of dentinal pain (Fig 8-2). Inflammatory
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8 • Pain Mechanisms of the Pulpodentin Complex

Fig 8-I

	

General steps in pain transmission in the orofacial region. Detection of noxious injury occurs via primary afferent nociceptors
that travel in one of the three divisions of the trigeminal nerve (ophthalmic, maxillary, and mandibular). (In certain chronic pain condi-
tions, detection also may occur by other afferent fibers such as the A-beta fibers.) Processing occurs primarily in the medullary dorsal
horn. Nociceptive signaling may be increased by central mechanisms of hyperalgesia or allodynia. Nociceptive signaling may also be
reduced by endogenous analgesic systems. The output from the medullary dorsal horn is conveyed predominantly along the
trigeminothalamic tract. Perception occurs primarily in the cerebral cortex. Other sensory nerves are also responsible for additional
craniofacial signaling (eg, cranial nerves [CN] VII, IX, X, and XII as well as afferent fibers from the cervical spinal cord).

mediators, via activation of their respective

receptors, can sensitize or depolarize the noci-

ceptors that innervate pulpal tissue. These topics

are discussed in detail later in the chapter. Activa-

tion of dental pulp nerves by these physiologic

(eg, thermal, mechanical, or chemical) stimuli

results in a pure sensation of pain, although

experimental studies using certain electrical stim-

uli can elicit a "prepain" sensation. t o

Following activation, the C and A-delta fibers

from orofacial tissue such as dental pulp transmit

nociceptive signals, primarily via trigeminal

nerves, to the trigerninal nuclear complex located

in the medulla6,7,11-13 (see Fig 8-1).The trigeminal

spinal tract nuclear complex includes the nucleus

oralis, nucleus interpolaris, and nucleus caudalis.

Trigeminal sensory neurons provide input to all

three of these nuclei and to other regions, such as

the cervical dorsal spinal cord, reticular forma-

tion, and solitary tract nucleus. 13 The nucleus cau-

dalis is an important, but not exclusive, site for
processing orofacial nociceptive input. It is
not exclusive because the more rostral regions of

the trigeminal spinal tract do receive some input

from dental pulp nociceptors. 16

The nucleus caudalis has been termed the

medullary dorsal horn because its anatomic
organization is similar to that of the spinal dorsal

horn and its caudal extent merges with the cervi-

cal extent of the spinal dorsal horn.The medullary

dorsal horn is not simply a relay station where

nociceptive signals are passively transferred to

higher brain regions. Rather, this site plays an
important role in processing nociceptive signals,

and the output to higher brain regions can be

increased (ie, hyperalgesia), decreased (ie, analge-
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Transmission of Nociceptive Information to the Central Nervous System

Fig 8-2 Two mechanisms for the peripheral stimulation of nociceptive nerve fibers in tooth pulp.

Acute dentinal pain: According to the hydrodynamic theory, stimuli that cause fluid movement in

exposed dentinal tubules result in the stimulation of nociceptive nerve fibers. Pain with inflamma-

tion: I nflammation is associated with the synthesis or release of mediators, including prosta-

glandins, bradykinin, substance P, and histamine (as well as other mediators not shown). The inter-
relationships of these inflammatory mediators form a positive feedback loop, allowing inflammation
to persist far beyond cessation of the dental procedure. NGI, neurogenic inflammation.

sia) or misinterpreted (ie, referred pain) from the

incoming activity of the relevant C and A-delta

fibers. These three general patterns of processing

of nociceptive input (ie, hyperalgesia, analgesia,

and referred pain) will be reviewed in this chap-

ter as well as in chapters 7, 9, and 20.

As viewed from a functional perspective, the

medullary dorsal horn has five major compo-

nents related to the processing of nociceptive

signals: central terminals of afferent fibers, local

circuit interneurons, projection neurons, glia, and
terminals from descending neurons. The first

component, primary nociceptive afferents (ie, C

and A-delta nociceptors), enter the medullary dor-
sal horn via the trigeminal tract (Figs 8-1 and 8-3).

The central terminals of these C and A-delta
fibers end primarily in the outer layers of the

medullary dorsal horn.

These sensory fibers transmit information by

releasing excitatory amino acids such as gluta-
mate or neuropeptides (eg, substance P or calci-

tonin gene-related peptide [CGRP]).The adminis-

tration of receptor antagonists to glutamate and

substance P in particular, and to CGRP to a lesser

extent, reduces hyperalgesia or nociceptive trans-

mission in animal studies. Evidence to date

strongly implicates antagonists to the glutamate

NMDA receptor as being particularly effective in

reducing hyperalgesia in animal studies, as will be

discussed later. Antagonists to the NMDA and

AMPA classes of glutamate receptors are likely to

serve as prototypes for future classes of analgesic

drugs, and early clinical results in dental pain

studies are promising. 4,21 Although animal studies

indicate that antagonists to the neurokinin 1

(NK1) class of substance P receptors block
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Fig 8-3 Functional processing of nociceptive input in the nucleus caudalis of the medullary dorsal
horn (MDH). In this example, activation of pulpal C nociceptive fibers leads to the release of gluta-
mate (Glu) and substance P (SP), which are conveyed across a synapse to a wide-dynamic range
(WDR) projection neuron. This projection neuron projects to the thalamus; the information is then
relayed to the cortex. Glutamate binds and activates either NMDA or AMPA receptors, while sub-
stance P binds and activates the neurokinin 1 (NK-1) receptors. The sensory fibers can directly
activate the WDR neuron or indirectly activate it via contacts onto excitatory interneurons. Several
signal transduction pathways have been implicated in modulating the responsiveness of projection
neurons, including the protein kinase A (PKA) and protein kinase C (PKC) pathways. Projection
neurons can themselves modulate nearby cells by synthesis and release of prostaglandins (PGs)
via cyclooxygenase ( COX) and nitric oxide (NO) via nitric oxide synthase (NOS). Glia can modulate
nociceptive processing by release of cytokines (interleukin 1 B and tumor necrosis factor) and
prostaglandins. Descending terminals of fibers originating in regions such as the nucleus raphe
magnus (NRM) or locus coeruleus (LC) can release serotonin (5HT) or norepinephrine (NE). Also
depicted are the major proposed receptors for these neurotransmitters. Drugs that alter these
receptors or neurotransmitters have potential as analgesics. GABA, y-aminobutyric acid; PAG, peri-
aquaductal gray.

hyperalgesia, the results from clinical trials have

been equivocal, and few studies have shown

them to have significant effects on dental

pain. 22,23

Local circuit interneurons are a second compo-

nent of the dorsal horn, and they regulate trans-

mission of nociceptive signals from the primary

afferent fibers to projection neurons . 5,6,13 Inter-

neurons comprise a diverse class of neurons and,

depending on their neurotransmitter systems and

anatomic connections, can enhance or suppress

nociceptive processing (see Fig 8-3).

The third processing component of the dorsal

horn is the projection neurons; the cell bodies of

these neurons are within the medullary dorsal

horn, and their axons comprise the output system

for sending orofacial pain information to more

rostral brain regions. Three major classes of pro-

jection neurons have been described. 5,6 Nocicep-

tive-specific projection neurons receive sensory

input from nociceptive afferent fibers. Low-thresh-

old mechanoreceptive projection neurons receive

input from non-nociceptors (eg, A-beta fibers).

Wide dynamic range (WDR) projection neurons
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receive input from both nociceptors and non-

nociceptors.

A large body of evidence has focused on the

role of WDR and nociceptive-specific neurons in

encoding orofacial pain, hyperalgesia, and allody

nia.4,7,13,14,15,17 Evidence has accumulated about

the receptors and signal transduction pathways in

these projection neurons that lead to increased or

reduced activity 24,25 In particular, activation of

intracellular protein kinases (eg, protein kinases A

and C) and elevation of intracellular calcium lev-

els are thought to lead to facilitated responses to

nociceptive input. These projection neurons are

also thought to modulate the activity of nearby

cells via release of prostaglandins and nitric oxide
gas25 (see Fig 8-3).

A major output pathway for the WDR, noci-

ceptive-specific, and low-threshold mechanore-

ceptive projection neurons is the trigeminothala-

mic tract. This tract crosses to the contralateral

side of the medulla and ascends to the thalamus

(see Figs 8-1 and 8-3). From the thalamus, addi-

tional neurons relay this information to the cere-

bral cortex via a thalamocortical tract.

The perception of pain is thought to occur

primarily within the cerebral cortex. The classic

clinical studies by Penfield and Rasmussen26 indi-
cated that a disproportionately large area of the

cerebral cortex receives input from orofacial

regions (Fig 8-4). Thus, dental procedures that
stimulate orofacial structures (eg, lip retraction

with a rubber dam) or inflammation of orofacial

structures (eg, pulpitis or postoperative inflam-

mation) may activate relatively broad regions of

the cerebral cortex.

The glia constitute the fourth component of

the medullary dorsal horn involved in pain pro-

cessing. Although glia have been viewed as merely

supportive cells, recent studies strongly implicate

their active participation in processing nocicep-

tive input .27 In the dorsal horn, glia respond to

nociceptive input and facilitate the activity of pro-

jection neurons by release of cytokines such as

interleukin 1B or tumor necrosis factor. Indeed,

antagonists to these cytokines have been shown

to have central analgesic actions . 28 In peripheral

Fig 8-4 Sensory homunculus drawn over a sagittal section of
the central gyrus of the cerebral cortex. (Redrawn from Pen-
field and Rasmussen 26 with permission.)

tissues, glia have also been implicated in modulat-
ing nociception. 29

The fifth component of the medullary dorsal

horn consists of the terminal endings of de-

scending neurons (see Fig 8-3). These terminals

modulate (inhibit or facilitate) the transmission

of nociceptive information.An important compo-

nent of this endogenous analgesic system is the

endogenous opioid peptides (EOPs). The EOPs

are a family of peptides that possess many of the
properties of exogenous opioids, such as mor-

phine and codeine. The EOP family includes the

enkephalins, dynorphins , and B-endorphin-relat-d peptides.

Endogenous opioid peptides are found at

several levels of the pain suppression system.This

fact underlies the analgesic efficacy of endo-

genous and exogenous opioids, because their ad-

ministration conceivably activates opioid recep-

tors located at all levels of the neuraxis.The EOPs

are probably released during dental procedures,

because blockade of the actions of endogenous

opioids by administration of the antagonist nalox-
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Fig 8-5 Effect of stimulation of dental pulp nociceptors on
masseter muscle electromyographic (EMG) activity in anes-
thetized rats. Either mustard oil or its vehicle was injected into
maxillary first molars. EMG data are presented as a percent-
age of baseline (BL) activity. Data were collected at 30 min-
utes after drug administration (postdrug), and then both
groups of animals were administered naloxone (nalox), an opi-
ate receptor antagonist (1.2 mg/kg, intravenously). 'P < .05
(ANOVA) versus baseline. **P < .05 versus mustard oil. (Data
from Sunakawa et al.33 )

Fig 8-6 Effect of naloxone administration versus placebo on

i ntraoperative pain levels in dental patients undergoing surgical
removal of impacted third molars. Patients were anesthetized
with local anesthetic and, 10 minutes into surgery, were given
an intravenous injection of either naloxone (10 mg) or placebo
on a double-blinded randomized basis. "P < .01 (ANOVA).
VAS, visual analog scale (0 to 100). (Data from Hargreaves et

al. 30)

one can significantly increase the perception of

dental pain.30-32 In animal studies, application of

mustard oil to dental pulp produces a profound

increase in muscle activity, and this effect is

enhanced by naloxone 33 (Fig 8-5). In humans,

administration of naloxone significantly increases

pain perception during dental procedures 30 (Fig

8-6). Collectively, these studies indicate that orofa-

cial pain activates an endogenous analgesic sys-

tem involving the release of opioids and that

blockade of this system by naloxone increases

pain perception.

Another example is the endogenous cannabi-

noid system that inhibits central terminals of

C fibers; hypoactivity of this system may mediate

some forms of chronic pain. 34,35 Cannabinoids

may have profound effects for modulating pain

because there are about 10 times more cannabi-

noid receptors than opioid receptors in the cen-
tral nervous system. Additional studies have

demonstrated cannabinoid receptors on sensory

neurons and dental pulp, where they may act

to inhibit peripheral terminals of unmyelinated

nociceptors. 36-38

These studies indicate that pain is not simply

the result of a noxious stimulus applied to a

tooth. Instead, the stimulus must be detected and

transmitted to the medullary dorsal horn, where

significant processing occurs. In addition, the pat-

tern of peripheral input plays an important role in

mediating and modulating pain perception . 8

According to the classic "gate control" theory of

pain, activity of larger-diameter low-threshold

mechanoreceptors is thought to reduce pain per-

ception, and this is the basis for therapeutic

approaches such as transcutaneous electrical

nerve stimulation (TENS).13 However, double-

blind randomized clinical trials have indicated

that TENS has only a minor effect on altering pul-

pal pain thresholds 39 (Fig 8-7). Furthermore, sys-

tematic reviews of the literature regarding TENS

suggest that this effect is not observed consistent-

ly in well-controlled trials. 39,40 Thus,TENS may not

provide substantial control of dental pain.
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Fig 8-7 Lack of a significant effect of active transcutaneous
electrical stimulation (TENS) versus placebo TENS on pulpal
pain thresholds in 107 noncarious maxillary first premolars.
Teeth were stimulated with an electrical pulp tester (DP2000;
10-millisecond rectangular pulses at 6 Hz with a 3.61-mm?
contact surface applied to the incisal edge; scale 0 to 32). On
a double-blind, randomized basis, patients received placebo
TENS or active TENS stimulation (extraoral monopolar 250-
millisecond rectangular waves at 160 Hz with pads placed at
apices of premolars just inferior to the zygoma). Teeth were
then tested 15 minutes later. Error bars represent standard error
of the mean. (Redrawn from Schafer et a1 39 with permission.)

Fig 8-8 Effect of activation of nociceptors from a distant body region on magnitude and area of referred pain in patients with irre-
versible pulpitis (N -- 10). (a) Patients with a clinical diagnosis of irreversible pulpitis reported the magnitude of their perceived pain
( 0 to 100 scale) at baseline and 5 minutes after exercise-induced ischemic pain tolerance (tourniquet applied to forearm prior to

exercise). "P < .05 (t test). (b) Drawings of pain referred onto face from one patient at baseline and 5 minutes after ischemic pain
test. (Redrawn from Sigurdsson and Maixner 41 with permission.)

Other studies have evaluated whether nox-

ious stimulation of distant body sites can reduce
pain perception in other parts of the body. The

concept that "pain suppresses pain" or, more for-

mally, of diffuse noxious inhibitory control, has

considerable support from animal studies. 13 Clini-

cal studies have provided support for this con-

cept as well. For example, in one study, ischemic

muscle pain (application of a tourniquet to a

forearm during exercise) significantly reduced

pain from irreversible pulpitis41 (Fig 8-8). Not
only was the magnitude of pain reduced, but the

area of referred pain was also substantially re-

duced.These data indicate that the pain arising

from pulpitis can be modulated by concurrent

input from nociceptors that innervate distant

parts of the body.

However, similar studies conducted in patients

with temp oromandibular pain indicate that

ischemic forearm muscle pain does not reduce

their temporomandibular pain. 4' Thus, the central

modulatory system regulating pulpitis pain is dif-

ferent from the systems regulating temporoman-

dibular pain. 42
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Fig 8-9 Effect of application of inorganic ions or inflammatory
mediators to exposed human dental pulp. Volunteers received
mepivacaine anesthesia and had their pulp exposed via a
Class V cavity preparation. After recovery from anesthesia, the
cavity preparations (N = 16) were dried, and test solutions of
ammonium chloride (NH 4 Cl; 0.77 mol/L), sodium chloride
( NaCl; 0.77 mol/L), histamine (10 mg/mL), or bradykinin (10
ug/mL) were placed on the surface of the pulp. The stimulus
period was less than 3 minutes, and the interstimulus interval
was 5 minutes. The quality of the evoked pain was recorded
after application of the test agent. (Redrawn from Ahlquist et
al46 with permission.)

Fig 8-10 Responsiveness of pulpal A -delta afferent neurons
and pulpal C afferent neurons to different stimuli applied to

deep dentinal cavity preparations in anesthetized cats.
( Reprinted from Narhi et a I47 with permission.)

Mechanisms of Dental Pain
Caused by Inflammation

Pulpal C nociceptors are thought to have a pre-

dominant role in encoding inflammatory pain aris-

ing from dental pulp and periradicular tissue.This

hypothesis is supported by the distribution of C

fibers in dental pulp, their responsiveness to

inflammatory mediators, and the strikingly similar

perceptual qualities of pain associated with C

fiber activation and pulpitis (ie, dull, aching

pain) . 43-45 Figure 8-9 illustrates the perceptual

pain response reported by volunteers in whom

inorganic ions or inflammatory mediators were

administered to exposed dental pulp. 46 Applica-

tion of histamine and bradykinin primarily pro-

duced reports of dull, aching pain.

Similar results have been observed in electro-

physiologic studies evaluating the responsiveness

of A-delta and C afferent neurons to stimuli

applied to deep cavity preparations47 (Fig 8-10).

The A-delta fibers respond to stimulation of denti-
nal tubules (eg, air blast), whereas pulpal C fibers

respond to bradykinin or capsaicin. 47 Collectively,
these and other studies have implicated pulpal A-

delta fibers in mediating dentinal sensitivity and

pulpal C afferent fibers in mediating pulpal

inflammation (see Fig 8-2).

The response to tissue inflammation or infec-

tion is complex and involves the coordinated

release of multiple classes of inflammatory medi-

ators that display distinct profiles of substance

concentration over time (see chapters 10 and

11). 48 In the inflamed dental pulp, the terminals

of nociceptive primary afferents detect the pres-

ence of inflammatory mediators with receptors

that are synthesized in the afferent fiber's cell

body and then transported to the periphery. If
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the mediator reaches a concentration in the
inflamed tissue sufficient to activate the recep-
tor, the nociceptive neuron could become acti-
vated (ie, the membrane would be depolarized
and the signal would be conducted to the cen-
tral nervous system or sensitized (see Fig 8-2).A
sensitized nociceptor displays spontaneous
depolarization, reduced threshold for depolariza-
tion, and increased after-discharges to supra-
threshold stimuli.

Some inflammatory mediators activate these
terminals (eg, bradykinin), while others potenti-
ate the effects of inflammatory mediators (eg,
prostaglandins). For example, prostaglandin E 2

substantially increases the stimulatory effect of
bradykinin 49 (Fig 8-11). Therefore, the combina-
tion of mediators present is probably more
important than the presence of any one media-
tor in determining the physiologic response to
inflammation. Other inflammatory mediators
may produce persistent effects. For example,
nerve growth factor is expressed in inflamed
dental pulp (see chapter 7), and a single injec-
tion of nerve growth factor to humans can evoke
pain and allodynia that last up to 1 month. 50,51

This process of nociceptor sensitization has
important clinical implications, because it con-
tributes to the altered pain states of hyperalgesia
and allodynia. 4,52

Signal transduction studies have revealed
some of the fundamental mechanisms mediating
the actions of inflammatory mediators and drugs
on sensory neurons .

24,25,53-55 For example, inflam-
matory mediators whose receptors couple to the
Gq guanosine triphosphate binding protein, lead-
ing to activation of the protein kinase C pathway
of second messengers, activate nociceptors. This
includes bradykinin. On the other hand, inflam-
matory mediators whose receptors couple to the
G s guanosine triphosphate binding protein, lead-
ing to activation of the protein kinase A pathway
of second messengers, sensitize nociceptors. This
includes the prostaglandins. Finally, drugs that
activate receptors coupled to the G, guanosine
triphosphate protein tend to be analgesics. This
includes opiates, cannabinoids, and adrenergic

Fig 8-11 Effect of bradykinin alone and with prostaglandin E 2
( PGE2 ) on release of immunoreactive calcitonin gene-related
peptide (iCGRP) from isolated superfused bovine dental pulp
slices. Tissue was pretreated with bradykinin alone or with
bradykinin and PGE 2 , and released levels of iCGRP were mea-
sured by a radioimmunoassay. `P < .05 (ANOVA); "P < .01
(ANOVA). (Redrawn from Goodis et al 49 with permission.)

agonists. This is a simplification of a very active
research front that is likely to lead to fundamen-
tal advances in the knowledge of pain mecha-
nisms and in the development of new classes of
analgesic drugs.

Allodynia and hyperalgesia

The pain system can undergo dramatic changes
in response to certain peripheral stimuli, leading
to the development of allodynia and hyperalge
sia. These changes do not necessarily
take weeks to develop but under certain condi-
tions can occur within a few seconds or minutes
after an appropriate stimulus. For example, exten-
sive hyperalgesia and allodynia occur in humans
a few minutes after stimulation of cutaneous C
nociceptors by injection of capsaicin. 58

Hyperalgesia is defined as an increase in the
perceived magnitude of a painful stimulus and
allodynia is defined as a reduction in pain thresh-
old so that previously non-noxious stimuli are per-
ceived as painful. Many persons have experienced
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these altered pain states; common examples in-

clude a sunburn or a thermal injury. In the exam-

ple of a sunburn, the pain experienced when a

T-shirt is worn is allodynia (ie, reduced pain thres-

hold), whereas the increased pain responsiveness

experienced when someone slaps the burned skin
is hyperalgesia (ie, increased pain perception).

Allodynia or hyperalgesia can occur during

inflammation of pulpal or periradicular tissue.
The outcome of endodontic diagnostic tests and

a patient's symptoms can be used to determine

the presence of allodynia or hyperalgesia 59 (Table
8-1). Put another way, the systematic evaluation of

allodynia or hyperalgesia represents the biologic

rationale for endodontic diagnostic tests.

In many cases, endodontic pain occurs as a

triad of spontaneous pain, hyperalgesia, and allo-

dynia. For example, percussion of a tooth with a

mirror handle (or pain on mastication) tests for

the presence of allodynia: a reduction in the

mechanical nociceptive thresholds of neurons

innervating the periodontal ligament. Under nor-

mal conditions, this innocuous stimulation does

not elicit pain. However, under conditions of

acute inflammation, the mechanical pain thresh-

old is reduced to the point at which tapping with
a mirror handle is now perceived as tender or

painful.

Similarly, studies in cats have shown that pulpal

inflammation lowers the mechanical threshold of

pulpal fibers to the level at which increases in sys-

tolic blood pressure can activate pulpal neurons.

The synchrony of firing of pulpal fibers in

response to the heartbeat is thought to mediate

the "throbbing" pain of pulpitis.43 Additional

studies have shown that the thermal threshold of

nociceptors can be reduced to the point at which

normal physiologic temperature (ie, 37°C) can

activate these peripheral neurons. This may ex-

plain why some patients use ice water to relieve

pain from severe, irreversible pulpitis, because the

neurons would be expected to stop firing when

the tissue is cooled. Accordingly, the study of

mechanisms and management of allodynia and

hyperalgesia are important issues in managing

dental pain.

Peripheral mechanisms of allodynia and

hyperalgesia

Hyperalgesia is due to both peripheral and central

mechanisms. 4,5,7,8,13,14 Several mechanisms have

been proposed to contribute to peripheral hyper-

algesia (Box 8-1).As mentioned, the concentration

and composition of various inflammatory media-

tors are important and can lead to activation or

sensitization of nociceptors (see Fig 8-2).The con-

centration of the inflammatory mediator is impor-

tant because tissue levels must be sufficiently high

to permit binding and activation of the receptor.

For example, prostaglandin E2 levels are more

than 100-fold greater in pulp samples collected

from teeth with irreversible pulpitis than they are

in normal control teeth73 (Fig 8-12).

Moreover, heat-induced inflammation in pulp

sensitizes pulpal afferent fibers by local release of

prostaglandins, because this effect is blocked by

pretreatment with nonsteroidal anti-inflammatory

drugs such as indomethacin, naproxen, or

diclofenac (Fig 8-13). Heat-induced inflammato-

ry changes can occur clinically from tooth prepa-

ration procedures performed with insufficient

water spray (additional pulpal responses are dis-
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Fig 8-12 Pulpal levels of prostaglandin E 2 ( PGE 2 ) i n speci-
mens taken from control pulps (normal diagnosis) (N = 21)
and those with irreversible pulpitis (N = 21). Specimens were
collected on a nylon pellet, and pulpal levels of immunoreac-

tive PGE 2 were measured by enzyme immunoassay. **P < .01

( Mann-Whitney U test). (Redrawn from Nakanishi et al7 3 with

permission.)

Fig 8-13 Effect of indomethacin (5 mg/kg) pretreatment on
nerve activity after repeated administration of heat to the teeth
of anesthetized cats. Cats were anesthetized, electrodes were
placed in two dentinal cavity preparations, and heat was
administered by a 1-second application of a stick of hot gutta-
percha (about 90°C); the data were recorded after the third
application of heat. "'P < .001 (t test). (Redrawn from

Ahlborg 74 with permission.)

cussed in detail in chapters 6 and 13). From a clin-
ical perspective, these studies support the use of
the nonsteroidal class of analgesics to treat pulpi-
tis (see chapter 9).

Dental procedures such as the incision and
drainage of an abscess or a pulpectomy may
reduce pain by reducing concentrations of media-
tors as well as by lowering tissue pressure. Many
inflammatory mediators found in inflamed pulp
or periradicular tissue (see chapters 10 and 11)
can either activate or sensitize nociceptors and
evoke pain when administered to human volun-
teers. Considerable research is being directed to-

ward clarifying the mechanisms of sensitization of
nociceptors in the hope that this information will
lead to the development of new classes of anal-
gesic drugs.75,76

In addition to activation and sensitization, the
peripheral afferent fiber responds to mediators
such as nerve growth factor by increasing pro-
tein synthesis of substance P and CGRP and by
sprouting terminal fibers in the inflamed tissue
(see chapter 7).50,63-65 Similar increases in neu-
ropeptides are seen in human pulp infected by
caries.77 Sprouting increases the density of inner-
vation in inflamed tissue and may contribute to
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nociceptive signals. However, under certain in-

flammatory conditions, A-beta fibers begin to

express substance P and develop new central ter-
minations in the dorsal spinal cord, now innervat-

ing regions that contain nociceptive neurons . 71,85

Thus, it is possible that certain pain conditions

may have an allodynic component because of

nociceptive transmission by A-beta fibers. Other

studies have implicated sympathetic fibers in the

activation of C nociceptive afferent fibers after

certain forms of tissue injury.'" Taken together,

several peripheral mechanisms contribute to the

development of allodynia and hyperalgesia. How-

ever, not all of these mechanisms are necessarily

equally active in all acute and chronic pain states,

and this has led to the concept of developing

mechanistically based pain diagnoses. 59,86

increased pain sensitivity in chronic pulpal or

periradicular inflammation. 50,63

Certain afferent fibers also respond to inflam-

matory mediators by synthesizing other proteins,

such as tetrodotoxin (TTX) -resistant sodium

channels . 75,78,71 These ion channels are synthe-

sized by a major class of nociceptors and under-

go activation by inflammatory mediators. 80-82

Unlike the typical class of TTX-sensitive sodium

channels found on sensory neurons, TTX-resistant

sodium channels are poorly blocked by local

anesthetics. Indeed, it takes about four times

more lidocaine to block TTX-resistant channels as

it takes to block the typical class of TTX-sensitive
ion channels.83 Given this disparity in lidocaine
potency, the synthesis of new types of ion chan-

nels on sensory neurons may well contribute to

difficulty in obtaining local anesthesia in certain
cases of endodontic pain. Indeed, interventions

that block the expression of one member of the

class of TTX-resistant sodium channels (ie, the

PN 3 channel) have a significant effect in reducing

nociception in rat models of inflammatory and

neuropathic pain. 84

Several other peripheral mechanisms may con-

tribute to allodynia or hyperalgesia. For example,

A-beta fibers are normally thought to be low-

threshold mechanoreceptors that do not convey

Central mechanisms of allodynic and

hyperalgesia

In addition to these peripheral mechanisms, sev-

eral central mechanisms of hyperalgesia have also

been proposed4,19,20,56,72 (Box 8-2). Central sensiti-

zation is the increased excitability of central neu-

rons and is thought to be a major mechanism of

hyperalgesia . 2° Central sensitization results from a

barrage of impulses from C nociceptors. This

results in the central release of glutamate and

substance P (as well as other neurotransmitters),

leading to activation of central receptors for glu-

tamate (eg, NMDA and AMPA receptors) and for

substance P (eg, NKI receptor) (see Fig 8-3).

Under these conditions, stimulation of the nor-

mally low-threshold A-beta fibers now produces a

much larger response, and this may provide a

central mechanism of allodynia.

Several other mechanisms for central sensitiza-

tion have been proposed and are included in Box

8-2. The concept of central sensitization is impor-
tant because it implies a dynamic responsiveness

of the central nervous system to peripheral

input. Put another way, the same stimulus does

not always produce the same response.

Activation of pulpal neurons produces a cen-

tral sensitization.' 3,17,33 Application of mustard oil
to the pulp of a rat maxillary molar activates pulp-
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Fig 8-14 Effect of application of mustard oil on pulpal neu-
rons in the rat. Application induces a central sensitization via
glutamate release. Anesthetized rats had mustard oil applied to
the pulp of a maxillary first molar with simultaneous recordings
from nociceptive-specific neurons in the nucleus caudalis. The
area of the maxillary skin that activated the nociceptive-specific
neurons after light tactile stimulation was recorded as the tac-
tile receptive field (RF) size. Animals were pretreated with
either vehicle or an antagonist to the glutamate NMDA recep-
tor (MK-801) before mustard oil was administered to the pulp.
""P < .01 (ANOVA) versus vehicle treatment. (Redrawn from
Chiang et al" with permission.)

Fig 8-15 Effects of pulpotomy in rat mandibular molar on
mechanoreceptive field and spontaneous activity of central
neurons located in the trigeminal subnucleus oralis under
control conditions and 7 to 13 days after pulpotomy. "P < .05
(chi-square test); `"P < .01 (chi-square test). (Redrawn from
Kwan et al96 with permission.)

al neurons and evokes more than a five-fold
increase in the discharge rate of nociceptive-spe-
cific neurons located in the nucleus caudalis.17
This barrage of pulpal C fibers is sufficient to pro-
duce a central sensitization, because 20 minutes
later there is an enhanced response to light tactile
stimuli applied to the maxillary skin (Fig 8-14).
This central sensitization is mediated by release of
glutamate, because pretreatment with an antago-
nist to the glutamate NMDA receptor (MK-801)
abolishes this effect. Thus, activation of pulpal
nociceptors can induce central sensitization via
central release of glutamate, and this effect is suffi-
cient to produce an allodynic-like response over
the maxillary skin region.17

Pulpotomy can also evoke a central sensitiza-
tion, as measured by both an expansion of recep-
tive field sizes and an increase in spontaneous
activity in the nucleus oralis 96,97 (Fig 8-15). In
addition, central terminals of afferent fibers con-

tinue to exhibit increased release of CGRP, even
after removal from the animal. 87 Thus, even in
the absence of peripheral input, central mecha-
nisms of hyperalgesia or allodynia can persist for
some time.

Because at least some components of allody-
nia or hyperalgesia can persist even without con-
tinued sensory input from inflamed tissue, it is
not surprising that up to 80% of patients experi-
encing pain before endodontic treatment contin-
ue to report pain after treatment. 98,99 Thus, even
if the endodontic treatment has removed all
peripheral factors contributing to hyperalgesia,
the central mechanisms can still persist for some
time. Indeed, the presence of preoperative hyper-
algesia (operationally measured as preoperative
pain or allodynia) is a risk factor for the occur-
rence of postendodontic pain"' (Fig 8-16). Pa-
tients with moderate or severe preoperative pain
tended to report greater pain levels for 3 days

19 3



8 • Pain Mechanisms of the Pulpodentin Complex

Fig 8-16 Time-response curves for postendodontic pain in
patients given a placebo analgesic. Patients were subdivided
i nto four groups based on the magnitude of their preoperative
pain. Patients with moderate or severe preoperative pain tend-
ed to report greater levels of pain throughout the posten-
dodontic (cleaning and shaping) treatment. VAS, visual ana-
l og scale (0 to 100). (Redrawn from Torabinejad et al'°° with
permission.)

Fig 8-17 Example of convergence of multiple sensory neu-
rons onto the same central neuron in the nucleus caudalis of
an anesthetized cat. The receptive field (RF) for the neuron
was in the maxillary region. The figure shows the depolariza-
tions of the neuron in the nucleus caudalis to stimulation in
various orofacial regions. (Reprinted from Sessle et al' °2 with
permission.)

after endodontic cleaning and shaping than did

patients reporting either no or mild preoperative

pain.48 The presentation of this risk factor should

alert the clinician to adjust the pain management

strategy for higher levels of pain control (see
chapter 9). 48 It is apparent that the mechanisms

of allodynia and hyperalgesia are clinically signifi-

cant factors in understanding strategies for diag-

nosing and managing endodontic pain.

Referred pain

Referred pain is the condition in which pain is

perceived to be localized in one region but is
caused by nociception originating from another

area. In referred pain, the region of the body

where pain is perceived to occur is not the same

as the region where the pain originates. Clearly,

referred pain represents a diagnostic challenge to

the clinician because effective treatment must be

directed to the site where pain originates (see

also chapter 20).

Suda and colleagues" have nicely summarized

peripheral and central mechanisms of referred

pain. Peripheral mechanisms include branching

axons that innervate different structures and

axonal reflexes. Central mechanisms include mus-

cle contractions, central sensitization, memory,

and convergence of primary afferents. These

hypotheses are not mutually exclusive and may

contribute to various cases of referred pain. For

example, there is good experimental evidence

that central sensitization and convergence of pri-

mary afferents may mediate many cases of re-

ferred pain.

Evidence exists that the central terminals of

trigeminal afferent fibers converge onto the same

projection neurons. For example, nociceptors in

the maxillary sinus and maxillary molars may

stimulate the same neuron located in the nucleus

caudalis. About 50% of neurons in the

nucleus caudalis exhibit convergence of sensory

input from cutaneous and visceral structures. ' 2 In

one example, a single neuron in the nucleus cau-

dalis received input from sensory neurons inner-

vating the maxillary skin, cornea, a mandibular

canine, a mandibular premolar, and a maxillary

premolar102 (Fig 8-17). Thus, the clinical problem
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of referred pain has a biologic basis in the con-

vergence of sensory neurons onto the same cen-

tral projection neuron.

The theory of convergence has been used to

explain the clinical observation of a patient who

complains of pain that originates from an in-

flamed mandibular molar and radiates to the pre-

auricular region or of pain that originates in

inflamed maxillary sinuses and radiates to the

maxillary posterior teeth. Thus, pain can originate

from the dental pulp and be referred to distant

regions or, conversely, can originate from distant

regions and be referred back to the dental pulp

(see also chapter 20).

The latter has been demonstrated in patients

with chronic orofacial pain. In patients with trig-

ger points in the superior belly of the masseter,

pain can be referred to maxillary posterior teeth10 3

(Fig 8-18). Conversely, in patients with trigger

points in the inferior border of the masseter mus-

cle, pain can be referred to the mandibular posteri-

or teeth. Thus, it is important to consider multiple

diagnostic tests to determine the origin of the

patient's pain.

The convergence theory forms the basis for

the diagnostic use of local anesthetics in estab-

lishing the origin of pain in patients who present

with diagnostic challenges. For example, Oke-

son104 described the selective injection of local

anesthetics as a clinical test to distinguish the site

of pain origin from the area of pain referral.

Mechanisms of Dentinal
Hypersensitivity

Hydrodynamic theory of dentinal
hypersensitivity

Dentinal sensitivity is characterized as a sharp

pain that occurs soon after a provoking stimu-

lus.105 Dentinal tubules are well innervated near

the pulp horns (see chapter 7). In this region, up

to 74% of the tubules contain nerve fibers, and

these fibers can extend up to 200 um into the

Fig 8-18 Referral patterns in patients with chronic orofacial
pain. (A) Patients with trigger zones in the superior belly of the
masseter have pain referred to regions including the maxillary
posterior teeth. (8) Patients with trigger zones in the inferior
belly of the masseter have pain referred to regions including
the mandibular posterior teeth. (Redrawn from Travell and

Simons'° 3 with permission.)

tubule (see Fig 8-2). At the midcrown level of the

pulp, fewer tubules are innervated, and the
intratubule extension of the fibers is shorter. In

contrast, root dentin is poorly innervated.

For all innervated tubules, the nerve fibers are

in close proximity to odontoblasts, although

direct connections are not evident.50 However,

the proximity of these two cell types is consis-
tent with the hypothesis that odontoblasts and

afferent terminal endings may have biochemical

connections (eg, via expression of receptors and

paracrine release of soluble factors) and thereby

participate in the sensory transduction of nox-

ious stimuli.
This anatomic relationship between nerve

fibers and odontoblasts may be the physiologic

basis for the hydrodynamic theory of dentinal

pain. This theory, which has strong experimental

support, postulates that movement of fluid

through the dentinal tubules results in pain. 10 -109

Stimuli, including air blasts, cold, and hypertonic

sugars ("sweets"), can produce movement of the

dentinal fluid. Movement of this fluid results in
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Fig 8-19 Effect of velocity of dentinal fluid flow on the
responses of an A-delta fiber that innervates dentin in the anes-
thetized cat. (Redrawn from Matthews et al"' with permission.)

Fig 8-20 Effect of acid etching on the responsiveness of A-
delta afferent fibers to stimuli applied to exposed dentin in
anesthetized dogs. N = 23 to 25. (Reprinted from Narhi et al114
with permission.)

stimulation of nociceptive nerve fibers located

on the pulpal side of the dentinal tubules 110,111

(Fig 8-19). The fluid movement is thought to

serve as a fluid transducer, signaling the presence

of stimuli at the outer opening of the dentinal

tubules. Indeed, removal of dentinal fluid abolish-

es the ability to detect these stimuli; sensitivity

returns when the fluid is replenished.1 12

It is not known how nerve fibers detect fluid

movement. However, the sharp quality of the

resulting pain suggests activation of A-delta noci-
ceptive fibers43,47,105 (see Figs 8-9 and 8-10).

Dentinal sensitivity appears to recede with age

or after chronic irritation. The increase in sec-

ondary or reparative dentin during these process-

es is thought to diminish the flow of fluid through

the tubules. 113

Following exposure of dentin, either by loss of

enamel or by loss of cementum and gingiva, den-

tinal sensitivity can develop. Researchers have

reported that there is a large increase in A-delta

fiber's responsiveness to dentinal stimulation

after an acid-etching procedure is performed on

exposed dentin114 (Fig 8-20). The responsiveness
to mechanical (eg, probing), drying (eg, air blast),

and osmotic stimuli is increased. The buccal sur-

faces of canines and premolars are common sites

of dentinal exposure, probably because of their

susceptibility to toothbrush-induced abrasion. 115

Effects of pulpal inflammation on
dentinal sensitivity

Dentinal sensitivity is not an invariant sensation.

The responsiveness to dentinal stimulation

increases not only with exposure of dentinal

tubules (see Fig 8-20) but also in the presence of

inflammatory mediators. For example, the admin-

istration of the inflammatory mediator leuko-

triene B4 to deep dentinal preparations increases

the responsiveness to osmotic stimuli 61 (Fig

8-21). In an actual model of pulpal inflammation,

there is a three-fold increase in the receptive field

size of A-delta fibers innervating inflamed dog

teeth43,47,50,66,116 (Fig 8-22). This may result from
the sprouting of A-delta fibers and the resultant

increase in the area of innervated dentinal

tubules. Thus, pulpal inflammation may predis-
pose a tooth to enhanced dentinal sensitivity

by reducing the threshold for activation and

by increasing the area of innervated dentinal

tubules.

196



Pulpal Vitality Testing

Fig 8-21 Effect of administration of leukotriene B 4 ( LTB 4 ) or
vehicle on dentinal sensitivity to osmotic stimuli. LTB 4 ( 25
mg/mL) or vehicle was applied to exposed dentin in anes-

thetized cats; electrodes were placed in cavities for intradentin-
al recordings. Administration of LTB4 significantly enhanced

responsiveness to osmotic stimuli (0.3 and 1.0 mol/L of sodi-
um chloride [NaCl]) applied to the exposed dentin. "P < .05
( ANOVA) versus vehicle. (Redrawn from Madison et alb' with
permission.)

Fig 8-22 Effect of pulpal inflammation on the receptive field
size of A-delta fibers innervating the dentin of dog teeth. The
teeth underwent resection of the coronal portion of the crown
1 week before the experiment. On the day of the experiment,
dogs were anesthetized, single units were isolated, and the
exposed dentin was probed to determine the area of innervat-
ed dentin. (Redrawn from Narhi et al66 with permission.)

Pulpal Vitality Testing

One aspect of the diagnosis of pain is the deter-

mination of pulpal vitality. The importance of

assessing vascular integrity to establish pulpal
vitality was discussed in chapter 6. However,

methods for assessing vascular integrity are gen-

erally not well validated or amenable to all clini-

cal applications. Accordingly, responsiveness to

various pulpal stimuli has been used as a surro-

gate measure of pulpal vitality"' In general, this

involves the use of electrical or thermal testing

or preparation of a test cavity; the patient's re-

sponse is an outcome measure.

Accepted techniques, such as the use of con-

trol teeth interspersed with the suspected tooth,

have been described in clinical texts, and the

reader is encouraged to review this material. 118

This section will review factors that modify out-

comes in electrical and thermal testing and will

review studies on sensitivity and specificity.

A common method for assessing pulpal re-

sponsiveness is the use of electrical stimuli.
Under certain conditions, electrical stimuli can

elicit a "prepain" sensation that is distinct from

pain.10 The primary factors that affect the electri-
cal pulpal responsiveness test include electrode

design (monopolar versus bipolar), electrode sur-

face area, pulse duration, pulse strength (current

and voltage), pulse frequency, electrode position

(eg, incisal versus gingival), restorative status of

the test teeth, and patient health. In general, the

amount of current required to activate pulpal A-

delta afferent fibers is only about 25% of that

required to activate C fibers 121; most clinical test-

ing activates onlyA-delta fibers.

Although most commercially available electri-

cal pulp testers are monopolar (ie, cathode on

tooth and anode often on the lip), studies have

shown that bipolar electrodes (ie, cathode and

anode placed on tooth) provide more consistent

effects. 120-122 For example, the coefficient of vari-
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Fig 8-23 Effect of monopolar electrode and stimulation
parameters on the threshold for pain perception in humans.
Electrodes (1.05-m m 2 or 4-m m 2 surface area) were placed on
exposed dentin, and the parameters were evaluated to deter-
mine if they caused positive test responses (ie, pain percep-
tion threshold of electrical stimulus). (Redrawn from Mumford
and Newton 123 with permission.)

ation (a measure of the noise-signal ratio) for

bipolar electrode stimulation of A-delta fibers is

about 35% less than that for monopolar stimula-

tion of the same units. 121

The density of the electrical current also plays

an important role in this test. Increasing surface

area of electrodes requires greater current to pro-

duce a detectable sensation, and, at any given elec-

trode area, shorter pulse widths require greater

current to produce a sensation 123 (Fig 8-23). This

is an important concept because the density of

the current is the result of these parameters as
well as the pulpal anatomy.

When results in different types of teeth or

results from younger patients and older patients

(with smaller pulp chambers) are compared, the

current delivered cannot be directly compared,

because the pulpal anatomy differs. Studies have
indicated that electrical testing produces the most

consistent effects when the electrode is placed on
the incisal or cuspal edge of the tooth. 124,125 I n a

study of more than 7,000 posterior teeth, electri-
cal testing of the mesiobuccal cusp of mandibular

molars gave the lowest response threshold, and, in

general, electrical thresholds increased with
patient age. 126 Other factors that influence electri-

cal testing include the restorative status of the

tooth (eg, porcelain is an insulator) and even the

patient's health (hypertensive patients have signif-

icantly, although modestly, higher thresholds for

electrical testing). 127

Alternative testing methods include the applica-

tion of cold or hot stimuli to the tooth. 44,105,128-131

Commonly used cold stimuli include ethyl chlo-

ride spray, dichlorodifluoromethane, dry ice (ie,

frozen carbon dioxide), and wet ice (ie, frozen

water). In general, the response to application of

cold stimuli is measured as a positive or negative

reaction. This technique is probably used more

often than application of hot stimuli.

Commonly used hot stimuli include heated

gutta-percha (applied to a lubricated tooth sur-

face) and electrical heat sources (Touch 'N Heat,

System B, etc). The initial response to heat is a

sharp sensation; if the stimulus is maintained for a

sufficient period of time, a dull, aching sensation

is perceived. These sensations appear to be medi-

ated by A-delta and C fibers, respectively.

All clinical tests are subject to false-positive (ie,

a positive response from a necrotic pulp) and

false-negative (ie, a negative response from a vital

pulp) results.132,133 A recent study compared the

cold test (ethyl chloride) to an electrical pulp test

(Analytic Technology Pulp Tester) to the "gold

standard" (endodontic access and clinical verifica-

tion of vitality) in 59 teeth of unknown pulpal sta-

tus. 133 The probability that a negative test meant a

true necrotic pulp was similar for the cold and

electrical tests (89% versus 88%); the hot gutta-

percha test was much lower in its ability to detect

a true negative (48%). In addition, the probability

that a positive test represented a true vital pulp

was similar for the cold, electrical, and hot gutta-

percha tests (90%, 84%, and 83%, respectively).
Overall, the cold and electrical tests had similar

accuracy values (86% versus 81%), and both were

more accurate than the heat test (71%).
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Other studies have reported that the cold test

is more accurate (80%) in testing human teeth

(N = 50) than the electrical test (64% for mono

polar electrodes). 134 In one study of more than

1,000 teeth, two different electrical testers each

produced significantly more false-positive results

than did the cold test (about five-fold higher).

Even when gingival controls were employed, one

commercial electrical tester produced about two-

fold greater false positives than the cold test. 135

Conclusions

A review of the mechanisms of pulpodentinal

pain has numerous clinical implications. First,

dentinal pain is primarily due to myelinated

fibers innervating dentinal tubules where fluid

movement is detected and signaled back to the

brain. Therapeutic reduction of dentinal fluid

movement or neuronal activation can reduce

dentinal hypersensitivity. Second, inflammation is

detected by receptors expressed on pulpal noci-

ceptors; the binding of inflammatory mediators

onto these receptors can activate or sensitize

these nociceptors. Drugs that reduce tissue levels

of inflammatory mediators (eg, NSAIDs) relieve

pain by reducing activation of these receptors.

Third, hyperalgesia and allodynia can occur dur-

ing pulpal and periradicular inflammation. Evalua-
tion of the presence of these altered pain states

provdes the biologic basis for endodontic diag-

nostic tests. Fourth, hyperalgesia and allodynia

can occur by both peripheral and central mecha-

nisms, and may persist beyond the dental ap-

pointment. Thus, patients with preoperative pain

have an increased risk of experiencing postopera-

tive pain. Fifth, referred pain is due, in part, to

convergence of multiple sensory fibers onto the

same central projection neuron. Sixth, pulp test-

ing, using either electrical or thermal stimuli,

requires an appreciation of the mechanisms

involved for proper interpretation of tooth and

patient conditions, and for minimization of poten-

tial confusion due to false positive or false nega-

tive results.
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Pharmacologic Control
of Dental Pain
Kenneth M. Hargreaves, DDS, PhD

Samuel Seltzer, DDS

A major theme of this book is the relationship

between dental pulp and other tissues in health

and disease. Perhaps the best example of this

theme is dental pain.As detailed in chapters 7 and

8, pain is the predominant sensation following

activation of those sensory neurons that inner-

vate dental pulp and dentinal tubules. Although

patients may report their pain as a "toothache,"

the skilled clinician understands that this single

response may be an integration of pain originat-

ing from pulpal and periradicular nociceptors

(eg, acute apical periodontitis) in addition to cen-

tral mechanisms of hyperalgesia. Moreover, in

some cases, the noxious input may not even

occur from the tooth in question; it may actually

represent pain referred to the site from a distant

tissue and integrated in the central nervous sys-

tem (CNS) (see chapter 20).

Given this complexity, it is perhaps not surpris-

ing that many patients view dentistry and pain as

synonymous. Indeed, studies surveying more than

45,000 households in the United States indicate

that odontalgia, or toothache, is the most common

form of pain in the orofacial region, afflicting 12

of the study population.' This percentage corre-

sponds to about 20 million people in the US alone.

In this chapter, studies on treating the two
major forms of dental pain-dentinal sensitivity

and inflammatory pulpal pain-will be reviewed.

For each pain condition, we will review evidence

supporting pharmacologic and nonpharmacolog-

ic treatment regimens for managing dental pain in

the context of clinical interventions.

Management of Dentinal
Hypersensitivity

Overview

As reviewed in chapter 8, the predominant hypo-

thesis for dentinal hypersensitivity is Brannstrom's

fluid flow hypothesis. Indeed, scanning electron

microscope (SEM) analyses' of teeth with dentinal

hypersensitivity demonstrate significantly greater

numbers of patent dentinal tubules/mm' and sig-

nificantly greater mean diameter per tubule than

in control teeth (Fig 9-1). Identified risk factors for

dentinal hypersensitivity include erosion, abra-

sion, attrition, gingival recession, periodontal treat-

ment, and anatomic defects. 3-5 Accordingly, inter-
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Fig 9-I Comparison of the density of dentinal tubules and
the mean diameter of dentinal tubules in teeth taken from 34
patients with hypersensitive (HS) dentin and 37 patients with
normal dentin. Teeth were extracted and then examined under
a scanning electron microscope "P < .01 vs control dentin.
( Data from Absi et a1 . 2 )

Fig 9-2 Hydraulic conductance of dentin disks taken from
young (22 to 27 years old) and older (45 to 62 years old)
patients. Lp, liquid permeability. (Data from Tagami et al . 12)

ventions that reduce either fluid flow or the activ-
ity of the neurons that innervate dentinal tubules
would be predicted to be effective in reducing
dentinal hypersensitivity.

Several cross-sectional studies have reported on
the clinical characteristics of dentinal hypersensi-
tivity The reported prevalence of dentinal hyper-
sensitivity ranges from 3.8% (N = 3,593, United
Kingdom) to 17% (N = 635, Brazil) to about 55%
(N = 250, Ireland; N = 277, United Kingdom) . 6-9
The wide variation in the reported prevalence may
relate to cultural or genetic factors or to experi-
mental variations in methods of assessment or
sampling. Indeed, several investigators have pro-
posed standardized methods for assessing dentinal
hypersensitivity and conducting randomized con-
trolled clinical trials. Dentinal hypersensitivity
has been reported in some studies to be greater in
female patients.The location and teeth most
often affected tend to be the cervical region of
incisors and premolars, often on the side opposite
the dominant hand. This latter finding is consistent
with toothbrush abrasion as an etiologic factor.
The peak reported period for dentinal hypersensi-

tivity is the third to fourth decades of life. Most
studies report a decline in the prevalence of denti-
nal hypersensitivity in older patients, which may
be related to reductions in dentinal tubule perme-
ability (Fig 9-2). Dentinal pain is elicited by cold
stimuli in up to 90% of patients, although mechani-
cal (eg, toothbrushing) and chemical (eg, candy)
stimuli are also effective. 6,8,9 Several treatments
have been evaluated for management of dentinal
hypersensitivity.

Interventions that reduce dentinal
tubule permeability

Because fluid flow is a major stimulus for activat-
ing nociceptors that innervate dentinal tubules, it
is not surprising that interventions that reduce
the permeability of dentinal tubules have been
evaluated for reducing dentinal hypersensitivity.
The application of resins to exposed dentinal
tubules has been reported to reduce dentinal
hypersensitivity of multiple etiologies at up to 12
months follow-up. One study developed
an experimental model of dentinal sensitivity by

206



Management ofDentinalHypersensitivity

Fig 9-3 Effect of applying an unfilled resin (Concise Enamel
Bond) to exposed dentin in 51 pairs of contralateral premolars
i n an experimental clinical model of dentinal hypersensitivity. A
consistent amount of dentin exposure was made on the pre-
molars, which then were either covered with resin or served as
a no-treatment control. Dentinal sensitivity was assessed by a
short pulse of compressed air onto the exposed dentin. (Data

from Nordenvall et al . 14)

Fig 9-4 Effect of burnishing on in vitro dentin permeability.
Dentin permeability after original acid etching is assigned a

value of 100%. (Redrawn from Pashley et al 13 with permission.)

producing uniform dentin exposures in premo-

lars (prior to tooth extraction for an orthodontic

indication). These investigators demonstrated that

the application of Concise Enamel Bond (3M, St.

Paul, MN) to the exposed tubules produced about

a twofold reduction in dentinal sensitivity as com-

pared with control teeth (Fig 9-3). Similar results

were reported by the same group for actual clini-

cal cases of dentinal hypersensitivity. 13

Other interventions that block fluid flow have

also been reported to be effective in treating denti-

nal hypersensitivity. Examples include the applica-

tion of materials such as Gluma Dentin Bond (Her-

aeus Kulzer, South Bend, IN), oxalate salts, isobutyl

cyanoacrylate, and fluoride-releasing resins or var-

nishes; CO2 lasers; and the use of devices that bur-

nish exposed dentin and even coronally posi-

tioned mucogingival flaps 16-12 (Fig 9-4). The

dominant factors contributing to the efficacy of

these interventions are the longevity of effective

blockage of tubules and the limited potential for

cytotoxicity. For example, patients who report con-

tinued efficacy of resins at 6 months after ap-

plication have evidence of resin tags still blocking

their dentinal tubules; patients who have recur-

rence of dentinal sensitivity have few to no resin

tags remaining in their tubules at that point. 14 Fig-

ure 9-5 presents SEM photomicrographs of hyper-

sensitive dentin and dentinal tubules occluded

with resin 6 months after treatment . 2
4

However, it should be recognized that many

studies are simply before-and-after comparisons

and few studies directly compare efficacy and

adverse effects among several active treatments.

The lack of direct comparisons and systematic

evaluations makes it difficult to determine which

of the proposed treatment regimens offers the

greatest efficacy and duration with the least

potential for adverse effects.Thus, further research

is required in this important therapeutic area.
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Fig 9-5 Scanning electron photomicrographs of the surface of human radicular dentin. (left) Hypersensitive dentin. (right) A tooth 6
months after application of resin liner. Note occluded tubules. Patient reported a lack of dentinal sensitivity after application of resin.

( Reprinted from Yoshiyama et al24 with permission.)

Interventions that reduce sensitivity
of dentinal neurons

The second general method to reduce dentinal
sensitivity employs interventions that reduce
neuronal responsiveness to dentinal stimuli. Both
prec.linical studies and clinical trials have been
used to evaluate these agents.

The preclinical studies often employ multi-
unit intradental electrophysiologic recordings of
fibers that innervate dentinal tubules. For exam-
ple, some researchers have used an anesthetized
feline model with multiunit recordings of dentin-
al neurons using a pretreatment design . In this
design, desensitizing agents were applied to
exposed dentinal tubules prior to stimulation by
application of excitatory agents (eg, hypertonic
NaCI). This model has been used to evaluate the
efficacy of numerous compounds for reducing
activation of dentinal neurons. In general, these

studies indicate that application of potassium
reduces neuronal activity regardless of the paired
anion, that divalent cations are effective in-
hibitors of dentinal neurons, and that NO 3 is not
effective in altering neuronal activity (Fig 9-6).
However, it should be noted that the deep-cavity
preparations of this model (ie, 20 to 50 um of
remaining dentin) might lead to an overestimate
of drug efficacy because diffusion through
dentinal fluid has been minimized. Moreover, no
clinical studies to date have demonstrated that
the concentrations of the test agents achieved in
these experimental models are similar to actual
concentrations achieved during therapeutic use
in human dentinal fluid.

Several major reviews have recently summa-
rized the outcomes of clinical trials evaluating
desensitizing agents. 15,21-29 As discussed above,
variations in clinical trial methodology or design
(ie, techniques for assessing hypersensitivity,
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study duration, data analysis, comparison to

active controls) may often lead to differences in

study outcome. Accordingly, the following review

will focus on those interventions that are suc-

cessful in multiple double-blind randomized stud-

ies in an attempt to identify treatments with high

efficacy.

Potassium-containing dentifrices are found to

be effective in a majority of double-blind random-

ized clinical trials. The placebo controls in these

studies consist of the dentifrice without the potas-

sium nitrate (KNO3) component. In a recent

review of the literature, 29 73% of formulations of

potassium nitrate-containing dentifrices were sig-

nificantly better than placebo for reducing denti-

nal hypersensitivity to application of cold air puls-

es (see Table 9-1). When analyzed on a

sample-weighted basis, the overall results indicate

that placebo dentifrices reduce sensitivity to cold

by about 35%; 3.75% KNO3 dentifrices reduce sen-

sitivity to cold by about 60.8%; and 5% KNO 3 den-

tifrices reduce sensitivity to cold by about 61.2%

(see Table 9-1). This finding is clinically relevant

because cold is reported to be the most common

stimulus of dentinal hypersensitivity.' Moreover,

64% of formulations of potassium nitrate-contain-

ing dentifrices were significantly better than

placebo for overall global reduction in dentinal
hypersensitivity symptoms (Table 9-2). Thus, the

majority of randomized controlled clinical trials

indicate that potassium-containing dentifrices are

effective in reducing dentinal hypersensitivity. 30-40

The efficacy of other agents for reducing

dentinal hypersensitivity has also been evaluated

in clinical trials. For example, 10% strontium

chloride (SrCl2) has been evaluated in numerous

studies. In two-cell studies (ie, SrCl2 versus place-

bo dentifrice), the weighted mean efficacy of

SrCl 2 was a 72.5% reduction in hypersensitivity

while the mean efficacy of the placebo denti-

frice was a 34.3% reduction in hypersensitivity.

However, in studies consisting of three or more

cells (ie, at least two active groups and a placebo

dentifrice), the weighted mean efficacy of SrCl 2

was only 51.8% reduction in hypersensitivity

while the mean efficacy of the placebo denti-

Fig 9-6 Effect on dentinal neuron activity of test desensitizing
agents on exposed dentin. Data are presented as percentage
of neuron activity compared with that of control (ie, application
of hypertonic [3 M] sodium chloride is defined as 100%). The
test agents include sodium nitrate (NaN0 3 ) (1.10 M), potassi-

um nitrate (KNO3) (1.0 M), potassium chloride (KCI) (0.76 M),
potassium fluoride (KF) (0.05 M), calcium chloride (CaCl 2 )
( 0.76 M), and magnesium chloride (MgCl 2 ) (0.76 M). (Adapted
from Markowitz and Kim 26 with permission.)

frice was a 41% reduction in hypersensitivity..

Combining both types of studies, SrCl 2 produced

about a 50% reduction in dentinal hypersensitivi-

ty. Clearly, experimental design issues contribute

to the variations in efficacy estimates for desensi-

tizing dentifrices.

The efficacy of fluoride-containing medica-

ments on dentinal hypersensitivity has been eval-

uated in several clinical trials. One meta-analysis of

seven clinical trials reported that the application

of 0.717% tin(II) fluoride (SnF2) gel to exposed

dentin for 3 to 5 minutes produced a significant

and prolonged reduction in dentinal hypersensi-

tivity.41Application of 0.4% SnF2 gel produced a

delayed effect, requiring repeated applications for

several weeks. Fluoride-containing dentifrices also

have been reported to reduce dentinal hypersen-

sitivity in some but not all studies. 42-44

Guanethidine has also been evaluated for man-
agement of dentinal hypersensitivity. In a double-

blind randomized study45 the application of a 1 %

solution of guanethidine to exposed dentinal
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tubules produced about a 50% reduction in sensi-

tivity as compared with baseline values (Fig 9-7).

This effect was similar to a preliminary study by

the same investigators. 46 Guanethidine is known

to act by inhibiting exocytosis from peripheral

terminals of sympathetic fibers and has been

shown previously to block sympathetically regu-

lated blood flow in dental pulp.47 However, guane-

thidine may also alter the activity of nociceptors.

The application of guanethidine to human skin

increases pricking pain thresholds, an effect not

observed with other vasodilators . 48 Mashimo et

a1" concluded that guanethidine directly alters

human nociceptors, a process that may involve A-

delta nociceptors, for these neurons are thought

to encode for pricking pain sensation. However,

other studies have suggested that guanethidine

also acts on the capsaicin-sensitive class of un-

myelinated nociceptors. 49 Collectively, these stud-

ies suggest that further research is warranted on

the potential application of guanethidine for treat-

ing dentinal hypersensitivity.

Fig 9-7 Effect of topical application of a 1% solution of
guanethidine or vehicle on dentinal hypersensitivity to cold-air
stimulation. N = 39 patients; P < .05 vs vehicle posttreatment,

( Data from Dunne and Hannington-Kiff. )

Management of Pulpitis and
Related Pain Conditions

Conclusions Overview
Dentinal hypersensitivity represents a common,

widespread form of odontogenic pain that is

believed to be mediated primarily by activation

of neurons that innervate dentinal tubules. The

diagnosis of dentinal hypersensitivity is based on

the eliciting stimuli, the duration of the pain, the

location, and the absence of pulpal (ie, symp-

toms) or radiographic (ie, changes seen) patho-

ses.The management of dentinal hypersensitivity
involves the application of therapies that either

reduce flow of dentinal fluid (see also chapter 4)

or reduce the activity of dentinal neurons." In
addition, patients should be advised to avoid

habits or agents that increase dentinal permeabili-

ty. For example, studies have reported that tartar-

control dentifrices and toothbrushing in the pres-

ence of dietary acids or certain mouthwashes

(eg, those containing hexetidine or fluoride/anti-

septic) may present risk factors for dentinal sensi-

tivity by removing the smear layer of exposed

dentinal tubules . 5o-52

Another common form of odontalgia is due to

pulpitis or periradicular pain pathoses. For the

purposes of this chapter, we will consider this

form to include pain resulting from activation of

pulpal as well as periradicular nociceptors. It is

appropriate to include periradicular nociceptors

in this examination because the elaboration of

bacteria and bacterial by-products from necrotic

root canal systems constitutes the predominant
etiologic factor for periradicular inflammation

and pain (see chapter 17), another good example

of the relationship between dental pulp and
other tissues during disease. Thus, relevant clini-

cal diagnoses will include odontogenic pain of

inflammatory etiologies, such as irreversible pul-
pitis, pulpal necrosis with acute apical periodon-

titis, etc.
This section will review both pharmacologic

and nonpharmacologic methods for pain control.

Importantly, the clinician uses an integrated

approach in combining these methods to control
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dental pain, which has been called the "3D"

method for pain control: diagnosis, definitive den-
tal treatment, and drugs. 53 This approach is sum-
marized in Box 9-1.

Diagnosis of odontalgia

The first "D" is for diagnosis. Diagnosis is of obvi-
ous importance in managing acute pain because

effective treatment is directed at removing the eti-

ology of pain. For example, nitroglycerin is effec-
tive for reducing anginal pain, yet it has compara-

tively little analgesic activity in most other pain

conditions. Similarly, if a patient has pain associat-

ed with an abscess, then an incision for drainage

may prove effective in reducing pain. In both

examples, the treatments are effective because

they reduce the etiologic factors that elicit the

pain. In treating the acute pain patient, an accu-

rate diagnosis generally leads to predictable treat-

ment strategies, but in the management of the

chronic pain patient, the etiologies of pain are less

well understood and probably multifactorial in

nature. Therefore, the first step in treating the

acute pain patient is establishing the diagnosis.

This information is reviewed extensively in sever-

al excellent endodontic texts and need not be
covered here . The clinician should be aware of

differential diagnoses for patients who present

with a chief complaint of tooth pain since etiolo-

gies, treatment strategies, and prognoses vary con-

siderably (see also chapter 20).

Nonpharmacologic methods that
reduce pain due to pulpitis and
related pain conditions

The second "D" is for definitive dental treatment.

Numerous studies indicate that definitive dental

treatment alone provides predictable and substan-

tial relief from odontogenic pain. In patients with

irreversible pulpitis, pulpotomy treatment, regard-

less of the coronal medicament, has been report-

ed to abolish pain symptoms in 88% of patients

evaluated 1 day after treatment. The efficacy of

definitive dental treatment for reducing acute

pain symptoms has been confirmed by many

other studies. Figure 9-8 summarizes the results of

more than 1,000 patients in clinical trials to evalu-

ate the efficacy of pulpotomy or pulpectomy for
relieving odontogenic pain .62 The horizontal bars

for each group of studies indicate the sample size
weighted mean reduction in pain. Since pulpo-

tomies are only performed in vital endodontic

cases (eg, pain of pulpal origin) while pulpec-
tomies are performed in more complex pain con-

ditions (ie, pain of pulpal and/or periradicular ori-

gin), it is not surprising that pulpotomies appear

more effective than pulpectomies for relieving
pain.

Other forms of definitive dental treatment

include occlusal adjustment, trephination, and

incision for drainage procedures. In one study of

117 patients, occlusal adjustment resulted in
about twice as many patients reporting no post-

treatment pain as compared with the no-treat-

ment controls (Fig 9-9). The authors concluded

that occlusal adjustment was particularly effec-

tive for reducing postoperative pain in patients

with preoperative pain who had vital pulps and

percussion sensitivity.

Another nonpharmacologic approach is to

reduce intraosseous pressure. Although trephina-

tion has been advocated to reduce postendodon-

tic pain, several randomized clinical trials have

failed to demonstrate a significant effect of

trephination with pulpectomy compared with

pulpectomy alone .67,71,72 In one study, patients

were randomly placed in either of two groups:
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Fig 9-8 Effects of pulpotomy or pulpectomy on endodontic-related pain. Preoperative pain values
are normalized to 100%. The two horizontal bars for pulpotomy and pulpectomy groups represent
the sample size-weighted mean reduction in pain. Only the first author of each study is named.
( Reprinted from Hargreaves and Baumgartner 62 with permission.)

Fig 9-9 Effect of occlusal adjustment (OA), simulated
occlusal adjustment (SOA, by reduction of nonfunctional
cusp), or no treatment (NoTx) on the incidence of posttreat-
ment pain in 117 endodontic patients. "P < .01. (Redrawn
from Rosenberg et al l' with permission.)

pulpotomy or pulpotomy with periapical trephi-

nation.There was no difference between groups
for postoperative pain, swelling, percussion pain,

or use of analgesic tablets.72 Thus, this technique

does not appear to result in a clinically repro-

ducible reduction in inflammatory mediators or

interstitial pressure.

The rationale for the pain-relieving benefits of

these definitive dental treatments is based on

reducing tissue levels of factors that stimulate

peripheral terminals of nociceptors (see chapters

7, 8, and 11) or reducing mechanical stimulation

of sensitized nociceptors (eg, occlusal adjust-

ment). Effective chemomechanical debridement
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Fig 9-10 Comparison of flurbiprofen (100-mg loading dose,
then 50 mg every 6 h), tramadol (100-mg initial dose, then 100
mg every 6 h), and combination flurbiprofen and tramadol
(same dosages) to placebo in endodontic patients. Patients
received local anesthesia, pulpectomies, and drugs. Pain levels
were reported 24 hours after treatment. Arrow represents mean
preoperative pain levels. N = 11 to 12 per group; **P < .01 vs

placebo. (Redrawn from Doroshak et a1 66 with permission.)

Fig 9-11 Comparison of ketorolac (60-mg intramuscular injec-
tion) to placebo for relief of endondontic pain. Patients (N =
40) completed a baseline pain scale, received drug injection,
and then completed postdrug pain scales (ie, no endodontic
treatment or local anesthetics were provided). *P < .05 vs
placebo; **P < .01 vs placebo. (Redrawn from Curtis et al 82
with permission.)

of the infected root canal system, combined,
when indicated, with incision for drainage proce-
dures provides predictable pain-reduction strate-
gies in endodontic emergency patients. Of
course, if the tooth has a hopeless prognosis, then
extraction will also reduce pain by reducing tis-
sue levels of these factors. From this perspective,
it can be concluded that treating the unscheduled
emergency patient by the "prescription pad" (ie,
drugs alone) is not a definitive intervention.
Instead, the pharmacologic management of pain
should be considered together with definitive
dental treatment as a combined therapeutic
approach for managing odontogenic pain.

Although space limitations preclude a thor-
ough review, it should be noted that additional
nonpharmacologic approaches have been evalu-
ated for reduction of dental pain.These approach-
es include cognitive, motivational, and affective
interventions and range from simple approaches
such as establishing a confident doctor-patient
relationship to more complex procedures." For

example, hypnosis has been reported to be an
effective adjunct for management of dental pain
in endodontic patients .73-75 Other studies have
demonstrated that instructing patients to focus
on sensory stimuli significantly reduces intraoper-
ative endodontic pain .76,77 This effect was most
evident in patients who were characterized as
having a high desire for control and low per-
ceived control over their clinical care. Thus, a
number of nonpharmacologic approaches may
be considered as a component of the overall strat-
egy of managing dental inflammatory pain.

Drugs that block inflammatory
mediators that sensitize or activate
pulpal nociceptors

The third "D" in the 3D strategy of pain control is
for drugs.Three primary pharmacologic approach-
es will be reviewed in this section: (1) drugs that
block inflammatory mediators that sensitize or
activate pulpal nociceptors, (2) drugs that block
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the propagation of impulses along peripheral
nerves, and (3) drugs that block central mecha-

nisms of pain perception and hyperalgesia.

Although numerous clinical pharmacology
studies have evaluated analgesics for treating den-

tal pain, it should be recognized that the majority

of these studies employ a clinical model of acute

inflammatory pain elicited by surgical trauma.

Acute surgery-induced inflammation is mediated

largely by release of eicosanoids such as prostacy-

clin and prostaglandin E 2, as well as other inflam-

matory mediators such as bradykinin." In contrast,

pulpal and periradicular pain is often associated

with chronic inflammation, characterized by the

presence of bacterial by-products, an influx of

immune cells with activation of the cytokine net-

work, and other inflammatory mediators (see

chapters 10, 11, and 17). These considerations

suggest that the composition and concentrations

of inflammatory mediators that activate and sen-

sitize nociceptors likely differ between these two

models of orofacial pain. Moreover, the chronicity

of pulpal inflammation permits sprouting of noci-

ceptor terminals, and thus the peripheral anato-

my of the pain system changes during pulpal

inflammation (see chapter 7). Therefore, it is like-

ly that the relative efficacy of analgesics differs

between surgery-induced pain and pulp-related

pain. Accordingly, this review will focus on clini-

cal trials of endodontic pain, incorporating clini-

cal trials on surgery-induced pain only to illus-

trate additional concepts.

One major class of drugs for managing endo-

dontic pain is the non-narcotic analgesics, which

include both the nonsteroidal anti-inflammatory

drugs (NSAIDs) and acetaminophen. Recent stud-

ies have indicated that these drugs produce anal-

gesia by actions in both the peripherally inflamed
tissue as well as in certain regions in the brain

and spinal cord .79-8 ' The NSAIDs have been

shown to be very effective for managing pain of
inflammatory origin due to either surgery-in-

duced trauma or pulpal and periradicular

pain. 53,62,64,66,69,79,82 Indeed, the results of several
double-blind randomized placebo-controlled clini-

cal trials in endodontic pain patients64,66,69,82 indi-

cate that ibuprofen (400 mg), ketoprofen (50

mg), flurbiprofen (100 mg), and ketorolac (30 to

60 mg) all produce significant analgesia com-

pared to a placebo medication (Figs 9-10 and

9-11). In interpreting these studies, it is important

to realize that endodontic treatment alone (eg,

pulpectomy) has a major effect on reducing pain

regardless of pharmacologic treatment (see Fig

9-8). This reduction in posttreatment pain, com-

bined with variable levels of preoperative pain,

reduces the statistical power of endodontic clini-

cal trials for detecting active analgesics over time

or in all patient groups (the so-called floor effect).

This limitation is a problem in interpreting clini-

cal pain studies 83 in general and may explain

why some endodontic clinical trials fail to detect

analgesic treatment or only detect it in those

patients with moderate to severe preoperative

pain. 66,68

Although many NSAIDs are available in the

marketplace, comparatively few endodontic stud-

ies directly compare one NSAID with another for

analgesia and side-effect liability. In one posten-

dodontic study, ibuprofen (400 mg) was similar

to ketoprofen (50 mg) for the time course in
superiority to placebo treatment . 66 The lack of

comprehensive comparative studies of endodon-

tic pain means that only general recommenda-

tions can be made, and thus the clinician is

encouraged to be familiar with several of these

drugs. Ibuprofen is generally considered the pro-
totype of NSAIDs and has a well-documented effi-

cacy and safety profile . 84 The advantages of
NSAIDs include their well-established analgesic

efficacy for inflammatory pain. Indeed, many

NSAIDs have been shown to be more effective

than traditional acetaminophen-opioid combina-

tion drugs such as acetaminophen 650 mg with

codeine 60 mg (for review, see Hargreaves and

Hutter53).

It should be recognized that NSAIDs have a

relatively high affinity to plasma proteins and that

they are preferentially distributed to inflamed tis-

sue by local vasodilation and plasma extravasa-

tion. 85 Thus NSAIDs are preferentially distributed

into inflamed dental pulp compared with control
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Fig 9-12 Preferential distribution of NSAIDs into inflamed pulp.
Rats were anesthetized and underwent either no treatment or
pulpal exposure of the first mandibular molar. Seven days later,
rats were anesthetized and received an intravenous injection of
C14-flurbiprofen. No-treatment control (a separate group of ani-
mals), ipsilateral (pulp exposure), and contralateral (no pulp
exposure) teeth were extracted, homogenized, and analyzed for
C14-flurbiprofen. N = 7 rats per group; **P < .01 vs both the
contralateral and no-treatment control groups. (Redrawn from

Bunczak-Reeh and Hargreaves85 with permission.)

dental pulp (Fig 9-12). This may improve the rela-

tive efficacy of NSAIDs compared with other

analgesic drug classes.

Recent studies indicate that the two isoforms

of cyclo-oxygenase (COX) differ in tissue distribu-

tion and potential for side-effect, mediation . 86 One

selective COX-2 inhibitor, rofecoxib, produced sig-

nificant analgesia in a surgery-induced pain model.

However, rofecoxib was not superior to ibuprofen

400 mg in this study. 87 Moreover, other COX-2

inhibitors (eg, celecoxib) have not received

approval by the US Food and Drug Administration

for treatment of acute inflammatory pain. COX-2

inhibitors may have analgesic efficacy in pulpal

pain conditions because the COX-2 enzyme is ele-

vated in inflamed human dental pulp as compared

with control pulpal tissue." However, concern has

been raised that the COX-2 inhibitors may also dis-

play at least some gastrointestinal irritation in
patients with pre-existing disease, suggesting these

drugs should be used with some caution in cer-

tain patients. 89 More research is warranted on the

potential efficacy and side-effect liability of COX-2

inhibitors in endodontic pain.

Although space limitations preclude an exten-

sive review of contraindications for the NSAIDs,

the clinician should be aware of these issues and

understand that acetaminophen, either alone or as

an acetaminophen-opioid combination, may repre-

sent an alternative for those patients unable to

take NSAIDs. Extensive reviews are available on

the pharmacology and adverse effects of this

important class of analgesics. 90-94 Other venues

(eg, web-based drug search engines) are also avail-

able for evaluating newly released analgesics as

well as potential adverse effects, contraindications,

and drug interactions, including www.rxiist.com;

www.pharminfo.com ; www.epocrates.com ; and

wwwendodontics.UTHSCSA.edu among others.

Steroids, or more properly glucocorticoids,

form an additional class of drugs that interfere

with the production or release of mediators that

activate or sensitize nociceptors. Glucocorticoids

are known to reduce the inflammatory response

by suppressing vasodilation, neutrophil migration,

and phagocytosis and by inhibiting the formation

of arachidonic acid from neutrophil and macro-

phage-cell membrane phospholipids, thereby

blocking the cyclo-oxygenase and lipoxygenase
pathways and respective synthesis of prosta-

glandins and leukotrienes.Thus, it is not surprising

that a number of investigations have evaluated the
efficacy of corticosteroids on the prevention or

control of postoperative endodontic pain.

Several clinical trials have evaluated the effica-
cy of glucocorticoids on reducing postendodon-

tic pain after intracanal, oral, or intramuscular

administration. In general, intracanal steroids

appear to have the most consistent effects for

reducing postoperative pain or flare-ups when

used in vital cases . 68,95-97 The reduced efficacy in

necrotic cases may be due to poor absorption

due to this route of administration, to diffusion of

inadequate amounts of the drug into the peri-
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Fig 9-13 Comparison of dexamethasone (Dex) (4-mg intra-
muscular injection) to placebo (Plbo) for pain after endodontic
i nstrumentation. N = 50; **P < .01 vs placebo. (Redrawn from
Marshall and Walton" with permission.)

Fig 9-14 Comparison of the effects of methylprednisolone
( 40 mg intraosseous) to placebo for relief of pain due to irre-
versible pulpitis. After diagnosis and drug injection, patients
reported pain levels for 7 days before any endodontic treat-
ment was started. N = 40; "P < .01 vs placebo. (Redrawn

from Gallatin et all" with permission.)

radicular tissue, or to other factors such as experi-
mental design or statistical power.

Other studies have evaluated the systemic

administration of corticosteroids on postoperative
pain or flare-ups. In general, these studies indicate

that systemically administered corticosteroids

reduce the severity of posttreatment endodontic
pain as compared to placebo treatment, but with

a time course of approximately 8 to 24 hours. 98-102
This point is illustrated in Fig 9-13, where dexa-

methasone (4 mg intramuscular injection) pro-

duced a significant effect at 4 hours and tended to

separate from placebo at 24 hours. As described

above, the lack of a drug effect at later time points

may be due in part to the pain-relieving effects of

endodontic instrumentation. In support of this

point, a recent study evaluated the effects of intra-

muscular steroid injection on untreated pulpitis

pain"" and demonstrated that steroids produced a

significant reduction in pulpitis pain over a 7-day

observation period (Fig 9-14). Thus, steroids can

elicit long-term reduction of pulpal pain when

observed in patients with no endodontic treat-

ment. Interestingly, 95% of steroid-treated dental

pulps and 81% of the placebo-treated dental pulps

were still vital at the 7-day observation period.

Taken together, these studies indicate that

drugs that suppress the release or actions of
inflammatory mediators on nociceptors have

analgesic effect in treating pain due to inflamma-

tion of pulpal and periradicular tissue. The design
of a pain-management plan is considered later in

this chapter.

Drugs that block propagation of
impulses along peripheral nerves

Local anesthetics represent an important compo-

nent in the third "D" of pain control (drugs). Local

anesthetics offer the benefit of prolonged pain

control following completion of the endodontic

appointment. Long-acting local anesthetics, etido-

caine or bupivacaine, offer prolonged pain con-

trol 6 to 8 or more hours after injection. 1 04-107

However, research on pain mechanisms has re-

vealed the existence of a central component to

hyperalgesia, which can be established by an

intense barrage of activity from peripheral noci-

217



9 • Pharmacologic Control ofDental Pain

Fig 9-15 Effects of intraligamentary injection of morphine on patient levels of pain. Patients with
i rreversible pulpitis reported baseline pain levels and were then injected, on a double-blind ran-
domized basis, with either placebo, local anesthetic (2% mepivacaine with 1:20,000 levonordefrin),
or morphine (MOR; 0.4, 1.2, or 3.6 mg) using a standard intraligamentary route of injection. N = 8

to 10 per group; `P < .05 vs placebo; **P < .01 vs placebo. (Redrawn from Dionne et al1 24 with per-
mission.)

ceptors, particularly the unmyelinated C nocicep-

tors (see chapter 8). The preemptive analgesia

hypothesis states that clinical pain is reduced

when the peripheral barrage of nociceptors is

reduced."" Subsequent studies on orofacial pain
have provided support for this concept. For

example, patients given an inferior alveolar nerve

block injection with bupivacaine prior to an oral
surgical procedure reported less pain at 24 and

48 hours after the procedure as compared with

placebo-injected patients. 109 This result is not

restricted to extraction procedures, for infiltra-

tion with bupivacaine prior to tonsillectomy

reduced postoperative pain for 7 days as com-

pared with patients given placebo injections.

Collectively, these studies indicate that long-acting

local anesthetics should be considered for treating

endodontic pain and that they may reduce post-

treatment pain even days after a single injection.

Of course, the clinician should be aware of the

potential adverse side-effect profile of the long-
acting local anesthetics, including contraindica-

tions for cardiovascular patients. 111,112

Another important application of local anes-
thetics is by the intraosseous route of injection.

Several important pharmacokinetic and pharma-

codynamic characteristics of intraosseous local

anesthetic injection have been determined using

normal volunteers with pulpal anesthesia de-

fined using an electrical pulp tester. First, intra-

osseous injection of 1.8 mL of 2% lidocaine with

1:100,000 epinephrine provides significant anes-

thesia for 74% of first molars." 3 The dosage of 2%

lidocaine with epinephrine produces a transient

(4-minute) period of tachycardia with an average

increase in rate of 28 beats/minute. 114 For intra-

osseous injection of 3% mepivacaine, the admin-

istration of a 1.8-mL volume produced a 45%
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anesthesia rate in mandibular first molars, and

anesthetic success increased with a second

injection of 3% mepivacaine.'''° 11 ' The intra-

osseous injection of 3% mepivacaine had no sig-

nificant cardiovascular effects.114 About 5% of

patients had delayed healing at the site of injec-

tion. 11 3

Additional studies have evaluated the efficacy

of a supplemental intraosseous injection of local
anesthetics in clinical patients with pain due to ir-

reversible pulpitis.115-117 In one study of 48 pa-

tients with irreversible pulpitis in mandibular

teeth, an inferior alveolar block of 2% lidocaine

with 1:100,000 epinephrine was only 25% suc-

cessful for pulpal anesthesia; a supplementary in-

traosseous injection of 3% mepivacaine increased

anesthetic success to 80%. 115 In a parallel study of

51 patients with irreversible pulpitis of mandibu-

lar teeth, an inferior alveolar block of 2% lidocaine

with 1:100,000 epinephrine was only 19% suc-

cessful for pulpal anesthesia; a supplementary

injection of 2% lidocaine with 1:100,000

epinephrine increased anesthetic success to

91%. 116 Similar results have been observed in

another clinical trial of irreversible pulpitis in the

maxillary and mandibular teeth."' Collectively,

these studies indicate that the intraosseous injec-

tion of either 3% mepivacaine or 2% lidocaine

with 1:100,000 epinephrine can lead to a three- to

fourfold improvement in anesthetic success in

patients with irreversible pulpitis.

Space restrictions preclude a detailed review

of the technique for intraosseous injection or

other routes of injection and the relative indica-

tions and contraindications of various local anes-

thetics. The clinician is encouraged to seek this

information in several excellent clinical texts.118 119

Several recent studies have suggested that the

local application of peripheral opioids may have
utility in treating pain due to irreversible pulpi-

tis. Opioid receptors are present on afferent neu-

rons and undergo a peripherally directed trans-

port. 120,121 These observations may have clinical

utility because pulpal neurons express opioid

receptors, and local administration of opioids is

analgesic in animal models of inflammatory

pain. 122,123 Therefore, clinical trials have evaluated

whether intraligamentary injection of opioids is

analgesic in patients with irreversible pulpi-

tis.124-126 The results indicate that opioids pro-

duce significant analgesia in this model (Fig 9-

15) and act locally in inflamed tissue. 124

Drugs that block central mechanisms
of pain perception and hyperalgesia

Opioids are potent analgesics, often used in den-

tistry in combination with acetaminophen, as-

pirin, or ibuprofen. Most clinically available opi-

oids activate the mu opioid receptor. Although

opioids are effective as analgesics for moderate to

severe pain, their usage is generally limited by

their adverse side-effect profile. Opioids induce

numerous side effects, including nausea, emesis,

dizziness, drowsiness, and the potential for respi-

ratory depression and constipation. Chronic usage

is associated with tolerance and dependence.

Because the dose of opioids is limited by their

side-effect profile, opioids are almost always used

in combination drugs for management of dental

pain. A combination formulation is preferred

because it permits a lower dose of the opioid to

reduce patient side effects.
Codeine is often considered the prototype

opioid for orally available combination drugs.

Most studies using surgery-induced inflammatory
pain have found that a 60-mg dose of codeine

produces significantly more analgesia than place-

bo, although it often produces less analgesia than

either aspirin 650 mg or acetaminophen 600

Mg.90,91,127

Summary of Pain
Management Strategies

When managing pain in an individual patient,

the skilled clinician must customize the treat-

ment plan to the patient, balancing knowledge

of pulp biology with general principles of

endodontics and restorative dentistry, mecha-
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Fig 9-16 A flexible prescription plan for managing postendodontic pain based on the patient's
ability to tolerate NSAIDs and designed to minimize pain and side-effect exposure. APAP,
acetaminophen; ASA, acetylsalicylic acid.

nisms of hyperalgesia, pain-management strate-
gies, and the individual's particular factors (eg,
medical history, concurrent medications, etc).
The following discussion reviews general consid-
erations for pain-management strategies.

Effective management of endodontic pain
starts with the three "Ds": diagnosis, definitive
dental treatment, and drugs (see Box 9-1). As de-
scribed earlier in this chapter, the management of
endodontic pain should focus on removal of
peripheral mechanisms of hyperalgesia, which
generally requires treatment that removes or
reduces etiologic factors (eg, bacterial-immunolog-
ic factors) and nerve terminals. As described,
pulpotomy and pulpectomy represent rational
and effective treatments for initial removal of

these factors (see Fig 9-8). However, pharma-
cotherapy is often required to interrupt continued
nociceptor input (eg, NSAIDs, local anesthetics)
and to suppress central hyperalgesia (eg, opioids).

Administration of NSAIDs alone is usually suffi-
cient for most patients who can tolerate this drug
class because of its effectiveness in managing
inflammatory pulpal pain and the relatively low
incidence of postendodontic pain. (Up to 80% of
patients report postendodontic pain as none to
slight). Thus, an NSAID prescription, such as
ibuprofen 600 mg taken every 6 hours, is optimal
for the majority of patients who can tolerate this
drug class. For patients who cannot tolerate an
NSAID, a 1,000-mg dosage of acetaminophen is
often suitable for managing posttreatment pain.
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About 20% of patients may have moderate to

severe postendodontic pain,129 and thus some

patients may not be adequately relieved by a sin-

gle-drug approach.

In general, a flexible analgesic prescription

strategy offers the best combination of pain relief

and minimal side effects while offering the clini-

cian a rational approach for customizing an anal-

gesic plan to a particular patient's needs (Fig

9-16). A flexible prescription plan serves to mini-

mize both postoperative pain and side effects.

With this goal in mind, the strategy is first to

achieve a maximally effective dose of the nonnar-

cotic analgesic (either an NSAID or aceta-

minophen for patients who cannot take NSAIDs).

Second, in those rare cases when the patient still

experiences moderate to severe pain, the clinician

should consider adding drugs that increase NSAID

analgesia. Given its predictive value, the presence

of preoperative hyperalgesia may serve as an indi-

cation for considering these NSAID combin-

ations. 53 There are two general analgesic ap-

proaches for such patients. One approach is to

co-prescribe an NSAID with acetaminophen. This

strategy provides predictable control for severe

pain and can be used to modify a standard NSAID-

only regimen if pain control is inadequate. 130,131

The concurrent and short-term administration of

acetaminophen and NSAIDs appears to be well
tolerated in most patients with no apparent

increase in side effects or alterations in pharma-

cokinetics. A second general approach is to
co-prescribe an NSAID with an acetaminophen-

opioid combination. Importantly, all three drugs

(the NSAID, the acetaminophen, and the opioid)

are active analgesics that can have additive effects

when combined. 1 30-132

Of course, not all patients require concurrent

use of NSAIDs with acetaminophen-opioid combi-

nations or combinations of NSAIDs and opioids.

Indeed, the basic premise of a flexible prescrip-

tion plan is that the analgesic prescribed should

be matched to the patient's need. The major

advantage of a flexible plan is that the clinician is

prepared for those rare cases when additional

pharmacotherapy is indicated, increasing both the

overall efficiency and efficacy of pain control. As

described in chapter 8, the presence of preopera-

tive hyperalgesia may serve as an indication for

more comprehensive pharmacotherapy.

The information and recommendations pro-

vided in this chapter were selected to aid the

clinician in the management of pulpal pain due

to dentinal hypersensitivity or pulpitis and relat-

ed periradicular pain. However, clinical judgment

must also take into account other sources of

information, including patient history, concurrent

medications, nature of the pain, and the compre-

hensive treatment plan to design the best pain-

management program for an individual patient.

Integrating these general principles of pain

mechanisms and management with the clinician's

assessment of each patient's needs provides an

effective approach for the successful manage-

ment of pulpal pain.
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Histology of Pulpal
Inflammation

Henry O. Trowbridge, DDS, PhD

The inflammatory response to pulpal injury or in-

fection has major clinical significance. Injury may
be caused by dental procedures (iatrogenic), by

trauma, or by attrition. Infection may be caused by

bacteria originating from caries, microleakage
from restorations, or other routes of entry into the

pulp. To provide a comprehensive review of this

clinically important topic, this chapter describes

pulpal inflammation at a histologic level; chapter

11 reviews pulpal inflammation at an inflammato-

ry mediator level; and chapters 12 and 17 review

the consequences of pulpal necrosis, namely the

development of apical periodontitis.

Inflammation: General
Considerations

Today it is recognized that there is no clear-cut

difference between inflammation and immunity.

Acute inflammation, innate immunity, humoral im-

munity, and cell-mediated immunity together pro-

vide the host with a wide array of weapons with

which to combat pathogens and bring about heal-

ing. The major role of these systems is to protect

the individual from invasion by infectious organ-

isms that can cause disease. Neutrophils and

macrophages are motile phagocytes that consti-

tute the body's first line of defense against invad-
ing microorganisms.

For convenience, inflammation is usually di-

vided into three stages: acute inflammation,

chronic inflammation, and healing. Here we will

consider only acute and chronic inflammation.

Acute inflammation is abrupt in onset and of

short duration, whereas chronic inflammation is

persistent in nature. Usually acute inflammation

precedes the chronic form, but chronic inflam-

mation can be primary in some cases, as in im-

munologic reactions such as hypersensitivity and

cell-mediated immune reactions.

The acute inflammatory response is primarily

a vascular reaction. In the acute response, arteri-

oles dilate and venules become more permeable

so that fluid and plasma proteins can leave the

bloodstream and enter the tissue, a process

termed exudation. Important chemical media-

tors of the acute vascular response (and their ori-

gin) include histamine (mast cells); 5-hydrox-

ytryptamine (serotonin, platelets); bradykinin

(bloodstream); complement components C4, C3,

and C5 (bloodstream); prostaglandins E l and E2

(pulpal cells); leukotrienes C 4 , D4, and E 4 (primari-

ly immune cells); platelet- activating factor (multi-

ple sources); nitrous oxide (pulpal and immune
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cells); calcitonin gene-related peptide (sensory

neurons); and substance P (sensory neurons)

In addition, phagocytes (neutrophils and mac-

rophages) often emigrate from the bloodstream to

the site of acute inflammation. This response can

occur relatively rapidly, prior to activation of T

cells and B cells, and is referred to as innate im-
munity. Innate immunity differs from adaptive
immunity in that it lacks immunologic memory.

Whereas the adaptive immune system can recog-

nize every possible antigen, the innate system fo-

cuses on a few highly conserved antigens present

in a large number of microorganisms.' These anti-
gens are known as pathogen-associated molecu-
lar patterns. Receptors of the innate immune sys-
tem are called pattern-recognition receptors, the
best known of which bind to bacterial

lipopolysaccharide (endotoxin). Other pattern-

recognition receptors bind to ligands such as pep-
tidoglycan, lipoteichoic acids, and mannans.

Another component of innate immunity is ac-

tivation of the alternative pathway of the comple-

ment system.' Substances such as endotoxin and

plasmin can activate this pathway prior to the ap-

pearance of specific antibodies. The complement

system greatly enhances the ability of phagocytes

to engulf infectious agents by providing chemo-

tactic factors and the opsonin C3b. Following ac-

tivation of the adaptive immune system, the com-

plement system can be activated via the classical

pathway.

A chronic inflammatory reaction differs from

an acute response in that it is typically persistent

and lasts for more than a week or so. For exam-

ple, an abscess is an acute inflammatory re-

sponse involving neutrophils. However, when

the causative organisms are not eliminated, the

abscess becomes persistent and is described as a

chronic abscess. But, there is no clear dividing

line between acute and chronic inflammation. It

takes 3 to 5 days for clones of lymphocytes to be

produced and to differentiate into effector cells,'

sufficient time for pathogens to injure the host.

During the time it takes for the adaptive immune

system to get into high gear, host defense de-

pends upon innate immunity. Once the adaptive

immune system is activated, T helper cells, cyto-

toxic lymphocytes, macrophages, and specific an-

tibody-producing plasma cells supplement the

innate immune system.

The two arms of the immune system are hu-

moral and cell-mediated immunity. With the assis-

tance of TH2 helper T cells, clones of activated B

cells undergo maturation and become antibody-

producing plasma cells. Macrophages, TH1 helper

T cells, and cytotoxic T cells are involved in cell-
mediated immunity.

just as there is no clear dividing line between

acute and chronic inflammation, the overall pro-

cess of inflammation overlaps with the process of
healing. Tissue healing begins when the macro-

phages first begin to debride damaged tissue. If re-

generation of new cells is unable to replace lost

tissue, healing then takes place in the form of con-
nective tissue repair.

It is important to understand that chronic in-

flammation can develop in the absence of an an-

tecedent acute response.Thus, under certain con-
ditions, chronic inflammation occurs as a distinct

process from the outset, with minimal acute in-

flammation, as in the release of antigenic bacteri-

al products that activate an immune response.

Dental caries exemplifies this process, wherein

bacterial products diffuse through the dentinal

tubules and reach the pulp long before bacteria

themselves invade it. Such chronic inflammatory

reactions are often associated with dental restora-

tive procedures in which microleakage develops.

Another example of "immediate" chronic in-

flammation is infection by certain intracellular par-

asites such as Mycobacterium tuberculosis and M

leprae. Since these organisms have a low toxicity,

tissue damage is due almost entirely to activation

of a cell-mediated immune response in which

macrophages play a prominent role. A third exam-

ple is the introduction of inert foreign bodies such

as splinters, asbestos, or silica into tissues. Indeed,

the presence of almost any inanimate, particulate,

persistent foreign material will provoke a chronic

response, termed a foreign-body reaction. Addi-

tional examples of this type of immediate chronic

inflammation include deposition of products of
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metabolism (eg, urate crystals in gout, cholesterol

crystals) and autoimmune reactions (eg, rheuma-

toid arthritis, lupus erythematosus).
With the possible exception of the foreign-

body reaction, chronic inflammation is an im-

mune response orchestrated by macrophages and

T helper cells. Macrophages play several key roles

in chronic inflammatory reactions (see also chap-

ters 5 and 11). Macrophages are the primary de-

fense against certain intracellular pathogens.

Activated macrophages can function as class II

antigen-presenting cells, similar to pulpal dendrit-

ic and B cells. In addition, activated macrophages

secrete many inflammatory mediators, such as

complement components, plasminogen activator,

IL-1, IL-12, prostaglandins, and leukotrienes.

Macrophages become activated after receiving

two signals.The first is a priming stimulus and the

second is an activating signal. 3 The priming stimu-

lus is interferon-y secreted by activated T helper

cells. Activating stimuli include bacterial lipo-

polysaccharide (endotoxin), muramyl dipeptide,

and other chemical mediators. Activated macro-

phages can then secrete cytotoxic mediators

such as IL-1, tumor necrosis factor-a- (TNF-a), cy-

tolytic proteases, lysozyme, platelet-activating fac-

tor, and oxygen-derived radicals.

Dendritic cells are required to process and

present antigen to immunocompetent T cells.

Thus, they are known as antigen presenting cells
(APCs). Subgroups of monocytes are thought to

travel to tissues and differentiate into immature

dendritic cells.' These cells have long processes

and large amounts of cell-surface major histocom-

patibility complex (MHC) Class 11 molecules.

Other APCs include macrophages, activated B

cells, and Langerhans cells (dendritic cells of the
epidermis). Antigens entering the tissues are cap-

tured and engulfed by APCs. Once they have en-

gulfed antigen, these cells travel to local lymph
nodes through afferent lymph vessels. When they

are exposed to inflammatory stimuli, they under-

go further maturation, during which they lose

their receptors for inflammatory chemokines and

increase the number of receptors for lymphoid

chemokines.4 In this way, they are guided to the T -

Fig 10-1

	

Bands of fibrous connective tissue (CT) in a chroni-

cally inflamed pulp (H&E stain, original magnification X56).

cell area of lymph nodes, where they present the

processed antigen to naive T helper cells. Presen-

tation requires that the antigen be processed (de-

graded) intracellularly by proteolytic enzymes
into antigenic determinates (epitopes) that are

then presented by MHC molecules on the surface

of the APC. Epitopes are recognized by antigen-

specific T -cell receptors, which leads to activation

of signaling pathways that induce the expression

of cytokines, chemokines, and costimulatory

molecules by the T helper cell.These in turn regu-

late and recruit other cells of the immune system.

This process ultimately results in an infiltra-

tion of the tissue by immunocompetent T and B

lymphocytes as well as macrophages, neutrophils,

and often, but not always, plasma cells. Whereas

neutrophils are the predominant inflammatory

cells in an acute inflammatory response, lympho-

cytes and macrophages outnumber them in

chronic inflammatory reactions.

Fibroblasts frequently play an important role

in chronic inflammatory reactions. In many

chronic diseases, the production of collagen is

responsible for loss of function. Examples are cir-

rhosis of the liver, scleroderma, silicosis, and pul-

monary fibrosis. Growth factors that are mito-
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genic for fibroblasts include platelet-derived

growth factor (PDGF), transforming growth fac-
tor-a, epidermal growth factor, and IL-1. Chemoat-
tractants for fibroblasts include fibronectin, PDGF,

transforming growth factor-R, and IL-1. An exam-

ple of pulpal fibrosis is shown in Fig 10-1.
Under certain stimuli, fibroblasts are able to

express genes for the production of metallopro-

teinases. 5 Secretion of these enzymes can be in-

duced by several growth factors, such as PDGF, fi-

broblast growth factor, and IL-1. In inflammatory

reactions, these enzymes can degrade fibrillar

and soluble collagen, proteoglycans, laminin, and

fibronectin. Thus, fibroblasts are able to partici-

pate in tissue breakdown during an inflammato-

ry reaction.

Etiology of Pulpal

Inflammation

A major etiologic factor for pulpal inflammation is

the invasion of bacteria or bacteria-derived factors

into the dental pulp (see also chapter 12). Bacteria

can invade dental pulp tissue after caries or tooth

fracture, via anomalous dentinal tracts, or follow-

ing dental restorative procedures. The following

section reviews each of these causes of pulpal in-

flammation.

Dental caries

Dental caries is a microbial disease affecting the
calcified tissues of the teeth as well as the pulp.

For caries to develop, specific bacteria must be-

come established on the tooth surface. Without

doubt, bacterial invasion from a caries lesion is

the most common cause of pulpal inflammation.

Diagnostic tools to determine the extent of

pulpal inflammation beneath a caries lesion are

imprecise. Many factors play a role in determin-

ing the nature of the process, so the individuality

of each caries lesion must be recognized. The re-

sponse of the pulp may vary depending on

whether the caries process progresses rapidly

(acute caries) or slowly (chronic caries), or is

completely inactive (arrested caries). In addition,

caries tends to be an intermittent process, with

periods of rapid activity alternating with periods

of quiescence. Box 10-1 lists factors that influ-

ence the rate of caries attack.

Conditions for growth and availability of nutri-

ents are quite different in enamel caries than in

dentinal caries. Lactobacilli thrive in sites of cavi-

tation,' and the low pH in dentinal lesions allows

only aciduric organisms to flourish there, where

the microbial flora is also rather nonspecific and

the environmental conditions for growth vary at

different times and in different locations within

the lesion.
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Products of bacterial metabolism, notably or-

ganic acids and proteolytic enzymes, destroy

enamel and dentin. It has been shown that expo-

sure of the pulp to bacterial products on the

dentin can elicit an inflammatory response in the
pulp.8,9 It has further been demonstrated that a

relatively large bacterial product, bacterial endo-

toxin, is able to diffuse through dentinal tubules

to the pulp chamber in vitro. Bacterial antigens
diffusing from the lesion to the pulp through the

dentinal tubules are captured and processed by

APCs as described above, which leads to the acti-
vation of the immune system. Deep penetration of

dentin by bacteria results in acute inflammation

and eventually infection and necrosis of the pulp.
As bacteria invade enamel and enter the den-

tin, changes commence in the pulp. The first reac-

tion of odontoblasts to superficial caries lesions in
enamel is a marked reduction in the cytoplasm:

nucleus ratio, suggesting an altered metabolism. L

In active lesions, primary odontoblasts are in-

volved in the formation of reactionary dentin (see

also chapter 3). Initially, there is an increase in

metabolic activity in odontoblasts, which are stim-

ulated to produce more collagen. Soon, howev-

er, even before the appearance of inflammatory

changes, the size and number of odontoblasts de-

crease, at which time their metabolic activity is re-

duced while cellular proliferative activity in the

cell-free zone of the pulp increases.

Although normally tall columnar cells, odonto-

blasts adversely affected by caries become flat to

cuboidal in shape (Fig 10-2). This figure also

demonstrates a so-called hyperchromatic (calcio-

traumatic) line indicating where the odontoblasts

were first subjected to injury. Reactionary dentin

can be seen between the hyperchromatic line

and the odontoblast layer. This form of dentin dif-

fers from reparative dentin in that it is formed by

primary rather than replacement odontoblasts. It

can be recognized because there is no disruption

in the lumens of the dentinal tubules (ie, they are

continuous with the pulp). On the other hand,

the boundary zone between primary and repara-

tive dentin is atubular and lacks continuity of

tubules.' 3

Fig 10-2 Atrophic odontoblasts beneath a superficial caries
l esion in dentin. A hyperchromatic line can be seen in the
dentin (arrow). Note the absence of inflammation (H&E stain,
original magnification x56).

Electron microscopic examination of the odon-

toblasts beneath a superficial caries lesion revealed

cellular injury in the form of ballooning degenera-

tion of mitochondria and a reduction in the num-

ber and size of other cytoplasmic organelles. 14

Eventually, the primary odontoblasts die, usually

followed by proliferation of replacement odonto-

blasts and reparative dentin formation.
It is important to point out that bacteria infect

some tubules long before others are infected, as
shown in Fig 10-3. The distribution of infected

tubules is not uniform, as neighboring uninfected

tubules are frequently found interspersed among

infected tubules. Figure 10-4 shows an infected
tubule deep in the dentin. At the completion of

cavity or crown preparation, some infected

tubules may not have been eliminated. However,

if the restorative procedure adequately protects

the dentin from microleakage, bacteria in the

tubules will eventually die for a lack of substrate.

The reason some dentinal tubules are invaded

by bacteria sooner than others remains obscure.

It would appear that tubules exhibit a certain re-
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Fig 10-3 Infected tubules in dentin.
Note how infected tubules (arrows) are
i nterspersed with uninfected tubules
( H&E stain, original magnification x 16).

Fig 10-4 A single infected tubule deep
i n the dentin surrounded by uninfected
tubules (Glynn modified Gram stain,
original magnification x88).

sistance to infection. For example, the resistance

to bacterial invasion is greater in dentinal tubules

of vital teeth than those in nonvital teeth. One

reason might be that dentinal fluid in the tubules

may contain antibodies (see also chapter 4). This

interesting phenomenon is deserving of further
study.

Basic reactions that tend to protect the pulp

against caries include a decrease in the perme-

ability of the dentin due to dentinal sclerosis, the

formation of new dentin (tertiary dentin), and the

effectiveness of inflammatory and immunologic
reactions. The following three sections describe

these forms of protective reactions to caries.

Dentinal sclerosis
Dentinal sclerosis is the most common response

to caries 16 (see also chapters 3, 4, and 16). Dentin-
al sclerosis develops at the periphery of almost

all caries lesions. Antigenic and other irritating

substances reach the pulp by diffusing through

the dentinal tubules. Therefore, the permeability

of the tubules is of critical importance in deter-

mining the extent of pulpal injury (chapters 3

and 4). In dentinal sclerosis, the dentinal tubules

become partly or completely filled with mineral

deposits consisting of both hydroxyapatite and
whitlockite crystals (see Fig 3-11).A study using

dyes and radioactive ions showed that dentinal
sclerosis reduces the permeability of dentin, thus

shielding the pulp from irritation. In order for

sclerosis to occur, vital odontoblast processes

must be present within the tubules."

In highly active caries lesions, odontoblast may

die before sclerosis has occurred. Disintegration of

odontoblast processes within the tubules results

in a dead tract.A dead tract appears black in dried

ground sections because the empty tubules are

filled with air and are therefore refractive, as seen

in Fig 10-5. Providing the pulp is relatively healthy,

reparative dentin is deposited over the pulpal end

of the dead tract.
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Tertiary dentin

Chapter 3 provides a detailed description of ter-

tiary dentin formation from a biochemical per-

spective; this chapter reviews the histology of

that response to pulpal inflammation. Develop-

mental (primary) dentin is formed during tooth

development. Dentin that forms following the

completion of tooth development is termed phys-

iologic secondary dentin. Tertiary dentin differs

from developmental and physiologic secondary

dentin in that it is produced in response to some

form of irritation. It is deposited at the base of the

dentinal tubules corresponding to the area of the

tooth that is subjected to irritation. Irritants in-

clude extensive wear of the tooth surface, ero-

sion, cracks in the enamel and dentin, dental

caries, loss of cementum from the root surface,

and dental operative procedures. Thus, tertiary

dentin represents a defense mechanism against

loss of enamel, dentin, or cementum.

There are two types of tertiary dentin based
upon the cell type responsible for dentin produc-

tion (chapter 3). Reactionary dentin is defined as

a tertiary dentin formed by surviving odontoblast
cells, typically to milder stimuli. In contrast, repar-
ative dentin is defined as a tertiary dentin formed

by a new generation of odontoblast-like cells. Such

a response will normally be seen after stronger
stimuli.

In primate studies, pulp exposure initiates in-

creased mitotic activity among fibroblasts in the

cell-rich zone. These cells migrate to the dentin

surface, mature into pre-odontoblasts, and finally

become replacement odontoblasts. Characteristi-

cally, the cell bodies of these new cells are flat to

cuboidal in shape, and the odontoblast layer they

form has a lower density of cells than the original

odontoblast layer. Reparative dentinogenesis in rat

molars involves odontoblast-like cells that synthe-

size type I but not type III collagen and are im-

munopositive for dentin sialoprotein, a dentin-spe-

cific protein that marks the odontoblast

phenotype.' ° Following the loss of primary odon-

toblasts in human teeth, there is a time lag of about

20 to 40 days before reparative dentin formation

commences."

Fig 10-5 A dead tract in dentin beneath caries lesions. Note
the presence of reparative dentin (arrow) covering the tract
(ground section, original magnification X4).

Compared with primary dentin, reparative den-

tin is less tubular and less well calcified. At times

no tubules are formed; this type of tertiary dentin
has been characterized as a form of fibrodentin."

The quality of reparative dentin (ie, the degree to

which it resembles primary dentin) is highly vari-
able. Factors influencing its formation include the

nature and magnitude of the irritant and the status

of the pulp. If the pulp is relatively healthy, the ter-
tiary dentin is generally of good quality since the

matrix is secreted by surviving odontoblasts (ie,

reactionary dentinogenesis, see chapter 3). If the

pulp is inflamed or has undergone degenerative

changes, the quality of the dentin is more variable.

An example of poor-quality dentin is shown in Fig

10-6. Note the "Swiss cheese" appearance of the

dentin. The holes represent soft tissue that was

trapped in the matrix and subsequently under-

went necrosis.
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Fig 10-7 Reparative dentin (arrow) beneath a deep caries lesion.
No inflammation is apparent (H&E stain, original magnification X6).

Fig 10-6 Poor-quality reparative dentin with soft tissue
(arrow) entrapped within dentin matrix (H&E stain, origi-
nal magnification x88).

Does tertiary dentin protect the pulp, or is it

simply a form of scar tissue? In most cases, it

seems to have a protective effect, providing it is

of good quality. For example, in severe cases of at-

trition, the pulp can retreat into the root canal,

laying down a barrier of dentin as it goes. At

times, because the boundary between the prima-

ry and tertiary dentin is usually atubular, destruc-

tion of much of the coronal portion of the tooth

by caries induces sufficient tertiary dentin forma-

tion that the pulp retains its vitality. Research has

shown that the walls of dentinal tubules along

the junction between primary and reparative

dentin are thickened and many are occluded.23,24

Presumably, this junction represents an area of

very low permeability that blocks the diffusion of

irritants that might otherwise elicit pulpal inflam-
mation.

Figure 10-7 shows tertiary dentin that has

formed in response to an extensive caries lesion.A

thick layer of tertiary dentin has formed between

the infected primary dentin and the pulp. Note

that there is no discernible inflammation in the
pulp underlying the tertiary dentin. This absence

of inflammation clearly demonstrates the protec-

tive nature of this type of dentin. In general, the
amount of tertiary dentin formed is proportional

to the amount of primary dentin that was de-

stroyed.The rate of caries attack also seems to be
an influencing factor, as more dentin is formed in

response to slowly progressing caries than to

caries that is rapidly advancing.

234



Etiology of Pulpal Inflammation

Fig 10-8 Chronic inflammatory reaction beneath a moder-
ately deep caries lesion in dentin. Note the presence of
chronic inflammatory cells, proliferating blood vessels, and
numerous collagen fibers (arrows) (H&E stain, original magni-
fication X88).

Fig 10-9 Acute inflammatory reaction beneath reparative
dentin. Note numerous dilated vessels and presence of in-
flammatory cells (H&E stain, original magnification x56).

Inflammatory and immunologic reactions
The tooth is rather unique in that bacteria that
have invaded enamel and dentin can grow and

multiply without being assaulted by host defens-

es. It is only after bacteria invade the pulp that
they are vulnerable to inflammatory and immune

mechanisms.

Caries is a prolonged process, and lesions pro-

gress slowly over a period of years. Consequently,

pulpal inflammation evoked by caries lesions be-

gins as a low-grade immunologic response to bac-

terial antigens rather than an acute inflammatory

reaction. The initial inflammatory cell infiltrate

consists almost entirely of lymphocytes, macro-

phages, and plasma cells (see also chapters 5

and 12). This infiltrate is typical of a chronic in-

flammatory reaction. Additionally, there is a prolif-

eration of small blood vessels and fibroblasts with

deposition of collagen fibers, as seen in Fig 10-8.

Not all pulpal inflammatory reactions result in

permanent damage to the pulp. Chronic inflam-

mation is generally regarded as an inflammatory-

reparative reaction, as all of the elements needed

for healing are present. In fact, chronic inflamma-

tion is sometimes regarded as "frustrated repair."

When the caries lesion is eliminated or becomes

arrested before bacteria reach the pulp, inflamma-

tion undergoes resolution and healing will occur.
Consequently, a major goal of restorative dentistry

should be to rid the dentin of bacteria so that the

inflamed pulp may heal. This is the rationale for
the use of indirect pulp-capping techniques.

The severity of pulpal inflammation beneath a

caries lesion depends to a great degree on the

depth of bacterial penetration as well as the ex-

tent to which dentin permeability has been re-

duced by dentinal sclerosis and/or reparative

dentin formation. According to one study, when

the distance between the invading bacteria and

the pulp (including the thickness of reparative

dentin) was 1.1 mm or more, the inflammatory re-

sponse to bacterial infection of dentinal tubules

was negligible. However, when the lesions

reached to within 0.5 mm of the pulp, there was a

significant increase in the extent of inflammation.

The pulp became acutely inflamed only when

bacteria had invaded the reparative dentin that

had formed beneath the lesion. Figure 10-9 shows

an acute inflammatory response beneath infected

reparative dentin. During this response, neu-

trophils begin to marginate in venules and migrate

toward the reparative dentin (Fig 10-10).
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Macrophages are also Class II antigen-presenting
cells, but they are located more centrally in the

pulp.29,30 In experimentally induced superficial

caries in rats, the initial pulpal response was a

local accumulation of dendritic cells beneath the

corresponding dentinal tubules (Fig 10-11). 32

Dendritic cells patrol the tissues and endocytose

any antigens they encounter. Because most anti-

gens arrive in the pulp through the dentinal

tubules, it is fortuitous that dendritic cells are

nearby to initiate an immune response.

Fig 10-10 Marginating neutrophils (arrows) in a venule close

to infected dentin (H&E stain, original magnification x220).

Several lymphocyte subtypes are found in in-

flamed pulp, including T4 (helper), T8 (cytotoxic,
suppressor), and B cells. 17 In reversibly inflamed

pulps, 90% of the lymphocytes were T cells, with

a T4:T8 ratio of 0.56. In irreversibly inflamed
pulps, a ratio 1.14 was observed, indicating a

twofold increase in the relative proportion of T4

helper cells. It was not determined what percent-

age of T8 lymphocytes were cytotoxic cells ver-

sus suppressor cells. The presence of B cells indi-

cated that local antibody was being produced,

but the exact role of these antibodies was un-

clear.

Helper T cells can be divided into two popula-

tions.Type 1 (T H1) helperT cells secrete interfer-

on--y and IL-2 . 2s These mediators activate macro-

phages and cytotoxicT cells. Type 2 (TH2) helper T

cells secrete cytokines IL-4, 5, and 6, which help B

cells to mature into plasma cells and to secrete an-

tibodies. B cells recognize antigen directly or in

the form of immune complexes on the surface of

follicular dendritic cells in the germinal centers of

lymph nodes.

It has been shown that dendritic cells are lo-

cated in the odontoblast layer and throughout the

pulps of normal teeth 29-31 (see also chapter 5).

Suppuration

Exposure of the pulp to caries often results in

suppurative inflammation, depending upon the

nature of the invasive bacteria. The generation of

chemotaxins by pyogenic (ie, pus-producing) bac-

teria produces a massive accumulation of neu-

trophils (Fig 10-12). Pyogenic bacteria include a

wide variety of organisms such as streptococci,

staphylococci, pneumococci, meningococci, and

gonococci (see chapter 12 for further discus-

sion). Neutrophils are the most numerous of the

circulating leukocytes, accounting for 50% to 70%

of the normal white cell count. Once they leave

the bone marrow, they have a relatively short life

span, only about 1 or 2 days. The number of neu-

trophils in the blood can increase quite rapidly in
response to infection.

Exogenous as well as endogenous substances

can act as chemoattractants for neutrophils. 33 For
example, bacterial peptides that possess an N

formyl-methionine terminal amino acid are exoge-

nous chemoattractants. Important endogenous

chemoattractants include complement com-

ponent C5a, leukotriene B4, and cytokines of the

IL-8 family.

During the process of phagocytosis, neu-

trophils consume molecular oxygen in order to

produce reactive oxygen metabolites such as su-

peroxide anion, hydrogen peroxide (H202), hy-

droxyl radical, and hypochlorous acid (HOCI).This

reaction is catalyzed by an enzyme that oxidizes

reduced nicotinamide-adenine dinucleotide phos-

phate (NADPH) and in the process reduces oxy-

gen to superoxide. Superoxide is then converted

236



Etiology ofPulpalInflammation

Fig 10-I I

	

Confocal laser scanning micrograph indicating dendritic cells (HLA DR-positive cells) in a human pulp affected by early
caries. O, odontoblastic layer; P, pulp. (a) An aggregation of dendritic cells (arrows) in the subodontoblastic areas corresponding to
the caries lesion. (b) Higher magnification reveals that the cells consist of slender dendritic cells with long processes. (Reprinted
from Yoshiba et a132 with permission.)

to H2O2' mostly by spontaneous dismutation. The

amount of H202 produced in the neutrophil's

phagolysosomes is generally insufficient to effec-

tively kill bacteria. However, H 202 can be convert-
ed to HOCI by the H2O2 halide-myeloperoxidase

system. Myeloperoxidase is contained within the

neutrophil's azurophilic granules and released
when the neutrophil degranulates. HOCI destroys

bacteria by halogenation or by oxidation of pro-

teins and lipids (lipid peroxidation). This system

constitutes the neutrophil's major weapon against

bacteria. A similar process is employed in en-

dodontics with the use of sodium hypochlorite

(NaOCI) for irrigation, for the active form of this

compound (HOCI) is the same as that released

from neutrophils.

Contact between neutrophils and chemoattrac-

tants results in stimulation of glucose metabolism

via the hexose monophosphate (HMP) shunt. The

adenosine triphosphate (ATP) that is generated

by this metabolic pathway provides most of the

energy necessary for chemotaxis. It has been esti-

mated that approximately 85% of the glucose con-

sumed by neutrophils is converted to lactic acid . 3 4

Glucose is derived from the breakdown of glyco-

gen that is stored in the neutrophil's cytoplasmic

granules. The pH in the neutrophil's phagolyso-

somes drops to a level of 4 to 4.5. By diffusing out

of the neutrophil, lactic acid contributes to the

acid environment of an abscess. Many bacteria are

unable to tolerate such a low pH.

The ability to avoid phagocytosis is of key im-

portance in the virulence of pyogenic bacteria.

Because of certain antiphagocytic virulence fac-

tors such as lipopolysaccharide, the M protein of

group A (3-hemolytic streptococci, and protein A

of Staphylococcus aureus, it is difficult for neu-

trophils to kill pyogenic bacteria, and as a result

more and more neutrophils are mobilized in an

attempt to overwhelm the invading organisms. As

bacteria invade deep into the dentin, neutrophils

begin to accumulate adjacent to the dentinal

tubules. Figure 10-13 shows neutrophils entering

the tubules, an indication of the potency of

chemotactic factors derived from bacteria within

the caries lesion. By this time, the odontoblasts

have undergone necrosis. Because bacteria in the

tubules are virtually unassailable by host defens-

es, there is a constant supply of chemotaxins to

mobilize neutrophils.
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Fig 10-12 (above) Neutrophils accumulating beneath a deep
caries lesion. Some neutrophils have entered dentinal tubules
( H&E stain, original magnification X88).

Fig 10-13 (right) High-power view of neutrophils entering dentinal
tubules (H&E stain, original magnification x220).

Fig 10-14 (above) Recently developed abscess. Note the abscess
cavity (A) and surrounding connective tissue containing dilated
blood vessels (H&E stain, original magnification x56).

Fig 10-15 (right) Pulpal abscess (A). Note the way in which blood
vessels encircle the abscess cavity. Relatively uninflamed pulp tissue
is seen below (H&E stain, original magnification x 16).
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Fig 10-16 High-power view of a venule within tissue shown
i n Fig 10-14. Note marginating neutrophils and neutrophils
that have migrated into the surrounding tissue (H&E stain,
original magnification x220).

Fig 10-17 Bacterial stain showing bacteria entering the pulp
from infected tubules. Bacteria can also be seen in the pulp
chamber (arrows) (Glynn modified Gram stain, original magni-
fication x220).

In the case of suppuration caused by exposure

of the pulp to caries, mobilization of neutrophils

is due to the massive number of bacteria entering

the pulp. If the number of neutrophils reaches a

critical mass, an abscess, a walled-off area of sup-

puration, will develop (Fig 10-14). The death of

neutrophils in situ gives rise to purulence, formed

chiefly by autolysis of neutrophils by their own

lysosomal enzymes. As this process continues, an

abscess cavity is formed. The causative bacteria

vary, but infection with multiple anaerobes is

common. Figure 10-15 shows the highly vascular-

ized connective tissue that surrounds an abscess.

This tissue is sometime referred to as a pyogenic

membrane.The vessels provide a delivery system

for the replenishment of neutrophils that have

died and must be replaced in order to sustain the

abscess (Fig 10-16). Failure to do so will result in

colonization of bacteria in the pulp chamber and

tissue degeneration.

Tissue necrosis develops when neutrophils re-

lease activated oxygen metabolites and proteases.

The neutrophil contains more than 20 proteases,

of which the most important are elastase, gelati-

nase, and collagenase. This combined assault re-
sults in liquefaction necrosis. The area where tis-

sue digestion is occurring has a greater osmotic

pressure than the surrounding tissue, and this pres-

sure differential together with direct actions of the

mediators on nerve terminals increases the sensi-

tivity of sensory nerve endings, explaining why ab-

scesses are often painful and why drainage fre-

quently provides relief (see also chapters 7 to 9).

Neutrophils are responsible for the color of a

purulent discharge, particularly the free nucleic

acids released from the neutrophil when it under-

goes autolysis. A purulent discharge consists of

neutrophils-living, dying, and dead-as well as

tissue debris and inflammatory exudate from the

surrounding inflamed connective tissue. Staphylo-

cocci produce a creamy purulent discharge; strep-

tococci produce a thin discharge.

As the caries exposure enlarges and an ever-in-

creasing number of bacteria enter the pulp, the

defending forces are eventually overwhelmed. It

must be remembered that the pulp has a relatively

limited blood supply in relation to the volume of

tissue present in the pulp chamber and root canal

space. Therefore, when blood flow can no longer
meet the demand for inflammatory elements, the

inflammatory response can no longer be sus-

tained and bacteria may grow unopposed within
the pulp chamber (Fig 10-17). This ultimately leads

to total pulp necrosis.
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Fig 10-18 Connective tissue stain show-
ing fibroblasts producing a collagenous
matrix beneath an area of necrotic pulp
tissue. This matrix may calcify to become
reparative dentin (Masson stain, original
magnification X88).

Fig 10-19 Fibrotic radicular pulp. The
tooth had been referred for endodontic
treatment because of carious pulp expo-
sure. The tooth tested vital. Arrows indi-
cate areas of calcification (H&E stain,
original magnification x6).

Exposure of the pulp to caries does not invari-

ably result in suppuration. In the absence of a suf-

ficient number of pyogenic bacteria, a localized

area of necrosis may develop. The body responds

to this necrotic debris by attempting to produce

reparative dentin (Fig 10-18). Exposure of the

pulp may also trigger extensive fibrosis of the
pulp (Fig 10-19), 35 presumably due to immuno-

logic mechanisms that lead to the proliferation

and activation of fibroblasts. Other pulpal lesions

that are chronic in nature include ulcerative pul-
pitis and hyperplastic pulpitis.

Chronic ulcerative pulpitis
The histologic term ulcerative is actually a mis-

nomer in these cases because no surface epitheli-

um is involved.This condition is the result of local

excavation of the surface of the pulp resulting

from liquefaction necrosis of pulp tissue (Fig 10-
20). 36 Excavation is likely to occur when drainage

of inflammatory exudate is established through a

pathway of decomposed dentin.The inflammation

tends to remain localized and asymptomatic be-

cause drainage prevents a buildup of pressure.
Eventually a space is created between the area of

tissue destruction and the wall of the pulp cham-

ber.The base of the lesion consists of necrotic de-
bris and a dense accumulation of neutrophils. A

zone of chronic inflammatory tissue forms subja-

cent to the neutrophils in an attempt to keep the

lesion localized.

Chronic hyperplastic pulp itis (pulp polyp)
This uncommon condition occurs most often in

primary and immature permanent teeth with in-

completely formed roots. At this stage of develop-

240



Etiology of Pulpal Inflammation

Fig 10-21 Chronic hyperplastic pulpitis. Note epithelialization of
the chronically inflamed connective tissue. Space between lesion
and dentin is due to fixation artifact (H&E stain, original magnifica-
tion x6).

Fig 10-20 Chronic ulcerative pulpitis. Note the large
space between pulp and dentinal walls (H&E stain, origi-
nal magnification x6). (Reprinted from Kim and Trow-
bridge 36 with permission.)

ment, numerous blood vessels enter the pulp
through the wide apical foramen. Because of its

rich blood supply, the young pulp seems better

able to resist bacterial infection than older
pulps. 37 Its histologic characteristics are identical

to those of other types of inflammatory hyperpla-

sia, ie, a proliferation of small vessels and fibro-
blasts and a chronic inflammatory cell infiltrate.

Eventually the lesion acquires a stratified squa-

mous covering, presumably because of grafting of

vital desquamated epithelial cells from the oral

mucosa.

Chronic hyperplastic pulpitis develops when

carious pulp exposure creates a large open cavity.

This opening establishes a pathway for drainage

of the inflammatory exudate. When drainage is es-

tablished, acute inflammation subsides and chron-

ic inflammatory tissue proliferates through the

opening created by the exposure to form a polyp

(Fig 10-21).The polyp may cover most of what re-

mains of the crown of the tooth, giving the lesion

the appearance of a fleshy mass.The management

of this lesion consists either of conservation of

the tooth through endodontic treatment or ex-

traction of the tooth. The lesion produces little or

no pain; however, masticatory forces may produce

irritation and bleeding.

Tooth fracture

Pulpal death following complete coronal fractures

is incidental to the invasion of bacteria, which fol-
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Fig 10-22 Bacteria within dentinal
tubules in a cracked tooth. Arrows indi-
cate the direction of the pulp. (Glynn
modified Gram stain, original magnifica-
tion X88).

Fig 10-23 Periodontally involved tooth.
The pocket has involved the apical fora-
men. The space between the tooth and
the lining of the pocket is due to shrink-
age of the tissue during fixation (H&E
stain, original magnification X22).

lows the injury. Most accidental fractures occur in

children between the ages of 9 and 13. Male chil-
dren suffer nearly twice the number of fractures

as females. Maxillary anterior teeth are particularly

susceptible, especially when there is maxillary

protrusion.

Incomplete fractures most often occur in the

molar teeth of middle-aged and elderly individu-

als, particularly teeth in which deep restorations

have been placed. Cracks, or minute defects in the

dentin, may produce an incomplete tooth fracture

through a typically slow process. Figure 10-22

shows bacteria within the dentin of a cracked

tooth. As the crack gradually enlarges, bacteria

may reach the pulp through the dentinal tubules,

or the crack may extend to the pulp chamber,

thus exposing the pulp. Eventually the fracture ei-

ther becomes clinically detectable or a portion of

the tooth breaks off along the fracture line, usually

producing no pain. Pulpal infection will depend

upon the extent of fracture, ie, whether the frac-

ture involves the pulp chamber or is only through

the enamel.

Anomalous tracts

Infection may occur through developmental

tracts such as accessory canals and channels pro-

duced by invagination of tooth structure, as in

the case of dens in dente. If, during tooth devel-

opment, the continuity of the epithelial root

sheath is broken before dentin forms, odonto-

blasts do not differentiate and dentin fails to form

opposite the defect. This results in a small acces-
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Fig 10-24 Chronic inflammatory reaction beneath an experi-
mental cavity filled with zinc phosphate cement. Note the pres-
ence of blood vessels and collagen fibers (CF) at the periphery
of the lesion (H&E stain, original magnification x88).

Fig 10-25 Microabscess that developed beneath an experi-
mental restoration. Space is due to fixation artifact (H&E stain,
original magnification x88).

sory canal connecting the periodontal ligament

with the root canal. Accessory canals are usually

extremely narrow, permitting only small-diameter

arterioles to pass. Although accessory canals may

occur anywhere along the root, they most often

occur in the apical third.

It has often been stated that accessory canals

can transmit toxic substances into the pulp.Theo-

retically, when a deep periodontal pocket expos-

es the opening of an accessory canal, a pathway

is created that could lead to infection of the pulp.

However, there is no consensus as to the effect of

periodontal disease on the pulp (see also chapter

18). On the other hand, when periodontal disease

involves the root apex, pulpal inflammation and

necrosis will develop (Fig 10-23).

Dens in dente is a condition that may range

from a slight lingual pit to an enamel-lined anoma-

lous tract that may extend most of the way to the

pulp. The tooth most often involved is the maxil-

lary lateral incisor. This tract provides cariogenic

bacteria with a haven in which to multiply and

produce caries. In such cases, the caries lesion
often goes undetected until pulp exposure pro-

duces symptoms of pulpitis.

Dental Restorative
Procedures

Restorative procedures may injure the pulp in sev-

eral ways (see also chapters 4, 14, and 15). The

most common cause of injury is microleakage. If a

restoration fails to provide a good hermetic seal,

bacteria can enter the gap between the restorative

material and the walls of the cavity. Bacterial prod-

ucts are then able to diffuse to the pulp through

the dentinal tubules and produce inflammation.
Depending on the severity of the leakage and the

permeability of the underlying dentin, leakage

may evoke inflammatory reactions ranging from a
chronic inflammatory reaction (Fig 10-24) to ab-

scess formation (Fig 10-25).

Germ-free animal studies 38 have shown that in

the absence of bacteria, restorative materials

placed directly on the pulp produce little or no

inflammation. Moreover, primate studies have

demonstrated that restorative materials are well

tolerated by the pulp if the cavity margins are

sealed with zinc oxide-eugenol to prevent bacte-

ria from infecting the cavity (see also chapters

13, 14, and 15).
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With the possible exception of the latest gen-

eration of dentin-bonding agents, no permanent

restorative material adapts to tooth structure well

enough to reliably prevent marginal leakage. Even

if there is good marginal adaptation at the time of
insertion, shrinkage resulting from physical or

chemical changes may cause gaps to form be-

tween the restoration and tooth structure. Other
causes of microleakage include elastic deforma-

tion of tooth structure produced by masticatory

forces39 and contraction due to thermal changes.

A rational approach to the problem of leakage is

to seal the dentin with a liner, base, or dentin-

bonding agent prior to restoring the tooth.
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Molecular Mediators of
Pulpal Inflammation

Ashraf F. Fouad, DDS, MS

Inflammation of the dental pulp is similar to that

in other connective tissue in that it is mediated

by cellular and molecular factors. The pulp is
capable of expressing a large number of known

host mediators of inflammation, as evidenced by

their identification in pulp at the protein and/or

gene-expression levels.The principal objective of

these mediators is to combat the irritating factors

and minimize their harmful effects. However, in

the process of mounting the innate and adaptive

inflammatory mechanisms, host factors may fur-

ther injure the pulp, contributing to its ultimate

demise. Unlike inflammatory events in other con-

nective tissues, the pulp is enclosed in a noncom-

pliant environment and has reduced collateral

circulation. These anatomic restrictions, which

become more exaggerated with advancing age,

tend to intensify the injury that results from

external irritation and the harmful side effects of

host inflammatory mediators. In this chapter, the

data available on the contribution of molecular

mediators to the inflammatory process will be

reviewed and related to clinical factors important

for diagnosing and managing pulpal inflamma-

tion. The inflammatory response will be

described as it progresses from vascular changes

to the attraction and migration of inflammatory

cells to the site of inflammation and finally to the

actual processes that take place in dental pulp.

A large amount of information has been gener-

ated in the past three decades about the struc-

tural composition of dental pulp and its function-

al responses to external irritation. It is important

as we review this information to recognize that

there is a significant overlap in the functions of

cellular elements and in the effects of inflammato-

ry mediators produced by these cells (see chap-

ters 5, 10, and 17). It is also important to note that
the experimental conditions set for conducting a

particular research study play an important role in

determining the findings of the study. The gold
standard for data generation on the inflammatory

response in dental pulp would be to study these

responses in humans following clinically relevant

external stimulation (eg, caries, trauma, microleak-

age), conditions that are frequently difficult if not

impossible to achieve.
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Modulation of Vascular Flow

Vasodilation and increased blood flow are seen in

the initial phases of pulpal inflammation. These

phenomena serve to increase perfusion of the

pulp, bringing needed host inflammatory factors

into the area of irritation. Despite its small size,

the dental pulp responds to advancing irritation in

a compartmentalized manner rather than as an

entire organ.Areas of the pulp closest to irritation

seem to be affected the most and undergo more

severe inflammatory manifestations, with resultant

vascular responses (see chapter 6). In contrast,

surrounding and distant pulpal regions may have
milder inflammation or may even appear normal

using histologic, biochemical, or molecular tech-

niques. As the inflammatory reaction in the pulp
progresses, stasis in pulp vessels eventually en-

sues. This result is related to the extravasation of

fluid, proteins, and cells into the interstitial tissue,
as well as the nonyielding dentin environment

that restricts tissue edema.The vascular responses

of the pulp are mediated by the following vasoac-
tive amines.

Histamine

Histamine is found in connective tissue mast cells,

basophils, and platelets that are often located near

blood vessels. Histamine is present in cell granules

and is released by cell degranulation in response

to a variety of stimuli, including (1) physical stim-

uli such as trauma, cold, or heat; (2) immune reac-

tions involving binding of antibodies (IgE) to mast

cells; (3) complement components called ana-
phylactotoxins (C3a and C5a); (4) histamine-

releasing proteins derived from leukocytes; (5)

neuropeptides (eg, substance P); and (6) cyto-

kines such as interleukin-1 and interleukin-8 (IL-1
and IL-8).'

Histamine is a potent vasodilator and media-

tor of vascular permeability. It acts on the micro-

circulation primarily by activating the H1 re-

ceptor, although H2 and H 3 receptors have also

been implicated. Histamine is detected in small

amounts in uninflamed dental pulp.2 Thermal

injury of the pulp produces a fourfold increase

in histamine levels, whereas stimulation with an

electric pulp tester resulted in 35% reduction in

the levels of histamine. 3 Mast cells are occasion-
ally found in inflamed pulp, although degranula-

tion cannot be observed histologically because

the cells lose their characteristic features after
degranulation.4

The in vivo application of histamine evokes

vasodilation 5 and a gradual decrease in pulpal
blood flow (PBF).6 This reduction in PBF is probably

due to vascular leakage and the resultant increase

in the tissue pressure in a low-compliance envi-

ronment. In humans, histamine application to cav-

ity preparations in dentin (in teeth otherwise

scheduled for extraction) usually produces a dull

throbbing pain, but occasionally a sharp shooting

pain is reported.' Given the results of earlier work

that histamine on its own seems to offer little stim-

ulation to A or C fibers in the dental pulp, it is

thought that the pulp tissue must first be sensi-

tized by other inflammatory mediators, such as

prostaglandins, for histamine to evoke a painful

response in both types of pulp nociceptive

fibers.' This illustrates the synergistic interactions

that can occur among inflammatory mediators in

dental pulp.

Serotonin

Serotonin (5-hydroxytryptamine or 5-HT) is anoth-

er vasoactive mediator that generally causes vaso-

constriction. It is present in endothelial cells and

platelets as well as in serotinergic nerve ter-

minals. Serotonin (and histamine) is released from

stimulated platelets, often following platelet aggre-

gation due to contact with collagen, thrombin,

adenosine diphosphate (ADP), or antigen-antibody

complexes. Platelet aggregation and release were

also stimulated by platelet-activating factor derived

from IgE-mediated degranulation of mast cells.

Serotonin and its metabolite, 5-hydroxyindole-

acetic acid (5-HIAA), as well as the catecholamine

dopamine, are present in rat incisor pulp.' Unilat-

eral surgical sympathectomy or resection of the

inferior alveolar nerve did not significantly affect
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pulpal 5-HT levels, suggesting that serotonin in the

pulp may originate primarily from extraneuronal

cells and not neurons.8 More recently, serotonin

and the enzyme monoamine oxidase (MAO),

which catalyze the oxidative deamination of 5-HT,

have been localized in normal human dental pulp
endothelium.' In rat dental pulp extracts, applica-

tion of serotonin stimulates the synthesis of

prostaglandin E2 (PGE2)10 and prostacyclin (PGI2),
but not thromboxane A2." The administration of

serotonin to dogs, either by intravenous injection

or application to Class V cavity preparations,
caused a significant increase in PBF.12 In addition,

serotonin was shown to sensitize intradental nerve

fibers to various hydrodynamic stimuli,13 indicat-

ing that it would reduce the threshold for pain in

pulpal inflammation. Thus, serotonin is present in

dental pulp, and its release may alter PBF and noci-
ceptor function by both direct and indirect actions

via release of other inflammatory mediators.

Neuropeptides

Several neuropeptides have been detected in the

dental pulp of humans and other mammals using

immunologic methods. These neuropeptides

include substance P (Sp),14 calcitonin gene-related

peptide (CGRP),15 neurokinin A (NKA), 16 neu-

ropeptide K," neuropeptide Y," somatostatin,1 9

and vasoactive intestinal peptide (VIP).'° These

neuropeptides reside almost exclusively within the

terminals of afferent neurons, sympathetic fibers,

or possibly even parasympathetic fibers, neurons

that typically innervate pulpal blood vessels.Tissue

levels of SP immunoreactivity in the dental pulp

were the highest in the body outside the CNS and

were higher in adult than immature cat pulp.21

Denervation experiments indicate that SP-, neu-

rokinin A-, and CGRP-containing nerve fibers in

the pulp originate from the trigeminal ganglion

and that neuropeptide Y-containing nerve fibers

come from the superior cervical ganglion. The ori-

gin of VIP-containing fibers may be parasympathet-

ic nerve fibers because VIP has been associated

with acetylcholine in other tissues (for review, see

Wakisaka and Akai22).
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Fig I I-Ia (above) Confocal laser-scanning micrograph of the inner
portion of the pulp horn of a rat mandibular first molar after double
immunofluorescence staining for ED2' cells (macrophages) (green)
and SP-immunoreactive nerve fibers (red). An ED2' cell shows
some points of contact (yellow spots indicated by arrowheads). Bar
= 10 um. ( Reprinted from Okiji et all' with permission.)

Fig I I-Ib (right) Confocal laser- scanning micrograph of the coro
nal pulp of a rat mandibular first molar after double immunofluores
cence staining for OX6+ (rat MHC class 2 antigen) cells (green
arrowheads) and CGRP-immunoreactive nerve fibers (red, arrows)
Close association is more frequently observed at the periphery o
the pulp than in the inner portion. D, dentin. Bar -- 50 um. ( Reprint
ed from Okiji et al 13 with permission.)

intra-arterial infusion of an antagonist to the NK1

receptor for SP (SR140,333) or an antagonist to

the CGRP1 receptor for CGRP (h-CGRP
(8-37) )

de
creased basal PBF and interstitial fluid pressure

in the ferret canine pulp, suggesting that these

neuropeptides modulate both basal and inflam-

mation-induced changes in these vascular in-

dices. Moreover, administration of h-CGRP
(8

_
37)

eliminated the ability of tooth electrical stimula-

tion to increase PBF and interstitial fluid pres-

sure. 3 1 Administration of SP also increased vascu-

lar permeability and plasma extravasation. 32 The

association between increased vascular perme-

ability and SP content of the rat incisor pulp has

been demonstrated. Vascular permeability was

increased significantly after antidromic electrical

stimulation of the inferior alveolar nerve in the

incisor pulp and the skin of the lower lip; the

content of immunoreactive SP in both tissues

was increased simultaneously. 33 Furthermore,

250



Leukocyte Adhesion and Transmigration

Fig 11-2 Major groups of adhesion molecules responsible for rolling, adhesion, transmigration,

and chemotaxis. (Redrawn from Collins' with permission.)

whether or not the tooth is symptomatic. 35 The
percentage of neuronal areas that positively
stained for SP was found to be significantly great-
er in areas of gross caries lesions than in areas of
moderate or no lesions and in painful versus non-
painful lesions.These findings were true at all lev-
els of coronal pulp studied, including the pulp
horn, subodontoblastic nerve plexus, and mid-
coronal pulp.The fact that not all cases of irrever-
sible pulpitis are associated with pain may be
explained by the actions of inhibitory neurotrans-
mitters like y-aminobutyric acid (GABA) or gas-
trin-releasing peptide (GRP). GABA-like and GRP-
like immunoreactivity have been identified in the
dental pulp36 (see also chapter 8).

Neuropeptides may contribute to the inflam-
matory process via additional mechanisms. These
include the release of inflammatory mediators
such as histamine, PGE2 , collagenase, IL-1, IL-6,
and tumor necrosis factor (TNF); the potentiation
of chemotaxis, phagocytosis, and the expression
of adhesion molecules; and lymphocyte prolifera-
tion and IL-2 production. It is interesting to
note that animal studies have shown a reduction
of the neuropeptides SP and CGRP with age. 39

Leukocyte Adhesion and
Transmigration

The recruitment and activation of leukocytes con-
stitute critical early steps in mounting an immune
response to bacterial infection. Indeed, certain
stimuli such as the dentinal transport of bacteria
or bacterial by-products can directly stimulate a
chronic form of inflammation, characterized by
leukocyte migration into the inflamed area, with-
out a preceding acute inflammatory response (see
chapter 10).

One of the critical processes in inflammation is
the delivery of leukocytes to the site of irritation.
As PBF slows down at the site of inflammation
(due to vasodilation and increased vascular perme-
ability, as discussed above), leukocytes assume a
more peripheral position in the vessels, a condi-
tion called margination. Eventually, the leukocytes
roll along the endothelial wall and finally adhere to
the endothelial lining (pavementing). They then
insert pseudopods into gaps between the endothe-
lial cells and transmigrate along the chemotactic
gradient through the basement membrane toward
the site of inflammation (Fig 11-2).
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Adhesion molecules

Several important molecules are essential in the

adhesion and transmigration of leukocytes:

selectins, integrins, endothelial adhesion mole-

cules, and CD44 (Table 11-1). Selectins are the

molecules that initially bind to circulating leuko-

cytes and cause them to roll along the endothelial

lining (see Fig 11-2). L-selectins are found on
leukocytes, whereas endothelial cells express P

and E selectins. Selectins are classified by lectins

that bind to carbohydrate ligands on the corre-

sponding cell type. Mouse knock-out studies

have shown that the absence of either P selectin

or E selectin individually does not cause signifi-

cant disruption in cell adhesion. However, the

absence of both molecules causes a condition
called leukocyte adhesion deficiency-II (LAD-II).

In normal dental pulp, only a few blood vessels
located in the pulp core react weakly with an

immunohistochemical stain for E or P selectin.

However, in the pulp of teeth with pericoronitis
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Pulpal Response to Restorative Procedures

injury to the pulp has been investigated exten-
sively. RDT may well be a surrogate for direct
injury to odontoblast processes, although it is rec-
ognized that dentinal permeability also increases
with decreasing RDT (see chapter 4). Mature
dentin is normally approximately 3 mm thick, and
odontoblast processes extend from 0.1 to 1.0 mm
into tubules.' RDT of 2 mm or more effectively
precludes restorative damage to the pulp.'° In
support of this point, odontoblast cell numbers
were unaffected by deeper cavity preparations
with as little as 0.5 mm RDT, while the quantity of
tertiary dentin increased with decreasing RDT64,65
The response was also brief, with reactionary
dentin deposition ceasing within 28 days. 65 Deep-
er cutting (less than 0.3 mm from the pulp) re-
sults in direct odontoblast injuryl 6 including dis-
placement of cell bodies into tubules and cell
death, necessitating the differentiation of new
odontoblast-like cells before reparative dentinal
deposition can begin.

Neurovascular response and pulpal
inflammation

Exposure of dentinal tubules during cavity
preparation initiates a sequence of hydrodynam-
ic fluid shifts that are capable of disrupting the
odontoblast layer, triggering the firing of sensory
nerves and initiating neurogenic inflammation
via release of neuropeptides. The exposed
tubules also serve as the pathway for bacterial
products and toxic materials to diffuse into the
pulp, which, under experimental conditions, can
occur within hours. The early pulpal inflamma-
tory response may be triggered by mediators
such as the neuropeptides released from stimu-
lated sensory nerves and in response to bacterial
toxins diffusing through tubules. 66 The pulp re-
sponds rapidly to tubule exposure, with a reduc-
tion in permeability occurring within hours by
precipitation of plasma proteins such as fibrino-
gen and possibly immune complexes within
tubules.', 66 Histologically, the pulpal response to
injury involves increasing levels of odontoblast
layer disruption, underlying vascular changes and

hemorrhage, inflammatory cell infiltration, and
abscess formation.

In clinical usage tests, pulpal inflammation is
scored as none, mild, moderate, or severe; there is
also a category of abscess formation or extended
lesions. A mild inflammatory response involves
localized subodontoblastic hemostasis and hemor-
rhage with an intact odontoblast layer; moderate
inflammation is characterized by accumulations
of acute or chronic inflammatory cells depending
on the postoperative interval, with vasodilation
and an irregular odontoblast layer; a severe re-
sponse is indicated by complete disruption of the
odontoblast layer, localized microabscess forma-
tion, and more widespread inflammatory cell infil-
tration in the pulpal core.64,67

Resolution or progression to
pulpal death
Both histologically and clinically, pulpal responses
to restorative procedures generally decline over
time. Postoperative sensitivity, which can affect a
high percentage of teeth soon after the procedure
and is generally attributed to the effect of cavity
preparation rather than the restorative material,
declines within days or weeks and is infrequent
beyond 30 days.68,69 Reactionary dentinal deposi-
tion is also complete within this time, 65 and it
appears that dentinal permeability is reduced to
the point at which pulpal defense mechanisms
begin to dominate. When pulps do succumb, they
tend to do so after prolonged periods.

Experimental studies have focused on acute
pulpal injury and relatively short-term pulpal
responses. The pulp will normally survive an
injury sufficient to provoke reactionary and even
reparative dentinal deposition (involving death of
primary odontoblasts), as well as a moderate
inflammatory cell infiltration. 14,70 Resolution may
be accompanied by fibrosis and premature "aging"
of the pulp. Damage to underlying cells of the
subodontoblastic zone and deeper pulp with
abscess formation constitutes the point of no
return for ultimate pulpal death.70 Cell death may
be by apoptosis rather than necrosis.' 4,67 Clinical-
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Fig 15-6 Pulpal hemorrhage associated with crown preparation. (a) Maxillary central
i ncisor immediately after crown preparation. (b) One week later, showing dentinal dis-
coloration as a result of intrapulpal hemorrhage. (c) Histologically, displacement of
odontoblast cell bodies into tubules and intrapulpal hemorrhage indicate irreversible
pulpal damage (H&E stain, original magnification x250).

ly, there is no reliable way of judging when irre-

versible injury has occurred, other than by symp-
toms of irreversible pulpitis, or, rarely, by discol-

oration of dentin resulting from extensive

intrapulpal hemorrhage (Fig 15-6).

Specific Materials and
Procedures

Metallic restorations and ceramics

Its long clinical history and the exhaustive analy-

sis of its local and systemic effects set amalgam

apart as the most thoroughly evaluated of all den-

tal materials. Concerns regarding toxicity are

directed to systemic effects of mercury rather

than to direct effects on dental pulp. Experimen-

tal studies over a period of almost 60 years

(beginning well before the recognition of micro-

bial leakage as a factor in apparent toxicity or of

the protective effect of the smear layer) have

shown that amalgam is very well tolerated by the

pulp. A recent study of high-copper amalgam,

placed in deep cavities of human teeth (RDT 0.15

to 0.5 mm) in conjunction with a zinc oxide-

eugenol outer seal, showed no inflammation or

only slight inflammatory cell infiltration. Amal-

gam undergoes corrosion in the mouth, and the

accumulation of corrosion products in marginal

spaces between the cavity wall and the restora-

tion is considered responsible for a progressive
reduction in marginal leakage. Mercury from

amalgam restorations does not penetrate dentin,

while zinc and tin ions have been found in high
concentrations in dentin beneath amalgam res-

torations. These metals do not appear to exert

an effect on the pulp, although the inflammation

accompanying direct placement of amalgam over

exposed pulps was tentatively attributed to zinc
toxicity.

Other, generally short-lived pulpal effects of

amalgam have been described. For example, neu-

trophils transiently migrate between the odonto-

blast layer and predentin; this has been attributed

to condensation pressures during amalgam place-

ment. 31 The high thermal conductivity of amal-

gam results in postoperative sensitivity unless a

liner or base is used, except in shallow cavi-
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Fig 11 -3 Phospholipid metabolism and arachidonic acid pathways.

or bacterial cell wall-extract49 levels. However, in

an in vitro pulp-chamber model, Fusobacterium

nucleatum was found to be more chemoattrac-

tant than Treponema denticola.51 Agents that are

chemotactic for neutrophils should be associated

with the formation of abscesses; thus it is not sur-

prising that the presence of F nucleatum along

with black-pigmented bacteria is significantly

associated with the development of pus and

abscesses (see chapter 12).

Endogenous molecules may also serve as

chemotactic factors. For example, complement

components C3a and C5a, leukotrienes (espe-

cially leukotriene B 4 or LTB 4), and chemokines

(such as IL-8) all serve as chemotactic agents. (A

more detailed discussion of these factors will fol-

low).Vascular endothelial growth factor (VEGF),

an angiogenic growth factor that induces prolif-

eration and migration of vascular endothelial

cells, was recently shown to promote chemo-

taxis and proliferation of human pulp cells . 52

These effects were in part mediated by the acti-

vation of the DNA-binding protein AP-1 and to a

lesser degree nuclear factor-kappa B (NF-KB).

Other Mediators of the
Inflammatory Response

Arachidonic acid metabolites

When cells are activated, their membrane phos-

pholipids are rapidly remodeled to generate bio-

logically active lipid inflammatory mediators.

Products derived from the metabolism of arachi-
donic acid (AA), a 20-carbon polyunsaturated fatty

acid, affect a variety of biologic processes, includ-

ing inflammation and hemostasis.AA metabolites,

also called eicosanoids, are synthesized by two

major classes of enzymes: cyclo-oxygenases (pro-

staglandins and thromboxanes) and lipoxygenas-
es (leukotrienes and lipoxins) (Fig 11-3).

Prostaglandins and thromboxanes
The cyclo-oxygenase (COX) pathway leads to the

generation of prostaglandins. This process takes

place in the normal pulp. It may be blocked by

the addition of indomethacin, a prostaglandin syn-

thetase inhibitor, or augmented by application of
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nerve activity in cat pulp.62 Furthermore, patients

with acute forms of pulpal pain had significantly

increased pulpal levels of both PGE 2 and PGF2a
compared with patients presenting nonpainful

pulpitis or normal pulp.63 In the rat incisor model,

cavity preparation without coolant caused a sig-
nificant rise in pulpal levels of PGE2, 6-keto-PGF1a,

and TXB2 but sealing the cavities with zinc oxide

and eugenol (ZnOE) halted any increase in

prostaglandin.64 This result was not found with

zinc oxide and water, however, suggesting that

eugenol released from ZnOE fillings may reduce

the amount of pulp prostaglandins, and this may

be one of the mechanisms by which it reduces

pulpal pain. Because prostaglandins are so abun-

dant in pulpal inflammation, it has been suggested

that their level could be used as a biochemically

based diagnostic test to determine the degree of

pulpal inflammation in patients undergoing

pulpotomy procedures.'

Glucocorticoids block the breakdown of

membrane phospholipids to arachidonic acid by

phospholipases, whereas NSAIDs block the COX

pathway (see Fig 11-3). Numerous investigations

have shown the effectiveness of corticoste-

roids or NSAIDS69 on pulpal pain, particular-

ly in the apical inflammation that occurs follow-

ing pulpectomy.

Recently, research into the pathophysiology of

inflammatory pain led to the recognition that the

COX pathway is mediated by at least two differ-

ent enzymes, COX-1 and COX-2. COX-1 is thought

to be constitutively expressed and to perform

beneficial homeostatic functions on the gastric

mucosa and the kidneys; however, COX-2 is an

induced pro-inflammatory enzyme.72 Therefore,

the recent introduction of the selective COX-2

inhibitor class of NSAIDs purports to allow the

anti-inflammatory properties while suppressing

the harmful side effects on the gastric mucosa

and the kidneys. The inhibition of PGE 2 produc-

tion in induced rat molar pulpal inflammation by

the primarily COX-2 inhibitor nabumetone was
similar to that of ibuprofen." While the effective-

ness of commericially available COX-2 inhibitors

in controlling pulpal pain has not been reported,
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it appears that their efficacy in other models of
oral pain is not different from that of traditional

NSAIDs. 73

Leukotrienes and lipoxins

Products of the lipoxygenase pathway are synthe-

sized only by inflammatory cells such as neutro-

phils, eosinophils, mast cells, basophils, macro-

phages, and monocytes.This exclusivity is distinctly

different than COX products, which are present in

all mammalian cells except erythrocytes (ie, all

nucleated cells).The predominant enzyme in neu-

trophils is 5-lipoxygenase. The main product, 5-

HETE, which is chemotactic for neutrophils, is

converted into a family of compounds collectively

called leukotrienes. LTB4 is a potent chemotactic

agent and activator of neutrophil functional

responses, such as aggregation and adhesion of

leukocytes to venule endothelium, generation of

oxygen free radicals, and release of lysosomal

enzymes.' Inflammation induced in the rat

incisor,74 rat molar,74 or dog canine75 stimulates

the increased production of LTB4 or LTC 4 .75

Administration of a dual inhibitor of the COX and

lipoxygenase pathways blocks the stimulatory

effects of LPS on both neutrophil chemotaxis and

LTB 4 levels in dental pulp. Interestingly, this

effect was not seen with a traditional inhibitor of

the COX pathway (indomethacin). 74 The clinical

implications of these results are that dual-inhibitor

NSAID-like drugs may have clinical applications

for reducing the development of pulpal inflamma-

tion and abscesses.

The results of studies on whether leuko-

trienes reduce the pain threshold in dental pulp

have not been conclusive. LTB4 and LTC 4 were

found to significantly reduce spontaneous and

evoked nerve excitability of cat dental pulp in

one study76 but LTB4 was found to increase pul-

pal nerve excitability under similar conditions in

another study." The concentrations of sodium

chloride used to evoke pulpal responses in these

two studies were different and a ceiling effect of

sodium chloride was detected in the latter study.
The changes from baseline observed in both

studies indicate that leukotrienes may modulate

the excitability of nerves brought about by neu-

rogenic inflammation.

Lipoxins are the most recent addition to the

family of bioactive products generated from

arachidonic acid. Lipoxins A 4 and B 4 (LXA4 and

LXB 4) are generated by the action of platelet 12-

lipoxygenase on neutrophil LTA4.' Lipoxins may

be negative regulators of leukotrienes, inhibiting

neutrophil chemotaxis and adhesion in acute

inflammation and causing vasodilation to atten-

uate leukotriene LTC4mediated vasoconstric-

tion.79 The actions of lipoxins in the pulp have

not been reported.

Platelet-activating factor

Platelet-activating factor (PAF) is another bioac-

tive mediator derived from phospholipids (see

Fig 11-3). It is secreted by platelets, basophils

(and mast cells), monocytes/macrophages, neu-

trophils, and endothelial cells. Its actions include

platelet stimulation, leukocyte adhesion to endo-

thelial cells by integrins, chemotaxis, and the

stimulation of an oxidative burst. At low doses,

PAF is a potent vasodilator, 100 to 1,000 times

more potent than histamine."' At higher doses,

PAF is a vasoconstrictor. "° PAF stimulates the

production of PGI2 and TXA2 from homogenates

of rat incisor pulp." Furthermore, antagonists of

the PAF receptor block the stimulatory effects of

LPS on TXA2 synthesis in tooth pulp. 59 Thus, PAF

appears to be released from dental pulp after
exposure to stimuli such as LPS, and this phos-

pholipid mediator may initiate early inflammato-

ry processes such as vasodilation, leukocyte trans-
migration, chemotaxis and activation, and the

release of other inflammatory mediators.

Plasma proteins and proteases

The development of plasma extravasation during

inflammation results in the outflow of fluid, plas-

ma proteins, and blood-borne cells into dental

pulp. These plasma proteins include constituents

of the kinin system, the complement system, the

clotting and fibrinolytic systems, lysosomal en-
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zymes, and protease inhibitors. Collectively, these

factors play important roles in mediating and

modulating pulpal inflammation.

The kinin system and bradykinin

The precursors to the kinin system circulate in

the vascular compartment and can be activated at
any location where vascular integrity is lost. Dur-

ing the inflammatory process, prekallikrein is

activated by the Hageman factor (coagulation fac-
tor XII) to become the active enzyme kallikrein.

Kallikreins, which are specific proteases, generate

vasoactive peptides from plasma proteins called

kininogens.The most important peptide released

from the kininogens is bradykinin (BK). BK has

four main proinflammatorypro-inflammatory

actions: vasodilation, increased vascular perme-

ability, activation of nociceptors, and the attrac-

tion of leukocytes.82 Bradykinin performs its

actions through binding with two receptors: B 1

and B2 . The B 1 receptor is involved in certain

forms of persistent hyperalgesia or chronic pain,

whereas the B 2 receptor is the main BK receptor

that is constitutively present in normal tissues

and plays a role in acute inflammatory pain.83

B 2 is also the principal BK receptor in dental

pulp. 60,84,85

Numerous studies have shown that BK is one

of the major molecular mediators of inflammation

in the dental pulp. In the dog canine model, it was

shown that BK, like PGEZ , increases PBF and vas-

cular permeability (probably at the postcapillary

venule site). Bradykinin caused a smaller flow

increase but produced more leakage than PGE 2 . 81

During pulpal inflammation, a complex interac-

tion takes place between BK and a number of

other molecular mediators, frequently eliciting

synergy among the actions of the different media-

tors and an exaggeration of the inflammatory

response. Bradykinin was shown to increase the

release of arachidonic acid and its metabolites
from rat-pulp cell lines84 by stimulating the intra-

cellular signaling mediators cAMP, Call, and inosi-
tol phosphate . In both these studies, the use of
indomethacin abrogated this effect, and BK had

no effect on the proliferation of the cells as did

thrombin84 and epidermal growth factor. 87 BK also

enhanced the formation of PGEZ by IL-la, IL-1 B

TNF-a, and TNF-R . 85 PGE Z on the other hand was

recently shown using the bovine pulp superfusion

model to increase the release of BK-evoked

immunoreactive CGRP by more than 50%. Thus,

the process of plasma extravasation leads directly

to several key inflammatory events mediated in

part by the kinin system.

Once released, BK is rapidly metabolized by

specific kininases. Therefore, it has been diffi-

cult to measure BK levels in vivo. However, in a

recent study, BK levels in the pulp interstitial

fluid were measured directly in humans using the

elegant technique of microdialysis. 89 This tech-

nique utilizes a narrow probe with a semiperme-

able membrane that allows dialysis of smaller

molecules, thus eliminating contamination by the

much larger kininogens and proteases. In that

study, a comparison between BK levels in individ-

uals with normal pulp and those with irreversible

pulpitis revealed a 13-fold increase in BK levels in

irreversible pulpitis. Interestingly, when patients

who had pain at the time of sampling were com-

pared with those who had a history of pain, sig-

nificantly more BK was reported in the latter

group (a 17-fold increase vs a 3-fold increase

above normal levels). This apparent lack of corre-

lation between pain intensity at the time of sam-

pling and BK levels was attributed to either the

presence of other algesiogenic mediators in the

pulp or the desensitization of BK receptors after
chronic exposure to BK.89

Anti-inflammatory drugs such as the cortico-

steroid methylprednisolone90 or NSAIDs such as

flurbiprofen91 reduce the level of BK in inflamed
tissue. Also, the addition of BK to homogenized

rat pulp led to the release of the endogenous opi-

ate metenkephalin in a dose-dependent manner,

an effect that was inhibited by a BK receptor

antagonist.92 Thus homeostatic mechanisms may

contribute to the control of BK release in vivo.

The complement system

The complement system consists of 20 different

plasma proteins and their cleavage products that
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Fig 11 -4 The complement cascade.

function in both adaptive and innate immune re-

sponses and aid in the lysis of microbial cells.

Two complement activation pathways have been

described: the classical and the alternative (Fig

11-4). The pathways differ in how C3b is pro-

duced but are otherwise similar. Complement

activation promotes phagocytosis because phago-

cytes express receptors for C3b. The terminal

components of the complement system, whose

activation is dependent on C3b, generate a lipid-

soluble macromolecular protein complex called

the membrane attack complex (MAC), which

causes osmotic lysis of target cells. Peptides pro-

duced by proteolysis of C3 and other comple-

ment proteins stimulate inflammation . 43 C3a and

C5a, also known as anaphylactotoxins, stimulate
histamine release from mast cells, thereby caus-

ing vasodilation and increased vascular perme-

ability. C5a activates the lipoxygenase pathway of
arachidonic acid in neutrophils and monocytes

and is itself a potent chemotactic agent for these

cells.'
Early studies revealed weak complement activi-

ty in the dental pulp.93-95 One report indicates

positive staining for C3 and C4 complement pro-

teins in dentin in normal and carious teeth.96 More

recently it was shown that complement staining

in caries lesions is more on the external surface

and is probably of plaque origin.' The relative

paucity of direct observational evidence for the

presence of complement components in the pulp

may be because most complement proteins are

present only transiently in the inflammatory pro-

cess and are easily denatured during processing of
specimens. The effects of bacterial irritants placed

in Class V cavities on the dental pulp were studied

in primates, a group of which was injected with
purified cobra venom factor, which has known

anticomplement activity.The results did not reveal

histologic differences between the two animal
groups.48 Therefore, the role of complement activi-

ty in pulpal inflammation is not clear at this time.

The clotting and fibrinolytic systems
The clotting system is closely related to the

inflammatory process. As discussed previously,

Hageman factor (coagulation factor X11) is a pro-

tease that initiates the kinin system by releasing
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Fig 11-5 Interaction between selected groups of inflammatory systems. The dotted arrows indi-
cate synergy and/or potentiation. MW, molecular weight.

kallikrein from prekallikrein; it also initiates the

extrinsic pathway of the coagulation cascade

(Fig 11-5). A number of intermediary steps result

in the formation of thrombin (factor 11, a serine
protease) from prothrombin. Thrombin has many

pro-inflammatory effects: it cleaves fibrinogen to

form fibrin, activates factor XIII to cross-link the
fibrin polymer and aggregate platelets, acts as a

chemotactic factor, stimulates leukocyte adhesion

to endothelial cells, and induces fibroblast prolif-
eration. 99 The addition of thrombin to pulpal

fibroblasts caused a burst in the production of

PGE 2 and 6-keto-PGF1a an effect that was very
similar to the addition of BK. 84 It was also shown
that thrombin increases DNA synthesis, protein

synthesis, and the proliferation of pulp fibro-

blasts and that these effects may be modulated by
PGE 2 , 100-102 Factor XIIIa expressed by dendritic

pulpal cells was recently shown immunohisto-

chemically to co-accumulate with increased neu-

ral elements in close relation to areas of carious

dentin.103 Thus, both thrombin and Hageman fac-

tor are key enzymatic steps in the development
of inflammation.

In addition to activating the extrinsic clotting

system, Hageman factor also initiates the fibrinolyt-

ic system that destabilizes the fibrin clot by break-

ing the cross-linked polymer (see Fig 11-5).A plas-

minogen activator is secreted from leukocytes and

endothelial cells to cleave plasminogen into plas-

min, a protease. Plasmin's main action is to lyse fib-

rin clots. However, it also cleaves C3 into its frag-

ments, participating in the initiation of the
complement cascade (see Fig 11-5). Fibrinolytic

activity was demonstrated in the dental pulp sever-

al decades ago. 104 A fibrin clot is formed under cav-
ity preparations, particularly when the pulp is

exposed. 105,106 Fibrinogen has been localized in the
pulp and inside dentinal tubules under cavity

preparations when the pulp was not exposed. 107,108

It may reduce dentinal permeability to advancing

microbial irritants109 (see also chapter 4). It is also

conceivable that the fibrinolytic system plays an

important role in the early organization of healing

pulp under acute injury such as a cavity prepara-

tion.The administration of IL-6 to human pulp cells

increases plasminogen activity. 110 It is noteworthy

that a number of pathogenic endodontic microor-
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ganisms have been found to specifically degrade

fibrin or fibrinogen or both. 117 This property may

play an important role in determining virulence of

microorganisms infecting the dental pulp and sur-

rounding tissue.

Lysosomal enzymes and metalloproteases

Neutrophils and monocytes/macrophages have

lysosomal granules containing a number of

enzymes that contribute to the inflammatory pro-

cess. Neutrophils contain two types of granules:

the smaller or specific granules contain lysozyme,

collagenase, lactoferrin, plasminogen activator, his-

taminase, and alkaline phosphatase; the larger or

azurophil granules contain myeloperoxidase,

lysozyme, defensins, acid hydrolases, and neutral

hydrolases such as collagenase, elastase, cathepsin

G, and other proteinases. 1 Most of these enzymes

have potent antimicrobial properties, thus elimi-

nating microbial irritants, yet they may also lead

to excessive tissue destruction during an inflam-

matory episode.

Lysosomes and phagosomes have been ob-

served in the ultrastucture of the inflamed pulp- ,11

Excessive neutrophil accumulation in the pulp

may increase the likelihood of tissue necrosis.

Cathepsin D was observed in the odontoblastic

layer of normal pulp,"' and cathepsin G (along

with elastase and lactoferrin) was shown to

increase during pulp inflammation. In these

latter studies the protease inhibitor a
2-macroglob-ulin was also observed to increase with inflamma-

tion, indicating an attempt to control the tissue

destruction aspect of these enzymes.
A tissue inhibitor of metalloproteinases

(TIMP) from cultured bovine dental pulp was

identified and found to be destroyed by the ser-

ine proteinases, human neutrophil elastase,

trypsin, and alpha-chymotrypsin, but not by

cathepsin G or plasmin.The intensity of pulpal

inflammation may determine the neutrophil/

monocyte infiltration, their release of lysosomal

enzymes, and the final outcome of the balance

between inflammation and regeneration.

Metalloproteinases (MMPs) are an important

family of 11 or more zinc-dependent endopepti-

dases responsible for the degradation of extracel-

lular matrix components, which takes place dur-

ing normal and pathologic remodeling of tissues,

such as during embryonic development, inflam-

mation, tumor invasion, etc. They include collage-

nases (MMP-1, -8, and -13), stromelysins (MMP-3,

-10, -11, and -12), gelatinases (MMP-2 and -9), and

membrane MMPI" These enzymes are upregulat-

ed by cytokines such as IL-1 B and TNF-a and by

growth factors such as platelet-derived growth

factor (PDGF), epidermal growth factor (EGF), and

nerve growth factor (NGF) and are abrogated by

interferon gamma (IFN-y) and TGF-B.They are also

inhibited by TIMP and a2-macroglobulin as men-

tioned before.

Interstitial collagenase (MMP-1) was detected

in ameloblasts and odontoblasts of the developing

enamel organ,"' and its expression was upregulat-

ed in dental pulp cells stimulated in vitro with

IL-1 or TNF-a and with bacterial sonicates or

LPS 121,122 but was reduced by TGF-B. Host MMP-

8 (collagenolytic) and MMP-2 and 9 (gelatinolytic)

(probably of salivary rather than pulpal origin)

were recently shown to participate in the degra-

dation of demineralized dentin under a caries

lesion. 123 It was also shown using reverse tran-

scriptase-polymerase chain reaction (RTPCR) that

MMP-8 was expressed by native and cultured

odontoblasts and pulp tissue and cultured pulp

fibroblasts.124 Clearly, MMPs may contribute to the

remodeling of dentin and pulp that takes place in

physiologic as well as pathologic situations. Col-

lectively, these studies indicate that the release of

proteases into dental pulp orchestrates a complex

series of responses leading to tissue inflammation

and possibly tissue destruction. Regulation of this

enzymatic activity is clearly an important factor in
the transition from tissue inflammation to healing.

Protease inhibitors
Protease inhibitors serve the important function

of limiting the normal protease, including metal-

loproteinase, that may damage the host tissue if
left unchecked. A number of protease inhibitors

have been identified in the dental pulp. Examples

of these include collagenase inhibitor 125; dipep-
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tidyl peptidase 11, a lysosomal peptidase active on

collagen-related peptides; alpha- 1-antitrypsin

and alpha-2-macroglobulin, which inhibit poly-

morphonuclear neutrophil (PMN) elastase and

other proteases; and alpha- 1-antichymotryp-

sin, a protease inhibitor secreted by activated

macrophages.' 28

Nitric oxide and oxygen-derived free

radicals

Free radicals are highly reactive, short-lived

molecules that can damage nearby cells of either

host or bacterial origin. Due to their reactivity,

these compounds in general have extremely

short half-lives and are therefore synthesized in

proximity to their targets. Free radicals are chemi-

cally similar in the addition of an unpaired elec-

tron but vary in structure from gases such as

nitric oxide to oxygen-derived factors such as
superoxide anions.

Nitric oxide

Nitric oxide (NO) has received a lot of attention
since its discovery in the late 1980s. Despite its

high reactivity and short life, NO modulates a

large array of biologic functions. It is a soluble gas

that was first identified by its action of relaxing

smooth muscle, causing vasodilation. This effect

was also shown to be true in the dental pulp.

Nitric oxide is synthesized via L-arginine oxida-

tion by a family of NO synthases (NOSs) and sev-

eral cofactors, including nicotinamide adenine

dinucleotide phosphate (NADPH). Three different
isoforms of the NOS enzyme exist: neuronal NOS

(ncNOS, NOS-1), inducible NOS (iNOS, NOS-II),

and endothelial NOS (ecNOS, NOS-III).' The calci-
um-dependent neuronal and endothelial NOS is

constitutively expressed in the respective tissues,

whereas the calcium-independent inducible NOS

is induced in macrophages and a number of other

cells, primarily by cytokines such as IL-1, and

TNF-a or microbial products such as LPS. The

cytokines IL-4, IL-10, and TGF-B regulate the

expression of iNOS in macrophages.

Depending on the site of production, the

amount of NO produced, and the targets within

the local environment, NO can exert very differ-

ent effects.A small quantity of NO released by the

vascular endothelium regulates the relaxation of

adjacent smooth muscle and protects against the

adhesion of leukocytes and platelets to the blood-

vessel wall. These properties may be considered

protective and anti-inflammatory (Table 11-2). In

contrast, the much larger amounts of NO released

by cells in response to cytokines can destroy host

tissues and impair discrete cellular responses.

Finally, by affecting functions of lymphocytes and

macrophages, induced NO can exert an immuno-

modulatory influence that modifies the course of

disease (seeTable 11-2).

In a recent study, NO activity was investigated in

the inflamed pulp of rat molars.1 32 The ncNOS iso-

form could not be seen in either normal or in-
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Fig I I-6a Maxillary first molar stained for NADPH-d activity 1
day following cavity preparation. Note increased NADPH-d
i ntensity in the pulp tissue adjacent to the prepared dentin
(black arrows) and in blood vessels of mesial root (white
arrows); however, only the blood vessels showed a statistically
significant increase in intensity as compared with controls.
( Reprinted from Law et al l " with permission.)

Fig I I-6b Maxillary first molar stained for NADPH-d activity 4
days following cavity preparation. Note that an area of leuko-
cytic infiltration and necrosis (N) has developed in the mesial
pulp under the prepared dentin. This area is surrounded by
pulp tissue with significantly increased NADPH-d intensity in
the mesial pulp horn as well as in the mesial root, whereas the
NADPH-d intensity of the distal pulp (D) has remained at con-
trol values. Blood vessels (arrow) of the mesial root also had
significantly increased NADPH-d intensity. (Reprinted from
Law et al 131 with permission.)

flamed rat pulp tissue as it had been previously
shown in feline teeth,1 33 possibly due to species
differences. However, there was evidence of a dra-
matic increase in NO activity as evidenced by an
increase in the iNOS isoform and the NADPH
cofactor at the site of pulp irritation (Fig 11-6).
There was also an increase in NADPH staining in
pulpal blood vessels, indicating that under inflam-
matory conditions there may be induction of NOS
activity in the endothelium and vascular smooth
muscle.
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Fig 11-7 Important pro-inflammatory and anti-inflammatory mediators of pulpal inflammation.

inflamed pulp.137 The latter study noted that the

enzyme activity decreased with the advancing age

of the patient in both the normal and inflamed

pulp groups. More recently, the rat molar model

was used to show a dramatic increase in levels of

both CuZnSOD and MnSOD activity that was close-

ly associated with areas of intense inflammation
and with leukocytic infiltrates. 138

Collectively, these studies suggest that pulpal

inflammation may be modulated to a large extent

by the activation of free radicals. Based on their

chemistry, these substances are made locally in

pulp tissue and act locally to damage bacterial or

host cells and modulate the inflammatory pro-

cess.The clinical significance of these substances

may lie, in part, in the use of antioxidants to con-
trol their level of activity following injury due to

caries or traumatic injuries.

Cytokines

The inflammatory response represents a closely

regulated balance between pro-inflammatory and

anti-inflammatory mediators that are titrated to

neutralize the harmful effects of an advancing irri-

tant while minimizing damage to host tissues (Fig

11-7). This concept is very well illustrated by a

discussion of cytokines in pulp inflammation.
Cytokines are proteins released from cells in an

inflammatory process that activate, mediate, or

potentiate actions of other cells or tissues. Their

actions may be effected in an autocrine (self-acti-

vating), paracrine (local-acting), or endocrine (sys-

temically acting) manner.

Although most of the cytokines present in an

inflammatory process are produced by inflamma-

tory cells like monocytes/macrophages, lympho-

cytes, and neutrophils, they may also be produced

by a number of noninflammatory cells, which in

the dental pulp would include fibroblasts and

endothelial cells. Cytokine secretion is a brief, self-
limited event initiated by new gene transcription

with messenger RNA encoding that is transient in

the activated cell. 43 Cytokines have numerous

overlapping, and sometimes seemingly redundant,

functions that mediate either pro-inflammatory or

anti-inflammatory activities to effect a closely reg-

ulated, well-orchestrated inflammatory process.

There are two main classifications of cyto-

kines. A structural classification addresses the
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Fig 11-8 Mouse molar with pulp exposure of 1-week duration
i n the mesial pulp horn (stained for IL -1 a). Distal portion of the
chamber and the pulp in the distal canal showed an inflamma-
tory infiltrate. (a) Low magnification showing pulp exposure
( original magnification x100). (b) High magnification of boxed
area in (a) showing IL-1a-positive cells (arrows) (original mag-
nification X1,000).

molecular structure and the types of cells that

produce the cytokine; for example, type I

cytokines are produced by T helper 1 (Thl) cells
and share a four-a helical structure and receptor

structure. In contrast, type II cytokines are pro-

duced by Th2 lymphocytes.'° A functional classifi-

cation describes their role in inflammation: either

pro-inflammatory, anti-inflammatory, or as effec-

tors of chemotaxis or chemokines.A modification

of the latter classification will be used here.

Pro-inflammatory cytokines produced by
innate immune cells
Among the most important pro-inflammatory

cytokines are IL-1 and THE The actions of these

two cytokines are very similar despite the fact

that they interact with structurally different recep-

tors. IL-1 is expressed in two isoforms: IL-1a and

IL-1(3. IL-1 is produced mainly by monocytes/

macrophages but may also be produced by PMNs,

fibroblasts, and endothelial cells. IL-1 has several

systemic effects such as fever and the synthesis of

acute-phase proteins, prostaglandins, PAF, or NO.

Locally, IL-1 activates T cells and stimulates them

to produce IL-2 and prostaglandins. IL-1 and TNF

also activate endothelial cells and induce the

expression of adhesion molecules on their mem-

branes, thereby aiding in the recruitment of

inflammatory cells to the site of inflammation. '39

In the pulp, IL-1 inhibits proliferation of fibro-

blasts"° and induces the expression of collagenase

from pulpal fibroblasts. "9 The effects of these

cytokines on matrix production from pulpal cells

have been studied in vitro. In one study, IL-1 B was

shown to have a mild stimulatory effect on the

synthesis of type I collagen in the dental pulp.140

However, others showed that in the pulp fibro-

blast cultures, IL-1(3 suppressed the production of

type I collagen as well as laminin, osteonectin,

DNA, and protein synthesis overall.TNF-a had sim-

ilar effects in pulp fibroblast cultures except that

this cytokine stimulated DNA and protein."'

IL-1 is heavily expressed in pulpal inflamma-

tion (Fig 11-8). Furthermore, IL-1 activity was

shown to be significantly higher in human dental
pulps with symptomatic caries lesions than

asymptomatic carious teeth or teeth with peri-

odontal disease. 142 In that study, impacted third

molars with pain but no caries also had elevated

pulpal IL-1 activity. "2 IL-1 was shown to evoke

hyperalgesia after peripheral injection, primarily

by increasing PGE2 synthesis. '43 In dental pulp,

IL-1 a, IL-1 B, TNF-a, or TNF-(3 all evoke the release

of PGE2 ; interestingly, this effect is potentiated by
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Fig 11-9 Pathway for pro-inflammatory cytokine production after stimulation by bacteria cell-wall
products. LPS, lipopolysaccharide; LBP, LPS-binding protein; PG, peptidoglycan; LTA, lipoteichoic
acid; TLR, toll-like receptor; NF-KB, nuclear factor-kappa B.

bradykinin and thrombin in dental pulp and peri-

odontal ligament cells.", 1 44

The production of IL-1 and TNF in the pulp is

probably a result of direct stimulation by bacterial

virulence factors such as cell-wall products. The

progression of pulpal inflammation and the tissue

expression of IL-1a and TNF-a were shown to be

similar in normal mice and mice that lacked any

functional T or B cells, indicating that the produc-

tion of these cytokines could occur without the

presence of adaptive immunity. 145 LPSs from Por-

phyromonas endodontalis applied to human

pulp cells in vitro evoked IL-1(3 synthesis in a

dose-dependent manner. 1 46 Peptidoglycans (PGs)

and lipoteichoic acid (LTA) from gram-positive

bacteria were shown to have similar effects on

the production of IL-1 and TNF 1 47 (Fig 11-9). LPS

(aka endotoxin) achieves its effect by binding ini-

tially to an LPS-binding protein (LBP) in the blood.

LBP attaches to cell-surface receptors on

macrophages called CD14.The heterotrimer com-

plex of LBP:LPS:CD14 then binds to cell receptors

called toll-like receptors (TLRs). The ligands for

two of these receptors are LPS (TLR-4)148 and PG

and LTA (TLR-2).1 49 TLRs, which have cytoplasmic

domains nearly identical to that of the IL-1 recep-

tor, cause the translocation of two nuclear factors:

NFKB and AP-1 to the nucleus, followed by the

transcription of the gene signal to produce the

pro-inflammatory cytokines. "° Recently, LPS was
found to be present in large amounts in carious

dentin, superficial caries had more LPS than deep

caries, and LPS content correlated with the inci-
dence of pain. Thus, the introduction of bacte-
ria or bacterial by-products into the pulp plays a

direct role in stimulating the production of these

pro-inflammatory cytokines.

The relative importance of IL-1 and TNF in

mediating pulpal responses to mixed bacterial

infection was recently investigated in the mouse

model. 152 Pulp exposures were created in mice

deficient in IL-1 receptor TNF p55 and p75 recep-

tors, or both IL-1R and TNFp55 receptors (dual

deficiency). The receptor-deficient mice had a sig-

266



Other Mediators of the Inflammatory Response

nificantly faster rate of pulpal degeneration and
necrosis (Fig 11-10a) and microbial penetration

(Fig 11-1 Ob) than the wild-type mice. The animals

with the combined deficiency had worse results

than those with either deficiency alone. These
findings indicate that the pro-inflammatory prop-

erties of these cytokines play an important role in

protecting dental pulp against the spread of infec-

tion. It is clinically important to recognize that the

production of IL-1 and TNF from pulpal macro-

phages in response to bacterial irritants may be

suppressed by the toxic effects of dental filling

materials that may come in contact with the

pulp. 153,154

Pro-inflammatory cytokines produced by Th1

cells (type 1 cytokines)

The type 1 cytokines are pro-inflammatory. This

class includes IFNy, IL-2, IL-12, and TNF-(3 (also

known as lymphotoxin or LT u) and are synthe-

sized by the Thl lymphocytes. 15' These cytokines

are mostly involved in cell-mediated hypersensi-

tivity, self-activation of T cells (IL-2), and activation

of B cells and macrophages (IFNy). IFNy is the

key cytokine produced by Thl cells. It augments

TNF activity and induces NO release. IL-12 is a

cytokine produced by macrophages and dendritic

cells, but it will be included here because it is

thought to be essential for Th1 cell differentiation.

It is noteworthy that IFNy is produced by NK

cells156 in addition to being a Thl cytokine. This

finding may explain the production of pro-inflam-
matory cytokines in T cell-deficient mouse mod-

els and illustrate the multitude of cellular sources

for key inflammatory cytokines.
Interleukin-2 is present in normal vital pulp

and is significantly elevated in histologically veri-

fied cases of symptomatic irreversible pulpitis.157
Shallow caries lesions, mostly colonized by Strep-

tococcus mutans, were recently shown to elicit a

strong type 1 cytokine response. 1 58 In human

dental pulp, the mRNA for IFNy is significantly

greater than that of either IL-10 or IL-4. Further-

more, peripheral blood mononuclear cells

(PBMCs) challenged with S mutans produced

significantly more IFNy and IL-12 than those chal-

lenged with Lactobacillus casei, an organism

commonly associated with deep caries.

Immunoregulatory or anti-inflammatory

cytokines (Th2, type 2 cytokines)

The type 2 cytokines are anti-inflammatory and

act in many ways to regulate the actions of the

type 1 pro-inflammatory cytokines. The Th2 lym-

phocytes produce IL-4, IL-5, IL-6, IL-9, IL-10 (also

secreted by Thl and macrophages), and IL-13.

Both Thl and Th2 produce IL-3 and granulocyte

monocyte colony-stimulating factor (GM-CSF).40

The Th2 cytokines are mostly involved in humoral

immunity (production of neutralizing antibodies),
mast cell degranulation (IgE production), and

eosinophil activation. They also serve the very

important function of inhibiting most pro-inflam-
matory functions caused by other cytokines, thus

serving the homeostatic function of regulating

the immune response. 155 This latter function is

primarily effected by IL-4, IL-10, and IL-13. Periph-

eral blood mononuclear cells challenged with S

mutans produced a dose-dependent increase in

IL-10 production, but no change in IL-4 produc-

tion. 1 58 The levels of mRNA expression of IL-10

and IL-4 were significantly lower than IFNy in

shallow caries lesions, but this difference disap-

peared in deep caries lesions. 158 An increased

need for these two immunoregulatory cytokines

in deep caries lesions is likely as more pro-inflam-

matory cytokines are produced.

IL-6 was initially thought to be pro-inflammato-

ry but is now recognized to be an immunoregula-

tory and anti-inflammatory cytokine. The anti-

inflammatory functions of IL-6 are caused by

suppression of IL-1 and TNF, the induction of glu-

cocorticoid release, and the induction of natural

antagonists of IL-1 (IL-1 receptor antagonist) and

TNF (soluble TNFR p55). 151 Peptidoglycan from

the cell wall of L casei was shown to increase the

IL-6 production by human pulp cells in a dose-

dependent manner. Likewise, LPS from P endo-

dontalis produced IL-6 in human pulp cells that

preceded and was independent of IL-1(3 produc-

tion. In human dental pulp, the mean level of

IL-6 in carious, symptomatic teeth was more than
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Fig I I-10 Quantitative analysis of tissue necrosis in mice lacking response to IL -1 and/or TNF. Surgical pulp exposure followed by
i noculation with six oral pathogens was carried out. H&E-stained cryostat sections were examined for the presence of tissue necro-
sis in the dental pulp. This tissue was divided into three equal parts: coronal third, middle third, and apical third, which follows the
path of necrosis from the coronal third to the apical third of the dental root. (Reprinted from Chen et al 152 with permission.)

268



Other Mediators of the Inflammatory Response

3,000-fold greater than that found in normal

pulp.
162

IL-6 causes the formation of acute-phase pro-

teins such as fibrinogen and C-reactive protein

(CRP) in the liver. The latter functions as an op-

sonin by binding to Clq or Fcy receptors or by

activating the complement classical pathway.

Dental pulp with irreversible pulpitis displays sig-

nificantly elevated CRP compared with unin-

flamed pulp, a finding that was independent of

serum CRP 163

TGF-(31 is another cytokine considered an

immunosuppressant as well as an inducer of

extracellular matrix production. This cytokine is a

member of the TGF-B superfamily, which includes

TGF-Bs, activins, and BMPs (see chapters 2 and 3).

However, TGF-(31 was recently shown to play a

fundamental role not only in the formation of

enamel and dentin matrix but also in the preven-

tion of spontaneous pulpal inflammation. 161 in

that study, mice deficient in TGF-B 1 (but treated

with corticosteroids to keep them alive) devel-

oped very thin enamel and dentin with significant

attrition and spontaneous pulpitis and pulp necro-

sis. Crossing this species with the knockout
mouse deficient in the recombinase-activating

gene 2 (RAG-2 mouse) that was also deficient in T -

and B-cell immunity resulted in a breed that
showed the same hard tissue defects but had nor-

mal pulp structure, indicating that TGF-(31 stops

spontaneous inflammation mediated by the adap-

tive immune response.

Chemokines
Chemokines are potent pro-inflammatory cyto-

kines that share structural similarities and act by

mediating leukocyte movement and chemotaxis

of inflammatory cells to the inflammatory site. A

large number of Cemokines have been de-

scribed: IL-8 (neutrophils); regulated-on-activa-

tion normal T cell, expressed and secreted

(RANTES; monocytes,T cells); monocyte chemoat-

tractant-1, -2, -3, and -4 (MCP-1 through -4) (mono-

cytes, basophils, T cells); and Eotaxin (eosino-

phils). 43

Dental pulp cells exposed to endodontically

relevant species of gram-positive or gram-negative

bacteria or to Prevotella intermedia LPS ex-

pressed IL-8 and MCPA at both the protein and

the mRNA levels. Patients with symptomatic

or asymptomatic irreversible pulpitis had an

almost 23-fold increase in IL-8 levels in the
pulp.

167 Recently, human odontoblasts cultured in

vitro were shown to be capable of expressing 1L-8

at both the protein and mRNA levels. 161

Collectively, these studies indicate that cyto-

kines interact in a coordination network and that

the ultimate effect on pulpal inflammation and

healing is dependent upon the integrated actions
of this diverse family of inflammatory mediators.

Other classes of innate and adaptive
immunity
The last class of molecular mediators of pulpal

inflammation are proteins that act to recognize (ie,

bind) foreign antigens.The recognition of self from

nonself is an essential step in the integrated actions

of the innate and adaptive immune processes.

Class I and Class II major histocompatability
complex (MHC) molecules
The innate and adaptive immune responses work

in synchrony to recognize and destroy foreign

antigenic material. One of the fundamental mech-

anisms underlying this process is mediated by the

MHC Class I and Class 11 molecules. MHC Class I

proteins are expressed on all nucleated cells,

whereas MHC Class 11 proteins are expressed on a

small group of cells collectively called antigen-

presenting cells (APCs) (see also chapter 10).

These cells include macrophages, dendritic cells,

Langerhans cells, B cells, endothelial cells, and a

few other cell types, although only dendritic cells

and macrophages have been demonstrated in the

dental pulp. 169 MHC Class I proteins are recog-
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Fig 11-11 Specimen with a deep caries lesion. (a) H&E-stained section showing formation of reparative dentin with well-mineral-
ized (arrows) and poorly mineralized (') portions. Boxes show the approximate positions of (b), (c), (d), and (g). (b) Section stained
with anti-HLA-DR showing an accumulation of positively stained cells under the reparative dentin. In addition to cells with dendritic
morphology, some Schwann cells show an immunoreactivity to HLA-DR. (c) A semiserial section of (b) stained with antifactor Xllla
showing an increased density of positively stained cells not only in the paraodontoblastic region but also in the inner portion of the
coronal pulp. See (e) for comparison. (d) A semiserial section of (b) and (c) stained with anti-NGFR showing an increased density of
immunoreactive neural elements in the region where the accumulation of HLA-DR and factor Xllla-immunoreactive cells is
observed. Arrows indicate the border of the poorly mineralized portion of reparative dentin, which corresponds to (') in (a). Numer-
ous fibers penetrate the poorly mineralized portion of reparative dentin. (e,f) Factor Xllla-immunoreactive cells (e) and
NGFR-immunoreactive neural elements (f) in the noncarious region of the same sections as (c) and (d), respectively. The density of
immunoreactive structures is lower in the noncarious region than in the carious region. (g) Accumulation of CD3-positive lympho-
cytes in the area corresponding to the smaller boxed area in (a). (Reprinted from Sakurai et all" with permission.)

nized by CD8+ or cytolytic T cells; these cells' clas-

sification is called Class I-restricted. This process

is best known for viral infection of any nucleated

cell, in which the viral antigens are recognized by

the MHC Class I-restricted CD8+ cells. However,

APCs process many other antigens, including bac-
terial antigens, and present them to MHC Class

11-restricted CD4+ T -helper cells. The processed

antigens are recognized in the context of the
MHC Class II molecule on the APC and the T -cell
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receptor (TCR) on the T cell. This mechanism is

fundamental for the development of specific

immunity to the presented antigen and the activa-

tion of T cells, macrophages, and B cells that fol-

lows.The expression of MHC molecules is mediat-

ed by cytokines, most notably IFN-y.

Class II APCs are observed in normal human

dental pulp, including the odontoblastic layer and

the central pulp."° Using cell surface markers,

APCs were characterized in rat pulp to be either

dendritic in shape or to be tissue macrophages,

with dendritic cells more concentrated in the

odontoblastic layer. 171,17' Dendritic cells were also
found to be much more important than macro-

phages in providing the antigen-presentation sig-

nals to costimulate T cells. "3 In rat molar pulp, a

dramatic increase in the number of Class 11 APCs
was seen following the induction of caries 17' and

following cavity preparation alone or with the

application of P gingivalis LPS. There was

also a significant reduction in the number of these

cells when the cavity preparations were im-

mediately restored with a self-curing dental adhe-

sive resin. 176 This finding emphasizes the impor-

tance of appropriate restorative procedures in

minimizing inflammatory pulpal changes.

A possible functional relationship was recently

demonstrated between pulpal APCs, and sensory

nerve fibers and their products. Sensory nerves

were found in close proximity to the APCs, and

subsequent experiments revealed that substance

P potentiated while CGRP suppressed the prolif-

eration of stimulated T lymphocytes in the pres-

ence of APCs . Z3 This neuroimmune interaction

was further studied in carious human molars in

which dendritic cells and NGF (marker for nerve

fibers) were both shown to increase close to cari-

ous dentin, particularly in cases with superficial

caries lesions (Fig 11-11; see also chapter 7).' 03

In the rat model, pulpal macrophages and den-

dritic cell numbers seem to stay constant with

age, whereas MHC Class II+ cells decline with

age. l" Taken together, these studies suggest that

these immunocompetent cells play an important

role in pulpal inflammation, interact with neu-

ropeptides, and decline in number with age.

271



11 - Molecular Mediators ofPulpalInflammation

Fig I I-12a Transverse section of a dentinal tubule located in
the inner face of the carious cone. A thin, dense, positive reac-
tion for IgG is visible on the wall of the dentinal tubule. ID,
i ntertubular dentin; O, odontoblast process; S, organic peri-
odontoblast space. (Reprinted from Ackermans et al l " with
permission.)

Fig I I-12b An area of carious dentin further away from the
pulp. The peritubular dentin (PD) has been dissolved with
ethylenediaminetetraacetic acid (EDTA), and there is a strong,
ring-shaped, positive reaction for IgM along the walls of the
cross-sectioned dentinal tubules. ID, intertubular dentin.
( Reprinted from Ackermans et all"' with permission.)

Fig I I-12c Cross section of carious dentin invaded by sever-
al microorganisms (B). A positive reaction for IgG is present
on the wall of the dentinal tubule with a less marked precipi-
tate at the border between the peritubular dentin (PD) and the
i ntertubular dentin (ID) (Reprinted from Ackermans et al
with permission.)

Immunoglobulins
In addition to the specific cellular immunity fac-

tors discussed above, dental pulp has long been

known to express markers for humoral immunity

under inflammatory conditions, whereby B cells

differentiate to plasma cells that then undergo

clonal selection and produce the immunoglobu-

lins IgG, IgA, IgE, and IgM. 93,94 Immunoglobulins

participate in both recognition and effector func-

tions. When antibodies are first expressed in a

membrane-bound form on B cells, they recognize

antigens in their environment. After their release,

they mediate cytotoxic reactions by innate
immune cells such as NK cells; opsonize bacterial

and other antigens to enhance phagocytosis; form

antigen-antibody complexes that activate the clas-

sical pathway of the complement cascade, leading

to the secretion of anaphylatoxins and lysis of

membranes of target cells as described previously;

and, in the case of IgE, cause the degranulation of

mast cells. The processes of opsonization and

complement fixation take place via the Fc portion

(nonantigen-binding portion) of the antibody

molecule, which is unique for each antibody iso-

type and which either binds to Fc receptors on

the surface of phagocytic cells for opsonization or

to the C1q complement protein for complement

fixation.
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Immunoglobulins of pulpal origin were found

in dentin beneath caries lesions.96 Although the

secretory IgA was identified in carious dentin in

a subsequent study, 171 further functional experi-

ments in rats using bovine serum albumin placed

on induced caries lesions or injected into blood
indicated that this protein was found in the

dentin only when it was injected,176 indicating

a more likely systemic route. Immunoglobulins

were also observed in large vacuoles within

odontoblasts under shallow caries lesions and

along the walls of dentinal tubules (Figs 11-12a

to 11-12c).

Plasma cells in infected dental pulp produce

specific antibodies against bacteria such as S

mutans, Actinomyces viscosus, A naeslundii,

Porphyromonas gingivalis, and Prevotella inter-

media, commonly found in deep caries, and the

resultant antigen-antibody complexes fixed com-

plement . 95,97 Moreover, fluid specimens from

pulp explant cultures of normal and inflamed

symptomatic human pulp were also shown to

contain specific antibodies to bacteria common-

ly found in carious dentin 180 and to the bacteria

cultured from the teeth from which the explants

were obtained."' In the latter study the only dif-

ferences between normal and inflamed pulps

were in levels of antibodies against Lactobacil-

lus acidophilus, one of the most common organ-

isms in deep caries, but the differences were not

statistically significant. The pulp did not contain

antibodies to bacteria not common to caries

lesions. It is not clear why normal pulp contains

elevated amounts of immunoglobulins that seem

to be specific to organisms involved in caries

lesions; however, in another study in which the

pulp was sampled directly during pulpectomy

procedures, significantly elevated levels of IgG,

IgA, and IgM were reported in inflamed com-

pared with normal pulps, indicating that the

experimental technique may have influenced

the findings in these studies. Recently, an addi-

tional protective function of immunoglobulins in
the pulpodentin complex was proposed with

the finding that IgG, IgA, or IgM reduced fluid fil-

tration through dentin in vitro. "3

Conclusions

The development of pulpal inflammation

employs many of the inflammatory mediators

seen in other injured connective tissues. The spe-

cial features of the dental pulp, including restrict-

ed vascularity, enclosure in dentin, and suscept-

ability to bacterial infection or trauma, play an

important role in defining the inflammatory and

healing potential of this tissue. It is critical to real-

ize that the clinical outcome of an injury such as

bacterial invasion secondary to caries is due to

the actions of an integrated network of inflamma-

tory mediators, immune cells, and other factors

elaborated in the inflamed dental pulp.The identi-

fication of these mediators in inflamed pulp and

the comprehension of their actions will likely

lead to biochemically based diagnoses, prognoses,

and treatment.
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Pulpal Infections
Including Caries

J. Craig Baumgartner, DDS, PhD

Dental caries remains the most prevalent infec-

tious disease in the world. Caries is a bacterial

infection that causes dissolution of the mineral-

ized matrix of teeth. Although researchers have

made significant advancements in our treatment

and understanding of caries, it continues to be a

worldwide epidemic. Twenty million years ago,

hominids had an incidence of caries of only 1%,

despite the fact that they had the same number

and type of teeth as modern-day humans. During

the Neolithic period, Homo sapiens had a caries

rate of about 5%, or the same as many contempo-

rary primitive societies.' A rise in caries in Europe

during the Roman occupation has been correlat-

ed to an increase in the cooking of food. Howev-

er, the most dramatic rise in caries took place

between the Middle Ages and the 1950s, when

caries affected 95% of the population in the devel-

oped world. Since the 1960s, caries in children

has dropped sharply: 50% of 5- and 6-year-olds

were caries free. By the late 1980s, approximately

75% of children aged 5 to 11 years were caries

free, whereas approximately 70% of 12- to 17-

year-olds had caries in permanent teeth. At that

time, 40% of the 17-year-olds accounted for 80%

of the caries.The decline in the caries rate did

not continue into the 1990s. 4 Before 1970, caries

reduction was associated with fluoridation of
public water supplies; since then, it seems to be

related to fluoride-containing products such as

toothpaste, mouth rinses, and topical gels. 5-9

Caries has been associated with several vari-

ables, including host factors, the bacterial ecosys-

tem, and a fermentable diet; saliva and other sec-

ondary factors are now also associated with

caries. With the recent advent of new techniques

in molecular biology, our understanding of the

microbial agents associated with caries has

grown. These findings reinforce the concept that

the biofilm found on tooth surfaces, known as

dental plaque, represents an interactive commu-

nity of bacteria. Human dental plaque has more

than 1 X 108 bacteria/mm3 or about 1.7 X 10"

microbes/wet wt/g, comprising 200 to 400 differ-

ent species of bacteria at each site.'° Unlike mate-
ria alba, an aggregation of bacteria, leukocytes,

and desquamated oral epithelium that accumu-

lates at the surface of plaque but lacks its internal

structure, dental plaque is capable of withstand-

ing a strong water spray.
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Fig 12-1 Diagrammatic representation of microscopic thin
ground section showing enamel caries. Major zones are
sound enamel (1), surface enamel slightly demineralized (2),
body of lesion (3), dark zone (4), and translucent zone (5).
( Redrawn from Newman and Nisengard15 with permission.)

Fig 12-2 Diagrammatic illustration of Newbrun's six zones as
seen in microscopic sections of dentinal caries: zone 1, retreat-
i ng odontoblast process; zone 2, fatty degeneration; zone 3,
dentinal sclerosis; zone 4, dentinal demineralization; zone 5,
bacterial invasion; and zone 6, necrotic dentin. (Reprinted from
Newman and Nisengard 15 with permission.)

Bacteria and Caries

In 1890,W D. Miller described dental caries as the

action of bacterial-produced acids on the calcium

phosphate of teeth. This theory, known as the

chemoparasitic theory, is still the most widely

accepted one today; others include the proteoly-

sis-chelation theory, the proteolytic theory, and

the phosphoprotein theory. Bacteria's fundamen-

tal role in caries was demonstrated in the 1950s

and 1960s, when germ-free animals failed to

develop caries irrespective of their diets except

in the presence of bacteria." Caries is primarily
the effect of lactic acid and other organic acids

produced by bacteria in the dental plaque. These

acids dissolve the calcium phosphate mineral of
the tooth enamel or dentin in a process known as
demineralization.

The so-called white-spot lesion is the first clini-
cally observed form of caries and is the result of

subsurface demineralization of up to 50% of the

original mineral content but with an intact surface

layer beneath dental plaque. 14 Although the sur-
face enamel appears to be intact, it in fact under-

goes demineralization in the form of pitting.

Enamel caries of this type has four distinct micro-

scopic zones (Fig 12-1). It is believed that after

nonionized acid diffuses through the pores and

dissociates, it reacts with the hydroxyapatite crys-

tals to produce a white spot. Eventually, through

progressive dissolution of hydroxyapatite, the sur-

face breaks down under the ingress of bacteria.

Thus, early caries is aseptic and the result of the

dissolution of enamel crystals by acids. Once bac-

teria enter the lesion, mechanical removal of the

organisms is required. If left untreated, caries

spreads laterally along the dentinoenamel junc-

tion (DEJ). Its rapid rate of spread is related to the
fact that dentin is less mineralized than enamel

and is made up of tubules that allow the move-

ment of bacteria into deeper portions of the
lesion. Six zones of dentinal caries have been

described (Fig 12-2).

Fermentable carbohydrates, such as sucrose,

glucose, fructose, and cooked starch, are metabo-

lized by acidogenic bacteria to produce the acids

that diffuse through the plaque into the porous

enamel or dentin. The hydrogen ions chemically

exchange with calcium and phosphate ions so

they go into solution. The role of saliva in this
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process is to buffer the acid and to provide miner-

als that can replace those dissolved from the

tooth.As described below, the process of reminer-

alization has been replicated through similar ther-

apeutic interventions.

Plaque is a dynamic microbial ecosystem that is

influenced by host factors, other bacterial species,

and the genetic potential of the individual species.

The oral microbial ecosystem is the most complex

in the body, comprising over 500 species. As the

host surfaces change and the microbial biofilms

evolve, bacterial species successively colonize the

oral cavity. Streptococcus salivarius, the first per-

manent colonizer of the oral cavity, is found in

infants of less than 1 week. Other early streptococ-
ci colonizers are S mitis, S oralis, and S sanguis.

Studies based on DNA fingerprinting methods

have demonstrated that close family members are

the source of the bacteria that initially colonize an

infant. The oral cavity is especially unique during

the eruption of teeth, which are highly mineral-
ized, nonshedding surfaces. Colonization by S

mutans and numerous other species of bacteria

does not occur until teeth erupt.At that time, chil-
dren are generally colonized by one or two strains

of S mutans that are genetically identical to bacte-

rial strains colonizing the mother or other main

caregivers. Adults often are colonized by five or

more distinct strains of S mutans, suggesting that
colonization by nonfamilial sources occurs after

infancy.1 Each genetically distinct strain is a deriv-

ative of a parent strain that has slightly different

phenotypic characteristics, which maximizes its

capacity to exploit changes in its environment.

The composition of a climax population is

remarkably stable. Adults generally retain their

own community of oral flora,17 and attempts to

implant other specific strains into an established

oral community usually fail.18 The transfer and

establishment of bacterial strains between adults

is rare.

Research suggests that mutans streptococci. are

the primary etiologic agents of both coronal and

root caries and that Actinomyces are also associat-

ed with root caries. 19,20 Table 12-1 lists the bacte-

ria associated with different types of caries.

Mutans streptococci is a group of bacteria that

includes S mutans, S sobrinas, S creccetus, and S

rattus. S mutans and S sobrinas are closely asso-

ciated with human caries. The ability of these

organisms to produce caries is directly related to

their production of acid (acidogenic) and their

ability to tolerate large quantities of lactic acid

(aciduric). Mutans streptococci are heterofermen-

tative in that they can produce acid other than

lactic acid; that is, they can change the relative

amount of enzymes in their glycolytic pathway to

produce mixed acid products. This enables

mutans streptococci to produce an extra 2 to 3

mol of adenosine triphosphate (ATP) per mol of

glucose metabolized and thus gives them a

growth advantage over other microorganisms. 16

Mutans streptococci are able to maintain their

energy production even at pH levels as low as

5.0, when other plaque bacteria (with the excep-

tion of lactobacilli) are inhibited. Mutans strep-

tococci are also able to store nonmetabolized

carbohydrate in the form of intracellular polysac-
charides, something else that few of the other
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Fig 12-3 Diagrammatic representation of two proposed theories of the interaction of oral bacteria with pellicle-coated enamel sur-
faces: (a) electrostatic hypothesis; (b) °lectin-like" interaction. (Reprinted from Newman and Nisengard" with permission.)

plaque bacteria are capable of doing. When the

external supply of sugar becomes limited, mutans

streptococci can metabolize the stored carbohy-

drate and continue acid production. Other bacte-

ria, especially lactobacilli, contribute to the cario-

genic process primarily in advanced lesions.22 The

frequent intake of sucrose produces an imbalance

in the plaque ecosystem by the selection of

mutans streptococci.

The prevalence of root caries increases with

age because most of these lesions are associated

with gingival recession. Root caries is a soft pro-

gressive lesion associated with microbial plaque

and must be distinguished from abrasion, erosion,

and idiopathic resorption. The species Actino-

myces has been shown to be predominant in root

caries. However, no specific bacteria or group of

bacteria has been associated with the initiation or

progression of root caries. Patients with decreased

salivary function (xerostomia), often associated

with head and neck radiation, various medica-

tions, and Sjogren syndrome, may have a dramatic

increase in root caries.

Bacteria-Host Interactions
and Plaque Formation

Components of saliva represent the primary host

factors that resist caries development. As noted

earlier, saliva has excellent buffering and reminer-

alizing properties . 23 In addition to bicarbonate

and phosphate ions, which provide the major

buffering capability, saliva contains immunoglob-

ulins, glycoproteins, enzymes, and host-derived
antimicrobial agents, all of which may also affect

plaque formation . 22

It is not only the presence of bacteria, but also

the development of cariogenic conditions that

eventually leads to the production of dental caries.

A salivary pellicle will form within minutes after a
tooth surface is cleaned. The salivary pellicle is an

insoluble acellular layer that is less than 1 um in

thickness; it is produced by the selective adsorp-
tion of glycoproteins onto the hydroxyapatite sur-

face.24 Salivary components on the surface of the

pellicle act as binding sites for bacteria . 25 Two the-
ories have been advanced for the interaction of
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the pellicle and bacteria. The first proposes that

electrostatic charges are responsible for calcium

ions binding the negatively charged surface of bac-

teria to the negatively charged pellicle on enam-

el26 (Fig 12-3). This theory fails to explain the

selectivity shown by different strains of bacteria

with similar surface charges. The second theory

proposes that "lectin-like" interaction occurs be-

tween specific bacterial surface receptors with

pellicle-bound glycoproteins (see Fig 12-3). Experi-

mental evidence has shown that the adsorption of

oral bacteria to pellicles on hydroxyapatite is

inhibited by specific sugars; this suggests sugar-

protein binding. The salivary pellicle selectively

adsorbs bacteria with the appropriate surface fib-

rillar protein structures. Microbial surface adhesins

are surface proteins that display distinct prefer-

ences in binding site specificity by mediating

attachment to epithelial surfaces and to other bac-

teria .27,28 The specificity of adhesins is further

demonstrated by the fording that only strains of S

mutans and S gordonii can invade dentinal

tubules and attach to type I collagen. 29 It is

believed that bacterial surface proteins prevent

attachment of phagocytic cells or suppress com-

plement activation. 30

Coaggregation is the adherence of certain

strains of bacteria to specific partner strains.Table

12-2 shows coaggregation reactions between oral

bacteria. The strain specificity is mediated by the

production of a specific protein adhesin on one

species and a complementary carbohydrate ligand

on a partner species. Because each bacteria cell
may have numerous adhesins and ligand mole-

cules, multiple linkages may occur. A naeslundii,

which is usually found in plaque, adheres poorly
to the salivary pellicle but adheres readily to S

sanguis, which in turn adheres readily to the pel-

licle. Such adhesive mechanisms are extremely

important in the development of dental plaque.

Mutans streptococci are able to produce and bind

glucan molecules, which result in the aggregation

and accumulation of more bacteria. The insoluble

glucan may mediate nonspecific entrapment of

other microorganisms. Actinomyces can produce

large amounts of plaque in the presence of carbo-

hydrates. A viscosus synthesizes an extracellular

heteropolysaccharide composed of N-acetylglu-
cosamine, glucose, and galactose. The presence of

Actinomyces or other gram-positive bacteria may

be associated with the attachment and coloniza-

tion of plaque with strains of black-pigmented

bacteria.

Three phases of plaque development have

been described 32 : initial colonization is followed

by rapid bacterial growth and then remodeling.

The pellicle forms within a few minutes after

tooth cleaning. Within hours, streptococci pro-

duce a thin mass covering the surface. They also

produce large amounts of extracellular glucan to

the height of contour and in the interproximal

areas, and this incorporates other species of bac-

teria. Growth of plaque above the height of con-

tour is limited by surface abrasion during masti-

cation. After 2 to 3 days, the innermost plaque

becomes more anaerobic, and a succession of

anaerobic species and other bacteria appears.
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Fig 12-4 Interbacterial and host nutritional interactions influ-
ence the maturation of dental plaque. (Modified from New-
man and Nisengard with permission.)

Various species of bacteria produce antibacte-

rial agents to ensure their own adaptation to the

ecosystem. One strain of bacteria may produce a

by-product that another strain is able to metabo-

lize. For example, one species may produce

ammonia, which is a nutrient for another species

at a low concentration but lethal at a higher con-

centration. The production of factors, such as

ammonia from urea by bacterial ureases, modifies

the final pH of the plaque and affects its patho-
genicity. Streptococci and lactobacilli grow under

facultative conditions and produce superoxide

anions, hydrogen peroxide, and hydroxyl radicals.
These agents are bactericidal for some species of

bacteria and hence affect the bacterial composi-

tion of the plaque. In mature plaque, the levels of

these agents decreases, allowing for the growth

of obligate anaerobes.

Bacteria may produce specific agents called
bacteriocins; these are the proteins secreted by

one species of bacteria that are lethal to other

closely related organisms. A large number of oral
bacteria are capable of producing bacteriocins. 33

Because of nutritional deficiencies, some bacteri-

ocins may not be produced in plaque, while oth-

ers may by destroyed by proteolytic enzymes. Bac-

teriocins experimentally administered to animals

in either food or drinking water significantly re-

duced the level of S mutans. 34 Some species of

bacteria have been shown to produce more than

one bacteriocin that act synergistically. 35

These agents may have clinical utility for pre-

vention of caries. Unfortunately, the bacteriocins

with the greatest potential are either difficult to

produce in large quantities or their purification is

not cost effective for large-scale production. 36,37

An alternative is to implant a bacteriocin-produc-

ing strain into human plaque. However, even if

this method was accepted by the public, it is

unlikely that such a genetically diverse popula-

tion could be successfully colonized. 38 Microbial

succession is a result of numerous interactions

(Fig 12-4).

Saliva greatly influences the metabolism and

microbial composition of dental plaque. Saliva

affects plaque pH by clearance of carbohydrates,

neutralization of acids, and supply of nutrients.

Saliva also contains bacterial inhibitory substances

such as lactoperoxidase, thiocyanate, peroxide,
lactoferrin, lysozyme, and hypothiocyanate ion

(OSCN-). In the presence of hydrogen peroxide

and thiocyanate ion, lactoperoxidase catalyzes the
formation of OSCN-, which rapidly destroys bac-

terial metabolic systems. Lactoferrin binds iron

that bacteria find essential for growth. The major
buffer system in saliva, bicarbonate-carbonate,

rapidly buffers by losing carbon dioxide. It has a

dissociation constant (pK) in the range of the
plaque acids, and as salivary flow increases, so

does the concentration of bicarbonate.

just as chemical mediators regulate the behav-
ior of cells in the human body, interbacterial sig-
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naling factors serve to coordinate actions among

bacterial cells. More than 20 years ago, a sex

pheromone was associated with bacterial conju-
gation in strains of Enterococcus faecalis. It is

now believed that chemical signals regulate pop-

ulation-wide growth. 39 As the dental plaque

approaches a critical density, cellular metabolism,

DNA synthesis, and cell growth increase. This is

apparently the result of chemical communi-

cation. 4° A majority of species are simultaneously

triggered into a rapid growth spurt. Identification

of the signaling molecule may allow the produc-

tion of a chemical or antibody to inhibit the sig-

naling and decrease the rapid maturation of den-

tal plaque.

Fig 12-5 Sources of immunoglobulins in the oral cavity.
( Reprinted from Newbrun 32 with permission.)

Bacterial Evolution
The genetic composition of bacteria undergoes

constant change. If a strain of bacteria has a gen-

eration time of 4 to 6 hours, it undergoes in 6

weeks the equivalent of the number of genera-

tions that humans have over a period of 4,000

years." Some bacteria have generation times of

less than 1 hour. In addition, mechanisms exist

that allow bacteria to rapidly change their genetic

structure, as has been demonstrated with extra-

cellular enzymes known as glucosyltransferases

(GTFs). When GTF binds to sucrose, it breaks the

disaccharide into units of glucosyl and fructosyl
and transports the fructose unit into the cell cyto-

plasm. The glucosyl units are polymerized into

the extracellular polysaccharide known as glucan.

Only strains of S mutans capable of producing

glucans are cariogenic in animal models. 41 Glucan

is a branched structure composed of glucose

units joined by alpha 1-6 and alpha 1-3 glucosidic

linkages. These insoluble glucans have been

described as the "universal glue" that holds

plaque together. 41,42 Streptococcal GTFs are ap-

proximately 1,500 amino acids, with an additional

signal peptide of about 30 amino acids, that facili-

tate transport across the cell membrane.The num-

ber of GTF genes in each species varies; for exam-

ple, S mutans has three genes, while S salivarius

has four genes. These genes can individually and

independently evolve new characteristics

through successive mutation and evolutionary

selection. A more rapid mechanism of gene evolu-

tion is recombination between the genes. Be-

cause of homologous genes, there is a significant

chance for sequence interchange (recombina-

tion), which results in novel GTFs and hybrid

genes that produce different glucan products. 43

In addition, large fragments of DNA may be trans-

ferred between bacteria. 44,45 If homologous se-

quences are in the host bacterium, recombination

with the transferred DNA may take place, yielding

new functional proteins. Thus, the oral cavity may

be considered a dynamic genepool of bacteria

that can rapidly evolve in response to environ-

mental change, which clearly has clinical signifi-

cance since caries, pulpitis, and periodontitis all

have major bacterial etiologies.

Immunologic Control of
Caries

Salivary secretions are the major source of IgA,
which is the predominant immunoglobulin in the

saliva. IgG and IgM are found in the saliva after

their diffusion from the gingival sulcus (Fig 12-5).
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Fig 12-6 The common mucosal immune system and salivary immunity. Specialized epithelial cells covering the mucosa-associated
lymphoid tissues, in the crypts of the tonsils and adenoids (Waldeyer's ring) and on intestinal Peyer's patches, take up antigenic mate-
rials and transport them to underlying antigen-processing cells (APC), which present them to T helper (T H ) cells. These in turn stimu-
l ate B cells to differentiate into precursors of IgA-secreting plasma cells. Stimulated B and T cells emigrate via the local draining
lymph nodes, enter the circulation, and finally relocate in various mucosal effector sites, including the stoma of the salivary glands
where terminal differentiation of the B lymphoblasts into IgA-secreting plasma cells occurs under the regulation of cytokines secreted
by the T and epithelial cells. The secreted polymeric IgA is taken up by polymeric Ig receptor (secretory component) on the basolater-
al surface of glandular epithelial cells and transported to the apical surface, where it is released with bound secretory component to
form S-IgA. Small amounts of circulating IgM, IgG, and IgA transude through the gingival crevice into the oral cavity, and may also
penetrate the dentinal tubules from the pulp cavity of the teeth. In advanced periodontal disease, foci of plasma cells in the gingiva
secrete IgM, IgG, and IgA, which exude into the periodontal pockets and oral cavity. (Reprinted from Russell et al 46 with permission.)

All of the cellular components of the immune sys-

tem, including lymphocytes, macrophages, and

neutrophils, are located in the gingival sulcus.

Salivary immunoglobulins may act as specific

agglutinins of bacteria and prevent colonization.

They may also inactivate surface GTFs, resulting

in reduced plaque formation. Antibodies that

opsonize bacteria assist in phagocytosis by lym-

phocytes and macrophages.

The common mucosal immune system (CMIS)

(Fig 12-6) produces secretory IgA (S-IgA) and con-

sists of B and T cells, macrophages, and special-

ized epithelial cells that are distributed through-

out the mucosa, glands, and lymph nodes. 46 Cells

in the crypts of the tonsils and adenoids and on

intestinal Peyer's patches in the small intestine

contain B and T lymphocytes that are activated by

bacteria. Lymphocytes and plasma cells are pro-

duced, and these have a homing ability to migrate

to various mucosal sites, including salivary glands.

Those in the salivary glands produce S-IgA specif-

ic for the bacteria that activated the lymphocytes

in the CMIS. Researchers have attempted to devel-

op vaccines that would utilize the ability of the
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CMIS to produce S-IgA. Studies attempting to pro-

duce a vaccine by using a "pill" of bacteria in ani-

mal and human studies have obtained question-

able results. Because IgG levels are higher than

IgA levels in plaque, some investigators believe

that serum IgG from the gingival sulcus may have

a greater role in providing immunity to caries.

While the idea of producing a caries vaccine may

be a good one, several problems need to be over-

come. Bacteria have the ability to rapidly change

their antigenic properties, making a vaccine use-

less. If one strain of bacteria is eliminated, it may

be replaced by an even more virulent strain.

Humoral antibodies produced against specific

bacteria may have cross-reactivity against body

tissues such as the human heart. Finally, the ques-

tion of how long the immunity might last must be

asked. Although S-IgA reactive with GTF has been

shown to reduce caries in rats, the possibility of

developing successful vaccines against human

GTF genes that can rapidly alter their structure is

questionable . To elicit protection against

caries, immunization should occur before tooth

eruption. Studies would need to determine

whether immunization against S mutans is
inducible in infants and whether it would be safe;

what the effectiveness of the vaccines tested

would be; how long it would provide protection
against colonization by S mutans; and the cost-

effectiveness of vaccines compared to other pre-

ventive measures. 46

Role of Diet and Nutrition
Diet refers to consumption of food, nutrition to

the process whereby food is assimilated and

metabolized in the production of a systemic

effect. The diet's effects on the teeth are seen

with the systemic incorporation of fluoride dur-

ing tooth formation. Likewise, the amounts of cal-

cium and phosphorus in the diet play an impor-

tant role in tooth development.

The incidence of caries is dramatically affect-

ed by diet. Research using electrodes to measure

the pH of dental plaque after rinses with glucose

Fig 12-7 The pH of plaque was measured after rinsing the
mouth with 10% glucose solution. The line at pH 5.5 is the
value at which decalcification of enamel will occur, termed the
critical pH. The curve is commonly called a Stephan curve.
( Reprinted from Newman and Nisengard with permission.)

showed a rapid drop in pH from 6.8 to 5.0,

which lasted about 20 minutes and required

about 40 minutes to return to normal (Fig 12-7).
The Vipeholm study in Sweden, which examined

institutionalized patients , 49 found that caries

increased significantly when the intake of

sucrose-containing food was increased.That study

also showed that sticky and adhesive forms of

carbohydrates delayed clearance of the sugars

and increased the risk of caries. Other epidemio-

logic studies of isolated populations have also

found that the type and amount of carbohydrate

in the diet was directly associated with the

amount of caries.

Inorganic phosphates in diets also may have

an effect on caries rate. An increase in phosphate

ions in saliva may shift the equilibrium dissocia-

tion of hydroxyapatite toward the salt in the pres-

ence of acids. In addition, phosphate may buffer

the organic acids produced by bacteria and may

alter the ability of bacteria to adsorb to the pelli-

cle. Other dietary components, including lipids,

plant extracts, and trace elements, have been

studied with inconclusive results.
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Role of Fluoride in Caries

Fluoride has three principal mechanisms for

arresting or preventing. caries. First, fluoride

inhibits bacterial metabolism after diffusing into
the bacterial cytoplasm" not as the fluoride ion

(F-) but as the unchanged form (HF).12,50-53 Once
in the bacterial cell" HF dissociates and releases

the F- that interferes with enzyme activity. Sec-

ond, fluoride can prevent demineralization

because carbonated hydroxyapatite (CAP) is

much more soluble in acid than hydroxyapatite

(HAP), which in turn is much more soluble than

fluorapatite (FAP). Studies have shown that when

fluoride is concentrated into a new crystal surface

during remineralization, it decreases enamel solu-

bility. 54,55 If fluoride is in plaque fluid at the time

of acid formation by bacteria" it will travel with

the acid into the subsurface of the tooth and

adsorb to the crystal surface, protecting it against

demineralization. Third, fluoride enhances remin-

eralization by adsorbing to HAP crystals and

attracting calcium and phosphate ions from super-

saturated saliva, leading to new mineral formation.

This remineralized veneer excludes carbonate and

has a composition somewhere between HAP and
FAP 55 Further acid challenges must be quite

strong and prolonged to dissolve the remineral-
ized enamel.

Antibacterial Caries
Control

Because caries is a transmissible disease" it would

be logical to use antibacterial therapy to control
it. Traditional restorative work may remove bacte-

ria at the site of the restoration" but caries can
nonetheless continue unchecked elsewhere in

the mouth. Although chlorhexidine gluconate

rinses have been used for years in European
countries" an antibacterial approach to the pre-

vention of dental caries is rarely used in the

US.56-58 It is now accepted that high levels of
mutans streptococci and lactobacilli constitute a

"high bacterial challenge-"59This challenge can be

balanced by numerous protective factors to pre-

vent progression of caries. If the factors are out of

balance, caries either progresses or reverses. Stud-

ies have shown that the most successful antibac-

terial therapy for caries control is chlorhexidine

gluconate.60 Daily doses for 2 weeks reduce the

cariogenic bacteria in the mouth to such a level

that it takes 3 to 6 months for recolonization. 56

So-called dip slides have been used in Europe to

determine whether the bacterial challenge is

high" medium" or low. Two days after a saliva sam-

ple is taken on the dip slide, the levels of S

mutans and lactobacilli bacteria in the mouth are
determined.56 More precise methods of determin-

ing the microbial challenge using molecular

methods or monoclonal antibody probes should
be available in the near future.

In the future, restorations for the treatment of

caries will be used only as a last resort when

other intervention measures have failed. Chairside

bacterial probes will be used to determine the

cariogenic bacterial challenge. Immunization and
the production of S-IgA may be used to prevent

colonization of teeth by specific bacteria. Geneti-

cally engineered plant immunoglobulins may be
applied to the surfaces of teeth to inhibit recolo-

nization by specific bacteria. 61,62 Early detection

methods that may be available in the future
include fluorescence, tomography, electrical

impedance" and ultrasonography. 13 Early detection
will allow intervention with remineralization via

salivary enhancement and application of fluoride

and chlorhexidine along with good oral hygiene.

Lasers may be used in the future to remove caries

and make the adjacent tooth structure highly

resistant to acid dissolution. 63,64

Bacteria Associated with
Deep Caries

What bacteria cause pulpal death is still uncer-

tain, partly because caries progresses so slowly,

but also because the bacteria are in a dynamic
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ecosystem. S mutans is regarded as one of the

main cariogenic species, but lactobacilli have also

been identified as participants in deep caries

lesions. Proteolytic bacteria such as anaerobic

streptococci have also been isolated from deep

caries,68,69 while anaerobic rods, such as Bac-

teroides, Eubacterium, and Fusobacterium, have

been associated with symptomatic pulps or

abscesses. Thus, there is a transition from pre-

dominantly facultative gram-positive rods and

cocci in shallow decay to anaerobic gram-negative

rods and anaerobic gram-positive cocci in infect-

ed root canals.

In a microbiologic study of deep carious

dentin in human teeth with irreversible pulpitis,

gram-positive rods including lactobacilli were the

most common isolate, 73 gram-positive cocci were

the second most common, and S mutans was pre-

sent in low numbers in the deep layers.Two types

of deep caries lesions were detected. In the first

group of 15 deep caries lesions, lactobacilli consti-

tuted 92% of the bacteria isolated, while the sec-

ond most frequent isolate was gram-positive

cocci; however, S mutans and alpha hemolytic

streptococci were not cultured from these sites.

The third most common organism was anaerobic,

gram-positive, nonlactobacillus rods identified as

Propionibacterium, Bifidobacterium, and A vis-

cosus. In the second group of 14 deep caries

lesions with low numbers of lactobacilli, the flora

were much more diverse, consisting of gram-posi-

tive cocci, anaerobic gram-positive nonbranching

rods, branching rods, and Bacteroides. 73 Black-

pigmented bacteria were numerous in three of

the low lactobacillus lesions. Invasion of the pulp

by black-pigmented bacteria and other anaerobes

from the periodontal sulcus or periodontal pock-

et is a likely source of the microorganisms . 74

Black-pigmented bacteria have been associated

with symptomatic endodontic infections.

Their relationship with low lactobacillus lesions

may suggest a relationship with pulpal necrosis

and the presence of black-pigmented bacteria in

deep caries. 73
There has been no consistent correlation

between clinical and histologic findings in pulpal

Fig 12-8 Positively stained T8 lymphocytes (arrows) in an
i rreversible pulpitis sample using anti-T8 monoclonal antibody
(original magnification x800). (Courtesy of Dr Ellen Hahn.)

disease . 77,78 Immunohistologic studies have

demonstrated the presence of immune compo-

nents in the pulp consistent with an immune

response, including lymphocytes, plasma cells,

IgG, IgA, and the third component of comple-

ment79-82 (see also chapter 11). An investigation

using electron microscopy of pulps with irre-

versible pulpitis found lymphocytes and

macrophages as the predominant cells in the

inflammatory infiltrates. 13 Another study used

monoclonal antibodies to determine the types of

lymphocytes in pulps extirpated from teeth clini-

cally diagnosed as either normal, reversibly

inflamed, or irreversibly inflamed (Fig 12-8). 84

Helper (T4) cells predominated in normal pulp

tissue. In the group with reversible pulpitis, 90%

of the lymphocyte population was T lymphocytes,

with a T4/T8 ratio of 0.56. In the irreversible pul-

pitis group, the ratio of T4/T8 lymphocytes was

1.14.84 In addition, the ratio of B/T lymphocytes

was 1.60. 84 It appears that the T4 cells may have a

regulatory effect on B cell activities. The increase
in concentration of lymphokines released by T4

cells, including those inducing the production of

immunoglobulin by B cells, could likely result in

pathologic changes.85,86 When IgG in the super-

natant fluids from pulpal explant cultures of teeth
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with caries was allowed to react with a panel of

bacteria implicated in endodontic infections, IgG

was found to specifically react with bacteria iso-

lated from deep caries. 86 IgG reacted with species

of Lactobacilli, Actinomyces, Eubacterium, and S

mutans. 85,86 The presence of immunoglobulins

along the walls of dentinal tubules has been asso-

ciated with the protein-adsorbing property of

HAP.Immunoglobulins have been observed

near the pulpal side of the dentinal tubules under

incipient caries and later seen extending toward a

caries lesion as it invaded more deeply.The pres-

ence of immunoglobulins in dentinal tubules has

also been shown to decrease tubular permeability

and perhaps protect the pulp from invasion by

bacterial antigens or other toxic by-products of
the bacteria90 (see also chapter 4).

The correlation between thermal sensitivity

and isolated bacteria from deep caries has been

investigated.91 Gram-positive cocci and non-
black-pigmented Bacteroides (Prevotella) were

positively associated with sensitivity to both cold
and hot thermal tests. The presence of black-pig-

mented bacteria, S mutans, and high anaerobic

counts were positively related to heat sensitivity. 91

Microorganisms in Pulpal
Disease

Under the proper conditions, normal oral flora

may become opportunistic pathogens. Such

organisms have the capability of producing dis-

ease if they gain access to normally sterile areas

of the body such as the dental pulp or periradicu-

lar tissues. Virulence is the degree of pathogenici-

ty produced by microbes. Following bacterial

invasion of the dental pulp and periradicular tis-

sues, the host responds with both nonspecific

inflammatory responses and specific immunolog-

ic responses (see chapters 10 and 11). Clinicians

should remember that the biologic rationale of

endodontic therapy is based on disrupting and

removing the microbial ecosystem that is associ-

ated with the disease process.

Pulpitis includes increased vascular permeabil-
ity, vasodilation, pain, and resorption of hard tis-

sues, and eventually leads to pulpal necrosis. Den-

dritic cells have been demonstrated in the pulp
that activate T -lymphocytes, which in turn pro-

mote a local immune response. 92-94 If infection of

the root canal system is not treated, inflammation

with accompanying bone resorption spreads to

the contiguous periradicular tissues.

Infection of the Root Canal
System

Caries is the main source of the bacteria infecting

the pulp space. When the tooth is intact, enamel

and dentin provide protection against microbial

invasion of the pulp space. As caries approaches

the pulp, tertiary dentin is produced (see also

chapter 3). Bacterial movement through the denti-

nal tubules is restricted by odontoblast processes,

mineralized crystals, and macromolecules includ-

ing immunoglobulins in the tubules90 (chapter 4).

Bacteria and their by-products may have an effect

on the pulp before direct exposure85-91 (Fig 12-9).

If, as a result of trauma, a healthy vital pulp is

exposed, the penetration of tissue by bacteria is

relatively slow, while penetration of the dentin

has been shown to be less than 2 mm after 2

weeks . 9s However, if the pulp is necrotic, "dead

tracts" of empty dentinal tubules are rapidly pene-

trated by microorganisms (Fig 12-10). The break-

down products of a necrotic pulp-serum and tis-
sue fluid-form the periradicular tissues, while

bacterial by-products provide the nutrients for
invading organisms.

Bacteria and their by-products may reach the

pulp space through the apical foramen and other

lateral, accessory, or furcation canals. The ques-

tion of whether periodontal disease directly caus-

es pulpal disease has been controversial.99-102

One study found that pulpal necrosis occurs only

when periodontal disease extends to the apical

foramen." The number of spirochetes present in

exudate draining from the sulcus may be used to
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Fig 12-9 Section through tooth with caries on left side and
stained bacteria penetrating into dentinal tubules (Brenn and
Brown stain, original magnification X100). (Courtesy of Dr
Henry O. Trowbridge.)

Fig 12-10 Scanning electron microscope view of cocci in
dentinal tubules.

determine whether the infection is of endodontic

or periodontal origin. Abscesses of periodontal

origin contained 30% to 58% spirochetes, while

abscesses of endodontic origin contained less

than 10% spirochetes.

A much less likely pathway of bacteria for

endodontic infections is anachoresis, whereby

microbes are transported through the blood or

lymph to an area of inflammation such as an

inflamed pulp.This phenomenon has been demon-

strated in animals but is not believed to significant-

ly produce disease in humans. However, ana-

choresis may be the pathway whereby some
traumatized teeth become infected. Anachoresis

could not be demonstrated in unfilled root canals

from which the pulp had been removed. 108,109

Microbes in Endodontic
Infections

In 1894,W D. Miller was the first to associate the

presence of bacteria with pulpal disease.110 in
1965, Kakehashi et all" demonstrated that bacte-

ria cause pulpal and periradicular disease""" (Fig

12-11). When pulps were exposed in rats with

normal microbial flora, pulpal necrosis and peri-

radicular lesions formed; however, when the

pulps were exposed in germ-free rats, no patho-

logic changes were evident. Dentinal bridging

was evident in the germ-free rats regardless of

the severity of the pulpal exposure. This research

conclusively demonstrated that bacteria are the

cause of pulpal and periradicular disease.111

Modern culturing methods allow cultivation

of several strains of bacteria from each endodon-

tic infection. Polymicrobial infections of a root

canal are usually associated with a periradicular

inflammatory lesion. The number of colony-form-

ing units (CFUs) cultivated from an infected root

canal is usually between 10 2 and 108 . Studies have

shown a positive correlation between the num-

ber of bacteria in an infected root canal and the

size of periradicular radiolucencies.

A majority of the bacteria isolated from an

endodontic infection are anaerobic (Box 12-1).
Considering that there are over 500 species of

cultivable bacteria in the oral cavity, only a rela-

tively small group of bacteria has been cultured

and isolated. Bacteria that are strict anaerobes

only grow in an environment with low oxidation-

reduction potential in an absence of oxygen.

Some strains may be microaerophilic. Strict anaer-

obic bacteria lack the superoxide dismutase and

catalase enzymes. Endodontic infections do con-
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Fig 12-11 a Pulp exposed in conventional rat with normal oral
flora showing pulpal inflammation and necrosis (arrow) (H&E
stain, original magnification X40). (Courtesy of Dr Harold R.
Stanley.)

Fig 12-11 b Pulp exposed in germ-free rat showing matrix
production over area of pulp exposure (arrow). Note comple-
tion of bridge with vital noninflamed pulp tissue under expo-
sure site (H&E stain, original magnification x40). (Courtesy of
Dr Harold R. Stanley.)

tain some species of facultative anaerobic bacteria

that can grow either in the presence or absence

of oxygen. Because bacteria isolated from root

canals are usually a subgroup of the bacteria

found in the sulcus or periodontal pockets, it is

believed that the sulcus is the source of bacteria

in root canal infections.' 14

The selective process and interrelationships of

bacteria have been studied in monkeys. 115-117 In

the root canals of monkeys infected with indige-

nous oral bacteria and then sealed in the pulp

space, anaerobic bacteria predominated over peri-

od of time. 115-117 After nearly 3 years of pulpal

infection, 98% of the bacteria cultured from the

canals were strict anaerobes. Tissue fluid, serum,

necrotic pulp tissue, low oxygen tension, and bac-

terial by-products within an infected root canal
provide a selective environment for strict anaer-

obes. In addition, bacterial metabolites may be

antagonistic to other bacteria.As described earlier,
some bacteria produce bacteriocins. When intact

teeth with necrotic pulps were cultured, over 90%

of the bacteria were strict anaerobes. When cul-

tures were taken from the apical 5 mm of infected

root canals of carious exposed teeth, 67% of the

bacteria were strict anaerobes. 118 This suggests a

selective process for strict anaerobes in infected

root canals.

Based on cultivation studies, several species of

black-pigmented bacteria- peptostreptococci,

peptococci, Fusobacterium sp, Eubacterium sp,

and Actinomyces sp-have been implicated in

causing certain clinical signs and symp

toms. However, no absolute correla-

tion has been made between any species of bacte-

ria and the severity of endodontic infections. This

may be related to the polymicrobial nature of

endodontic infections and relationships between

bacteria or virulence factors that increase the

overall pathogenic effect. Even current state-of-

the-art culturing techniques detect and identify

only a portion of the total microbial population.

Conventional identification of bacteria is based on

gram-staining, colonial morphology, growth char-

acteristics, and biochemical tests. Often, the best

that can be done is a presumptive identification.
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Culturing and identification of bacteria has tra-

ditionally been referred to as the "gold standard."

Today, the use of molecular techniques to detect

and precisely identify the bacteria allows us to

better understand the microbial ecosystem associ-

ated with endodontic infections; this is referred to

as the "DNA standard." A recent study used the

polymerase chain reaction (PCR) to detect Por-

phyromonas endodontalis in root canals associat-

ed with both symptomatic and asymptomatic

infections.130 P endodontalis was detected in 17

of 43 (40%) infected canals, in 4 of the 6 cases

(66%) with acute periradicular abscess, and in 13
of the 37 (35%) other cases. P endodontalis was

associated with an asymptomatic periradicular

lesion in 6 cases (25%) and with tenderness to
percussion in 10 of 19 teeth (53%). One investiga-

tion using PCR did not detect P endodontalis in

closed periradicular lesions, while another study
using DNA hybridization detected P endodontalis

in 35% of the cases with pain and in 24% of the

cases with swelling. 131,132 N o absolute relation-
ship between the presence of P endodontalis or

any other species of bacteria has been identified.

It is also possible that P endodontalis does not

necessarily play an important role in the patho-

genesis of acute periradicular lesions. Another

study using DNA:DNA hybridization of extracts

from necrotic pulps found bacterial DNA in 100%

of the samples; an average of five species was

identified in each necrotic pulp, of which Bac-

teroides forsythus was both the most prevalent

and the most concentrated. 133 Interrelationships

between species of bacteria and their virulence

factors need further research. Virulence factors

can vary from one strain of bacteria to another

strain within the same species. These studies sug-

gest that some species of bacteria may have the

potential to progress to symptomatic pathoses.

Endodontic infections progress from an infect-

ed root canal to contiguous periradicular tissues.

Periradicular abscesses of endodontic origin are

mixed infections from which several strains of

bacteria may be cultured. Strains of

black-pigmented bacteria in pure culture usually

produce only a mild infection in animals. Howev-

mixed with Fusobacterium nucleatum, multiple

abscesses and even death of the animals may

result 134-139 (see also chapters 11 and 17).

Numerous taxonomic changes have been

made as improved bacterial identification meth-

ods have evolved. Based on precise identification

of bacteria at a DNA level, identification of bacte-

ria at the species level in older studies is very

questionable. Black-pigmented bacteria previously

placed in the genus Bacteroides have now been

placed in the genera Porpbyromonas (asaccha-

rolytic) and Prevotella (saccharolytic) (Box 12-2).

The species Prevotella nigrescens was recently

separated from Prevotella intermedia. "° It has

been determined that P nigrescens is actually the

black-pigmented bacteria most commonly culti-

vated from endodontic infections. 141-144

Molecular techniques were recently used to

identify five strains of black-pigmented bacte-
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ria: 145 Culture and biochemical tests previously
identified these strains as P intermedia. 146 Using
SDS-PAGE, they were differentiated from P inter-
media and believed to be P nigrescens.142 How-
ever, after using molecular methods and compar-

ing gene sequences in a gene bank, they have

been identified as Prevotella tannerae. 145 When
118 microbial samples from endodontic infec-

tions were examined using PCR with specific

primers for P tannerae, 60% were found to be
positive for the presence of the organism, 145 sug-
gesting that P tannerae is commonly present in

endodontic infections but not routinely cultiv-

able.There may be many other species, including

pathogenic organisms yet to be characterized,

that are not cultivable.

The teleologic purpose of chronic periradicu-

lar lesions (periapical granulomas) is believed to

be prevention of the spread of infection to sur-

rounding tissues (see chapter 17).A classic state-

ment of this belief is "a granuloma is not an area

in which bacteria live, but an area in which they

are destroyed. 147 However, using careful experi-

mental methods that minimize contaminants,

investigators have been able to culture bacteria

from samples taken from asymptomatic chronic

periradicular lesions. 148-151 More recent studies

have used DNA-DNA hybridization to detect.and

identify bacteria in asymptomatic lesions. 152,153 Al-

though bacterial DNA was detected in 100% of

the periradicular samples collected from submar-

ginal incisional biopsies, this finding may overesti-

mate the incidence of bacteria in the periradicu-

lar tissue. Microbial contaminants may be present

in these studies from the surgical procedure by

contamination from the root end (foramen) dur-

ing curettage of the sample. A microbial plaque

that has been demonstrated at the root end of

infected roots would be likely to contaminate any

periradicular sample curetted from the root

end. 154 However, evidence supports the hypothe-

sis that under certain conditions bacteria do

invade periradicular tissues since numerous

strains are found in periradicular abscesses. It is

possible that sometime before formation of a

symptomatic abscess/cellulites, microbial invasion

takes place without the inflammatory response
being symptomatic. Using detection methods less

sensitive than DNA:DNA hybridization (ie, light

and electron microscopy), investigators 155 were
able to detect bacteria in 4 symptomatic granulo-

mas and 1 symptomatic cyst out of a total of 31

apical lesions. Taken together, current evidence
indicates that bacteria exist in periradicular tissue

beyond the apical foramen in necrotic teeth

under at least certain conditions such as sympto-

matic periradicular abscesses. No consensus on

their existence in the asymptomatic periradicular

lesion has yet been formed.

Species of Actinomyces and Propionibacteri-
um have been shown to persist in inflammatory

tissue.120,156,157 Actinomyces israelii is a species
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Fig 12-12 Endodontic flora in the apical third of an infected root canal with
attached periradicular granuloma (GR in a and c). The foramen appears to be
blocked by a wall of neutrophils (NG in b) or by an epithelial plug (EP in c) in the api-

cal foramen. Note the dense aggregates of bacteria (AB in b) sticking to the dentinal
wall (D) and similar ones (SB in b) along with loose collections of bacteria (inset)
remaining suspended in the root canal among neutrophils (a, original magnification
x50; b, original magnification x400; c, original magnification x40). (Reprinted
from Nair155 with permission.)

Fig 12-13 Presence of fungi in the root
canal and apical foramen of a root-filled
( RF) tooth with a therapy-resistant lesion

(GR). Note the two clusters of microor-
ganisms located between the dentinal
wall (D) and the root filling (arrows). The
i nset photo shows an electron micro-
scopic view of the organisms. They are
about 3 to 4 um i n diameter and reveal a
distinct cell wall (CW), nuclei (N), and
budding forms (BU) (original magnifica-
tion X100). (Reprinted from Nair et al 164

with permission.)

of bacteria isolated from periradicular tissues

identified as unresponsive to conventional root

canal therapy. 120,156,157 However, both sodium

hypochlorite and calcium hydroxide have been

shown to be highly effective in destroying A

israelii.158 Apparently, both nonsurgical and surgi-

cal endodontics provide a high success rate with-

out antibiotics. 120,156,158 Actinomyces may be

detected in histopathologic specimens as "sulfur

granules," yet the apical lesion heals without

antibiotic therapy. Antibiotic therapy is indicated

when a periradicular infection with A israelii

does not resolve following endodontic surgery. 5s

Enterococcus faecalis has been associated

with failed endodontically treated teeth requiring
retreatment. 159-163 A recent study reported that

complete periradicular healing occurred in 94%

of cases following a negative culture at the obtu-

ration appointment, compared with only 68% if

the cultures were positive at the time of obtura-

tion. 159 These findings support previous studies

suggesting that failure of healing is likely due to

the presence of bacteria in the root canal at the

time of obturation. 164,165

In addition to bacteria, viruses and fungi have

been the subject of recent investigations. 164,166-168

Studies have demonstrated the presence of fungi

following therapy-resistant endodontic treat-

ment163,164-169 (Figs 12-12 and 12-13). A recent

investigation showed that strains of Candida albi-

cans required incubation with a saturated solu-
tion of calcium hydroxide for about 16 hours to
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kill 99.9% of the fungi. 170 Fungi were identified in

7% of 692 samples of therapy-resistant chronic

apical periodontitis. 169 In another study, scanning

electron microscopy was used to observe fungi in

the dentinal tubules of 4 out of 10 extracted

human molars with infected root canals. 166 In

another recent study, PCR was used to detect

Candida albicans in 5 of 24 intact teeth with

infected root canals, but no fungi in 19 samples

aspirated from periradicular abscesses/cellulitis. 171

Bacterial Virulence Factors
Bacteria have numerous virulence factors, includ-

ing bacterial capsules, fimbriae (pili), lipopolysac-

charides (LPSs), enzymes, extracellular vesicles,

fatty acids, polyamines, ammonia, and hydrogen

sulfide. Both gram-positive and gram-negative bac-

teria have capsules that may protect the bacteria

from phagocytosis (Fig 12-14). Fimbriae and
extracellular vesicles from the outer membrane

may participate in aggregation of bacteria or
attachment to tissues (Fig 12-15). 13 Sex pili are
important for the exchange of DNA during conju-

gation. The DNA may contain a virulence factor

such as a gene for resistance to an antibiotic.

When LPS is released from the outer mem-

brane of gram-negative bacteria, it is called endo-
toxin. Endotoxin has several biologic effects,

among which are the activation of complement

and bone resorption. 172,173 The concentration of

endotoxin has been shown to be higher in the

canals of symptomatic teeth than in asympto-

matic teeth. 174 LPS from black-pigmented bacte-

ria may be involved in periradicular periodontitis

by inducing cytokines or humoral immune

responses. 175 Other components of the bacterial

cell wall, including lipoteichoic acid, peptidogly-

can, and muramyl dipeptide, have been shown to

stimulate the production of cytokines. 176-179

Bacterial enzymes may be associated with

pulpal and periradicular pathogenesis. The spread

of cellulitis is believed to be associated with the

microbial production of collagenase.180-182 Colla-

genase has been detected in strains of Porphy-

romonas gingivalis, but not in strains of Porphy-

romonas endodontalis isolated from endodontic

infections. 183 Sonicated extracts of Fusobacteri-

um nucleaturn and strains of black-pigmented
bacteria have been shown to stimulate the pro-

duction of metalloproteases. 184 Bacteria produce

other enzymes that neutralize immunoglobulins
and the components of complement. 185-187 In
addition to bacteria, the neutrophils in abscesses

lyse and release their enzymes to form purulent

exudates, which have an adverse effect on the sur-

rounding tissues.

Extracellular vesicles are formed from the

outer membrane of gram-negative bacteria; like

the parent bacteria, they have a trilaminar struc-

ture (see Fig 12-14a). Because they have the same

surface antigens as the parent bacteria, they are

capable of neutralizing antibodies against the par-

ent organism. In addition, vesicles may contain

enzymes or other toxic agents. Extracellular vesi-

cles are believed to be involved in hemagglutina-

tion, hemolysis, bacterial adhesion, and proteolyt-

ic action on host tissues. 188-189

Propionic, butyric, and iso-butyric acids are

the short-chain fatty acids most commonly pro-

duced by bacteria in endodontic infections.

Short-chain fatty acids affect neutrophil chemo-

taxis, degranulation, chemiluminescence, and

phagocytosis. Butyric acid is capable of inhibit-

ing T -cell blastogenesis, and it stimulates the pro-

duction of interleukin-1, which is associated with
bone resorption. 190

Polyamines are biologically active compounds

involved in the regulation of growth, regeneration
of tissues, and modulation of inflammation. They

include spermine, spermidine, cadaverine, and

putrescine. Polyamines, produced by both bacte-

ria and host cells, are found in infected root

canals. Teeth that are painful to percussion or

have spontaneous pain have been shown to have

a higher concentration of putrescine and total

polyamines in necrotic pulps.l 9 0
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Fig 12-14b TEM view of gram-positive bacteria (Peptostrep-

tococcus anaerobius). Note cells undergoing binary fission

and cell wall with thick layer of peptidoglycan and capsular
material.

Fig 12-14a TEM view of gram-negative bacteria (Prevotella
intermedia). Note inner and outer cell wall membranes with
capsular material. In addition, note vesicles extruded from the
cell wall.

Fig 12-15a SEM view of coaggregation between Fusobacteri-

um nucleatum and Porphyromonas gingivalis. (Reprinted from

Kinder and Holt189 with permission.)

Fig 12-15b TEM view of coaggregation between Fusobac-

terium nucleatum and Porphyromonas gingivalis with vesicle
(v) contributing to cell interaction. (Reprinted from Kinder and

Holt189 with permission.)
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Management of
Pulpal/Endodontic
Infections

Correct diagnosis and removal of the cause of an

infection from the pulp space are the keys to suc-

cessful treatment. Debridement of the infected

root canals and incision for drainage of a peri-

radicular swelling in an otherwise healthy patient

usually leads to rapid recovery from the original

signs and symptoms. The reduction and elimina-

tion of bacteria from the root canal system fol-

lowing pulpal infection is necessary for success-

ful endodontics. Root canals obturated after

a negative culture have a better prognosis than
teeth filled following a positive culture. 159,165,192

Several studies have demonstrated the antimicro-

bial efficacy of irrigating with sodium hypochlo-
rite and placing calcium hydroxide in infected

root canals between appointments.' 1 2,193-195 The
use of modern-day obturating techniques after

appropriate cleaning and shaping produces a pre-

dictably high clinical success rate.

Endodontic Abscesses/
Cellulitis Following Pulp
Space Infection

If bacteria from the infected root canal space

invade the periradicular tissue and the immune

system is not able to suppress the invasion, an

otherwise healthy patient will eventually present

with the signs and symptoms of an acute peri-

radicular abscess and/or cellulitis. An abscess is a

nonspecific inflammatory response to the pres-

ence of bacteria in normally sterile tissues (Fig

12-16). The seriousness of the infection is related

to the numbers and virulence of the bacteria,

host resistance, and associated anatomic struc-

tures.An abscess by definition is an accumulation

of purulent exudate consisting of bacteria, bacter-

ial by-products, inflammatory cells (mainly neu-

trophils), lysed inflammatory cells, and the con-

tents of those cells (enzymes, etc). A cellulitis is

defined as a diffuse, erythematous mucosal or

cutaneous infection that may spread to deeper

facial spaces and become life threatening. A nee-

dle aspirate often reveals pockets of purulence

within a diffuse cellulitis. From a clinical view-

point, a cellulitis and an abscess may be consid-

ered a continuum of the inflammatory process.

A patient with an abscess/cellulitis usually pre-

sents with an obvious swelling and mild to severe

pain. The swelling may be localized to the vesti-

bule or extend into a fascial space. Patients may

have clinical signs or symptoms indicating sys-
temic manifestations of the infection. These

include fever, chills, lymphadenopathy, malaise,

headache, and nausea.The involved tooth may not
show radiographic evidence of periradicular dis-

ease. In most cases, the tooth will be sensitive to
biting pressure, touch, and percussion. The peri-

radicular area will likely be tender to palpation. In

general, treatment of an abscess/cellulitis includes

incision and drainage and root canal debridement

to remove the source of the infection. Adjunctive

antibiotic therapy is indicated if there are sys-

temic symptoms or fascial space swelling, or if

the patient is medically compromised. Fascial

space infections of endodontic origin are infec-

tions that have spread into the fascial spaces of

the head and neck from the periradicular area of

a tooth. This may be determined by the location

of the root end of the involved tooth in relation

to its overlying buccal or lingual cortical plate

and the relationship of the apex with the attach-

ment of a muscle. The infected root canal causing

an abscess/cellulitis serves as a source of infec-

tion for the periradicular area and for possible

secondary (metastatic) spread to the fascial

spaces of the head and neck. The infected root

canal as a source or focus of infection should be

differentiated from the so-called theory of focal

infection, which was advanced in the early part of

the 20th century (1910-1940) and is no longer

considered valid. According to this theory, pulp-
less and endodontically treated teeth may leak

bacteria and/or toxins into the body, and this

causes arthritis and diseases of the kidney; heart;
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nervous, gastrointestinal, and endocrine systems;

and other degenerative diseases. Most dentists

and physicians accepted the theory, which result-

ed in the needless extraction of millions of teeth.

However, it also encouraged research, which

eventually led to the current scientific and biolog-

ic basis for root canal treatment. The removal of

bacteria and necrotic pulpal substrate supporting

the growth of bacteria is a cornerstone of endo-

dontic treatment.

The use of antibiotics should be considered

adjunctive to appropriate clinical treatment. The

adjunctive prescription of antibiotics is recom-
mended for endodontic infections that include

fever (>100°F), malaise, cellulitis, unexplained

trismus, and progressive/persistent swelling. The
prescription of antibiotics is empirically based on

knowledge of the bacteria most likely associated

with endodontic infections.An antibiotic regimen

should continue for 2 to 3 days following resolu-

tion of the major clinical signs and symptoms.

Thus, antibiotics are usually taken for 6 to 10 days

following initial diagnosis and treatment of the

infection. Penicillin V, amoxicillin, and clin-

damycin continue to be the antibiotics of choice

for treatment of an endodontic infection. Metro-

nidazole may be used in combination with the

penicillins. Clarithromycin or azithromycin may

be used as alternatives to erythromycin, which

does not have efficacy against strict anaerobes.196

Fig 12-16 Serial section from cadaver specimen showing a
periradicular abscess disassociated from the tooth believed to
be the source of the infection. This supports capability of bac-
teria in root canal infections to invade periradicular tissue
( H&E stain, original magnification X40). (Courtesy of Dr Henry
O. Trowbridge.)
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Calcium Hydroxide and
Vital Pulp Therapy

Harold Stanley, BS, MS, DDS

Vital pulp therapy includes direct and indirect
pulp-capping, pulpotomy, and any therapy that

minimizes pulpal injury by protecting the pulp

from the toxic effects of chemical, bacterial,

mechanical, or thermal insult.' Vital pulp therapy

therefore is aimed at treating reversible pulpal

injuries by sealing the pulp and stimulating the

formation of tertiary dentinal formation.' Patho-

logic stimuli that may induce reversible pulpitis

include attrition, erosion, caries, and restoration

placement. 3

This chapter first explores the factors that

affect the success of vital pulp therapy, and then

specifically discusses calcium hydroxide treat-

ment, comparing it with treatments using other

materials that have been developed and evaluat-

ed for vital pulp therapy. Finally, indirect pulpal

treatment is reviewed. Elsewhere in this text, see

related discussions on mechanisms of dentinal

repair (chapter 3) and on materials used in repair

of pulpal injury (chapter 14) and restoration of

the tooth (chapter 15).

Factors Affecting the Success
of Vital Pulp Procedures

Several factors have been shown to influence the

success of vital pulp procedures. Some of these

are influenced by the clinician's choice of materi-

al and technique, and others relate to critical fac-

tors influencing case selection. An understanding

of these factors is important since they will guide

the selection of cases appropriate for vital pulp

therapy.

Relative importance of bacteria
versus toxicity of dental materials
The classic studies of Kakehashi et al clearly

emphasize the pathologic role of bacteria in pulp-

al exposures (Figs 13-1 to 13-4). In the presence

of bacteria, exposed pulpal tissue in conventional

rats is partially necrotic by 8 days (Fig 13-1) and

completely necrotic with formation of periradicu-

lar abscesses by 14 days (Fig 13-2). This response

is not seen in germ-free animals with pulpal expo-

sures. Figure 13-3 presents dental pulp at 7 days

after exposure in germ-free animals; although food
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Fig 13-1 Dental pulp 8 days after pulpal
exposure in conventional rats. Note the
necrotic and vital pulp tissue juxtaposed
in the root canal system (H&E stain, origi-
nal magnification x 100). (Reprinted from
Kakehashi et al 4 with permission.)

Fig 13-2 Dental pulp 14 days after pulp-
al exposure in conventional rats. Note the
complete necrosis of dental pulp with the
development of a periradicular abscess
( H&E stain, original magnification x40).
( Reprinted from Kakehashi et a l 4 with
permission.)

debris has been impacted into the dental pulp, the
tissue appears normal. By 32 days after pulpal

exposure in germ-free rats, an intact dentinal

bridge has developed with subjacent normal den-

tal pulp tissue (Fig 13-4). Thus, bacterial infection

of dental pulp constitutes a dominant etiologic

factor for pulpal necrosis (see also chapter 12).

Vital pulp therapy must, therefore, include those

materials and methods that reduce or eliminate

this etiologic factor.

The following section reviews those factors

that modify pulpal healing for the purpose of

developing clinical therapeutic guidelines for

vital pulp therapy. Two related issues are consid-

ered. First, does the duration of pulpal exposure

to the oral environment modify the success of

pulp-capping procedures? And second, in com-

paring various pulp-capping materials, is the abili-

ty to form an effective seal against bacterial inva-

sion more important than the toxicity of the

material itself?

The duration of pulpal contamination is an

important factor in the success of pulp-capping

procedures. Many clinicians believe that only

uncontaminated pulpal exposures should be treat-

ed, and that longer periods of contamination by

oral microorganisms and debris lead to reduced

success. Indeed, the results from animal stud-

ies indicate that the success of calcium hydroxide

(Ca[OH]2) pulp-capping is reduced from 93% to

56% when microbial contamination is extended

from 1 hour to 7 days.' However, clinical studies
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Fig 13-3 Dental pulp 7 days after pulpal exposure in germ-
free rats. The dental pulp remains vital even though food
debris has been impacted into the exposure site and pulpal
tissue (H&E stain, original magnification x40). (Reprinted
from Kakehashi et al4 with permission.)

Fig 13-4 Dental pulp 32 days after pulpal exposure in germ-
free rats. Note the formation of a dentinal bridge across the
exposure with vital and uninflamed dental pulp beneath the
bridge (H&E stain, original magnification x100). (Reprinted
from Kakehashi et al with permission.)

in younger patients have shown that the superfi-

cial pulp is resistant to bacterial invasion and that

partial pulpotomy with Ca(OH)2 dressing results

in a 93% radiographic success rate at a mean fol-

low-up of more than 4.5 years. 12,13 In these stud-

ies, treatment of pulp that was exposed for up to

2,160 hours had success rates similar to those

associated with treatment of pulp exposed for a

shorter period of time. 12 Collectively, these stud-

ies illustrate that duration of contamination re-

mains an important yet controversial factor in

terms of successful pulp-capping.
The second issue concerns the relative impor-

tance of bacterial microleakage versus material

toxicity. Various materials differ in these proper-

ties; some (eg, zinc oxide-eugenol) show greater

ability to prevent microleakage while others (eg,

zinc phosphate cement) show greater tissue toxi-

city. Early research focused on tissue toxicity of

materials, but in 1971, Brannstr6m and Nyborg"

demonstrated that infection due to the microleak-

age of microorganisms around the restoration was

the greatest threat to the pulp. 15 Other investiga-

tors16-18 have suggested that pulpal devitalization

following a restorative procedure probably results

from the combined effect of bacteria, the mechan-

ical injury induced during cutting of the tooth

substance, the extent and depth of the cavity

preparation, and the toxicity of the restorative

materials. However, bacteria are believed to be the

predominant factor. 16-18 Pulpal mechanisms pro-

posed to reduce the threat of bacterial invasion

include increased outward flow of dentinal fluid

(see also chapter 4), emigration of neutrophils

into dentinal tubules, and the sequestering of

toxic substances (of either restorative or bacterial

origin) by their binding to or reacting with dentin-

al tubule walls."
Taken together, these studies indicate that

both bacteria and material toxicity contribute to

the development of pulpal pathosis. Dating back
to the classic work of Kakehashi and cowork-

ers4,7 using germ-free animals, an obvious rela-

tionship has been established between the pres-

ence of microorganisms and the degree of pulpal

response. In an excellent review, Bergenholtz18
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states that even a thin wall of primary dentin, if
intact, often prevents the deleterious effects of

both toxic materials and bacterial leakage. The

biocompatibility of materials is directly affected
by bacterial contamination (eg, leakage) and their

intrinsic toxicity (eg, effects of constituents such

as acids and components such as catalysts and

photoinitiators). Therefore, both sealing ability

and the toxicity of the material are important fac-

tors in predicting pulpal responses to vital pulp
therapy18,19

Histologic features to be considered
when evaluating pulp-capping studies

tion procedures. The question of whether these
dentinal chips promote or retard healing remains

controversial. Some researchers believe that den-

tinal chips encourage the formation of a dentinal
bridge, leading some clinicians to use dentinal

chips as a dressing material for pulp-capping

procedures . 23-25 However, if dentinal chips are
forced into the deeper coronal pulp tissue by a

rotating instrument, they may produce a pulpitis

with abscess formation. Dentinal chips infected

with oral microflora may be part of the cause.

Another study found that unintentional deep

impaction of the medicament and dentinal chips

in primary teeth leads to an increased inflamma-

tory response . 26

Size ofpulpal exposure

Several studies suggest that the size of the pulpal

exposure may influence case selection. Many den-

tists believe that for pulp-capping to be successful

the exposure must be less than 1.0 mm in size

and the patient must be young. Pulpal expo-

sures that are too large may have greater risk of

microleakage or may be very difficult to restore.

However, partial pulpotomies after traumatic

crown fractures have been shown to produce a

96% success rate with an average 31-month fol-

low-up, even with pulpal exposures ranging from

0.5 to 4.0 mm in size. 12 Thus, the size of the expo-

sure, within a range of 0.5 to 4.0 mm, does not

appear to be a major limiting factor in the success

of vital pulp therapy. Similar success rates were
observed in teeth with immature and mature

roots. 12,2' However, it also may be possible for an

exposure to be too small for successful pulp-cap-

ping.This is based on the author's hypothesis that
contact between the pulp-capping agent and den-

tal pulp tissue is essential for stimulating forma-
tion of tertiary dentin (see chapter 3). In a minute

exposure, it is possible that the dressing may not

come into contact with the pulp.22

Presence of dentinal chips

The restorative field is usually contaminated with

dentinal chips resulting from the use of rotating

instruments in caries removal and tooth prepara-

Control of hemorrhage and plasma exudate

Pulp-capping agents should never be placed

against a bleeding pulp or a clinically observed

blood clot. (The use of materials to control hem-

orrhage and to chemically clean the wound is

reviewed in chapter 14.) The need for hemor-

rhage control was first examined by Marzouk and

Van Huysen27 in 1966, and others have since con-

firmed its necessity28-30 Chiego 3 1 has suggested

that operative trauma may evoke very rapid

changes in the dental pulp, leading to permeation

and leakage of plasma proteins out of the tubules

to the cut dentinal surface (see also chapter 4).

Such leakage could inhibit wound healing (ie,

dentinal bridge formation).

Extruded pulpal tissue

Pulpal exposure can promote pulpal edema by
evoking an acute inflammatory response and, by

virtue of the mechanical opening, increasing tis-

sue compliance via the exposure (see chapters 5
and 6). The development of pulpal edema can

have several deleterious effects, including extru-

sion of pulpal tissue, dislodgement of the pulp-

capping material, loss of an effective seal against

bacterial invasion, development of a chronic

inflammatory infiltrate, and inhibition of tertiary

dentinal formation. Accordingly, the use of a

hemostatic agent may be recommended in the

future for all vital pulp procedures. Ideally, clot-
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ting of the capillaries within the subjacent pulpal

tissue should occur. In contrast, the formation of

a macroscopic clot subjacent to the pulp-capping

material is not desired because the pulp-capping

agent may become intertwined with the extrud-

ed pulpal tissue."

Impaction of ulp-capping agents
Impaction of particles of pulp-capping agents into

pulpal tissue causes similar effects as impaction of

dentinal chips. Ideally, the agent should be placed
gently onto the exposed pulpal surface and not

into the deeper pulpal tissue, since deep im-

paction of particles of the pulp-capping material

can reduce the success of dentinal bridge forma-

tion and healing. Controlling or minimizing

impaction is a clinical challenge and one that is

not always achieved (Fig 13-5). Several studies

have shown that particles of certain Ca(OH)2 for-

mulas can be phagocytosed. Particles no longer

chemically active can be retained indefinitely in

macrophages and giant cells in the healed area

beneath the bridge and adjacent normal areas . 21

One study used a cell culture model system to

evaluate the ability of Ca(OH) 2 to alter macro-

phage function. 33 Inflammatory macrophages

were obtained from rats, and substrate adherence

capacity assays were then carried out. Ca(OH 2)

was shown to decrease substrate adherence in a

time- and dose-dependent manner. The investiga-

tors concluded that Ca(OH)2 could inhibit macro-

phage function and reduce inflammatory reac-

tions when used in direct pulp-capping and

pulpotomy procedures. This may explain, at least

in part, the mineralized tissue induction property

of the agent.

In another study, an adhesive system applied

to exposed human pulp caused large areas of

neutrophil infiltration with death of odonto-

blasts. 34 The inflammatory infiltrate was subse-

quently replaced with fibroblasts, macrophages,

and giant cells in the coronal pulp tissue; this

response inhibits pulpal repair or dentinal bridg-

ing. Together, these studies suggest that the seal-

ing ability of the agent, the method of placement

(eg, minimizing the impaction of pulp-capping

Fig 13-5 The pulpal tissue of an adult patient's premolar
extracted 24 hours after the application of a Ca(OH 2 ) mixture

because of the development of an acute pulpitis. Note emboli
(e) of Ca(OH 2 ) mixture lodged within vascular channels (H&E
stain, original magnification x370). (Reprinted from Stanley 32

with permission.)

agents into dental pulp), and the chemical nature

of the pulp-capping material all comprise critical

factors in pulpal healing.

Embolization ofpulp-capping agents
As stated earlier, hemorrhage must be controlled

prior to placement of the pulp-capping agent. If

open or cut vessels are present, venules can carry

capping material particles into the deeper pulpal

tissue. In a large mechanical exposure, especially

one resulting from a traumatic injury or following

a pulpotomy, many vessels may be dilated or trans-

sected. Sometimes particles of the capping materi-

al may enter these vessels and travel as emboli

until they are lodged in areas where a vessel is

diminishing in size as it approaches the apical

portion of the root canal (Fig 13-6). At these sites

the chemical or caustic effects of agents such as

the fresh particles of Ca(OH) 2 (if still chemically

active and especially if from high-pH formula-

tions) produce perivascular foci of mummifica-

tion and inflammation. If the particles are from

low-pH Ca(OH) 2 formulations, they merely block

the vessels and decrease pulpal blood flow, which

leads to delayed or inadequate healing.
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Fig 13-7 Pulpal response to a Ca(OH 2 ) saline paste at 7
days. Note the thickness of the mummified zone (MZ). The
arrow denotes the line of demarcation between the mummi-
fied zone and the dental pulp. Note also the new layer of
odontoblast-like cells forming subjacent to the mummified
zone (H&E stain, original magnification x80). (Reprinted from
Turner et a1 26 with permission.)

Fig 13-6 Emboli (e) of Ca(OH 2 ) ( Prisma VLC Dycal [Dentsply,
York, PA]) in numerous blood vessels far removed from the
exposure surface (H&E stain, original magnification X480).
( Reprinted from Stanley and Pameijer35 with permission.)

Quality of dentinal bridge
If dentinal bridge formation is essential, then the

presence and quality of the dentinal bridge are
important prognostic factors for success. A denti-

nal bridge will form with appropriate Ca(OH) 2
treatment, permitting intimate contact with

remaining pulpal tissue (Fig 13-7). Although the

integrity of a dentinal bridge may be suspect, it

nevertheless serves as a physical barrier to pro-

tect the pulp. Figures 13-8 and 13-9 show exam-

ples of dense, thick bridges that formed over a

period of more than 60 days; these can be com-

pared to Fig 13-10, which shows a thin, porous

dentinal bridge that formed in 4 weeks. Thus,

dentinal bridges may continue to form over time,

and most pulps survive despite the presence of a

porous dentinal bridge .21

Additional studies demonstrate that exposed

pulps survive even in the absence of dentinal

bridges. The theory is that acid etching and bond-

ing techniques adequately seal the exposure sites

from bacterial invasion so that no inflammatory

pulpal response can occur, obviating the need for

a dentinal bridge. This theory is based on the

observation that the fourth-generation (and

newer) dentin bonding agents can prevent recon-

tamination of the exposed pulpal surface by form-

ing a seal that protects against bacterial invasion.

The bonding agent will penetrate the dentinal

tubules approximating the exposure site and cre-

ate an impenetrable permanent hybrid layer that

prevents subsequent microleakage when followed

by placement of a permanent restoration. Cox and

coworkers37 demonstrated that when the so-

called toxic restorative materials (zinc phosphate,

silicate cement, and visible light-cured compos-

ite) were placed directly on pulpal exposures, but

peripherally sealed with zinc oxide-eugenol to

prevent marginal leakage of microorganisms into

the pulp, the bridging of the exposures that
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Fig 13-8 Example of a high-quality, dense dentinal bridge in
which only one inclusion or tunnel has formed during the 63
days following application of an experimental Ca(OH) 2 agent

(H&E stain, original magnification X160). (Reprinted from

Stanley36 with permission.)

Fig 13-9 Example of a high-quality dentinal bridge exhibiting
dentinal tubules without inclusion 67 days after the applica-
tion of visible light-cured Ca(OH) 2 ( H&E stain, original magnifi-

cation x200). (Reprinted from Stanley 36 with permission.)

Fig 13-10 Example of a very porous dentinal bridge 4 weeks
after a pulpotomy and treatment with Pulpdent paste (Pulp-

dent, Watertown, MA). (Masson stain, original magnification

X35). (Reprinted from Stanley36 with permission.)

occurred was similar to that seen after treatment

with Ca(OH)2 .

There are several limitations to this approach,

however. First, long-term success of this seal has

yet to be established." Second, although a hybrid

layer does form in artificial carious dentin, the

bond strength is greatly reduced. Third, the most

efficacious bonding technique has yet to be deter-

mined. Finally, the pH of the capping material

must be considered, especially when using a

preparation that causes a high-alkaline reaction.

Two studies indicate that acidic materials may

also elicit formation of dentinal bridges. 37,38

Calcium Hydroxide
Treatment

From a historical perspective, the introduction of

Ca(OH2) products played an important role in
the development of vital pulp therapy. The first

materials to show promise as pulp-capping

agents were dentinal chips and pastes utilizing

Ca(OH 2). Hermann's introduction of the material

in 1920 marked a new era in pulp capping when

he demonstrated that a Ca(OH) 2 formulation

called Calxyl (OCO, Dirmstein, Germany) in-

duced dentinal bridging of the exposed pulpal
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surface. Numerous subsequent studies have
demonstrated dentinal bridge formation in about

50% to 87% of cases treated with various Ca(OH) 2
formulations.', 42-49 However, despite its long histo-
ry, use of Ca(OH)2 in vital pulp therapy remains
controversial.

Part of this controversy concerns the caustic

actions of Ca(OH)2 . When applied to dental pulp
in the pure state, rather than functioning merely

as a biologic dressing, Ca(OH) 2 actually destroys a
certain amount of pulpal tissue. Numerous stud-

ies have shown that Ca(OH) 2 is also extremely

toxic to cells in tissue culture. This destructive

characteristic has triggered efforts to find a for-

mula that can stimulate reparative dentinal bridg-

ing without the caustic effect.

Numerous studies have shown that Ca(OH)2 is
capable of promoting the formation of reparative

dentin at the junction between the caustic zone

and vital tissue in human subjects. 17,38 The caustic
actions of the high-pH formulations of Ca(OH)2

reduce the size of the subjacent dental pulp by

up to 0.7 mm; the thickness of the resulting

dentinal bridge has the same effect . In con-

trast, the lower-pH formulations of Ca(OH) 2 have
only a minor effect since only the thickness of

the dentinal bridge reduces the bulk of the

remaining vital pulp tissue. 36,52,53

One advantage of Ca(OH) 2 is its antimicrobial

property. Classic studies have demonstrated that

bacteria represent the primary etiologic agent of

pulpal necrosis 4,7 (see Figs 13-1 to 13-4), suggest-

ing that antimicrobial properties may confer ther-

apeutic advantages. Several pulp-capping studies
have shown that Ca(OH)2 products are effective

in treating intentionally contaminated expo
sures.8,36,46,50,54 In one study, canine pulps were

exposed to Streptococcus sanguis for 2 days prior
to placement of Ca(OH) 2 ; nonetheless, thick denti-
nal bridges formed 10 weeks later. 46 In a primate

study with a 1- to 2-year follow-up, Ca(OH) 2-

induced dentinal bridge formation occurred in 78

(85%) of 91 exposed and contaminated dental

pulps, while 10% of the study sample became
necrotic. 49 It is difficult, of course, to conduct

well-controlled clinical trials evaluating this effect.

However, one study has reported that asymp-

tomatic teeth with carious exposures survived an

average of 12 years after pulp-capping. 47

Other studies have evaluated the ultrastruc-

ture of Ca(OH)2 -formed dentinal bridges, for

example, to determine whether the structure was

permeable and yet still provided satisfactory

pulpal protection. 55 Another study employed

scanning electron microscopy (SEM) to evaluate

dentinal bridges formed 4 to 15 weeks after pulp-

capping deliberately exposed human premolars

and third molars with a Ca(OH)2 paste (Pulp-

dent). 56 Results suggested complete bridging and

increasing thickness over longer posttreatment

periods. Cross sections of pulps treated for more

than 6 weeks demonstrated a superior amor-

phous layer composed of tissue debris and

Ca(OH)2 , a middle layer of a coarse meshwork of

fibers identified as fibrodentin, and an inner layer

showing tubular osteodentin. In a later study

using microradiographic techniques, the same

three layers in the dentinal bridge were observed,

with the middle tubular layer exhibiting the high-

est mineral content . 57

A subsequent study compared the hard tissue

barrier formed following short-term (10- or 60-

minute) applications of either cyanoacrylate or

Ca(OH)2 in pulpotomized monkey teeth. The

application of Ca(OH) 2 increased the incidence of

a continuous barrier and its location below the

level of the original wound surface. The condition

of the pulp was related to the presence of bacte-

ria and the continuity of the hard tissue to the

presence of inflammation, suggesting that low-

grade irritation was responsible for hard tissue
barrier formation . 58 Kirk and Meyer59 compared
Ca(OH)2 , zinc oxide-eugenol, and a cortisone and

antibiotic combination (Ledermix [Wyeth Lederle,

Glostrup, Denmark]) when used over pulpal

exposures in rats. Ca(OH)2 rapidly produced com-

plete repair with remarkably regular formation of

calcospherites. The other two preparations in-

hibited bridging of the defect. This study demon-

strated qualitative and quantitative differences in

the repair process resulting from chemical varia-

tions in the dressings used in the testing.
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However, other studies have reported porosity

in Ca(OH) 2-evoked dentinal bridges; in these, the

term tunneling is used to describe incomplete

dentinal bridge formation. 60 One group of investi-

gators, summarizing the results of several primate

studies involving direct pulp-capping with

Ca(OH)2 , reported a number of inflamed and

infected pulps after a follow-up period of 1 to 2

years. 61 They proposed that these findings result-

ed from deterioration of the overlying restora-

tions and subsequent migration of microorgan-

isms through tunnels within dentinal bridges, the

latter resulting from Ca(OH) 2 placement. Of 192

dentinal bridges in primate teeth, they found that

172 (89%) contained tunnel defects. The authors

also questioned the long-term efficacy of using

commercially available Ca(OH) 2 bases, particular-

ly in light of the potential for microleakage.

Comparison of Ca(OH) 2 with other
materials for vital pulp therapy
Researchers have investigated the concept that

the pulp-capping agent itself can serve as the

equivalent of a reparative dentinal bridge, there-

by reducing the loss of remaining vital pulp
tissue. 36 This theory has been previously tested

with dentinal chip S,23 synthetic hydroxyap-

atite,62-68 osteogenic protein-1 and other pro-
teins, 69-73 and Bioglass (USBiomaterials, Alachua,

FL). 74-76 Several animal studies have shown that

when bonding agents are placed directly on

exposed pulpal tissue, some degree of pulpal

repair and dentinal bridging occurs. 33,77 (For a

more complete review, see chapter 14.) Given

the present research interest in developing an

optimal bonding system, it is possible that a tech-

nical spin-off could lead to another method of

pulp-capping.

One primate study compared isobutyl cyano-

acrylate with Ca(OH) 2 for pulp-capping.58 The

materials were left in place for only a short peri-

od of time (10 or 60 minutes). At 12 weeks after

treatment, dentinal bridges were observed in 7

(78%) of 9 isobutyl cyanoacrylate cases and in 8

(80%) of 10 Ca(OH)2 cases. However, histologic

analysis indicated that tunnels through the dentin-

al bridges were observed in both treatment

groups. The authors concluded that induction of

bridge formation was caused by irritation factors,

and not by the use of Ca(OH) 2 preparations, since

the material was in contact with the pulp for

very short time periods.

A rat molar study compared the effectiveness

of hydroxyapatite (Osteogen [Impladent, Hollis-

wood, NY]) to a Ca(OH)2 formulation (Dycal;

Dentsply) for pulp-capping. 63 At 7 days posttreat-

ment, areas of acute inflammation and necrosis

were more evident in the Ca(OH) 2 -treated

group, while hard tissue began to form around

dental chips regardless of the materials used. At

28 days posttreatment, the Ca(OH) 2 group exhib-

ited dense dentinal tissue, while the hydroxyap-

atite treatment produced globular dentin. In rec-

ommending the use of the Ca(OH)2 preparation,

the authors state that the use of hydroxyapatite

products results in a generalized dystrophic calci-

fication and renders subsequent endodontic

treatment difficult. In a similar clinical study,

mandibular molars scheduled for extraction
(orthodontic indication) were pulp-capped with

hydroxyapatite and Ca(OH) 2 , then extracted at a

later time. The histologic analyses indicated that

Ca(OH)2 stimulated dentinal bridge formation,

whereas hydroxyapatite did not induce hard tis-
sue formation .66

A subsequent canine dental pulp study com-

pared different particle sizes of hydroxyapatite

and beta-tricalcium phosphate. 67 Dentinal bridge

formation was seen in 8 (47%) of 17 specimens

treated with hydroxyapatite (300-um particles)

and in 11 (64%) of 17 specimens treated with tri-

calcium phosphate (300-um particles). Smaller-

sized (40-um) particles of both preparations

showed little, if any, bridge formation. Subsequent

studies evaluated the calcified degenerative zones

in amputated canine pulpal tissue. 68 Electron-

dense spherical bodies were observed as early as

the first day following the capping procedure in

Ca(OH)2 specimens. These bodies contained cal-

cium and phosphorus. By the 14th day, differenti-

ation of odontoblasts and tubular dentinal forma-
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tion was observed, suggesting that the calcified
degenerative zone has an important effect on the

reparative process of pulpal tissue.

In a rat incisor model, three preparations

(Pulpodent, zinc oxide-eugenol, and Ledermix)

were compared after pulp-capping.59 At 7 days
posttreatment, the Ca(OH) 2 preparation produced

rapid, complete repair, with a remarkably regular

formation of calcospherites and a zone of relative

inhibition perforated by canals at the periphery of

each lesion. In contrast, both the zinc oxide-

eugenol and Ledermix groups showed reduced

bridging of the defect and reduced dentinal for-

mation in the surrounding pulpal wall.

In a pulp-capping study using miniature swine,

Bioglass was compared to autologous demineral-

ized dentin matrix (DDM) and Ca(OH) 2 (Life
[Kerr, Orange, CA]) in treating Class V pulpal

exposures .74,75 The preparations were restored

with zinc oxide-eugenol after capping.At 90 days

after treatment, all three groups induced dentinal

formation, but the structure of the dentin and the

condition of the pulpal tissue varied with the

treatment group.

A study using adult miniature pigs compared

recombinant human osteogenic protein-1 (hOPI)

combined with collagen matrix, collagen matrix
alone, and Ca(OH) 2 paste for pulp-capping. 69,70 At

5 weeks after treatment, the hOPI group showed

substantial amounts of hard tissue formation

(osteodentin and tubular dentin) with complete
bridging of the defects. The Ca(OH) 2 group dis-

played less dentinal formation. Collagen matrix
failed to induce bridge formation.

A rat molar study compared bone sialoprotein

(BSP) (another osteogenic protein) to sham carri-

er and Ca(OH) 2 treatment for pulp-capping. 72 Tis-
sue was examined at 8- to 30-day intervals. In the

Ca(OH)2 group, a dentinal bridge was beginning

to form by 8 days, a reparative osteodentinal

bridge by 15 days.Treatment with BSP was charac-

terized by the formation of a homogenous dentin-

like deposit at 30 days, indicating a capacity for

causing differentiation of cells that secrete an

organized cellular matrix more efficiently than

any other capping material.

Two more recent studies have evaluated adhe-

sive systems for pulp-capping. 34,77 A recent review

evaluated the literature on pulpal responses fol-

lowing total acid etching and application of adhe-

sive resins on deep cavities or pulpal exposures in

animals and concluded that these systems may be

useful and safe when applied to dentin. In con-

trast, persistent inflammatory reactions as well as

delays in pulpal healing and failure of dentin were

seen in human pulps capped with these materials.

The authors suggest that the results observed in

animal teeth cannot be directly extrapolated to

human clinical conditions.' Another evaluation of

the literature on pulpal responses following total

acid etching and application of adhesive resins in

deep cavities and over pulpal exposures also con-
cluded that animal experiments cannot be direct-

ly compared to human clinical conditions.76 Fur-

ther, the use of total-etch techniques for pulpal
exposures in primary teeth resulted in attempted

dentinal bridge formation in some samples and no

bridge formation in other samples.7 9 Some adhe-
sives exhibited a severe histologic response, indi-

cating that the total-etch technique was con-

traindicated in primary teeth. A recent study77

mechanically exposed 33 sound human premolars

and pulp-capped them with Clearfil Liner Bond 2

(Kuraray Osaka, Japan) or Ca(OH) 2 and restored

the teeth with a resin composite. The tissue was

examined at 5, 30, and 120 to 300 days. Clearfil

Liner Bond 2 elicited a mild to moderate inflam-

matory response. With time, macrophages and

giant cells engulfed globules of resin and the

chronic pulpal response did not allow pulpal

repair. Pulps capped with Ca(OH) 2 exhibited an

initial organization of elongated pulpal cells

underneath a zone of coagulation necrosis. Pulpal

repair and complete bridge formation were

observed at the final evaluation periods.

Indirect Pulpal Treatment
Though not a new concept, indirect pulpal treat-

ment continues to elicit a great deal of controver-

sy Many clinicians believe that the pulp may be
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Fig 13-1 1a Brown and Brenn stain reveals that the closest dis-
tance between bacteria (MCB; arrow) and the pulp is 1.15 mm. At
this level there is no pulpal lesion and no reparative dentin (original
magnification X25). (Reprinted from Reeves and Stanley81 with
permission.)

Fig 13-11 b Higher-power view of Fig 13-11 a showing normal pul-
pal tissue. The continued formation of normal physiologic pre-
dentin (arrow) is apparent (original magnification x63). (Reprinted
from Reeves and Stanley81 with permission.)

so diseased beneath caries lesions that resolution

of established lesions may not be possible. A

review of the events occurring during develop-

ment of caries is necessary to understand the

histopathologic events involved in indirect pulp-
capping (see also chapter 12).

In 1969, Keyes80 described three groups of

causative factors essential in the etiology of
caries: a susceptible host, cariogenic microflora,

and a suitable substrate. For caries to occur or

progress, all groups must interact simultaneously.
Reeves and Stanley81 examined the relationship of

bacterial penetration to caries and its effect on

pulpal disease. A more recent study hypothesized

that if the source of nutrition for the cariogenic

bacteria could be eliminated, the organisms

would die, thus arresting the carious process.

Caries penetrates dentin at an average rate of

approximately 1 mm every 6 months . 8 ° In un-

treated carious teeth, the relationship of bacterial
penetration to pulpal pathosis is quite predict-

able.The intensity of the pulpal response to bacte-

rial penetration of dentin is substantial, regardless

of whether the penetration is 3 mm or 1 mm

from the pulp. However, when the bacterial pene-

tration comes within 0.75 mm of the pulp or

when the bacteria invade previously formed

reparative dentin, the degree of pulpal disease

becomes extreme and, most likely, irreversible. In

other words, although the practitioner cannot

evaluate this measurement clinically, the pulp

remains reasonably intact if there is at least 1 mm

of intact bacteria-free dentin between the caries

lesion and the pulp (Figs 13-11 to 13-13). The rea-

son for this abrupt change in the intensity of the

response in the last millimeter is that before the

bacteria reach the pulp, their by-products

(enzymes, toxins, and organic acids) can penetrate
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Fig 13-13 Severe response of dental pulp to intruding bacteria
invading tertiary dentin (RD). Measurement of closest bacteria to
pulp is 0.15 mm. Abscess formation (AF) and chronically inflamed
granulation tissue (GT) also are shown (H&E stain, original magnifi-
cation X63). (Reprinted from Reeves and Stanley$' with permission.)

Fig 13-12 Generalized inflammatory response of the
pulp to a caries lesion. As caries progresses into the bulk
of the dentin, the pulp responds with inflammation. Here
the cariogenic organisms (arrow) have reached within
0.15 mm of the pulp. In most cases, if the caries lesion is
removed at this point, the pulp will return to normal.
Nature has formed a layer of tertiary dentin to block the
penetration of organisms and protect the pulp (original
magnification X25). (Reprinted from Reeves and Stan-
ley" with permission.)

the remaining tubular distance and cause pulpitis.

Consequently, if all of the caries is removed

except for the last deep layer overlying some

intact, relatively bacteria-free primary, secondary,

or reparative dentin, then the bulk of the lactic

acid-producing complex is eliminated.

When the inflammation that previously pre-

vented the continual formation of tertiary dentin

has been eliminated, tertiary dentin can be

formed by either the reactionary (via surviving

postmitotic odontoblasts) or reparative mecha-

nisms (via a new generation of odontoblast-like

cells; see chapter 3). The few persisting cario-

genic organisms that may filter through the

remaining dentin are phagocytosed by neu-

trophils in the rejuvenated pulpal tissues. The

process has shifted from favoring the caries

lesion and a gradually dying pulp to one that
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favors the potential for complete resolution of

the pulpal lesions, unless abscess formation has

been established.

Although zinc oxide-eugenol has been pro-

posed as an alternative to Ca(OH) 2 preparations,

its use has been criticized because of its potential

to diffuse through dentin and harm the underly-

ing pulpal tissue. Studies indicate that it takes 2 to

3 hours for the eugenol component to reach the

pulpal space and about 24 hours to achieve peak

release.83-85 Its peak release into dentin is 1,000

times less than its peak release into saline. 86 This

slow and controlled release of eugenol toward

pulp accounts for many of the beneficial effects

(eg, antibacterial) of zinc oxide-eugenol when

applied to intact dentin.

In an indirect pulpal treatment procedure,

debridement of the carious layers in a manner

that minimizes mechanical trauma is the first step

toward pulpal recovery. Application of zinc

oxide-eugenol, which is antibacterial and of low

pulpal toxicity, reduces the bacterial threat. Its

ability to seal the tooth from further ingress of

bacteria is an important property. The last argu-

ment for its use is the possibility that the partially
decalcified dentin would remineralize after

depriving bacteria of a substrate, with subsequent

return to normal tissue pH .87
An alternative method is to place resin com-

posite systems directly on carious dentin or on

pulpal tissue beneath deep cavity preparations.

(For a more detailed review, see chapter 14.) The

success of these materials depends on two

events. The first is the ability of the pulp to

respond to materials put in contact with or in

close proximity to it. The second is the ability of

the restorative materials to seal the interface

between it and the preparation (hence the term

total etch, total seal). Most reports of successful

total seal occurrences appear to be empirical

and/or anecdotal; therefore, more work is neces-

sary to make valid determinations.18 Some

studies88,89 support the occurrence of at least

some of these conditions. However, a more exten-

sive review is presented by Elledge 90 and others

(see chapter 14).

A 10-year clinical trial compared the marginal

integrity of three types of restorative preparations:

(1) a conventional Class I preparation extended

for prevention into noncarious fissures, with

removal of all caries and placement of an amalgam

restoration; (2) a more conservative preparation,

with removal of all caries, restoration with amal-

gam, and use of pit and fissure sealant; and (3)

preparation of a 45- to 60-degree bevel in the

enamel surrounding a frank cavitated caries le-

sion; the deep soft portions of the caries remained

untouched. The lesion extended no deeper than

halfway into dentin between the dentinoenamel

junction and the pulpal chamber, and resin-based

composite was used.87 At the 10-year follow-up

period, open margins were found on 8% of the

resin-based composite restorations, 9% of the

sealed amalgam restorations, and 29% of the

unsealed amalgam restorations. However, the most

important result was that the caries lesions

beneath the sealed resin-based composite restora-

tions ceased to progress. Not one pulp became

nonvital in the 10-year study. These results have

contributed to a new understanding of the caries

process and the value of indirect pulp-capping.

Conclusions
To improve the success rate of vital pulp therapy,

a concerted effort must be made on the part of

pulp biologists, dental researchers, and clinicians

to recognize the progress that has been achieved

in vital pulp therapy and to incorporate the

newest information available into the teaching of

these procedures. A review of the treatment tech-

niques and other considerations associated with

removing all caries (leading to an exposure) ver-

sus retaining a layer of carious dentin (indirect

procedures) presents the dilemma most clinicians

face in deciding how to treat these lesions (see

also chapters 14 and 15).91 Continued research

and clinical trials are needed to develop the

appropriate case selection guidelines, treatment

approaches, and materials to maximize clinical

success.
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Repair of Pulpal Injury
by Dental Materials
Charles F. Cox, DMD, PhD; George Bogen, DDS;

Hugh M. Kopel, DDS, Ms; John D. Ruby, DMD, PhD

"How poor are they that have not patience! What wound did ever heal but
by degrees?"

-Shakespeare, Othello

This chapter synthesizes the wide spectrum of

information in dental material literature that relates

to pulpal repair. Other aspects of pulpal repair are

presented in chapters 3, 7, 8,10,13,15, and 16.The

challenge to clinicians is to apply this collective

biologic knowledge to clinical practice, merging

knowledge and critical experience to obtain opti-

mal treatment decisions for patient care.

Treatment Decisions
Aside from traumatic emergencies that expose
the vital pulp, traditional endodontic treatment

generally involves canal debridement followed by

obturation, a technique intended to provide a

complete bacteriometic seal. Generally, this treat-

ment is a consequence of irreversible pulpitis,

nonvital (necrotic) pulp with or without peri-

radicular radiolucency, or the need for elective

removal of vital pulp for long-term success of a

final restoration.

Other treatment options are indicated when

caries excavation creates a mechanical pulp expo-

sure, pushing bacteria-laden operative debris into

the pulp, which can irritate a chronically

inflamed pulp into a more acute condition lead-

ing to pulpitis and potential pain (see chapter

12). This occurrence generally presents the at-

tending clinician with a choice of undertaking im-

mediate biomechanical canal preparation and

temporization or attempting a direct pulp-cap-

ping procedure after pulp vitality is carefully

assessed. Each clinician must determine the most

conservative treatment regimen for placing dental

materials over the exposure: treatment of a cari-

ous mechanical pulp exposure or partial removal

of a pulp and treatment with a material to allow

pulp healing and continued root formation. The

material must be biocompatible, nonresorbable,

able to establish and maintain a bacteriometic

seal, and able to promote pulpal repair.The impor-
tance of rubber dam isolation and optical magnifi-

cation during clinical treatment cannot be

overemphasized.

Commercially Available
Pulp-Capping Materials

Today's market features only a small array of

materials that can be used to predictably seal an

exposed pulp, including various calcium hydrox-
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ide (Ca[OH] 2) agents, various resin-modified glass

ionomers (RMGIs), various adhesive resins, and

mineral trioxide aggregate (MTA). In the future

we are sure to see hybrids of these materials in

conjunction with certain growth or hormonal

additives and delivery vehicles. These may feature

autopolymerized or photopolymerized alterna-

tives.The clinician's choice will be dependent on

the clinical situation; his or her experience; and

the material's efficacy, side-effect liability, and

availability. Studies show mixed results with

resins and RMGI. MTA is a rather new material

that shows promise as a direct pulp-capping

agent, and although longitudinal studies are not

yet available, initial studies are very promising.

MTA offers many desirable characteristics of an
ideal pulp-capping agent with a compressive

strength equal to that of zinc oxide-eugenol

(ZnOE); in addition, MTA exhibits negligible solu-
bility, sets in blood and serum fluids, prevents

recontamination of the dental pulp, and promotes

formation of the dentin bridge.

Do Dental Materials
Stimulate Pulpal Repair?

Early dental literature' proposed that certain

dental materials, specifically Ca(OH) 2 , not only

possessed a special capacity to provide an envi-

ronment for pulp healing but, more important,

also stimulated dentin bridge formation. Others

also suggested that Ca(OH) 2 provided protec-

tion against postoperative pain following restor-

ative treatment, and many clinicians continue to

use this material today. However, a review of

recent research data supports the potential of

newer materials to stimulate pulpal repair after

direct pulp capping, possibly reducing the need

for immediate endodontic treatment after pulp

exposure.

Several studies 2-5 have demonstrated that no

particular dental material possesses a singular

stimulating capacity for pulp repair, new odonto-

blastoid cell formation, or dentin bridge forma-

tion. Conversely, several bioactive agents and
growth factors, ie, morphogenetic proteins (MPs)

and osteogenic proteins (OPs), have been demon-

strated to stimulate pulpal healing and dentino-

genesis. These are discussed in detail in chapter

3. In this chapter, we review available dental

materials and evaluate whether any one material

is uniquely stimulatory to pulp cells culminating

in repair. However, before exploring these data,

we will consider whether certain dental materials

inhibit pulpal healing and repair or are in fact

toxic to the pulp.

In vitro testing: The first biologic
hurdle
In vitro research has shown that certain dental

materials, ie, formocresol, glutaraldehyde, eugenol,

hydroxyethyl methacrylate (HEMA), bisphenol gly-

cidyl methacrylate (bis-GMA), and urethane

dimethacrylate (UDMA), are toxic in cell cul-

ture,9 both as single components and in mix-

tures. ZnOE cement is often used as the in vitro

cell-culture control agent, producing cell toxicity,

and acidic cements are often used as nonirritation

control materials.

The intensity of the cell-culture response is

generally dependent upon the concentration of

the agent, the duration of the test, the possibility

of an increased or decreased antagonistic re-

sponse following polymerization,'' and a host of

other factors too numerous to discuss in this

chapter. It has been suggested that the individual

in vitro cytotoxicity of any single monomer is not

adequate to determine if in vivo clinical use of

any dental material with several components will

be toxic, especially when cytotoxicity testing may

release multiple components following mixing

and placement.'

In vivo testing: An ISO hurdle

In vivo tests conforming to International Organi-

zation for Standardization (ISO) standards are gen-

erally performed after a dental material has passed

the in vitro tests in development.A dental material
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is surgically implanted into the connective tissues

of rats or rabbits and its biologic effects examined

histologically at ISO-defined time intervals. Follow-

ing histologic acceptance, the new dental material
is placed in Class V cavities of nonhuman primates

for ISO usage tests. Pulp responses are compared

with accepted ISO control materials (ZnOE and
phosphoric acid [H 3P04] -containing cement) at
three time periods. ZnOE cement represents the

nonirritating negative usage control materials, and
acidic cements represent positive control materi-

als, causing severe inflammation and necrosis due

to the breakdown of the smear layer at the

restoration interface from the acid component

allowing bacterial invasion of the open dentinal

tubules', 17,18 (see also chapter 4). As illustrated in

Fig 14-1, bacteria and their toxic products are the

primary causes of pulp inflammation3 (see also
chapters 5, 12, and 13).

Fig 14-1 Histologic pulp section of an inflamed nonhuman
primate pulp that was restored with zinc phosphate cement for
7 days with no bacteriometic seal. The acid demineralized the
smear layer along the cement interface and allowed bacterial
microleakage. Both gram-positive (blue) and gram-negative
(red) bacteria are present among the yellow-stained pulp cells
( modified McKay bacterial stain, original magnification x500).

Clinical testing: The final hurdle

Following ISO in vivo tests, it is imperative to pur-

sue independent clinical studies before any den-

tal material reaches the marketplace. Several

issues confound the process, and developers may

bypass clinical testing by demonstrating that cer-

tain components of the new material have previ-

ous ISO acceptance. Another issue is that long-

term clinical studies are often very expensive and

difficult to conduct in university settings, as

patient return rates are poor. Consequently, the

rapid development process without clinical test-

ing brings new dental materials to the market-

place quickly, only to disappear in a short time.

Is Pulpal Inflammation
Caused by Dental Materials,
Trauma, or Bacteria?

As reviewed in chapter 12, dental caries is related
to several variables, including host factors, the

bacterial ecosystem, and a fermentable diet.

Miller's classic studies demonstrated that incubat-

ing teeth with saliva and carbohydrates results in

local acid formation that dissolves the mineral

portion of the tooth. He then formulated the

chemoparasitic hypothesis, proposing that dental

caries is due to the effect of certain organic acids

of oral bacteria that demineralize the mineral sub-

strate. He suggested a high potential for reminer-
alization when the collagen is not severely dam-

aged. However, once other oral bacteria enter the

dentinal tubule complex, they penetrate the

tubules to the pulp, breaking down the collagen

at the bacterial front (pioneer bacteria) . 20,21 Once

the pulpodentin complex becomes infiltrated

with bacteria and their toxic factors, the pulp

may develop a localized compartment of inflam-

mation (see also chapters 10, 12, and 13). Cavities
with 0.5 mm or less of remaining dentin on the

floor showed subjacent edema, dilated blood ves-

sels, and extravasated polymorphonuclear leuko-
cytes.The deeper pulp would remain intact with-

in normal limits. 22,23 Prolonged pulp inflammation
generally resulted in increased inflammation and

vascular changes, responding with more severe

regional inflammation, often leading to regional

or complete pulpal necrosis.
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Fig 14-2 Histologic section from a 7-day nonhuman primate
pulp that was direct capped with silicate. Particles are seen in
the upper midfield. A new cell layer of odontoblastoid cells are
adjacent to the material, with a new dentin bridge (light pink)
adjacent to the silicate interface. The adjacent and deeper
pulp is free of inflammation or silicate particles (H&E stain,
original magnification X100).

Infected dentin: The biologic culprit

Iatrogenic cavity preparation trauma, ultra-high

versus low-speed frictional bur rotation, pro-

longed drying of the prepared surface with an air

blast, and placement of organic solvents such as

chloroform are all factors causing pulp inflamma-

tion .
2,3,24-29 However, it is difficult to distinguish

reported dental material toxicity when used in

nonexposed cavities from toxicity after usage in

pulps exposed to caries. For example, no inflam-

matory changes occurred in nonhuman primate

pulps into which four different materials were

placed when a bacterial seal of ZnOE also was
placed . 3° This finding is illustrated in Fig 14-2; the

results emphasize the importance of bacterial
leakage in evoking pulpal inflammation.

Since the early 1970s, investigators 4,26,31-33 have

demonstrated that the presence of stained bacteria
within the dentin tubules beneath the restorative

material is positively correlated with pulpal inflam-

mation. Additional histologic and culturing studies

have confirmed that bacteria and their by-products

play a direct role in pulpal inflammation. 34-38

Bacterial growth: The real culprit

Following the original caries hypothesis, 19 our

profession understands that bacteria are the pri-

mary cause of pulpal inflammation and eventual

necrosis. Miller's thesis has been supported by

numerous studies26 that demonstrate
that bacteria are responsible for recurrent caries

and that treatment failure is a consequence of

pulpal inflammation caused by bacterial invasion.
A classic in vivo germ-free study demonstrated

that exposed dental pulps in rats proliferated

against certain dental materials, and dentin bridge

formation occurred in pulps where food debris

was lodged (see Fig 13-1). 3 Control rats with nor-

mal bacterial flora showed pulpal inflammation

and necrosis under the same material placement

conditions. A later reports showed that exposed

dental pulps in primates heal and permit the

wound site to form a new reparative dentin

bridge in the absence of bacterial influences,

Ca(OH)2 agents, or other inductive stimuli. This

finding reinforces the important theory that the

dental pulp possesses an inherent capacity to heal

in the absence of bacteria.The molecular basis for

this repair is described in detail in chapter 3.

Demonstration of a bacterial mechanism for

pulpal inflammation implies that prevention of

bacterial microleakage may prevent inflammation

or necrosis. For example, there is a direct correla-

tion between the presence of stained bacteria and

anaerobically cultured samples from inflamed and

necrotic pulps. 28 In addition, placing a bacterial

cocktail on the cavity floor of a preparation result-

ed in pulp necrosis within 1 week. 12 These and

other studies support the hypothesis that bacterial

microleakage is the primary cause of pulp inflam-

mation. Accordingly, by providing a bacteriometic

seal along the entire restoration interface, we can

predict the reduction of postoperative inflamma-

tion and recurrent caries.

Reparative and reactionary dentin are regarded

as biologic responses of odontoblasts or odonto-

blast-like cells to pathologic or physiologic irrita-

tion . In his classic paper, Fish43 characterized

the sclerotic front of hypermineralized dentin
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preceding caries as impervious to dyes. Contem-

porary investigators reported that reparative

dentin is a localized area along the pulp-predentin

interface below the external stimulus. 44 But what

elicits this form of repair? Some investigators pro-

pose that placing Ca(OH) 2 or other dental materi-

als stimulates formation of reparative dentin (see

also chapter 13).24,45-48 However, others suggest

that preparation trauma and bacterial microleak-

age play the major role in stimulating reactionary

and reparative dentin formation . 49 The following

sections review the evidence presented in this

debate in the context of discussing selected den-

tal materials and their ability to promote pulpal

healing.

Calcium Hydroxide:
A Chimera?

Fig 14-3 Histologic section from a nonhuman primate pulp
exposure that was restored with Dycal and amalgam for 13
months. Dispersed Ca(OH) 2 particles are seen with many

i nflammatory cells in the subjacent pulp to the right. Bacteria
are present in adjacent stained microslides, implying that
Ca(OH) 2 has lost its capacity as a bacteriostatic agent (modi-
fied McKay bacterial stain, original magnification X250).

Ca(OH)2 agents have been used since the 19301

as a base or liner and are perhaps the most wide-

ly used dental restorative material around the

world. Two-paste Ca(OH)2 dental materials have

been reported to have pulp-protection proper-

ties: a capacity to prevent patient postoperative

sensitivity, to stimulate reactionary or reparative

dentin deposition, to stimulate sclerosis of dentin-

al tubules, to provide an antimicrobial layer, and

to stimulate odontoblastoid cell differentiation

and eventual dentin bridge formation. 1,50-60 These

and other studies have demonstrated that both

nonexposed and exposed dental pulp have inher-

ent capacity to repair and heal when treated with

various two-paste Ca(OH) 2 systems and other

dental materials (see also chapter 13).

Studies evaluating the physical properties of

certain commercial Ca(OH) 2 liners and bases (eg,

Dycal [DentsplyYork, PA], Hydrex [Henkel, Dus-

sledorf, Germany], Life [Kerr, Orange, CA], Reolit,

Procal, and Renew) showed solubility in distilled

water and in acidic or varnish solutions. 1-69 How-

ever, when placed in bulk, two-paste Ca(OH), sys-

tems deform due to their low strength. Subse-

quent dissolution and disintegration reduces

their supposed therapeutic and antimicrobial

capacity (Fig 14-3) and eventually allows recur-

rent caries via bacterial microleakage. In addition,

if not completely removed, dissolution particles

may compromise the seal in adhesive hybridiza-

tion treatments. Thus, the physical properties of

Ca(OH) 2 systems confer substantial advantages

and disadvantages.

Does Ca(OH) 2 provide a true seal?

Certain two-paste Ca(OH)2 materials do provide in

vivo antisepsis of carious dentin, an important

property for indirect pulp protection.62 How-

ever, this antimicrobial effect is transient, and there

is no long-term mechanical seal of the restoration

interface due to the material's nonadhesive prop-

erty. Traditional Ca(OH)2 bases and liners adhere to

dentin by weak van der Waals forces, conferring no

adhesive capacity. Moreover, currently available

adhesives fail to bond to the interface of most two-

paste Ca(OH)2 agents. The placement of a two-

paste Ca(OH)2 liner or base to the cavity wall

decreases the hybridization reaction, 17,38,39,73,74

reducing the formation of a seal against the dentin
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Fig 14-5 Histologic section of a nonhuman primate pulp showing
the presence of Ca(OH)2 particles in the dental pulp 24 months
after capping. These particles do not appear to be physiologically
cleared from the pulp but appear to be constantly reclaimed by
new generations of pulp cells (fibroblasts, histiocytes, and
macrophages) in repetitive fashion. An operative debris chip is
present (left) with new reparative dentin around its periphery (Mas-
son stain, original magnification x 100).

Fig 14-4 Histologic section from a nonhuman primate
pulp that was direct capped with Dycal for 24 months. The
dentin bridge (upper left) contains a tunnel defect (arrow)
running from the restoration interface to the dental pulp,
providing a route for bacteria and toxic products to migrate
to the dental pulp and compromising the long-term health
of the pulp. A focus of inflammation is seen in the pulp
below the reparative dentin. The deeper pulp remains nor-
mal (Masson stain, original magnification x40).

interface.75 Other studies have shown that the abil-

ity of MTA or RMGl to form a seal over vital dentin

and pulp tissue is not enhanced with the use of
commercial Ca(OH) 2 agents.

Ca(OH)2 and dentin bridge defects

Ca(OH) 2 materials have been popular due to

their reported ability to stimulate reactionary or
reparative dentin bridge formation . 7 However,

the clinical utility of this property is reduced by

the demonstration of incomplete dentin bridge

formation. Defects in dentin bridges (Fig 14-4)

permit an uncontrolled passage of bacteria and

their by-products to the pulp. As described earli-

er (chapters 3, 10, 11, and 12), bacteria-related

products and subsequent pulpal reactions elicit

reparative dentin deposition and pulpal inflam-

mation. These defects permit the migration

of dissolved Ca(OH) 2 particles into the underly-
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ing pulp (Fig 14-5), allowing constant percola-

tion throughout the pulp, with particles remain-

ing in pulpal fibroblasts for up to 2 years. 25,57,78-83

Ca(OH)2: Resorption versus
stimulation

Pediatric dentists have reported that Ca(OH)2 is

responsible for causing resorption and early exfo-

liation of primary teeth. Radiographic stud-

ies reported rates of root resorption equivalent to
rates of dentin bridge formation , 52 which led to

the suggestion that Ca(OH) 2 is singularly respon-

sible for resorption, considered a contraindica-

tion for the use of Ca(OH) 2 in primary teeth . 86

Endodontists utilize Ca(OH) 2 powder mixed

with a sterile solution in adult teeth as a pre-

dictable interim procedure for the nonsurgical

treatment of internal resorption, perforations, and

canal antisepsis before obturation or final repair.

On the other hand, restorative dentists often place

two-paste Ca(OH)2 materials for direct pulp-cap-

ping with confidence in their clinical success. Fail-

ures, when they occur, are often attributed to

"other factors." It is important to realize that fail-

ure of the treatment in most direct pulp-capping

studies is associated with the inability of the

restorative material to maintain a long-term bio-

logic or mechanical seal against microleakage of

oral contaminants."

Materials Containing Zinc
Oxide-Eugenol

ZnOE is perhaps one of the must enduring dental

materials. Eugenol provides an antimicrobial

effect that facilitates the formation of a biologic

seal against microleakage of bacteria or their tox-

ins through dentin.87 In addition, eugenol pro-

vides an anodyne effect against intradentinal

nerve activity. 88 However, ZnOE with high con-

centrations of eugenol evokes chronic pulpal

inflammation and necrosis when placed in direct
contact with dental pulp in germ-free rats.8 9 The

use of ZnOE for pulpotomy or perforation repairs

has been reported to be unsuccessful (ie, present-

ing with chronic inflammation) unless the tissue

is first treated with formocresol.90 Additional

investigators have reported that ZnOE should not

be placed for direct pulp-capping or pupotomy,

for it causes chronic inflammation and necrosis

with time.91 This toxicity is attributable to the

concentration of eugenol in the mixture: a low

concentration of eugenol caused minimal cell

damage when placed in direct contact with den-

tal pulp in monkeys. 29 Other ZnOE cements, such

as intermediate restorative material (IRM) or base

and temporary (B &T), are modified polymethyl

methacrylate-reinforced ZnOE with supposedly

superior characteristics. An in vivo study92 has

shown that IRM is only a slight irritant to primary

odontoblasts and the subjacent cell-rich layer

when placed in unlined cavities.

Materials Containing
Formocresol

Gysi's triopaste was introduced in 1899 as the

first material to combine creosote and formalde-
hyde to "fix" pulps. Later, formocresol therapy

was suggested for clinical treatment of "putres-

cent pulps.
93 Sweet popularized the clinical use

of formocresol for pulpotomy of vital primary

teeth that were exposed by caries. 94 Additional

studies reported clinical and histologic success

after several months . 84,95-99

However, concern has been raised about the

toxicity of formocresol and its diffusion out of

dental pulp.The reported toxicity profile of these

compounds includes mutagenicity and carcino-

genicity.100,101 In addition, radiotracer studies indi-

cate presence of C' 4-labeled formocresol in the

periodontal ligament and body fluids following

pulpotomy procedures. 1 02,103 Consequently, if sev-

eral formocresol pulpotomies were completed in

the same individual, it is possible that systemic

toxicity could result.
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Fig 14-6 Histologic section of a nonhuman primate pulp that
was direct capped with MTA for 5 months. A new dentin
bridge is seen midfield directly below the MTA particles with
new odontoblastoid cells along the pulp interface. The deeper
pulp is free of operative debris chips and inflammation (H&E
stain, original magnification X50). (Reprinted from Pitt Ford et
al'" with permission.)

sive set strength equal to that of IRM (approxi-

mately 70 MPa) and appears to be nonresorbable.

Studies indicate MTA exhibits high biocompat-

ibility (Fig 14-6), minimal cytotoxicity, excellent

marginal adaptation, and reliable cytokine pro-

duction in human osteoblasts.107 Placement of
a wet cotton pellet over MTA induces a proper

set, 109 and once set, the material is uninhibited by

blood or moisture. It has been shown to have

multiple clinical applications: in pulp-capping,

root-end filling, perforation repair and internal

resorption, promoting apexification, and recently

in pulpotomy Current clinical studies are

examining the use of MTA as a pulp-capping

agent in conjunction with adhesion systems. The

initial favorable findings indicate that MTA can be

placed directly onto pulp tissue with negligible

adverse response (G. Bogen and M. Torabinejad,

personal communication, 2001).

Modified Glass Ionomers

Mineral Trioxide Aggregate

The search over the last few decades for biocom-

patible agents that can induce in vivo pulp repair

mechanisms has produced a variety of materials.

Among these, the most promising material is

mineral trioxide aggregate (MTA) because of its

superior characteristics as a direct pulp-capping

agent compared with Ca(OH) 2 controls in sever-

al animal models. 104-1118 Results show reparative

dentin bridge formation in the majority of sam-

ples with minimal inflammatory cell response.

MTA is a Portland cement derivative made pri-

marily of fine hydrophilic particles whose main

components are calcium phosphate and calcium

oxide109; it is commercially available as ProRoot

MTA (Tulsa Dental,Tulsa, OK).The material sets in

approximately 3 to 4 hours and exhibits an initial

pH of 10.2 and a set pH of 12.5, similar to that of
Ca(OH)2 . MTA has been found to have a compres-

Glass ionomer was developed as a silicate glass,

modified to react with an aqueous solution of
acrylic acid.' 17 A photo-activated RMGI was devel-
oped (ie, Fuji II LC [GC America, Alsip IL]) by the

addition of a light-hardened resin component,

with the actual components differing among vari-
ous products. In vitro tests measured through a

disk of dentin showed the pH was reduced to

neutrality with minimal to no cytoxicity. "a Subse-
quent in vivo tests demonstrated only minimal

pulp reactions when RMGI was evaluated in non-

human usage models.' 9 A recent in vivo study of
direct capping showed pulp healing and dentin

bridge formation (Fig 14-7) against an adhesive

interface."" In contrast, the Ca(OH) 2 control
showed various grades of inflammation associat-

ed with stained bacteria, suggesting the Ca(OH) 2
dissolved and created an avenue for bacteria to

enter via microleakage and justifying the use of

sodium hypochlorite (NaOCI) to control hemor-

rhage and remove the organic biofilm.

Recent studies have demonstrated that pulpot-

omy is successful when restored with an RMGI
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or adhesive. 111,122 Fewer stained bacteria were

present in the RMGI and adhesive groups, sug-

gesting that proper hemorrhage control and a

definitive bacteriometic seal are prime factors to

prevent microleakage and promote healing.

RMGI has been used as a definitive restorative

agent to decrease microleakage because of its

capacity to bond to the tooth structure and its

antimicrobial effects. The development of well-

tolerated materials that provide excellent seal

and good pulpal response represents a paradigm

shift for our profession.

Adhesive Resin Systems
Although acid etching of vital dentin was original-

ly thought to injure dental pulp, 123,124 many studies

have shown excellent results with this method.

For example, studies that conform to ISO usage

standards report that adhesive resin systems are

histologically comparable to Ca(OH)2 controls.

One important factor is the thickness of the

remaining dentin.125 In an in vitro model system,

the diffusion rates of HEMA versus a triethylene

glycol dimethacrylate (TEG-DMA) resin system

were dependent upon the thickness of remaining

dentin. 125 Based upon this factor, an intact vital

dentin substrate of sufficient thickness has the

potential to provide substantial protection against

possible chemical toxicity of materials. 121 Other

issues that relate to dentin permeability and the

diffusion of substances through dentinal tubules

are covered in chapter 4.
Nakabayashi introduced the term hybrid layer

to describe the impregnation of vital etched

dentin with an adhesive. 127 By posttreating the

hybrid layer with hydrochloric acid and NaOCI in

vitro, Nakabayashi demonstrated that the hybrid

layer remains intact, suggesting it cohesively

secures the entire enamel-dentin-resin interface

with a continuous morphologic seal-a biometic

barrier.
A number of ISO usage and clinical studies have

reported that exposed nonhuman and human den-

tal pulps and periapical tissues will heal when

Fig 14-7 Histologic section of a nonhuman primate pulp. Fol-
lowing hemorrhage control, the exposure was direct pulp-
capped with an Ultrablend system (Ultradent, South Jordan,
UT) for 75 days. A new dentin bridge is seen at the resin inter-
face and cavity space on the left. The new dentin bridge is
continuous with the reparative and reactionary dentin along
the canal walls. Reparative dentin is seen on the opposite pulp-
al wall. The deeper pulp is normal with no resin particles (H&E
stain, original magnification x50).

directly capped with various adhesives, glass

ionomers, or MTA (Figs 14-8 and 14-9).18,106,128-141

Most of these adhesive usage studies report lack of

bacterial staining along the cavity walls or within

the pulp tissue at long-term intervals. Their collec-

tive biologic assessment suggests that most of the

adhesives are biologically compatible when direct-

ly capped onto exposed vital pulps, comparable to

Ca(OH) 2 controls.

Others have suggested that pulpal inflamma-

tion is due primarily to the adhesive systems and

not to bacterial inflammation. 1 23,124,142-144 These

studies did not use NaOCI for pulp hemostasis, a

critical component for antisepsis of the dentin-
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Fig 14-8 Histologic section of a nonhuman primate pulp exposure
that was direct capped with Bisco Resinomer (Bisco, Schaumburg,
I L) for 27 days. A new (pink) dentin bridge is seen directly at the
material interface. New odontoblastoid cells are seen along thicker
portions of the new dentin. Some operative debris chips remain in
the lower left of the pulp. A thin mass of reparative dentin (midright,
light pink) is seen at the pulp-dentin interface of the cavity wall. The
deeper pulp is normal with no resin particles. No Ca(OH) 2 was
employed in this procedure (H&E stain, original magnification x 125).

Fig 14-9 Histologic section of a non-human primate
pulp exposure that was treated with 5% NaOCI for 30
seconds to remove operative debris and control hemor-
rhage. The exposure was capped with a Kuraray resin
( Osaka, Japan) for 7 days. No clot, coagulum, or opera-
tive debris is present. The pulp has migrated to the clear
i nterface on the left, previously filled with resin. There is
only minimal presence of any inflammatory cells. Odonto-
blasts are present along the remaining dentin with a very
thin zone of reactionary dentin having formed (H&E stain,
original magnification x50).

pulp interface. A properly hybridized seal placed

onto both vital dentin and pulp tissues will pro-

vide predictable results for immediate relief of

postoperative sensitivity as well as long-term bio-

logic success.

Certain studies of direct capping report

no pulp inflammation in adhesively capped

pulps, whereas others 146,147 report presence of

macrophages with adhesive particles, a conse-

quence of morphologic or chemical factors. One

remaining complicating factor may be biofilm

contamination. If pulp cells protrude onto the

cavity wall and cavity floor before material place-

ment, there will be no hybridization and poor to

no dentin bridge formation (Fig 14-10). Conse-

quently, failure occurs due to biofilm contamina-

tion on the dentin interface, causing loss of a

complete bacteriometic seal and thus permitting

bacterial microleakage to the pulp, resulting in

inflammation and eventual necrosis.
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Cavity Cleansing,
Disinfection, and
Hemorrage Control

A clinical review failed to support direct pulp-

capping or pulpotomy procedures in teeth when

a mechanical exposure pushes infected carious

operative debris into the subjacent pulp. Be-

cause of the stigma of long-term failures, our pro-

fession generally selects traditional endodontic

treatment. Only in the treatment of pulp ex-

posures in fractured young anterior teeth with

open apices does the literature discuss pulpoto-

my or direct pulp-capping with Ca(OH) 2 , 149,150

MTA,114 or adhesives. 139,151 Recent studies

demonstrate that a successful outcome requires

absolute hemorrhage control, regardless of the

dental material used for direct pulp-cap-

ping. 18,41,122 Traditional clinical teaching suggests

that hemostasis may be achieved by mechanical

pressure with a cotton pellet dampened with

sterile saline, hydrogen peroxide, Ca(OH) 2 ,

NaOCI, ferric sulfate, alcohol, or epinephrine;

techniques such as electrocautery and laser ener-

gy application have also been reported with

some success.

Healing Potential of
the Pulp

A detailed review of pulpal healing is presented

in chapter 3. In nonexposed usage studies, when

cavities were placed to within 100 um of the den-

tal pulp and restored with adhesives, only slight

or no pulpal responses were reported. 18,120 When

caries is removed to avoid pulp exposures in

deep caries lesions, reactionary or reparative

dentin forms in teeth sealed with ZnOE and amal-

gam, maintaining pulp vitality for long periods.

Generally, the primary odontoblastic layer below

the cavities is lost through preparation trauma;

however, reactionary dentin forms when a bacte-

riometic seal is developed. 152,153

Fig 14-10 Histologic section of nonhuman primate pulp that
was direct capped with Command resin (Kerr) for 21 days.
Note the pulp has migrated into the area originally filled with
clot and coagulum debris. Some reparative dentin with new
odontoblastoid cells is seen on the cavity floor (left) and along
the pulpal wall. Fibroblasts have stratified directly adjacent to
the resin interface. No new dentin matrix is seen at this time
and no inflammatory cells are present (Masson stain, original
magnification X100).

An Exudate-Free Interface

Successful pulp-capping has tended to focus on

issues such as damage to the collagen of vital

dentin and pulp tissues from acid etching and

resin application. However, direct capping must

be viewed as treating a surgical wound, following

the principles of the medical model. Debride-

ment of damaged tissues, removal of operative

debris, aseptic management of the wound site,

hemostasis, and proper bacteriometic sealing of
all tissue interfaces are all important considera-

tions for successful pulp therapy.

How might we reconcile hemorrhage control
to our daily clinical practice? Generally, ISO usage

studies require surgery and dental material place-

ment under general anesthesia. Importantly, gen-

eral anesthesia has little to no effect on pulp

blood flow."' Consequently, complete hemor-

rhage control is more challenging in usage stud-

ies than in daily clinical practice, where local

anesthetics are generally used.

NaOCI was introduced for clinical use after

World War L"' Since then, NaOCI has gained bio-
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Fig 14-11 Histologic section of a nonhuman primate pulp expo-
sure that was direct capped with an autocured resin for 7 days. No
attempt was made to control hemorrhage or organic biofilm or to
remove the operative debris. Due to a poor seal, the first line of
i nflammation (acute cells, ie, polymorphonuclear neutrophils
[ PMNs]) has migrated into the clot-coagulum space (upper left)
ahead of the trailing pioneer pulp fibroblasts. Even with the lack of a
biometic hybrid seal along the cavity wall, the deeper pulp is not yet
showing traditional pulp inflammation or necrosis (Masson stain,
original magnification x40).

Fig 14-12 Histologic section of a nonhuman primate
pulp that was direct capped with Dycal for 5 weeks. Dycal
i s seen on the right with a large dentin bridge mass incor-
porated with operative debris, a consequence of dentin
chips being pushed into the subjacent pulp during the
mechanical exposure. No hemorrhage control agents
were employed (H&E stain, original magnification x25).

logic acceptance as a suitable aseptic and hemo-
static agent for clinical pulp treatment. Publica-

tions continue to demonstrate that concentra-

tions of NaOCI provide ideal hemorrhage control
when placed on an exposed pulp.

NaOCI in concentrations of 2.5% to 5.25% pro-

vides asepsis of the cavity interface, chemical

amputation of the blood clot and fibrin, and

removal of damaged cells and operative debris

from the mechanical exposure and subjacent

pulp. In general, agents with high pH (ie, NaOCI,

Ca[OH]2, MTA) all show improved histologic

results due to their capacity to reduce or stop

normal blood flow.

Recent in vivo usage studies employing adhe-

sives for direct capping or pulpotomy report

excellent hemostasis with NaOCI. Until re-

cently, no commercial dental material has shown

consistent hemorrhage or biofilm control when

general anesthesia is used for sedation; instead,
studies show remaining operative debris with

poor hemostasis and organic biofilm on the cavity

walls (Fig 14-11). This biofilm compromises
hybridization of the underlying dentin, interfering

with the formation of a uniform hybrid layer.

Indeed, it has been suggested that the primary
cause of pulp inflammation is incomplete control

of homeostasis at the exposed pulp-dentin inter-
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Fig 14-13 Histologic section of nonhuman primate pulp that
was treated with 5.25% NaOCI for 30 seconds and then
i mmediately processed for evaluation. Some cotton debris
(top) is left from the fixation procedure. There is no damage to
the primary odontoblasts adjacent to the treatment interface
(upper left) or to the deeper pulp. No inflammatory cells are
present due to the NaOCI treatment (H&E stain, original mag-

nification X100).

Fig 14-14 Histologic section of a nonhuman primate pulp
that was treated with a 5% NaOCI for 30 seconds and then

i mmediately restored with an Ultradent adhesive and resin
composite system for 75 days. A new dentin bridge (center
below the cavity) is continuous with the reparative dentin to
the right. There is no operative debris within the reparative or
dentin bridges or in the pulp below the exposure interface.
The subjacent and deeper pulp is free of inflammation and
resin particles (H&E stain, original magnification x60).

face, leading to a poor bacteriometic seal and

eventually to bacterial microleakage, inflamma-

tion, and necrosis.158 Pushing operative debris

from the mechanical exposure into the pulp

immediately below the exposure site (Fig 14-12)

(chipitis) has been reported to complicate healing

and dentin bridging.159 Consequently, complete

removal of subjacent clot and operative debris is

essential to promote unobstructed pulp healing.

Given these findings, it is evident that the abili-
ty to control hemorrhage and placement of any

pulp-capping material on clean dentin is quintes-

sential for long-term success of the clinical proce-
dure. NaOCI solubilizes the biofilm more selective-

ly than low-pH agents, which precipitate proteins

rather than dissolve them. In nonexposed pulps,

the volume of pulpal serum leakage and gingival

fluid contamination onto the cavity preparation is

minimal. The creation of a proper hybrid layer

under these conditions is easily achieved, but

apparently not an important factor when MTA is

used. In exposed pulps where hemostasis is diffi-

cult to achieve, proper placement of hydrophilic

primers on a clean dentin surface followed by

hydrophobic systems is extremely technique sen-

sitive. In fact, successful pulp-capping with any

dental material is a technique-sensitive procedure,

especially in a carious field.

Several important conclusions may be drawn

with some confidence at this time.A recent study

(C.F Cox, unpublished data, 2001) has shown

that use of NaOCI demonstrates no in vivo toxici-

ty to pulp cells below the exposure interface (Fig

14-13), with no inhibition of pulp healing or the

biologic mechanisms of odontoblastoid cell or

dentin bridge formation. More important, there is
a conspicuous absence of operative debris at the

exposure interface with NaOCI use (Fig 14-14),
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and dentin bridge formation occurs directly adja-

cent to the adhesive interface.

Factors Leading to Success
In order to develop a proper understanding of

the issue of direct pulp-capping with dental

materials, it is imperative to consider the vari-

ables that may lead to failure or success. Age of
the patient, history of previous restorations,

symptomology, and assessment of pulp vitality

must be considered during clinical application
regardless of the material selection. ' 6° Assessment

of radiographic evidence, thermal testing, dental

history, physiologic mobility, and subjective

symptomology are critical to predictable out-

comes.Another consideration often overlooked is

the use of propylene glycol-based caries-detector

dyes, developed to preserve softened demineral-

ized dentin subjacent to the pulp. Most clinicians

elect to remove the affected dentin during sub-

jective caries excavation. However, the preserva-

tion of inner carious dentin, identified by propy-

lene glycol-based dyes, contributes to pulpal

protection and remineralization in conjunction

with a hybridized seal. 161,16' Data show that the

inner carious layer, containing intact collagen

fibers, will remineralize. Thus, preservation of this

affected layer of softened dentin contributes to

pulp protection, vitality, and increased prognosis

for pulp longevity. 163-165

Summary
In the past few decades, we have gained a much

clearer understanding of pulp biology and initial

repair mechanisms, providing an avenue for the

development of techniques and materials to pre-

dictably repair the injured pulp. Strong histologic

data demonstrate that repair of the vital pulp can

occur against newly developed nonresorbable

materials provided a true bacteriometic seal is

developed at the dentin-pulp interface. These

materials appear to possess favorable properties
when applied in conjunction with proper tissue

debridement, antisepsis, and hemorrhage control

in the operative field.
Certain reservations must be placed on treat-

ment protocols and dental materials of our past.

Current knowledge and thinking, fueled by prom-
ising research and new dental materials, will

enhance our selection of prospective materials

with which to treat injured pulp in future clinical

challenges.
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Permanent Restorations
and the Dental Pulp

Harold H. Messer, DDS, PhD

Restorative dentistry is in a period of rapid

change. The advent of methods providing adhe-

sion to enamel and dentin has resulted in more

conservative cavity preparations and a more effec-

tive seal against bacterial microleakage. Toward

the more adventurous limits of adhesive dentistry,

the possibility of preserving carious dentin and

even of placing restorative materials directly over

exposed pulps is receiving serious attention. The

"post-amalgam age" of restorative dentistry prom-

ises not only better protection of the pulp against

injury but also promotion of the healing of dam-

aged pulps.' At the same time, preservation of

intact dentitions into old age has led to an

increased demand for complex restorative proce-

dures.A cumulative history of caries and repeated

restoration means that the aging dental pulp is
subjected to increasing injury.

Every aspect of restorative dentistry potential-

ly has an effect on the pulp. Most of these effects
are indirect, mediated via diffusion across the

underlying dentin. The healthy pulp is also able

to mount a protective response, and the effects
of restorative procedures on the pulp are for the

most part minor and transient (Fig 15-1). This

chapter first considers in general terms those

restorative procedures that affect the dental pulp

and the pulpal response, then reviews in detail

specific materials and procedures. The biome-
chanics of restored teeth, including endodontical-

ly treated teeth, is also considered.

Role of Dentin in Mediating
Effects of Restorative
Procedures

Effects of restorative procedures on the pulp can

be understood only within the context of the role

of intervening dentin and, more specifically, that

of dentinal tubules (see chapter 4). Acute effects

of cavity preparation and material placement

result from a hydrodynamic effect of fluid flow

within tubules. Diffusion of toxic components of

restorative materials and bacterial toxins occurs

via fluid-filled-tubules, and part of the protective

response of the pulp involves occlusion of tu-

bules and a reduction in dentinal permeability.

In human teeth, dentin is, on average, approxi-

mately 3 mm thick.The highly mineralized matrix

is traversed by fluid-filled dentinal tubules, rang-

ing from less than 1 um in diameter close to the

dentinoenamel junction (DEJ) to 2 to 3 vin at the
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Fig 15-1 A heavily restored dentition in a mature adult.
Despite repeated cycles of extensive restoration, all pulps
remain vital.

Fig 15-2a Cervical noncaries lesions. Loss of tooth structure
extends through the original canal space, but dentinal sclero-
sis and tertiary dentinal deposition have protected the pulp
from injury.

Fig 15-2b Fractured section of a cervical noncaries lesion,
showing the surface hypermineralized zone and tubule obliter-
ation. (Courtesy of Dr M. Burrow.)

pulpal surface.Tubules converge as they approach
the pulp, increasing in density from approximate-
ly 20,000/mm2 in outer dentin to 45,000/mm2
adjacent to the pulp. The cross-sectional area of
dentin occupied by tubules varies from less than
1 % near the dentinoenamel junction to more than
20% close to the pulp. Hence, when dentin is cut,
permeability to noxious agents is much greater
close to the pulp than in outer dentin. Permeabili-
ty is not uniform throughout the tooth, but is
greater overlying pulpal horns and on axial walls
than on the occlusal surface (see chapter 4). 2,3

A positive hydrostatic pressure from pulpal cir-
culation results in outward fluid flow when
tubules are exposed. Outward fluid flow may con-

tribute to pulpal protection because, as a transu-
date of plasma, it contains proteins (immuno-
globulins, fibrinogen) and minerals (calcium, phos-
phate). Outward fluid flow also limits the rate of
diffusion of noxious agents in a pulpal direction.
Tubules also contain odontoblast processes, which
may be severed by preparations cut deeply into
intact dentin, damaging the underlying odonto-
blast cell bodies within the pulp.

Dental history

When subjected to a gradually progressive injury, a
major part of the pulp's response is the deposition
of mineral within dentinal tubules, occluding the
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tubule against further ingress of noxious stimuli

(see chapter 3). With increasing age, peritubular

dentinal deposition increases and may completely

obliterate dentinal tubules. Cervical noncaries

lesions ("abrasion" or "abfraction" lesions) also

show occluded dentinal tubules as well as a sur-
face hypermineralized zone (Fig 15-2) . 4 Dentin

affected by caries is frequently classified into two

layers: demineralized, bacteria-containing "infect-
ed" dentin and a deeper "affected" layer that in-

cludes a "transparent" zone with tubules occluded

by mineral deposits.5,6 Regardless of the stimulus,
occlusion of tubules reduces dentinal permeabili-

ty. From a clinical perspective, it is important to

preserve this layer because it protects the pulp

against injury from restorative materials or proce-

dures. At the same time, acid etching of this layer

is less effective than on normal dentin, making

dentin bonding (and hence a durable marginal

seal) more difficult .

Prepared dentinal surface

Techniques of cavity preparation now include

chemical means of caries removal, airborne parti-

cle abrasion, laser irradiation, and minimal surface

preparation (cervical noncaries lesions). Following

these techniques, the dentinal surface may be very

different from that after cutting with rotary instru-

ments, and with adhesive techniques it is often

further modified by etching or "conditioning" with

strong acids. Rotary or hand instruments create a

smear layer, typically 1 to 2 um thick and consist-

ing primarily of debris from cutting the underly-

ing dentin, with smear plugs extending into the

cut dentinal tubules .s - '° The smear layer and

smear plugs reduce dentinal permeability by

approximately 85% and serve as a barrier to bacte-

rial penetration of dentinal tubules. 3,9 Airborne
particle abrasion results in a relatively featureless

surface layer that occludes tubule orifices"; it is

thought to consist of superficial debris as well as
embedded abrasive particles, with uncertain con-

sequences for permeability or subsequent restora-

tion. Chemical removal of caries by means of a

high-pH gel (eg, Carisoly [MediTeam, Savedalen,

Sweden], initial pH 11) combined with gentle

hand excavation produces a minimal smear layer

and numerous areas with exposed dentinal tu-

bules." The extreme variability in the prepared

dentinal surface and the permeability of the un-

derlying dentin makes it difficult to make general-

izations regarding the response of the pulp to a

restorative procedure or material.

Impact of Restorative
Procedures and Materials
on the Pulp

The net effect of a restorative procedure on the

pulp is the result of a complex interaction among

many factors: health of the underlying pulp, thick-

ness and permeability of intervening dentin,

mechanical injury during cavity preparation, toxi-

city of the restorative material, and microbial leak-

age (microleakage). As indicated in Box 15-1, the

sources of pulpal injury associated with restora-

tive procedures can be conveniently grouped into

three categories: those occurring during cavity

preparation, those associated with the restorative
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material and its placement, and those occurring

subsequent to restoration of the tooth. We should

not, however, lose sight of the fact that most

restorative procedures result in relatively mild,
reversible effects on the pulp.

Effects of cavity preparation

Cutting dentin exposes dentinal tubules. If cavity

preparations could always be limited to the

extent of affected dentin, the pulpal effects of

restorative procedures would probably be mini-
mal 3 : tubules occluded by mineral deposition are

less permeable to bacterial products and dif-

fusible components of restorative materials; the

hydrodynamic response to cutting, heating, and

drying is likely to be reduced; and the risk of

mechanical damage to odontoblast processes,
which recede toward the pulp as tubules are

occluded peripherally, is minimized. Despite the

more conservative cavity preparations recom-
mended in contemporary restorative dentistry,

cutting of intact unaffected dentin is still neces-

sary in instances such as full-crown preparations.

Thermal effects on the pulp of cutting dentin

were well documented many years ago 12 and are
considered in detail in chapters 4 and 16.The low

thermal diffusivity of dentin tends to minimize

direct elevation of intrapulpal temperature unless

the preparation is cut deep in dentin without

effective cooling. There appears to be a "critical

range" for intrapulpal temperature, with an

increase of approximately 6°C required before

irreversible pulpal injury occurs." This extent of

temperature increase occurs after about 25 sec-

onds of dry cutting with either high- or low-

speed burs. In contrast, the use of water cooling

led to a transient decrease in intrapulpal tempera-
ture of 6°C to 7°C.

Much more frequently encountered is a hydro-

dynamic effect, in which heat generated by fric-

tional effects at the dentinal surface results in

rapid inward fluid movement in exposed
tubules. 13 Desiccation of the exposed dentinal sur-

face, for example, from a stream of air used to dry

the cavity preparation, leads to an outward fluid

flow. If the stimulus is severe enough, injury to the

odontoblast layer may result, causing disruption of

junctional complexes and displacement of odon-

toblast cell bodies into the dentinal tubules . 2
Direct trauma to odontoblast processes will

occur with deep cutting of intact dentin. In

mature dentin, odontoblast processes extend into

dentinal tubules a distance of 0.1 to 1.0 mm.
Importantly, odontoblast cell numbers were unaf-

fected by cavity preparations as close as 0.5 mm

to the pulp, indicating absence of an irreversible

level of injury. 14,15 Deeper cutting (less than 0.3

mm from the pulp) resulted in direct odontoblast

injury and cell death. 16

Factors associated with the restorative
material and its placement

Toxicity of restorative materials
In addition to replacing lost or damaged tissue

and restoring function, a restorative material

should be biocompatible, ie, it should not elicit

an adverse reaction either in the tissues with

which it comes into contact or systemically. 17 Tra-

ditionally, the ideal material is "biologically neu-
tral," which implies that it is insoluble and inert. 17

Current trends in restorative materials include

attempts to incorporate therapeutic agents that

may promote pulpal healing. 18,19

The International Standards Organization (ISO)

in 1997 promulgated ISO standard 7405 to regu-

late the preclinical evaluation of dental material

biocompatibility under standardized conditions.

Three levels of testing are prescribed: cytotoxicity,

using cell culture techniques; tissue toxicity
assessed by implantation in subcutaneous tissue

or muscle; and "usage tests." Excellent reviews of

systemic effects and cytotoxicity of dental materi-

als are available and need not be considered
here. Of greater relevance is the effect on the

underlying pulp, assessed in experimental animals

or humans under conditions simulating normal

clinical use. Little correlation has been noted

between the results of cytotoxicity testing and

clinical usage tests. 23
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For restorative materials, the usage test in-

volves placement in prepared cavities of perma-

nent teeth for intervals of up to 3 months.The ISO

standard 7405 stipulates that materials should be

tested in cervical (Class 5) cavity preparations, 24

which has been widespread practice for many

years. The coronal margin is within enamel while

the gingival margin is typically in dentin (or

cementum). This location provides a rigorous test

of the marginal seal of a restoration (Fig 15-3).

Bonding to dentin is more difficult than it is to

enamel, and tooth flexure during normal function
imposes large stresses on the gingival margin.

Microleakage is greater at the gingival (dentinal)

margin than the coronal (enamel) margin and

greater in teeth in functional occlusion than in

those that are unstressed . 25 Histologic sections are

scored for pulpal inflammation and for the pres-

ence of bacteria.
In the absence of bacteria, the extent of pulp-

al inflammation will be a function of the toxicity

of the material itself, modulated by the rate and
extent of diffusion through underlying dentin,

buffering or binding as the material diffuses

through the tubules, outward fluid flow, and the

rate of clearance by the pulpal circulation. 2,3 Par-

ticulate materials entering the pulp, such as poly-

merized resin globules, may evoke a foreign body

reaction .26,27 Toxicity of the material must also be

distinguished from damage resulting from the

cavity preparation (through use of appropriate

controls) and, much more importantly, the effects

of bacterial microleakage (see chapter 14). The

extent of pulpal inflammation is closely correlat-

ed with the presence of bacteria at the

tooth-restorative material interface, while most

materials provoke only a slight pulpal response if

bacteria are absent (see next section).

Although most effects of commonly used

materials are considered mild and transient, 28

material toxicity per se should not be underesti-

mated, 2° particularly when the material is placed

in deep cavities or directly onto the pulpal sur-

face. As one example, in a human study involving

more than 300 teeth restored with a range of

resin composite and glass-ionomer restorations,

Fig 15-3 Cervical restorations (an early-generation resin com-
posite) with marginal staining indicative of extensive marginal
l eakage.

the frequency of moderate or severe inflamma-

tion in teeth where no bacteria were detected
was greater than 50%. 29

Effects of material placement
Amalgam is condensed under sufficient pressure

to cause measurable strain in cusps. 30 Moreover, a

transient neutrophil infiltration between the

odontoblast layer and predentin following amal-

gam placement was attributed to condensation

pressures. 31 Crown cementation also involves sub-

stantial pulpal pressures to the extent that compo-

nents of luting cements and bacterial toxins can

be forced into the pulp. 13,32,33 Heat generated dur-

ing polymerization of resin composite materials

may cause hydrodynamic effects (inward fluid

movement), while polymerization shrinkage

results in permanent stresses in the tooth, accom-

panied by postoperative sensitivity 34,35 The long-

term consequences of such stresses in teeth are

not well understood.

Effects subsequent to restoration

Microleakage

The significance of an inadequate marginal seal

between the restorative material and cavity wall,

permitting bacterial ingress, is well recognized
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Fig 15-4 Backscatter scanning electron micrograph demon-
strating nanoleakage between the hybrid layer and dentin in a
bonded composite restoration. Silver particles (appearing as
white dots) are seen within, deep to the hybrid layer and
extending into resin-filled dentinal tubules. (Courtesy of Dr M.
Burrow.)

(see chapters 12 and 14). Beginning with the
work of Brannstrom and Nyborg in the early
1970s, 36 numerous studies have shown that bacte-
ria are commonly present at the material-cavity
interface, often penetrating dentinal tubules
beneath the cavity floor but not invading the
pulp.37,38 Bacteria enter the space between the
material and cavity wall after the restoration has
been placed; they do not result from contamina-
tion during the cavity preparation stage. 38,39 Bac-
terial toxins have been shown to diffuse through
dentin and even to penetrate the smear layer and
smear plugs (chapters 4 and 12). 40 The underlying
pulp typically shows moderate to severe inflam-
mation, which historically was attributed to the
toxicity of the filling material. If bacterial ingress
is prevented (eg, by placing a zinc oxide-eugenol
"surface seal" over the test material), or if the
material possesses antibacterial properties (eg,
zinc oxide-eugenol, calcium hydroxide), the
underlying pulpal response tends to be greatly
reduced and of shorter duration. 37 41 Even when
applied directly to exposed pulps, many common-
ly used materials are well tolerated when bacteria
are excluded by a surface seal . 41,42 Hence, many

investigators have concluded that microleakage
rather than material toxicity is the primary factor
in an inflammatory pulpal response. 13,29,39

If this is the case, a fundamental question aris-
es: How effectively do contemporary restorative
materials and procedures prevent microleakage?
The presence of bacteria as determined by a bac-
terial stain has ranged from 60% , or more for con-
ventional (nonadhesive) restorative materials 37,42
to no recorded bacterial penetration with a
dentin bonding agent and resin composite res-
toration.43 Extremely variable results have been
reported with adhesive materials, ranging up to
approximately 20% for bonded amalgams 44 and
more than 30% for resin composites and glass
ionomers.29,45 The rapid progress of bonding sys-
tems offers a very real prospect for a reliable (and
durable) marginal seal, although it has not been
achieved to date.

On the other hand, some have questioned the
primacy of microleakage in promoting pulpal
inflammation unless leakage is "extreme," such as
that associated with a defective restoration predis-
posing to secondary caries.20 Dentinal permeabili-
ty decreases with time, and the pulp is capable of
mounting a protective response. The severity of
pulpal inflammation associated with microleakage
also decreases with time,29 ,46 and pulpal recovery
with hard tissue repair is the most commonly
encountered outcome. 46

Interestingly, ISO standard 7405 does not stipu-
late the use of a surface seal for the evaluation of
pulpal effects of materials in the pulp and dentin
usage test.2 4 Rather, it specifies that materials
should be placed according to the manufacturer's
directions, including (when recommended) the
use of a lining material or cavity treatment agent
such as a dentinal adhesive. The standard does,
however, prescribe the use of a bacterial stain to
detect the presence of bacterial microleakage.
Given the contribution of bacterial leakage to
pulpal inflammation, the ISO standard procedure
may be more a measure of marginal leakage than
of material toxicity, 47-49 or at least a combination
of the two (plus mechanical injury during cavity
preparation) . 20
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Nanoleakage refers to leakage within the hy-

brid layer of resin bonded to dentin, and is

unrelated to gaps between the restorative material

and cavity walls. Incomplete penetration by resin

of the etched dentinal surface results in a porous

zone that can be penetrated by tracers, such as sil-

ver nitrate, or dyes, providing a pathway into

dentinal tubules (Fig 15-4). Spaces 20 to 100 nm in

widths° will not permit the penetration of bacte-

ria, but may allow passage of water, acids, and bac-

terial products (including proteolytic enzymes52)

that ultimately weaken the bond. Thus, even in the

absence of a marginal gap between the restoration
and dentin, bonded restorations do not necessarily

provide a complete and enduring seal. Nanoleak-

age appears to occur with all types of bonding sys-
tems and dentinal surface treatments. The clinical

significance of nanoleakage is not known. Bond

strength ultimately may be affected and pathways
for the diffusion of bacterial products into dentin-

al tubules established.

Biomechanical factors
The effect of occlusal forces on the clinical behav-

ior of restorations has been largely ignored, cer-

tainly with respect to pulpal effects. By analogy

with the behavior of bone under stress, Pashley

speculated that the fluid-filled dentinal tubules

might be important in the hydraulic transfer of

occlusal stresses within the tooth. Again, by analo-

gy with bone behavior, the fluid-filled dentinal

tubules may contribute to time-dependent (vis-

coelastic) properties of dentin. Cuspal flexure is

known to occur during occlusal function,

although the extent of flexure tends to be small in

the intact tooth. Cavity preparations increase

markedly the extent of cuspal flexure under

occlusal load. Depending on the type of

restorative material used, this increased cuspal

flexure may persist following restoration of the

tooth. Lee and Eakle proposed that the entire

tooth flexes during normal occlusal function, and

this idea serves as the basis for the "abfraction"

theory of cervical noncaries lesions.

Fluid movement in response to occlusal load-

ing has only recently been measured, using intact

Fig 15-5 Incomplete fracture of the disto-occlusal aspect of a
mandibular second molar without pulpal involvement. The
tooth has been prepared for a crown to minimize cuspal flex-
ure and to prevent further crack propagation.

extracted teeth.59The magnitude of fluid flow was

similar to hydrodynamic effects accompanying

cavity preparation (thermal, desiccation) or osmot-

ic stress.The authors speculated that dentinal fluid

flow, in association with pulpal mechanorecep-

tors, might serve primarily to monitor the magni-

tude and direction of occlusal forces on teeth (as

opposed to a pain-sensing mechanism in exposed

dentin). The effects of cuspal or tooth flexure on

dentinal fluid flow have not been measured

experimentally but are likely to be great, particu-

larly if the tubules are exposed because of cavity

preparation. The magnitude of cuspal flexure in

response to clinically realistic occlusal loads under

experimental conditions (up to 25 um) is suffi-

cient to result in marginal leakage if the restora-

tion does not protect the cusps.60,61 Incomplete

cuspal or crown fracture (Fig 15-5) results in a

sudden marked sensitivity to occlusal load and

thermal stimuli that has been attributed to in-

creased dentinal fluid flow. 62 The role of biome-

chanical factors in pulpal responses to cavity

design and restoration merits much greater atten-

tion. One study attempted to measure dentinal

fluid flow in response to loads applied to occlusal
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restorations in extracted teeth, but the technical
difficulties are considerable . 63

Putting it all together: Restorative
injury to the pulp

Prevailing opinion is that bacterial microleakage is
the dominant factor in injury to the pulp associat-

ed with restorations. In a large study of human

teeth involving more than 300 restorations placed

under controlled conditions, Camps and col-

leagues29 attempted to rank the effects of differ-
ent components of the restorative procedure on

pulpal inflammation. They concluded that pres-

ence of bacteria was the main factor, followed by

remaining dentinal thickness and postoperative

interval. They did not include material toxicity in

their ranking. This is a generalization that should

be accepted with caution, especially in terms of

clinical practice. The net effect on the pulp is the

sum of all of the steps involved in preparation and

restoration, modulated by the permeability of

underlying dentin and the health of the pulp

before restoration. In the study mentioned above,

100% of pulps showed severe inflammation soon

after restoration, when the remaining dentinal

thickness was less than 500 Vim, regardless of bac-

terial status or type of restorative material.29 This
result implies that initially the trauma of deep cav-

ity preparation is dominant. In experimental stud-

ies, bacterial leakage is scored simply as present

or absent without assessment of severity. Clinical-

ly, the variability of each step in a restorative pro-

cedure, including the extent of microleakage, indi-

cates that the major source of injury may vary
from case to case.

Pulpal Response to
Restorative Procedures

Odontoblast responses

Dentin and pulp are generally considered to func-

tion pathophysiologically as a single unit (the

pulpodentin complex).' It is convenient for de-

scriptive purposes to consider the response of

odontoblasts separately from the pulpal inflam-

matory response to restorative procedures. Odon-

toblasts, with processes extending into dentinal

tubules, are the first cells contacted by an exter-

nal stimulus applied to the tooth and may be

directly injured during cavity preparation. An

odontoblast response, in the form of tubule

occlusion and tertiary dentinal formation, can be

detected in the absence of underlying pulpal

inflammation (see chapter 3). Fundamentally,

however, the two are an integral part of the same
process.

Odontoblasts, dentinal sclerosis, and tertiary

dentinal deposition

Odontoblasts show a gradation in their response

to injury. With a gradual, progressive injury that

does not directly involve the odontoblast process

(caries, abrasion), tubules become progressively

occluded by mineral deposits, which serve to wall

off the underlying pulp. (In the case of caries, it is

uncertain whether tubule occlusion is the result

of an active defense mechanism or the reprecipi-

tation of mineral dissolved during the caries
process. 6) Additional dentin that also may be

deposited on the pulpal surface underlying the
injury is commonly termed tertiary dentin and

can be further classified into reactionary or
reparative dentin (see chapter 3). Depending on
the severity of injury, the odontoblasts may sur-

vive to deposit reactionary dentin, the tubules of
which are continuous with those of overlying pri-

mary and secondary dentin. If odontoblasts are

irreversibly damaged, reparative dentin is laid
down following the differentiation of new odon-

toblast-like cells from the dental pulp. 64,65

The most important determinant of the severi-

ty of odontoblast injury and the extent of tertiary

dentinal deposition appears to be the trauma of

the cavity preparation rather than the effects of

restorative materials. 64,65 In experimental studies
involving cavity preparations in sound dentin of

previously intact teeth, the concept of "remaining

dentinal thickness" (RDT) as a factor in restorative
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injury to the pulp has been investigated exten-

sively. RDT may well be a surrogate for direct

injury to odontoblast processes, although it is rec-

ognized that dentinal permeability also increases

with decreasing RDT (see chapter 4). Mature

dentin is normally approximately 3 mm thick, and

odontoblast processes extend from 0.1 to 1.0 mm

into tubules.' RDT of 2 mm or more effectively

precludes restorative damage to the pulp.'° In

support of this point, odontoblast cell numbers

were unaffected by deeper cavity preparations

with as little as 0.5 mm RDT, while the quantity of

tertiary dentin increased with decreasing RDT 64,65

The response was also brief, with reactionary

dentin deposition ceasing within 28 days. 65 Deep-

er cutting (less than 0.3 mm from the pulp) re-

sults in direct odontoblast injury16 including dis-

placement of cell bodies into tubules and cell

death, necessitating the differentiation of new

odontoblast-like cells before reparative dentinal

deposition can begin.

Neurovascular response and pulpal
inflammation

Exposure of dentinal tubules during cavity
preparation initiates a sequence of hydrodynam-

ic fluid shifts that are capable of disrupting the

odontoblast layer, triggering the firing of sensory
nerves and initiating neurogenic inflammation

via release of neuropeptides. The exposed

tubules also serve as the pathway for bacterial

products and toxic materials to diffuse into the

pulp, which, under experimental conditions, can

occur within hours. 40 The early pulpal inflamma-

tory response may be triggered by mediators

such as the neuropeptides released from stimu-

lated sensory nerves and in response to bacterial

toxins diffusing through tubules. 66 The pulp re-

sponds rapidly to tubule exposure, with a reduc-

tion in permeability occurring within hours by

precipitation of plasma proteins such as fibrino-

gen and possibly immune complexes within

tubules.', 66 Histologically, the pulpal response to

injury involves increasing levels of odontoblast

layer disruption, underlying vascular changes and

hemorrhage, inflammatory cell infiltration, and

abscess formation.
In clinical usage tests, pulpal inflammation is

scored as none, mild, moderate, or severe; there is

also a category of abscess formation or extended

lesions. 24 A mild inflammatory response involves

localized subodontoblastic hemostasis and hemor-

rhage with an intact odontoblast layer; moderate

inflammation is characterized by accumulations

of acute or chronic inflammatory cells depending

on the postoperative interval, with vasodilation

and an irregular odontoblast layer; a severe re-

sponse is indicated by complete disruption of the

odontoblast layer, localized microabscess forma-

tion, and more widespread inflammatory cell infil-

tration in the pulpal core. 64,67

Resolution or progression to
pulpal death
Both histologically and clinically, pulpal responses

to restorative procedures generally decline over

time. Postoperative sensitivity, which can affect a

high percentage of teeth soon after the procedure

and is generally attributed to the effect of cavity

preparation rather than the restorative material,

declines within days or weeks and is infrequent

beyond 30 days. 68,69 Reactionary dentinal deposi-

tion is also complete within this time, 65 and it

appears that dentinal permeability is reduced to

the point at which pulpal defense mechanisms

begin to dominate. When pulps do succumb, they

tend to do so after prolonged periods.

Experimental studies have focused on acute

pulpal injury and relatively short-term pulpal

responses. The pulp will normally survive an

injury sufficient to provoke reactionary and even

reparative dentinal deposition (involving death of

primary odontoblasts), as well as a moderate

inflammatory cell infiltration. Resolution may

be accompanied by fibrosis and premature "aging"

of the pulp. 67 Damage to underlying cells of the

subodontoblastic zone and deeper pulp with

abscess formation constitutes the point of no

return for ultimate pulpal death . 70 Cell death may

be by apoptosis rather than necrosis. 14,67 Clinical-
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Fig 15-6 Pulpal hemorrhage associated with crown preparation. (a) Maxillary central
i ncisor immediately after crown preparation. (b) One week later, showing dentinal dis-
coloration as a result of intrapulpal hemorrhage. (c) Histologically, displacement of
odontoblast cell bodies into tubules and intrapulpal hemorrhage indicate irreversible
pulpal damage (H&E stain, original magnification x250).

ly, there is no reliable way of judging when irre-

versible injury has occurred, other than by symp-

toms of irreversible pulpitis, or, rarely, by discol-

oration of dentin resulting from extensive

intrapulpal hemorrhage (Fig 15-6).

Specific Materials and
Procedures

Metallic restorations and ceramics

Its long clinical history and the exhaustive analy-

sis of its local and systemic effects set amalgam

apart as the most thoroughly evaluated of all den-
tal materials. Concerns regarding toxicity are

directed to systemic effects of mercury rather

than to direct effects on dental pulp. Experimen-

tal studies over a period of almost 60 years

(beginning well before the recognition of micro-

bial leakage as a factor in apparent toxicity or of

the protective effect of the smear layer) have

shown that amalgam is very well tolerated by the

pulp.20 A recent study of high-copper amalgam,

placed in deep cavities of human teeth (RDT 0.15

to 0.5 mm) in conjunction with a zinc oxide-

eugenol outer seal, showed no inflammation or

only slight inflammatory cell infiltration.'' Amal-

gam undergoes corrosion in the mouth, and the

accumulation of corrosion products in marginal

spaces between the cavity wall and the restora-

tion is considered responsible for a progressive

reduction in marginal leakage. Mercury from

amalgam restorations does not penetrate dentin,

while zinc and tin ions have been found in high

concentrations in dentin beneath amalgam res-

torations.72 These metals do not appear to exert

an effect on the pulp, although the inflammation

accompanying direct placement of amalgam over

exposed pulps was tentatively attributed to zinc
toxicity

Other, generally short-lived pulpal effects of

amalgam have been described. For example, neu-

trophils transiently migrate between the odonto

blast layer and predentin; this has been attributed

to condensation pressures during amalgam place-

ment.31 The high thermal conductivity of amal-

gam results in postoperative sensitivity unless a

liner or base is used, except in shallow cavi-
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ties. 73,74 The smear layer, which is normally left

intact with amalgam restorations, may serve to

reduce postoperative sensitivity because of its

ability to occlude dentinal tubules. 68 At the same

time, its presence on the cavity wall appears to

promote marginal leakage.' ° The use of a copal

varnish minimizes marginal gaps initially, but the

varnish gradually dissolves upon exposure to oral

fluids." More recently, dentin bonding agents

have been proposed as an alternative to copal var-

nish, either with or without bonding to amalgam.

The technique involves removal of the smear

layer and bonding to dentin, with a resin layer

occluding tubules (see below). Microleakage is

reduced with the use of these agents, but the

durability of the bond has been questioned. Histo-

logically, the pulpal response is dictated by the

etching procedure and the bonding agent, as well

as bacterial microleakage, rather than by the amal-

gam. In a human study, approximately one third of

bonded amalgam restorations had pulpal inflam-

mation regardless of the presence or absence of

bacterial leakage. 44 Clinically, the frequency and

severity of postoperative sensitivity with bonded

amalgams is not markedly different from those

with no liner or copal varnish (with the smear

layer intact).68,69,75 The clinical benefit of bonded

amalgams has yet to be demonstrated.

Pulpal responses to cast metals and ceramics

(inlays, crowns) are related to the luting cement

used rather than to the material itself or leachable

breakdown products.20 Corrosion products are
released from alloys commonly used in cast res-

torations, 76 but pulpal effects are insignificant in

comparison with effects of cement constituents
or bacterial products that penetrate the dentinal

tubules during cementation. Hydraulic pressures

generated during cementation and their adverse

effects on the pulp are considered in more detail

below.

Resin composites and glass ionomers

Despite differences in chemistry and bonding

mechanisms, resin composites and glass iono-

mers are conveniently considered together as

adhesive restorative materials. Clinical applica-

tions of various formulations include restorative

materials, luting cements, and cavity liners.

Conventional resin composites consist of an

organic resin matrix and inorganic filler parti-

cles, with a silane coupling agent. The organic

matrix is usually methacrylate-based, and poly-

merization may be activated chemically or by

exposure to light. The composition of commer-

cially available materials is complex, with a wide

range of monomers, comonomers, and additives.

Because polymerization is never complete, unre-

acted monomers and other components can be

leached from the set materials, and they should

not be considered inert . 21,22,77 Glass ionomers

(glass polyalkenoates) consist of an ion-leachable

glass and an aqueous polyalkenoic acid such as

polyacrylic acid. A calcium fluoro-aluminosilicate

glass powder is mixed with a solution of the

polyacid, which commonly consists of a copoly-

mer of acrylic acid and a di- or tri-carboxylic acid

such as itaconic or maleic acid. Setting occurs by

an acid-base reaction in which calcium and alu-

minum ions are released from the glass surface

and cross-link the polyacid chains . 78 Bonding of

glass ionomers to enamel and dentin appears

to occur by ionic bonding between carboxyl

groups of the polyalkenoic acid and calcium ions

in hydroxyapatite.An important property of glass

ionomers is release of fluoride, with its caries-

protective effects on surrounding enamel and

dentin. To take advantage of the better physical
and working properties of resin composites and

the fluoride-releasing benefits of glass ionomers,

the two technologies have converged.A light-cur-
able resin component (frequently including hy-

droxyethyl methacrylate [HEMA]) has been

added to resin-modified glass ionomers, while

ion-releasing glasses have been incorporated into

polyacid-modified resin composites, or com-

pomers. An expanding range of materials with

diverse clinical applications is available commer-

cially79,80

Pulpal effects of these materials (other than

those secondary to microleakage) can potentially

arise from etching or conditioning of the dentinal

355



15 • Permanent Restorations and the Dental Pulp

surface as well as from material constituents or

breakdown products. Glass ionomers have a low

pH by virtue of their aqueous polyalkenoic acid

content, which is enhanced by the inclusion of tar-

taric acid to control setting rate as well as the addi-

tion of dry polyacrylic or polymaleic acid powder
to the glass powder . 81 After mixing, the pH tends
to remain low for a longer period than with zinc

phosphate cements. Conditioning the dentinal

surface with 10% or 20% polyacrylic acid removes
the smear layer but leaves smear plugs intact with-

in the dentinal tubules.$° Glass ionomers are gen-

erally regarded as having excellent biocompatibili-
ty with minimal pulpal effects even in deep

cavities, as long as bacterial leakage does not oc-

cur. 2°,21,81 Hence, glass ionomers and resin-modi-

fied glass ionomers are widely used as cavity liners

and bases . 28 Postoperative sensitivity when glass

ionomer is used as a luting agent has been report-

ed, and has been attributed to the hydraulic effect

of crown cementation forcing unreacted acid

through dentinal tubules into the pulp. 81 Others

have reported only slight pulpal reactions that

subsided within 90 days . 83-85 Moreover, even

direct placement of a resin-modified glass ionomer

onto exposed pulps of monkey teeth produced

pulpal healing similar to that observed with calci-

um hydroxide, including dentinal bridge forma-

tion.86 In view of the potential toxicity of resin

components22 and the acidic effects of unset mate-

rial," little advantage is gained by the direct appli-

cation of these materials to dental pulp.

Numerous leachable compounds from resin-

based restorative materials (unreacted mono-

mers and additives, breakdown products) have

been identified as having cytotoxic or bioactive

effects with potentially important clinical conse-

quences. 22 No compelling argument can be

made that all or even many pulpal effects of

resin composites are the result of microleakage.

In any case, as Schmalz has pointed out, bacterial

penetration remains a significant clinical prob-

lem despite improvements in adhesive tech-

niques, and there is some evidence that compo-

nents of resins actually promote bacterial
growth . 21 Direct toxicity of resin composites to

the underlying pulp has been well documented22

but is more of an issue in association with acid

etching of deep dentin and dentin bonding. 77

Dentin bonding agents

Clinically reliable adhesion to dentin has become

feasible within the last decade, and techniques

and materials continue to develop rapidly. Thus,

there is a paucity of information on the pulpal

effects of dentin bonding, and much of what is

known may be rapidly superseded by subsequent

developments. In addition to the ongoing devel-
opment of materials and techniques, clinical

applications of dentin bonding are being extend-

ed, somewhat controversially, to include proce-

dures such as direct pulp-capping and bonding to

retained carious dentin.

Dentin bonding consists essentially of three
steps: acid demineralization of the dentinal sur-

face to expose the collagen matrix (etching or

conditioning), infiltration of the exposed collagen
meshwork with a primer, and application and

polymerization of the adhesive resin .87,88 To sim-

plify the procedure and to reduce technique sen-

sitivity, the etchant and primer, the primer and

adhesive, or all three components have been com-

bined in a variety of commercially available or

experimental systems. 43,8' The formation of a

hybrid layer of resin matrix and demineralized col-

lagen (see Fig 15-4) provides the bond strength

and sealing ability of the restoration.

Three aspects of dentin bonding may affect the

underlying pulp: acid etching, which increases

dentinal permeability; cytotoxic effects of resin

components diffusing through exposed tubules;

and bacteria or microbial products (microleakage

or nanoleakage)." Etching with strong acid

removes the smear layer and demineralizes the cut

dentinal surface (intertubular dentin) to a depth of

2 to 5 um.7 In addition, smear plugs are dissolved

from within tubules, and tubules are enlarged as

peritubular dentin is etched to a variable depth.

Hence, dentinal permeability is increased, at least

temporarily, until the resin penetrates and poly-

merizes. Diffusion of resin components toward
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the pulp is increased as a result, although the

extent of diffusion is strongly influenced by denti-

nal thickness. Highest bond strength and lowest
leakage are achieved when resin tags are present

within tubules and bonded to tubule walls, in

addition to the hybrid layer on the intertubular
surface.7

Material toxicity to the underlying pulp be-

comes an issue only when the remaining dentinal

thickness is less than approximately 300 um.17

The hydrophilic priming agent 2-HEMA has re-

ceived a great deal of attention because it is

applied directly to the etched dentinal surface.

HEMA diffuses readily across etched dentin even

against a positive hydrostatic pressure, 32 with the

possibility of acute cytotoxicity and other cellular

effects.89 Several clinical studies involving human

teeth have evaluated the pulpal response to

dentin bonding agents applied to etched deep

dentin in association with resin composite

restorations . A persistent chronic inflamma-

tory response with only infrequent evidence of

hard tissue repair was noted. Resin globules with-

in the dentinal tubules, extending into predentin

and even into the odontoblast layer and pulp, ap-

peared to provoke a foreign-body reaction, charac-

terized by the presence of macrophages and mult-

inucleated giant cells.

The pulpal response is exacerbated by the

application of bonding agents directly over exper-

imental pulpal exposures. Despite favorable

reports of direct pulp-capping with bonding

agents in monkeys , 86 the pattern in human teeth

is typically a persistent chronic inflammation and

a foreign-body reaction with macrophages and

giant cells surrounding particles of resin dispersed

within the pulpal tissue. 26,27 Some investigators

have stressed the difference in pulpal responses

between monkey and human teeth and caution

against the use of bonding techniques in the clini-

cal management of pulpal exposures .77,92

Dentin bonding should reduce microleakage

because the hybrid layer provides continuity

between the restorative material and underlying

dentin. While one recent study reported no evi-

dence of bacterial contamination in any teeth

restored with a one-application dentin bonding

system, 43 others have reported bacterial leakage in

more than 30% of experimental teeth .29,45 The gin-

gival margin of cervical lesions, placed in cemen-

tum or dentin and subjected to cyclic stresses

associated with occlusal loading, provides a rigor-

ous test of dentin bonding.The cervical margin of

proximal restorations is also recognized as an area

that requires meticulous technique to achieve a

good marginal seal. While dentin bonding agents

have developed enormously in a short time, it is

premature to imagine that they routinely provide

a reliable barrier to microbial penetration.

Extensive restorative procedures

Except in cases of trauma, teeth requiring exten-

sive restorations generally have a long history of

pulpal injury and diminished repair potential.

Full-crown preparations, probably the greatest

restorative injury to which the pulp is subjected,

have been estimated to involve up to 1 cm 2 of cut

dentin, exposing 2 X 10 6 or more tubules. 93

Nonetheless, extensive restorative procedures

result in a low rate of pulpal necrosis, variously
estimated in long-term clinical studies at approxi-

mately 1% per year for crowns 94 and 2% to 3%

per year for complex amalgam restorations. 95

Pins
Complex amalgam restorations in teeth with vital

pulps may rely on auxiliary retention such as pins

inserted into dentin.96Threaded pins pose a signifi-

cant hazard to the pulp, including placement into

the pulp. Pin placement within 0.5 mm of the

pulp of monkey teeth provoked a severe inflam-

matory response, while placement at a distance

greater than 1 mm had little effect.97 In addition to

the risk of perforation, self-threading pins pose

two potential problems: heat generation and

stresses within adjacent dentin. Substantial heat is

generated during pin hole preparation, placement

of the pin, and even during reduction of pin

height following placement. 98,99 Localized temper-

ature increases in dentin during pin hole prepara-

tion (in extracted teeth) reached approximately
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Fig 15-7a Pins used to retain a large restoration in a tooth
with little remaining coronal structure but with a vital pulp.

Fig 15-7b Inappropriate pin placement presents danger to
the pulp and periodontal ligament.

Figs 15-7c and 15-7d Crazing and flaking (conchoid fracture) of dentin associated with threaded pin place-
ment. In Fig 15-7d, the pin is perpendicular to the plane of the photograph.

70°C and more than 30°C during pin placement.98

The low thermal diffusivity of dentin means that

the temperature increase on the pulpal surface

would be much less and was estimated at only 1°C

to 2°C. Localized effects on underlying odonto-
blasts, mediated by thermally induced dentinal

fluid flow, are likely to occur, and the risk is

increased as pins are placed close to the pulp. Self-

threading pins generate considerable stresses

within adjacent dentin when they are inserted,

resulting in crazing of dentin that may extend onto

the pulpal surface (Fig 15-7). 100 The sudden gener-
ation of stresses in dentin during pin placement is

also likely to result in rapid dentinal fluid flow; dye

placed into a pin hole before pin insertion spreads

throughout adjacent dentin and even into the pul-
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pal space of extracted teeth. 101 Slots and "amalgap-

ins" (shallow, round holes in dentin into which

amalgam is condensed) appear less damaging to

pulp and provide comparable retention.75,97 The

use of bonded amalgam, possibly in association
with retentive features such as amalgapins, has

recently been suggested as a more dentin-conserv-

ing approach than self-threading pins for complex
amalgam restorations. 75

Crowns

Placement of crowns is associated with a high

rate (23%) of postcementation sensitivity 102 and a
small but significant loss (approximately 1 % per

year) of pulpal vitality. Pulpal death following

crown placement appears to occur at a steady

rate over many years (Fig 15-8), 94,95 implying a
progressive degenerative response of the pulp.70

Pulpal injury can occur at almost every stage of

crown preparation and placement. The extensive

cutting during crown preparation exposes a large

number of highly permeable dentinal tubules,

many of them intact and previously unaffected by

caries or restorative procedures. 93 Desiccation,

thermal injury, and bacterial contamination have

all been implicated in the injury associated with

tooth preparation. 13,103 At the same time, forma-

tion of a smear layer markedly reduces the trans-

mission of pressure toward the pulp that occurs

during cementation. 104,105

Cementation of crowns is potentially highly

traumatic to pulps. Crowns are typically seated

with substantial force, 106,107 generating a pressure

pulse transmitted toward pulp via dentinal tu-

bules. 108 In association with the pressure pulse,

components of luting cements and bacterial tox-
ins may be forced into the pulp.13,33,109 Despite

the low pH of cements such as zinc phosphate

and glass ionomer, material toxicity appears to be

less of a factor in subsequent pulpal sensitivity

than desiccation before crown seating or bacterial

contamination. 110 Marginal leakage of crowns in

clinical function, with bacterial penetration, may

be the greatest ongoing injury to the pulp. 13,111

The placement of a well-sealed coronal res-

toration is thought to be a major factor in the clini-

Fig 15-8 Periapical and surrounding bone radiolucency 7
years after crown placement.

cal success of the endodontically treated tooth. In

an epidemiologic study using an insurance data-

base of 44,613 endodontically treated teeth with a

minimum 2-year follow-up, teeth with no subse-
quent restorative code had an 11.2% incidence of

extractions whereas teeth restored with a crown

had a 2.5% incidence of subsequent extractions.
In two radiographic survey studies, each evaluat-

ing more than 1,000 patients, the teeth deter-

mined to have poor restoration and poor endo-

dontic treatment had an increase of 1.4 to 5.0

times the rate of periradicular radiolucency as

compared to teeth determined to have good

restoration and good endodontic treatment. 113,114

Both studies concluded that teeth with good

restorations had significantly better radiographic

outcomes as compared to teeth judged to have

poor restorations.
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Fig 15-9 Extracted maxillary premolar with strain gauges
bonded to the buccal and palatal cusps, subjected to experi-
mental cuspal loading. Nondestructive sequential testing of
the effects of cavity preparation and restoration on cuspal flex-
ure is possible with this approach.

Biomechanical
Considerations: Cuspal
Flexure and Its Consequences

Teeth deform under occlusal load. While the intact

tooth is very stiff, any breach in the continuity of

enamel weakens the tooth and increases cuspal

flexure. The potential effects of cuspal and tooth

flexure on dentinal fluid flow have already been

considered. In this section we consider factors

influencing the extent of cuspal flexure, clinical

consequences of excessive flexure, and the role of

the restoration in protecting against cuspal flex-
ure. Hood 56 has emphasized the importance of

avoiding differential movement between the

tooth and restoration in the ultimate success or

failure of the restored tooth. We will also consider

briefly the biomechanics of endodontically treat-

ed teeth in relation to prevention of crown or
root fracture.

A brief review of terminology and of experi-

mental methods is in order. The extent to which

cusps are weakened (or reinforced) by restora-
tive procedures can be expressed in terms of cus

pal stiffness or cuspal flexure. Both refer to

experimental measurement of cuspal bending in
response to an applied load. Nondestructive tech-

niques permit repetitive testing on the same

tooth; in this way, changes in stiffness can be
related to each step of a restorative procedure.

Stiffness is commonly measured using strain

gauges bonded to the enamel surface (Fig 15-9),
and the strain under experimental conditions is

expressed in relation to the strain measured in

the intact tooth, or relative stiffness. 54,55 Linear

measurement devices (such as an extensometer

or a linear variable differential transformer) meas-

ure actual cuspal displacement, often with an

accuracy of 0.1 um.56,115 Cuspal flexure increases

as cuspal stiffness declines (though not necessari-

ly in direct proportion to each other). 115 Destruc-

tive testing techniques lead to the fracture of a

tooth or cusp and hence measure the ultimate

strength of a tooth. Loading to fracture by means

of a gradually increasing load is the easiest tech-

nique experimentally, but impact testing or cyclic

loading resulting in fatigue fracture more closely

resembles clinical conditions of tooth failure. 56

These experimental techniques using extracted

teeth are often supplemented by numeric meth-

ods of analysis (finite element analysis) or by pho-

toelastic stress analysis.

Restorative factors influencing cuspal
flexure

Beginning with the work of Vale, 116 numerous

investigators have studied the effects of cavity

preparations on cuspal flexure or resistance to

fracture. Vale demonstrated that an isthmus width

of one third the intercuspal width or greater was

associated with a lower fracture strength, a find-

ing confirmed by numerous investigators." 6

Moreover, loss of one or both marginal ridges

results in a major reduction in cuspal stiffness. 55

Others have shown that the depth of the cavity
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floor may be more important than width in reduc-

ing resistance to fracture, as well as predisposing

to unrestorable fracture. 117-1 1 9 Hood5' has inte-

grated these observations into the cantilever

beam hypothesis of cuspal flexure, with the

unsupported cusp functioning as a cantilever

beam and the floor of the cavity preparation serv-

ing as the fulcrum. Beam deflection is a function

of both the length and the width raised to the

third power. If the length of the beam is doubled

or the thickness of the beam reduced by one half,

then the deflection in response to the same load

will increase by a factor of 8. Depending on the

tooth type, a mesio-occlusodistal (MOD) cavity

preparation reduces cuspal stiffness and fracture

resistance by 50% or more. 55,56,61,120

The greatest loss of coronal tooth structure is

encountered in teeth undergoing endodontic

treatment, which often will have suffered from

extensive caries and repeated cycles of restora-

tion, resulting in weakened and undermined

cusps. If the access cavity is confined to the

occlusal floor of the cavity preparation, it has only

a small effect on cuspal flexure. 55 More extensive

access preparation extending into the proximal

boxes results in much greater cuspal flexure. 61

Individual cusps flex outward by up to 25 um

under simulated occlusal loading within a physio-

logic range. Clinically, excessive coronal flaring of
canals resulted in a much higher frequency of cus-

pal fractures. 121

Consequences of increased cuspal
flexure

Dentinal fluid flow and tooth sensitivity

Only one study has attempted to measure dentin-

al fluid flow in association with occlusal loading

of restored teeth. 63 The authors reported in-

creased fluid flow in extracted teeth restored

with resin composites relative to intact or amal-

gam-restored teeth. They attempted to relate the

increased fluid flow to the sensitivity often

encountered clinically following placement of

resin composite restorations. 122

Marginal leakage and its sequelae

Unless the restoration reduces the cuspal flexure

or bonds to the tooth, the possibility exists for a

marginal gap to open up with every occlusal load

cycle.A tooth in normal function will be subjected

to more than a million chewing and swallowing

cycles per year. Granath and Svensson conclud-

ed that a conservative MOD cavity preparation in

combination with average chewing forces did not

constitute an "imminent risk" of marginal leakage,

but more extensive preparations expose teeth to

the danger of salivary leakage, ingress of bacteria,

and consequent pulpal inflammation and second-

ary caries.The much greater cuspal flexure associ-

ated with extensive preparations plus endodontic

access60,61 potentially puts the tooth at even

greater risk, with consequences for coronal leak-

age and endodontic failure. "3 Of greater concern

for endodontically treated teeth, however, is the

risk that extensive cuspal flexure will lead to cus-

pal or tooth fracture.

Cuspal and tooth fracture

Cuspal or tooth fracture is a significant clinical

problem, often resulting in extraction. 124 A large

majority of teeth undergoing fracture have been

previously restored, mostly with Class 2 amal-

gams. 125,126 Cuspal flexure, which is not reduced

by a conventional intracoronal amalgam restora-

tion, has been implicated in this association (Fig

15-10). 56 Fracture may result from a high-impact

force that exceeds the strength of the cusp 124 or,

more commonly, from fatigue produced by repeat-

ed flexure of the cusp.56,127 Both clinically and

experimentally, cuspal fracture characteristically

occurs from the base of the cavity preparation

(pulpoaxial line angle) obliquely toward the buc-

cal or lingual cervical area. 128 The pulpoaxial line

angle is the region of greatest stress during cuspal

loading. 121 It should be emphasized that nonen-

dodontically treated teeth restored with conven-

tional Class 2 amalgams, including complex

restorations, have very high survival rates 95,130 ; the

frequent association of amalgam with cuspal frac-

tures reflects the dominant use of the material for

posterior tooth restoration. There are, however,
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Fig 15-I0a Palatal cuspal fracture in a maxillary premolar
restored with an extensive MOD amalgam without cuspal pro-
tection.

Fig 15-10b Cast gold restoration with buccal cuspal overlay
provides a very strong restoration but may not satisfy esthetic
requirements for many patients.

limits to its successful use without cuspal protec-

tion.

Restoration to minimize cuspal flexure

In view of the adverse consequences of excessive

cuspal flexure, large restorations should incorpo-

rate features that reinforce the cusps. This is

essential for endodontically treated posterior

teeth with lost marginal ridges, which have a

high failure rate when a routine intracoronal

amalgam is placed. 131,132 Metallic restorations

(amalgam, cast gold) can be used to overlay

cusps, resulting in a marked reduction in cuspal

flexure and an increase in fracture strength often

exceeding that of the intact tooth (Fig 15-11; see

also Fig 15-10b). 120,133,134

The advent of adhesive dentistry, and particu-

larly bonding to dentin, has led to recommenda-

tions that bonded restorations be used as an alter-

native to cuspal coverage. Theoretically, bonding

between the restorative material and the cavity

wall shifts the greatest stresses during cuspal

loading from the pulpoaxial line angle (ie, the

base of the cusp) to the interface between the
restorative material and enamel at the cavity sur-

face. 129 Thus, bonding should reduce cuspal flex-

ure, which has been demonstrated in resin com-

posite s54,135 and bonded amalgams 121,136 in ex-

tracted teeth. Results demonstrating the effect of

bonded restorations on fracture resistance have

been extremely variable. Bonded amalgam

restorations have been said to increase fracture

resistance by up to 72%, depending on materials,

tooth type, and cavity preparation, while other

studies have shown no benefit.128 Adhesive resin

restorations have also performed inconsistently

with respect to fracture resistance. 133,137,138 TWO

other considerations must be taken into account

with regard to bonded restorations: the creation

of stresses within the tooth during placement of

the restoration and failure of the bond after

repeated occlusal loading.

Condensation forces during the placement of

amalgam generate transient cuspal strains, fol-

lowed by immediate elastic recovery. 30 Depend-

ing on the setting expansion of amalgam, a small,

permanent outward cuspal deformation may also

occur. 30,139 Polymerization shrinkage of resin com-

posites bonded to tooth structure results in trans-

fer of stresses to the tooth with inward deflection

of cusps, causing permanent stress on the tooth . 35
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While incremental placement techniques have
been advocated to reduce cuspal deformation and

have become accepted clinical procedure, they

do not reduce the shrinkage stresses accompany-

ing polymerization. 35 The clinical consequences

of such permanent stresses are adverse: postoper-

ative sensitivity, cracking of enamel, and ultimate

failure of the bond, leading to marginal leakage

and the risk of secondary caries.

Clinical correlations of cuspal flexure

Bond failure in bonded amalgam restorations

Bonded amalgam restorations offer many poten-

tial advantages: more conservative preparations

with less reliance on mechanical retention,

reduced cuspal flexure, increased fracture resist-

ance, and decreased marginal leakage and postop-

erative sensitivity. 12s,111 Clinically, Mahler and

Engle140 found no effect of bonding on postopera-

tive sensitivity or marginal integrity in Class 1 and

2 restorations after 3 years. Davis and Overton75

reported reduced cold sensitivity after 3 and 12

months in teeth with incomplete fractures re-

stored with bonded cuspal overlay amalgams.

It is tempting to use bonded amalgams for

large restorations (including endodontically treat-

ed teeth) and to rely on the bond rather than

cuspal coverage to protect against cuspal flexure

and tooth fracture. No long-term clinical studies of

the effectiveness of bonded amalgam restorations

in protecting against fracture have been pub-

lished. Experimental studies using extracted teeth

have shown an initial partial improvement in Cus-

pal stiffness and fracture resistance. 128,141,142 The

benefit was rapidly lost, however, after storage (as

little as 7 days in water), thermocycling, or load

cycling. 112 Once the bond is lost, the tooth be-

haves biomechanically as if it were unrestored,

with potentially catastrophic consequences. While
amalgam bonding may have some benefits in

terms of retention (though probably not reduced

sensitivity), it should be used only in association

with other forms of cuspal protection to guard

against fracture.

Fig 15-I I Cuspal overlay amalgam serves as a durable inter-

im restoration following endodontic treatment and provides
good protection against cuspal flexure.

Incomplete cuspal fracture

incomplete cuspal or tooth fracture ("cracked

tooth syndrome") is characterized by the sudden
onset of sharp pain upon biting and thermal (typ-

ically cold) sensitivity. The sensitivity is consid-

ered to result from increased dentinal fluid flow

accompanying the increased cuspal movement . 62

Careful diagnosis and prompt restorative inter-

vention to minimize cuspal flexure and prevent

crack propagation are often sufficient to resolve

symptoms rapidly and permanently. Without

intervention, the problem is likely to result in

complete cuspal fracture or, depending on the

path of fracture, pulpal involvement and vertical

fracture. Palliative treatment (such as a provision-

al zinc oxide-eugenol restoration) without con-

trol of excessive cuspal movement is ineffective.

Excellent recent reviews of diagnosis and man-

agement are available.75,143

The restoration should include all involved

cusps, which should be reduced in height and

overlaid with the restorative material. A cast

restoration has the advantage of antiflexure fea-

tures, such as a reverse bevel, that are readily

incorporated into the restoration design; cuspal

stiffness and fracture resistance can exceed that
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Fig 15-12 Incomplete fracture extending from a proximal
box, across the floor of the pulpal chamber, and partially
along the buccal surface of the palatal root of a maxillary
molar. Pulpal necrosis and periodontal ligament breakdown
necessitated extraction of the tooth.

of intact teeth. 133 Complex amalgam restorations

with at least a 2-mm reduction of the affected

cusps also appear to be satisfactory restorations,

providing prompt resolution of symptoms.71,143

This may be one clinical situation where the use

of an amalgam bonding agent is appropriate. 71,143

It must be emphasized, however, that bonding

should be used in conjunction with cuspal reduc-

tion and overlay, not as an alternative to cuspal

coverage. Long-term clinical studies are needed to
confirm its durability.

Delayed management severely compromises

health of the pulp because a crack penetrating to

the pulpal chamber provides a pathway for bacte-
rial invasion, pulpal inflammation, and necrosis.

Extension of the crack to the pulpal floor or

below the gingival margin generally results in a
hopeless prognosis, as does complete separation

of the fractured parts (Fig 15-12).

Restoration of endodontically treated teeth
A comprehensive coverage of restoration of

endodontically treated teeth is beyond the scope

of this chapter, and indeed is only peripherally

related to the central theme of permanent restora-

tions and the dental pulp. Many aspects of restor-

ing endodontically treated teeth are only an exten-

sion of the same principles as discussed above-

the endpoint is preserving the tooth as a function-

al unit rather than preserving the pulp. As consid-

ered earlier, the major concern is cuspal flexure

and its consequences of marginal leakage and
tooth fracture.

For many years the emphasis in restoration of

endodontically treated teeth was on reinforce-

ment to prevent fracture, primarily with the use of

a large post. With the recognition that posts do not

reinforce the root and commonly weaken it,

emphasis has changed to conservation and protec-

tion of remaining tooth structure. Conserving

tooth structure should not come at the expense of

protecting the tooth from fracture. Intracoronal

amalgam restorations have been shown in both

clinical and experimental studies to be susceptible
to failure and should not be used. 120,121,131-133 As a
general guideline, cusps adjacent to a lost marginal

ridge should be overlaid, with sufficient bulk of

amalgam (usually 3 to 4 mm) to resist occlusal
forces.The amalgam should extend into the pulpal

chamber and canal orifices to aid retention. Lon-

gevity of extensive amalgams is similar to that of
cast restorations, 95 and the amalgam may subse-
quently serve as a core for full coronal coverage if

indicated. Bonded amalgams do not increase frac-

ture resistance and should not be used as a substi-

tute for cuspal overlays. 138,144 Bonded resin com-
posite restorations should also be used with

caution. Experimental data on fracture resistance

are conflicting, 138,144 and concerns related to the
long-term effects of stresses resulting from poly-

merization shrinkage and of bond failure from

fatigue need to be addressed. Bonded restorations

(both amalgam and composite) will almost cer-

tainly become more widely used as bonding mate-

rials and techniques continue to improve. Cast

restorations provide the greatest occlusal protec-
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tion, and the strength of gold allows conservative

tooth reduction and a reverse bevel for greater

cuspal reinforcement. 56,120,133

A full crown needs to be used only when

remaining coronal tooth structure is insufficient

for a more conservative restoration, or where

occlusal stresses require the splinting effect of full
coronal coverage. Full-crown preparation requires

further tooth reduction and often leaves little

remaining coronal dentin. To retain the crown, a

core, and occasionally a post to retain the core,

must be placed. When a post is required, the mini-

mum post space (in terms of diameter and taper)
consistent with that need should be prepared. The

role of posts, as well as the bond between post

and tooth, are undergoing substantial rethinking,

and long-term clinical trials will be needed to pro-

vide better answers to the question of the ideal

post. 145 Stiffer (gold or titanium) posts may lead to

root fracture, whereas more flexible (carbon

fiber) posts deform with the tooth and tend to fail

without fracturing the tooth. 146,147
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Pulpal Effects of
Thermal and
Mechanical Irritants
Harold E. Goodis, DDS; David Pashley, DMD, PhD;

Adam Stabholtz, DDS

Clinical dental procedures often generate thermal

and mechanical stimuli of sufficient magnitude to

injure dental pulp or surrounding tissues. This

chapter reviews the physical properties of these

stimuli; the thermal properties of the pulpodentin

complex; the ways in which stimuli are transmit-

ted to the dental pulp or surrounding tissues; and

the pathophysiologic processes that occur in

response to stimuli. It is important for the clini-

cian to understand these factors in order to pro-

vide minimally traumatic restorative or endodon-

tic dental care. Other physical properties of the

pulpodentin complex are reviewed in chapter 4,

and the circulatory responses to thermal and

mechanical stimuli are reviewed in chapter 6.

Physical Properties
For an understanding of the thermal dynamics

that occur in the pulpal and periodontal tissues, it

is necessary to review the physical properties of

dental materials. Thermal changes occur during

dental treatment in response to heat generated by

restorative procedures or by laser treatment and

in the root canal and surrounding tissues during

the application of thermoplasticized gutta percha.

One important thermal property, thermal conduc-

tivity (K), is defined as the quantity of heat in calo-

ries or joules that passes per second through a

body 1 cm thick, with a cross-sectional area of 1

cm2 , when the temperature gradient is VC. 1 Ther-

mal conductivity is measured in units of cal sec -1

cm-2/°C per cm. Materials with thermal conduc-

tivities greater than 0.1, which includes most met-

als, are considered good thermal conductors.

Materials with low thermal conductivities, such as

enamel, dentin, porcelain, cements, resins, and

gutta-percha, are considered poor thermal con-

ductors or, conversely, excellent insulators. Dentin

is an excellent insulator because it is a poor ther-

mal conductor (Table 16-1). 2,3

A second important thermal property is the

specific beat of a material. This is the amount of

heat, in calories, necessary to raise the tempera-

ture of 1 g of substance by 1 'C. Water is the pre-
ferred reference standard, and hence 1 calorie is

defined as the heat required to raise 1 g of water

from 15 °C to 16°C. Water is unique in that it has

very high heat capacity. In general, the specific

heat of liquids is higher than that of solids, and

metals have specific heats that are less than 10%
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that of water (see Table 16-1).The higher specific

heat of dentin over that of enamel is largely due

to its greater water content.The low specific heat

of metals, combined with their high thermal con-

ductivity, means that they can be heated and

cooled rapidly compared to dentin. This property

has clear clinical implications when polishing or

removing metallic restorations with mechanical

friction (ie, handpiece and bur).

The third important thermal property is the

thermal diffusivity (A) that determines the tran-

sient heat flow.' It is defined as the thermal con-

ductivity (k) divided by the product of the specific

heat of a material times its density (p). It is mea-

sured in units of cm2/second.The thermal diffusivi-

ty of a material describes the rate at which a body

of nonuniform temperature approaches equilibri-

um. 1 The thermal diffusivity of metals is more than

100-fold higher than that of dentin (see Table 16-1).

The flow of heat across dentin obeys Fickian diffu-

sion theory. The diffusion coefficient for heat has

the same units as thermal diffusivity (cmz/second).

In bulk dentin, this value is between 1.8 X 10 -3

cm2/second and 2.3 X 10-3 cm2/second.2,4

Pulpal Responses to
Thermal Stimuli During
Cavity Preparation

Early studies on pulpal reactions to thermal chal-

lenges were performed by Zach and Cohen 5 using

rather crude instruments. They were concerned

about heat generated during cavity preparation or

finishing procedures. Their histopathologic assess-

ment of the subsequent pulpal reactions to appli-

cation of heat to enamel in intact teeth indicated

that pulpal temperature increases of 5 °C to 17°C
would cause progressively more severe pulpal

necrosis. A study by Nyborg and Brannstrom

applied heat to the dentinal floor of Class 5 cavi-
ties in human volunteers. They applied a 150°C

stimulus for 30 seconds to dentin that had

remaining dentinal thickness (RDT) of 0.5 mm.
Histologic examination of the pulps of these

teeth showed loss of odontoblasts on the side of

the pulp containing the cavity. After 1 month, the
pulpal reaction beneath the heated dentin exhib-

ited excessive collagen matrix formation that

occasionally contained cells and capillaries but

did not mineralize. Of the 20 test teeth, 14 were

free of inflammation. The patients had no painful

sensations in the heated teeth over the 30-day

period.

Many authors have assumed that 5 °C to 10°C

elevations in external root temperatures would

produce damage to the periodontal tissues similar

to that produced in pulpal tissues. However, the

higher blood flow in the periodontal ligament per

mg of tissue relative to the pulp may influence

the outcome.

In their classic study of pulpal reactions to cav-

ity preparation, Zach and Cohen 5 demonstrated

that cavity preparations with high-speed hand-

pieces using air-water spray actually lowered pulp-
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Fig I6-I Summary of the changes in pulpal temperature during low- (LS) and high-speed (HS) cavi-
ty preparation with and without cooling. (Modified from Zach and Cohen' with permission.)

al temperature because the water spray was cool-

er than the temperature of the pulp and because

of the high heat capacity of water. They recom-

mended what they called the "washed-field" tech-

nique of tooth reduction in which the tooth sur-

face is exposed to the air-water spray for 5 seconds

before cutting. After initial cutting, the bur is lifted

off the surface for 1 second following every 4 sec-

onds of cutting. Consequently, the pulpal tempera-

ture never rises above basal temperatures (Fig 16-

1). Cutting at high speeds with air alone as a

coolant lowered pulpal temperature prior to cavity

preparation; however, the pulpal temperature

rapidly rose as much as 8°C above normal during
the procedure. 5 This observation has been con-

firmed by others.' -" The frictional heat produc-

tion will depend on rotational speed and torque,"
the amount of force applied to the bur," the cool-

ing efficiency of the irrigant, and the prior wear

and design of the bur (eg, cutting blades such as
carbide fissure burs or grinding surface such as dia-

mond burs). 13

Collectively, these results indicate that pulpal

reactions to various restorative procedures",' 4-17

are not necessarily caused by excessive heat pro-

duction. However, it is difficult to precisely posi-
tion temperature sensors to detect heat generated

during cutting. In addition, the poor thermal con-

ductivity of dentin can result in thermal burns to
surface dentin without much change in pulpal

temperature. 'a

Pulpal reactions to restorative procedures may

in part be caused indirectly. It is possible that a

high surface temperature can thermally expand

the dentinal fluid in the tubules immediately

beneath poorly irrigated burs. If the rate of expan-

sion of dentinal fluid is high, the fluid flow across

odontoblast processes, especially where the odon-

toblast cell body fills the tubules in predentin, may

create shear forces sufficiently larger to tear the

cell membrane and induce calcium entry into the

cell'20 possibly leading to cell death.This hypothe-

sis suggests that thermally induced fluid shifts

across tubules serve as the transduction mecha-
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Fig 16-2 Summary of increases in pulpal temperature follow-
i ng a variety of experimental procedures. (Modified from
Baldissara et a1 25 with permission.)

nism for pulpal cell injury without causing much

change in pulpal temperature.

An additional factor that can cause pulpal irri-

tation is evaporative fluid flow.21 Blowing air on

dentin causes rapid outward fluid flows that can

induce the same cell injury as the inward fluid

flow caused by heat. This is why dry cutting with

air is not recommended. Although air lowers pulp-

al temperature, 5,8,10,13 it induces very rapid out-

ward fluid flow in dentinal tubules" ,23 that would

create shear stress across odontoblasts and sub-

odontoblastic cells and may tear their membranes.
Recent studies have not been able to confirm

the earlier reports of pulpal damage from thermal
stress. Since many dental procedures can elevate
pulpal temperatures by 9°C to 15°C, Baldissara et

a125 evaluated the pulpal response to these tem-
perature changes in normal young premolars

scheduled for extraction for orthodontic purpos-

es.They placed custom-fabricated metal plates on

the teeth. Thermoresistors were attached to the

plates to produce controlled heat flows. The sur-

face temperature of the test teeth was measured

before and during controlled heating in nonanes-

thetized patients who were able to record both

prepain and pain sensations during these proce-

dures. The rate of heat application in this study

was much lower than that used by Zach and

Cohen24 and was selected based on the rate of

heating reported in the literature from a variety of

restorative procedures (Fig 16-2). In monkeys,

Zach and Cohen24 found that pulpal temperature

of 40.5°C produced pulpal necrosis in 60% of the

teeth. In the human study conducted by Baldissara
et a1, 25 heating teeth to 39.5°C to 50.4°C (average

44.5°C) caused pain.This was perceived first as a

"swelling" of the tooth, but as the thermal stimu-
lus continued, the pain became more intense in

magnitude, dull in perceptual character, and poor-

ly localized. These symptoms are hallmarks of

unmyelinated C nociceptor pain (see chapters 7

and 8). The occurence of any postoperative symp-

toms were followed for 63 to 91 days, during

which time none of the patients reported any

spontaneous tooth pain. Histologic examination

of the teeth failed to demonstrate any signs of

inflammation, reparative dentin, etc. Similar in

vitro studies were done on extracted human teeth

with thermocouples placed at the pulpodentin

border, immersed to the cemento-enamel junction

(CEJ) in 37°C.25 When the same electric currents

were applied to the teeth in vitro, the authors

could follow the rate and duration of changes in

pulpal temperature (see Fig 16-2). This study con-

cluded that young premolars could withstand

increases in pulpal temperature between 8.9°C

and 14.7°C without any histologic evidence of

pulpal damage. Their rate of heat application was

less than that used in the studies by Zach and

Cohen.5,24 Thus, the rate of delivery of heat is

probably more important than the absolute rise in

pulpal temperature.

This temperature range is similar to that mea-

sured in pulpal chambers during finishing or pol-
ishing of restorations. 26,27 Even higher increases

in pulpal temperature have been measured dur-

ing self-curing of temporary crowns28 and from
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visible light-cured crowns. These studies need to

be repeated using the turbo-tips that concentrate

light on smaller surfaces and using new high-

intensity light sources.

Pulpal Responses to
Mechanical Stimuli
During Cavity Preparation

Several studies have reported on the release of

enzymes and other immunoreactive substances

in the dental pulp during mechanical tooth-

preparation procedures.The release of these sub-

stances may be due to temperature increases, to

the mechanical stimuli of tooth preparation, or

to both. Since temperature effects were dis-

cussed above, this section will review only the

mechanical nontemperature causes of release of

these substances.

Many enzymes and other immunoreactive sub-

stances are normally present in the pulp under

nonstimulated conditions. When the pulp is stimu-

lated mechanically, these substances are released

by physiologic mechanisms (eg, exocytosis) or by

disruption of cellular membranes. An early study

in monkey teeth examined the effect of cavity

preparation on pulpal enzyme release (alkaline-

acid phosphatases and others). Tooth prepara-

tion by air turbine and adequate water cooling did

not affect enzyme activity, nor did the application

of corticosteroids. When calcium hydroxide

(Ca[OH2]) was applied to the cavity floor, howev-

er, enzyme activity was increased after 24 hours in

the odontoblastic and subodontoblastic cell layers

adjacent to the Ca(OH) 2-covered dentin. Fifteen

days later, slight dentinal formation was found,

possibly indicating a role for these enzymes in
stimulated hard tissue formation. 32

Neuropeptides such as substance P and calci-

tonin gene-related peptide (CGRP) are present in
dental pulp in relatively high concentrations (see

also chapters 7 and 8). Rat molar dentin was pre-

pared with a high-speed handpiece and bur to
determine injury-related changes in the levels of

immunoreactivity of both of these substances. 33

Pulpal exposures caused massive decreases of

immunoreactive substance P (10% of baseline lev-

els) and moderate decreases in immunoreactive

CGRP levels (45% of baseline levels). Preparation

and acid etching without exposure caused

decreases of 10% to 20% and 60%, respectively, of

baseline levels.
This study indicated that pulpal neuropeptides

undergo dynamic injury-specific and peptide-spe-

cific responses following pulpal trauma (see also
chapters 7 and 8). Other changes may occur in

the trigeminal ganglion (see also chapter 8). For

example, dental injuries affect the presence and

distribution of neuropeptide Y-like immuno-

reactivity.34 In normal trigeminal ganglion, some

perivascular nerves displayed neuropeptide Y-like

immunoreactivity, but there were no immunoreac-

tive ganglionic cells. After dental injury (extrac-

tion, pulp exposure), neuropeptide Y-like im-

munoreactive cells appeared in the ganglion,

indicating a change in the primary sensory neu-

rons of the ganglion.

When dentin is exposed, plasma proteins such

as albumin, IgG, and fibrinogen are released by

the process of plasma extravasation (chapter 6).

Data were compared to relative concentrations

of these proteins in the dental pulp. 35 Albumin

and IgG were found in all dentinal samples and

were similar to fluid samples from exposed pulp-

al tissue. Fibrinogen was found in all pulpal sam-

ples but in only 25% of dentinal samples. The

results indicated varying responses of plasma

protein release in reaction to mechanical injuries.

Another study examined changes in distribution

of fibrinogen/fibrin and fibronectin in the pulpo-

dentin complex after Class 5 cavity preparation

in maxillary rat molars. 36 Fibrinogen was detect-

ed in the exudates and dentinal tubules at various

times after preparation. Fibronectin staining

showed a similar pattern in the exudates. At 3

days, the irregularly shaped dentin under the

preparation showed strong fibronectin staining.

The results indicated that these substances are

present during the healing process after mechani-

cal injury.
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Mechanically induced injury to pulp elicits a

number of responses of immunocompetent Class

11, major histocompatibility complex (MHC) anti-

gen-expressing cells (see also chapters 5, 10, and

11). Cavity preparations in rat maxillary first

molars caused an acute edematous reaction be-

tween injured odontoblasts and the predentin,

and most of the OX6-immunopositive cells nor-

mally present in uninjured teeth shifted away

from the pulpodentin junction. 37 At 24 to 72

hours after injury, many of these cells accumulat-

ed along this border and newly differentiated

odontoblasts appeared, indicating that Class 11

MHC antigen-expressing cells in the pulp partici-

pate in the initial defense reaction and may serve

as a biologic sensor for external stimuli. Collec-

tively, these studies indicate that substances and

cells normally found in healthy dental pulp play a

role in events occurring when the pulp is adverse-

ly stimulated.

A later study measured the response of OX6 +

and ED1+ cells (Class 11 MHC cells) and macro-

phages to mechanical preparation and a resin-

bonding agent.38 Preparations were made and
immediately restored in maxillary rat molars, with

unrestored and nontreated teeth serving as posi-

tive and negative controls.The teeth were evaluat-
ed at 3 and 28 days posttreatment using anti-Class

11 antisera (OX6) and antimacrophage antisera

(EDl). In the restored teeth at 3 days, densities of
both cells were significantly higher than in the

intact group. At 28 days, sound reparative dentin

was seen, and the density of immunocompetent

cells was comparable to that of the intact teeth.

Pulpal abscesses were observed in 14 of the 16

samples in the teeth without resin, indicating that

the resin-bonding agent reduced transdentinal

antigenic challenges.

In vitro studies into the dynamics of events

occurring due to dentin/pulp injury using cul-

tured dental pulp cells are able to express typical

markers of cell differentiation, but have not been

able to recreate pulpal response to dentin prepa-

ration. However, a report of the behavior of thick

slices of human dentin drilled immediately after

extraction attempted to develop a model corre-

lated to tissue healing. 39 This study showed that

the damaged pulp beneath the preparation

demonstrated cell proliferation, neovasculariza-

tion, and presence of functional cuboidal cells

close to the injured area.After 30 days of culture,

elongated spindle-shaped cells were aligned

along the edges of the prepared dentin, which

may indicate formation of odontoblasts and the

onset of odontogenesis.This model may be useful

for testing factors regulating pulpal repair.

Bone morphogenetic proteins (BMPs) affect

the differentiation of pulp cells to odontoblast-

like cells after injury during reparative dentino-

genesis (see chapter 3).The effect of BMPs on the

expression of nuclear proto-oncogenes (c-jun, jun-

B) was evaluated after injury and during repair in

rat molars . 4° While both are co-expressed in tooth

germs, only c-jun was expressed in the odonto-

blast layer of adult molars, whereas jun-B expres-

sion was absent in all pulp cells. After injury, both

were co-expressed in cells beneath cavities, and

their levels greatly increased during early repair.

At 14 days, both were seen only in pulp cells lin-

ing the surface of thick reparative dentin. The
results indicate a role for active formation of

dentin matrix during primary and reparative

dentinogenesis.
Several other chemical mediators are released

during pulpal injury. Nitric oxide, produced by

nitric oxide synthase (NOS) (several isozymes
have been discovered) has been implicated in

multiple inflammatory processes, and the level of

NOS can be used as a marker of tooth pulpal

insult. Therefore, relative distributions of NOS in

uninflamed and inflamed rat pulp were exam-

ined . 4 ' Tissue levels of both macrophage NOS

(macNOS) and neuronal NOS (nNOS) in normal

and inflamed rat molar pulp were determined at

multiple time points. Deep cavity preparation pro-

duced a time-dependent inflammatory response

that was acute in nature early, later progressing to

a chronic, granulomatous response with necrosis,

and spreading down the root adjacent to the

preparation. Nonprepared teeth showed a faint

homogenous distribution of NADPH-d and mac-

NOS, but no discernible nNOS reactivity. Similar
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changes were seen around the inflamed areas. The

results indicate a role for nitric oxide in mediating
pulpal inflammation after an injury.

Odontoblasts are formative cells that are re-

sponsible for dentin matrix formation and mineral-

ization. Studies indicate that they display dynamic

responses to injurious mechanical stimuli. Recent
studies have examined injury to the pulp cells

responsible for hard tissue formation. One study

measured the changes in odontoblast cell num-
bers in response to injury due to cavity restoration

variables and patient factors and the effect those
factors had on tertiary dentin repair . 42 Class 5 cavi-
ty preparations and restorations were placed in

premolars of patients between the ages of 9 and

17 years. After removal (28 to 163 days later), the

area of reactionary dentin and the area of the

odontoblasts were measured histomorphometri-

cally. Only the age of the subject appeared to have
an effect on odontoblast dentinal secretory capaci-

ty, with the older subjects demonstrating fewer

odontoblasts per unit area.The area of reactionary

dentin formation increased in proportion to sub-

ject age. Since preparations were made into dentin

leaving 0.5 mm of dentin over the pulp, the repair
capacity of the pulpodentin complex would

appear to be age dependent. A companion study

found that RDT was the one variable determining
reactive dentin formation. 43 RDT below 0.25 mm
caused a 23% decrease in odontoblasts with mini-

mal reactionary dentin repair observed.

It is apparent from these studies that multiple

levels of responses and interactions occur in

reaction to mechanical injuries of the dental

pulp. Responses include inflammatory changes

mediated by release of various neuropeptides

and changes that are defensive in nature and re-

sponsible for genesis of new hard tissue to re-

place the tissue injured by caries and typically

removed by traumatic methods. The pulp is a

complex tissue that reacts much as other body

tissues react and must be protected in its envi-

ronment to extend the life of the tooth.

As will be discussed later, various types of

lasers can increase pulpal temperatures when

they are used to irradiate enamel or dentin sur-

Fig I6-3 Comparison of high-speed drill vs Nd:YAG laser irra-
diation on pulpal temperature. No significant differences were
found between the drill and the 0.3, 0.5, and 0.7 W (10Hz)
l asers (P<_ .05). (Reprinted from White et a1 44 with permission.)

faces. White et a144 published the only available

report that compared the increase in pulpal tem-

perature induced by pulsed Nd:YAG laser irradia-

tion with that of a high-speed bur operated with

only air spray for 20 seconds (Fig 16-3). They

obtained a 4.7°C rise in pulpal temperature across

1.0 mm of RDT, similar to that induced by the 0.7

W (10 Hz) of Nd:YAG laser irradiation.

Responses to
Thermoplasticized Gutta-
Percha Obturation
Techniques

The clinical technique of warm vertical conden-

sation procedures relies on a combination of for-
tuitous properties. The high thermal conductivity

and low heat capacity of stainless steel means

that it can be rapidly heated and can deliver that
heat quickly. This permits thermoplasticization of

gutta-percha, thereby softening it, lowering its
stiffness,45,46 reducing its viscosity, and allowing it
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to flow within a cylinder made up of a good ther-

mal insulator (ie, root dentin). The use of metallic
carriers at temperatures heated to 321°C47 would
seem extreme, but the mass (and hence the spe-

cific heat) of stainless steel times the mass of the

metallic heat carrier determines how many calo-

ries of heat energy can be transferred into the

root canal.

The development of the split-root model con-

taining an array of 16 thermocouples has provid-

ed a convenient method for evaluating changes

in pulpal and periodontal surface temperatures

during various endodontic procedures. 48 The

introduction of electrically heated carriers such

as the Touch `N Heat (Karr, Redmond, WA) and

the System B (Analytic Technology Redmond,WA)

has made it much more convenient to deliver

large amounts of heat to gutta-percha in the root

canal space. These devices can generate tip tem-

peratures between 250°C and 600°C. There was

concern that such high temperatures could cause

thermal damage to periodontal 49 and/or periapi-

cal tissues.50,51

Recently, electronic heat sources that can gen-

erate heat of up to 600°C have been used to plas-

ticize gutta-percha, offering the potential for

delivering excessive heat to the periodontal liga-

ment. However, when the temperature at the

external surface of the root was measured over

an intracanal temperature range of 200°C to

600°C (using a System B heat source), the mea-

sured increases in root surface temperature were

only 1.04°C to 5.78°C regardless of the internal

root temperature. The authors speculated that

this was due to brief but profound heat loss from

the hot gutta-percha back up to the inactivated

heat carrier that served as a heat sink . 5 2

The use of heat to plasticize gutta-percha dur-

ing obturation of root canals raises the risk of

overheating the periodontal ligament49 or the sur-

rounding bone. 53 The warm vertical condensation

technique was shown to increase apical tempera-

ture by only 4°C and cervical temperatures by

only 12.5°C in an in vitro study. 54 These low tem-

peratures were probably due to the low thermal

conductivity of gutta-percha and the small size of

the heat carriers used with that technique. In vivo

studies of the histologic response to the periodon-

tal ligament and surrounding bone to obturation

with thermoplasticized gutta-percha found little

adverse response. 55,56 The high external root tem-

peratures produced by the thermomechanical

compaction technique (27°C increase by Hardie 57 ;

31 °C increase by Fors et al 58) have made clinicians

wary of potential periodontal injury.

Thermal Responses to Laser
Treatment

The search for alternative methods for removing

enamel and dentin has led to the development of
techniques such as lasers and air abrasion

devices. 59 The word laser is an acronym for light

amplification by the stimulated emission of
radiation. Dental lasers used today for clinical

procedures and research operate at the infrared,

visible, or ultraviolet range of the electromagnet-
ic spectrum (Figs 16-4 and 16-5). While l stands

for light, the actual physical process that occurs

within a laser device is amplification by stimulat-

ed emission of radiation. The laser beam (re-stim-

ulated emission of radiation) differs from con-

ventional light sources in three ways: (1) it is a

single wavelength (monochromatic); (2) it is col-

limated (very low divergence); and (3) the pho-

tons are in phase (referred to as coherence).

The medium producing the beam is what

identifies the laser and distinguishes one from

another. Different types of lasers used in den-

tistry, such as carbon dioxide (CO 2), erbium (Er),

and neodymium (Nd), various other substances

used in the medium (eg, yttrium, aluminum, gar-

net [YAG]), and argon, diode and excimer types,

all produce light of a specific wavelength. The

CO 2 , Er:YAG, and Nd:YAG lasers emit invisible

beams in the infrared range.These lasers are cou-

pled with a nonabsorbing light source (often

red, green, or white) that serves as a pointer for

the working laser. The argon laser emits a visible

light beam at either 488 or 514 nm, while the
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Fig 16-4 The wavelengths
of different types of lasers
according to their emission

spectrum. Laser types differ
i n wavelength, beam char-
acteristics, and available
energies. (Courtesy of Opus
Dent.)

Fig 16-5 Schematic diagram of a laser.

excimer lasers emit invisible ultraviolet light

beams at various predetermined wavelengths.

Laser photons interact with tissue in one of

four general ways: they are transmitted through

tissue, reflected from tissue, scattered within tis-

sue, or absorbed by tissue. Transmission of light

passes energy through the tissue without interac-
tion and thus causes no effect or injury (Fig 16-6).

When scattered, light travels in different direc-

tions and energy is absorbed over a greater sur-
face area, producing a less intense and less pre-

cise thermal effect. When absorbed, light energy

is converted into thermal energy. In general, a sin-
gle laser device cannot perform all possible func-

tions since the beam is absorbed or reflected

according to its wavelength and the color of the

object impacted . 6°

The particular properties of each type of laser

and the specific target tissue make them suitable

for different procedures. The CO2 laser is most

effective on tissues with high water content and

is highly absorbed by all biologic hard and soft

tissues. This results in thermal absorption and

may damage pulp. Argon lasers are more effec-

tive on pigmented or highly vascular tissues. The

photons of the Nd:YAG laser are transmitted

through tissues by water and interact well with

vascularized tissues such as the dental pulp. The
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Fig I6-6 Four basic types of laser interaction occur when
light hits matter or tissue: reflection, scattering, transmission,
and absorption. (Courtesy of Opus Dent.)

excimer lasers generate light in the ultraviolet

range of the electromagnetic spectrum and func-

tion by breaking molecular bonds. The Nd:YAG,

argon, and excimer lasers may have utility for

cleaning and shaping root canal systems due

mainly to their use in a contact mode.

The extent of the interaction of laser energy

with tissue will generally be determined by two

dependent variables: the specific wavelength of

the laser emission and the optical characteristics

of the particular target tissue. 61-63 These variables

dictate absorption (ie, ability to affect tissue

changes, generation of heat, etc) and are impor-

tant for pulpal tissue safety. The clinician controls

four parameters when operating the laser: (1) the

level of applied power (power density); (2) the

total energy delivered over a given surface area

(energy density); (3) the rate and duration of the

exposure (pulse repetition); and (4) the mode of

delivery of the energy to the target tissue (ie, con-

tinuous versus pulsed energy and direct contact

or no contact with target tissue).

The pulpal responses to laser application have

been adequately described . 64-70 Depending on the

experimental conditions, pulpal responses to las-

ing include altering the presence and position of

odontoblastic nuclei, destroying odontoblasts, and

changing the consistency and composition of the

intercellular matrices. The threshold response for
pulpal reactions through intact enamel and dentin

is thought to occur at energy densities somewhat

less than 60 J/cm2, although remaining dentinal

thickness is an important variable. 64 Several stud-

ies have measured laser-induced increases in pulp-

al temperature, 39,65,66,71,72 although results from in

vitro studies may overestimate pulpal temperature

responses since blood flow is not available to

moderate temperature changes.67,68

At least four approaches have been developed

to reduce laser-induced increases in pulpal tem-

perature. First, the use of an air and water spray

provides pulpal protection equivalent to that of

the common dental drill.5,69,70 Second, the devel-

opment of extremely brief pulsed laser systems

(ie, nanosecond or picosecond pulses) permits

heat to dissipate from the site of irradiation before

a second pulse impacts the tissue.Third, the devel-

opment of excimer lasers that operate in the ultra-

violet range with short (15-nanosecond) pulses

minimizes the transfer of heat compared to earlier

lasers, while still forming plasma at high enough

temperatures for hard tissue destruction . 73 Fourth,

patent dentinal tubules have been recognized as

potential pathways for direct transference of light

energy to the pulp.74 This has led to the sugges-

tion that dentinal tubules should be closed or

occluded by lasers or conventional methods.75,76

Both the Nd:YAG laser and the excimer laser have

been shown to reduce dentinal permeability or

sensitivity.

Numerous studies have evaluated the effects of

lasers on enamel and dentin. Ruby lasers, one of

the first types used, produced cratering in enamel,

particularly at higher energy densities or when

applied to dark or decayed enamel. 79,8 0 in one

study of the use of ruby lasers on hamster teeth,

application of 55 J of energy produced complete

pulpal necrosis at 3 days, while 35 J produced

pulpal inflammation that was reversible in some

cases.81 in the first report of a laser application in

humans, two 1-millisecond pulses of 17 J pro-

duced no pain sensation in spite of the destruc-

tion of some enamel . 8 2 in a comprehensive study

on ruby lasers applied to dog incisors, it was con-
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Fig 16-7 Scanning electron micrograph (SEM) of CO
2-irradi- ated dentin at an energy density of 113 J/cm 2.Much of the

crater walls appear to be glazed, but the floor is covered with
pits (original magnification X100). (Reprinted from Pashley et
ales with permission.)

Fig 16-8 SEM of CO 2-irradiated dentin at an energy density

of 566 J/cm 2. Most of the crater surface is glazed, although
numerous pits remain. Inner halo devoid of smear layer of
smear plugs; outer halo shows more tubulocclusion (original
magnification x120). (Reprinted from Pashley et al 96 with per-
mission.)

cluded that the amount of energy required for

hard tissue removal caused pulpal necrosis, lead-

ing the investigators to consider alternative thera-

pies. 83 Under certain conditions, use of lasers

increases the acid resistance of enamel or dentin.

Thus, it is not surprising to find that laser-treated

dentin may produce lower resin-dentin bond

strengths than untreated acid-etched dentin .84,85
Several lasers have been used inside root canals

to clean and shape the canal, to remove smear lay-

ers, or to sterilize the canal .86-88 There are several
limitations to intracanal use of lasers: the guide-

light is emitted at the end instead of the side, it

must be very small (approximately 0.2 mm), and it

must be stiff but not brittle to permit easy manipu-

lation within the canal. It is almost impossible to

obtain uniform coverage of the canal surface using

a laser. Further, bacteria often invade the tubules

and remain viable below the surface, where they

can multiply back into the canal. The potential for

thermal damage to the periapical tissues remains a

concern with lasers operated in the nanosecond

to millisecond pulse width. The intracanal use of a

KTP/532 laser (an Nd:YAG beam based through a

potassium titanyl phosphate crystal to change the

wavelength from invisible infrared to visible green

light) increased the permeability of ethylenedi-

aminetetraacetic acid (EDTA)-etched root dentin

by removing organic material, as was definitively

shown by the elegant Fouier transform infrared

(FTIR) photoacoustic spectroscopy studies of

Spencer et a1. 89 The authors used pulse widths of

0.2 to 1 second. When pulse widths were de-

creased to 100 picoseconds, Serafetinides et a19 °

obtained very different results with the same

wavelength laser in that thermal damage was mini-

mized. Even less thermal damage was obtained at

1,064 nm for 100-picosecond pulses, confirming

the earlier work of Willms et a1. 91

CO 2 lasers represent an alternative to ruby

lasers since the infrared wavelength produces sig-

nificantly different thermal effects, permitting

fusion of pits and fissures, conversion of hydroxy-

apatite to the more insoluble calcium ortho-

phosphate, stimulation of new dentin formation,

and reduced pulpal responses.92-94 In a study mea-

suring hydraulic conductance (Lp) across dentin

disks, CO 2 lasers increased dentin permeability

1.4- to 24-fold by such mechanisms as removal of

smear layer and smear plugs, cratering, and crack-

ing in the glazed surface of the crater (Figs 16-7

and 16-8). 95,96 However, there is a major limitation
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Fig 16-9 SEM of CO 2-irradiated dentin at an energy density of
11 J/cm 2 single impact crater. Large cracks were not present
when the hydraulic conductance of the sample was measured
(original magnification X100). (Reprinted from Pashley et ales
with permission.)

Fig 16-I0a Er:YAG laser cavity preparation in dentin in mon-
key teeth (H&E stain, original magnification X40).

Fig 16-I0b CO 2 laser cavity preparation in monkey teeth
( H&E stain, original magnification X25).

to the CO 2 laser: when used to prepare cavities, it
creates high thermal damage to dentin due to the

strong absorption of the emitted photons by

water (Fig 16-9). 96-99 In a clinical trial with CO 2
lasers, the increase in pulpal temperature never

exceeded 10.5°C, although the odontoblast

destruction was inversely related to remaining

dentinal thickness.99 Others have demonstrated

that as little as 3.5 J of CO2 laser irradiation may

produce pulpal damage in vivo, and concern has

been raised using levels as low as 1.0J.

Several studies have evaluated the properties

of the Er:YAG laser. The depth and diameter of

Er:YAG laser-drilled holes are a function of pulse

number and the amount of exposure to energy

parameters. 102,103 Using various wavelengths,
Wigdor et a1 104 compared the histologic re-

sponse of the dental pulp to dentinal ablation in
dog teeth and suggested that the thermal effect

might be lower than that of the other lasers test-

ed. Others (Goodis et al, unpublished data, 1993)
found that when used in cavity preparation, the

Er:YAG produced no detectable pulpal damage

at energy levels of 3W and 10 to 30 Hz (Fig 16-

10). In 1997, the US Food and Drug Administra-

tion approved the use of the Er:YAG laser for

caries removal, tooth preparations, and modifica-

tion of dentin and enamel. As to pulpal tissue

effects, the Er:YAG laser and the turbine hand-

piece were judged to be equivalent."' However,
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Fig 16-11 a SEM of enamel irradiated with excimer laser to
show the precise removal of hard tissue at 248 nm using 15-
nanosecond pulses. (Reprinted from Pearson and McDon-
ald" 2 with permission.)

Fig 16-1I b SEM of dentin irradiated at 248 nm using an
excimer laser with 15-nanosecond pulse widths. (Reprinted
from Pearson and McDonald 112 with permission.)

a general impression among clinicians is that the

speed of preparation in dentin and especially in

enamel is much slower with the Er:YAG laser

than with the conventional high-speed drill.

Other studies have focused on the use of

Nd:YAG lasers. In a 2-week clinical trial, hypersen-

sitive teeth treated with Nd:YAG lasers were sig-

nificantly less sensitive to air blasts than were

nontreated control teeth." During treatment, the

power was increased either until the patient

detected the laser energy or until a maximum of

100 mJ was reached. While it is unlikely that this

relatively low energy would have sealed exposed

dentinal tubules, it might have altered A-delta

nerve thresholds. Thus, although more

research is indicated, there seems to be some

potential for use of the Nd:YAG laser as a method

for obtaining temporary analgesia. The lack of

thermal damage but improved "cutting efficien-

cy" of picosecond pulses of Nd:YAG laser irradia-

tion is thought to be due to the fact that the ener-

gy per single photon emission is only 1.18 eV,

which is insufficient to break molecular bonds or

destroy ionic crystalline lattices. Although the

photon absorption of 1,064 nm energy by dentin

is low,' °9 Nd:YAG energy absorption by water is

relatively high, allowing vaporization to occur so

rapidly as to create microexplosions that cause

mechanical ablation. 103

According to Niemz," ° mechanical disruption

can be of two types: "plasma-mediated ablation"

results when the laser energy ionizes enough tis-

sue components and heats it to a plasma state,

whereas a "photodisruption" type of ablation is

due largely to acoustical shock waves from rapid

vaporization of water.
Excimers, lasers that emit photons in the ultra-

violet range, offer the potential advantage of

reduced heat absorption that may promote crack-

ing by establishing extremely high thermal gradi-

ents. Both the ArF excimer (193 nm) and the

XeCI excimer (308 nm) melted dentin but did

not occlude dentinal tubules.78,111 Although per-

meability of the dentin was not measured, subsur-

face deposits that may have reduced dentinal per-

meability were unlikelyThe use of excimer lasers

as a method for cutting enamel and dentin with-

out generating excess thermal stress looks very

promising. Operating at 248 nm, the excimer

laser can preferentially remove intertubular

dentin without creating a smear layer; the dentin-

al surfaces are so clean, they appear as if they

were fractured (Fig 16-11). 112 The photon energy

in excimer lasers operating at 193 and 248 nm is
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higher than the molecular bond energies holding
collagen together. This results in photoacoustic

destruction of dentin without melting. However,

reductions in the pulse length from millisecond
to picosecond have been shown to reduce ther-

mal damage for both excimer and Nd:YAG11 3 or
Nd:YSF lasers. 114 This is thought to be because
picosecond pulse durations are less than the ther-

mal relaxation times of dentin, thus minimizing

any thermal effects. 103,115-117

Two mechanisms have been proposed for

laser-induced reduction in dentinal hypersensi-

tivity. First, lasers may occlude dentinal tubules
by melting and fusing dentin or the smear layer,

or by coagulating proteins in dentinal tubules. 1n

Second, lasers may directly reduce neuronal

activity. 106-108

While the use of lasers for laser-induced hard

tissue procedures is increasing, they have been

approved for use for soft tissue procedures, such

as periodontal pocket elimination, closure of oral

surgical wounds, frenectomy, and operculum

excisions, for approximately the last 10 years.

Their use for contouring of bone or removal of

bone lesions is questionable at best, but they

have been examined for root canal cleaning and

shaping procedures and for use in obturation.

Further study must be carried out before their

use can be fully recommended. As their use in

dentistry increases, there will be a continuing

need to evaluate pulpal responses following laser

application to teeth.

Pulpal Responses to
Airborne Particle Abrasion
(Kinetic Cavity Preparation)

to gingival tissues. It was easily replaced with

high-speed, air-driven turbine handpieces, which

are more efficient and can construct a more pre-

cisely defined tooth preparation. 119-122

Airborne particle-abrasion technology has

recently been refined and used as a method to

produce "kinetic cavity preparations." 123 Its poten-

tial for pulpal damage has not been fully investi-

gated, but its use has been suggested due to

newer restorative materials and their direct place-

ment in altered preparations, sometimes referred

to as micropreparation. Advances in microabra-

sion technology allow for more precise removal
of enamel and dentin than the older systems.

Laurell et al 122 examined the pulpal responses

of an air-abrasion system in 120 molars and pre-

molars of dogs. Two pressures (80 and 160 psi)

were used with two aluminum oxide particle
sizes (27 and 50 um). Class 5 cavity preparations
were made and then restored with an intermedi-

ate restorative material, and the teeth were re-

moved in 72 hours. Sections were examined for
odontoblast displacement, disruption of cell lay-

ers, inflammatory infiltrate, and necrosis and com-

pared to preparations made with a high-speed tur-

bine handpiece. They found that higher pressures

and smaller particles had significantly fewer put-

pal effects than the high-speed treated teeth. This
study represents the only controlled pulpal injury

study to date in the literature. While other papers

in proprietary (commercial) journals report simi-

lar results, they are anecdotal in nature. The ever-

increasing popularity of such technology indi-

cates that more studies are needed to be certain

of the safetv of these devices.

References
Another technology, airborne particle abrasion,

has recently been re-introduced for caries

removal and cavity preparation. Airborne particle

abrasion had fallen into disuse because the

stream of particles used in tooth preparation

procedures could not be controlled, resulting in

pitting and abrasion of adjacent teeth and injury
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Interrelationship of
Dental Pull and Apical
Periodontitis
Philip Stashenko, DMD, PhD

Infections of the dental pulp occur as a conse-

quence of caries, operative dental procedures, and

trauma, and involve a mixed, predominantly gram-

negative, anaerobic bacterial flora.' These infec-

tions initially elicit an immune response in the

dental pulp, which very often is ineffective in

eliminating the invading microorganisms (see

chapters 11 and 12). Consequently, these infec-

tions often cause total pulpal necrosis and subse-

quently stimulate a secondary immune response

in the periapical region. The latter is commonly

referred to as a periapical "lesion," but in fact it

represents a protective response to the bacteria

in the necrotic pulp and root canal system.

Both pulpal and periapical immune responses

initially involve innate immunity, particularly the

influx of phagocytic leukocytes and the produc-

tion of proinflammatory cytokines. As infections

become more chronic, adaptive immune ele-

ments are also activated and become superim-

posed on the innate response, including T and B

cells, leading to a typical "mixed" inflammatory

cell response. In this milieu, a complex array of

immunologic mechanisms is activated, some of

which act primarily to protect the pulp and peri-

apical region, while others mediate tissue destruc-

tion, particularly periapical bone resorption. The

latter include the expression of a plethora of host-

derived factors, including cytokines, arachidonic

acid metabolites, and neuropeptides that con-

tribute to or modulate apical periodontitis.

Although many gaps in knowledge still remain,

understanding of these processes is rapidly ex-

panding through the application of new biologic

tools such as recombinant proteins, knockout

mice, and new model systems. In this chapter, we

review the immune mechanisms that protect the

host against pulpal infections, as well as those that

primarily contribute to periapical tissue destruc-

tion.The ultimate goal is to better understand the

immunobiology of apical periodontitis that occurs

due to pulpal infection, and ultimately to use this

knowledge in the rational design of improved

clinical procedures.

Pulpal and Periapical
Immune Responses

Pulpal responses

The dental pulp, similar to most connective tis-

sues, has certain immunocompetencies that facili-

389



17 • Interrelationship of Dental Pulp and Apical Periodontitis

Fig 17-1

	

Schematic illustration of the major immunologic mechanisms that result in killing and elim-
i nating microorganisms or antigens derived from the root canal system. Specific experiments and
references supporting this network are described in the text. IL, interleukin; MO, macrophage; TNF,
tumor necrosis factor.

tate the host response to noxious stimuli, includ-

ing bacteria (see also chapter 11). For example,

antigen-presenting dendritic cells are present in

the odontoblast layer, and macrophage-like cells

are found centrally in the pulp.2-4 A small number

of T cells are present in the normal pulp, primari-

ly in blood vessels, which likely represent recircu-

lating T cells that serve an immunosurveillance

function. In contrast, B cells are extremely rare or

undetectable, and plasma cells are absent.

The earliest pulpal response to frank bacterial

infection, or to the diffusion of bacterial antigens

through dentinal tubules, includes the infiltration

of polymorphonuclear neutrophils (PMNs) and

monocytes.7-9 The cellular infiltrate intensifies as

the infection progresses provoking elements of

the adaptive response, including T -helper and T

cytotoxic/suppressor cells, B cells, and in later

stages, antibody-producing plasma cells. Nonspe-

cific elements, including PMNs, monocytes, and

natural killer (NK) cells, continue to be present. 5,6

The levels of locally produced immunoglobulin 5

(IgG and IgA) are elevated,10 and antibodies are

present that react with microorganisms isolated

from deep caries." As noted, these mechanisms

are usually unable to clear the infection. Tissue

destruction subsequently proceeds, beginning

with the formation of small abscesses and necrot-

ic foci in the pulp and eventually resulting in total

pulpal necrosis. 5

Periapical responses

Periapical immune responses (also known as api-
cal periodontitis or periapical lesion) may be

viewed as a second line of defense, the purpose of

which appears to be to localize the infection with-
in the confines of the root canal system and pre-

vent its egress and systemization (Fig 17-1).

Periapical responses to bacterial infection essen-
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Fig 17-2 Schematic illustration of the major immunologic mechanisms that mediate the develop-
ment of apical periodontitis elicited by microorganisms or antigens from the root canal system. Spe-
cific experiments and references supporting this network are described in the text. PGs,
prostaglandins; GM-CSF, granulocyte-macrophage colony-stimulating factor; M-CSF, macrophage

colony-stimulating factor; RANKL, receptor activator of NF-KB ligand.

tially recapitulate the pulpal response described
above, with the additional feature that periapical
bone is destroyed (Fig 17-2).

In experimental models such as the rat, where
the timing of pulpal infection is controlled, the ear-
liest periapical response involves an influx of
PMNs and monocytes 3 days after pulpal exposure
(Fig 17-3).4,16,17 Periapical inflammatory cell infil-
tration, increased numbers of osteoclasts, and bone
destruction are apparent well in advance of total
pulpal necrosis (Fig 17-4), at a time when vital
pulp is still present in the apical root canal. 18,19

These data explain the clinical observation that
vital tissue (and pain) is often present even in
teeth with periapical radiolucencies. A further im-
plication is that pulpal infections cause periapical
tissue destruction indirectly and from a distance
via stimulation of soluble host-derived mediators
rather than by the direct effects of bacteria on
bone.

The inflammatory cell infiltrate in chronic
periapical lesions in both humans and animals
has been extensively studied and characterized.
As with pulpal responses, a mixed infiltrate of T
and B lymphocytes, PMNs, macrophages, plasma
cells, NK cells, eosinophils, and mast cells is pres-
ent. 17,20-28 There remains some disagreement
about the predominant infiltrating cell type in
periapical lesions: lymphocytes21,22,29-31 or macro-
phages 17,20,26 are variously reported to be the
more numerous. Large numbers of PMNs are pres-
ent, 30,31 while T cells consistently outnumber B
cells . 24,30,3 ' Among the T lymphocytes, both T -
helper (TH) and Tsuppressor (TS) cells have
been identified .21,25-27,30,32-35 In several studies, a
lower TH-to-TS ratio than that seen in peripheral
blood (< 2.0) has been reported in chronic
lesions . 24,27,30

Kinetic studies suggest that after the first days
of infection, few temporal differences in the cell
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Fig 17-3 Effects of pulpal inflammation and necrosis on
accumulation of macrophages and other phagocytic cells
(labeled with ED1 antibody) and T lymphocytes (labeled with
OX-19 anatisera) into periapical tissue of rats. The dental pulp
underwent total necrosis by 14 to 28 days after pulpal expo-
sure. (Redrawn from Kawashima et al" with permission.)

Fig 17-4 Effect of pulpal inflammation and necrosis on area
of periradicular lesion in rats after pulpal exposure (squares)
or no-treatment controls (circles). The dental pulp underwent
total necrosis by 28 days after pulpal exposure. (Redrawn
from Yamasaki et al18 with permission.)

Fig 17-5 Effect of pulpal inflammation and necrosis on sub-
populations of T lymphocytes in rat periradicular lesions after
pulpal exposure. Tissue levels of T-helper and T-suppressor
lymphocytes were determined by immunohistochemical mark-
ers. (Redrawn from Stashenko and Yu 27 with permission.)

infiltrate remain after pulp exposure. One notable

exception is an increase in TS cells as the lesion

becomes more chronic (Fig 17-5).1',27 This may
reflect the evolution of a specific Tcell response;

TH cells are initially activated to proliferate by

exposure to antigen and subsequently induce TS

cells that may dampen excessive immunoreactivi-

ty in periapical lesions. 36

Periapical lesions contain immunoglobulin-pro-

ducing cells. Of these, IgG-positive cells are most

prominent (70%), followed by IgA (14%), IgE
(10%), and IgM (4%) . 20,35,37-39 Of the IgG subclass-
es, IgG1 is produced in largest quantity, followed

by IgG2 > IgG3 = IgG4. Some of the antibody

produced in lesions is reactive with infecting

microorganisms. 41,42 Explant cultures of periapical

tissues produce antibody against common

endodontic pathogens, including Prevotella inter-

media, P endodontalis, P gingivalis, P micros,

Actinomyces israelii, Staphylococcus inter-
medius, and Fusobacterium nucleatum. It has

long been known that antigens within the root

canal are also capable of stimulating a systemic

antibody response. Introduction of bovine serum

albumin and sheep erythrocytes into the root

canals of monkeys stimulated systemic antibody
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formation against both antigens. 43 Systemic anti-

body responses have been shown against lipo-

polysaccharide (LPS) and other bacterial an-

tigens .44,4s These observations suggest that both
locally and systemically produced antibacterial

antibodies could protect the host against bacterial
egress from the root canal into the circulation via

opsonization or complement-mediated lysis.

It has also been suggested that antibody-medi-
ated mechanisms could actually contribute to

periapical bone destruction. However, there is at

present no direct evidence that these mecha-

nisms actually stimulate bone resorption in vivo.

These mechanisms include the binding of anti-

bodies to bacterial antigens to form antigen-anti-

body complexes that are capable of stimulating

periapical bone destruction in experimental sys-

tems. 46 Complement components are present in

lesions.37, 38 Complement fixation and the genera-

tion of cleavage products (C3a, C5a) may stimu-

late PMN chemotaxis. Potentially destructive by-

products of PMNs include elastase, cathepsin-G,

and leukotriene B4, all of which are elevated in

inflamed pulps. 47,48 The presence of mast cells in

combination with IgE suggests that anaphylactic

hypersensitivity reactions may also occur periapi-cally.28,37,49,50

Arguing against a role for antibody-mediated

phenomena in the pathogenesis of apical peri-

odontitis is the lack of correlation between the

number of antibody-producing cells and periapi-

cal lesion expansion. 16,31 More importantly, anti-

body protects against disseminating dentoalveo-

lar infections in immunocompromised animals

and reduces bone resorption in animals that

develop abscesses. 13-15

Protective Immunity to
Pulpal Infections

From the foregoing discussion, it is apparent that

the mixed inflammatory cell infiltrate in both the

dental pulp and in periapical lesions is potentially

capable of mediating the entire spectrum of
immunologic responses. Summarized in Box 17-1,

these include antibody-mediated phenomena

(antigen-antibody complex formation, comple-

ment-dependent cell lysis and chemotaxis, im-

mediate-type hypersensitivity); delayed-type

hypersensitivity; cytotoxicity; and cytokine and

prostaglandin production. However, the critical

question is not which antibacterial responses
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Fig 17-6 Effect of deletion of the P- and E-selectin genes on
size of periradicular lesions after pulp exposure in mice. The
endothelium of P/E -/ - mice lacks the constitutive P selectin and
the inducible E selectin and therefore lacks the critical initial
step of rolling adhesion of leukocytes to endothelium in inflamed
tissue. 'P < .05 and **P < .01. (Redrawn from Kawashima et al7 4
with permission.)

are present, but rather which antibacterial re-

sponses actually function to protect pulpal/peri-

apical tissues. To answer this question, animals

with various immunodeficiencies have been stud-

ied to identify which immune functions are criti-

cal in reducing or preventing infection and peri-

apical bone resorption.

Immunodeficiencies fall into two broad cate-

gories depending on whether they primarily affect

nonspecific or specific immune responses. In gen-

eral, individuals with defects in nonspecific phago-

cytes, including neutrophils and monocytes, have

increased susceptibility to bacterial infections.
Although the effect of these deficiencies on pulpal

infections has not been reported, they clearly

increase the severity of marginal periodontitis.5l,52
In contrast, patients with defects in specific immu-

nity and/or diminished T or B-cell numbers or

function exhibit marginal periodontitis that is simi-

lar to or less than that seen in normal age-matched

individuals. 13-57 An exception may be the marginal

periodontitis that occurs in some HIV-infected

individuals, although the disease appears to be

somewhat atypical and may not be identical to

other periodontal diseases. 58

Deficiencies in innate responses

Individuals with PMN defects, including chronic
granulomatous disease, cyclic neutropenia, Papil-

lon-Lefevre syndrome, Chediak-Higashi syndrome,

and leukocyte adhesion deficiencies, have an

increased incidence and severity of bacterial

infection, including oral (periodontal) infec-

tions.59-61 Best studied are the leukocyte adhesion

deficiencies (LAD), of which there are currently

two recognized types. 62-64 LAD-I is due to a genet-

ic defect in the B chain of integrins, which are

important for leukocyte transmigration across the

blood vessel wall. LAD-II is due to a defect in the

Lewis sialyl-X ligand on leukocytes to which P

and E selectins on endothelial cells bind, an inter-

action that mediates the initial "rolling adhesion" of

leukocytes to the blood vessel wall (see Fig 11-2).

In both conditions, the adhesion deficiency results

in a significantly reduced ability of PMNs to

migrate from the vascular system into tissues.

Patients present with severe infections and elevat-

ed numbers of circulating PMNs and macro-

phages (leukocytosis), yet no pus is formed. In

addition, they exhibit early-onset or prepubertal

marginal periodontitis.64-68 Based on these con-

siderations, it is not surprising that a recent case

report of a patient with an LAD-I immunodefi-

ciency described numerous examples of infected

necrotic teeth with apical periodontitis. 69 Others

have provided case reports of patients with cyclic

neutropenia showing increased prevalence of api-

cal periodontitis.70

Older studies have attempted to determine

the role of innate immune cells such as PMNs

and monocyte/macrophages in periapical re-

sponses to infection. The administration of

cyclophosphamide, which causes severe neu-

tropenia, was reported to increase periapical

bone destruction. 7 l In cyclophosphamide-treated

animals, bacteria were observed both in the pulp

and in the periapical lesion, suggesting increased

bacterial invasion in the absence of PMNs. How-
ever, in another study, methotrexate treatment,

which also causes neutropenia, was reported to

inhibit the development of apical periodontitis.72
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The reason for these differences is unclear; how-
ever, it must be kept in mind that although the
effects of the immunosuppressive agents were
correlated with neutropenia, both cyclophos-
phamide and methotrexate also profoundly affect
the production and responses of lymphocytes, so
these effects could not be solely attributed to
PMNs.

More recently, so-called knockout mice defi-
cient in both P and E selectins (P/E - /-) have been
developed as a model of human LAD-I1. P/E

-/-mice have defective rolling adhesion and leuko-
cytosis, increased susceptibility to various infec-
tions, and few reported defects in adaptive immu-
nity.73 Interestingly, P/E -/- mice were shown to
develop larger periapical lesions than their nor-
mal, wild-type counterparts (Fig 17-6), which cor-
related both with decreased PMN infiltration into
periapical tissues and increased periapical ex-
pression of the bone-resorptive cytokine, inter-
leukin-1 (IL-1).'4

Another experimental approach has been to
increase the function of innate immune cells
using immunomodulators and to determine the
effect on pulpal and periapical resistance to infec-
tion. Poly-beta-1-6-glucotriosyl-beta-1-3-glucopra-
nose (PGG) glucan is a biologic response modifier
derived from yeast that effectively increases host
antibacterial responses without inducing inflam-
mation, including a complete lack of pro-inflam-
matory cytokine production (IL-1, tumor necrosis
factor [TNF] -a) by macrophages and other
cells. 75-77 Systemic administration of PGG glucan
increases PMN production and primes phagocytic
and bactericidal activity in vivo.78 It also prevents
postsurgical infections in humans. 79 In the pulp
exposure model, PGG glucan reduced periapical
bone destruction by 40% (Fig 17-7).1 9 Animals in
which PGG glucan was administered had in-
creased numbers of circulating PMNs and mono-
cytes, which showed enhanced phagocytic activi-
ty ex vivo. The protective effect on periapical
bone was secondary to decreased pulpal necrosis,
with only 3% of pulps exhibiting complete pulpal
necrosis in PGG glucan-treated animals compared
with 41% of controls.These results clearly indicate

Fig 17-7 Effect of the biologic response modifier PGG glucan
on size of periapical lesions after pulp exposure in rats. Ani-
mals were administered PGG glucan or a vehicle starting 1 day
before pulp exposure. PGG glucan increases host immunolog-
i c responsiveness by increasing neutrophil production and by
priming phagocytic and bactericidal activity. ***P < .001. (Re-
drawn from Stashenko et al19 with permission.)

that PMNs are predominantly protective against
pulpal infections and reduce periapical bone
destruction.

Deficiencies in specific responses

A number of human immunodeficiency diseases
affect specific immunity. These include severe
combined immunodeficiency (SCID), DiGeorge
syndrome (thymic aplasia resulting in a decrease
or absence of T cells), hypogammaglobulinemias,
and selective IgA and IgG deficiencies.

SCID is characterized by profound defects in
both humoral and cellular immunity. Because most
patients do not survive into adulthood, reports of
oral manifestations are limited. Although no stud-
ies are available on the effects of SCID on periapi-
cal destruction in humans, some potentially
important data have been derived from studies in
genetically engineered SCID mice.13, 80, a1 In these
animals, functional T and B lymphocytes are totally
absent, whereas cells involved in nonspecific
immunity, including neutrophils and monocytes,
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Fig 17-8 The development of an orofacial abscess of
endodontic origin after pulp exposure in a RAG-2 mouse.
RAG-2 animals are genetic knockouts for the recombination
activator 2 gene (RAG-2) and are thus unable to generate
i mmunoglobulins or T-cell receptors. RAG-2 knockouts are a
model of SCID because they have substantial defects in both
humoral and cellular immunity. (Reprinted from Teles et al 13

with permission.)

Fig 17-9 Effect of intravenous administration of saline, an
unfractionated mixture of antibodies, or purified IgG or IgM
antiserum on the incidence of disseminated orofacial abscess-
es in SCID mice after pulpal exposure. "P < .05 vs saline (chi-
square test). N = 10-11 per group.

are intact. Following pulpal exposure in this

model, approximately one third of SCID mice

developed gross orofacial abscesses, splenomegaly,

weight loss, and in some cases septic shock,

whereas normal animals were always able to local-

ize the infection to the root canal system (Fig 17-
8). 13 Abscessed SCID mice had more local periapi-

cal bone destruction than nonabscessed SCID

mice or normal controls. Fouad81 also found that

SCID mice displayed bone resorption similar to

that of controls but did not observe abscess forma-

tion. These findings are similar to those in immu-

nized monkeys with periapical lesions, which,
although not different in size, were more circum-

scribed than those in nonimmunized animals . s2

Furthermore, nonimmunized animals had an
inflammatory infiltrate resembling osteomyelitis

that extended into the trabecular system of the

bone . 82

More recently, studies have shown that B cell-

deficient, but not T cell-deficient or complement-

deficient, mice are susceptible to disseminating

infections. 14 Infection dissemination could be

largely prevented by the transfer of antibody

against infecting endodontic pathogens in SCID

mice, with IgG being more effective than IgM. In

contrast, the transfer of T cells had no protective

effect. The finding that complement-deficient ani-

mals were not susceptible to infection dissemina-

tion suggests that opsonization rather than com-

plement-mediated lysis of bacteria is involved in

protection.

This was shown more directly in experiments

in which antibody against infecting endodontic

pathogens was transferred intravenously to SCID

mice prior to pulp exposure.The dissemination of

the pulpal infection to orofacial tissues (see Fig

17-8), was found to be largely prevented by anti-

body transfer, leading to a reduction in frequency

of orofacial abscess formation from 73% to 25% (P

< .05). When the antibodies were fractionated

into IgG- and IgM-enriched preparations, IgG was
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found to be more effective in preventing orofacial

abscess formation than IgM (Fig 17-9).This finding

further indicates that IgG antibody probably

exerts protection by opsonizing bacteria, leading

to their more efficient phagocytosis and killing by

neutrophils and macrophages in the pulp and

periapical lesion (see Fig 17-1).

The results of these studies are consistent with

studies of the effect of pure T -cell deficiencies on

pulpal and periapical destruction. Congenital

thymic aplasia (DiGeorge syndrome) results in

drastically reduced or absent T cells and de-

creased antibody levels, secondary to a lack of TH

activity for B cells.Affected individuals mount nor-

mal immune responses against common bacterial

infections but are extremely susceptible to viral,

protozoan, and fungal infection. 83 There are as yet

no reports of increased susceptibility to oral infec-

tions in DiGeorge patients. In animal models that

mimic DiGeorge syndrome, athymic nu/nu ani-

mals have yielded conflicting results, with one

study indicating no effect of T -cell deficiency on

periapical destruction but a second study re-

porting decreased destruction.

In progressive HIV infection, there is a pro-

found depression in CD4+ T cells and a lack of

cell-mediated immunity. Several infections affect

the periodontium in such individuals, resulting in

a wide range of clinical presentations. 86,87 How-

ever, several cross-sectional studies have failed to

find an increase in the frequency of endodontic

complications after root canal treatment in HIV-

infected individuals. 88,89

Individuals with pure antibody deficiencies are
not at an increased risk of developing marginal

periodontitis or dental caries compared with age-

and sex-matched controls.54,57 90 Little is known
about the effects of pure antibody deficiencies on

periapical pathogenesis. Because most hypogam-

maglobulinemic patients also receive long-term

administration of antibiotics and/or gamma globu-

lins, the oral flora may be significantly suppressed,

resulting in reduced inflammation. 57,91

Taken together, these data suggest that specific

immune responses mediated by B cells and anti-

bodies protect against systemic spread of endo-

dontic infections but may otherwise have relative-

ly minor effects on localized periapical bone

destruction, whereas T cells have only a marginal

effect on the extent and severity of periapical

inflammation.

Mediators of Periapical
Inflammation

Most evidence suggests that periapical inflamma-

tion and bone destruction are stimulated primari-

ly by host-derived mediators that are induced by

infection rather than by direct interaction of bac-

teria with osteoclasts and other host cells. These

mediators help to combat infection but appear to

do so at the price of stimulating concomitant tis-

sue degradation. In this section, the activity of
various mediators of periapical inflammation and

destruction is discussed.

Proinflammatory cytokines

As noted, the earliest periapical responses to pulp-

al infection involve the migration of PMNs and

monocytes. Chemokines, including interleukin-8

(IL-8) and monocyte chemoattractant peptide-1

(MCP-1), are produced locally and are likely to be

involved in regulating PMN and monocyte infiltra-

tion. 92-94 IL-8 also helps to "prime" PMNs for an

elevated oxidative burst that is important in bac-

terial killing.

Once activated by bacterial components, mac-

rophages and PMNs express a cascade of proin-

flammatory cytokines (see Fig 17-2).The proximal

members of this cascade include IL-1 a, IL-1 B, and

TNF-a. IL-la and TNF-o may further stimulate

each other's expression in an autoregulatory fash-

ion. Downstream, cytokines IL-6, IL-8, and granulo-

cyte-macrophage colony-stimulating factor (GM-

CSF) are induced as secondary mediators. GM-CSF

stimulates bone marrow production of PMNs and

monocytes and also primes PMN activation. As

will be discussed later, IL-6 can synergize with

prostaglandin E2 (PGE2) to increase some inflam-
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Fig 17-10 Effect of deletion of the Toll-4 receptor gene on
size of periradicular lesions after pulp exposure in mice. The
Toll-4 receptor gene binds to bacterial LPS and contributes to
the innate immune response of macrophages and other cells
to bacteria. Activation of Toll-4 receptor leads to synthesis of
cytokines such as IL -1 and TNF. **P <.01. (Redrawn from Hou
et al15 with permission.)

Fig 17-1 I Effect of pulpal inflammation and necrosis on
number of cytokine-expressing cells in periradicular tissue of
rats following pulp exposure. (Redrawn from Tani-Ishii et all"
with permission.)

matory responses, but its predominant action
overall is anti-inflammatory.

Macrophages and other types of cells express

an evolutionarily conserved family of recently

described Toll-like receptors that recognize bacte-

rial structures including LPS, peptidoglycans, and

lipoteichoic acid.95 Activation of Toll-like recep-

tors triggers signaling pathways that result in the

expression of IL-1, TNF-a, and perhaps other

cytokines (see Fig 17-2). Thus, Toll-like receptor

activation explains the observation that IL-1 and

TNF-a are induced in periapical lesions in the

absence of T or B cells.81 Recently, it has been

shown that mice deficient in Toll-like receptor 4,

the primary receptor for LPS , 96 97 have reduced

inflammatory cytokine responses and decreased

periapical bone resorption (Fig 17-10). 1 '

IL-1a, IL-1 B, TNF-a, and TNF-(3 stimulate bone

resorption by osteoclasts. Collectively these medi-

ators comprise the activity formerly termed osteo-

clast-activating factor (OAF). IL-6 and IL-11

have also been reported to increase bone resorp-

tion, but this effect is probably secondary to their

ability to stimulate osteoclast formation from pre-

cursor stem cells rather than to activate pre-exist-
ing osteoclasts. In humans, IL-1 B constitutes most

OAF activity, reflecting both its high level of

expression and its pharmacologic potency 98 102,103

In this regard, IL-1 has been shown to be approxi-

mately 500-fold more potent than TNF in stimulat-

ing bone resorption. Both IL-1 and TNF-a are

produced in large quantities by macrophages and

other cells, including fibroblasts, keratino-

cytes, osteoblasts, and osteoclasts. In addi-

tion to bone resorption, IL-1 and TNF-a possess

overlapping activities relevant to periapical tissue

destruction, including induction of PGE2, pro-

teinase production,"" and inhibition of bone for-mation.

At sites of pulpal and periapical inflammation,

IL-la, IL-1 B, and TNF-a mRNA and protein are

expressed in the first few days following infection

(Fig 17-11). 1 " -114 These mediators are largely

derived from macrophages and PMNs."' IL-1(3 is

present in inflamed human pulp, periapical

lesions,' 16 and cysts.' 1 7 Higher levels of IL-1(3 are

present in periapical lesions from more severely

affected, symptomatic teeth.' 18,119 The level of IL-
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1B in human periapical exudates was twice that

of IL-1(x.120 Interestingly, IL-1(3 declined following

treatment, whereas IL-la increased, suggesting

that IL- I B may be primarily associated with patho-

genesis. TNF-(x has been identified in periapical

exudates. 121 IL-6, which induces osteoclast forma-

tion but does not appear to stimulate activation, is
expressed by macrophages, PMNs, and T cells and

has been detected in periapical tissue and radicu-

lar cysts. 122-126 IL-11 is present in periapical

lesions, but its role is unclear . 74

IL-1 appears to play a central role in stimulat-

ing periapical bone resorption by osteoclasts.

Bone-resorbing activity is present in extracts of

both human and rat periapical tissues. 127,128 In

experimental models such as the rat, in which the

timing of lesion induction can be controlled, 129

the highest levels of resorbing activity are present

in periapical tissues during the active phase of

lesion expansion (3 to 14 days after pulp expo-

sure). Most of this activity can be resolved to a

peak molecular weight of 15,000 to 20,000, con-

sistent with the size of IL-1. Moreover, this activity

is neutralized primarily by anti-IL-1 but not by

anti-TNF-a antibodies. 129,130 Thus, despite its fairly

high level of expression in periapical lesions,

TNF-a did not exert significant resorptive activity

due to its lower potency in stimulating osteoclasts.

By comparison, only 10% to 15% of resorptive

activity in lesions was due to the action of PGE 2 .

Specific inhibition of IL-1 in vivo by infusion of

rats with IL-1 receptor antagonist (IL-Ira)131 over a

14-day period decreased lesion size by approxi

mately 60% (Fig 17-12). 108 IL-Ira, another member

of the IL-1 family induced during inflammatory

responses, binds to IL-1 receptors but fails to acti-

vate cellular responses. Consequently, it acts as a

competitive inhibitor of both IL-1 a and IL-1(3. The

expression of endogenous IL-lra is induced fol-

lowing infection and has been found in periapical

lesions. 132 Interestingly, the ratio of IL-Ira to IL-1(3

was three-fold lower in periapical exudates from

symptomatic than from asymptomatic lesions,

suggesting that the balance between inhibitor and

agonist may determine lesion progression. The

central role of IL-1 in infection-stimulated bone

Fig 17-12 Effects of administration of an IL-1 receptor antag-
onist (IL1-ra) or a vehicle on size of periapical lesions after
pulp exposure in rats. (Redrawn from Stashenko et al 108 with

permission.)

resorption is further underscored by findings in

models of periodontal disease. Thus, treatment of
monkeys with soluble IL-1 receptors (which

block IL-1 activity) reduces periodontal bone loss

by 60% to 70%. 133
Recently, the effect of a lack of IL-1 and/or

TNF receptor signaling has been studied with
respect to periapical destruction. Surprisingly,

mice deficient in the primary receptor for IL-1

(IL-I type I receptor [IL-IRI]) or for both recep-

tors for TNF-a (TNFR), p55 and p75, were report-

ed to have greater periapical bone resorption

than wild-type controls. 134 Mice deficient in

both IL-1RI and TNFR p55 exhibited even more

bone resorption. This increase correlated with

more rapid bacterial penetration through the

radicular pulp and increased pulpal destruction.

Mice deficient in IL-IRI, but not TNFR, p55 and

p75, also exhibited soft tissue abscess formation

and increased mortality 135 Although not yet con-

firmed, these results suggest that some functions

mediated by IL-1 and TNF-a may in fact con-

tribute to pulpal and periapical protection, par-

ticularly early after infection.As lesions progress,
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Fig 17-13 Prostaglandin levels in periapical tissue collected
from endodontic surgery patients. Uninflamed tissue samples
consisted of periapical tissue from clinically normal unerupted
third molars. Chronic inflamed tissue was taken from teeth diag-
nosed as having chronic apical periodontitis. Acutely inflamed
tissue was taken from teeth diagnosed as having acute apical
l esions. "P < .01 versus uninflamed tissue. N = 16. (Redrawn
from McNicholas et al 139 with permission.)

Fig 17-14 Inhibition of the bone-resorbing activity of extracts
taken from human periradicular lesions. Cytokine activity was
blocked by immunoneutralization with antisera to IL 1 a, IL 1(3,
TNF-u, or TNF-(3. Prostaglandin activity was blocked with
indomethacin. (Redrawn from Wang and Stashenko 128 with
permission.)

however, the effect of IL-1 is clearly destructive,

as discussed earlier. One possible mechanism

underlying a protective effect is that both IL-1

and TNF-a can stimulate PMN migration to sites

of infection and prime PMNs for increased bacte-

riocidal responses. 136,137 However, in the experi-

ments described above, infiltrating PMNs and

monocytes were actually increased in animals
deficient in both IL-1 and TNF receptors. 134 Thus,

the mechanism that underlies these observations

is presently unclear and requires further study.

Arachidonic acid metabolites
Products of arachidonic acid metabolism have

also been correlated with pulpal and periapical

inflammation. PGEZ has been shown to be pre-
sent in higher concentrations in symptomatic

than in asymptomatic pulps138 and in acute peri-
apical lesions (Fig 17-13), 139 and PGE Z levels of
periapical exudates decrease following root canal

treatment. 140 Experimentally induced inflamma-

tion of dental pulp increases the production of 6-

keto-PGF1a, thromboxane B2, and leukotriene
C4. 141 Similarly the application of bacterial LPS to

pulps increases production of all arachidonic acid
metabolites. 142 The prostaglandins increase vascu-

lar permeability 143 and stimulate bone resorption,
and as previously noted, PGEZ is directly responsi-

ble for 10% to 15% of total bone-resorbing activi-

ty in extracts of rat periapical tissues. 12' Howev-
er, approximately 60% of the bone-resorbing

activity stimulated by IL-1 is inhibited by indo-

methacin.This finding reflects the fact that IL-1-

induced resorption is partly dependent on PGE Z
synthesis by cells present at inflammatory sites

(Fig 17-14).

IL-1 and PGEZ have been shown to synergize

with respect to bone resorption. 104,144,145 indo-

methacin was found to block the progression of

periapical bone destruction in experiments in

which the deposition of immune complexes into

root canals of cats induced such lesions. 46 The
participation of PGEZ in periapical destruction in

vivo is also supported by the finding that indo-

methacin-treated rats displayed milder inflamma-
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tion and less bone resorption than controls. 146

This finding also concurs with periodontal dis-

ease studies in which long-term administration of

the cyclo-oxygenase inhibitor flurbiprofen sup-

pressed naturally occurring periodontal destruc-

tion in beagles by 60% to 70%. 147

Paradoxically, infusion of PGE Z in vivo has

actually been found to increase bone formation

rather than to stimulate bone resorption,148 and

inhibitors of PGE Z production (such as ibupro-

fen) inhibit fracture repair.' 49 PGE Z has been

shown to induce regeneration of cementum, alve-

olar bone, and periodontal ligament in dogs.150

Because prostaglandins appear to act largely

through synergy with other mediators, it may be

that their primary effect is to increase the sensi-

tivity of osteoblasts and osteoclasts to other sig-

nals, regardless of whether they stimulate bone

resorption, such as proinflammatory cytokines, or

bone formation, such as growth factors.

Regulation of proinflammatory
cytokines: The cytokine network

The expression and action of pro-inflammatory/
bone resorptive mediators is modulated by a net-

work of regulatory cytokines. Although complex,

this network is best understood in the context of
the two major subpopulations of Thelper cells.

TH1 and TH2 cells represent distinct subsets that

may be distinguished both by gene expression
profile and by function. TH1 cells produce

interferon-y (IFN-y), IL-2, and TNF-a; mediate

delayed-type hypersensitivity reactions through

the activation of macrophages by IFN-Y; increase

inflammation; and inhibit the responses of TH2

cells. Conversely TH2 cells produce IL-4, IL-5, IL-6,

IL-10, and IL-13; stimulate the production of most

subclasses of antibody by B cells; decrease inflam-

mation; and inhibit the responses of THI cells.

These T -cell subsets derive from nonpolarized

precursor cells (THp), which may be directed

toward a TH 1 rather than a TH2 pathway of differ-

entiation in the cytokine milieu. In many cases,

the cytokines that determine TH1/TH2 commit-

ment are produced by macrophages following

their stimulation by bacteria. The macrophage-
derived cytokines IL-12 and IL-18 favor the devel-

opment of aTHI response,155 whereas IL-10 pro-

motes TH2 responses.' 56-159 However, IL-4 and

IL-13 derived from other T cells, basophils, and

NK cells are also important determinants of TH2

commitment.
As previously noted, TH1 and TH2 cells are

cross-regulatory and their cytokines are antago-

nistic, acting to inhibit the proliferation and
cytokine production of the opposing subset. 160

Data from periodontal disease models suggest
that inflammation and bone resorption are in-

creased by TH1 responses and decreased by TH2

responses. Thus, transfer of TH1 clones exacer-

bates periodontal bone resorption while TH2

clones are protective. 161,162 A model for the oper-

ation of such a network in periapical inflamma-

tion predicts that the TH1 subset increases IL-1

and other pro-inflammatory cytokines, whereas

inhibitors of IL-1 are related to the TH2 subset

(see Fig 17-2). Many of these regulatory cytokines

have been identified in mouse periapical lesions,

including IFN-y, IL-2, IL-4, IL-6, IL-10, IL-12, IL-13,

and transforming growth factor (TGF) -B.163 TH1-

type cytokines IL-2, IL-12, and IFN-y showed a lin-

ear increase in periapical lesions up to day 28. In

contrast, TH2-type cytokines IL-4, IL-6, and IL-10

were increased following pulp exposure, but lev-

els declined by day 28, suggesting possible inhibi-

tion by TH1-type mediators. Significant correla-

tions were observed between levels of IL-1 and

TH1 cytokines in periapical tissues, whereas

there was a lack of correlation between IL-1 and

TH2-type mediators. These results demonstrate

that a cytokine network is activated in the peri-

apex in response to infection and that THI-modu-

lated pro-inflammatory pathways predominate in

early pathogenesis.

In chronic human lesions, IFN-y, IL-2, IL-4, IL-6,

and IL-10 have been identified by immunohisto-

chemistry. 164 In contrast to findings in the mouse,
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Fig 17-15 Effect of deletion of anti-inflammatory cytokines on
the size of periapical lesions in mice after pulp exposure. Mice
were engineered to have knockouts of the IL 10 gene. The
cytokine IL-10 promotes the anti-inflammatory TH2 response
of lymphocytes and inhibits osteoclast activity. "`P < .01. (Re-
drawn from Sasaki et al165 with permission.)

Functional studies of regulatory
cytokines

The hypothesis that emerges from these findings

is that regulation of periapical bone resorption is
mediated principally through the effects of a

mediator on IL-1 expression by macrophages and

other cell types. This scenario is clearly an over-

simplification, however, because a number of cyto-

kines, including IFN-y, IL-4, IL-8, IL-10, and IL-18,

have been reported to directly inhibit osteoclasts.

Again, we must ask what these cytokines actually

do functionally within developing periapical

lesions rather than what they can do in other sys-

tems. Experiments to address this question have

either employed genetic "knockouts" of individual

cytokines or inhibition of cytokines with specific

inhibitors, antagonists, or neutralizing antibodies.

Such analyses have now been carried out for many

of the key regulatory cytokines expressed in peri-

apical lesions.

Using knockout animals, the effect of a lack of

the prototype TH2 anti-inflammatory cytokines

IL-4, IL-6, and IL-10 has been determined. 165,166

The results demonstrated that IL-10-deficient

mice had dramatically increased periapical bone

destruction (> 250%) (Fig 17-15), whereas, sur-

prisingly, IL-4-deficient animals had bone loss

similar to that of controls . 165 IL-6-/- and animals

treated with anti-IL-6 antibodies also had in-

creased resorption, but this increase was moder-

ate (approximately 50%) compared to that seen

in IL-10 - /- . 166 The increased bone destruction in

the IL-10 knockouts correlated with a ten-fold

elevation in the periapical levels of IL-hx, where-

as IL-1a- was increased by two-fold in IL-6- / - but

not increased in IL-4-/ - . Macrophage IL-la expres-

sion was inhibited to a significant degree by IL-10

and IL-6, but not by IL-4 in vitro. These data

demonstrate that endogenous IL-10 has a strong

(and nonredundant) inhibitory effect on periapi-

cal bone destruction and that pro-inflammatory

pathways predominate in its absence. IL-4, al-

though a potent inhibitor of inflammation in

other systems, has no effect on bone resorption

in vivo. This finding also contrasts with its report-

ed inhibition of bone resorption in organ cul-

ture. 167 The role of IL-6 is interesting because it is

often considered to be pro-inflammatory. Part of

this misconception is due to the fact that IL-6 in-

creases osteoclastogenesis, and its absence might

be expected to decrease osteoclast formation as

well as resorption. However, IL-6 also possesses

many anti-inflammatory effects.These include the

induction of acute phase proteins, many of which

are themselves anti-inflammatory, as well as a

weak inhibition of IL-1 expression. Thus, the pre-

dominant actions of IL-6 are anti-inflammnatory,

consistent with its categorization as a TH2 cy-

tokine.

TGF-B is produced by many cell types, includ-

ing macrophages and epithelial cells. Although

not a TH subset-related cytokine, TGF-B is also a

powerful negative regulator of inflammation.

Thus, animals lacking TGF-B have multifocal

inflammation and exhibit severe pulpal and peri-

apical inflammation. 153,168,169 The role of TGF-B in

periapical resorption induced by infection has

not been determined.
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Prototype TH1-type cytokines IL-12 and IFN-y,

which may be expected to increase IL-1 expres-

sion and resorption, have also been analyzed. 165

However, neither IFN-y - /- nor IL-12 -~ - showed

decreased resorption compared with untreated

wild-type controls. IL-la levels were not signifi-

cantly altered in lesions of any of these animals.

These findings indicate that endogenous expres-

sion of TH 1-type cytokines IL-12 and IFN-y has at

most only minor effects on IL-1 expression and

IL-1-mediated bone destruction, perhaps because

innate mechanisms operating through Toll-like

receptors are already maximally stimulated in

these infections.

A number of other cytokines with potential

modulating activity on periapical resorption have

not yet been assessed in these in vivo systems.

These include the macrophage-derived TH 1-induc-

tive mediators IL-15 and IL-18 and the TH2

cytokine IL-13, which is also produced by NK

cells. Other soluble cytokine receptors (eg, sIL-4R)

may affect the network by antagonizing regulato-

ry cytokines. 170,171

Several clinical implications arise from this

review of the pathogenesis of apical periodontitis.

First, patients with diseases or taking drugs that

suppress immune fuction may experience a

greater risk of developing apical periodontits or

exhibit apical periodontitis that is more resistant

to endodontic treatment, as compared to healthy

patients. The known effects of certain immunode-

ficiencies have been noted previously in this

chapter (see also chapter 21). Second, the primary

etiologic factor for apical periodontitis is pulpal

bacterial infection and the resulting immune

response. Accordingly, those endodontic proce-

dures that have the greatest effect in reducing

bacteria and antigens in root canal systems are

likely to hae greater success in resolving apical

periodontits. To date, thorough chemomechanical

debredement with NaOCI irrigation, followed by

intracanal administration of Ca (OH) 2 for at least 7

days has the best evidence for reduction of pulpal

bacteria.

Conclusions

There has been significant progress in recent

years in our understanding of the pathogenesis of

apical periodontitis, particularly with respect to

its modulation by the immune system. The ele-

ments of innate and specific immunity that pro-

tect against pulpal infections and prevent their

dissemination have been defined, at least in broad

terms. A number of the key mediators of periapi-

cal bone resorption have been elucidated. Future

studies will seek, first, to completely characterize

the protective versus destructive components in

this system and, second, to learn how to control

them through immunotherapy.

Several clinical implications arise from this

review of the pathogenesis of apical periodontitis.

First, patients with diseases or taking drugs that

suppress immune function may experience a

greater risk of developing apical periodontitis or

exhibit apical periodontitis that is more resistant

to endodontic treatment, as compared to healthy

patients. The known effects of certain immunode-

ficiencies have been noted previously in this

chapter (see also chapter 21). Second, the primary

etiologic factor for apical periodontitis is pulpal

bacterial infection and the resulting immune

response. Accordingly, those endodontic proce-

dures that have the greatest effect in reducing

bacteria and antigens in root canal systems are

likely to have greater success in resolving apical

periodontitis.To date, thorough chemomechanical

debridement with NaOCI irrigation, followed by

intracanal administration of Ca(OH) 2 for at least 7

days has the best evidence for reduction of pulpal

bacteria.
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Interrelationship of
Pulpal and Periodontal
Diseases
R. Bruce Rutherford, DDS, PhD

A major theme of this book is the relationship

between dental pulp and other tissues in health

and disease. The complex relationship between

diseases of the dental pulp and of the periodon-

tium is evidenced in anthropologic specimens'

and has long been recognized to be of potential

pathologic significance.' Indeed, the presence of

a periradicular radiolucency (apical periodonti-

tis), as identified by radiographic evidence of

bone loss surrounding the root apex, is often a

clinician's first indication of pulpal pathosis. The

relationship between pulpal disease and peri-

radicular inflammation and tissue destruction is

covered in detail in chapter 17. This chapter

focuses on the interaction between the pulp and

marginal periodontitis.

There is some evidence for claims that dis-

ease of the dental pulp, in addition to root perfo-

rations and fracture, 3 affects the health and heal-

ing capacity of the periodontium. Conversely, it

is possible that disease of the periodontium can

negatively affect the structure and function of

the dental pulp. This chapter discusses the evi-

dence for and against correlations between pulp

and periodontal diseases and treatment. Clinical

implications of such relationships coronal to the

periradicular region, diagnostic approaches, and

treatment options are discussed.

Classification of Pulpal and
Periodontal Pathoses

Simon and colleagues4 published a classification

of pulp-periodontium relationships and treat-
ment regimens 5,6 useful to both clinicians and
investigators (Figs 18-1 and 18-2).7-This classifi-

cation scheme is based on the primary source of

infection or inflammation. The principal distinc-

tion between primary periodontal lesions with

secondary pulpal involvement and the primary
pulpal lesion with secondary periodontal involve-

ment is the order of events. Substantial evidence

suggests that pulpal disease can contribute to

periodontal disease; however, much more contro-

versy surrounds the reverse situation. Evidence

either supporting or refuting these relationships
will be discussed below.
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Fig 18-I The clinical interrelationships of five classes of
endodontic-periodontal lesions. (Reprinted from Simon et al 4
with permission.)

Fig 18-2 Schematic illustration depicting potential etiologic routes for development of endodontic-periodontal lesions.
(a) Endodontic lesion. The pathway of communication is evident through the periodontal ligament from the apex or a lateral canal.
(b) Communication through the apex or a lateral canal may cause bifurcation involvement. (c) Primary endodontic lesion with sec-
ondary periodontal involvement. The existing pathway as in (a) is shown, but with the passage of time periodontitis with calculus for-
mation begins at the cervical area. (d) Periodontal lesion. The progression of periodontitis is toward the apex. Note the vital pulp (V).
(e) Primary periodontal lesion with secondary endodontic involvement, showing the primary periodontal involvement at the cervical
margin and the resultant pulpal necrosis once the lateral canal is exposed to the oral environment. (f) "True" combined lesion. The
two separate lesions are heading to a coalescence, which forms the "true" combined lesion. N, necrotic pulp. (Reprinted from Simon
et al 4 with permission.)

Anatomic relationships between the
pulp and periodontium

The pulp connects to the periodontal ligament

through the apical foramen (see chapter 17), lat-

eral or accessory canals, and possibly through

patent dentinal tubules in the presence or

absence of cementum11 (see chapters 4 and 19).

The presence of lateral canals and their distribu-

tion in teeth have been demonstrated by a variety

of methods.These techniques include microradio-

graphy (Fig 18-3) pulp-chamber perfusion of
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Fig 18-3 Microradiograph depicting the arrangement of
blood vessels in the maxillary second molar of a 22-year-old
male. Note the vascular bridge extending across the pulp
chamber and connecting the root canal vessels. Aberrant ves-
sels are entering the pulp chamber near the bifurcation of the
roots. (Reprinted from Saunders" with permission.)

Fig 18-4 Histologic evaluation of combined pulpal-periodontal vasculature using india ink perfusion. (Reprinted from Kramer 14 with
permission.)

Fig 18-4a Buccal root of a maxillary first molar. Note six
groups of blood vessels connecting the root canal with the
periodontal ligament.

Fig 18-4b Higher magnification (x83) of Fig 18-4a showing
that each canal connecting the pulp to the periodontium con-
tains a pair of vessels with one vessel larger than the other.
The smaller vessels resemble arteries and the larger vessels
veins.

extracted teeth with india ink (Fig 18-4), 13 post-
operative radiography of root canals filled by dif-
fusion or pressure techniques (Fig 18-5), and con-
ventional light microscopic examination (Fig
18-6). 15 These studies suggest that patent blood
vessels course in lateral or accessory canals con-

necting the coronal and/or radicular pulp with
the periodontal ligament. They appear to be dis-
tributed at any level of the root as well as on the
floor of the pulp chamber.

Additional studies using histologic evaluation
of serial sections indicate that most teeth contain
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Fig 18-5 Post-endodontic treatment radiographs illustrating location and distribution of lateral canals as evidenced by presence of
endodontic sealer. (Courtesy of Drs Karl Keiser, William Walker, William Schindler, and Kenneth Hargreaves.)
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Fig 18-7 Incidence of furcation involvement, defined as > 3
mm horizontal depth, in mandibular molars with no periapical
(PA) radiolucency (N = 223) compared to the incidence in
mandibular molars with PA radiolucency (N = 41). "P < .05.

( Data from Jansson and Ehnevid.20)

Fig 18-6 Composite section of a maxillary second premolar.
Note the multiple apical ramifications (AR) of the pulp (P) in
the apical portion of the root canal (RC). A lateral canal (LC) is
present in the coronal portion of the apical third of the root. D,
dentin (original magnification x96). (Reprinted from Seltzer et
al16 with permission.)

such pulp-periodontium communications." In

this study, not all canals appeared to be patent at

the time of tooth extraction. In a few teeth, the

foramina on the periodontal side as well as the
lumina of the lateral canals were narrowed by

cementum deposition. The distribution of lateral

canals has been reported to be 17% in the apical
third, 8.8% in the middle third, and 1.6% at the

coronal portion of the root. 17 Substantial variation

exists in the estimate of accessory canals in the

area of the root furcation of multirooted teeth,

with measured values ranging from 76%18 to

28%. 19 These accessory canals may serve as path-

ways for bacteria in necrotic pulps to reach the

furcal periodontium and contribute to periodonti-

tis in this region (Fig 18-7).
The presence of patent accessory canals pro-

vides a potential pathway whereby disease pro-

cesses, toxic substances, medicaments, or bacte-

ria may spread between these two tissues at sites

within the periodontium as well as the periradic-

ular area. However, the apical foramen may be

the more significant because total pulpal necrosis

has been reported to occur only subsequent to

bacterial invasion of all apical foramina of a given

tooth . 21

Fluid may flow through patent dentinal tubules

(see chapter 4). Hence, in the absence of an intact

enamel or cementum covering, the pulp may be

considered exposed to the oral environment via

the gingival sulcus or periodontal pocket. Experi-

mental studies demonstrate that soluble material

from bacterial plaque applied to dentin can cause

pulpal inflammation . 22 The authors concluded

that dentinal tubules may provide ready access

between the periodontium and the pulp.

Noyes et a123 report that 5% to 10% of human

teeth display enamel-cemental dysjunction, expos-
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ing cervical dentinal tubules to the gingival sul-

cus. In addition, cementum may not always pro-

vide an impermeable covering for dentin. Studies

indicate that cementum may be permeable in a

number of conditions: young cementum is more

permeable than old," cemental defects may oc-
cur, 7 the cementum may be variably mineral-
ized,24 or it may be subject to resorption" (see
chapter 19). In addition, dentinal tubules may be

exposed in developmental anomalies such as lin-
gual grooves, enamel projections, and other condi-

tions.9 Several other possible modes of pulp-peri-

odontium communication should be considered,
including neural reflex pathways, a common vas-

culature and lymphatic system, and root fracture

(reviewed in Dongari and Lambrianidis 9).

Effect of Pulpal Infection on
Periodontal Disease

A causal relationship between root canal infec-

tion and periodontal disease requires (1) a

patent route to the periodontium, (2) an infect-

ed root canal system, and (3) sufficient virulence

of the pulpal bacteria to evoke marginal peri-

odontitis. Unfortunately, there are no well-con-

trolled prospective clinical studies demonstrating

these three criteria. Instead, a causal relationship

is often inferred from large-scale retrospective

studies, from longitudinal studies, or from inter-

ventional preclinical studies. Although available

data are not definitive, their quality appears to be

sufficient to make inferences about whether

pulpal infections serve as a risk factor for mar-
ginal periodontitis. 6

Evidence in a variety of forms suggests that

disease in the dental pulp alone can affect the

health of the periodontium (Fig 18-8; see also Fig

18-2 [a-c]). Although the incidence of primary

endodontic lesions that produce nonapical peri-

odontal destruction has not been determined, it

may be sufficiently often to confound epidemio-

logic studies estimating the prevalence of mar-
ginal periodontitis.25

Anthropologic data in early man reveal that

pulpal exposure through occlusal attrition led to

extensive angular alveolar defects apparently not

related to marginal periodontitis.' These osseous

defects were inferred to arise from pulpal disease

with apical and/or lateral drainage into the peri-

odontal ligament. Several case reports claim pri-

mary endodontic lesions manifesting as rapid

nonapical periodontal destruction. 15,26-28 Some
may manifest as a retrograde marginal periodonti-

tis (reverse pocket) as drainage is established

through the periodontium to the gingival sulcus
(see Fig 18-2).29 Such lesions have been induced

experimentally in the teeth of cats, dogs, mon-

keys, and humans. 30-33 Seltzer and Bender's found

granulomatous lesions associated with lateral and

periradicular canals in extracted teeth.

The studies correlating endodontic infection

or root canal therapy to periodontal disease uti-

lized various techniques. Frequently the data came

from retrospective analyses of data derived from

human studies or experiments on animal models.

In a series of retrospective studies on human

patients referred to a periodontal clinic for treat-
ment, Jansson and coworkers 34-39 concluded that

loss of marginal periodontal attachment was

directly correlated to the presence of endodontic

infection.These studies demonstrated that teeth in

patients prone to marginal periodontitis and with

endodontic infections (periradicular radiolucen-

cies) had deeper pockets, more attachment loss,

and a higher frequency of angular (vertical)

defects than teeth without radiographic evidence
of endodontic infection (see Fig 18-7). Based on

these findings, the authors concluded that pulpal

infections serve as a risk factor in patients prone
to periodontitis.

Prospective preclinical studies have also evalu-

ated whether pulpal infection modifies the health

of the marginal periodontium. For example, the

effects of experimental root canal system infection

on healing of surgically induced periodontal

wounds was studied in monkeys. 41 A mixture of
Fusobacterium nucleatum, Streptococcus inter-

medius, Peptostreptococcus micros, and Porphy-

romonas gingivalis was introduced into endodon-
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Fig 18-8 Clinical example of a lesion of pulpal origin. (Reprinted from Wenckus et all' with permission.)

Fig 18-8a Preoperative radiograph illustrating a mandibular
first molar with large periradicular radiolucency extending into
the furcation.

Fig 18-8b Note deep probing into the sinus tract that exited
through the sulcus.

Fig 18-8c Nine-month postendodontic recall showing excel-
lent, but incomplete, healing.

Fig 18-8d Nine-month recall showing no clinical probing into
the sinus.

tically instrumented palatal roots of monkey pre-

molars and molars. Cementum, ligament, and

bone were then surgically removed from the

palatal root, the root surface was acid etched, and

healing observed. A greater fraction (20%) of the

root was covered with epithelium in infected

teeth when compared with noninfected teeth,

whereas noninfected teeth had 10% more con-

nective tissue covering the denuded root. Inter-

estingly, the infections were more severe in the

marginal region of the root, leading the authors

to conclude that the cervical dentinal tubules

were more patent than apical tubules, permitting

a greater transport of bacteria or by-products (see

also chapter 4).

However, not all investigators agree with the

hypothesis that pulpal infections represent a risk

factor for marginal periodontitis. For example,

some investigators found no relationship between

the physiologic status of the pulp (vital or nonvi-

tal) or periradicular radiologic anatomy and mar-

ginal periodontal attachment loss as assessed radi-

41 7



18 • Interrelationship of Pulpal and Periodontal Diseases

ologically. 42 This study utilized patients from three

separate populations in which the tooth with the

periradicular pathosis was matched to a normal

contralateral tooth. Others have contrasted the rel-

atively high incidence of furcal accessory canals
(28% to 76%) with the relatively poor evidence

implicating them as a potential pathway for

pathogens. Finally, many authors contend that an
intact cemental layer effectively prevents pulp-

periodontium communication; this point is cov-

ered in more detail in chapter 19.

The extant data reveal that extensive pulpal

infection spreading through patent lateral canals or

dentinal tubules in the absence of an intact cemen-

tal layer may alter the periodontium. In such in-

stances, periodontal treatment without root canal

therapy is not sufficient. However, none of the

reviewed clinical studies cited above completely

answered the question of whether endodontic

infections significantly affect periodontal health.

More compelling evidence could be provided

through prospective longitudinal studies.

Effect of Endodontic
Treatment on Periodontal
Healing

Information on the capacity of pulpal infections

to influence periodontal healing after traumatic

injury has been obtained from a series of experi-

ments utilizing reimplanted teeth as a model .43-48

These studies revealed that pulpal infections in

reimplanted teeth may influence periodontal

healing when the integrity of the cementum is

breached by root resorption and dentinal tubules

are exposed. Root resorption occurs in the pres-

ence of pulpal infection and absence of cemen-

tum, whereas cementum prevents root resorption

associated with endodontic infection (see chap-

ter 19). The presence of a root canal infection

revealed radiograpically was also associated with

diminished periodontal healing after scaling and
root planing.36 A later experiment using implant-
ed monkey incisors demonstrated that root re-

sorption was associated with experimentally

infected pulp chambers only in the absence of

cementum.41 Although these studies do not pro-

vide definitive evidence of pulpal infection

spreading to the periodontium, they do suggest

the possibility that endodontic infection retards

periodontal healing in the event of traumatic

injury to the periodontium. These studies appear

to reinforce the widely accepted clinical practice

of filling root canals without altering the roots of

reimplanted, fully formed, avulsed teeth. These

studies, however, do not necessarily relate to

plaque-associated (marginal) periodontitis.

Effect of Periodontal
Lesions on Pulpal Pathosis

Although many clinicians and investigators have

concluded that pulpal disease can affect peri-

odontal health, there is less agreement that the

converse is also true. Several studies have report-
ed no association between the extent of peri-

odontal tissue loss and markers of pulpal health.

The histologic appearance of pulps in extracted

human teeth from individuals exhibiting wide

variation in the extent of periodontal destruction

was all within normal limits. 49 Similar findings

were reported by others also using histologic

examination of extracted human teeth. Other

investigators using animal models have come to

similar conclusions. In a rat model of induced

periodontal disease, no pulpal disease was evi-

dent; however, the authors failed to document

the presence of lateral canals or other means for

pulp-periodontium communication. 52

In contrast, Seltzer and Bender interpret

their data to be indicative of periodontal disease

affecting pulpal physiology. The pulpal changes

included pulpitis and necrosis. Other authors

have reached similar conclusions . 21,5 3 Langeland

and coworkers2 I reported that whereas pulpal

changes were associated with periodontitis, pulp-

al necrosis was not evident in teeth without peri-

radicular penetration by bacteria. For total necro-
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sis, all periradicular foramina of a given tooth

must have been infected. This study is weakened

by the lack of a precise clinical description of the

extent of the periodontitis and the lack of direct

evidence of bacteria from the periodontium in-

vading the pulp. Caution must attend interpreta-

tion of bacterial invasion of adjacent tissues from

histologic sections because bacteria may be spread

between tissues during preparation, eg, sectioning

teeth prior to fixation.

However, a nonhuman primate study to deter-

mine the effect on pulpal health of periodontitis

and scaling and plaque accumulation on exposed

root dentin supports the existence of the primary

periodontal lesion with pulpal involvement (see

Fig 18-2 [e] ). 54 Ligature-induced plaque-associated

periodontitis was induced in six young-adult mon-

keys. Some of the animals received scaling and

were then subjected to new plaque accumulation

on the freshly exposed root dentin. Pulpal pathosis

was associated with 57% of teeth subjected to ex-

perimental periodontitis while no pulpal changes

were evident in control teeth (no induced plaque

accumulation). However, the pulpal changes, ter-

tiary dentin formation, and/or foci of inflammation

were considered "mild," with only one necrotic

pulp. The foci of pulpal inflammation occurred

adjacent to areas of root resorption that could

have exposed dentinal tubules. Scaling, root plan-

ing, and subsequent plaque accumulation had no

additional effect on pulpal pathosis. Lateral canals

were not identified. In another experimental study

in rats, induction of periodontitis was associated
with tertiary dentinogenesis 55 at the dentin-pulp
junction adjacent to the periodontal lesion. 16 In

this study, the single example of pulpitis and par-
tial necrosis was associated with periradicular

extension of the periodontitis.

The discrepant results among these studies
probably reflect the different methodologies

employed. Conclusions based on histologic exami-

nation of extracted teeth must be interpreted
with caution. Some studies did not use age-

matched teeth, did not examine the pulps of teeth

without periodontal disease, did not collect suffi-

cient numbers of subjects, or did not apply appro-

priate statistical analyses. The preponderance of

evidence weighs against clinically relevant pulpal

disease occurring because of marginal periodonti-

tis that does not destroy periradicular tissue.

Diagnosis and Treatment

Effective diagnosis and treatment is aided by a bio-

logically based and clinically relevant classification

scheme such as that originally published by Simon

and colleagues 4 (see Figs 18-1 and 18-2).This clas-

sification enables the tabulation of physical char-

acteristics, clinical findings, treatments, and thera-

peutic considerations in relation to the several

types of lesions associated with pulp and peri-

odontal disease. This information is presented in

Table 18-1 and is based on several recent re-

views.',6,17 It is clear that the prognosis for most

such lesions is good, with the success of peri-

odontal care being the most difficult to predict.

Careful diagnosis and a logical treatment plan con-

scientiously followed by thorough treatment regi-

mens should lead to retention of most teeth with
combined lesions (Figs 18-8 to 18-11).

Two of the major considerations in establish-
ing these diagnoses are pulp vitality and the mor-

phology of the periodontal defect. The clinician

should realize that methods used to evaluate
pulp vitality are susceptible to false-positive (ie, a

positive response from a necrotic pulp) and

false-negative (ie, a negative response from a vital

pulp) results. 58,59 A recent study compared the

cold test (ethyl chloride) to an electrical pulp

test (Analytic Technolgy Pulp Tester [Analytic

Technology, Redmond, WA]) to the gold standard

(endodontic access and clinical verification of

vitality) in 59 teeth of unknown pulpal status. 59

The probability of a negative test being a true

necrotic pulp was similar for the cold and elec-

trical tests (89% vs 88%). In addition, the proba-

bility of a positive test being a true vital pulp

was similar for the cold and electrical tests (90%

vs 84%). Overall, the cold test had slightly greater

accuracy compared with the electrical test (86%

vs 81%). However, the incidence of a false-posi-
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tive result may increase in cases of advanced

periodontitis, with some studies reporting false-

positive results as high as 52% in teeth with

advanced periodontitis.60 These authors suggest

that in cases of severe periodontitis, the pres-

ence of vertical (deep narrow) pockets and fur-

cal lesions should be considered predictors of

pulpal necrosis in addition to cold or electrical

test results. Moreover, the case of multirooted

teeth adds another layer of complexity because

some of the multiple root canal systems may be

necrotic while the other systems remain vital.

The morphology of the periodontal lesion is

another important diagnostic factor. In general,

periodontitis is characterized by horizontal bone

loss and is often generalized in the mouth with

evident plaque and calculus formation. In con-

trast, the presence of a vertical bony lesion (deep

narrow pocket) should lead the clinician to sus-

pect an endodontic origin of the lesion, and the
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Fig 18-9 Clinical example of a lesion of periodontal origin. (Reprinted from Wenckus et al°° with permission.)

Fig 18-9a Preoperative radiograph illustrating a mandibular
first molar with mesial radiolucency. Pulp testing revealed a
vital pulp.

Fig 18-9b One-year recall after periodontal surgery and bone
grafting reveals osseous healing. Pulp testing indicates contin-
ued pulpal vitality.

Fig 18-10 Clinical example of a combined lesion of primary pulpal and secondary periodontal origin. (Reprinted from Wenckus et
a l4° with permission.)

Fig 18-I0a Preoperative radiograph illustrating a maxillary
canine with a vertical periradicular radiolucency.

Fig 18-10b A complete dehiscence of the buccal cortical
plate of bone was noted during periodontal surgery.

Fig 18-10c At the 4-months recall, the probing depths were
only 3 mm.

Fig 18-10d Upon re-entering the area, a complete regenera-
tion of bone over the previous dehiscence was observed.
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Fig 18-11 Clinical example of a combined lesion of concomitant pulpal and periodontal origin. (Reprinted from Wenckus et al 40
with permission.)

Fig 18-11 a Preoperative radiograph illustrating a mandibular
molar with a periradicular radiolucency.

Fig 18-1 1b At 3 months after combined endodontic treat-
ment and periodontal surgery with bone grafting, both the
periradicular and gingival tissues appeared healthy.

Fig 18-11 c At 1 year, the periradicular healing was evident
and the periodontal defect also appeared healed. The tooth
probed within normal limits.

presence of a fractured root should be evaluated

in these cases.

The treatment plan of a primary endodontic

lesion with secondary periodontal lesion has

been reviewed by several clinicians. In particular,

investigators have noted the importance of com-

pleting the indicated endodontic treatment first

and then re-evaluating the periodontal status 2 to

3 months following completion, 6,57 which allows

sufficient time for initial healing events to pre-

sent a more accurate picture of the status of peri-

odontal tissue prior to developing the periodon-

tal treatment plan. Moreover, given the high inci-

dence of accessory canals in the furcal region or
patent dentinal tubules in the cervical region, this

treatment sequence also reduces the potential for

pulpal bacteria or by-products to become risk
factors for periodontitis. Given this consideration,

some investigators have advocated the use of cal-

cium hydroxide paste as an intracanal medica-
ment for its known antimicrobial and proteolytic
properties.61
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Root Resorption

Linda Levin, DDS, PhD

Martin Trope, BDS, DMD

Root resorption is a rare occurrence in perma-

nent teeth. Unlike bone that undergoes resorption

and apposition as part of a continual remodeling

process, the roots of permanent teeth are not nor-

mally resorbed. Only resorption of primary teeth

during exfoliation is considered physiologic.1

Mechanisms of Resorption

Even under conditions that would normally result

in bone resorption, such as alterations in oxygen

tension, hormonal fluctuations, locally produced

chemical mediators, or electrical currents, the

root is resistant to resorption on both its external

and internal surfaces.' Although several hypothe-

ses have been proposed, the exact mechanism by

which the resorption process is inhibited is

unknown. One hypothesis maintains that the rem-

nants of the epithelial root sheath surround the

root like a net and impart resistance to resorption

and subsequent ankylosis. 3,4 This hypothesis, how-

ever, has not been supported.' A second hypothe-

sis is based on the premise that the covering of

cementum and predentin on dentin is essential in

the resistance of the dental root to resorption.

There is some support for this hypothesis in that

it has long been noted that osteoclasts will not

adhere to unmineralized matrix. Osteoclasts will

bind to extracellular proteins containing the agi-

nine-glycine-aspartic acid (RGD) sequence of

amino acids. These RGD peptides are bound to

calcium salt crystals on mineralized surfaces and

serve as osteoclast binding sites. Importantly, the

most external aspect of cementum is covered by

a layer of cementoblasts over a zone of nonminer-

alized cementoid, and therefore does not present

a surface satisfactory for osteoclast binding. Inter-

nally the dentin is covered by predentin matrix, a

similarly organic surface (Fig 19-1). Thus, the lack

of RGD proteins in both cementum and predentin

reduces osteoclast binding and confers resistance

to resorption. Numerous studies lend support to

this theory. It has also been demonstrated in

cases of extensive external root resorption that

the circumpulpal dentin in close proximity to the
predentin is spared even though most of the

peripheral dentin may have been resorbed (Fig
19-').Another prediction of this hypothesis is that

damage to cementum or predentin increases the

probability of osteoclast-induced resorption,

which could occur in teeth damaged during avul-

425



19 • Root Resorption

Fig 19-1 Histologic appearance of pulp, periodontal ligament, and adjacent dentin. The precementum (PC) and predentin (PD)
have antiresorptive properties. If the intermediate cementum (IC) is penetrated, any pulpal toxins that may be present will cause peri-
odontal inflammation with bone and root resorption (H&E stain, original magnification x25).

Fig 19-2 Histologic appearance of a molar with extensive
external root resorption. Note that even though the dentinal
resorption is extensive, the odontoblast-predentin layer is
intact.

sions or other traumatic injuries. Although this

hypothesis has both experimental support and

clinical implications, other hypotheses have also

been advanced.

Another hypothesis for the relative resistance

of teeth to resorption maintains that intrinsic fac-

tors found in predentin and cementum act as

inhibitors of resorptive cells. It is known, for

example, that certain factors inhibit the resorptive

process in bone. One such factor is osteoprote-

gerin (OPG), a novel member of the tumor necro-

sis factor (TNF) superfamily that has the ability to

inhibit osteoclast-mediated bone loss. Osteoprote-

gerin acts as a "decoy receptor" by binding to the

receptor activator of NF-K(3 ligand (RANKL),

which reduces its concentration and thereby

inhibits the ability of RANKL to stimulate osteo-

clast production (osteoclastogenesis). Whether

cementoblasts produce OPG is not known; how-

ever, human gingival fibroblasts, human periodon-
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tal ligament cells, and human pulpal cells possess

the ability. 12,13
Finally, another hypothesis applicable to cer-

tain types of external root resorption involves the

barrier formed by the highly calcified intermedi-

ate cementum (Fig 19-3).5,14,15 The intermediate

cementum, the innermost layer of cementum, cre-

ates a barrier between the dentinal tubules and

the periodontal ligament."-" Under normal cir-

cumstances, this barrier does not allow irritants

such as bacterial by-products to pass from an

infected pulp space to stimulate an inflammatory

response in the adjacent periodontal ligament.

However, if the intermediate cementum is lost or

damaged, the inflammatory stimulators may dif-

fuse from an infected pulp space into the peri-

odontal ligament, setting up an inflammatory

response and subsequent external inflammatory

root resorption. It is clear that these different

hypotheses are not mutually exclusive, and their

relative contributions to various clinical condi-

tions may also vary depending on the circum-

stances of each case.

A variety of mediators such as hormones, inte-

grins, transcription factors, and cytokines affect

physiologic osteoclast function (see also chapter

17). The primary factors involved in pathologic
root resorption are fewer, however, and are pri-

marily or secondarily associated with the inflam-

matory response to infection. It is known that
inflammatory mediators are potent stimulators of

osteoclast/odontoclast function. Interleukin-1

(IL-1), IL-3, IL-11, leukemia inhibitory factor (LIF),

ciliary neurotropic factor (CNTF), oncostatin M

(OSM), TNF, granulocyte-macrophage colony-stim-

ulating factor (GM-CSF), and c-kit ligand are

known to stimulate osteoclast development and

activity." Colony stimulating factor 1 (CSF-1), in

concert with TNF-related activation-induced

cytokine (TRANCE), also called receptor activa-

tor of NF-KB ligand (RANKL), is critical for stro-

mal cell mediation of osteoclast development (Fig

19-4).2° IL-1 and TNF are potent stimulators of

osteoclast ontogeny and function (see also chap-

ters 15 and 17). IL-1 is produced by a variety of

cells, including macrophages, marrow stromal

Fig 19-3 Histologic appearance of a localized area of root
resorption that has healed with new cementum and periodon-
tal ligament (PDL). The initial damage was caused by a mild
l ocalized luxation injury.

cells, and odontoclasts, and has been shown to

effect both an increase in osteoclast differentia-

tion and activation of mature clastic cells.21 Both

TNF-a and TNF-(3 are likewise involved in dissolu-

tion of hard tissues by stimulating formation and

proliferation of clastic cells.

Some of the mediators of inflammation-

induced clastic function belong to the gp130

cytokine family that has been shown to play a key

role in bone remodeling.22 This family is a pleo-

morphic group that shares a common signal trans-

ducer (gp130) and includes cardiotrophin-1, OSM,

CNTF, IL-6, IL-11, and LIE Of these factors, IL-6 and

IL-11 appear to have the most profound effect on

hard tissue resorption, and IL-6 has been shown

to stimulate osteoclastogenesis in the presence of

IL-1 but not in the presence of anti-IL-1. 23 This

effect is dependent on the expression of the IL-6

receptor on osteoblastic cells and occurs in a

dose-dependent manner . 24 Interleukin-6 also

appears to reverse the inhibitory effects of extra-

cellular Ca 2' by reducing the ability of osteoclasts

427



19 - Root Resorption

Fig 19-4 The odontoclast life cycle. Shaded boxes list mole-
cules involved in osteoclast maturation, function, and demise.
Tart rate-resistant acid phosphatase (TRAP), calcitonin receptors
( CTRs), vitronectin receptors (VTRs), carbonic anhydrase II
( CAII), cathepsin K (CTPK), and vacuolar proton V-H ATPase
( VP ATPase) are molecular markers for the mature clastic phe-
notype. M-CSF, macrophage colony-stimulating factor.

to detect extracellular Ca" concentrations25 and is

expressed by cells of the stromal/osteoblastic lin-

eage. IL-11 is an osteoblast-derived mediator that

induces prostaglandin synthesis and thereby trig-

gers differentiation of clastic cells. Cells of the

osteoclast phenotype have been shown to
express the IL-11 receptor gene that in turn seems

to be related sequentially to expression of the calci-

tonin receptor gene, a recognized osteoclast differ-

entiation marker.26 Furthermore, gp l30 signal in-
duction by IL-11 appears to be necessary for IL-1-

induced osteoclast formation . 22

Due to the previously described inhibitory

effects of organic precementum and predentin,

an intact root is resistant to resorption even in

the presence of inflammation. However, if an

injury removes or alters the protective predentin

or precementum, then inflammation in the pulp

or periodontium will induce root resorption with

multinucleated clastic cells similar to those seen

in bone resorption.

The singular defining feature of the mature

osteoclast is functional, namely the ability to

resorb calcified tissues. Morphologically, the

osteoclast is described as a multinucleated giant

cell formed by the fusion of monocytic precur-

sors. 1,27 Odontoclasts differ slightly from their

bone-resorbing counterparts in that they are usu-

ally smaller, have fewer nuclei, and have very
small (if any) sealing zones.These cells nonethe-
less are thought to represent a variant of osteo-

clasts with morphologic differences reflecting

the nature of the resorption substrate as well as
the resorption kinetics of the cells . 29,30

On a cellular level, osteoclasts are usually large

with multiple nuclei. They possess a well-defined

Golgi apparatus, numerous lysosomal vesicles,

and high polarity31,32 A characteristic morpholog-

ic feature of the osteoclast is the ruffled border

formed by membrane and cytoplasmic undula-

tions and the sealing zone comprised of the ven-

tral surface of the osteoclast membrane in con-

tact with the targeted bone surface. 33 The mature
osteoclast is further defined by a series of molec-

ular markers, each representing genes integral to

clastic function. These include transcripts coding

for tartrate-resistant acid phosphatases (TRAPs),

calcitonin receptors (CTRs), vitronectin recep-

tors, carbonic anhydrase II, cathepsin K, and vac-

uolar proton V-H adenosine triphosphatase. 33

A model for the process of root resorption can

be depicted based on what is known about odon-

toclasts combined with data extrapolated from

studies of osteoclasts (Fig 19-4). As previously

mentioned, initiation of root resorption has two

requirements: removal of the protective layer (pre-

dentin internally, precementum externally) of the

root and the presence of a noxious stimulus that

428



External Root Resorption

The pulp plays an essential role in two resorp-

tion types.The first type of resorption is external

inflammatory root resorption. In external inflam-

matory root resorption, the necrotic infected

pulp provides the stimulus for periodontal in-

flammation. If the situation arises where the

cementum has been damaged and the intermedi-

ate cementum penetrated, as when the tooth

undergoes a traumatic injury, the inflammatory

stimulators in the pulp space are able to diffuse

through the dentinal tubules and stimulate an

inflammatory response over large areas of the

periodontal ligament. Due again to the lack of

cemental protection, the periodontal inflamma-

tion will result in root resorption as well as the

expected bone resorption.

The second type of resorption in which pulp-

al tissue plays an important role is internal

inflammatory root resorption. In internal inflam-

matory root resorption, the inflamed pulp is the

tissue involved in resorbing the root structure.

The pathogenesis of internal root resorption is

not completely understood. It is thought that

coronal necrotic infected pulp provides a stimu-

lus for a pulpal inflammation in the more apical

parts of the pulp. In rare cases where the in-

flamed pulp is adjacent to a root surface that has

lost its precemental protection, internal root re-

sorption will result. Thus, both the necrotic

infected pulp and the inflamed pulp contribute
to this type of root resorption.

Role of Dental Pulp in
Resorption External Root Resorption

Since the focus of this book is the dental pulp

and its interaction with other tissues, those types

of resorption in which the pulp plays a major

role will be discussed in detail. However, it is
important to discuss briefly additional common

dental root resorptions because this knowledge

allows the practitioner to accurately differentiate

these resorption phenomena and supports cor-

rect diagnosis before treatment is rendered.

External root resorption caused by an
injury restricted to the external root
surface

In this first example, an injury causes loss of the

protective layer and serves as an inflammatory

stimulus. This type of resorption is self-limiting.

The injury is the cause of the attachment dam-

age.The inflammatory mediators evoked by the

mechanical damage stimulate the cellular inflam-
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Fig 19-6 Histologic appearance of active osseous replacement.
Without an intermediate periodontal ligament, bone attaches direct-
ly to the root. Areas of active root resorption are seen in the bone
and root.

Fig 19-5 Active transient external inflammatory root
resorption. Note the lucent areas on the root surface.
Because the pulp is vital, a "wait-and-watch" strategy is
followed.

matory response. The healing response is depen-
dent on the extent of the initial damage.

Localized injury: Healing with cementum

When the injury is localized (eg, after concussion

or subluxation injury), mechanical damage to the

cementum occurs, resulting in a local inflammato-

ry response and a localized area of root resorp-

tion. If no further inflammatory stimulus is pre-

sent, periodontal healing and root surface repair

will occur within 14 days (see Fig 19-3).' The

resorption is localized to the area of mechanical

damage, and treatment is not required because it

is free of symptoms and in most cases unde-

tectable radiographically. However, in a minority

of cases, small radiolucencies can be seen on the

root surface if the radiograph is taken at a specific

angle (Fig 19-5). It is important not to misinterpret

these cases as progressive in nature. It is equally
important to understand that the pulp is not

involved in these cases. When no potential inflam-

matory stimulus can be identified (ie, when a posi-

tive sensitivity test indicates a vital pulp), no endo-

dontic treatment should be performed. A "wait-

and-see" attitude should be taken to allow spon-

taneous healing to take place.

Diffuse injury: Healing by osseous replacement

When the traumatic injury is severe (eg, intrusive

luxation or avulsion with extended dry time),

involving diffuse damage on more than 20% of

the root surface, an abnormal attachment may
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occur after healing takes place. 36 The initial reac-

tion is always inflammation in response to the

severe mechanical damage of the traumatic and

concomitant injuries to the root surface.After the

initial inflammatory response, a diffuse area of

root surface will be devoid of cementum. Cells in

the vicinity of the denuded root compete to

repopulate it, and often cells that are precursors

of bone, rather than periodontal ligament cells,
will move across from the socket wall and popu-

late the damaged root. Bone comes into direct

contact with the root, without the intermediate
cementum serving as an attachment apparatus.

This phenomenon is termed dentoalveolar anky-

losis. 37 Bone resorbs and forms physiologically

throughout life. Thus, the root is resorbed by the

osteoclasts, but in the reforming stage, bone

instead of dentin is laid down. In this way, the

root is slowly replaced with bone, a process

called osseous replacement (Fig 19-6).The trauma

produces mechanical debris that elicits an initial

inflammatory response that may be reversed.

However, the subsequent ankylosis and osseous

replacement cannot be reversed and can be con-

sidered a physiologic process because bone

resorbs and reforms throughout life. In these trau-

matic cases, however, the resorptive phase in-

cludes the root (Fig 19-7).

Treatment strategies are directed at avoiding

or minimizing the initial inflammatory response.

Five specific strategies should be considered 38 :

(1) prevention of the initial injury should be

emphasized by counseling or advocating use of

mouthguards for athletic endeavors; (2) treat-

ment should minimize additional damage after

the initial injury; (3) pharmacologic interventions

that inhibit the initial inflammatory response

should be considered; (4) the possibility of stimu-

lating cemental (rather than osseous) healing

should be considered; and (5) interventions that

reduce the rate of osseous replacement, when

inevitable, should be considered. Space precludes
a more thorough review of these current areas of

therapy and research; the interested reader is

encouraged to seek reviews on this aspect of
care. 38

Fig 19-7 Radiographic appearance of osseous replacement.
A mottled appearance of bone replacing root is visible. Radio-

External root resorption caused by an
injury to the external root surface
with an inflammatory component

There are three general types of inflammatory

stimuli that cause external root resorption: pres-

sure, pulp space infection, and sulcular infection.

Pressure
Pressure both damages the cementum and pro-

vides a continuous stimulus for the resorbing

cells. The most common example of this type of

pressure resorption is root resorption due to

excessive forces of orthodontic tooth movement.

Other examples are resorption from impacted

teeth and tumors.

Pressure resorption has been assumed to be

external in nature, but this is not necessarily

true. In orthodontics, for example, the process

takes place at the apex of the tooth near the

cementodentinal junction. Since the force affects

the apical root, either the cementum or preden-

tin may be damaged. Because the predentin may
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Fig 19-8 Root resorption during active orthodontic tooth move-
ment. Mandibular central incisors show apical external and
i nternal resorption.

Fig 19-9 Histologic appearance of apical resorption due to
an infected root canal. Chronic inflammation is present apical-
ly. Resorption of the external and internal aspects of the root
can be seen.

be affected also, it is not unusual to see radio-

graphic evidence of internal apical resorption in

the active stage of the process (Fig 19-8). In

1997, Bender and colleagues labeled this type of

resorption periapical replacement resorption

(PARR) and offered a hypothetical explanation

for it, suggesting that pulpal neuropeptides may

be involved in PARR in both vital and endodonti-

cally treated incisors. 39 Their review of 43 cases

indicated that endodontically treated incisors

show a statistically significant reduced frequency

and severity of apical resorption versus untreat-

ed teeth. However, it is unlikely that endodontic

treatment will completely reverse active resorp-

tion due to pressure. Only removal of the pres-

sure will stop the resorption.

Pulp space infection
Pulp space infection represents the second gen-
eral type of inflammatory stimuli that can cause

external root resorption. Pulp space infection can

lead to external root resorption in either the api-
cal or lateral regions of the root. The classic exam-

ple of pulp space infections causing apical exter-

nal root resorption is apical periodontitis with

apical root resorption.

The etiology for this form of apical external

root resorption is pulpal necrosis. The pulp of the

tooth may become necrotic for many reasons, but

the predominant cause is a bacterial challenge

through caries (see chapter 12). When the pulp

defenses are overcome, the pulp becomes necrot-

ic and infected, with subsequent diffusion of bac-

teria and by-products into the surrounding peri-

odontium. In most routine cases, the root surface

is protected by its intact cementum, and commu-

nication will be primarily through the apical

foramina or occasionally through accessory

canals.

Invariably the periodontal inflammation is

accompanied by slight resorption of the root at

the cementodentinal junction. This resorption in

usually not apparent radiographically but is rou-

tinely seen upon histologic evaluation (Fig 19-9).

It is not obvious why the apex of the root is not as
well protected from the resorbing factors pro-
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duced during the inflammatory response as the

other areas of the root. A simple explanation

might be that inflammation is confined to a small

area at the apex of the root so that the concentra-

tion of resorbing factors is so high that the resis-

tance of the root to resorption is overcome.

Another speculation is that the junction of the

cementum and dentin (CDJ) at the apical foramen

provides an extremely thin protective layer com-

pared with the other areas of the root.40 It is also

possible that the cementum and dentin could fail

to meet in a certain percentage of the cases, as

with the cementoenamel junction (CEJ). Thus the

mineralized tissue would be exposed, permitting

attachment of the clastic resorbing cells to RGD-

containing peptides such as osteopontin. There

are no clinical manifestations because apical root

resorption is asymptomatic. Symptoms that might

lead to its diagnosis are associated with periapical

inflammation and not root resorption per se.

The radiographic appearance, as described

above, is not detectable in most cases, but when

apparent, the radiolucencies are evident at the root

tip and adjacent bone. Irregular shortening, stump-

ing, or thinning of the root tip is sometimes seen

(Fig 19-10).The histologic appearance of a periapi-

cal lesion may be either granulomic or cystic. 41,42

On the root surface, resorption of the cementum

and dentin results in a scalloped appearance of the

root end (see Fig 19-9).Attempts at repair are often

seen in the presence of the resorption lacunae,

resulting in resorptive and mineralization process-

es observed adjacent to each other . 2

The treatment protocol for external root re-

sorption with apical periodontitis should be
directed at removing the stimulus for the underly-

ing inflammatory process, ie, the bacteria in the

root canal system .
43.44 If a thorough disinfection

protocol is followed, an extremely high success

rate can be expected . 45,46 At present, the treat-

ment protocol of choice is complete debride-
ment of the root canal systems with sodium

hypochlorite irrigation at the first visit. A creamy

mix of calcium hydroxide is then introduced

with a lentulo instrument. After the intracanal

medicament has been in place for at least 7 days,

Fig 19-10 Tooth with external apical resorption due to apical
periodontitis. The pulp of the tooth is necrotic and infected.

the root canal systems are obturated at the sec-

ond visit. Recent research indicates that the canal

may be obturated after the first visit if larger than
currently accepted instrumentation is used.47

When extensive resorption is present apically, the

clinician should account for canal-altering patho-

logic processes when establishing a working

length for canal debridement. Attempts should

be made to instrument the full length of the

remaining canal while creating a dentin shelf to

serve as a stop for the gutta-percha obturation.

Apical closure techniques with long-term calcium

hydroxide treatment or short-term barriers (eg,

mineral trioxide aggregate, collagen plugs) may

also be used to ensure a better prognosis for non-

surgical endodontic therapy.48 If nonsurgical ther-

apy has been unsuccessful in arresting the

resorption, apical surgery should be attempted,

provided sufficient crown-root ratio will be pre-

sent after the surgery.

The second type of external root resorption

due to pulp space infection is lateral external

inflammatory resorption. Lateral periodontitis
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Fig 19-12 Histologic appearance of inflammatory resorption reveal-
i ng chronically inflamed tissue in relation to the resorbed root sur-
face. Multinucleated giant cells are present in the areas of active
resorption on the root surface.

Fig 19-11 Radiographic appearance of external inflam-
matory resorption due to pulpal infection. Note the radio-
lucencies in the root and adjacent bone.

with external root resorption may result when the

root loses its cemental protection (Fig 19-11). For

pulp space infection to develop, the pulp must

first become necrotic. Necrosis occurs after a seri-

ous injury in which displacement of the tooth

results in severing of the apical blood vessels. In

mature teeth, pulp cannot regenerate, and the

necrotic pulp will usually become infected by 3

weeks. For details on the typical bacterial con-

tents of a traumatized necrotic pulp, see chapter
12. 49 Because a serious injury is required for pulp
necrosis, the protective cemental covering of the

root is usually damaged or lost, as well. As

described in chapter 4, studies have shown that

the loss of the cementum layer leads to a large

increase in permeability. Bacterial toxins are free

to pass through the dentinal tubules and stimulate

an inflammatory response in the corresponding

periodontal ligament . 5° The result is resorption of

the root and bone. The periodontal infiltrate con-

sists of granulation tissue with lymphocytes, plas-

ma cells, and polymorphonuclear leukocytes.

Multinucleated giant cells may bind to exposed

RGD peptides and resorb the denuded root sur-

face. This process continues until the stimulus

(pulp space bacteria) is removed (Fig 19-12).51

Radiographically, the resorption is observed as

progressive radiolucent areas of the root and adja-
cent bone (see Fig 19-11).

The treatment protocol for external root

resorption due to sulcular inflammation is to first

recognize the attachment damage due to the trau-
matic injury and minimize the subsequent inflam-

mation. The clinician should ideally evaluate pulp

space infection 7 to 10 days after the injury 52,53

Disinfection of the root canal systems removes

the stimulus to the periradicular inflammation

and the resorption will stop. 1 In most cases, a new
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attachment will form, but if a large area of root is
affected, osseous replacement may result by the

mechanism already described.

The two major treatment principles are pre-
vention of pulp space infection and elimination of

any bacteria present in the pulp space. An effec-

tive way to prevent pulp space infection is, of

course, to maintain the vitality of the pulp. If the

pulp stays vital, the canal will be free of bacteria

and thus this type of external inflammatory root

resorption will not occur. In severe injuries where

vitality has been lost it is possible under some cir-

cumstances to promote revascularization of the

pulp. Such revascularization is possible in young

teeth with incompletely formed apices if replaced

in their original position within 60 minutes of the

injury. If the tooth has been avulsed, soaking it in

doxycycline for 5 minutes before replantation has

been shown to double the revascularization rate . 54

However, even under the best conditions, revascu-

larization will occur only about 50% of the time,

which poses a diagnostic dilemma. If the pulp

revascularizes, external root resorption will not

occur and the root will continue to develop and

strengthen. However, if the pulp becomes necrot-

ic and infected, the subsequent external inflamma-

tory root resorption that develops could result in

the loss of the tooth in a very short time. At pres-

ent, the diagnostic tools available cannot detect a

vital pulp in this situation for approximately 6

months following successful revascularization.

This period of time is obviously unacceptable

because by that time the teeth that have not revas-

cularized would be lost to the resorption process.

Recently, however, the laser Doppler flowmeter

has been shown to be an excellent diagnostic tool

for the detection of revascularization in immature

teeth.This device appears to accurately detect the

presence of vital tissue in the pulp space by 4

weeks after the traumatic injury.

A second major treatment principle is the elim-

ination of any bacteria present in the pulp space.

Revascularization cannot occur in teeth with

closed apices.These teeth must be endodontically

treated before the ischemically necrosed pulp

becomes infected, ie, within 7 to 10 days of the

Fig 19-13 Cross section of root filled with calcium hydroxide.
The pH indicator shows that the canal and surrounding dentin
are basic compared with the surrounding tissue, which is
slightly acidic.

injury.12,s3 From a theoretical point of view, timely

treatment of these teeth may be considered equiv-

alent to the treatment of teeth with vital pulp.

Therefore, endodontic treatment may be complet-

ed in one visit. However, efficient treatment is

extremely difficult so soon after a serious traumat-

ic injury; therefore, it is beneficial to start the

endodontic treatment with chemomechanical

preparation, after which an intracanal dressing of

creamy calcium hydroxide is placed. 13 The practi-

tioner can then obturate the canal at his or her

convenience when periodontal healing of the

injury is complete, approximately 1 month after

the instrumentation visit. There appears to be no

need for long-term calcium hydroxide treatment

in cases where endodontic treatment is started

within 10 days of the injury. The calcium hydrox-

ide can be applied in a compliant patient for up to

6 months to ensure periodontal health prior to

root canal filling with gutta-percha.
When root canal treatment is initiated later

than 10 days after the accident or when active

external inflammatory resorption is observed,
the preferred antibacterial protocol consists of

chemomechanical preparation followed by long-

term dressing with densely packed calcium
hydroxide, which creates an alkaline pH in the

surrounding dentinal tubules (Fig 19-13), kills
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Fig 19-14 Tooth treated for exter-
nal inflammatory resorption with
l ong-term calcium hydroxide med-
i cation. (a) At the start of treat-
ment, radiolucencies are present
i n the root and adjacent bone,
i ndicating active resorption. (b) At
the 9-month follow-up, the lucen-
cies have disappeared on the
adjacent bone and a lamina dura
has re-formed, indicating that the
process has stopped. (c) The
canal is obturated with gutta-per-
cha and sealer.

bacteria, and neutralizes endotoxin, a potent

inflammatory stimulator . 53

The patient's first visit consists of thorough

chemomechanical instrumentation of the root

canal systems and placement of a creamy mix of

calcium hydroxide, an intracanal antibacterial

agent, using a lentulo instrument. The patient is

then seen in approximately 1 month, at which

time the canal systems are filled with a dense mix

of calcium hydroxide. Once filled, the canals

appear radiographically to be calcified, for the

radiodensity of calcium hydroxide in the canal is

usually similar to the surrounding dentin. Radio-

graphs are then taken at 3-month intervals. At

each visit, the tooth is tested for symptoms of

periodontitis. In addition to tracking the resorp-

tive process, the presence or absence of the calci-

um hydroxide (ie, calcium hydroxide washout) is

assessed. Because the root surface is so radio-

dense as to make the assessment of healing diffi-

cult, healing of the adjacent bone is also assessed.

If the adjacent bone has healed, the resorptive

process can be presumed to have stopped in the

root as well, and the canal systems may be obtu-

rated with gutta-percha (Fig 19-14). If the prac-

tioner believes that additional healing before

obturation would be beneficial, then the need for

replacing the calcium hydroxide in the canal

should be assessed. If the canal still appears radio-

graphically to be calcified, there is no need to

replace the calcium hydroxide. If on the other

hand the canal has regained its radiolucent

appearance, then the calcium hydroxide should

be repacked and reassessed in another 3 months.

Sulcular inflammation

Sulcular inflammation represents the third gener-
al type of inflammatory stimulus that can cause
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Fig 19-15a A "pink spot" of external inflammatory resorption.
The granulomatous tissue has spread coronally and under-
mined the enamel, causing the pink color in the crown. (Cour-
tesy of Dr Henry Rankow.)

Fig 19-15b Careful removal of the granulomatous tissue shows
the canal to be almost entirely encircled but not penetrated by
the resorptive defect. (Courtesy of Dr Henry Rankow.)

external root resorption. This progressive exter-
nal root resorption of inflammatory origin occurs

immediately below the epithelial attachment of

the tooth, usually but not exclusively at the cervi-

cal area of the tooth. Because of this location, it
has been referred to as subepithelial inflamma-
tory root resorption. Although it is often called
cervical root resorption, the periodontal attach-
ment of teeth is not always at the cervical mar-

gin; the same process can occur more apically on
the root surface. In fact, the anatomic connota-

tion of "cervical" root resorption has led to confu-

sion and misdiagnosis of this condition, inspiring

attempts to rename this type of external resorp-

tion.55,56

The pathogenesis of cervical root resorption is

not fully understood .51 However, because its his-

tologic appearance and progressive nature are

identical to other forms of progressive inflamma-

tory root resorption, it seems logical that the

pathogenesis would be the same (ie, an unpro-

tected or altered root surface attracting resorbing

cells and an inflammatory response maintained

by infection). Causes of root damage immediately

below the epithelial attachment of the root in-

clude orthodontic tooth movement, trauma, non-

vital bleaching, and other less definable factors. It

is important to realize that the pulp plays no role

in subepithelial inflammatory root resorption and

is usually normal in these cases . 5 1 Because the

source of stimulation (infection) is not the pulp,

it has been postulated that bacteria in the sulcus

of the tooth stimulate and sustain an inflammato-

ry response in the periodontium at the attach-

ment level of the root . 5 1

Subepithelial inflammatory root resorption is

asymptomatic and is usually detected only through

routine radiographs. Occasionally, symptoms of

pulpitis will develop if the resorption is extensive.

When the resorption is long-standing, granulation

tissue may be seen to undermine the enamel of

the crown of the tooth, resulting in a pinkish

appearance. This "pink spot" has traditionally been

used to describe the pathognomonic clinical pic-

ture of internal root resorption, leading to the mis-

diagnosis and treatment of many cases of subep-

ithelial inflammatory root resorption as internal

root resorption (Fig 19-15).

The radiographic appearance of subepithelial

inflammatory root resorption can be quite vari-

able. If the resorptive process occurs mesially or

distally on the root surface, small radiolucent

openings into the root are common. The radiolu-

cency expands coronally and apically in the

dentin and reaches, but usually does not perforate,

the root canal (Fig 19-16). If the resorptive pro-
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Fig 19-I6 Radiographic appearance of external subepithelial
root resorption. The resorptive defect on the mesial side of the
molar shows a small opening into the root. The apical and
coronal expansion reaches but does not penetrate the pulp
canal. Note the adjacent bone resorption.

cess is buccal or palatolingual, the radiographic

picture is dependent on the extent to which the

resorptive process has spread in the dentin. It is

seen as a radiolucency at the attachment level or

as mottled if it has spread coronally or apically to

any considerable degree. Because the pulp is not

involved, its outline can usually be distinguished

through the resorptive defect (Fig 19-17).

Space limitations preclude a complete review

of the treatment strategies for subepithelial

inflammatory root resorption. Fortunately, recent

reviews discuss strategies for treating this form

of external root resorption .

Internal Root Resorption

Internal root resorption is rare in permanent

teeth. When it does occur, it is characterized by an

oval-shaped enlargement of the root canal space . 58

External resorption, which is much more com-

mon, is often misdiagnosed as internal resorption.

Etiology of internal root resorption

Internal root resorption is marked by resorption

of the internal aspect of the root via multinucleat-

ed giant cells adjacent to granulation tissue in the

pulp (Fig 19-18). Chronic inflammatory tissue is

common in the pulp, but only rarely does it result

in the conditions necessary for recruitment and

activation of the clastic cells that mediate resorp-

tion.There are different hypotheses on the origin

of the pulpal granulation tissue involved in inter-

nal resorption.The first and most widely accepted

hypothesis is that infected coronal pulp tissue

leads to the formation of adjacent apical granula-

tion pulp tissue (see also chapter 10). A second

hypothesis proposes that the granulation tissue is

of nonpulpal origin, possibly originating from

cells circulating in the vascular compartment or

from cells originating in the periodontium. It has

been shown that communication between the

coronal necrotic tissue and the vital pulp is

through appropriately oriented dentinal tubules

(see Fig 19-18). 59 One investigation reported that

resorption of the dentin is frequently associated

with deposition of hard tissue resembling bone or

cementum, not dentin. 54 The investigators postu-

late that the resorbing tissue is not of pulpal ori-

gin but is actually "metaplastic" tissue derived

from the pulpal invasion of macrophage-like cells
circulating in the vascular compartment. Still oth-

ers have proposed that the pulp tissue is replaced

by periodontium-like connective tissue when
internal resorption is present.These hypotheses

are not mutually exclusive, and it is possible that

all contribute to the formation of granulation tis-

sue in pulp in various clinical cases.

In addition to the presence of granulation tis-

sue in pulp, internal root resorption takes place
only when the odontoblastic layer and predentin

are lost or altered . Causes of predentin loss adja-

cent to granulation tissue are not obvious, but

trauma has been frequently suggested, 2,61 perhaps

even as an initiating factor in internal resorption . 59
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Fig 19-17b The clinical appearance shows a pink spot close
to the gingival margin on the labial surface of the tooth.

Fig 19-17a Radiographic appearance of a maxillary incisor
with external resorption extending coronally. Note the outline
of the root canal through the resorptive radiolucency.

Fig 19-18 Histologic section of internal root resorption stained with Brown and Brenn. (a) Bacteria are seen in the dentinal tubules
communicating between the necrotic coronal segment and the apical granulation tissue and resorbing cells. (b) Apical dentin is
resorbed. (Courtesy of Dr Leif Tronstad.)
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Traumatic episodes are divided into two types:

transient and progressive, the latter of which

requires continuous stimulation by infection.

Another possible cause of predentin loss may be

extreme heat produced by cutting on dentin with-

out an adequate water spray (see also chapters
15 and 16).The heat presumably destroys the pre-

dentin layer, predisposing the tooth to internal

resorption if the coronal aspect of the pulp sub-
sequently becomes infected. Under these condi-

tions, bacterial products could initiate typical

inflammation in conjunction with resorbing giant
cells in the vital pulp adjacent to the denuded

root surface. In support of this possible scenario,

internal root resorption has been produced
experimentally by the application of diathermy. 62

Clinical manifestations of internal
root resorption
Internal root resorption is usually asymptomatic

and is first recognized clinically through routine

radiographs. Pain may be a presenting symptom if

perforation of the crown occurs and the granula-

tion tissue is exposed to oral fluids. For internal

resorption to be active, at least part of the pulp

must be vital so that a positive response to pulp

sensitivity testing is possible. It should be remem-

bered that the coronal portion of the pulp is often

necrotic, whereas the apical pulp, which includes

the internal resorptive defect, may remain vital.

Therefore, a negative sensitivity test result does

not rule out active internal resorption. It is also

possible that the pulp becomes nonvital after a

period of active resorption, giving a negative sen-

sitivity test, radiographic signs of internal resorp-

tion, and radiographic signs of apical inflamma-

tion. Traditionally, the pink tooth, due to the

granulation tissue in the coronal dentin undermin-

ing the crown enamel, has been thought to be

pathognomonic of internal root resorption (Fig

19-19). However, as described above, a pink tooth

can also be a feature of subepithelial external

inflammatory root resorption, which must be

ruled out before a diagnosis of internal root

resorption is made.

Radiographic appearance of internal
root resorption

The usual radiographic presentation of internal

root resorption is a fairly uniform radiolucent

enlargement of the pulp canal (Fig 19-20). Be-
cause the resorption is initiated in the root canal,

the resorptive defect includes some part of the

root canal space. Therefore, the original outline of
the root canal is distorted. Only on rare occasions,

when the internal resorptive defect penetrates

the root and impacts the periodontal ligament,
does the adjacent bone show radiographic

changes.

Histologic appearance of internal
root resorption
Like that of other inflammatory resorptive de-

fects, the histologic presentation of internal re-

sorption is granulation tissue with multinucleated

giant cells (see Fig 19-18).An area of necrotic pulp

is found coronal to the granulation tissue. Dentinal

tubules containing microorganisms and communi-

cating between the necrotic zone and the granula-

tion tissue can sometimes be seen (see Fig 19-

18). Unlike external root resorption,

the adjacent bone is not affected by internal root

resorption.

Treatment of internal root resorption

Treatment of internal root resorption is concep-

tually very easy. Because the resorptive defect is

the result of the inflamed pulp and the blood

supply to the tissue is through the apical forami-

na, endodontic treatment that effectively

removes the blood supply to the resorbing cells

is the treatment approach. After adequate anes-

thesia is obtained, the canal apical to the internal

defect is explored and a working length short of

the radiographic apex is used. The apical canal is

thoroughly instrumented to ensure that the

blood supply to the tissue resorbing the root is

cut off. Upon completion of the root canal

instrumentation, paper points should be able to
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Fig 19-19 Pink spot on a mandibular central incisor indicating
i nternal root resorption. The pink discoloration is due to the under-
mining of the enamel by the granulomatous tissue. Because the
pink spot is so far from the periodontal attachment level, this exam-
ple is unlikely to be external in nature.

Fig 19-20 Radiograph of an incisor with internal root resorption.
Uniform enlargement of the pulp space is apparent. Outline of the
canal cannot be seen in the resorptive defect. Adjacent bone is
i ntact.

maintain a blood-free, dry canal. Calcium hydrox-

ide is administered into the canal to facilitate

removal of the tissue in the irregular defect at

the next visit, when the tooth and defect are

filled with softened gutta-percha. In rare cases

involving extremely large internal resorptive

defects in the apical part of the canal, it may be

possible to surgically remove the defective root

and place an endodontic implant in order to

maintain stability of the tooth. However, with

modern dental techniques this treatment alterna-

tive should be weighed against the advantages of
implant dentistry.

Summary: Diagnostic
Features of External vs
Internal Root Resorption

It is often very difficult to distinguish external

from internal root resorption, so misdiagnosis
and incorrect treatment can result. What follows

is a list of typical diagnostic features of each

resorptive type. Box 19-1 provides an overview
of the key elements of these diagnostic features

and may serve as a quick reference in clinical

practice.

441



19 • Root Resorption

Radiographic features

A change of X-ray angle should give a fairly good

indication of whether a resorptive defect is inter-

nal or external. A lesion of internal origin appears

close to the canal whatever the angle of the X ray

(Figs 19-21 and 19-22). On the other hand, a defect

on the external aspect of the root moves away

from the canal as the angle changes (Figs 19-21

and 19-23). In addition, it is usually possible to dis-

tinguish whether the external root defect is buc-

cal or palatolingual by using the buccal object

rule. In internal resorption, the outline of the root

canal is usually distorted and the root canal and

the radiolucent resorptive defect appear contigu-

ous (see Figs 19-20 to 19-22). When the defect is

external, the root canal outline appears normal

and can usually be seen "running through" the

radiolucent defect (see Figs 19-17 and 19-23).

It is important to realize that external inflam-

matory root resorption is always accompanied

by resorption of the bone in addition to the root

(see Figs 19-11 and 19-16). Therefore, radiolucen-

cies are apparent in the root as well as the adja-

cent bone. Internal root resorption does not

involve the bone; as a rule, the radiolucency is

confined to the root (see Figs 19-20 and 19-21).

On rare occasions, if the internal defect perfo-

rates the root, the adjacent bone is resorbed and

appears radiolucent on the radiograph.
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Fig 19-21 Diagrammatic representation of the difference between internal and external root resorption when the X-ray angle is
changed. (Courtesy of Dr Claudia Barthel.)

Fig 19-22 Internal resorption. Radiographs from two different horizontal projections depict the lesion within the confines of the root
canal in both views.

Vitality testing

External inflammatory resorption on the apical

and lateral aspects of the root involves an infected

pulp space, indicated by a negative response to

sensitivity tests. On the other hand, because

subepithelial external root resorption does not

involve the pulp (the bacteria are thought to origi-

nate in the sulcus of the tooth), this type of

resorption is often associated with a normal

response to sensitivity testing. Internal root

resorption usually occurs in teeth with vital pulps

and elicits a positive response to sensitivity test-

ing. However, teeth that exhibit internal root

resorption sometimes register a negative response

to sensitivity testing, often in cases where the
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Fig 19-23 External resorption. Radiographs from two different horizontal projections depict movement of the lesion to outside the
confines of the root canal.

coronal pulp is removed or necrotic and the

active resorbing cells are more apical in the canal.

In addition, the pulp may become necrotic after

active resorption has taken place.

Pink spot

Because the pulp is nonvital in either apical or

lateral external root resorption, the granulation

tissue that produces a pink spot is not present in

such cases. However, a pink spot caused by gran-

ulation tissue undermining enamel is a possible

sign of both subepithelial external (see Fig 19-15)

and internal root resorption (see Fig 19-19).

after pulp extirpation if the blood supply to the

granulation tissue is the apical blood vessels. But if

bleeding continues during treatment, particularly
if it is still present at the second visit, the source

of the blood supply is external and treatment for

external resorption should be carried out. Also,

upon obturation in cases of internal resorption, it

should be possible to fill the entire canal from

within. Failure to fill the canal suggests an exter-

nal lesion. Finally, if the blood supply of an inter-

nal resorption defect is removed upon pulp extir-

pation, any continuation of the resorptive process

on recall radiographs should alert the dentist to

the possibility that an external resorptive defect

was misdiagnosed.

Common misdiagnoses

The majority of misdiagnoses of resorptive defects

are made in distinguishing subepithelial external

and internal root resorption. A diagnosis should

always be confirmed while treatment is proceed-
ing. When root canal therapy is the treatment of

choice for an apparent internal root resorption,

bleeding within the canal should cease quickly

Systemic Causes of Root
Resorption

The roots of teeth show a remarkable resistance

to detectable resorption, even with systemic dis-

eases that can cause significant bone resorption
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(see also chapter 21). With hyperparathyroidism

osteitis deformans (Paget disease), for example,

radiographically apparent bone resorption is not

accompanied by resorption of the roots .65 How-

ever, hormonal disturbances and genetic factors

have been shown sometimes to cause resorption

of the root . 66 Renal dystrophy results in an in-

creased oxylate concentration in the blood and

precipitation in the hard tissues, which can cause

root resorption. Genetic linkage is implicat-

ed because external root resorption of no appar-

ent cause has been found in members of the

same family.67 As our knowledge and test proce-

dures advance, resorption presently diagnosed as

idiopathic will in the future probably be increas-

ingly found to be of systemic or genetic origin.
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Differential Diagnosis
of Odontalgia

Samuel Seltzer, DDS

Kenneth M. Hargreaves, DDS, PhD

Epidemiologic studies indicate that toothaches

represent the most prevalent form of orofacial

pain, with about 12% to 14% of the population

reporting a history of a toothache over a 6-month

period. 1-3 Although these studies indicate that
dental pain is the most commonly reported form

of orofacial pain, it should be recognized that this

symptom could be caused by painful disorders of

either odontogenic or nonodontogenic origin.

Thus, pain management begins with developing

an accurate differential diagnosis of dental pain.

This is a critical first step in pain management

since effective treatment is directed at removing

or controlling the underlying condition (see
chapter 9).

Understanding the basic science of pain mech-

anisms and the therapeutics of pain management

is a major theme in pulpal biology. Accordingly,

this text includes detailed reviews on common

etiologic factors (chapter 12), inflammatory re-

sponses in pulpal (chapters 5, 10, and 11) and

periradicular tissue (chapter 17), the neuroanato-

my and neurophysiology of dental pulp (chapter

7), pain mechanisms in pulpal tissue and the brain

(chapter 8), and strategies for pain management

(chapter 9). This chapter contributes to that foun-

dation of knowledge by focusing on the differen-

tial diagnosis of odontogenic and nonodontogenic
dental pain.

The last decade has seen an explosion in the

area of pain research, leading to the develop-

ment of new theories, diagnostic tests, and treat

ment strategies. Major references on this topic

are available to the interested reader . 4-6 Howev-

er, the primary purpose of this chapter is not to

provide a broad overview of this topic, but in-

stead to focus on strategies for developing a dif-

ferential diagnosis of odontogenic and nonodon-

togenic dental pain. Other sources should be

reviewed for an extensive discussion of etiology,

diagnosis, and management of various nonodon-
togenic pain disorders. -19

Common Features of
Odontogenic and
Nonodontogenic Dental Pain

Fortunately, the large majority of patients report-

ing dental pain have symptoms that are caused

by odontogenic pain mechanisms (see chapters
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7 and 8). Examples of pathoses producing odon-

togenic pain include reversible pulpitis, irre-

versible pulpitis, acute apical periodontitis, and

acute apical abscess. 19,20 However, the clinician

will certainly encounter those patients reporting

dental pain that is actually caused by a nonodon-

togenic etiology. Therefore, it is necessary to be

diligent in developing a differential diagnosis for
all patients.

Common features associated with pain of
odontogenic origin are listed in Box 20-1.

Although this list provides a useful summary of

characteristic features of odontogenic pain, the
skilled clinician will realize that not all cases pre-

sent with exactly the same findings. Indeed, pain

of pulpal origin is often characterized by difficul-
ty in localizing the source of pain. In contrast,

pain originating from acutely inflamed periradic-
ular tissue is generally much easier for the patient

to localize. Thus, "common" features do not imply

ubiquitous features, and several of those clinical

findings listed in Box 20-1 are specific to certain

diagnoses. For example, discriminant analysis of

74 orofacial pain patients indicates that pain due

to pulpal pathosis is significantly associated with

thermal allodynia (ie, temperature sensitivity;

odds ratio of 9.0 versus apical periodontitis; P <

.001), whereas pain due to apical periodontitis is

significantly associated with mechanical allodynia

(ie, digital or percussion sensitivity; odds ratio of

6.9 versus pulpitis; P < .01).18

The absence of common features should

prompt the clinician to expand the differential

diagnosis to consider other possibilities. For

example, local anesthetic injections can be used

as a diagnostic test to provide an approximate

localization of the source of the pain. If pain per-

sists even in the presence of an effective local

anesthetic injection, then the clinician should

consider the possibility of either a nonodonto-
genic etiology of the pain or that the pain was

referred from a tooth that was not located in the
field of anesthesia .7-9,20 From this perspective, the
clinician should consider all local anesthetic

injections as a diagnostic procedure in pain

patients and evaluate whether they reduce
patient pain reports. Although this test is very

useful, potential false positive results can occur.

In one such case, intraoral local anesthetic injec-

tions reduced dental pain in a patient with an

epidermoid cyst in the brain stem (S. Milam, per-

sonal communication, 2001). Thus, the local anes-

thetic test must be considered in the context of

the other findings of each case (see Box 20-1).

The local anesthetic test provides only an ap-

proximate localization since multiple teeth are
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anesthetized even when injections are given by

intraosseous or intraligamentary routes . 22,23 Simi-
larly, if a clinician cannot reproduce the patient's

chief complaint (eg, lingering pain to cold stimu-

lus in a patient reporting thermal sensitivity),

then alternative origins of the pain should be

considered, including even teeth previously pro-

vided with nonsurgical root canal treatment. 21

A summary of features of nonodontogenic den-

tal pain is provided in Box 20-2. Once again,
the skilled clinician will recognize that these fea-

tures are not pathognomonic, but instead are

markers that should raise the index of suspicion

for pain of a nonodontogenic origin. For example,

maxillary sinusitis is characterized as a dull, aching

pain sensation that is perceived to involve multiple

maxillary posterior teeth. 8,9 In contrast, trigeminal
neuralgia is often characterized as producing

sharp, stabbing, often electric shock-like pains that

may involve one or more teeth. 9 Note that both of

these disorders represent nonodontogenic dental

pain, but that the perceptual pain qualities and the

localization may be different for each diagnosis.

Mechanisms of
Nonodontogenic Dental Pain

There are three primary mechanisms that cause

pain of a nonodontogenic origin to be perceived

as a toothache. The first and probably most com-

mon mechanism is referred pain. Although several

mechanisms for referred pain have been proposed

(see chapter 8), a commonly accepted hypothesis

is convergence (Fig 20-1). The convergence hypo-

thesis proposes that certain afferent sensory neu-

rons have peripheral terminals that innervate dif-

ferent tissues, yet their central terminals converge

onto the same second-order projection neuron

located in the trigeminal nuclear complex. This

hypothesis is supported by strong experimental

data that indicate that afferent neurons from multi-

ple peripheral tissues indeed have central termi-

nals that converge onto the same trigeminal pro-

jection neuron, which receives sensory input from

Fig 20-I Schematic drawing illustrating convergence of affer-
ent fibers from dental pulp onto the same projection neuron in
the trigeminal nuclear complex that receives afferent input from
other craniofacial tissues (in this example, the masseter mus-
cle). (Reprinted from Hargreaves and Keiser 24 with permission.)

dental pulpal neurons (see Fig 8-17). 25 In fact, it

has been estimated that about 50% of all pulpal

neurons converge with other neurons onto the

same trigeminal projection neurons. 26

The hypothesis of convergence has important

clinical implications because it explains how the

"site" of pain perception can be different from the

"origin" of nociceptor activation. In the example

illustrated in Fig 20-1, the tooth is perceived as the

"site" of pain perception but the origin of noci-
ceptor activation is actually the masseter muscle.

This example provides a rationale for using an

intraoral local anesthetic injection, which would
not be expected to reduce the patient's pain per-

ception in this scenario, as a diagnostic tool. Con-

versely, in this example, palpation of trigger points
located in the masseter muscle would be expect-

ed to increase pain perception. Referred pain is

thought to contribute to the sensation of non-
odontogenic dental pain in many patients, includ-

ing those with temporomandibular dysfunction

(TMD), fibromyalgia, trigeminal neuralgia, cardiac

pain, and neurovascular disorders (eg, migraine or

cluster headaches; see Fig 8-8).
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Fig 20-2 Relationship of pain referral to pain intensity in 400
patients reporting odontogenic pain (posterior teeth only).
Pain intensity was measured on a 0 to 10 integer scale; 0 = no
pain, 10 = extreme pain. Referred pain was determined by
how patients marked areas of pain perception on a man-
nequin. (Modified from Falace et a1 28 with permission.)

Fig 20-3 The extraoral referral patterns of pain originating
from maxillary and mandibular right (n = 27, n = 31) and left
( n = 38, n = 47) first molars. The dark blue shading indicates
the most frequent areas of pain referral; the light blue shad-
i ng indicates less frequent areas of referral. Note that the
referred pain does not generally cross the midline. (Modified
from Falace et a1 28 with permission.)

However, pain also can originate from pulpal

nociceptors and be referred to other craniofacial

structures such as the preauricular region .27 This

was diagrammatically represented in Fig 8-18, in

which a patient with irreversible pulpitis had

pain that was referred to a large portion of the

mandibular and maxillary divisions of the trigemi-

nal nerve. Other studies have demonstrated that

more intense pain has a greater probability of

referral to other regions. For example, a study of

400 patients with odontogenic pain indicated

that its intensity, but not its duration or quality, is

significantly associated with pain referral to other

craniofacial structures (Fig 20-2). 28 In this study,
about 90% of all patients reporting moderate to

severe odontogenic pain (5 or more on a 0 to 10

scale) also reported pain referred to nearby crania

facial regions. Thus, as pain intensity increases,

there is an increasing likelihood of patients

reporting a history of referred pain. The most

common areas of extraoral pain referred from

first molar odontogenic pain are shown in Fig

20-3.28 In summary, it is important to realize that

craniofacial pain can originate from other tissues

and be referred to teeth, and, conversely, that pain

may originate from pulpal nociceptors and be

referred to other craniofacial tissues.

The second general mechanism of nonodonto-

genic dental pain is a systemic disorder that inter-

acts with pulpal or periradicular tissue. In these

cases, the systemic disorder serves as an etiologic
factor for pain that originates from pulpal or peri-

radicular nociceptors but is not derived from den-

tal pathoses; thus dental treatment may prove
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ineffective in reducing pain. In most of these

cases, appropriate clinical care would include

recognition of the systemic etiology of the pain

report and referral for medical evaluation or treat-

ment. Examples include herpes zoster, malignant

neoplasia, diabetes, sickle cell anemia, and devel-

opmental disorders. For example, patients with

sickle cell anemia may report dental pain that sig-

nals an impending sickling crisis rather than an

indication of a local, dental pathosis. 19,30 The effect

of systemic disorders on dental pulp is covered

later in this chapter and reviewed extensively in

chapter 21.

The third general mechanism of nonodonto-

genic dental pain is caused by higher brain func-

tions that are commonly classified as psychosocal
or behavioral factors. Psychosocial, behavioral,

cultural, and environmental factors have two

major levels of impact on pain.9 First, they can

influence a patient's interpretation and report of

pain. For example, one study reporting on cultural

differences in pain language found that 82% of

Mandarin-speaking Chinese reported tooth-drilling

preparations as producing a "sourish" sensation,

whereas only 8% of English-speaking Americans

used this term. 33 In another example, environmen-

tal factors were found to influence pain reports. In

this study, female subjects reported significantly

greater anxiety and lower thresholds for electric

pulpal stimulation when tested in a dental opera-

tory as compared to a research laboratory set-
ting. 34 These studies illustrate the fact that the
skilled clinician must interpret the patient's pain

report with consideration given to psychosocial

and cultural factors. Moreover, clinicians should
appreciate the fact that their own psychosocial

and cultural factors may influence how they inter-

pret a patient's pain report.

Under certain conditions, psychosocial, behav-

ioral, or other factors may have a second impact

on pain. Under these pathologic circumstances,

these factors may contribute to the perception of

chronic craniofacial or dental pain. Examples

include somatoform pain disorders and Mun-

chausen syndrome. Although uncommon, these

conditions may contribute to the (fortunately)

rare case in which a patient presents after receiv-

ing multiple endodontic procedures to treat a

recurring pain complaint.

Types of Nonodontogenic
Dental Pain

There are several classification schemes for cate-

gorizing orofacial pain. Four of the more common

approaches include those described in the follow-

ing publications: (1) Bell's classic text,7 (2) a

monograph by the American Academy of Orofacial

Pain35 (with input from the International Head-

ache Society), (3) a report by the International

Association for the Study of Pain, 36 and (4) the Re-

search Diagnostic Criteria advanced by Dworkin

and colleagues. 37 Although these diagnostic

schemes share many similarities, they are not iden-

tical, and they have not all been validated in large-

scale, multicenter studies. Because the goal of this

chapter is to provide a useful overview of those

pain disorders that contribute to dental pain of

nonodontogenic origin and to provide sufficient

information for clinicians to develop a differential

diagnostic list, a generalized classification of non-

odontogenic pain disorders will be presented

here. The ultimate diagnosis and clinical manage-

ment of these nonodontogenic dental pain disor-

ders should be considered within the context of a

team of pain clinicians for each patient with non-

odontogenic pain.

Nonodontogenic dental pain of
musculoskeletal origin

Myofascial pain: Temporomandibular
dysfunction

Etiology This classification is an umbrella term
for several chronic pain disorders involving mas-

ticatory and proximate muscles and the tem-

poromandibular joint (TMJ). 36-39 Pain of myofas-

cial origin can result in nonodontogenic dental

pain. Classic studies by Travell and Simons have
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shown that several muscles including the mas-
seter, temporal, and digastric muscles can refer

pain to teeth. 38

The etiologic basis for these chronic pain con-

ditions is unknown.41 Studies have been conduct-

ed in twins to determine the relative contribution

of genetic (ie, anatomic or physiologic) versus

environmental (ie, learned) factors. Evaluation of

494 monozygotic and dizygotic twins determined

the relative genetic contribution to TMD pain by

measuring the heritability of craniofacial pain,

clenching, grinding, and joint sounds.41 Interest-

ingly, there was no difference between monozy-

gotic and dizygotic twins for any of the outcome

measures; therefore, this study found no signifi-

cant genetic contribution to these measures of

orofacial pain or disorder. Instead, the authors

concluded that environmental factors unique to

each twin appear to exert a major influence on

the presentation of pain, joint sounds, and clench-

ing and grinding habits. Another study using 335

pairs of twins also has reported little to no heri-

tability for self-report of any joint pain. 42 Addi-

tional studies have indicated that there was no

significant genetic influence on the dolorimetric

measurement of pressure pain thresholds in 609

female-female twins. 43 Taken together, these pre-

liminary studies are consistent with the hypothe-

sis that environmental factors play a major role in

the development of these disorders and that

genetic factors may not be as important. The

replication and extension of these findings will

undoubtedly be an important focus of future

research in chronic pain patients.

Differential diagnosis Myofascial pain is often

described as a deep, dull, aching pain of diffuse
localization.A diagnosis of nonodontogenic dental

pain evoked by muscle pain, rather than one of

odontogenic pain, often is found when: (1) pain is

not restricted to a tooth (ie, diffuse pain, see Fig 8-

18), (2) pain is exacerbated by palpation of trig-

ger points (myofascial pain) or muscles, (3) pain

is unrelieved by a diagnostic intraoral local anes-

thetic block, (4) there is restriction of jaw open-

ing or pain upon opening the jaw (masseter or

medial pterygoid pain), and (5) pain is not altered

by intraoral thermal stimuli (eg, normal thermal

responsiveness). 7,9,39,44 In one study of 312

patients, pain duration was significantly longer in

TMD patients (mean, 13.4 ± 17 months) than in

odontogenic pain patients (mean, 3.7 ± 3.8

months), but the high standard deviation suggests
that this measure has low specifcity 44 There is no

difference in electric pulpal testing thresholds

between patients with myofascial pain and con-
trol subjects . 4s

The muscles that typically contribute to non-
odontogenic dental pain (and the teeth to which

the pain is referred) are the superior belly of the

masseter (maxillary posterior teeth), the inferior

belly of the masseter (mandibular posterior

teeth), anterior digastric (mandibular anterior

teeth), and temporal (maxillary anterior or poste-

rior teeth) muscles. 7,38,46,47 An overview of tech-

niques for palpating these muscles is presented in

Figs 20-4 to 20-9.

Several investigators have reported on the

propensity of these musculoskeletal disorders to

evoke nonodontogenic dental pain.7,38,44,47,48 In a

series of 230 cases of patients with a diagnosis of

TMD, 85% reported referred pain after firm palpa-

tion of muscles or trigger points. 47 A total of more

than 1,000 sites of referred pain were recorded in

this study; common regions of palpation-induced

referred pain were to the cheek (21% of all re-

ferred pain reports), ear (14.6%), forehead (14.5%),

and teeth (11.6%). 47 Figure 20-10 presents the dis-

tribution of muscles that, when palpated in these

patients, refer pain to teeth . 47 There are four main

points to be concluded from Fig 20-10. First,

molars are the teeth that most frequently receive

referred pain from muscle or trigger-point palpa-

tion. Second, the masseter muscle is the most
common muscle referring nonodontogenic dental

pain to teeth. Third, the total frequency for pain
referred to maxillary and mandibular teeth is

about the same. Fourth, palpation of four sites

(masseter, lateral pterygoid, temporalis, and TMJ)
produced a total of 132 reports of pain referred to

teeth. In contrast, palpation of seven additional

sites (medial pterygoid, coronoid process, trapez-
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Fig 20-4 (a) Masseter muscle. (b) Palpation of masseters. (Illustrations by Robert Minor, DDS.)

Fig 20-5 (a) Temporal muscles. (b) Palpation of temporal muscles. (Illustrations by Robert Minor, DDS.)

Fig 20-6 (a) Sternocleidomastoid (1,2) and trapezius muscles (3). Areas 1 and 2 should be palpated first, then area 3. (b) Palpation
of sternocleidomastoid muscles (area 2). (Illustrations by Robert Minor, DDS.)
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Fig 20-7 (a) Digastric muscles. (b) Palpation of anterior belly of digastric muscle. (Illustrations by Robert Minor, DDS.)

Fig 20-8 (a) Medial pterygoid muscle. (b) Palpation of medial pterygoid muscle. (Illustrations by Robert Minor, DDS.)

Fig 20-9 Test of origin of lateral pterygoid muscles using a
mouth mirror. (Illustration by Robert Minor, DDS.)
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ius, splenius capitus, sternocleidomastoid, anterior

digastric, and posterior digastric) produced a total

of only 9 reports of pain referred to teeth .47 Thus,

palpation of the masseter, lateral pterygoid, and

temporal muscles, as well as the TMJ, should be

considered first when evaluating the potential for
a myofascial origin of nonodontogenic dental
pain.

Treatment Several treatment modalities have

been evaluated for these patients. A partial list

includes identification and elimination of contrib-

utory factors, mild analgesics, spray and stretch

therapy, massage, splints, biofeedback, and deep

heat. The specific combination of treatments

depends upon the diagnosis and treatment philos-

ophy of the clinician.7,38

Nonodontogenic dental pain of
neuropathic origin

Trigeminal neuralgia

Fig 20-10 Frequency distribution of nonodontogenic dental
pain referred to teeth after palpation of selected muscles in a
group of 230 patients with TMD. Firm pressure was applied
for 5 seconds to selected sites, and the patients were instruct-
ed to report on palpation-induced referred pain during stimu-
lation. Muscles were palpated by applying sustained firm pres-
sure while sliding the fingers along the length of the muscle.
The entire body of the masseter muscle was palpated. The
temporal muscle was palpated superior to the zygomatic arch.
The lateral pterygoid was palpated by applying the fifth digit
along the buccal alveolar ridge just apical to the maxillary
molars. The lateral pole and posterior aspect of the TMJ were
palpated with the mouth open. (Data from Wright.)

Etiology The etiology of trigeminal neuralgia

(also known as tic douloureux) is unclear; howev-
er, vascular compression of the trigeminal nerve is

a common hypothesis that has gained considerable

credibility with the demonstration that compres-
sion of either the sciatic or trigeminal (infraorbital)

nerves in rats produces models of neuropathic

pain. 49,50

Differential diagnosis The differential diagno-

sis between nonodontogenic dental pain evoked

by trigeminal neuralgia and odontogenic pain

often includes pain quality and duration (eg,

patients with trigeminal neuralgia will often

report severe, shooting, electric-like pain that lasts

only a few seconds).5,7,10 A trigger point is often

found in patients with trigeminal neuralgia; a gen-

tle touch may be all that is required to evoke a

paroxysmal attack. Other distinguishing features

include pain not always restricted to a tooth, pain

unrelieved by a diagnostic intraoral local anesthet-

ic block (unless the trigger point is in the field of

anesthesia), and pain not altered by intraoral ther-

mal stimuli. 5,7,9 The frequency of involvement in

the trigeminal divisions is mandibular > maxillary

>> ophthalmic. 5,7,10,11 The pain is often severe;

patients have reported the pain as being the most

intense they have ever experienced and may be

able to trace the pain along the distribution of the

nerve.

A proposed diagnosis related to trigeminal

neuralgia is pretrigeminal neuralgia. 10,51-53 This is

thought to be an early form of trigeminal neural-

gia. It is characterized as a sinus pain or nonodon-

togenic dental pain and does not present with

the classic paroxysmal pain. The pain is often

aching in quality and the duration is minutes to

several hours. These patients may subsequently

develop trigeminal neuralgia. 52,53
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Patients with trigeminal or pretrigeminal neu-

ralgia may report a nonodontogenic dental pain.

In one series of 41 patients with trigeminal neu-
ralgia and 19 with pretrigeminal neuralgia, a total

of 61% reported an initial dental pain.10 In anoth-

er series of cases, a total of 29% of 24 patients
reporting on symptoms during pretrigeminal neu-

ralgia reported dental pain. 53

Patients with trigeminal neuralgia may receive

endodontic treatment for their dental pain. 54-56

Additional case reports also provide examples of

the opposite diagnostic problem: patients with

odontogenic dental pain being diagnosed as hav-

ing trigeminal neuralgia.57 In both types of misdi-

agnosis, the lack of response to treatment was a

key factor in prompting reassessment of the dif-

ferential diagnosis.

Treatment Several treatment modalities have

been evaluated for patients with trigeminal neu-

ralgia, including carbamazepine, gabapentin,

baclofen, phenytoin, and valproic acid. 10,53,56,58

Local anesthetic injections into the area of the

trigger point often relieve pain. In a series of 24

cases, intraoral administration of capsaicin to

mucosa resulted in complete or partial relief of

pain in approximately 63% of the patients. 59 Sur-

gical procedures such as percutaneous rhizotomy

or nerve decompression are considered in refrac-

tory cases.5,7

Atypical odontalgia

Etiology The etiology of atypical odontalgia

(phantom toothache, deafferentation pain) is

unknown, but is often associated with trauma or

inflammation in the region. 39,60-63 For this reason,

it has been proposed to be a type of deafferenta-

tion pain, although vascular hypotheses also have

been advanced . 61,64,65 The possibility of a psy-

chosocial etiology has been supported in some

studies, 65 but not others . 63,64,66-68 Prior studies

conducted in animals have shown that trigeminal

deafferentation produces central plasticity in the

trigeminal nuclear complex in the brain stem

(see Fig 8-15).69 In addition, there may be a sym-

pathetic component to the pain. 67 Although no

large-scale clinical trials have been conducted,

atypical odontalgia has been estimated to be 10

times more prevalent than trigeminal neuralgia

and may include up to 3% of patients receiving

pulpal extirpation procedures.39,70

Differential diagnosis The following charac-

teristics of nonodontogenic dental pain evoked

by atypical odontalgia can be used to differenti-

ate it from odontogenic pain: diffuse pain; pain

not always restricted to a tooth (eg, the area may

be edentulous); pain that is almost always contin-

uous; a pain quality often described as a dull,

aching, throbbing, or burning sensation; pain that

may or may not be relieved by a diagnostic

intraoral local anesthetic block; pain that often

lasts more than 4 months; and pain not altered by

intraoral thermal stimuli.7,9,11,62,67

Patients with atypical odontalgia often report a

history of trauma or ineffective dental treatment

in the area. 61 In a study of 42 patients with atypi-

cal odontalgia, 86% of the patient population was

female and 78% reported maxillary pain; out of

119 reported areas of pain, the most common

were the molar (59%), premolar (27%), and canine

(4%) regions. 64,68 The pain may change in location

over time; some studies have reported pain shift-

ing location in up to 82% of the subjects. 67,71 Ther-

mography has been proposed as a diagnostic test,

and although the differences in facial thermal

asymmetry between control subjects and patients

with atypical odontalgia are statistically signifi-

cant, they are not large in magnitude (18%).73

Patients with atypical odontalgia may receive

multiple endodontic treatments or extractions for

their dental pain. 64,71,72,74,75 In many of these

cases, the lack of response to treatment was a key

factor in prompting reassessment of the differen-

tial diagnosis. 39 In one case report, the lack of an

effect of a local anesthetic injection on reducing

the intensity of pain was a significant fording that

prompted consideration of nonodontogenic den-

tal pain. 75
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Glossopharyngeal neuralgia

Etiology The etiology of glossopharyngeal neu-
ralgia is unknown, but may involve vascular com-
pression of the ninth cranial nerve. 9,11 Accord-
ingly, some investigators have suggested that
glossopharyngeal neuralgia and trigeminal neural-
gia have similar etiologies (ie, vascular compres-
sion) involving different cranial nerves. Glossopha-
ryngeal neuralgia appears to be about one tenth
as prevalent as trigeminal neuralgia. 11,79

Differential diagnosis Glossopharyngeal neu-
ralgia is similar to trigeminal neuralgia in that
both disorders are episodic; however, the pain
associated with glossopharyngeal neuralgia is
generally not as intense. Moreover, patients with
glossopharyngeal neuralgia do not commonly
report pain referred to teeth.

The differential diagnosis between nonodonto-
genic dental pain evoked by glossopharyngeal
neuralgia and odontogenic pain often includes
pain quality and duration (the former involves
severe shock-like pain that lasts only a few sec-
onds).The pain is often elicited by swallow-
ing; however, it may also be elicited by chewing or
talking. The distribution of pain includes the pos-

terior mandible, oropharynx, tonsillar fossa, and
ear. 9,79 Other distinguishing features include pain
unrelieved by a diagnostic intraoral local anesthet-
ic block (unless the trigger point is in the field of
anesthesia), and pain not altered by intraoral ther-
mal S timuli . 9,59

Treatment Treatments reported for glossopha-
ryngeal neuralgia include gabapentin, phenytoin,
and carbamazepine.58,79 Resistant cases have
been treated with surgical decompression. 79

Neuralgia-inducing cavitational
osteomyelitis/osteonecrosis

Etiology Ratner et al and Roberts et al advanced
the hypothesis that certain forms of chronic oro-
facial pain are caused by cavitational defects in
the mandible or maxilla, a condition called neu-
ralgia-inducing cavitational osteomyelitis (or
osteonecrosis) (NICO). A proposed etiology
is chronic inflammation or necrosis from bacteri-
al osteomyelitis or vascular pathosis following
tooth extraction . 80,81,83 However, this proposed
disorder is controversial, is not supported by sci-
entific evidence, and the defining characteristics
have changed over time.64,84-89 A comprehensive
monograph on pain published in 2001 did not
describe NICO. 5

Bone cavities have indeed been observed in
some patients with chronic orofacial pain. 80,81,83

However, it has been suggested that these cavities
are a normal anatomic structure because they
also have been found in cadavers of patients who
had not reported pain and they are not necessari-
ly found in patients with atypical facial pain. 83,89 A
recent tomographic study using technetium-99
labeling of bone regions found higher uptake in
patients with idiopathic jaw pain, but concluded
that this technique is unable to serve as a diag-
nostic test for pain disorders because of low sen-
sitivity and specificity.90 Other investigators have
challenged the use of this diagnostic term and
the implication that it is involved in pain. 86-88
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Differential diagnosis According to Ratner et

al, the diagnosis of NICO is based on tenderness

upon palpation over an edentulous region of alve-

olar bone over an extraction site, lack of radio-
graphic findings, and rapid pain reduction with

local anesthetic infiltration. 80,81 Reported treat-
ments include surgical debridement of the bone

cavities and antibiotic treatment.

NICO-like nonodontogenic dental pain has

been reported. For example, a cavitational bone
defect has been reported in an endodontic patient.

The case report ascribed the pain to a cavitational

bone defect containing necrotic cells, although the
bone defect was separated from the involved teeth

by normal-appearing bone. 91

Physical activity (eg, walking a flight of stairs)

often increases pain intensity. Migraines are often

associated with nausea, emesis, affective changes
in mood, and sensitivity to light or sound.11 Mi-

graine occurs more frequently in females, particu-

larly in those younger than 50 years.

In one case report, a 35-year-old woman re-

ported dental pain in a mandibular canine. 97 The

pain persisted after extraction of the tooth. Sub-

sequent examination revealed that the pain was

associated with nausea and sensitivity to loud

sounds. The patient denied experiencing an aura

during the attacks. Treatment with anti-migraine

drugs and cessation of oral contraceptives re-

duced the migraine episodes.

Nonodontogenic dental pain of
neurovascular origin
Migraine

Etiology Migraine is one of the most common

forms of pain of neurovascular origin in the

trigeminal system. 7,9, 11 Although the etiology is
unknown, a neurovascular hypothesis postulating

vasodilation of cephalic and cerebral arteries with

activation of sensitized perivascular nociceptors

has experimental support .
92,93 Genetic factors are

involved and serve as risk factors for developing

migraine. 94 Migraine with aura, known as classic

migraine, is a risk factor for stroke and justifies

medical referral.95 Migraine without aura is
termed common migraine. Migraines may be
evoked by stress, dietary factors, altered sleep

patterns, or menstruation. I I

Differential diagnosis Nonodontogenic dental

pain evoked by migraine can be differentiated

from odontogenic pain in that the former often is

characterized by pain not restricted to a tooth (ie,

diffuse pain); a unilateral dull, throbbing pain qual-

ity; pain unrelieved by a diagnostic intraoral local

anesthetic block; and pain not altered by intraoral
thermal stimuli. 11,96 The diagnosis is often made by

a temporal relationship in which the dental pain

subsides as the headache symptoms are reduced.

Treatment Migraine treatment is of two types:

prophylactic drugs and abortive drugs. 96 Migraine

patients have been treated successfully with

sumatriptan and other serotoninergic agents that
block the 5HT 1 or 5HT3 serotoninergic recep-
tors.93 °98,99 Clinical trials have also demonstrated

efficacy for gabapentin and injection of botulinum

toxin in the reduction of migraine pain. 100,101

Ergotamine has been largely replaced by these

alternatives because they have a lower incidence
of adverse effects.

Cluster headache

Etiology The etiology of cluster headache (Slud-

er neuralgia) is unknown, but has been hypothe-

sized to be caused by episodic vasodilation acti-
vating perivascular nociceptors. The term cluster

denotes the observation that these pain episodes

often last about 6 to 8 weeks and then are fol-
lowed by a relatively long pain-free period.

Although less common than migraines, cluster

headaches are often considered to produce more

intense pain. 11,79,96

Differential diagnosis Nonodontogenic dental
pain evoked by cluster headache is distinct from

odontogenic pain in that it is often characterized

by pain not restricted to a tooth (ie, pain includes

retro-orbital and sinus regions), pain exacerbated
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by drugs or occuring during sleep, pain unrelieved

by a diagnostic intraoral local anesthetic block,

and pain not altered by intraoral thermal stim-

uli. Cluster headaches can be triggered by

drugs such as alcohol and cocaine.' 1,102 The pain is

generally described as hot, stabbing, and paroxys-

mal in nature. The pain attacks often occur at the

same time of day (especially 4:00 AM to 10:00 AM),

and often last 30 to 180 minutes . 96 The attack may

be associated with rhinorrhea, nasal congestion,

and lacrimation from the involved eye." Cluster

headaches occur most often in male patients

(male-female ratio, 6:1) in the range of 30 to 50

years of age. The pain distribution is often located

in the maxillary posterior teeth, sinus, and retro-

orbital regions. A related condition is chronic

paroxysmal hemicrania. This disorder has similar

pain characteristics, is completely responsive to

indomethacin, and is observed mostly in females . 96

Cluster headaches often evoke nonodonto-

genic dental pain. In one study, 43% of subjects

with cluster headache were initially treated by a

dentist. 103 However, a relatively uncommon vari-

ant of cluster headache (migrainous neuralgia) is

associated with a nonodontogenic dental pain

without the headache component. A case report

described three patients with nonodontogenic

dental pain due to cocaine-induced cluster head-

aches. 102 One patient described unilateral maxil-

lary pain in the premolar region that lasted for 30

to 120 minutes after cocaine use. Another patient
reported continued nonodontogenic dental pain

in the maxillary molar region. The pain persisted

after endodontic treatment and subsequent
extraction; only later did the patient report that

the pain started about 1 to 2 hours after cocaine

ingestion. The third patient also reported non-
odontogenic dental pain in the maxillary premo-

lar region after consumption of cocaine.

Treatment Patients with cluster headache are

treated with oxygen therapy, sumatriptan, pred-
nisone, gabapentin, and calcium channel block-

ers.96 Ergotamine has been largely replaced

by these alternatives because of the lower inci-

dence of adverse effects.

Temporal arteritis (giant cell arteritis) and

carotidynia represent relatively rare neurovascu-

lar conditions that may lead to a misdiagno-

sis. Because of their relatively rare occur-

rence and comparatively few published studies,

as well as space considerations, the interested

reader is encouraged to seek cited references.

Nonodontogenic dental pain due to
inflammatory conditions

Sinusitis

Etiology The two major forms of sinusitis are

those due to bacterial infection and the more

common form due to allergies. The etiology for

the nonodontogenic pain includes both referred

pain mechanisms and an acute neuritis of dental

nerves leaving the apical foramina and coursing

through the floor of the sinus.

Differential diagnosis Unlike odontogenic

pain, nonodontogenic dental pain evoked by

sinusitis is often characterized by pain not

restricted to a single tooth (ie, pain may include

malar and maxillary alveolus regions), pain that

may be partially relieved by a diagnostic intraoral

local anesthetic block, pain that increases after

percussion, and occasional thermal sensitivity to

cold.7,9,11,96 Patients may report a sense of pres-

sure or fullness in the infraorbital region over the

involved sinus. A particularly distinguishing char-

acteristic is the presentation of multiple maxil-

lary posterior teeth having percussion sensitivity

with a positive response to pulpal vitality testing.

The intranasal application of a 4% lidocaine spray

is considered diagnostic if the pain is reduced.

Alternatively, a swab soaked with 5% lidocaine

can be placed in the middle meatus for 30 sec-

onds for evaluation of pain reduction.'

Bacteria-induced sinusitis pain is characterized

as a severe, throbbing, stabbing pain with a sense

of pressure. More than 70% of cases are caused

by Streptococcus pneumoniae and Haemophilus

influenzae. 106 In cases of moderate to severe

sinusitis, a positive "head-dip" test is observed (ie,
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pain increases when patient lays down or places

head below the knees), and patients may report a

purulent nasal discharge. Placing a fiberoptic

probe against the palate in a darkened operatory

reveals transmitted light through a normal sinus

and greatly reduced light when transmitted

through an antrum filled with fluid. 8 Radiograph-

ic imaging of the sinuses, particularly a Waters

view, may reveal fluid accumulation.

Allergy-induced sinusitis tends to be seasonal

in colder climates but can occur at any time in

temperate climates.The pain is often characterized

as a chronic dull ache in the maxillary posterior

region with a positive percussion test of molars or

premolars. Interestingly, patients also may report

an "itching" sensation in the maxillary teeth.

Case reports of patients with nonodontogenic

dental pain due to sinusitis indicate a diffuse

throbbing, aching pain. 1117 The lack of complete

response to endodontic treatment prompted

expansion of the differential diagnosis.

Treatment Bacterial sinusitis is often treated

with B-lactamase-resistant antibiotics such as

amoxicillin with clavulanic acid or trimethoprim-

sulfamethoxazole. Allergic sinusitis is often

treated with antihistamines or decongestants.

Pain in the maxillary sinuses as well as in the

maxillary and mandibular teeth also can be trig-

gered by reduced atmospheric pressure. Several

case reports have described odontogenic and

nonodontogenic dental pain in patients during or

after airplane flights or scuba diving. It has

been recommended that dental treatment, includ-

ing root canal obturations, be completed more

than 24 hours prior to exposure to reduced

atmospheric pressure. 109

There are several additional inflammatory con-

ditions that may lead to a misdiagnosis. These

include pain referred from another tooth (see

chapter 8), impacted third molars,"' eruption

sequestra of bone, 112 otitis media, and foreign

bodies impacted into periodontal tissues during

mastication"' or retained under surgical tissue

flaps. l' 4 The correct diagnosis requires careful

history taking, clinical examination, and interpre-

tation of findings.

Nonodontogenic dental pain due to
systemic disorders
Several systemic disorders can lead to nonodon-

togenic dental pain. Chapter 21 provides an

extensive review of their etiology and their

pathophysiologic effects on dental pulp. There-

fore, this section will simply provide an overview

of these disorders from the perspective of devel-

oping a differential diagnosis of nonodontogenic

dental pain.

A classic example of a systemic disorder pro-

ducing nonodontogenic dental pain is cardiac

pain. In about 10% of cases, cardiac pain

is referred to the left posterior mandible or to

the inferior border of the mandible. 118 These

case reports relate that in some patients the non-

odontogenic dental pain is the only symptom;

whereas in other patients it occurs together with

substernal pain or pressure.The nonodontogenic

dental pain is not altered by local anesthetic

injection, but nitroglycerin may be effective in

reducing pain. 9

Herpes zoster has been reported to produce

nonodontogenic dental pain preceding the erup-

tion of vesicles. These case reports are mixed,

with some reporting pulpalgia-like symptoms and

others reporting necrosis with the presence of

periradicular lesions.' 19-122

Patients with sickle cell anemia may present

with nonodontogenic dental pain . 29,30 In a 12-

month study, 68% of 51 patients with sickle cell

anemia reported dental pain with no evident den-

tal pathosis; in contrast, no differences were

observed in patients with the sickle cell trait

compared to controls. 123,124

Several studies have reported on various neo-

plastic diseases associated with nonodontogenic

dental pain. Although rare, these reports describe

dental pain as an initial or severe symptom in

patients with glioblastoma multiforme 125 ; metas-

tases from breast, lungs, or prostate 126-128; osteoblas-

toma129; carcinoma' 30,131; sarcoma131 ; non-Hodgkin
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lymphoma132,133 ; and Burkitt lymphoma. 134 Key

findings that prompted consideration of a non-

odontogenic origin of the dental pain included sub-

sequent paresthesia or anesthesia, positive respons-

es to pulpal testing, failure of dental treatment,

diffuse or spreading nature of pain, unusual-appear-

ing radiographic lesions (eg, diffuse borders involv-

ing multiple teeth or "moth-eaten" trabecular pat-

tern), and lack of etiologic factors. 125,126,129,130,132,133

In one series of 763 patients with nonspecific jaw

pain, 1.2% of the population had pain that was

caused by metastases located in the mandible. 121

Patients with multiple sclerosis (MS) may pre-

sent with nonodontogenic dental pain. In one

case, toothache was the initial presenting symp-

tom in a patient with MS (S. Milam, personal com-

munication, 2001). Later, the emergence of electric

shock-like pain, as well as the lack of evidence of

dental pathoses, contributed to expansion of the

differential diagnosis and prompted evaluation for

MS. MS is typically diagnosed in young female

patients.

A pulpal pain correlated with the menstrual

cycle has been reported by some authors. 14 Al-

though pulpal levels of estrogen receptors are

low to nondetectable, it is interesting to note that

progesterone receptors have been detected in

dental pulp. 135 Additional studies are required to

determine the prevalence, mechanisms, and dif-

ferential diagnostic evaluation of this form of

odontalgia.

Nonodontogenic dental pain of
psychogenic origin

Etiology It is likely that in the past far too many

patients have been classified as having pain of a

psychogenic origin when, in fact, no psychosocial
or behavioral etiology was confirmed. Instead,

the assignment was often based on a diagnosis of

exclusion. This situation has been described as

being unjustifiable, with the suggestion that these

patients are more accurately classified as having

idiopathic pain disorder. 96

Patients who have pain that is caused by psy-

chogenic mechanisms are appropriately placed in

this category. The term somatoform pain disor-

der is used to describe a cognitive perception of

pain that has no demonstrable physical basis. 136-138

Four proposed subtypes include somatic delu-

sions, somatization disorder, depression, and con-

version.11,96,139,140

Differential diagnosis Patients with somato-

form pain disorders may report pain from multi-

ple teeth that often shifts in location, pain of long

duration (chronic pain), pain that does not

respond to appropriate treatment, pain that cross-

es anatomic distribution of peripheral nerves,

pain that frequently changes in character, pain

with no identifiable etiology, and pain that may or

may not be reduced with a diagnostic local anes-

thetic block. 7,96,141

Treatment Treatment requires the expertise of

a psychologist or psychiatrist with experience in

dealing with somatoform pain disorders.

Conclusions
it has been stated that clinicians who treat pain

patients should remember the classic tale of the

blind men describing the elephant. 141 In this tale,

each blind man described the elephant as a com-

pletely different animal, depending on whether

he was touching the trunk, ears, or legs. Similarly,

clinicians tend to interpret the symptoms and

results of the clinical examination of pain

patients based on their own focus of training.

Clinicians should consider the whole animal

when assessing patient reports of dental pain. As

seen in the examples given in this chapter, many

painful disorders can result in nonodontogenic

dental pain. Accordingly, prior to focusing on the

planned dental treatment, clinicians should care-

fully consider the clinical findings and the differ-

ential diagnosis.

To ensure appropriate diagnosis of patients

reporting dental pain, clinicians should follow

these guidelines:
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The Dental Pulp in
Systemic Disorders
I. B. Bender, DDS

Kenneth M. Hargreaves, DDS, PhD

A major theme of this textbook is the interrela-

tionship between dental pulp and other tissues

in health and disease. This relationship is truly

bidirectional in that the pulp has the potential to
affect systemic health (eg, the potential bac-

teremia associated with infective endocarditis")

and systemic disorders have the potential to
affect dental pulp. Indeed, the effect of sys-

temic disorders on the dental pulp is so strong

that it has been suggested that dental pulp "biop-
sies" be used to diagnose certain systemic dis-

eases. 10-12

This chapter focuses on selected systemic dis-
orders and their effect on the dental pulp. Related

issues are discussed in chapters 2, 17, and 20. The

focus and scope of this chapter preclude an

extensive discussion of the effect of systemic dis-

orders on teeth, periodontal structures, and bone;

the interested reader is encouraged to seek other

reviews on these important topics.1,13 Other
sources should be reviewed to provide back-

ground information on the pathogeneses and non-

pulpal features of these systemic disorders. 16,17

Systemic Viral Infections
and the Dental Pulp

Human immunodeficiency virus (HIV)

Infection by HIV is a well-recognized worldwide

epidemic that can lead to the development of

acquired immunodeficiency syndrome (AIDS).

Several studies have reported on the dental

pathoses associated with HIV infection. Children

who are perinatally infected with HIV and who

have low CD4 cell counts (a marker for the

helper T subclass of lymphocytes) have higher

caries rates and fewer remaining teeth than do

children with higher CD4 cell counts. ' 8 ° 19 The

increased incidence of tooth loss may be due in

part to an enhanced sensitivity to bacterial

lipopolysaccharide that is observed in monocytes

collected from HIV-infected patients. The expo-

sure of lipopolysaccharide to monocytes from

HIV-infected patients produces significantly

greater release of pro-inflammatory cytokines

(eg, interleukin-1 B, interleukin-6, tumor necrosis

factor a) than does exposure to monocytes from
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Fig 21-1 Evaluation of the presence of HIV in human dental
pulp using in situ hybridization histochemistry. Dental pulp tis-
sue from an HIV-positive patient was fixed, sectioned, and
i ncubated with one of two biotinylated oligonucleotide probes
complementary to a region of messenger RNA specific to HIV.
Sections were incubated, washed, and developed. A positive
signal is visible as a dark spot in the figure. (Reprinted from
Glick et al with permission.)

control patients; this excessive release of cytokines

may lead to increased incidences of periodontitis

and tooth loss in patients with HIV 20,21

HIV has been found in dental pulp and in

periradicular lesions of pulpal origin 23; this find-

ing has clinical implications in reinforcing univer-

sal precautions (Fig 21-1).

The reduced specific immune response ob-

served in patients with low CD4 cell counts does

not appear to be associated with an increase in

endodontic complications after root canal treat-

ment (see chapter 17).24

Herpesvirus infections

Herpes infection has been proposed to be a

potential etiologic factor of pulpal necrosis and

should be considered in the differential diagnosis

of odontalgia (see chapter 20). Two forms of her-

pes simplex virus (HSV-1 and HSV-2) have been
implicated in clinical viral infections. HSV-I is

associated with trigeminal infections, including
herpes labialis and herpetic stomatitis.

The pathophysiology of herpes viral infections

is known to involve sensory nerves and their
peripheral termini. Therefore, it has been suggest-

ed that the clinical presentation may include mul-

tiple unilateral necrotic dental pulps, and this

should alert the clinician to a possible herpesvirus

etiology. However, in one study, HSV was not

detected (using polymerase chain reaction) in 11

pulps with a diagnosis of irreversible pulpitis or in

an additional 17 teeth with necrotic pulps. 26

Herpes zoster (shingles) is caused by neuronal

infection of the varicella zoster virus, which also

causes chicken pox in children. Herpes zoster

can occur more frequently in immunocompro-

mised patients (eg, patients with lymphoma,

Hodgkin disease, lymphatic leukemia, or AIDS) or

the elderly. The activation of herpesvirus in the

trigeminal nerve is characterized by a prodromal

period of severe pain, usually lasting 2 to 3 days,

followed by the classic vesicular eruption along

the nerve pathway of the involved dermatome

area, an area of the skin or mucosa supplied by an

afferent nerve fiber. These vesicles subsequently

rupture, and can lead to scarring, postherpetic

neuralgia, and paresthesia.

This type of pain is very severe and continu-

ous and, if intraoral, may be reported to involve

several teeth. The prodromal pain may create a

diagnostic problem, because it can mimic acute

odontalgia.27 Viral eruption patterns may in-

clude peripheral nerve endings in the pulp and

periodontal ligament, leading to pain and possi-

bly to pulpal necrosis29,31-34 or internal resorp-

tion.28 Surveys indicate that fewer than 2 % of all

herpes zoster cases involve the mandibular or

maxillary divisions of the trigeminal nerve, 35 and

only a few case reports involving teeth have been

published. Involved teeth may show signs of

acute pulpitis or present as necrotic with apical
periodontitis (Fig 21-2). A common feature of

these case reports is the presence of stress in the
patient's life prior to the outbreak (loss of job,

holiday season, etc). 27,29,33,34
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Fig 21-2 Periradicular radiograph of a patient 5 months after a herpes zoster outbreak. Note the periradicular radiolucencies of the
maxillary left canine and first and second premolar. (Reprinted from Goon and Jacobsen 34 with permission.)

Rubella (German measles)

Rubella infections and their effects on the dental

pulp may begin in the first trimester of pregnan-

cy when the mother contracts rubella, causing

cytopathic effects in the ameloblasts of primary

teeth in the developing embryo. The ensuing

enamel defect in the affected tooth leaves a tell-

tale pathognomonic clinical sign of rubella 36,37

(Fig 21-3). With vaccination of the mother, the dis-

ease is now rare in many countries.

Other exanthematous disorders, eg, measles or

chicken pox, may cause enamel defects of a lin-

ear type in permanent teeth (Fig 21-4) because

these diseases occur after birth. Because enamel
is continuously elaborated during tooth develop-

ment, it is possible to estimate the age at which

the fever occurred by the location of the linear
defect on the enamel surface of the tooth. Thus,

the enamel presents a clinical clue as to when

the systemic disorder occurred.
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Fig 21-3 Patient with rubella. Note the discoloration of the
maxillary anterior teeth.

Fig 21-4 Enamel hypoplasia. Note the linear defect in enamel
formation that may occur from any of the exanthematous
fevers (eg, rubella, measles, or chicken pox). The position of
the linear defect depends on the age of morphodifferentiation
of the different permanent teeth at the time of the infection.

Paget disease (osteitis deformans)

Paget disease is a chronic, progressive bone dis-

ease characterized by active bone turnover.38,39
Although it has an unknown etiology, it is includ-

ed in this section of the chapter because the

measles virus of the paramyxovirus family is impli-

cated as the causative agent of this disorder

and electron microscopy of involved bone is con-

sistent with viral infection. 16,40,42,43 Moreover,

virus-infected bone cells collected from patients

with Paget disease have been shown to generate

bone resorptive factors, including interleukin-6, a

resorptive cytokine.44-46 A candidate gene on

chromosome 18q may also serve as a risk factor

for Paget disease. 39 Paget disease is found in about

3 % of patients older than 40 years of age and in

11 % of patients older than 90 years of age.

Paget disease is often detected through a rou-

tine dental radiographic examination because of

the pathognomonic "cotton wool" appearance of

the bone. 47 The exuberant metabolic increase

in osteoclastic and osteoblastic activity, high

blood serum alkaline phosphatase, and increase

in urinary hydroxyproline excretion are impor-

tant pathogenic features in this disease, leading

to a disorganized bone breakdown, bone defor-

mity, bone pain, fracture, and osteomyelitis.

Studies have shown that 93% of patients with

Paget disease who have bone changes in the max-

illa or mandible also have dental problems. In

contrast, only 10% of Paget patients who have

bone changes in other distant body parts or

changes restricted to the skull (excluding the

mandible and maxilla) have dental problems. 48

The appearance of bony changes in the maxilla

or mandible is associated with a higher incidence
of cardiac disease. 48

Most posterior teeth in patients in the sclerotic

phase of Paget disease manifest a hyperplasia of

the cementum. A large amount of cementum is

deposited in the apical two thirds of the roots, giv-

ing the tooth the appearance of a baseball bat (Fig
21-5). The cementum of the root appears to be

fused at times with the adjacent sclerotic bone 49

(Fig 21-6); there is no evidence of periodontal liga-
ment space. Teeth may be abnormally firm when

hypercementosis is present.50 Hypercementosis of

roots may occur without the presence of bone
sclerosis in either jaw.The presence of root hyper-

cementosis in dentate patients older than 40 years

is pathognomonic for Paget disease.
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Fig 21-5 Ground section of a maxillary
second premolar showing the extensive
hypercementosis associated with Paget
disease.

Fig 21-6 Characteristic intraoral radiographic features of Paget disease. Note the variable appearance of canal space, periodontal
l i gament space, and lamina dura. (Reprinted from Barnett and Elfenbein 49 with permission.)

Fig 21-6a Areas of radiolucency. Fig 21-6b Isolated sclerosis.

Fig 21-6c Isolated sclerosis and distal root resorption of the
maxillary second molar.

Fig 21-6d Isolated sclerosis and hypercementosis of the sec-
ond premolar.
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At other times, most likely during the lytic

phase, the periodontal ligament space is wider

because of the loss of the lamina dura.Absence of

alveolar lamina dura in Paget disease is restricted

to certain groups of teeth and never affects all

teeth, as occurs in primary or secondary hyper-

parathyroidism. Additional changes during the

lytic phase include root resorption associated

with loosening of teeth.49 Root resorption may be

present in some teeth and hypercementosis in

others, just as both resorption and formation of

hard tissue may be found in bone.

Paget disease also affects the dental pulp. The

strongest evidence is a radiographic appearance

of pulpal obliteration.51 There are relatively few

published histologic studies . 52,53 In one case

report on a mandibular third molar, there were

signs of internal resorption of dentin; direct appo-

sition of cellular hard tissue partially occluded

the coronal pulp. This pulpal tissue, too, had the

mosaic pattern that was present in the bone and

cementum. The radicular region of the pulp dis-

played dystrophic calcification. 52,13

In the endodontic treatment of pagetic teeth,

it is sometimes difficult to establish the location

of the terminal apical ending. This objective is

essential to preventing periradicular irritation

that may lead to osteomyelitis, a frequent compli-
cation in teeth affected by Paget disease. Under

these circumstances, it may be prudent to use an

apex locator to establish the canal length.

Genetic and Developmental
Disorders and the Dental
Pulp

The molecular basis of several of the following

developmental disorders is reviewed in chapter 2.

Hypophosphatemic rickets

Hypophosphatemic rickets (hereditary vitamin

D-resistant rickets) is a genetic disorder that is

inherited as an X-linked dominant trait and there-

fore is often more severe in male patients.' 6,54
I t is

characterized by hypophosphatemia, reduced

intestinal absorption of calcium, and osteomalacia

(ie, rickets) that do not respond to vitamin D ther-

apy. In type I hypophosphatemic rickets, circulat-

ing levels of vitamin D3 are reduced; in the second

form of this disorder (type 1I), cellular response to

vitamin D is reduced, possibly because of a re-

duced expression of its receptor.

Many clinical features have been noted,'

including several found in the dental pulp and

oral tissues. The major clinical findings include

frontal bossing of the skull, bowing of the legs,

short stature, enlarged wrists and ankles, a wad-

dling gait, and alopecia totalis. The primary labo-

ratory finding is hypophosphatemia, although

increased urinary phosphate excretion and in-

creased serum levels of alkaline phosphatase may

also be observed.

Both pathognomonic radiographic signs and

periradicular lesions that are resistant to endodon-

tic therapy are found in patients with this disor-

der. 5 The dental features are summarized in Table

21-1. The critical sign in this disease is the radio-

graphic finding of pulp horns that extend to the

dentinoenamel junction (DEJ) in all teeth, both

primary and permanent. This sign can be viewed

on a single intraoral radiograph and is looked on

as a pathognomonic sign in this disease (Fig 21-7).

Under normal conditions, the pulp horns are con-

fined within the coronal dentin of the tooth and

do not extend to the inner enamel surface or DEJ

(Fig 21-8) . 5
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Fig 21-7 Bitewing radiographs of a patient with vitamin D-resistant rickets. Note the enlarged pulp chambers, large root canal sys-
tems, and pulp horns that extend to the DEJ. (Reprinted from Bender and Naidorf 5 with permission.)

Fig 21-8 Ground section of a premolar from a patient with
vitamin D-resistant rickets showing the extension of the pulp
horn to the dentinoenamel junction. Note also the appearance
of hypoplastic enamel and interglobular dentin. (Courtesy of
Dr C. J. Witkop.)

The severity of the clinical and radiographic

dental lesions is influenced by the patient's age,

the type of teeth (prenatal or postnatal odontogen-

esis), and whether the patient was undergoing

therapy prior to the time of examination. During

odontogenesis, large daily doses of calcitriol or

vitamin D can cause complete obliteration of the

large pulp chambers."' Patients often exhibit a

delay in apical maturation or closure, particularly

in the permanent teeth. The different type of den-

tal changes observed in individual patients may be

attributed to the existence of different clinical

forms of this disease and the presence or absence

of associated hypophosphatemia.56

In radiographs of normal teeth, the enamel is

distinctly more radiopaque than dentin. Howev-

er, the enamel of teeth in patients with heredi-
tary vitamin D-resistant rickets appears to be

only slightly more radiopaque than the dentin

(see Fig 21-7). This difference may be attributed

to the presence of thin enamel in approximately

54% of patients affected by hereditary vitamin

D -resistant rickets (see Table 21-1). The thin

enamel is caused by a hypocalcification that is

characterized by a deficiency in quantity of min-

eral per unit of volume. This finding is supported

by studies showing that vitamin D deficiency

causes a reduction in tooth mass and absolute

weight of the deposited mineral.57

Dental radiographic changes most often ob-

served in patients with hereditary vitamin D-

resistant rickets include radiographic manifesta-
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Fig 21-9 Preoperative radiograph of a taurodontic mandibu-
l ar right second molar. Note the relatively large pulp chamber
and shortened roots with distal caries. (Reprinted from
Hayashi" with permission.)

tions of enlarged pulp chambers, wide root

canals, and pulp horns extending to the DEJ.

Another, less frequently observed, radiographic
sign is a radiolucent band that surrounds the

region of the entire DEJ in both primary and per-
manent teeth. 58,59 This radiolucent band is caused
by the larger zones of poorly calcified interglobu-

lar dentin at the periphery of the DEJ. 6o

A conspicuous and frequent oral clinical fea-

ture of hereditary vitamin D-resistant rickets is

the presence of draining sinus tracts and swellings

with periradicular abscesses. This is attributed to

pulpal necrosis caused by a rapid entry of bacte-

ria and their toxins through the poorly mineral-

ized enamel and dentin.61 The incidence of the

clinical lesions has been estimated to be 36% (see

Table 21-1).5 The pulpal-periradicular abscesses do

not appear to be the result of caries. 61

The reason for the dental complications of pul-

pal necrosis and subsequent periradicular lesions

becomes apparent when histologic and ground

sections of the teeth are examined (see Fig 21-8).

The pulp horn defect that extends to the DEJ

appears as a tubular cleft covered only by a thin

layer of hypoplastic enamel. The subsequent attri-

tion of the enamel allows bacterial entry into the

dentinal tubules and pulp.', 61,62 Longitudinal stud-

ies on these patients indicate that there is a con-

tinuous progression of periradicular disease that

develops in affected teeth. 5,6

Taurodontism

Taurodontism is a developmental disturbance of

teeth that results in abnormally large pulp cham-

bers. This is accompanied by a morphologic

change in tooth structure in which the crown of

the tooth is larger and the roots are shorter than

the typical form. 56,63-65 Taurodontism occurs

most frequently in molars and may be unilateral

or bilateral in its expression. Patients with chro-

mosomal aneuploides, particularly additional X

chromosomes, have a higher incidence of tau-

rodontic teeth . 63,66

Radiographs of teeth affected by taurodontism

reveal much longer pulp chambers and shortened

root canal systems 67 (Fig 21-9).This may resemble

the presentation of teeth affected by hereditary

vitamin D-resistant rickets, except that the critical

sign, pulp horns that extend to the DEJ, is not evi-

dent. Endodontic treatment of taurodonts must

take into account the larger pulp chambers, the

greater difficulty in locating canal orifices, and the

potential for additional root canal systems (eg, five

canals in mandibular molars) .

Dens in dente (dens invaginatis) and
dens evaginatus

There are several examples of developmental dis-

orders of morphodifferentiation of teeth. Dens in

dente (dens invaginatus) and dens evaginatus, two

of the more common disorders of morphodiffer-

entiation that have pulpal implications, are re-

viewed in this section. The reader is encouraged

to review oral pathology textbooks for a complete

discussion of other disorders of morphodifferen-

tiation (eg, gemination, fusion, concrescence, and

dilacerations). 13-15
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Fig 21-10 Clinical and radiographic views of dens evaginatus in an 11-year-old boy. (a) Clinical view of external anatomy. (b) Pre-
operative radiograph. Note the extensive periradicular radiolucency, complex root canal systems, and immature apex. The sinus
tract is traced with a gutta-percha cone. (c) Postoperative view illustrating the use of Collatape (Sulzer Dental, Carlsbad, CA) and
mineral trioxide aggregate (MTA) as an internal barrier and final obturation with thermoplasticized gutta-percha. (Courtesy of Drs
Neil Begley and William Schindler)

Dens in dente is a developmental disorder in

which a portion of the crown undergoes an

invagination prior to calcification. This is thought
to involve an infolding of the dental papilla during

development and may occur because of altered

tissue pressures, trauma, infection, or localized dis-

crepancies in cellular hyperplasia (eg, apically

directed proliferation of ameloblasts). Dens in

dente is characterized by a deep infolding of

enamel and dentin and often involves maxillary

lateral incisors.59 Teeth affected by dens in dente
are classified into three types: type 1 is an enamel-

lined relatively minor defect; type 2 is an enamel-

lined blind sac that invades the root; and type 3

invades the root and has a secondary foramen.

The prevalence has been reported to be between
0.04% and 10%. 15

There are several points of clinical significance

in the dens in dente tooth. First, there is an

increased risk of bacteria-induced pulpal necrosis,

and prophylactic placement of sealants may be

indicated . 69,70 Second, nonsurgical root canal treat-

ment is difficult because the anatomic complexity

makes both tissue debridement and complete

obturation extremely challenging. Suggested treat-

ment approaches include the use of ultrasonic

files, calcium hydroxide dressings, and obturation

with a thermoplasticized gutta-percha technique.

Dens evaginatus is a localized outgrowth of

ameloblasts that appears clinically as a globule of

enamel and may be reminiscent of an accessory

cusp. This outgrowth contains enamel, dentin,

and pulp. It typically occurs on premolars or

molars. The prevalence is higher among Asians

(about 15%) than among Caucasians. 1 5 The clini-

cal significance of this disorder is that the rela-

tively narrow shelf of enamel, once penetrated,

often leads to pulpal exposure.

A clinical example of a dens evaginatus is pre-

sented in Fig 21-10. An 11-year-old boy presented

with bilateral dens evaginatus of the first premo-

lars. The mandibular left premolar was necrotic
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Fig 21-1 I

	

Periradicular radiographs of a patient with type I dentinogenesis imperfecta.

Fig 21-11 a Preoperative radiograph. Note the reduced size of
the pulp chamber, canal orifices, and canal systems in the first
premolar, as well as the over-extended gutta-percha and apical
periodontitis.

Fig 21-11 b One-year follow-up after root-end resection and
MTA retrofill of the first premolar.

and exhibited suppurative apical periodontitis.The
root canal system was chemomechanically debrid-
ed and then treated with calcium hydroxide for 3
months with replacements every 4 to 6 weeks.An
artificial barrier of absorbable collagen membrane
(Collatape) and MTA (ProRoot MTA [Tulsa Dental,
Tulsa, OK]) was placed, and the tooth was obturat-
ed with thermoplasticized gutta-percha.

Dentinogenesis imperfecta,

Dentinogenesis imperfecta is an autosomal-domi-
nant hereditary developmental disorder character-
ized by an altered expression of dentin matrix
proteins. The most common of dental genetic dis-
eases, it is found in about 1:6,000 individuals . 71-74

The three major types of dentinogenesis imperfec-
ta are type I, associated with osteogenesis imper-
fecta; type 11, dentin matrix only, also known as
hereditary opalescent dentin; and type III, which
is characterized by frequent pulpal exposures,
large pulp chambers, and a "shell" tooth appear-

ance.75 The disorder can be expressed in either
the primary or the permanent dentition.

The clinical presentation of dentinogenesis
imperfecta includes amber to bluish-green teeth,
crowns with severe attrition, and root canal cham
bers that become radiographically obliterated
because of overproduction of dentin (Fig 21-11).
In early stages of dentinogenesis imperfecta, the
appearance may resemble the large pulp cham-
bers found in hereditary vitamin D-resistant rick-
ets or taurodontism, but the differential diagnosis
is apparent on clinical examination because all
teeth with dentinogenesis imperfecta manifest the
amber to bluish-green color and radiographically
obliterated pulp spaces.

Nonsurgical root canal treatment of teeth with
dentinogenesis imperfecta is difficult because of
obliteration of the pulp system, including miner-
alization of the pulp chamber, canal orifices, and
systems . 76 Surgical root canal treatment of these
teeth is also problematic because it is difficult to
identify canal systems even after root resection . 76

478



Genetic and Developmental Disorders and the Dental Pulp

Amelogenesis imperfecta

Amelogenesis imperfecta comprises a large group

of developmental disorders that results in im-

paired enamel formation. 63,73,77,78 It is estimated to

occur in 1:14,000 patients and may arise from

multiple etiologies because its inheritance pattern

has been suggested to be autosomal dominant,

autosomal recessive, or X-linked.77

In one study of nine unrelated families, about

20% of the patients with amelogenesis imperfecta

were found to have increased pulpal calcifica-

tions as well as the expected disturbances in

enamel formation . 77 Endodontic treatment con-

siderations in these patients relate in part to the

long-term prognosis of these teeth and the

restorative difficulties. 79-81

Gaucher disease

Gaucher disease (glucocerebroside lipidosis) is a

genetic recessive disorder characterized by an

accumulation of glucocerebrosides in the reticu-

loendothelial cells of the body. The accumulation

of glucocerebrosides results from the deletion or

reduced activity of the enzyme acid (3-glucosidase

in macrophages and an accumulation of lipids in

these cells. Three different types of Gaucher dis-

ease have been described, characterized in part by

age of onset. ' 6 Type 1 Gaucher disease is the most

common form and is found in adults. It is the most

prevalent genetic disease of Ashkenazi Jews.

Because dental radiographic examinations are

usually performed more frequently than any other

radiographic examination, some occult systemic

disorders can be detected from dental radiographs

in the absence of clinical symptoms. This is

the case for Gaucher disease. In Gaucher disease,

radiographic bone changes manifest generalized

osteopenia, including loss of trabecular structure,

cortical thinning, and an Erlenmeyer flask-like

appearance of the distal head of the femur (looked

on as a pathognomonic sign for Gaucher disease).

Gaucher disease can manifest radiographic

bone changes in the body of the mandible and in

the region of the first molar and premolar (Fig

21-12). Cases with 13- and 60-year follow-ups

have been published . 6 This radiographic bone

lesion was a consistent finding in 11 patients

with type 1 Gaucher disease .86-93 Comparative

radiographs taken over a 60-year time span show

that lesions enlarge and temporary bone regener-

ation occurs after tooth extraction in proximity
to the lesion or following a fracture of the long

bone or curettage of the lesion in the mandible. 6

However, this healing is subsequently followed
by the reformation of the lytic bony changes.

In skeletal surveys, the jaws, and particularly

the mandible, are often ignored. Yet, all 11 cases
described in Table 21-2 show most of the afore-

mentioned radiographic changes in the molar and

premolar region of the mandible.This finding indi-
cates that the observed changes are not of local

origin.This region normally contains hematopoiet-

ic marrow. The mandible also manifests increased
osteolysis and osteosclerosis. Twelve to 15 years

after the onset of Gaucher disease, the myeloid

packing of glucocerebroside in the apical region
of the first molar and second premolar region can

become so great that it causes a slow, uniform,

apical resorption of those teeth without produc-

ing the complications of pulpal necrosis (see Fig

21-12). Electric pulp testing in the reported cases

gave positive responses. 94

Accumulation of Gaucher cells causes a scal-

loped appearance in the endosteal bone region.

Both the mandible and maxilla manifest an osteo-

porotic pattern similar to that found in patients

with hemoglobinopathies (Figs 21-12 and 21-13).

Another dental pathogenetic disorder that has

been observed in patients with Gaucher disease is

periapical replacement resorption93 (see Fig 21-

12).This is commonly found in the first molar and

premolar region of the mandible, bilaterally. Biop-

sy and autopsy evidence discloses that periapical

cementum is replaced with Gaucher cells and

fibrous tissue.87,89 Systemic periapical replace-

ment resorption also occurs in Paget disease. 95
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Fig 21-12 Radiographic presentation of Gaucher disease. (Reprinted from Bender and Benders with permission.)

Figs 21-12a and 21-12b Uniform bilateral periapical radiolucency of the mandibular second premolars and first molars.

Fig 21-12c Twenty-year follow-up revealing evidence of peri
apical root resorption on the second premolar and first molar.

	

reveals less periapical root resorption.
The resorption only occurs in the apical portion of the roots.

Fig 21-12d Twenty-year follow-up of the contralateral side
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Fig 21-13a Periradicular radiograph

	

Fig 21-13b Periradicular radiograph

	

Fig 21-13c Periradicular radiograph
from a patient with Gaucher disease.

	

from a patient with sickle cell anemia.

	

from a patient with thalassemia.

Hemoglobinopathies

Hemoglobinopathies are a group of hereditary

blood disorders. The two most common exam-

ples of the many autosomal gene mutation disor-

ders are sickle cell anemia and thalassemia.

Sickle cell anemia

Sickle cell anemia (SCA) is the most common

familial hereditary hematologic disorder in

patients of African descent. Patients with SCA are

homozygous for the mutant gene and patients

with sickle cell trait are heterozygous for this
gene. The mutation is a single codon substitution

that leads to the inclusion of a valine amino acid
in the B globin protein instead of glutamate.

Approximately 8% to 12% of the African-American

population of the United Stated carries the sickle

cell trait (heterozygous). Sickle cell trait is usually
less severe than SCA. However, it is important

from a genetic counseling perspective. 16,96

The distorted red sickle cell of SCA patients is
relatively hydrophobic and cannot bend as the cell

attempts to move through the capillaries.This caus-

es a vaso-occlusion, an associated anemia, pallor,
and tissue deterioration (eg, retinopathy, nephropa-

thy, leg ulcers, and osteomyelitis of long bones and

mandible). Patients with SCA have enlarged

spleens or splenomegaly; this is attributed to the

short life span (14 to 17 days) of the sickle cell.The

complication of vaso-occlusion in SCA and the

associated tissue hypoxia lead to the common pain

crises known as sickling crises; these involve pain

in the abdomen, joints, muscle, and bones. 97

The most common oral complication of SCA

in the facial skeleton is in the mandible, a fre-

quent site of osteomyelitis in patients with SCA

(Fig 21-13b). The disease occurs 200 times more

often in the mandibles of patients with SCA than

in the unaffected population. An estimated 28%

of patients with SCA have had an osteomyelitis

episode . 98
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Patients with sickle cell disorder may report

odontalgia even in the absence of any evident

dental pathosis. 99 In one study of 51 patients

with sickle cell disorder and 51 matched con-

trols, 67% of the sickle cell patients reported

odontalgia in the prior year.'°° In half of these

sickle cell patients, there was no evident dental

pathosis. In contrast, none of the control subjects

reported odontalgia in teeth without evident

pathosis. 100

However, other studies have reported a lower

incidence of odontalgia. In a study with an 8-year

follow-up, only 9% of patients with SCA (2 of 22)

complained of intermittent toothache during

sickling crises. 9 Histologic examination of a den-

tal pulp from a patient with SCA revealed dilated

blood vessels that were filled with microthrombi

comprising sickle cells. The difference in pain

that was reported in these studies may be related

in part to the patients who were included be-

cause patients with SCA have a significantly high-

er incidence of reported odontalgia than do

patients with sickle cell trait.'"'

Both localized and generalized pathoses have

led to pulpal necrosis and treatment challenges in

sickle cell patients . Localized impairment

of pulpal vasculature is associated with asymp-

tomatic pulpal necrosis.83,102 In one study, 22

homozygous patients with SCA (aged 12 to 37

years) were examined, and endodontic treatment

was performed without anesthesia. 112 Five of the

22 patients (23%) had asymptomatic radiolu-

cencies, and one patient had five different peri-

radicular radiolucencies.A 4-year radiographic fol-

low-up found good-to-complete radiographic

healing.

Pulpal necrosis can also occur because of gen-

eralized vascular pathoses in sickle cell patients.

In one report, a unilateral infarct of the mandible

during a sickle cell crisis produced a generalized

necrosis of mandibular premolars and molars.103

When pulpal pathoses occur in patients with

SCA, it is prudent to consider endodontics rather

than exodontics. The complication of vaso-occlu-

sion following surgery could lead to osteomyelitis

or infarction of the mandible. 83, 1 00,103-106

Thalassemia

Thalassemia is one of the most common genetic

hemoglobinopathies and consists of a group of

heterogenous blood disorders characterized by

an inherited defect in the synthesis of at least one

globin protein ((3, A, y, or 8 globin) leading to a

disorder in erythropoiesis.1 6 The (3-thalassemia

form is the result of reduced synthesis of B
globin; heterozygotes are carriers with mild-to-

moderate anemia (eg, thalassemia minor), where-
as homozygotes express the classic phenotype

(eg, thalassemia major).

Thalassemia major (also known as Cooley ane-

mia) is characterized by a severe microcytic

hypochromic anemia with red cell counts of 1

million red cells/mm 3 of blood. Stained peripher-

al blood smears show numerous abnormal red

blood cells, including immature cells, stippled

cells, and target cells. Splenohepatomegaly and

hyperactivity of the bone marrow cause bone

radiolucency in long bones and the mandible.

There is a shift toward the primitive cell forms,

including erythroblasts and stem cells. l6

Oral manifestations of (3-thalassemia major

include an enlarged maxilla, spacing of the anteri-

or teeth, and an associated overjet, which result in

poor occlusion. The hairbrush-like appearance on

skull radiographs appears more pronounced in

thalassemia major, although this finding is not

pathognomonic.1 06,101 The marked trabeculation

and stepladder effect are illustrated in Fig 21-13c.

Clinical features such as vaso-occlusive pain crisis,

mandibular osteomyelitis, anesthesia of the mental

nerve, and pulpal necrosis 1 10 have been report-

ed in patients with hemoglobinopathies.

Several treatment interventions for thalassemia

patients are in development. Dilazep (Tocris,

Ellisville, MO) has been used in patients with B-
thalassemia with significant increases in hemo-

globin levels; however, one patient in this clinical

trial exhibited substantial bleeding after a tooth

extraction."' Another approach to treating pa-

tients with homozygous hemoglobinopathies,

especially thalassemia major, is bone marrow

transplantation for patients younger than 16 years

of age."'
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Fig 21-14 Periradicular radiographs of a patient with an autoimmune disorder directed against a membrane protein on neu-
trophils. The patient's circulating immunoglobulin A binds to a surface protein on neutrophils and blocks their chemotaxis and
oxidative burst.

Fig 21-14a Extensive periradicular radiolucencies despite the
absence of etiologic factors (caries, extensive restorations,
advanced periodontitis, etc).

Fig 21-14b One-year follow-up revealing partial healing.

Genetic disorders of the immune
system

Several genetic immunodeficiencies have profound

dental implicationsAhese include disorders of non-

specific immunity (eg, chronic granulomatous dis-

ease, cyclic neutropenia, Papillon-Lefevre syn-
drome, Chediak-Higashi syndrome, and leukocyte

adhesion deficiencies) and disorders of specific

immunity (eg, DiGeorge syndrome [thymic aplasia
resulting in a decrease or absence of T cells],

hypogammaglobulinemias, and selective immuno-

globulin A and immunoglobulin G deficiencies).

The implications of these disorders for pulpal and

periradicular pathoses are reviewed in chapters 11

and 17.

One example of the effect of an immune disor-

der on pulpal tissue is presented here (Fig 12-14).

The patient presented in severe pain. Multiple

teeth were diagnosed as being necrotic and

revealed apical periodontitis. The patient reported

taking prednisone, gamma interferon, clindamycin,

and ciprofloxacin. The medical history revealed a

familial immunoglobulin A gammopathy in which

circulating immunoglobulin A bound to a 62kd

protein expressed on neutrophil membranes.

Incubation of the patient's immunoglobulin A

with either normal neutrophils or the patient's

own neutrophils reduced chemotaxis by 80% and

inhibited neutrophil responsiveness to test stimuli

(eg, phorbol esters).1 13

The patient presented with extensive facial

nodules (because of recurrent staphylococcal

infections) and intermittent neutropenia. Clinical

examination failed to reveal any potential etiolog-

ic factors for pulpal necrosis (ie, no caries, frac-

tured teeth, history of trauma, periodontitis, or

leaking restorations). Because etiologic factors

were not evident, it is possible that pulpal necro-

sis occurred because of hematogenous infection

from orofacial abscesses (anachoresis was not

considered because there was no evidence of
pre-existing pulpal inflammation).

Other developmental disorders
affecting the dental pulp

A number of other developmental disorders have

been shown to manifest themselves in the dental

pulpal tissue. They are grouped together in this
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section merely because of their relatively low fre-

quency of expression or because of the relative

lack of studies describing their impact on dental

pulp physiology.

Fabry disease is a rare X-linked disorder of

lipid metabolism characterized by accumulation

of trihexoside ceramide in blood vessels. It results

from reduced activity of the lysosomal enzyme a-

galactosidase A. 16 Clinical findings include charac-

teristic skin lesions, renal failure, and cardiac

complications. Histologic findings of dental pulp

are characterized by trihexoside ceramide in the

blood vessels."

Lowe syndrome is a rare X-linked recessive

disorder characterized by mental retardation,

cataracts, and rickets. It is caused by a defect in

glucosaminoglycogen metabolism.114 Dental find-

ings include large pulp chambers and altered

dentinal formation.' 15

Niemann-Pick disease (sphingomyelin lipido-
sis) is a collection of four types of disorders of

lipid metabolism, specifically affecting sphin-

gomyelinase. It is characterized by severe neuro-
logic disturbances, including mental retarda-

tion.116 Reticuloendothelial cells are characterized

as "foam cells" because of altered lipid levels and

have been described in dental pulp.

Oxalosis (hyperoxaluria) is a rare autosomal-

recessive disorder characterized by oxalate de-

posits in the kidney (leading to renal failure) and

other tissues.' Dental findings include slate-gray

teeth, odontalgia, pulpal calcifications of oxalate

crystals, and root resorption. 117,118 The root re-

sorption may be sufficiently extensive to necessi-

tate tooth extraction. 119

Endocrine Disorders and
the Dental Pulp

Diabetes mellitus

Diabetes mellitus is a common metabolic disor-

der affecting more than 15 million persons in

the United States.' 20The diabetic is not more vul-

nerable to bacterial infections, but there is a

greater probability that infections that do devel-

op will be more serious. 121,122 This susceptibility

is due, in part, to a generalized circulatory disor-

der that results in inadequate blood supply to
regions of injury 16,123

There are two major forms of diabetes mellitus.

Type 1 diabetes mellitus is associated with a

defect or an absence of the insulin-producing beta

cells of the pancreas.' In this type, originally

known as insulin-dependent diabetes mellitus,

the patient needs exogenous insulin for survival.

Type 2 diabetes mellitus, which occurs because of

an impaired function of the beta cells or resis-

tance to insulin effects, is the more common

type. 16 Type 2 was previously referred to as non-

insulin-dependent diabetes mellitus. The onset of

type 2 occurs in midlife or later, whereas type 1

can begin during childhood or in the teenage

years.

An important consideration in both type 1 and

type 2 diabetes mellitus is the vascular system.

The blood vessels are compromised by the con-

tinuous accumulation of atheromatous deposits

in the intimal tissues of the blood vessel lumens.

In addition, blood vessels, particularly capillaries,

develop a thickened basement membrane that

impairs leukocyte responses, and there is a

decrease in the killing activity of polymorphonu-

clear neutrophil leukocytes. 121-125 The degree of

vascular thickening is correlated to the duration

of the disease.

Oral manifestations of infections occur more

readily and more severely in type 1 than in type

2 diabetes. This may be influenced by age, dura

tion of the disease, and the degree of metabolic

control. Xerostomia, enlargement of the parotid

glands, and an altered taste sensation can be ob-

served. 120,126-128 There is also an increase in inci-

dence of caries and periodontitis. Patients with

either type 1 or type 2 diabetes mellitus, particu-
larly those with poor insulin control, often have

an increased risk of oral infections and periodon-

titis. 120,126-129

Detailed human pulp studies in patients with

diabetes mellitus do not exist, although two
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reports are found in the literature. One study

described the pulpal histology in noncarious

teeth extracted from seven diabetic patients with

long-term disease of 15 to 24 years' duration and

compared the findings to pulps from 13 control
subjects. 130 The ages varied from 23 to 39 years;

suggesting that these patients may have had type
1 diabetes mellitus. The pulpal tissues from the

diabetic patients were characterized by the pres-

ence of large-vessel and small-vessel angiopathies

and a thickened basement membrane. Many of

the samples from diabetic patients contained

numerous sickle-shaped calcifications that oc-

cluded vessels. Although this was a small study

sample, the results suggest that late-stage diabet-

ics experience both vascular changes and calcifi-
cations in the dental pulp.

A second study reported on histologic changes

in dental pulps from 21 diabetic patients and 20
matched controls. 131 Extensive amorphous calcifi-
cations were observed in the pulps from the dia-

betics. However, no vascular changes were found

in the dental pulps of the diabetic patients,
although changes were evident in gingival biop-

sies. Because the patients' durations of illness

were not stated in this study, it is possible that dia-

betes-related vascular changes in the pulp take

longer to occur than do similar changes in gingi-

val tissue.

Patients with diabetes have larger or more

prevalent periradicular lesions of endodontic ori-

gin. A clinical and radiographic survey compared

94 patients with diabetes of long duration and 86

patients with diabetes of short duration to 86

individuals without diabetes (aged 20 to 70

years); there was a greater prevalence of peri-

radicular lesions in patients with type 1 dia-
betes. 1 3 2 In particular, those with long-duration

diabetes exhibited teeth with periradicular

lesions more frequently than did the other

groups. In addition, women with long-duration

diabetes exhibited more endodontically treated

teeth with periradicular lesions than did women

with short-duration diabetes and women without
diabetes. 133 This appears to be a generalized fea-

ture of diabetes; even rats with short-term strep-

tozotocin-induced diabetes have significantly

larger periradicular lesions of endodontic origin

than do control animals. 134

Diabetes-related odontalgia has been report-

ed. 14,135,136 Unexplained odontalgia may be a clue

to unrecognized diabetes mellitus, and, because

diabetes leads to circulatory impairment with

ischemia, pulpal necrosis may occur occasionally.

For example, a 32-year-old white woman com-

plained of a mild, constant, bilateral odontalgia

(Bender, unpublished observations). Her medical

history at the time of dental examination was non-

contributory. The oral and radiographic examina-

tions revealed low caries frequency and a few shal-

low restorations.There were no periradicular areas

of rarefaction. She was instructed to see her physi-

cian and to return in 1 month.

She returned in 6 weeks, reporting that she still

had unilateral pain and that her physician had

diagnosed her with diabetes mellitus and pre-

scribed insulin therapy. The patient was radio-

graphically re-examined, and seven teeth with

periradicular radiolucencies were noted. These

teeth did not respond originally to the electric

pulp tester. The teeth responded favorably to

endodontic treatment. It is apparent that the

patient was suffering from unrecognized diabetes
mellitus.

Glucocorticoids

Cortisol, a naturally occurring glucocorticoid of
the adrenocortex, has numerous effects on con-

nective tissue, including dental pulp. Excessive

cortisol production causes Cushing syndrome,
while a deficiency produces Addison disease. An

increase in production of cortisol by the adrenal

gland may be caused by an adrenal adenoma or
pituitary tumor (via release of corticotropin).

Prolonged use of exogenous glucocorticoids can

also produce effects similar to Cushing syn-

drome, including a rounded, plethoric face and

trunk obesity. 16

The chronic administration of high doses of

glucocorticoids has numerous effects on the con-

nective tissue of the dental pulp.This is observed
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Fig 21-15 Comparison of predentin thickness in teeth collected from a healthy patient (left) and a patient who was chronically
treated with glucocorticoids, suffering from renal failure, and undergoing dialysis (right). The predentin is about four times wider in
the former than it is in the latter (H&E stain). (Reprinted from Wysocki et al '4° with permission.)

particularly in patients with end-stage renal dis-

ease, who are often treated chronically with

steroids. Periradicular radiographic exami-

nation of these patients often reveals narrowing

of the dental pulp chamber or complete pulpal

obliteration. One study evaluated pulpal changes
in 42 patients with renal disease who received

prolonged glucocorticoid treatment and were fol-

lowed for at least 2 years.'"' Radiographic exami-

nation revealed that 50% of these patients ex-

hibited narrowing of the pulp chamber. Subset

analysis revealed that this effect occurred more

frequently in the group undergoing renal trans-
plant (74%) than in the group undergoing hemo-

dialysis (33%) or the group receiving immuno-
suppressive therapy (29%).137 The earliest

recording of pulpal narrowing was 10 months af-
ter renal transplantation.

Steroid-induced pulpal narrowing is the result

of deposition of mineralized tissue in the pulp

chamber. In a postmortem study of five patients

who had been treated by renal transplantation, his-

tologic examination of the dental pulp revealed a
widened predentin zone, four times its normal

width.137 Similar results have been noted by other

investigators examining pulp from patients under-
going hemodialysis (Fig 21-15). 140,141

Rats undergoing long-term treatment with cor-

tisone also exhibit excessive formation of a miner-

alized tissue in the dental pulp chamber. 139,142 The

greatest dentinal deposition appeared to occur on

the roof of the pulp chamber, suggesting that the

pattern of dentinal deposition in the glucocorti-

coid-treated patient is different from that of the

normal aging process. 143

Cancer

There are relatively few reports of malignancies

in dental pulp. In reviewing the dental literature

published over a 100-year span (1870 to 1970),

Stanley7 reported fewer than 20 case reports of

pulpal cancers.

However, several more recent case reports have

described leukemic cellular infiltrates in dental

pulp or periapical tissue. 7,144-147 Acute leukemias

are characterized by malignant transformation of

hematopoetic stem cells that often rapidly prolifer-

ate to replace bone marrow cells. The two major
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Fig 21-16 Periradicular radiographs of a 13-year-old patient with acute monocytic
l eukemia. Note the uniform widening of the periodontal ligament space.

classes of acute leukemia are acute lymphoblastic

leukemia and acute myelogenous leukemia. Both

types have been reported in dental pulp or peri-
radicular tissue. 144-147

Case reports have indicated that clinical find-
ings include percussion sensitivity, 147 periradicular

radiolucencies,145-147 gingival swelling, odontal-

gia,145,148 and a numb chin. 117 Other studies have

noted that patients with acute myelogenous
leukemia are five times more likely to have peri-

odontal infections and two times more likely to

have mucosal infections than they are to have

periradicular pathoses. 149 Figure 21-16 shows
radiographs from a patient with acute lymphocyt-

ic leukemia, revealing uniform widening of the

periodontal ligament space.

Lymphomas are characterized as a malignant

clonal proliferation of lymphoid cells in tissues

comprising the immune system (eg, lymph nodes,

spleen, bone marrow, gastrointestinal tract). The

two major classes of lymphoma are Hodgkin dis-

ease and non-Hodgkin lymphoma. 1 6 Non-Hodgkin
lymphoma is more prevalent than Hodgkin dis-

ease; about 50,000 new cases are diagnosed in the

United States each year.

One form of non-Hodgkin lymphoma, Burkitt

lymphoma, is more prevalent in central Africa

than in the United States, and the Epstein-Barr

virus is thought to be an etiologic agent. It may

present as an enlargement of the jaws in children.

Burkett lymphoma has been reported in dental

pulp, where it completely replaced all pulpal

cells.7 Other case reports have noted that clinical

findings of orofacial lymphomas include odontal-

gia,150,151 tooth mobility,151 periradicular radiolu-
cencies,151-153 j aw swelling, 7,151,154 numb lip,1 55

and generalized osteolytic lesions. 151

Many other forms of neoplasia have not been

reported in dental pulp but must be considered

in the differential diagnosis of periradicular

lesions that are visible on radiographs. A partial

list of primary and metastatic disorders includes

carcinoma, adenocarcinoma, osteogenic sarco-

ma, multiple myeloma, sarcoma, and amelo

blastoma.7,13-17,152,156-161 Mandibular pain not re-
lated to a dental pathosis has been noted as an
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important symptom of the presence of metastat-
ic neoplasia. 150-152,156-159

Conclusion

A major theme of this textbook is the interrela-
tionship between dental pulp and other tissues in

health and disease. Although most of the chap-

ters in this book have focused on the dental pulp

and its effects on other tissues, chapters 20 and

21 have focused on the effect that systemic disor-

ders have on dental pulp and patients' symptoms.

Space limitations preclude a general review of

the pathophysiology of these disorders or an

extensive review of their effects on other orofa-

cial tissues; the clinician is encouraged to seek

other sources for this information. 13-17,96,161

One of the most challenging steps in provid-

ing dental care to patients is establishing the dif-

ferential diagnosis. In evaluating the patient's

symptoms and the results of the clinical examina-

tion, the clinician should develop a differential

diagnosis that considers both local and systemic

pathoses. The lack of evident local etiologic fac-

tors (eg, caries or leaking restoration) or the pres-

ence of unusual findings (eg, numb lip or vital

tooth with periradicular radiolucency) should

prompt rapid and effective review of possible

contributing systemic disorders.
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 تهیه شده (e-book)در شرکت خدمات علمی باران بصورت الکترونیک کتاب این 
 .است و تمام حقوق این اثر در انحصار این شرکت می باشد 

 
 .شرکت باران کاملا مستقل بوده و به هیچ موسسه ویا شرکتی وابسته نمی باشد

وده و متخلفین  کپی برداری و یا تکثیر از این ژورنال غیر قانونی بهرگونه
 .شدیدا مورد پیگیری و مشمول قوانین کشور ایران می شوند

 
برای دریافت لیست کتب و مجلات و خرید مستقیم با ما 

 .تماس بگیرید

 
  4311689    تلفن 14515-765تهران ص پ 

 خدمات علمی باران
 اولین وتنها تولید کنند کتب الکترونیک 
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