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Preface

More than thirty years has elapsed since the publication of
the first edition of this textbook in 1972. At that time, table
clinics were being held, where the theme of treatment
was to extract traumatized teeth at the time of injury,
and then the problem was solved. Since then, the biology of
acute dental trauma has been elucidated through clinical
and experimental research and in subsequent editions of this
book used as the guiding light in defining treatment
strategy.

A disturbing finding from several recent studies is that
acute treatment of dental injuries can sometimes lead to
inferior healing. This naturally leads to a rethinking of strat-
egy for treatment of the injured patient. Until now, accepted
treatment has been to reposition traumatically displaced
teeth or bone fragments into an anatomically correct posi-
tion. However, this procedure itself may further damage
already traumatized tissues. This might explain the negative
effect of many forceful reductions, as after luxation injuries,
particularly upon periodontal healing. Likewise, the idea
that an exposed pulp is a diseased and infected pulp which
requires immediate or delayed extirpation has not been
substantiated in real life. On the contrary, given the right
healing conditions, exposed pulp is a survivor. Similarly,
root fractured incisors are often removed due to a lack
of understanding of the healing capacity of the pulp and
periodontium and their respective roles in the healing
process.

Previously, acute dental trauma was considered an event
encompassing certain treatment problems that could be
adequately resolved by proper endodontic, surgical or
orthodontic intervention. However, recent new research has
altered this view. Now we know that most healing compli-
cations following trauma are related to pre-injury or injury
factors, and that treatment should be very specific and
restricted in order to optimize healing. This edition is
devoted to a biologic approach in understanding the nature
of trauma and subsequent healing events and how these
events can be assisted by treatment interventions.

The study and understanding of healing in hard and soft
tissues after trauma is probably one of the most serious chal-

lenges facing the dental profession. That this task presently
rests with only a handful of researchers is out of proportion
with the fact that perhaps half of the world’s population
today has suffered oral or dental trauma — a paradox that
dental trauma is dentistry’s stepchild.

In the decade that has elapsed since the third edition of
this textbook, the impact of dental implants has been felt. In
the wake of esthetically and functionally successful implant
therapy, there is a growing tendency towards the approach
of: ‘If in doubt, take it out’ and replace with a dental implant.
This mind-set has seriously colored many professionals’ per-
ception of conservative therapy, be it active observation or
interceptive endodontic therapy. Moreover, it has led to an
explosion in the cost of treatment following dental trauma.
For the sake of completeness, the chapter on dental implants
has therefore been expanded with respect to primary
biologic principles, with particular emphasis on problems
related to the use of implants following dental trauma. In
this regard, it should be borne in mind that trauma patients
are most often young patients in whom the placement of an
implant is contraindicated because it interferes with growth
and development of the jaw. Furthermore, the fact that
many families in the world today may live on a few dollars
a day brings the cost-benefit aspect of treatment into focus.
In such a world, sophisticated treatment modalities that are
now available may only be realistic for very few. And then
what? This reality is also described.

The enormous impact of a traumatic event on the mental
health of the patient has long been ignored. In some situa-
tions, the loss of a tooth or parts of teeth may result in a
difficult psychological situation, which so far has been com-
pletely underplayed and neglected in dental traumatology.
This void is addressed in this new edition by a chapter on
the psychological impact of dental trauma on the patient.
Moreover, a traumatic event, whether crown fracture or
tooth loss, usually results in severe esthetic problems. A
further chapter is now devoted specifically to esthetic
rehabilitation of the traumatized patient.

In this edition, an evidence-based approach to treatment
has been chosen. This implies that any treatment procedure

xiii



xiv Preface

must be carefully screened for its effect upon healing
processes. Due to the fact that treatment approaches, by
their very nature, are usually traumatogenic, treatment prin-
ciples for traumatized teeth become critical. Randomized
clinical studies would be desirable, but inevitably there are
practical and ethical problems with this: it would be diffi-
cult to ask for signed patient approval to place the patient
in group A or B to test the difference between acute treat-
ment procedures.

Acute dental trauma implies severe pain and psychologi-
cal impact for many of us. There may also be severe eco-
nomic consequences for trauma victims, especially in less
privileged social groups. The dental profession must cope
with these problems. One approach could be prevention of
dental injuries, but previous efforts in this direction have not
always been cost-effective. In this fourth edition, accident-
prone sports activities have been identified where mouth-
guards could be of value.

Statistics from most countries show that one third of all
preschool children have suffered a dental trauma involving
the primary dentition and 20-25% have suffered a trauma

to the permanent dentition. With such statistics it is likely
that more than 3 billion of the world’s population are
trauma victims and, considering the general lack of con-
tinuing and serious research into dental trauma, the
importance of this area of dentistry cannot be overstated.

It is the authors’ hope that a better knowledge of the
biology of dental trauma and wound healing will lead to a
more intelligent treatment strategy, where the slogan ‘Hands
off where you can!’ to save teeth could mean that the trau-
matic episode might be a short-lived one and not a pro-
tracted story of treatment and re-treatment — not only
for the victim of dental trauma, but also for the dental
practitioner.

The aim of this textbook is to ignite interest in this
stepchild of dentistry, a discipline where all the skills of den-
tistry are needed to help victims of dental trauma. Please be
involved!

Jens O. Andreasen, DDS, Odont. dr. h.c, Copenhagen
Frances M. Andreasen, DDS, dr. odont., Copenhagen
Lars Andersson, DDS, dr. odont., Kuwait



Wound Healing Subsequent to Injury
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Definition

The generally accepted definition of wound healing is: ‘a
reaction of any multicellular organism on tissue damage in
order to restore the continuity and function of the tissue or
organ’. This is a functional definition saying little about the
process itself and which factors are influential.

Traumatic dental injuries usually imply wound healing
processes in the periodontium, the pulp and sometimes
associated soft tissue. The outcome of these determines the
final healing result (Fig. 1.1). The general response of soft
and mineralized tissues to surgical and traumatic injuries is
a sensitive process, where even minor changes in the treat-
ment procedure may have an impact upon the rate and
quality of healing.

In order to design suitable treatment procedures for a
traumatized dentition, it is necessary to consider the cellu-
lar and humoral elements in wound healing. In this respect
considerable progress has been made in understanding of
the role of different cells involved.

In this chapter the general response of soft tissues to
injury is described, as well as the various factors influencing
the wound healing processes. For progress to be made in the
treatment of traumatic dental injuries it is necessary to begin
with general wound healing principles. The aim of the
present chapter is to give a general survey of wound healing
as it appears from recent research. For more detailed infor-
mation about the various topics the reader should consult
textbooks and review articles devoted to wound healing
(1-23, 607-612).

Nature of a traumatic injury

Whenever injury disrupts tissue, a sequence of events is ini-
tiated whose ultimate goal is to heal the damaged tissue. The

sequence of events after wounding is: control of bleeding;
establishing a line of defense against infection; cleansing
the wound site of necrotic tissue elements, bacteria or
foreign bodies; closing the wound gap with newly formed
connective tissue and epithelium; and finally modifying the
primary wound tissue to a more functionally suitable tissue.

This healing process is basically the same in all tissues, but
may vary clinically according to the tissues involved. Thus
wound healing after dental trauma is complicated by the
multiplicity of cellular systems involved (Fig. 1.2).

During the last two decades, significant advances have
been made in the understanding of the biology behind
wound healing in general and new details concerning the
regulating mechanisms have been discovered.

While a vast body of knowledge exists concerning the
healing of cutaneous wounds, relatively sparse information
exists concerning healing of oral mucosa and odontogenic
tissues. This chapter describes the general features of wound
healing, and the present knowledge of the cellular systems
involved. Wound healing as it applies to the specific odon-
togenic tissues will be described in Chapter 2.

Wound healing biology

Wound healing is a dynamic, interactive process involving
cells and extracelluar matrix and is dependent on internal as
well as external factors. Different schemes have been used in
order to summarize the wound healing process. With
increasing knowledge of the involved processes, cell types
etc., a complete survey of all aspects will be hugely difficult
to overview. The authors have for many years used a modi-
fication of the original Hunt flow diagram for wound
healing (19) (Fig 1.2). This diagram illustrates the main
events in superficial epithelialization and production of
granulation tissue.

The wound healing process will be described in detail in
the following section.
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Fig. 1.1 Cells involved in the healing event after a tooth luxation. Clockwise from top: endothelial cell and pericytes; thrombocyte (platelet); erythro-
ayte; fibroblast; epithelial cell; macrophage; neutrophil; lymphocytes; mast cell.
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Fig. 1.2 Modified Hunt flow diagram
for wound healing.

Repair versus regeneration

The goal of the wound healing process after injury is to
restore the continuity between wound edges and to re-estab-
lish tissue function. In relation to wound healing, it is appro-
priate to define various terms, such as repair and
regeneration. In this context, it has been suggested that the
term regeneration should be used for a biologic process by
which the structure and function of the disrupted or lost
tissue is completely restored, whereas repair or scar forma-
tion is a biologic process whereby the continuity of the dis-
rupted or lost tissue is regained by new tissue which does
not restore structure and function (14). Throughout the
text, these terms will be used according to the above defini-
tions. The implication of repair and regeneration as they
relate to oral tissues is discussed in Chapter 2.

Cell differentiation

Cell differentiation is a process whereby an embryonic non-
functional cell matures and changes into a tissue-specific
cell, performing one or more functions characteristic of that
cell population. Examples of this are the mesenchymal par-
avascular cells in the periodontal ligament and the pulp, and
the basal cells of the epithelium. A problem arises as to
whether already functioning odontogenic cells can revert to
a more primitive cell type. Although this is known to take
place in cutaneous wounds, it is unsettled with respect to
dental tissues (see Chapter 2). With regard to cell differen-
tiation, it appears that extracellular matrix compounds, such
as proteoglycans, have a significant influence on cell differ-
entiation in wound healing (25).

Progenitor cells (stem cells)

Among the various cell populations in oral and other tissues,
a small fraction are progenitor cells. These cells are self-per-

Collagen
synthesis

Contraction

HEALED WOUND

petuating, nonspecialized cells, which are the source of new
differentiating cells during normal tissue turnover and
healing after injury (17-19). The role of these in wound
healing is further discussed in Chapter 3.

Cell cycle

Prior to mitosis, DNA must duplicate and RNA be synthe-
sized. Since materials needed for cell division occupy more
than half the cell, a cell that is performing functional syn-
thesis (e.g. a fibroblast producing collagen, an odontoblast
producing dentin or an epithelial cell producing keratin)
does not have the resources to undergo mitosis. Conversely,
a cell preparing for or undergoing mitosis has insufficient
resources to undertake its functions. This may explain why
it is usually the least differentiated cells that undergo prolif-
eration in a damaged tissue, and why differentiated cells do
not often divide (15).

The interval between consecutive mitoses has been
termed the cell cycle which represents an ordered sequence
of events that are necessary before the next mitosis (Fig. 1.3):
The cell cycle has been subdivided into phases such as Gy,
the time before the onset of DNA synthesis. In the S phase
the DNA content is replicated, G, is the time between the S
phase and mitosis, and M the time of mitosis (Fig. 1.3). The
cumulative length of S, G, and M is relatively constant at
10-12 hours, whereas differences occur among cell types in
the duration of G, (26).

Cells that have become growth arrested enter a resting
phase, Gy, which lies outside the cell cycle. The G, state is
reversible and cells can remain viable in G, for extended
periods.

In vivo, cells can be classified as continuously dividing
(e.g. epithelial cells, fibroblasts), non-dividing post-mitotic
(e.g. ameloblasts) and cells reversibly growth arrested in G,
that can be induced to re-enter the proliferative cycle.
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Fig. 1.3 Cell cycle. G, = resting phase; G; = time before onset of DNA
synthesis; S = replication of DNA; G, = time between DNA replication and
mitosis; M = mitosis.

Factors leading to fibroblast proliferation have been
studied in the fibroblast system. Resting cells are made com-
petent to proliferate (i.e. entry of G cells into early G, stage)
by so-called competence factors (i.e. platelet derived growth
factor (PDGF), fibroblast growth factor (FGF) and calcium
phosphate precipitates). However, there is no progression
beyond G, until the appearance of progression factors such
as insulin-like growth factor-1 (IGF-1), epidermal growth
factor (EGF) and other plasma factors (26) (Fig. 1.3).

Cell migration

Optimal wound repair is dependent upon an orderly influx
of cells into the wound area. Directed cell motion requires
polarization of cells and formation of both a leading edge
that attaches to the matrix and a trailing edge that is pulled
along. The stimulus for directional cell migration can be a
soluble attractant (chemotaxis), a substratum-bound gradi-
ent of a particular matrix constituent (haptotaxis) or the
three-dimensional array of extracellular matrix within the
tissue (contact guidance). Finally there is a free edge effect
which occurs in epithelial wound healing (see p. 36) (27, 28).

Typical examples of cells responding to chemotaxis are cir-
culating neutrophils and monocytes and macrophages (see
p- 23). The chemoattractant is regulated by diffusion of the
attractant from its source into an attraction-poor medium.

Cells migrating by haptotaxis extend lamellipodia more or
less randomly and each of these protruding lamellipodia
competes for a matrix component to adhere to, whereby a
leading edge will be created on one side of the cell and a
new membrane inserted into the leading edge. In that
context, fibronectin and laminin seem to be important for
adhesion (27).

Contact guidance occurs as the cell is forced along paths
of least resistance through the extracellular matrix. Thus,
migrating cells align themselves according to the matrix

configuration, a phenomenon that can be seen in the
extended fibrin strands in retracting blood clots (see p. 9),
as well as in the orientation of fibroblasts in granulation
tissue (29). In this context it should be mentioned that
mechanisms also exist whereby spaces are opened within the
extracellular area when cells migrate. Thus both fibroblasts
and macrophages use enzymes such as plasmin, plasmino-
gen and collagenases for this purpose (30).

During wound repair, a given parenchymal cell may
migrate into the wound space by multiple mechanisms
occurring concurrently or in succession. Factors related to
cell migration in wound healing are described later for each
particular cell type.

Dynamics of wound repair

Classically the events taking place after wounding can be
divided into three phases, namely the inflammation, the pro-
liferation and the remodeling phases (5, 13, 20-23, 31). The
inflammation phase may, however, be subdivided into a
hemostasis phase and an inflammatory phase. But, it should
be remembered that wound healing is a continuous process
where the beginning and end of each phase cannot be clearly
determined and phases do overlap.

Tissue injury causes disruption of blood vessels and
extravasation of blood constituents. Vasoconstriction pro-
vides a rapid, but transient, decrease in bleeding. The
extrinsic and intrinsic coagulation pathways are also imme-
diately activated. The blood clots together with vasocon-
striction re-establish hemostasis and provide a provisional
extracellular matrix for cell migration. Adherent platelets
undergo morphological changes to facilitate formation of
the hemostatic plug and secrete several mediators of wound
healing such as platelet derived growth factor, which attract
and activate macrophages and fibroblasts. Other growth
factors and a great number of other mediators such as
chemoattractants and vasoactive substances are also
released. The released products soon initiate the inflamma-
tory response.

Inflammation phase

Following the initial vasoconstriction a vasodilatation takes
place in the wound area. This supports the migration of
inflammatory cells into the wound area (Fig. 1.4).

These processes take place in the coagulated blood clot
placed in the wound cavity. When prothrombin changes to
thrombin, cleaving the fibrinogen molecule to fibrin, the
clot turns into a fibrin clot, which later becomes the wound
crust in open wounds. Fibronolytic activity is, however, also
present in this early stage of healing. From plasminogen is
produced plasmin which digests fibrin leading to the
removal of thrombi. Fibrin has its main effect when angio-
genesis starts and the restoration of vascular structure
begins.

Neutrophils, lymphocytes and macrophages are the first
cells to arrive at the site of injury. Their major role is to guard
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Fig. 1.4 Cellular components and mediators in the wound healing module. Signals for wound healing are released by platelets, fibrin, plasma leakage,
damaged cells and matrix. Furthermore low oxygen tension and a high lactate concentration in the injury site contribute an important stimulus for
healing.
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against the threat of infection, as well as to cleanse the
wound site of cellular matrix debris and foreign bodies.
The macrophages appear to direct the concerted action of
the wound cell team (Fig. 1.4).

Proliferative phase (fibroplasia)

This is called the fibroplasia phase or regeneration phase and
is a continuation of the inflammatory phase, characterized
by fibroblast proliferation and migration and the produc-
tion of connective tissue. It starts about day 2 after the tissue
trauma and continues for two to three weeks after the
trauma in the case of a closed wound. This phase can be
extended significantly in the case of an open wound with
severe tissue damage, where complete closure will require
production of a large amount of connective tissue.

In response to chemoattractants created in the inflam-
mation phase, fibroblasts invade the wound area and this
starts the proliferation phase. The invasion of fibroblasts
starts at day 2 after injury and by day 4 they are the major
cell type in normal healing. Fibroblasts are responsible for
replacing the fibrin matrix (clot) with collagen-rich new
stroma often called granulation tissue. In addition, fibrob-
lasts also produce and release proteoglycans and gly-
cosaminoglycan (GAG), which are important components
of the extracellular matrix of the granulation tissue. Vascu-
lar restoration uses the new matrix as a scaffold and numer-
ous new capillaries endow the new stroma with a granular
appearance (angiogenesis). Macrophages provide a contin-
uing source of growth factors necessary to stimulate fibro-
plasia and angiogenesis. The structural molecules of newly
formed extracellular matrix, termed provisional matrix,
produce a scaffold or conduit for cell migration. These mol-
ecules include fibrin, fibronectin and hyaluronic acid.
Fibronectin and the appropriate integrin receptors bind
fibronectin, fibrin or both on fibroblasts appearing to limit
the rate of formation of granulation tissue.

Stimulated by growth factors and other signals, fibroblasts
and endothelial cells divide, and cause a capillary network
to move into the wound site which is characterized by
ischemic damaged tissue or a coagulum.

The increasing numbers of cells in the wound area induce
hypoxia, hypercapnia and lactacidosis, due to the increased
need for oxygen in an area with decreased oxygen delivery
because of the tissue injury (32, 33).

At cellular level oxygen is an essential nutrient for cell
metabolism, especially energy production. This energy is
supplied by the coenzyme adenosine triphosphate (ATP),
which is the most important store for chemical energy on
the molecular/enzymatic level and is synthesized in mito-
chondria by oxidative phosphorylation. This reaction is
oxygen dependent.

NADPH-linked oxygenase is the responsible enzyme for
the respiratory burst that occurs in leukocytes. During
the inflammatory phase of the healing process NADPH-
linked oxygenase produces high amounts of oxidants by
consuming high amounts of oxygen (34). Successful wound
healing can only take place in the presence of the enzyme,

because oxidants are required for prevention of wound
infection.

Not only phagocytes, but almost every cell in the wound
environment is fitted with a specialized enzyme to convert
O, to reactive oxygen species (ROS), including oxidizing
species such as free radicals and hydrogen peroxide (H,0,)
(35, 36). These ROS act as cellular messengers to promote
several important processes that support wound healing.
Thus O, has a role in healing beyond its function as nutri-
ent and antibiotic. Given the growth factors, such as platelet-
derived growth factor (PDGF), require ROS for their action
on cells (35, 37), it is clear that O, therapy may act as an
effective adjunct. Clinically this has been found in chronic
granulomatous disease (CGD) where there are defects in
genes that encode NADPH oxidase. The manifestations of
this defect are increased susceptibility to infection and
impaired wound healing (625).

Simultaneously, the basal cells in the epithelium divide
and move into the injury site, thereby closing the defect.
Along with revascularization, new collagen is formed
which, after 3-5 days, adds strength to the wound. The high
rate of collagen production continues for 10-12 days,
resulting in strengthening of the wound. At this time
healing tissue is dominated by capillaries and immature
collagen.

The fibroblasts are responsible for the synthesis, deposi-
tion and remodeling of the extracellular matrix, which con-
versely can have an influence on the fibroblast activities. Cell
movements at this stage into the fibrin clot or tightly woven
extracellular matrix seem to require an active proteolytic
system that can cleave a path for cell migration. Fibroblast
derived enzymes (collagenase, gelatinase A, etc.) and serum
plasmin are potential candidates for this task (23).

After fibroblast migration into the wound cavity the pro-
visional extracellular matrix is gradually replaced with col-
lagenous matrix. Once an abundant collagen matrix has
been deposited in the wound, the fibroblasts stop producing
collagen, and the fibroblast rich granulation tissue is
replaced by a relatively acellular scar. Cells in the wound
undergo apoptosis (cell death) triggered by unknown
signals, but doing so the fibroblast dies without raising an
inflammatory response. Deregulation of these processes
occurs in fibrotic disorders such as keloid formation,
morphea and scleroderma. Collagen synthesis and secretion
requires hydroxylation of proline and lysine residues. Suffi-
cient blood flow delivering adequate molecular oxygen is
pivotal for this process.

Collagen production/deposition and development of
strength of the wound is directly correlated to the partial
pressure PO, of the tissue (P,O,) (38—40). Synthesis of col-
lagen, cross-linking and the resulting wound strength relies
on the normal function of specific enzymes (41, 42). The
function of these enzymes is directly related to the amount
of oxygen present, e.g. hydrolyzation of proline and lysine
by hydroxylase enzymes (43).

Recently it has been shown that oxygen also may trigger
the differentiation of fibroblasts to myofibroblasts, cells
responsible for wound contraction (44).



Neovascularization/angiogenesis

Early in the healing process there is no vascular supply to
the injured area, but the stimulus for angiogenesis is present:
growth factors released by especially macrophages, low
oxygen and elevated lactate. The angiogenesis starts the day
after the lesion. Angiogenesis is complicated, involving
endothelial cells and activated epidermal cells. Proteolytic
enzymes degrade the endothelial basement membrane
allowing endothelial cells from the surroundings of the
wound area to proliferate, migrate and form new vessels.
The establishment of new blood vessels occurs by the
budding or sprouting of intact venoles and the sprouts meet
in loops (259, 377; see p. 30). The presence of capillary loops
within the provisional matrix provides the tissue with a red
granular appearance. Once the wound is filled with new
granulation tissue angiogenesis ceases and many of the
blood vessels disintegrate as a result of apoptosis. Angio-
genesis is dependent upon the extracellular matrix (ECM)
(623, 624).

While hypoxia can initiate neovascularization, it cannot
sustain it. Supplementary oxygen administration accelerates
vessels’ growth (35, 45). Vascular endothelial growth factor
(VEGF) has been established as a major long-term angio-
genetic stimulus at the wound site. Recently the cell response
to hypoxia has been further elucidated. Hypoxia inducible
factor 1 (HIF-1) has been identified as a transcription factor
that is induced by hypoxia (46, 48).

In the presence of normal oxygen tensions HIF-1 tran-
scriptional activity is ubiquinated and degraded (47). HIF-1
seems to upregulate genes involved in glucose metabolism
and angiogenesis under hypoxia and in a model of myocar-
dial and cerebral ischemia the factor seems to protect cells
from damage. The exact molecular mechanisms of how
hypoxia is sensed by the cells are still unknown.

The arrangement of cells in the proliferative phase has
been examined in rabbits using ear chambers where wounds
heal between closely approximated, optically clear mem-
branes (33, 49). It appears from these experiments that
macrophages infiltrate the tissue in the dead space, followed
by immature fibroblasts. New vessels are formed next to
these fibroblasts which synthesize collagen. This arrange-
ment of cells, which has been termed the wound healing
module, continues to migrate until the tissue defect is oblit-
erated. The factors controlling the growth of the wound
healing module are described on p. 38.

Epithelialization

Re-epithelialization of wounds begins within hours after
injury. If parts of dermis layers are intact, epidermal cells
from skin appendages such as hair follicles quickly remove
clotted blood and damaged stroma and cover the wound
space. This results in fast epithelialization. If dermis is totally
destroyed the epithelialization only takes place from the
wound edges and epithelialization can continues for a con-
siderable time dependent on wound area.

During epithelialization the cells undergo considerable
phenotypic alteration including retraction of intracellular
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tonofilaments, dissolution of most intercellular desmo-
somes and formation of peripheral cytoplasmatic actin fila-
ments, which allow cell movement. Furthermore the cells no
longer adhere to one another and the basement membrane.
This allows migration of the cells dissecting the wound and
separating scar from viable tissue. Integrin expression of the
migrating epidermal cells appears to determine the path of
dissection (23). Epidermal cell migration between collage-
nous dermis and the fibrin scar requires degradation of
extracellular matrix. This is achieved by production of pro-
teinases (collagenases, e.g. MMP-1) and activation of
plasmin by activators produced by epidermal cells. In well
adapted, non-complicated surgical incisional wounds the
first layers of epidermal cells move over the incisional line
1-2 days after suturing. At the same time epidermal cells at
the wound margin in open wounds begin to proliferate
behind the actively migrating cells. The stimulus for migra-
tion and proliferation of epidermal cells is unknown, but the
absence of neighbor cells at the margin of the wound (free
edge effect), local release of growth factors and increased
expression of growth factor receptors may be a suggestion.
During dermal migration from the wound margin a base-
ment membrane reappears in a ziplike fashion and
hemidesmosomes and type VII collagen anchoring fibrils
form. Epidermal cells firmly attached to the basement mem-
brane and underlying dermis revert to normal phenotype.
The production of epithelial tissue is primarily dependent
on the degree of hydration and oxygen. While a moist wound
environment increases the rate of epithelialization by a factor
of 2-3 (50, 51), the optimal growth of epidermal cells is
found at an oxygen concentration of 10-50% (52—-54).

Wound contraction

Wound contraction is a complex process, beneficial because
a portion of the lesion is covered by skin despite scar tissue
and thus it decreases complications by decreasing the open
skin wound area. During the second week of healing, fibrob-
lasts assume a myofibroblast phenotype characterized by
large bundles of actin containing microfilaments (55). The
stimulus for contraction probably is a combination of
growth factors, integrin attachment of the myofibroblasts to
collagen matrix and cross-links between collagen bundles
(23). Wound contraction seems to be related to the early
wound healing period and the effect decreases in time; in
chronic unclosed wounds no wound contraction exists.

Scar contracture

As opposed to the process of wound contraction of skin
edges, this is a late pathological process in wound healing. It
consists of a contraction of large amounts of scar tissue fol-
lowed by immobilization of the affected area (e.g. a joint). In
scar contracture, the wound area as well as adjacent tissue
shrink as opposed to contraction where only the wound
area is involved. The morbidity of scar contracture is a major
problem in the rehabilitation of severely injured patients.
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Fig. 1.5 Wound healing events
related to the type of wound and sub-
sequent treatment. A—C: incisional
wound with primary closure; D-F:
open and non-sutured wound; G-I:
delayed primary closure; J-L: second-
ary closure. From GOTTRUP (56) 1991. J

Remodeling phase

The remodeling phase is also called the moderation phase or
the scar phase.

In closed wounds this phase starts 2—3 weeks after closure,
while it does not start in open wounds before the wound has
healed. Granulation tissue covered by epidermis is known to
undergo remodeling earlier than uncovered granulation
tissue. The length of this is unknown; some have argued
one year but others have claimed the rest of the patient’s
life.

During this phase the granulation tissue is remodeled and
matured to a scar formation. When granulation tissue is
covered by epithelium it undergoes remodeling. Similarly a
wound covered by a graft will continue the remodeling
phase. This results in a decrease in cell density, numbers of
capillaries and metabolic activity (55). The collagen fibrils
will be united into thicker fiber bundles. There is a major
difference between dermis and scar tissue in the arrange-
ment of collagen fiber bundles. In scar tissue, as in granula-
tion tissue, they are organized in arrays parallel to the
surface, while in dermis more in basket weave pattern (21).
This difference results in a more rigid scar tissue. The colla-
gen composition change from granulation tissue to scar
tissue where there is collagen type III decreases from 30% to
10%. In the remodeling phase the biomechanical strength of
a scar increases slightly, despite no extra collagen being pro-

duced. This increase relates primarily to a better architec-
tural organization of the collagen fiber bundles.

The epidermis of a scar differs from normal skin by
lacking the rete pegs, which are anchored within the under-
lying connective tissue matrix (21). Furthermore there is no
regeneration of lost subepidermal appendages such as hair
follicles or sweat glands in a scar.

Types of wound after injury

Wounds can be divided into different types, according to
healing and associated wound closure methods (56-58)
(Fig. 1.5). This distinction is based on practical treatment
regimens while the basic biological wound healing
sequences are similar for all wound types.

Primary healing, or healing by first intention, occurs when
wound edges are anatomically accurately opposed and
healing proceeds without complication. This type of wound
heals with a good cosmetic and functional result and with a
minimal amount of scar tissue. These wounds, however, are
sensitive to complications, such as infection.

Secondary healing, or healing by second intention, occurs
in wounds associated with tissue loss or when wound edges
are not accurately opposed. This type of healing is usually



the natural biological process that occurs in the absence of
surgical intervention. The defect is gradually filled by gran-
ulation tissue and a considerable amount of scar tissue will
be formed despite an active contraction process. The result-
ing scar is less functional and often sensitive to thermal and
mechanical injury. Furthermore, this form of healing
requires considerable time for epithelial coverage and scar
formation, but is rather resistant to infection, at least when
granulation tissue has developed.

Surgical closure procedures have combined the advan-
tages of the two types of healing. This has led to a technique
of delayed primary closure, where the wound is left open for
a few days but closure is completed before granulation tissue
becomes visible (usually a week after wounding) and the
wound is then healed by a process similar to primary healing
(59, 60, 435, 614). The resulting wound is more resistant to
healing complications (primarily infection) and is function-
ally and cosmetically improved. If visible granulation tissue
has developed before either wound closure or wound con-
traction has spontaneously approximated the defect, it is
called secondary closure. This wound is healed by a process
similar to secondary healing and scar formation is more
pronounced than after delayed primary closure. The differ-
ent closure techniques are shown in Fig. 1.5. The following
section describes the sequential changes in tissue compo-
nents and their interactions seen during the wound healing
process.

Tissues and compounds in wound
healing

Hemostasis phase and coagulation cascade

An injury that severs the vasculature leads to extravasion of
plasma, platelets, erythrocytes and leukocytes. This initiates
the coagulation cascade that produces a blood clot usually
after a few minutes and which, together with the already
induced vascular contraction, limits further blood loss (Fig.
1.6). The tissue injury disrupts the endothelial integrity of
the vessels, and exposes the subendothelial structures and
various connective tissue components. Exposure of type IV
and V collagen in the subendothelium promotes binding
and aggregation of platelets and their structural proteins
(61, 62). Exposure of collagen and other activating agents
provokes endothelial cells and platelets to secrete several
substances, such as fibronectin, serotonin, platelet derived
growth factor (PDGF), adenosine diphosphate (ADP)
thromboxane A and others. Following this activation,
platelets aggregate and platelet clot formation begins within
a few minutes. The clot formed is impermeable to plasma
and serves as a seal for ruptured vasculature as well as to
prevent bacterial invasion (62). In addition to platelet aggre-
gation and activation, the coagulation cascade is initiated
(Fig. 1.6).

The crucial step in coagulation is the conversion of fib-
rinogen to fibrin which will create a threadlike network to
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entrap plasma fractions and formed elements. This fibrin
blood clot is formed both intravascularly and extravascu-
larly and supports the initial platelet clot (Fig. 1.6). Extrin-
sic and intrinsic clotting mechanisms are activated, each
giving rise to cascades that will convert prothrombin to
thrombin, and in turn cleave fibrinogen to fibrin which then
polymerizes to form a clot (63).

The extrinsic coagulation pathway is initiated by tissue
thromboplastin and coagulation Factor VII, whereas the ini-
tiator of the intrinsic coagulation cascade consists of
Hageman factor (Factor XII), prekallikrein and HMW-
kinogen. The extrinsic coagulation pathway is the primary
source of clotting, while the intrinsic coagulation pathway is
probably most important in producing bradykinin, a
vasoactive mediator that increases vascular permeability
(64).

Products of the coagulation cascade regulate the cells in
the wound area. Thus intact thrombin serves as a potent
growth stimulator for fibroblasts and endothelial cells
(65, 66) whereas degraded thrombin fragments stimulate
monocytes and platelets (67-69). Likewise plasmin acts
as a growth factor for parenchymal cells (69). Fibrin acts as
a chemoattractant for monocytes (70) and induces angio-
genesis (64). Other mediators created by blood coagulation
for wound healing include kallikrein, bradykinin, and C3a
and C5a through a spillover activation of the complement
cascade and most of these factors act as chemoattractants
for circulating leukocytes. Thus apart from ensuring hemo-
stasis, the clot also initiates healing (Fig. 1.4).

If the blood clot is exposed to air it will dry and form a scab
which serves as a temporary wound dressing. A vast network
of fibrin strands extends throughout the clot in all directions
(Fig. 1.6). These strands subsequently undergo contraction
and become reoriented in a plane parallel to the wound edges
(71, 72). As the fibrin strands contract, they exert tensional
forces on the wound edges whereby serum is extruded from
the clot and the distance between wound edges is decreased.
Contraction and reorientation of the fibrin strands later
serve as pathways for migrating cells (see p. 29).

If proper adaptation of the wound edges has occurred the
extravascular clot forms a thin gel filling the narrow space
between the wound edges and gluing the wound edges
together with fibrin.

If hemostasis is not achieved, blood will continue to leak
into the tissue, leading to a hematoma and a coagulum
which consists of serum plasma fraction, formed elements
and fibrin fragments. The presence of such a hematoma will
delay the wound healing and increase the risk of infection
(77).

Coagulation

More extensive blood clot formation is undesirable in most
wounds as the clots present barriers between tissue surfaces
and force wounds that might have healed without a clot to
heal by secondary intention. In oral wounds such as extrac-
tion sockets, blood clots are exposed to heavy bacterial col-
onization from the saliva (74). In this location neutrophil
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INTRINSIC PATHWAY EXTRINSIC PATHWAY

Exposure of platelets to Exposure of blood to
subendothelial collagen tissue thromboplastin

Factor XII X

Factor XII Prothrombin
Factor X Thrombin

Fibrinogen

Fibrin

Fig. 1.6 Extrinsic and intrinsic coagulation cascade.

leukocytes form a dense layer on the exposed blood clotand ~ decrease the nonspecific host response to infection
the most superficial neutrophils contain many phagocytosed ~ (76). Furthermore, the presence of a hematoma in the tissue
bacteria (75). may increase the chance of infection (77).

The breakdown of coagulated blood in the wound Clot adhesion to the root surface appears to be important
releases ferric ions into the tissue which have been shown to  for periodontal ligament healing. Thus an experiment has
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Presence of fibrin
in experimental skin wounds

Fig. 1.7 Schematic illustration of the 2 days
presence of fibrin in experimental skin
wounds in guinea pigs. The scale is
semiquantitative, graded from 0 to 3.
From ROSS & BENDITT (73) 1961.

shown that heparin impregnated root surfaces, which pre-
vented clot formation, resulted in significantly less connec-
tive tissue repair and an increase in downgrowth of pocket
epithelium after gingival flap surgery (78).

Fibrin

During the coagulation process, fibrinogen is converted to
fibrin which, via a fishnet arrangement with entrapped ery-
throcytes, stabilizes the blood clot (Figs 1.6 and 1.7).

In the early acute inflammatory period extravasation of a
serous fluid from the leaking vasculature accumulates as
an edema in the tissue spaces. This transudate contains fib-
rinogen which forms fibrin when acted upon by thrombin
(Fig. 1.7). Fibrin plugs then seal damaged lymphatics and
thereby confine the inflammatory reaction to an area imme-
diately surrounding the wound.

Fibrin has been found to play a significant role in wound
healing by its capacity to bind to fibronectin (63). Thus
fibronectin present in the clot will link to both fibrin and to
itself (79, 80).

Fibrin clots and fibrinopeptides are weak stimulators of
fibroblasts (81), an effect which is prevented by depletion of
fibronectin (82). It has also been proposed that an interac-
tion may take place between hyaluronic acid and fibrin
which creates an initial scaffold on which cells may migrate
into the wound (83).

4 days

Ross & Benditt 1961

6days Bdays 10days 12 days

The extravascular fibrin forms a hygroscopic gel that facil-
itates migration of neutrophils and macrophages, an effect
which possibly reflects a positive interaction between the
macrophage surface and the fibrin matrix. Fibrin has also
been shown to elicit fibroblast migration and angiogenesis,
both of which initiate an early cellular invasion of the clot
(63, 64, 84-86).

Fibrin clots are continuously degraded over a 1-3 week
period (73, 87, 88). This occurs during the fibrinolysis
cascade which is activated by the plasminogen present in
damaged endothelial cells and activated granulocytes and
macrophages (87-89; Fig. 1.7).

In experimental replantation of teeth in monkeys it has
been found that collagen fiber attachment to the root surface
was preceded by fibrin leakage, and that this leakage was an
initial event in the wound healing response (90).

In summary, the blood clot, apart from being responsible
for hemostasis, also serves the purpose of initiating wound
healing including functioning as a matrix for migrating con-
nective cells.

Fibronectin

Fibronectin is a complex glycoprotein, which can be present
as soluble plasma fibronectin, produced by hepatocytes, or
stromal fibronectin, found in basal laminae and loose con-
nective tissue matrices where it is produced by fibroblasts,
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macrophages and epithelial cells (91, 92). During wound
healing, fibronectin is also produced locally by fibroblasts
(93), macrophages in regions where epidermal cell migra-
tion occurs (92), endothelial cells (94, 95), and by epidermal
cells (96).

Fibronectin plays many roles in wound healing, including
platelet aggregation, promotion of re-epithelialization, cell
migration, matrix deposition and wound contraction
(92, 97).

In wound healing, fibronectin is the first protein to be
deposited in the wound (98) and therefore, together with
fibrin, serves as a preliminary scaffold and matrix for
migrating cells (99) (see p. 29). Thus plasma fibronectin is
linked to fibrin which has been spilled from damaged vessels
or from highly permeable undamaged vessels (see p. 29) (97,
100). The fibrin—fibronectin complex forms an extensive
meshwork throughout the wound bed which facilitates
fibroblast attachment and migration into the clot (80,
101-103). Furthermore, soluble fibronectin fragments are
chemotactic for fibroblasts and monocytes (104).

Fibronectin appears also to guide the orderly deposition
of collagen within the granulation tissue. Thus fibronectin
serves as the scaffold for deposition of types III and I
collagen (105-109) as well as collagen type VI (109). As
dermal wounds age, bundles of type I collagen become
more prominent at the expense of type III collagen
fibronectin (106). Finally, fibronectin seems to represent a
necessary link between collagen and fibroblasts which makes
it possible to generate the forces in wound contraction
(92, 110).

In endothelium during wound healing, fibronectin is
found in the basement membrane and reaches a maximum
at approximately the same time as the peak in endothelial
cell mitosis occurs, indicating a possible role of fibronectin
in endothelial cell migration (111).

In epithelialization, it has been found that fibronectin is
implicated in epidermal cell adhesion, migration and differ-
entiation (96, 111-114). Thus migrating epithelial cells are
supported by an irregular band of fibrin—fibronectin matrix
which provides attachment and a matrix for prompt migra-
tion (87, 108).

Clinically, fibronectin has been used to promote attach-
ment of connective tissue to the exposed root and surfaces,
and thereby limiting epithelial downgrowth (117-123). Fur-
thermore fibronectin has been shown to accelerate healing
of periodontal ligament fibers after tooth replantation (120).
This effect has also been shown to occur in experimental
marginal periodontal defects in animals (121, 122) as well
as in humans (123).

Complement system

The complement system consists of a group of proteins that
play a central role in the inflammatory response. One of the
activated factors, C5a, has the ability to cleave its C-termi-
nal arginine residue by a serum carboxypeptidase to form

C5a-des-arg which is a potent chemotactic factor for attract-
ing neutrophils to the site of injury (124, 125).

Necrotic cells

Dead and dying cells release a variety of substances that may
be important for wound healing such as tissue factor, lactic
acid, lactate dehydrogenase, calcium lysosomal enzymes and
fibroblast growth factor (FGF) (126).

Matrix
Proteoglycans and hyaluronic acid

All connective tissues contain proteoglycans. In some
tissues, such as cartilage, proteoglycans are the major con-
stituent and add typical physical characteristics to the matrix
(127).

Chondroitin sulfate proteoglycans

Chondrocytes, fibroblasts and smooth muscle cells are all
able to produce these proteoglycans. Chondroitin sulfate
impairs the adhesion of cells to fibronectin and collagen and
thereby promotes cell mobility. Skin contains proteoglycans,
termed dermatan sulfates, which are involved in collagen
formation.

Heparin and heparan sulfate proteoglycans

Heparins are a subtype with an anticoagulant activity.
Heparan sulfates are produced by mast cells and adhere to
cell surfaces and basement membranes.

Keratan sulfates are limited to the cornea, sclera and car-
tilage. Their role in wound healing is unknown.

Hyaluronic acid is a ubiquitous connective tissue compo-
nent and plays a major role in the structure and organiza-
tion of the extracellular matrix. Hyaluronic acid has been
implicated in the detachment process of cells that allows
cells to move. Furthermore hyaluronic acid inhibits cell dif-
ferentiation. Because of its highly charged nature, hyaluronic
acid can absorb a large volume of water (128).

The role of proteoglycans during wound healing is not
fully understood (129). Heparin may play a role in the
control of clotting at the site of tissue damage. Proteogly-
cans are also suspected of playing an important role in the
early stages of healing when cell migration occurs. Thus
hyaluronic acid may be involved in detachment of cells so
that they can move (130). Furthermore, proteoglycans may
provide an open hydrated environment that promotes cell
migration (129, 131, 133).

The proliferative phase of healing involves cell duplica-
tion, differentiation and synthesis of extracellular matrix
components. Thus hyaluronidate has been found to keep
cells in an undifferentiated state which is compatible with
proliferation and migration (127). At this stage chondroitin
and heparan sulfates are apparently important in collagen
fibrillogenesis (127) and mast cell heparin promotes capil-
lary endothelial proliferation and migration (132). Further-



more, when endothelium is damaged, a depletion of growth-
suppressing heparan sulfate may allow PDGF or other
stimuli to stimulate angiogenesis (133).

The combined action of substances released from
platelets, blood coagulation and tissue degradation results
in hemostasis, initiation of the vasculatory response and
release of signals for cell activation, proliferation and
migration.

The role of the anticoagulant heparin is to temporarily
prevent coagulation of the excess tissue fluid and blood
components during the early phase of the inflammatory
response.

Inflammatory phase mediators

The sequence of the inflammatory process is directed by dif-
ferent types of chemical mediators which are responsible for
vascular changes and migration of cells into the wound area
(Fig 1.6).

Mediators responsible for vascular changes

Inflammatory mediators such as histamine, kinins and sero-
tonin cause vasodilatation unless autonomic stimulation
overrules them.

The effect of these mediators is constriction of smooth
muscles. This influences endothelial and periendothelial
cells, providing reversible opening of junctions between cells
and permitting a passage of plasma solutes across the vas-
cular barrier. These mediators are released primarily during

Table 1.1 Mediators of vascular response in inflammation. Modified from
VENGE (136) 1985.

Mediator Originating cells
Humoral Complement
Kallikrein—Kinin system
Fibrin
Cellular Histamine Thrombocytes
Mast cells
Basophils
Serotonin Thrombocytes
Mast cells

Prostaglandins Inflammatory cells

Thromboxane A, Thrombocytes

Neutrophils

Mast cells
Basophils
Eosinophils
Macrophages

Leukotrienes

Cationic peptides Neutrophils

Oxygen radicals Neutrophils
Eosinophils

Macrophages
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the process of platelet aggregation and clotting. The best
known mediators related to the vascular response are shown
in Table 1.1.

Histamine

The main sources of histamine in the wound appear to be
platelets, mast cells, and basophil leukocytes. The histamine
release causes a short-lived dilation of the microvasculature
(137) and increased permeability of the small venules. The
endothelial cells swell and separations occur between the
individual cells. This is followed by plasma leaking through
the venules and the emigration of polymorphonuclear
leukocytes (137-141).

Serotonin

Serotonin (5-hydroxytryptamine) is generated in the wound
by platelets and mast cells. Serotonin appears to increase the
permeability of blood vessels, similarly to histamine, but
appears to be more potent (139, 140). Apart from causing
contraction of arterial and venous smooth muscles and dila-
tion of arterioles, the net hemodynamic effect of serotonin
is determined by the balance between dilation and contrac-
tion (137, 142).

Prostaglandins

Other mediators involved in the vascular response are
prostaglandins (PG). These substances are metabolites of
arachidonic acid and are part of a major group called
eicosanoids, which are also considered primary mediators in
wound healing (143). Prostaglandins are the best known
substances in this group and are released by cells via arachi-
donic acid following injury to the cell membrane. These
include PGD,, PGE,, PGF,, thromboxane A2 and prostacy-
cline (PGI,). These components have an important influ-
ence on vascular changes and platelet aggregation in the
inflammatory response and some of the effects are antago-
nistic. Under normal circumstances, a balance of effects is
necessary. In tissue injury, the balance will shift towards
excess thromboxane A,, leading to a shutdown of the
microvasculature (143).

New research suggests that prostaglandins, and especially
PGF,, could be endogenous agents that are able to initiate
repair or reconstitute the damaged tissue (144). Thus
biosynthesis of PGF, has been shown to have an important
effect on fibroblast reparative processes (145), for which
reason this prostaglandin may also have an important influ-
ence on later phases of the wound healing process. The effect
of prostaglandins on the associated inflammatory response
elicited subsequent to infection is further discussed in
Chapter 2.

Bradykinin

Bradykinin released via the coagulation cascade relaxes vas-
cular smooth muscles and increases capillary permeability
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leading to plasma leakage and swelling of the injured
area.

Neurotransmitters (norepinephrine, epinephrine
and acetylcholine)

The walls of arteries and arterioles contain adrenergic and
cholinergic nerve fibers. In some tissue the sympathetic
adrenergic nerve fibers may extend down to the capillary
level. Tissue injury will stimulate the release of neurotrans-
mitters which results in vasoconstriction.

Mediators with chemotactic effects

These mediators promote migration of cells to the area of
injury and are thus responsible for the recruitment of the
various cells which are involved in the different phases of
wound healing (Fig. 1.4).

The first cells to arrive in the area are the leukocytes. The
chemotactic effects are mediated through specific receptors
on the surface of these cells. Complement activated prod-
ucts like C5a, C5a-des-arg, and others cause the leukocytes
to migrate between the endothelial cells into the inflamma-
tory area. This migration is facilitated by the increased cap-
illary permeability that follows the release of the earlier
mentioned mediators. Further leukocyte chemoattractants
include kallikrein and plasminogen activator, PDGF and
platelet factor 4.

Other types of chemotactic receptors are involved when
leukocytes recognize immunoglobulin (Ig) and complement
proteins such as C3b and C3bi. The mechanism appears
to be that B lymphocytes, when activated, secrete
immunoglobulin which again triggers the activation of the
complement system resulting in production of chemoat-
tractants such as C5a-des-arg (146).

Other mediators involved in chemoattraction will be
mentioned in relation to the cell types involved in the
wound healing process.

S. Storgdrd Jensen

Growth factors

Growth factors are a group of polypeptides involved in cel-
lular chemotaxis, differentiation, proliferation, and synthe-
sis of extracellular matrix during embryogenesis, postnatal
growth and adulthood.

All wound healing events in both hard and soft tissues are
influenced by polypeptide growth factors, which can be
released from the traumatized tissue itself, can be harbored
in the quickly formed blood clot or brought to the area by
neutrophils or macrophages.

Growth factors are local signaling molecules. They can act
in a paracrine manner where they bind to receptors on the
cell surface of neighboring target cells, leading to initiation
of specific intracellular transduction pathways; or they can
act in an autocrine manner, whereby the function is elicited

on the secreting cell itself. Additionally, elevated serum levels
have been demonstrated for a few growth factors which may
indicate an endocrine effect. Complex feedback loops regu-
late the production of the individual growth. The effect of
each growth factor is highly dependent on the concentration
and on the presence of other growth factors. A growth
factor can have a stimulatory effect on a specific cell type,
whereas an increased concentration may inhibit the exact
same cell type. Two different growth factors with a known
stimulatory effect on a cell type can in combination result
in both an agonistic, synergistic, and even an antagonistic
effect.

Growth factors may have the potential to improve healing
of traumatized tissues in several ways. First, some growth
factors have the ability to recruit specific predetermined cell
types and pluripotent stem cells to the wounded area by
chemotaxis. Second, they may induce differentiation of mes-
enchymal precursor cells to mature secreting cells. Third,
they often stimulate mitosis of relevant cells, and thereby
increase proliferation. Fourth, several growth factors have
the ability to increase angiogenesis, the ingrowth of new
blood vessels. Finally, they can have a profound effect on
both secretion and breakdown of extracellular matrix
(ECM) components.

The most important growth factors are listed in Table 1.2
and a brief summary of their characteristics, including their
presumed role in wound repair and regeneration is given
below.

Dentoalveolar traumas may involve a multitude of tissues
like oral mucosa, periodontal ligament, root cementum,
dentin, dental pulp, bone, skin, blood vessels and nerves.
Only a few clinical studies have evaluated the use of growth
factors specifically for oral and maxillofacial traumas (p. 16).

Platelet derived growth factor (PDGF) consists of two
amino acid chains and comes in homo- and heterodimeric
isoforms (AA, AB, BB, CC, and DD, where AA, AB, and BB
are the best documented) (147). PDGF binds to two specific
receptors: o and P. Differential binding of the different iso-
forms to the receptors contributes to the varying effects
of PDGE. As the name implies, PDGF is released from
platelets, where it is present in large amounts in o-granules.
Platelets are activated by thrombin or fibrillar collagen.
Other sources of PDGF are macrophages, endothelial cells
and fibroblasts. PDGF was the first growth factor shown to
be chemotactic for cells migrating into the wound area, such
as neutrophils, monocytes, and fibroblasts. Additionally,
PDGF stimulates proliferation and ECM production of
fibroblasts (148) and activates macrophages to debride the
wound area (149).

Transforming growth factors (TGFs) comprise a large
family of cytokines with a widespread impact on the for-
mation and development of many tissues (among those, the
BMPs, which are described separately). This factor has
earlier been divided into o and B subtypes, where the latter
is the most important for the wound healing process (150).
TGF-B is mainly released from platelets and macrophages as
a latent homodimer that must be cleaved to be activated.
This latent form is present in both wound matrix and saliva.



Table 1.2 Characteristics of Growth factors involved in healing after dental trauma.
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Osteoblastic precursor cells
Osteoblasts

Proliferation
ECM production

Growth factor Originating cells Target cells Main effect Tissue response
PDGF Platelets Neutrophils Chemotaxis Angiogenesis
Macrophages Monocytes Proliferation Macrophage activation
Endothelial cells Fibroblasts
Osteoblasts Osteoblasts
TGF Platelets Fibroblasts Chemotaxis Collagen production (scarring)
Macrophages Monocytes ECM production Down-regulation of other cell types
Fibroblasts Neutrophils Proliferation but fibroblasts
Lymphocytes Macrophages Immunoregulation
Osteoblasts Osteoblastic precursor cells
IGF Hepatocytes Fibroblasts Proliferation Stimulated DNA synthesis
Osteoblasts Osteoblasts ECM production Growth promotion of committed cells
Epithelial cells Chemotaxis
Cell survival
EGF Platelets Epithelial cells Proliferation Epithelialization
Salivary glands Enamel organ Chemotaxis Tooth eruption
Periodontal ligament fibroblasts ECM production
Preosteoblasts
FGF Endothelial cells Endothelial cells Proliferation Angiogenesis
Macrophages Fibroblasts Migration Epithelialization
Keratinocytes Keratinocytes ECM formation
Osteoblasts
VEGF Keratinocytes Endothelial cells Proliferation Angiogenesis
Macrophages
Fibroblasts
BMP Osteoblasts Undifferentiated mesenchymal cells Differentiation Bone formation

Root cementum formation
Dentin formation

PDL formation

ECM, extracellular matrix; PDL, periodontal ligament.

TGF-B is known to be a strong promoter of extracellular
matrix production of many cell types (e.g. collagen and
mucopolysaccharide) including periodontal ligament
fibroblasts. Proliferation of fibroblasts is also induced by
TGF-B, whereas mitogenesis of most other cell types is
inhibited like keratinocytes, lymphocytes and most epithe-
lial cells. Additionally, TGF-B plays a role in immune and
inflammatory regulation. TGF-f3 is also deposited in bone
matrix where it is released during bone remodeling or in
relation to traumas and acts chemotactic on osteoblasts. The
effects of TGF-B are extremely complex and strongly
dependent on the concentration of the growth factor itself,
the concentration of other growth factors, and the differen-
tiation state of the target cells.

Epidermal growth factor (EGF) was one of the first
growth factors to be isolated (151). It is produced by
platelets, salivary glands and duodenal glands. TGF-o is
today considered to be a member of the EGF family. The
receptors for EGF have been found in oral epithelium,
enamel organ, periodontal ligament fibroblasts and pre-
osteoblasts (152, 153). Stimulation of the EGF receptor
causes the cells to become less differentiated and to divide
and grow rapidly. In wounds, EGF has been found to

encourage cells to continue through the cell cycle. Such a cell
proliferative effect has been demonstrated in epithelial cells
(154) endothelial cells and periosteal fibroblasts (155). EGF
has also been shown to be chemotactic for epithelial cells
(156) and to stimulate fibroblast collagenase production
(157). In oral tissues it has been shown that EGF controls
the proliferation of odontogenic cells (158) and accelerates
tooth eruption (159).

Insulin-like growth factor (IGF) is a single chain polypep-
tide which structurally is very similar to proinsulin. Two iso-
forms, IGF-I and -II are mainly produced in the liver and
exert their effects in autocrine, paracrine, and endocrine
manners. The endocrine effect is mainly controlled by
growth hormone. Osteoblasts also produce IGF that is
stored in the bone matrix and acts as paracrine and
autocrine (160, 161). IGF alone has hardly any major effect
on wound healing (162). Combinations with other growth
factors, such as PDGF and FGE, have, however, been shown
to have a pronounced stimulatory effect on fibroblast
proliferation, collagen synthesis, bone formation, and
epithelialization (162).

Fibroblast growth factors (FGFs) comprise a growing
family of polypeptides, currently consisting of more than 20
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members. They are mainly produced by endothelial cells and
macrophages. FGFs are mitogenic for several cell types
involved in wound healing and support cell survival under
stress conditions. FGFs are involved in angiogenesis and
epithelialization. FGF-I and FGF-II (earlier known as acidic
FGF and basic FGF) are potent stimulators of angiogenesis
in the early formation of granulation tissue (days 1-3) by
recruiting endothelial cells and inducing proliferation.
Neither has a transmembrane sequence and can therefore
not be secreted. Instead they are probably released from dis-
rupted cells by tissue damage (163). After release, FGFs
interact with heparin and heparan sulfate, with which they
can be stored in the extracellular matrix. Here FGF can be
activated when injury causes platelets to degranulate and
among many other substances release heparin degrading
enzymes.

Vascular endothelial growth factor (VEGF) is, as far as we
know today, the only endothelial-specific growth factor
enhancing cell proliferation, and its activity is therefore
probably essential for angiogenesis in all tissues during both
development and repair. VEGF is produced in large quanti-
ties by keratinocytes, macrophages and, to a lesser extent,
fibroblasts in the epidermis during wound healing, where it
seems to be critical for angiogenesis in the granulation tissue
formation from days 4 to 7. Hypoxia, a hallmark of tissue
injury, induces VEGF production. Reduced expression and
accelerated degradation of VEGF has been shown to cause
skin wound defects (163) and addition of VEGF has pro-
moted angiogenesis in skin wounds in diabetic mice (164).

In vivo, VEGF has resulted in increased capillary density
and bone formation in standardized bone defects in
rabbits (165).

No clinical studies have evaluated the effect of VEGF in
relation to oral and maxillofacial trauma.

Bone morphogenetic proteins (BMPs) are members of
the TGF-P superfamily. More than 20 different BMPs have
been identified. BMPs are found in bone matrix and in
periosteal cells and mesenchymal cells of the bone marrow
(166). BMP-2, -4, and -7 (also called osteogenic protein-1
(OP-1)) are the most involved in bone healing, whereas
increased BMP-6 has been described in skin wounds. The
main task of BMP is to commit undifferentiated pluripo-
tential cells to become bone or cartilage forming cells. BMPs
are the only known factors that are capable of forming bone
in extraskeletal sites, a phenomenon referred to as osteoin-
duction (167).

Experimental data indicating clinical implications
of growth factors

Angiogenesis

During healing after trauma, de novo formation of the dis-
rupted vascular supply is a prerequisite for most of the
healing events. This is supported by the finding that hyper-
baric oxygen (HBO) is a potent stimulator of healing of both
hard and soft tissue healing (168) in sites with a compro-
mised healing potential such as diabetic ulcers and irradi-

ated bone (169, 170). The primary long-term effect of HBO
is increased angiogenesis. VEGFE, FGF, TGF-f, and PDGF are
known to be involved in angiogenesis during wound healing
(259). Exactly how these growth factors interact with the
extracellular matrix (ECM) environment in the blood clot
and in granulation tissue, are, however not known in detail.
Revascularization of the dental pulp is necessary, after both
tooth fractures and luxation injuries. VEGE, PDGF and FGF
have been identified in the soluble and insoluble part of
human dentin matrix (171). These may be released during
injury and contribute to pulpal wound healing.

Wounds in the skin and oral mucosa

In most instances, healing proceeds rapidly in healthy
individuals. Research has therefore mainly been focused
on situations where the healing potential is seriously
compromised such as diabetes, malnutrition, and infection.
In skin wounds, PDGF is known to be chemotactic to neu-
trophils, monocytes and fibroblasts. In addition, PDGF is a
mitogen for fibroblasts which has led to an FDA approval
for the treatment of non-healing ulcers (172, 173). In addi-
tion, PDGF stimulates new vascularization of an injured
area (174). Exogenously applied TGF-B has been demon-
strated to induce fibroblast infiltration in the wound and
increased collagen deposition (175), as well as angiogenesis
and mucopolysaccharide synthesis (175, 176). This results in
an accelerated healing of incisional wounds (177, 178). Due
to the same mechanisms, however, TGF-f is also intimately
related to scar formation. Thus the elimination of TGF-J3
from incisional wounds in rats (by neutralizing antibody) is
able to prevent scar tissue formation (179, 620-622). Fur-
thermore, it has been shown that the effect of TGF-f3 can be
potentiated by the presence of PDGF and epidermal growth
factor (EGF) (180). In experimental skin wounds in animals,
an acceleration of both connective tissue and epithelial
healing was found after topical application of EGF (181,
182). However, results after topical application of EGF to
experimental wounds in humans have shown contradictory
results on reepithelialization (178, 183-186). In the oral
mucosa, salivary EGF has been shown to stimulate migra-
tion of oral epithelial cells (187).

An interesting observation in mice has been that saliva
rinsing of skin wounds (by communal licking) both
enhances coagulation and leads to acceleration of wound
healing (182, 188-190). Due to the high concentration of
EGF found in saliva (191) this effect has been suggested to
be caused by EGFE. Later experiments with induced tongue
wounds in mice have shown that EGF (and possibly also
TGEF-f) is involved in healing of wounds of the oral mucosa
(192, 193). Salivary EGF is suggested not only to accelerate
wound healing in the oral cavity, but also to contribute to
preserving integrity of the oral mucosa (194). Administra-
tion of IGF-I in skin wounds has no influence upon fibrob-
last proliferation or activity, or upon epithelialization
(195-197). However, if IGF-I is administered together with
PDGEF or FGF, a marked fibroblast proliferation and colla-
gen production can be observed as well as enhanced epithe-
lialization (197).



Periodontal healing

Experimental studies have suggested that PDGF-BB alone
could have a regenerative effect on both formation of root
cementum, periodontal ligament and alveolar bone (151,
198, 199, 200). PDGF has clinically, however, mainly been
evaluated in combination with IGF-I where an increased
bone fill could be observed both around periodontally com-
promised teeth and in periimplant defects (199, 201, 202).
IGF used alone, TGF-B used alone, and the combination
IGF-II/FGF-II/TGF-f has not been able to generate note-
worthy periodontal regeneration in experimental studies
(197, 203, 204). FGF-II has resulted in increased periodon-
tal regeneration compared to control sites in experimentally
created defects (205), used in a controlled release device in
a sandwich membrane (206) but no clinical data are avail-
able. Experimental studies have reported regeneration of a
periodontal ligament with Sharpey’s fibers, inserted in the
newly formed cementum and alveolar bone by using recom-
binant BMP-2, BMP-7 (OP-1) and recently also BMP-12.
The treated periodontal defects have been either surgically
created (207-209) or experimentally induced (210). This
pronounced periodontal regeneration could not be obtained
when BMP-12 was applied to extracted dog teeth before
replantation. In contrast, ankylosis developed whether
BMP-12 was applied or not (211).

Bone healing

Information of the role of growth factors in bone healing
mainly comes from preclinical studies of periodontal
lesions and bone augmentation procedures before or in
relation to implant placement. Numerous growth factors
are deposited in bone matrix during bone formation
(e.g. PDGFE, TGF-B, FGF-II, and IGF-I). These are released
during bone remodeling and in relation to trauma
(256).

Contradictory results have been reported regarding the
bone regenerative potential of PDGE Both inhibition and
stimulation of bone formation has been observed in rat cal-
varial defects (212, 213). PDGF alone has little impact on
bone healing in vivo. However, a couple of studies have
reported significant bone regeneration in periodontal and
periimplant defects, when PDGF is combined with IGF
(102, 201, 202, 214, 215). Likewise, IGF must be combined
with other growth factors to promote bone healing.
TGF-B has a strong impact on the healing of long-bone
fractures (216). Only a few clinical data from the use of
BMP in humans exist (217, 218). Experimental data,
however, suggest an enhanced bone formation using
BMP-2 and -7 for
(219-221).

bone regeneration procedures

Pulp dentin complex

Attempts to regenerate the pulp dentin complex have mainly
focused on the possibility of generating a hard tissue
(dentin) closure to an exposed pulp in relation to pulp
capping. The key question is how to induce uncommitted
pulpal cells to differentiate into odontoblast-like cells secret-
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ing reparative dentin. TGF-fBs, BMPs, FGFs and IGFs are
harbored in dentin and are known to influence dentinogen-
esis during embryogenesis (222). BMP-2, BMP-4, and BMP-
7 (OP-1) have all been shown to induce widespread dentin
formation in the pulp, even leading to total occlusion of the
pulp cavity when applied in high doses (223). Numerous
studies have evaluated the revascularization of avulsed
replanted teeth, but none have specifically studied the role
of growth factors in this process.

Platelet concentrate/platelet rich plasma

In the past few years, utilization of platelet concentrate (PC),
also called ‘platelet rich plasma’ (PRP), has been increasingly
recommended in patients undergoing osseous reconstruc-
tion and periodontal regeneration. PC has gained much
attention since the presentation of very promising data for
the resulting bone density by adding PC to iliac cancellous
cellular bone marrow grafts in the reconstruction of
mandibular continuity defects (224). An accelerated graft
maturation rate and a denser trabecular bone configuration
were observed in defects where PC had been added. It was
speculated that the stimulating effect of PC was due to the
accumulation of autogenous platelets, providing a high con-
centration of platelet growth factors with a well documented
impact on bone regeneration (225, 226). The concept of
using autogenous growth factors is attractive since there is
no risk of disease transmission, and as it is relatively inex-
pensive compared to growth factors produced by recombi-
nant techniques.

Additionally, one clinical study (227) and a series of clin-
ical case reports and case series have presented the use of PC
in different applications (228-236) leading to divergent rec-
ommendations. Data from experimental studies, evaluating
addition of PC to bone graft materials have also been con-
flicting (237-247). In these studies a wide range of different
animal models and PC preparation techniques have been
used. Therefore, they are difficult to compare. Moreover,
none of the studies have analyzed the growth factor content
in the applied PC. Just one study analyzed the influence of
PC platelet concentration in an in vivo model. The authors
demonstrated a certain platelet concentration interval with
the most positive biologic effect on bone regeneration, cor-
responding to a 3—5-fold increased concentration compared
to whole blood. There was no effect using low concentra-
tions (0-2 fold increased concentration), and there seemed
to be an inhibitory effect on bone regeneration when higher
concentrations were used (6—11-fold increased concentra-
tion compared to whole blood) (248).

In conclusion, no methods are currently available to
produce standardized PC in which a certain whole blood
platelet count will result in PC with a predictable amount of
platelets and a predictable combination of growth factors.
Use of autologous growth factors is simple and safe as com-
pared with allogenic and xenogenic preparation methods.
Consistent results, however, cannot be expected, until the
ideal concentration of platelet growth factors has been
identified and reliable PC preparation methods have been
developed.
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Carriers/delivery systems for growth factors

Growth factors are in general volatile and need carriers to
ensure continuance of the growth factor at the relevant site,
and to provide sustained release of the growth factor in ther-
apeutic doses. A carrier must be biocompatible. In addition,
the carrier should be substituted concurrently with healing
of the traumatized tissue, without causing an inflammatory
reaction. Collagen can bind and release bioactive substances
with some predictability (249, 250). Like other natural
polymers, however, collagen has limitations in clinical use,
due to difficulties in engineering its properties, handling
problems, immunogenicity, and lack of resorption
resistance (251, 252). Synthetic carriers for tissue promotive
agents extensively investigated.
Traditionally copolymers such as lactic and glycolic acid

have therefore been

have been utilized as vehicles for bioactive molecules
due to their handling properties and biodegradability.
They may, however, be associated with protein denaturation
and inflammatory reactions along with the degradation
process. More hydrophilic materials with controlled
network properties thus offer an attractive alternative, but
problems with loading the bioactive protein into the mate-
rial is a common limitation related to these materials. A new
polyethylene glycol (PEG) hydrogel may meet these
demands. This hydrogels polymer network is synthesized
around the bioactive molecules without modifying its
action; it is highly water soluble, nontoxic, and nonim-
munogenic (253).

In bone regeneration, a certain mechanical stability of the
carrier is often required in order to avoid collapse of soft
tissue into the defect and to protect against pressure from
the overlying periosteum. In vitro investigations have shown
that both adsorption of the bioactive substance and release
kinetics exhibit pronounced variation when different carri-
ers and growth factors are combined (254). In addition, the
growth factor may be inactivated in relation to the release
(254). PDGF-BB has, compared to IGF-I, been shown to
adsorb better, be released more completely and keep its
bioactivity in combination with an anorganic bovine bone
substitute material (255).

In dental traumatology a carrier will probably be needed
in case of pulp and PDL regeneration.

Cells in wound healing

E Gottrup and S. Storgdrd Jensen
Platelets

Platelets (thrombocytes) are anucleate discoid fragments
with a diameter of 2 um (Fig. 1.8). They are formed in the
bone marrow as fragments of cytoplasmatic buddings of
megakaryocytes and have a life span of 7-10 days in the
blood (260). Platelets contain various types of granules
which, after release, have a number of effects upon hemo-
stasis and initiation of wound healing processes (261-263)
(Fig 1.4).

Fig. 1.8 Activated platelet (thrombocyte).

The capacity of the platelets to adhere to exposed tissue
surfaces as well as to each other after vessel injury is decisive
for their hemostatic capacity (256-259). Adhesion and acti-
vation of platelets occurs when they contact collagen and
microfibrils of the subendothelial matrix and locally gener-
ated factors such as thrombin, ADP, fibrinogen, fibronectin,
thrombospondin and von Willebrand factor VIII.

Platelet activation results in degranulation and release of
adenosine diphosphate (ADP), serotonin, thromboxane,
prostaglandins and fibrinogen. The release of these sub-
stances initiates binding of other platelets to the first adher-
ent platelets whereby blood loss is limited during formation
of a hemostatic platelet plug (264). The blood loss is further
reduced by the vasoconstrictor effect of thromboxane and
serotonin.

The inflammatory response is initiated by activation of
platelets due to liberation of serotonin, kinins and prosta-
glandins which leads to increased vessel permeability.

The platelet release of cytokines such as platelet derived
growth factor (PDGF), platelet derived angiogenesis factor
(PDAF), transforming growth factor o and § (TGF-o,, TGF-
B) and platelet factor 4 leads to an initiation of the wound-
healing process (Fig. 1.9). Thus PDGF has been shown to
have a chemotactic and activating effect upon neutrophils,
monocytes and fibroblasts as well as a mitogenic effect upon
fibroblasts and smooth muscle cells (263, 265). The release
of TGF-P has been found to induce angiogenesis and colla-
gen deposition (266, 267). Platelet derived angiogenesis
factor (PDAF) has been shown to cause new capillary for-
mation from the existing microvasculature (268-270).
Finally, platelet factor 4 has been found to be a chemoat-
tractant for neutrophils (271).

In summary, the platelets are the first cells brought to the
site of injury. Apart from their role in hemostasis, they exert
an effect upon the initiation of the vascular response and
attraction and activation of neutrophils, macrophages,
fibroblasts and endothelial cells. As wound healing
progresses, the latter tasks are gradually assumed by
macrophages.
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Fig. 1.9 Role of platelets in wound healing. Exposure of platelets to collagen, fibrin, thrombin, factor XI and factor XI-A results in activation and degran-
ulation. This then results in the release of a series of mediators influencing coagulation, vessel tone and permeability. Furthermore the initial cellular
response of neutrophils, macrophages, fibroblasts and endothelial cells is established.
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Fig. 1.10 Mast cell in perivenular
position.

Erythrocytes

The influence of erythrocytes upon wound healing is not
adequately documented except for the effect of carrying
oxygen to healing tissue (40, 42, 48, 618). In one study it was
found that neovascularization was stimulated in areas with
erythrocyte debris (272). Another effect of the breakdown
of erythrocytes is the liberation of hemoglobin, which has
been found to enhance infection (273-276). In addition, the
heme part of hemoglobin may contribute to the production
of oxygen free radicals that can produce direct cell damage
(277).

In summary, the role of erythrocytes in wound healing is
doubtful, apart from being oxygen carriers.

Mast cells

Masts cells, distinguished by their large cytoplasmatic gran-
ules, are located in a perivenular position at portals of entry
of noxious substances and are especially prominent within
the body surfaces that are subject to traumatic injury, such
as mucosa and skin (278, 279) (Fig. 1.10).

The mast cell participates in the initial inflammatory
response after injury via a series of chemical mediators such
as histamine, heparin, serotonin, hyaluronic acid, prosta-
glandins and chemotactic mediators for neutrophils.

The release of mast cell mediators may occur as a direct
result of trauma inflicted on the cell. Another means of acti-

vation after trauma appears to be when coagulation gener-

ates the mast cell activator bradykinin. An alternative means
of mast cell activation appears to be the release of endotoxin
during infection and the generation of C3a, C5a and
cationic neutrophil protein during the inflammatory
response (278).

The release of the mast cell mediators such as histamine,
heparin, serotonin and slow reacting substance of anaphy-
laxis (SRS-A) results in active vasodilation of the small
venules, which allows for the entrance of water, electrolyte
and plasma proteins into the microenvironment. The main-
tenance of an open channel for this influx is promoted by
the anticoagulant activity of heparin and by the proteolytic
enzymes such as chymase. Histamine and heparin may also
potentiate the angiogenesis when other angiogenic factors
are present (280) (see p. 29).

The liberation of a neutrophil chemotactic factor and a
lipid chemotactic factor from activated mast cells both result
in attraction of neutrophils and the release of a platelet acti-
vating factor which results in degranulation and aggregation
of platelets. Finally, hyaluronic acid promotes cell movement
and may be crucial for cell division, which is essential in this
phase of wound healing (9).

In summary the mast cell plays a role, together with
platelets, in being the initiator of the inflammatory
response. However, experiments with corneal wounds
have shown that healing can proceed in the absence of mast
cells (281).



Fig. 1.11 Neutrophil leukocyte.

Neutrophils

The first wave of cells entering the wound site are neutrophil
leukocytes which migrate from the microvasculature (Figs
1.11 and 1.12). The primary function of neutrophils is to
phagocytize and kill microorganisms present within the
wound (282, 283). They then degrade tissue macromole-
cules such as collagen, elastin, fibrin and fibronectin by lib-
eration of digestive enzymes (Table 1.3). Finally, neutrophils
release a series of inflammatory mediators which serve as
chemotactic or chemokinetic agents (Fig. 1.4 and Table 1.4).

Upon exposure to chemoattractants from the clot, such as
platelet factor 4, platelet derived growth factor (PDGF)
kallekrein, C5a, leukotriene B4 (284, 285) and bacterial
endotoxins (286-288), the granulocytes start to adhere
locally to the endothelium of the venular part of the
microvasculature next to the injury zone (289). Neutrophils
begin to penetrate the endothelium between endothelial
cells, possibly by active participation of the endothelium 2-3
hours after injury (290-293), and migrate into the wound
area (291-293). Once a neutrophil has passed between
endothelial cells, other leukocytes and erythrocytes follow
the path (293, 294).

Once the neutrophil has passed between the endothelial
cells it traverses the basement membrane by a degradation
process and then moves into the interstitial tissue in the
direction of the chemoattractant. This movement may be
facilitated by proteolytic activity and enhanced by contact
guidance. Thus neutrophils move preferentially along fiber
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Table 1.3 Neutrophil-produced degrading products.

Primary granules (unspecific, azurophilic)
Cathepsin A, G

Elastase

Collagenase (unspecific)

Myeloperoxidase

Lyzozyme

Secondary granules (specific)
Lactoferrin

Collagenase (specific)
B1,-binding protein

Lyzozyme

Other products
Gelatinase
Kininogenase
Oxygen radicals

alignments, suggesting that tissue architecture may be a sig-
nificant determinant of the efficacy of cellular mobilization.

At this point the wound contains a network of fibrin,
leukocytes and a few fibroblasts. By the end of the second
day most of the neutrophils have lost their ameboid prop-
erties and have released their granula into the surrounding
tissue. This event apparently triggers a second migration
where plasma, erythrocytes and neutrophils again leave the
venules (295). In the case of uncomplicated non-infected
healing, the numbers of neutrophils decrease after 3—5 days
(Fig. 1.12).
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Presence of neutrophils
in experimental skin wounds

Fig. 1.12 Schematic illustration of the
presence of neutrophils in experimen-
tal skin wounds in guinea pigs. The
scale is semiquantitative, graded from
0 to 3. From ROSS & BENDITT (73)
1961.

2 days

When the neutrophils have reached the site of injury they
form a primary line of defense against infection by phago-
cytosis and intracellular killing of microorganisms (288). In
this process each phagocyte may harbor as many as 30 or
more bacteria (296).

Phagocytosis of bacteria by neutrophils induces a respi-
ratory burst that produces toxic oxygen metabolites. These
products include hypohalides, superoxide anion and
hydroxyl radicals (288). Furthermore, they can generate
chloramine formed by the reaction of hypochlorite with
ammonia or amines (297). As a result of stimulation, phago-
cytosis or lysis, the neutrophils may release the content of
their granules into the extracellular space. These granules
contain oxygen radicals and neutral proteases, such as ca-
thepsin G, elastase, collagenases, gelatinase and cationic pro-
teins (288). All these products result in tissue damage and
breakdown at an acid pH (298). A decrease or elimination
of these products provided by experimental neutropenia has
prevented the normally found decrease in wound strength
in early intestinal anastomosis (299).

Despite these effects upon the wound the presence of neu-
trophils is not essential for the wound healing process itself.
Thus wound healing has been found to proceed normally
as scheduled in uncontaminated wounds in the absence
of neutrophils (283, 300). A recent study, however,

4 days
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Table 1.4 Some chemotactic and chemokinetic agents. Modified from
VENGE (136) 1985.

Humoral

Chemotactic ~ C3 and C5 fragments

Fibrin degradation products

Kallikrein

Plasminogen activator

Fibronectin

Casein

Chemokinetic  C3 and C5 fragments

Acute phase proteins (Orosomucoid, o-antitrypsin,
o,-macroglobulin)

Hyaluronic acid

Cellular

Chemotactic  Leukotriene B, (precursors and derivatives)
Platelet activating factor (PAF)
Transforming growth factor-B (TGF-B)
Lymphokines

NCFs (neutrophil chemotactic factors)
ECFs (eosinophil chemotactic factors)
MCFs (monocyte chemotactic factors)
Formylated tripeptides (e.g. FMLP)

Chemokinetic ~ Cathepsin G




Fig. 1.13 Macrophage.

demonstrating neutrophil expression of cytokines and TGF-
B may indicate a positive influence on wound healing (301).

Recent research has elucidated a role of neutrophils in
healing of chronic wounds (302-308). A consistent feature
of chronic wounds is chronic inflammation associated with
increased neutrophil infiltration (302). Once initiated, the
inflammatory response is perpetuated and gradually con-
verted into a chronic inflammatory state. Morphologically,
the chronic inflammatory infiltrate is predominantly com-
posed of macrophages and lymphocytes (304, 305). Mast
cells may also contribute to the fibrotic response (304). It is
likely that different polypeptidic cytokines and growth
factors mediate some of these processes. One candidate is
the profibrotic and proinflammatory TGF-B1, which is also
increased at the mRNA and protein levels in the lower leg
skin of class 4 patients (305, 306).

It is thought that excessive local proteolytic activity results
in the breakdown of the matrix components of the skin with
the end result of an ulcer.

Proteinases in skin homeostasis have multiple biological
functions. Proteinases not only remodel extracellular matrix
proteins but they also modulate the bioactivity of cytokines
and growth factors by several different mechanisms (307,
308). In chronic wounds neutrophils are strong protease
producers, delaying the wound healing process.

In summary, the main role of neutrophils in wound
healing appears to be limited to elimination of bacteria
within the wound area.
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Macrophages

Following the initial trauma and neutrophil accumulation,
monocytes become evident in the wound area (Fig. 1.13).
These cells arise from the bone marrow and circulate in
blood (309, 310). In response to release of chemoattractants
monocytes leave the bloodstream in the same way as neu-
trophils. These cells are a heterogeneous group of cells which
can express an almost infinite variability of phenotypes in
response to changes (311-313).

Monocytes appear in the wound after 24 hours, reach a
peak after 2—4 days, and remain in the wound until healing
is complete (73) (Fig. 1.14). When monocytes invade the
wound area, they undergo a phenotypic metamorphosis to
macrophages (314, 315). It should be mentioned that tissue
macrophages can proliferate locally (314-317) and possibly
play a significant role in the initial inflammatory response.

The arrival of macrophages in the wound area is a
response to various chemoattractants released from injured
tissue, platelets, neutrophils, lymphocytes and bacteria (Fig.
1.4). In Table 1.4 series of chemotactic factors are listed
which have been shown to be chemotactic for macrophages.
In this context, it should be mentioned that monocytes
express multiple receptors for different chemotactic factors
(317). As shown in Table 1.4, connective tissue fragments
appear to be chemotactic for macrophages, i.e. forming gra-
dients enabling directional movements, and chemokinetic,
i.e. alter the rate of cell movements. These tissue fragments
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Presence of macrophages
in experimental skin wounds

Fig. 1.14 Schematic illustration of the
presence of macrophages in experi-
mental skin wounds in guinea pigs. The
scale is semiquantitative, graded from
0 to 3. From ROSS & BENDITT (73)
1961.

2 days

are possibly generated by neutrophils which precede the
appearance of monocytes (see p. 22). It has been shown that
neutrophils contain enzymes such as elastase, collagenase
and cathepsin which may degrade collagen and elastin,
and fibronectin (Table 1.3) and thereby attract mono-
cytes (317).

In contrast to neutrophils, depletion of circulating blood
monocytes and tissue macrophages results in a severe retar-
dation of tissue debridement and a marked delay in fibrob-
last proliferation and subsequent wound fibrosis (309).
Macrophages therefore seem to have an important regula-
tory role in the repair process.

After migration from the vasculature into the tissue, the
monocyte rapidly differentiates to an inflammatory
macrophage, the mechanism of which is largely unknown.
However, the binding of monocytes to connective tissue
fibronectin has been found to drive the differentiation of
monocytes into inflammatory macrophages (318, 319).

The regulatory and secretory properties of macrophages
seem to vary depending on the state of activity: at rest, inter-
mediate or in an activated state. Macrophage activation can
be achieved by the already mentioned chemoattractants in
higher concentrations. Further activation can be achieved
through the products released from the phagocytotic
processes described. These various stimuli induce
macrophages to release a number of biologically active mol-
ecules with potential as chemical messengers for inflamma-
tion and wound repair (320) (Tables 1.1 and 1.2).
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At the inflammatory site macrophages undertake
functions similar to neutrophils, i.e. bacterial phagocytosis
and killing and secretion of lysozomal enzymes and oxygen
radicals O,, H,0,, OH (62). Activated inflammatory
macrophages have been found to be responsible for the
degradation and removal of damaged tissue structures such
as elastin, collagen, proteoglycans and glycoproteins by the
use of secreted enzymes such as elastase, collagenase, plas-
minogen activator and cathepsin B and D. Both extra- and
intracellular tissue debridement can occur (317).

Macrophages have been shown to release growth factors
such as PDGF, TNF and TGF-f which stimulate cell prolif-
eration in wound healing (321-323) (Fig. 1.4). These growth
factors are collectively known as macrophage derived
growth factors (MDGF). The level of MDGF can be signif-
icantly increased following stimulation of macrophages
with agents such as fibronectin and bacterial endotoxin
(324, 325).

Activation of macrophages has been found to lead to
fibroblast proliferation (321, 326), increased collagen syn-
thesis (322) and neovascularization (327-336).

Macrophages release their angiogenic mediator only in
the presence of low oxygen tension in the injured tissue (i.e.
2-30mmHg) (268, 269). However, as macrophages have
been found to release lactate even while they are well oxy-
genated, the stimulus to collagen synthesis remains even
during hyperoxygenation (331, 332), a finding which is
of importance in the use of hyperbaric oxygen therapy.



Fig. 1.15 Lymphocyte.

Finally, macrophages can release a polypeptide, inter-
leukin-1, that can function as a messenger for lymphocytes.

In summary, the macrophage seems to be the key cell in
the inflammatory and proliferative phase of wound healing
by secreting factors which stimulate proliferation of fibrob-
lasts and secretion of collagen, as well as stimulation of neo-
vascularization (Fig. 1.4). The macrophages also act as
scavengers in the wound area and remove traumatized tissue
and bacteria and neutralize foreign bodies by forming
giant cells which engulf or surround the foreign matter.
Moreover, signals released by traumatized bone or tooth
substances cause some monocytes to fuse and form
osteoclasts which will subsequently resorb damaged hard
tissue (see Chapter 2, p. 78). Macrophages play a important
role in the immune response to infection (Chapter 2,
p- 78).

Lymphocytes

Lymphocytes emigrating from the bloodstream into the
injury site become apparent after one day and reach a
maximum after six days (Figs 1.15 and 1.16). The role of
these lymphocytes in the wound healing process has for
many years been questioned as earlier investigations have
pointed out that lymphocytes, like neutrophils, were not
necessary for normal progression of healing in non-infected
wounds (300). However, recent research has demonstrated
that lymphocytes together with macrophages may modulate
the wound healing process (333-335) (Fig. 1.17).
Lymphocytes can be divided into T lymphocytes (thymus

Wound Healing Subsequent to Injury 25

derived lymphocytes) and B lymphocytes (bone marrow
derived lymphocytes). Both types are attracted to the wound
area, probably by activated complement on the surface of
macrophages and neutropbhils.

Lymphocyte infiltration in wounds is a dynamic process
where both T-helper/effector and T-suppressor/cytotoxic
lymphocytes are present in the wound after one week (336).
These activated lymphocytes produce a variety of lym-
phokines of which interferon (IFN-o) and TGF-f have been
shown to have a significant effect on endothelial cells and
thereby may have an effect on angiogenesis. This effect may
be secondary to other effects such as macrophage stimula-
tion and activation (337). TGF-P is also a potent fibroblast
chemotactic molecule and, in addition, induces monocyte
chemotaxis and secretion of fibroblast growth factor and
activating factors (338).

Recent studies have indicated that there are at least two
populations of T cells involved in wound healing. One pop-
ulation bearing the T cell marker appears to be required for
successful healing, as shown by the impairment in healing
caused by their depletion. The T-suppressor/cytotoxic
subset appears to have a counterregulatory effect on wound
healing, as their depletion enhances wound rupture strength
and collagen synthesis (333-335, 337).

Based on present evidence, Barbul has postulated the fol-
lowing theory: macrophages exert a direct stimulatory effect
on endothelial cells and fibroblasts (Fig. 1.17). A T cell
marker positive subset (T*), which is not yet fully charac-
terized, has a direct action on endothelial cells and fibro-
blasts and acts indirectly by stimulating macrophages.
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Presence of lymphocytes
in experimental skin wounds

Fig. 1.16 Schematic illustration of the
presence of lymphocytes in experimen-
tal skin wounds in guinea pigs. The
scale is semiquantitative, graded from
0 to 3. From ROSS & BENDITT (73) Ross
1961.

2 days

& Benditt 1961

T suppresser/cytotoxic cells (Ts/c) downregulate wound
healing by direct action on macrophages and T cells (337,
338) (Fig. 1.17).

There is presently no evidence to suggest that the humoral
immune system (B lymphocytes) participates in the wound
healing process. The influence of lymphocytes therefore
seems primarily to be through T lymphocytes.

In summary, lymphocytes appear indirectly to influence
the balance between the stimulatory and inhibitory signals
to fibroblasts and endothelial cells via the macrophages.

Fibroblasts

The fibroblast is a pleomorphic cell. In the resting, non-
functional state it is called a fibrocyte. The cytoplasm is
scanty and often difficult to identify in ordinary histologic
sections. In the activated, mature form the cell becomes stel-
late or spindle-shaped and is now termed a fibroblast. The
most characteristic feature is now the extensive development
of a dilated endoplasmic reticulum, the site of protein syn-
thesis (339) (Fig. 1.18).

In the wound the fibroblast will produce collagen, elastin
and proteoglycans (340). After injury, fibroblasts start to
invade the area after three days stimulated by platelets and
macrophage products and they become the dominating cell
six to seven days after injury, being present in considerable
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concentration until the maturation phase of the healing
process (73) (Fig. 1.19).

Several studies have suggested that new fibroblasts arise
from the connective tissue adjacent to the wound, princi-
pally from the perivascular undifferentiated mesenchymal
cells (stem cells) (341-346) (see p. 30) and not from
hematogenous precursors (346).

Once fibroblast precursors receive the proper signal they
begin to reproduce and a mitotic burst is seen between the
2nd and 5th day after injury (347). Proliferating fibroblasts
develop through cell divisions every 18 to 20 hours and
remain in the mitotic phase for 30 minutes to 1 hour. The
primary function of the activated fibroblast in the wound
area is to produce collagen, elastin and proteoglycans.
However, during the mitotic phase, the fibroblast does not
synthesize or excrete external components. Progression
factors are necessary to stimulate the fibroblast to undergo
replication. Before this can happen the fibroblast must be
made competent. Factors which induce this competence are
platelet derived growth factor (PDGF), fibroblast growth
factor (FGF) and calcium phosphate precipitates (26).
PDGF-induced competence requires only transient expo-
sure of cells to the factor. When competent, the fibroblast
can replicate after stimulation by progression factors such as
insulin-like growth factor-1 (IGF-1), epidermal growth
factor (EGF) and other plasma factors (26). This dual
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Fig. 1.17 Role of lymphocytes in wound healing. Macrophages exert a direct stimulatory effect on endothelial cells and fibroblasts. A T-cell marker pos-
itive subset (T*), which is not fully characterized, has direct action on endothelial cells and fibroblasts and acts indirectly by stimulating macrophages.
T-suppressor/cytotoxic cells (Ts/c) downregulate wound healing by direct action on macrophages and T cells. From BARBUL (337) 1992.
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Fig. 1.18 Active fibroblast.

Presence of fibroblasts
in experimental skin wounds

Fig. 1.19 Schematicillustration of the 2days 4days 6days 8days 10days 12days
presence of fibroblasts in experimental
skin wounds in guinea pigs. The scale

is semiquantitative, graded from 0 to
3. From ROSS & BENDITT (73) 1961.

Ross & Benditt 1961




control of fibroblast proliferation explains why fibroblasts
can remain in a reversible quiescent state in the presence of
progression factor. The transition to a proliferative stage
then awaits the release of competence factors by activated
cells, such as platelets, macrophages and lymphocytes.

PDGF is released in response to injury by platelets
and production is continued by activated macrophages,
which can induce migration into the wound and prolifera-
tion of fibroblasts over an extended period of time (Fig. 1.4).

TGF- is a growth stimulator for mesenchymal cells and
has been found to accelerate wound healing in rats (348,
349) by direct stimulation of connective tissue synthesis by
fibroblasts and indirect stimulation of fibroblast prolifera-
tion by PDGF (350, 351). Other factors which may be
involved in fibroblast proliferation include tumor necrosis
factors (TNF-o and TNF-f3) (26).

The best characterized inhibitor of fibroblast proliferation
is B-fibroblast interferon (IFN-B). It has been suggested that
IFN- inhibits events involved in fibroblast competence and
induction of competence of fibroblasts and by PDGF inhi-
bition (352, 353).

Regulatory systems of fibroblast activity may operate
through activation of macrophages, which generate an
endogenous stimulus to fibroblast proliferation. Alterna-
tively, fibroblast proliferation might be slowed by either
inhibition of the release and activation of PDGF and TGF-
B or by stimulation of inhibitory substances, such as IFN-f.
Clinically this may suggest a specific stimulation of fibrob-
last proliferation by treatment with exogenous growth
factors such as PDGF and TGF-f} or by their activation (26).

Once fibroblasts have migrated into the wound, they
produce and deposit large quantities of fibronectin, types I
and III collagen and hyaluronidate. TGF-B is considered to
be the most important stimulator of extracellular matrix
production (354, 355).

Multiplication and differentiation of fibroblasts and syn-
thesis of collagen fibers require oxygen as well as amino
acids, carbohydrates, lipids, minerals and water. Collagen
cannot be made in the mature fibroblast layer without
oxygen (356—359). Consequently the nutritional demands of
the wound are greater than that of non-wounded connec-
tive tissue (315) and the demand is greatest at a time when
the local circulation is least capable of complying with that
demand (316).

After collagen molecules are secreted into the extracel-
lular space, they are polymerized in a series of steps in
which the hydroxylysine groups of adjacent molecules are
condensed to form covalent crosslinks. This step is rate-
dependent on oxygen tension and gives collagen its strength
(356, 361).

Fibroblasts have been shown to have chemotactic attrac-
tion to types I, I, and III collagen as well as collagen-derived
peptides, with binding of these peptides directly to fibrob-
lasts (362, 363).

Fibroblasts have been known for many years to be
involved in wound contraction. In relation to this phenom-
enon, a specific type of fibroblast has been identified which
has the characteristics of both fibroblasts and smooth
muscle cells for which reason they have been termed myofi-
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broblasts. These cells are richly supplied with microfilament
bundles that are arranged along the long axis of the cells and
are associated with dense bodies for attachment to the sur-
rounding extracellular matrix (364, 365). Besides numerous
cytoplasmic microfilaments, large amounts of endoplasmic
reticulum are also seen. In this respect these cells have char-
acteristics of fibroblasts.

The myofibroblast has contractive properties and has
been demonstrated in many tissues that form contracted
and/or nodular scars (366). Myofibroblasts are present
throughout granulation tissue and along wound edges at
the time when active contraction occurs (367). For this
reason the most generally accepted theory of wound
contraction has involved the contribution by myofi-
broblasts (366).

Ehrlich and co-workers have presented a new theory for
the phenomenon of wound contraction (368). In this
fibroblast theory it is suggested that fibroblast locomotion is
the mechanism that generates the contractive forces in
wound contraction and that the connective tissue matrix is
important in controlling these forces. It is suggested that the
histological existence of myofibroblasts is a transitional state
of the fibroblast in granulation tissue.

In summary, the fibroblasts are latecomers in the inflam-
mation phase of wound healing. Their main function is to
synthesize and excrete the major components of connective
tissue: collagen, elastin and proteoglycans. The fibroblast is
also involved in wound-contraction through a specific cell
called the myofibroblast which has characteristics of both
fibroblasts and smooth muscle cells.

Endothelial cells and pericytes

The capillaries play an essential role in wound healing. The
caliper of capillaries averages 9-12 um which is just enough
to permit unimpeded passage of cellular elements. In cross-
section the capillary wall consists of 1-3 endothelial cells.
(Fig. 1.20). Capillaries converge to form post capillary
venules of slightly larger size (15-20um). The endothelial
cells are surrounded by a network of pericytes. (Fig. 1.20).
These cells appear to represent a pool of undifferentiated
mesenchymal cells which have been found to participate in
wound healing, and this applies also to the pulp and peri-
odontium (see Chapter 3).

Angiogenesis

Between 2 and 4 days after wounding, proliferation of cap-
illaries and fibroblasts begins at the border of the lesion.
However, studies have shown that blood cells and plasma
perfuse the wound tissue several hours before the space is
invaded by sprouting capillaries (295, 369). At first the blood
cells move around randomly in the meshes of the fibrinous
network but gradually preferential channels are formed in
the wound through which cells pass more or less regularly.
This phenomenon has been termed open circulation and it
is suggested that the blood cells at this time are transported
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in a simple tube system which has not yet acquired an
endothelial lining (295, 369, 370).

Angiogenesis is the process of formation of new blood
vessels by directed endothelial migration, proliferation and
lumen formation (262, 371-376) (Fig. 1.21). In wound
healing, angiogenesis is crucial for oxygen delivery to
ischemic or newly formed tissue. New vessels arise in most
cases as capillaries from existing vessels and only from
venules (376, 377) (Fig. 1.21). In early granulation tissue,
after the wound healing module is assembled, capillary
sprouts move just behind the advancing front of
macrophages. Collagen secreting fibroblasts are placed
between these sprouts and are nourished by the new capil-
laries (see Fig. 1.26).

Variants in healing of the vascular network are found

according to the type of tissue involved and the extent of the
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Fig. 1.20 Endothelial cells and pericytes.

Fig. 1.21 Neovascularization. New
capillaries start as outgrowths of
endothelial ~ cells lining existing
venules. Subsequent arcading sprouts
unite and tubulization allows circula-
tion to be established.

injury. In skin or mucosal lacerations, primarily closed,
existing vessels may anastomose spontaneously and thereby
re-establish circulation. In wounds with tissue defects or in
non-closed wounds, a new vascular network has to be
created via granulation tissue. The third variant in vascular
healing is the revascularization of ischemic tissue as seen
after skin grafting, tooth luxation, tooth replantation and
transplantation. In these situations angiogenesis takes place
in existing ischemic or necrotic tissue. The healing in these
cases usually occurs as a mixture of gradual ingrowth of new
vasculature combined with occasional end-to-end anasto-
mosis between existing and ingrowing vessels (see Chapter
2, p- 90).

Angiogenesis in wounds has been examined in different
in vivo assays such as the rabbit ear chamber (269, 378), the
Algire chamber where a transparent plastic window is placed
in the dorsal subcutaneous tissue of a mouse (379) or the
hamster cheek pouch (380, 381). Furthermore, angiogenesis
has been tested in corneal pockets (379, 382, 383), and
chicken chorioallantoic membrane (384). These assays have
been used to describe the dynamic process of angiogenesis
together with the influence of different types of external
factors on vascular proliferation.

Our current knowledge of the biochemical nature of the
signals that induce angiogenesis has been derived primarily
from in vitro observations using cultured vascular endothe-
lial cells. In vitro assays have been used extensively in the
identification and the purification of angiogenetic factors.
In this context, as angiogenesis is considered to be a process
of capillary growth, cultured capillary endothelial cells seem
to be optimal for testing angiogenesis (385).

Cellular events in angiogenesis

New capillaries usually start as outgrowths of endothelial
cells lining existing venules. After exposure to an angiogenic
stimulus, endothelial cells of the venules begin to produce
enzymes that degrade the vascular basement membrane on
the side facing the stimulus (376). After 24 hours the
endothelial cells migrate through the degraded membrane
in the direction of the angiogenic stimulus (Fig. 1.21).




Behind the tip of the migrating wound edges, trailing
endothelial cells divide and differentiate to form a lumen.
The sprouts or buds can either connect with other sprouts
to form vascular loops or can continue migrating. Capillary
bud formation is found after 48 hours and these buds arise
solely from venules (377).

When endothelial migration tips join to form capillary
loops or join across a wound edge, blood flow begins within
the formed lumen. As vessels mature, extracellular matrix
components are laid down to form a new basement mem-
brane (371, 376). Recent studies have shown that angiogen-
esis is closely related to fibroblast activity. Thus it appears
that new vessels cannot grow beyond their collagenous
support (356, 386).

The speed of neovascularization has been investigated in
ear chambers and been found to range from 0.12 to 0.24 mm
per day (272, 295, 387, 388). In dental pulps which become
revascularized after replantation or transplantation, the
speed is approximately twice this rate (see Chapter 2, p. 90).

In raised and repositioned skin flaps, angiogenesis along
the cut margins is rapid and capillary sprouts advance across
the wound space from the host bed. In rats, new vascular
channels across the wound margin can be demonstrated
within 3 days; and in pigs, normal blood flow has been
observed within 2 to 3 days (389-391). After tissue grafting,
specific vascular healing processes take place. Thus it has
been shown in skin transplants that after an initial contrac-
tion of the vessels a so-called plasmatic circulation takes
place in the zone next to the graft bed (392-400). This
supply of fluids serves to prevent drying of the graft before
blood supply has been restored (398). The role of the plas-
matic circulation as a source of nourishment is, however,
debatable (398).

Vascularization of skin transplants, although initially
sluggish, takes place after 3 to 5 days (401—410). The role of
already existing graft vessels is unsettled. Thus, in some
studies, it has been shown that the original vessels act only
as non-viable conduits for ingrowth of new vessels (388),
and that revascularization takes place primarily from invad-
ing new vessels (408, 411). In other experiments, however, it
has been shown that, depending upon the degree of damage
to the grafted tissues and on local hemodynamic factors, the
original graft vessels may be incorporated in the established
new vascular network (409—413).

Teeth have a vascular system which in some situations
is dissimilar to skin. In replantation and transplantation
procedures of immature incisors, the severed periodontal
ligament and the pulp can be expected to become revascu-
larized. The process of revascularization of the periodontal
ligament seems to follow the pattern of skin grafts (see
Chapter 2, p. 90). There is limited diffusion of nutrients
from the graft bed to the dental pulp due to its hard tissue
confinement and extended length, which again leads to spe-
cific vascular healing events (see Chapter 2, p. 90).

In a closed skin wound, circulation bridging the wound
edges can be established as early as the 2nd or the 3rd day
and appears to be at a maximum after 8 days (73) (Fig. 1.22).
The new vascular network is then remodeled. Some vessels
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differentiate into arteries and veins while others recede. The
mechanism regulating this process is largely unknown.
Active blood flow within the lumen may be a factor, as cap-
illaries with decreased blood flow typically recede while
those with active flow are usually maintained or expand into
larger vessels (378, 414).

Factors determining angiogenesis represent a series of cel-
lular and humoral events which lead to the initiation, pro-
gression and termination of angiogenesis (Figs 1.4 and
1.23). Initiation of angiogenesis appears to be related to
signals released from activated platelets and fibrin at the site
of vascular rupture (86, 285, 415, 416). During platelet acti-
vation, enzymes are released that degrade heparin and
heparan sulfate components from the vascular basement
membranes, whereby stored bEGF is liberated (417—421).
This liberation of FGF has been shown to induce angio-
genetic activity (422). Other bFGF signals are released from
injured cells and matrix (376). This growth factor is partly
responsible for angiogenesis through initiating a cascade of
events (423). Thus bFGF stimulates endothelial cells to
secrete procollagenase, plasmin and plasminogen. Plasmin,
as well as plasminogen, activates procollagenase to collage-
nase. Together, these enzymes can digest the blood vessel
basement membrane. Subsequently endothelial chemoat-
tractants, such as fibronectin fragments generated from
extracellular matrix degradation and heparin released from
mast cells, draw endothelial cells through the disrupted
basement membrane to form a nascent capillary bud (132).

Recruited and activated macrophages soon also promote
angiogenesis (424) by liberating potent direct acting angio-
genic factors such as tumor necrosis factor alpha (TNF-),
wound angiogenesis factor (WAF) and fibroblast growth
factor (FGF). The macrophage signal seems to diminish as
angiogenesis proceeds (268, 269, 356, 361, 425—-428). Recent
studies indicate that the effect of hypoxia within the wound
upon angiogenesis is possibly mediated via stimulated
macrophages (268, 429, 430) (see p. 39).

Other factors controlling angiogenesis

Recently, a number of angiogenetic factors have been isolated
which either have a direct effect on endothelial cell migra-
tion/proliferation or have an indirect effect via other cells.
The exact mechanisms behind indirect angiogenetic activity
are not yet known; but it is possible that they cause accumu-
lation of other types of cells, e.g. platelets or macrophages,
that release direct acting factors (126, 376, 431).

Once new blood vessels form, they acquire a layer of per-
icytes and the composition of their basement membrane
changes. Pericytes inhibit the growth of adjacent endothe-
lial cells and thereby direct growth toward the site of attrac-
tion (432).

Finally, it should be mentioned that angiogenesis is
dependent upon the composition of the extracellular matrix
(433, 623, 624). Thus, fibrin appears to promote angiogen-
esis (64) and the fibrin—fibronectin extravascular clot serves
as a provisional stroma providing a matrix for macrophages,
fibroblasts and new capillary migration. In this way, the
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Presence of capillaries
in experimental skin wounds

Fig. 1.22 Schematic illustration of the
presence of new capillaries in experi-
mental skin wounds in guinea pigs. The
scale is semiquantitative graded from
0 to 3. From ROSS & BENDITT (73)
1961.

|
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fibrin—fibronectin gel is transformed to granulation
tissue.

Wound strength development

Wound strength, from a functional point of view, is the most
important property for a healing wound. In surgical prac-
tice this is critical for the outcome of surgery. The time inter-
val from injury to a healed wound is strong enough to resist
mechanical stress in tissue. It is essential that an early return
to normal life is facilitated with the development of signifi-
cant wound strength. For ethical reasons this has to be
based on investigations of tensile strength of experimental
wounds.

In early wounds the tensile strength is low and insufficient
to keep the tissue edges together without sutures. The
strength of the wound is in this stage mainly based on fibrin
in the wound cavity. Later, in the proliferation phase, the
strength increases rapidly as granulation tissue is formed.
The strength of the wound is in the collagen fibers, and is
directly related to the collagen content of the tissue (Fig.
1.24) (434, 435). Some collagenous elements can be seen
already after 2 to 3 days of injury, but the maximum period
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of collagen synthesis most often starts the 5th to 6th days of
healing. The collagen fibers are laid down in a random
pattern and in the beginning possess little mechanical
strength. Gradually a more systematic pattern of collagen
fibrils develops, leading to stabilization by cross-linking and
assembly of fibers into a more correct anatomical pattern.
Experimental studies have shown that the ‘biochemical
active zone’ encompasses tissue 5 to 7mm from the inci-
sional line.

The resulting tensile strength of a wound is the combined
strength of old collagen (present in the wound area before
injury) and diminishing by lyses of collagenases, and the
increasing strength of new build collagen. The lowest tensile
strength of a healing wound for this reason is after some days
of healing (20) (Fig. 1.25).

Wound strength can in a functional way be described as
the relative tensile strength of the wound. This is the actual
tensile strength of the wound in relation to strength of intact
tissue and is expressed as a percentage. Fig. 1.25 shows the
relative tensile strength of healing incisional wounds in dif-
ferent types of tissues. In tissues with a low collagen content
in intact tissue (gastrointestinal tract, muscle) (436, 437) the
relative tensile strength increases rapidly and reaches intact
level after 10-20 days. In tissues with high collagen content
(fascia, skin, tendon) the relative strength increases slowly



Wound Healing Subsequent to Injury 33

PLATELETS and FIBRIN MACROPHAGES DAMAGED CELLS and

TGF-B TNF-o, MATRIX
PDGF WAF
bFGF

MAST CELLS

Heparin
Histamine OXYGEN
TNF-a Al Low pO,

LACTATE
High lactate

ANGIOGENESIS

Fig. 1.23 Cellular and humoral events leading to angiogenesis. Platelets, fibrin, mast cells, macrophages, injured cells and matrix all release angiogenic
signals. Low oxygen tension and a high lactate concentration in the wound space represent also an important stimulation to angiogenesis.
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Presence of collagen
in experimental skin wounds

Fig. 1.24 Schematic illustration of the
presence of collagen in experimental
skin wounds in guinea pigs. The scale
is semiquantitative graded from 0 to 3.
From ROSS & BENDITT (73) 1961.

and in skin and tendon the strength has after 60 days only
reached 60% of intact level (Fig. 1.25) (435).

Collagen constitutes the principal structural protein of
the body and is the main constituent of extracellular matrix
in all species. At least 13 types of collagen have been identi-
fied. Despite their differences, all collagen molecules consist
of a triple helix matrix protein which gives the tissues their
strength (15, 437—-442). Literature on wound healing and
collagen contains only sparse information about the differ-
ent types of collagens (437).

Type I collagen is the major structural components of
skin, mucosa, tendons and bone (440).

Type II collagen is located almost exclusively in hyaline
cartilage.

Type III collagen, also called reticular fibers (443), is
found in association with Type I collagen although the ratio
varies in different tissues (440). In a rat model, type III col-
lagen could be demonstrated 10 hours after the start of
wound healing in skin (444), and after 3 days in healing peri-
odontal ligament (PDL) wounds (445, 446). The early
appearance of type III collagen has been found associated
with the deposition of fibronectin (see p. 11), indicating that
type III collagen together with fibronectin may provide the
initial scaffolding for subsequent healing events (447, 448).

4 days

6days 8days 10days 12days

In children, type III collagen can be detected between 24
and 48 hours in skin wounds, whereas no type I collagen
is found in this type of wound (449). From 72 hours
and onwards a substantial increase in type I collagen
is found, together with the appearance of mature
fibroblasts (449).

Type IV collagen together with other components, in-
cluding heparan sulfate, proteoglycans and laminin, makes
up the basement membranes in both epidermis and
endothelium.

In dermal wound healing, type IV collagen synthesis by
epidermis is connected with the reformation of the base-
ment membrane and is a relatively late event in the wound
healing process (450-452).

Type V collagen is found in almost all types of tissue and
has been proposed to be involved in migration of capillary
endothelial cells during angiogenesis (441). Type V collagen
is synthesized while epidermal cells migrate; however, the
regeneration of the basement membrane is delayed until the
wound defect is covered and the epidermal cells are no
longer in a migrating phase (451).

Type VII collagen has been found to be an anchoring fibril
that attaches the basement membrane to underlying con-
nective tissue (454—456).
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RELATION BETWEEN WOUND STRENGTH
AND HEALING TIME IN VARIOUS TISSUES

Fig. 1.25 Relative healing rates for
linear incisional wounds in different
tissues in rats and rabbits; the tensile
strength being calculated as percent of
that of the respective intact tissues
(taken as 100%). From VIIDIK &
GOTTRUP (457) 1986.

|

The remaining types of collagen are less known in rela-
tion to the wound healing process and are therefore not
discussed.

Collagen represents a key component in wound healing.
Thus, immediately after injury the exposure of collagen
fibers to blood results in platelet aggregation and activation
with resultant coagulation and the release of chemotactic
factors from platelets that initiate healing (e.g. PDGE
platelet factor IV, IGF-1 TGF-f and an unidentified
chemoattractant to endothelial cells) (see p. 36). Collagen
fragments are then degraded by the attracted neutrophils
and leukocytes, which leads to attraction of fibroblasts.

Synthesis of new collagen in a wound starts with fibrob-
last proliferation and invasion and the deposition of a col-
lagen based extracellular matrix. This event takes place after
3-5 days and persists for 10-12 days. During this period of
time, there is a rapid synthesis primarily of type III and later
of type I collagen, resulting in an increase in the tensile
strength of the wound which is primarily dependent on the
build-up of type I collagen (449, 458—460).

Remodeling phase

Remodeling of the extracellular matrix is a continuous
process which starts early in the wound healing process.
Thus most fibronectin is eliminated within one or two weeks

Sdays 10days 15days 20 days
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after granulation tissue is established. Hyaluronidate is
replaced or supplemented with heparan sulfate proteogly-
cans in basement membrane regions and with dermatan
chondroitin sulfate proteoglycans in the interstitium (61).
Type III collagen fibers are gradually replaced by type I
collagen which becomes arranged in large, partly irregular,
collagen bundles. These fiber bundles become oriented
according to lines of stress and provide a slower increase in
the tensile strength of the healing wound than found during
the proliferation phase (460). In most tissues, this remodel-
ing phase ultimately leads to formation of a scar (see p. 36).
The functional properties of the scar tissue vary consid-
erably depending on the content of collagen in the intact
original tissue. The healing rate, measured as the mechani-
cal strength of the wound compared to adjacent intact
tissue, therefore varies from one tissue type to another. In
tissue with a low collagen content before injury (e.g. gas-
trointestinal tract (461) and other intra-abdominal organ
systems), the primarily closed wound shows a rapid increase
in relative strength (strength of wounded tissue compared
to intact tissue) (457). As shown in Fig. 1.25 tensile strength
close to the level of intact tissue levels of tensile strength is
reached after 10 to 20 days of healing in tissues with a low
collagen content before injury. In tissues with a high colla-
gen content (e.g. tendon and skin) the increase in relative
strength is much slower; and more than 100 days of healing
are needed to achieve half the strength of intact tissue. In the
wounded PDL, a very rapid increase in tensile strength has
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been found after severance of Sharpey’s fibers (see Chapter
2, p. 80) Investigations of wounds closed 3 to 6 days after
injury (delayed primary closure) has shown that this type of
wound was significantly stronger than primarily closed
wounds after 20 days of healing. After 60 days of healing,
delayed primarily closed wounds were almost twice as strong
as primarily closed wounds; and this difference persisted
after 120 days (59, 60, 462). The mechanisms behind the dif-
ferent wound strength in primarily and delayed primarily
closed wounds are probably related to an increase in tissue
perfusion and oxygenation due to increased angiogenesis
and oxygen delivery to the tissues (463).

Hypertrophic scar and keloid

Excessive deposition of scar tissue is a clinical problem that
has been difficult to resolve because of the lack of reliable
animal models. Hypertrophic scar and keloid are both char-
acterized by excessive accumulation of extracellular matrix
especially collagen. The etiology is not known but abnor-
malities in cell migration and proliferation, inflammation,
syntheses and secretion of extracellular matrix proteins and
cytokines, and remodeling of wound matrix have been
described. Also increased activity of fibrogenic cytokines
(e.g. TGF-B,, interleukin-1), abnormal epidermal-mes-
enchymal interaction and mutations in regulatory genes has
been proposed (464). In healed burns the development of
hypertrophic scars seems not to be the result of a continued
proliferation phase, rather than an alteration of the remod-
eling phase (465).

The hypertrophic scar results from a full thickness injury
and is characterized by a thick, raised scar that stays within
the boundaries of the original injury. Keloids can develop
from superficial injuries and exceed the boundaries of the
initial injury. Histologically hypertrophic scars contain
nodules and keloid does not. The collagen bundles on the
surfaces of the nodule are arranged in parallel sheets, while
randomly arranged fibrils within the centre (466). The col-
lagen bundles of keloid are arranged in braided sheets
running parallel to each other.

Hypertrophic scars most often regress over time and can
be corrected by surgical intervention (620). Keloid scars as
a rule do not regress over time and frequently recur after
removal. Treatment of keloid scars is difficult, but pressure
dressings and local application of glucocorticoids have been
used with limited success. Silicone dressings and local use of
calcium channel blockers have recently shown promising
results.

Epithelial cells

Epithelium covers all surfaces of the body, including the
internal surfaces of the gastrointestinal, respiratory and gen-
itourinary tract. The major function of epithelium is to
provide a selective barrier between the body and the envi-
ronment. The epithelial barrier is the primary defense
against threats from the environment and is also a major
factor in maintaining internal homeostasis. Physical and

chemical injury of the epithelial layer must therefore be
repaired quickly by cell proliferation.

After injury to the epidermis, wound protection is pro-
vided in two steps: within minutes there is a temporary cov-
erage of the wound by coagulated blood which serves as a
barrier to arrest the loss of body fluids. The second step is
the movement of adjacent epithelium beneath the clot and
over the underlying dermis to complete wound closure. Re-
epithelialization of an injured surface is achieved either by
movement or growth of epithelial cells over the wound area
(467-469). In early phases of wound healing the most
important process is cell migration which is independent of
cell division (470—-472).

In deep wounds the new epithelial cover arises from the
wound periphery, whereas shallow wounds usually heal
from residual pilosebaceous or eccrine structures (405,
473-475).

The cellular response of epithelial cells to an injury can
be divided into four basic steps: mobilization (freeing of cells
from their attachment; migration (movement of cells); pro-
liferation (replacement of cells by mitosis of preexisting
cells) and differentiation (restoration of cellular function,
e.g. keratinization).

The first response of the epithelium after injury is mobi-
lization, which starts after 12 to 24 hours. This involves
detachment of the individual cells in preparation for migra-
tion. Epithelial cells lose hemidesmosomal junctions; the
tonofilaments withdraw from the cell periphery; and the
basal membrane becomes less well defined (15, 467, 476,
477). In addition, the cells of the leading edge become
phagocytic, engulfing tissue debris and erythrocytes. Epithe-
lialization occurs most rapidly in superficial wounds where
the basal membrane is intact. Short tongues of epithelial
cells grow out from the residual epithelial structures. By the
2nd or 3rd day, most of the wound base is covered with
a thin epithelial layer; and, by the 4th day, by layered
keratinocytes (453, 478, 479).

Migration of epithelial cells occurs as movement of clus-
ters or sheets of cells. This movement of epithelial cells has
been proposed to take place in a ‘leapfrog’ fashion of epi-
dermal sheet movement (480). Fibronectin in connection
with fibrin seems to make a provisional matrix for cellular
anchorage and self-propelling traction of the epithelial cell
for migration. A speculative mechanism has been that
fibronectin is produced in front of the wound edge by epi-
dermal cells and these then slide over the deposited
fibronectin matrix and finally break down this matrix at a
distance of some cell diameters behind the wound edge (481,
482). It seems that the motile cells use secreted fibronectin
as a temporary basal membrane and use collagenase and
plasminogen activators to facilitate passage through repara-
tive connective tissue (483).

The specific signals or stimuli for epithelialization are
unknown. Migration of epithelial cells takes place in a
random fashion; however, orientation of the substrate on
which the cells move, as well as the presence of other cells
of the same type are determinants of the extent and direc-
tion of cell movement. Furthermore, cell migration appears



to be at least in part initiated by a negative feedback mech-
anism from other epithelial cells in the free edge of the
wound (5). Substances in the substrate which are important
for direction of the migration seem to be collagen fibers,
fibrin and fibronectin, as earlier described. Fibronectin
appears to be a substrate for cell movement and to have a
binding capacity for epithelial cells as well as monocytes,
fibroblasts, and endothelial cells (101, 482—484).

Proliferation of epidermal cells starts after 1 to 2 days in
the cells immediately behind the migrating edge, thereby
generating a new pool of cells to cover the wound (472, 485).
Mitosis in epidermal epithelium has a diurnal rhythm, being
greatest during rest and inactivity. In normal epidermis, very
few basal cells are in mitosis at any given time. Epidermal
wounds, however, result in a change of the diurnal mitotic
rhythm in cells adjacent to the wound, resulting in an
absolute increase in mitotic activity and an increase in the
size of epidermal cells (453). The maximal mitotic activity
is found on the 3rd day and continues until epithelialization
is complete and epithelial cells have reverted to their normal
phenotype and reassumed their intercellular and basement
membrane contacts by differentiation (486).

A number of stimuli for epidermal cell growth and
thereby wound closure have been indentified, such as
calcium in low concentration, interleukin-1, basic fibroblast
growth factor (bFGF), epidermal growth factor (EGEF),
platelet derived growth factor (PDGF) and transforming
growth factor-alpha (TGF-a) (467, 482). The only factor
known to block epithelial growth is TFG-f (478, 487). Most
of these molecules are released from cells within the wound
environment such as platelets, inflammatory cells, endothe-
lial cells and smooth muscle cells (Fig. 1.4).

Another factor which influences epithelialization is
oxygen tension. Thus a high pO, has been found to increase
epithelialization (488, 489).

Epithelial repair differs temporally in different types of
wound. In incisional wounds, mobilization and migration
of epithelial cells is a rapid response compared to other
events of the wound healing process. Already after 24 to 48
hours the epithelial cells have bridged the gap in clean inci-
sional and sutured wounds (142). In small excised and non-
sutured wounds which heal by secondary intention the
surface is initially covered by a blood clot. Migrating epithe-
lium does not move through the clot, but rather beneath it
in direct contact with the original wound bed. Epithelial
cells appear to secrete a proteolytic enzyme that dissolves the
base of the clot and permits unimpeded cell migration.

In large excised wounds, all stages of epithelial repair may
be seen simultaneously. In such wounds epithelialization
will not be complete before granulation tissue has devel-
oped. Epithelial cells will use this bed for subsequent migra-
tion. Depending upon the size of wound the surface will
subsequently be covered by a scar epithelium which is thin,
and lacks strong attachment to the underlying dermis as well
as lacking Langerhans cells and melanocytes.

One factor which has a strong influence upon epithelial
healing is the depth of the wound. In superficial wounds the
regeneration from hair follicles coincides with epithelializa-
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tion from the wound edges. In deeper wounds, all epider-
mal regrowth occurs from the wound edge.

Finally, it should be mentioned that reepithelialization is
significantly enhanced if the wound is kept moist (481).

In the oral cavity the morphological changes seen during
epithelialization of the rat molar extraction socket appear to
be similar to wounds that involve oral mucosa (74,
490-494). Thus the epithelium migrates down into and
across the wound with either fibrin—fibronectin or granula-
tion tissue—fibronectin below it and the superficial wound
contents (i.e. neutrophil leukocytes, tissue debris, food ele-
ments and bacteria) above it. This layer is subsequently lost
in the form of a scab following reepithelialization (492).

Microenvironnent in wounds

Microenvironments in wounds are the sum of the single
processes mentioned earlier. Of particular interest for the
wound healing process is the influence of the wound
microenvironment as an initiator, supporter and terminator
of the wound healing processes (495).

Cellular activity in the wound has already been discussed
in detail, but can be described as three waves of cells invad-
ing the wound area. Apart from their role in hemostasis,
platelets serve as the initiators of wound healing by their
release of substances such as growth factors (e.g. PDGE,
platelet factor IV, IGF-1, TGF-B and an uncharacterized
chemoattractant of endothelial cells at the moment of injury
(Fig. 1.4). As the access of platelets to the wound area is
limited by the coagulation process the supply of these factors
is limited.

The second set of cells, polymorphonuclear leukocytes,
migrate into the wound after a few hours largely under the
direction of complement factors. Their role in the wound
healing process appears mainly to be the control of infection.

The third type of cell invading the wound area are the
monocytes, which are attracted to the injury site by platelet
factors, complement and fibrinopeptides. After entering the
wound, these cells are transformed to macrophages and take
over the control of healing processes. It would appear that
macrophages have the capacity to detect and interpret
changes in the wound environment and thereby initiate
appropriate healing responses.

In the early wound, cells float around in the tissue fluid
of the wound and their function and movement are directed
by different growth factors (e.g. TGF-B, IL-6, IGF-1 and
insulin produced by platelets and/or macrophages).

The amino acid content of wound fluids reflects to some
extent the metabolic events. Amino acid concentrations are
initially close to those of serum. Later, they approach that of
inflammatory cells. After some time particularly glutamine
and glutamate rise well over that of serum, whereas arginine
concentration falls to low levels due to conversion to
ornithin and citrullin (495). Arginine has been shown to be
active in influencing the wound healing process and seems
to activate macrophages (496, 497).
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Fig. 1.26 Cellular build-up, oxygen
tension and lactate concentration in a 40
rabbit ear chamber The center of the
wound is to the right on the drawing.
At this location where macrophages 20
operate there is very low oxygen
tension and a high lactate concentra-
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tion. It appears that oxygen tension is 0
closely related to the location of the
vasculature. Replication of fibroblasts
takes place ahead of the regenerating
vessels, whereas fibroblasts begin col-
lagen production when the neovascu-
lar front reaches the proliferating
fibroblasts. From HUNT & VAN WINKLE

(499) 1976. Silver 1379

It would seem that the wound fluid, with its mixture of
growth factors, amino acids and other components, is
conducive to cell proliferation. Thus, it has been found
experimentally that cell growth was optimized in the
presence of wound fluid compared to cell growth in
serum (327).

Wound microenvironments have been studied in rabbit
ear chambers in which healing tissues can be visualized
between closely approximated, optically clear membranes
mounted under a microscope (Fig. 1.26). This narrow space,
as thin as 50 um, forces healing cells to travel in coherent
order, so that one or two cells pass at a time (49). In this
model, influence of oxygen tension and lactate concentra-
tion could be measured by microprobes and has been
characterized (49). An oxygen gradient from the central
wound space in the chamber to the peripheral normal
tissue has been described. While oxygen tension along the
edges of the wound is very low, with hypoxia close to 0
mmHg, the oxygen tension at the periphery of the wound is
up to 100 mmHg. This oxygen tension gradient seems to be
important in the initiation of the wound healing process.
Concurrently, lactate concentration in the wound space is
10-20 times that of venous blood, resulting in a fall in pH
to 7.25 (498).

Wound healing module

After the first phase of the inflammatory process occurs, a
characteristic cell build-up is found after 3 to 4 days

_...-

"f/

(Fig. 1.26). At the edge of a wound is a vanguard of scav-
enging cells, the majority of which in the non-infected
wound are macrophages. If the wound is infected, these
macrophages are accompanied by large numbers of neu-
trophilic leukocytes.

Beneath the phagocytes is a layer of immature fibroblasts,
floating in a gelatinous, non-fibrillar matrix, which are
unable to divide because of local hypoxia. Beneath this layer
of fibroblasts is a group of dividing fibroblasts which are
associated with the most distal perfused arcaded capillaries,
and behind the first perfused capillary loops are more
dividing fibroblasts which provide cells to form the new
tissue.

Distal to this zone, blood vessels increase in size and
become less dense, probably as a result of enlargement or
coalescence of a few vessels, as the other channels recede
from the pattern of vascular flow. Between these vessels lie
mature fibroblasts and new fibrillar collagen. This arrange-
ment of cells creates an environment that is favorable to
angiogenesis and collagen deposition and has been termed
the wound healing module (Fig. 1.4).

Fibroblasts in mitosis are always found just ahead of the
regenerating vessels, where the tissue oxygen tension is
optimal for replication (i.e. about 40 mmHg). It is assumed
that these fibroblasts behave as growth centers and that new
fibroblasts remain at this location until reached by the neo-
vascular zone, whereafter they initiate collagen production
(499). The hyperemic neovascular front has a higher pO,
(Fig. 1.26) which is optimal for collagen synthesis. Thus the



fibroblasts replicate and produce collagen in different
wound environments.

It has been found that hypoxia or exposure to a high
lactate concentration increases the capacity of fibroblasts to
synthesize collagen when they are subsequently placed in an
oxygenated environment (500, 501). It has been suggested
that lactate stimulates collagen synthesis (495). Thus lactate
has been shown to induce an increase in procollagen mRNA.
Lactate concentration in test wounds is greatest in the
central space and persists well into the zone of collagen syn-
thesis (Fig. 1.26). It is therefore suggested that new vessels
overtake the immature fibroblasts and change their envi-
ronment from high lactate and low oxygen tension to high
lactate and high oxygen tension and thereby increase both
their collagen synthesis and their deposition. When the
wound cavity is totally filled with granulation tissue, the
hypoxia and high lactate concentration gradually diminish
as does macrophage stimulation, whereupon the wound
healing process will stop.

Oxygen tension in the wound has been shown to be
important for collagen deposition and the development of
the tensile strength of the wound (488, 502), for regulation
of angiogenesis (369) and for the epithelialization of
wounds (472). Oxygen in the wound’s extracellular envi-
ronment also has an important role in the intracellular
killing of bacteria by granulocytes (503).

Neutrophil migration, attachment and ingestion of bac-
teria apparently are independent of oxygen; however, the
killing of the most important wound pathogens is achieved
by mechanisms that require molecular oxygen (504). These
mechanisms are introduced through reducing extracellular
molecular oxygen to superoxide which is then inserted into
phagosomes. Here the superoxide is converted to high-
energy bactericidal oxygen radicals for optimal bacterial
killing (505).

Several studies in normal volemic animals have shown
that they clear bacteria from wounds in proportion to the
fraction of oxygen in the inspired gas. Infection was less
invasive or failed to develop in hyperoxygenated guinea pigs
when bacteria were injected into skin (505). Furthermore,
infected skin lesions in dogs became invasive in tissues with
extracellular fluid oxygen tension under 60 mmHg; however,
they remained localized if the tissue was better oxygenated,
as in the case of higher inspiratory oxygen concentration
(506). Experience in human subjects tends to support these
findings; but no trial has yet been performed supporting
these observations.

Factors affecting the wound
healing process

External factors have an influence on the wound healing
process. The categorization is often generally done as local
or systematic. In acute surgical wounds a classification base
on patient- and surgical-related factors is most convenient
(Table 1.2). Patient-related factors are associated to the
single patient and can alone or together with other factors
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inhibit or prevent wound healing. Surgical-related factors
can be separated in pre-, peri- and postoperative influenc-
ing factors.

Blood circulation and oxygenation of
the wound

Continuous supply of oxygen to the tissue through a suffi-
cient tissue perfusion is vital for the healing process as well
as resistance to infection (488, 502, 507-509). Collagen pro-
duction and development of strength of the wound is
directly correlated to the partial pressure PO, of the tissue
(P,O, ). Epithelialization is also dependent on oxygen, but
the humidity of the wound healing environment seems of
more importance. Moist wound healing increases the
epithelialization by a factor 2-3 while the optimal growth of
epidermal cells is found at an oxygen concentration between
10 and 50%.

Anemia with hematocrite values of 15-20 has in experi-
mental animal studies in cases of normal function of the
heart and normal tissue perfusion been of minor impor-
tance for the PO, in the wound area and consequently for
the healing. Evaluation of tissue perfusion and oxygenation
is important in all types of wound. Monitoring systems
should measure the hemodynamic situation and the
ability of the cardiovascular system to deliver an adequate
volume of oxygen to meet the metabolic demands of the
peripheral tissue.

Tissue perfusion is determined by a variety of general and
local factors. Peripheral tissue perfusion is influenced by
multiple cardiovascular regulatory mechanisms. In response
to hemorrhage, these mechanisms maintain blood flow to
vital organs, such as the heart and brain, while blood flow
to other tissues is decreased (510, 511). Circulatory adjust-
ments are effected by local as well as systemic mechanisms
that change the caliber of the arterioles and alter hydrostatic
pressure in the capillaries. Detection of poor tissue perfu-
sion, and especially tissue oxygenation, is crucial in the post-
injury and care periods.

If wound edges show signs of ischemia, there is a risk of
impaired wound healing with development of wound
leakage and infection. From the knowledge of healing
wounds of the oral cavity and the anus, it is obvious that
perfusion is the major factor in resistance to infection.
Despite contamination of both types of wound with bacte-
ria, they almost always heal without infection if patients
have a normally functioning immune system. The difference
between these and other wounds (e.g. extremities) is not
related to local immunity, but to differences in perfusion and
oxygenation.

Increased oxygen tension improves resistance to infection
through local leukocyte function (512). Thus, experimental
data have shown that the killing capacity of granulocytes is
normal only to the extent to which molecular oxygen is
available (503, 513-519). Bacteria killing involves two major
components. The first is degranulation of neutrophils in
which bacteria located within the phagosome are exposed to
various antimicrobial compounds from the granules. The
effect of this system is unrelated to the environment of the
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leukocytes. The second system is the so-called oxidative
killing and depends upon molecular oxygen absorbed by
the leukocytes and converted to high energy radicals such
as superoxide, hydroxyl radical, peroxides, aldehydes,
hypochlorite, and hypoiodite, all substances which to
varying degrees are toxic to bacteria. In this regard it
is important to consider that the efficacy of oxidative
bacteria killing is directly proportional to local oxygen
tension (539).

The clinical relevance of blood flow and oxygen supply to
healing and infection has been shown experimentally in skin
flaps in dogs (32, 392, 395). In flaps with a high perfusion
and tissue oxygen tension, no infection was found after
injection of bacteria; whereas invasive, necrotizing infec-
tions were found in flap areas in which oxygen tension was
less than 40 mmHg. When oxygen tension in inspired gas
and arterial blood was raised or lowered, the infection rate
corresponded to tissue oxygen tension, but not to oxygen
carrying capacity.

With respect to healing of dental tissues, the oxygen
tension may have a significant effect. Thus, several in vivo
tissue culture studies have shown that low oxygen tension
(e.g. a 5% oxygen atmosphere) results in reduced collagen
and bone formation. A concentration of 35% O, was found
to be optimal for collagen and bone formation, while a high
oxygen concentration (95%) resulted in depression of col-
lagen and bone formation as well as osteoclastic resorption
of bone and cartilage (520-522). This in vitro relation
between high oxygen concentration and osteoclastic activity
may have an in vivo counterpart in vanishing bone disease
(Gorhams disease or vanishing facial bone) (523, 524) as
well as the internal surface resorption phenomenon seen in
revascularization of the pulps of luxated or root-fractured
teeth (525). In both instances active local hyperemia
and increased oxygen supply may be related to osteoclastic
activity.

Among local factors which can control blood supply and
tissue perfusion to the injured tissue, tension caused by
splints or sutures may seriously jeopardize local circulation.
Thus, splinting types exerting pressure on the periodontium
may disturb or prevent uneventful PDL or pulp healing and
lead to disturbances, such as root resorption, ankylosis and
pulp necrosis (see Chapter 2, p. 76). Furthermore, tension of
sutured soft tissue wounds may lead to ischemia with sub-
sequent risk of wound infection (see Chapter 21, p. 592).

Hyperbaric oxygenation

Hyperbaric oxygen (HBO) has been introduced in the treat-
ment of various oral conditions such as problem wounds
subsequent to irradiation as well as in cases of
grafting procedures where vascularization appears com-
promised, as well as in other types of chronic wounds (526,
617, 618).

HBO is administered in pressurized tanks where the
patients inhale 100% oxygen at a pressure of 2 atmospheres.
The interaction of HBO to hypoxic tissue has a range of
effects (7). The most significant effect of HBO is that it aug-

ments the oxygen gradient within the wound healing site,
thus leading to increased fibroblast and endothelial activity
(269, 527-530) as well as increased epithelialization
(489). HBO may also suppress growth of certain bacteria
(512).

In experimental gingival wounds in rats, it has been found
that HBO augments gingival connective tissue healing
during the first 2 weeks, whereafter no difference was seen
in comparison to wounds healed at normal atmosphere
(531). In more extensive wounds in rats, where mandibular
ramus osteotomy wounds severed the neurovascular supply
in the mandibular canal, it was found that HBO reduced or
prevented the ischemic damage to pulp cells, ameloblastema
and adjacent bone on a short-term basis (i.e. after 10 days).
With an observation period of 30 days, HBO was found to
stimulate osteodentin and bone formation in the zones of
injury (532).

This beneficial effect of HBO on bone healing after injury
is supported by a human study where acceleration of bone
healing after osteotomy could be demonstrated after the use
of hyperbaric oxygen (533, 619).

Smoking and alcohol

Smoking influences the healing process by different mecha-
nisms. Nicotine is quickly absorbed and starts a release of
catecolamines resulting in a peripheral vascular constriction
followed by decrease in perfusion rate of 42% (534). Fur-
thermore the CO in the cigarette smoke will reduce the
oxygen content of the blood. These combined effects have
been shown to decrease the tissue perfusion by more than
30% in more than 45 minutes in specific areas of the body
(535). In such areas the production of collagen is 1.8 times
higher in non-smokers compared to smokers (536). Leuko-
cytes in smokers have also shown a decreased ability to kill
bacteria resulting in a higher risk of wound infections
in smokers. In surgical patients an increased risk of
necrosis of the wound edge, diminished cosmetic result,
increased risk of anastomic leakage after bowel surgery, and
increased recurrence rate after hernia surgery have been
described (49).

A recent study has found that healthy smokers have a
higher incidence of wound infections and wound ruptures
than never-smokers, and 4 weeks of abstinence from
smoking reduces wound infections to a level similar to
never-smokers (537).

Alcohol has also shown an increased risk of postoperative
infection, bleeding, exudation and wound/anastomoses
rupture. The specific influence on the wound healing
process is not known, but alcohol consumption decreases
total protein but not collagen in artificial wounds. These
changes are reversible after stopping alcohol intake (538).

Infection

Infection is the most common complication which can
disturb wound healing (342). Development of infection is
determined by the number and type of contaminating



organisms, host defense capability and local environ-
ment (540).

When bacteria invade a wound, the final outcome of this
event is related to the success of the initial phase of the
inflammatory response in establishing an antibacterial
defense (Fig. 1.27). Timing is critical and the fate of the con-
taminating bacteria appears to be determined within the
first 3 to 4 hours after injury. During this period, the early
inflammatory process is established and will usually result
in the elimination of bacteria (539, 541, 542).

The risk of infection appears to be directly related to the
number of bacteria initially present in the wound (540). If
the bacteria are not eliminated during these first critical
hours, a series of events which will effect wound healing will
occur. Thus the formation of fibroblasts will be disturbed in
several ways and fibroblast proliferation is generally inhib-
ited; but stimulation may occur in certain circumstances
(541-547). Liberation of toxins, enzymes and waste prod-
ucts from bacteria decrease or inhibit collagen synthesis
(548) and increase the synthesis of collagenase, resulting in
lysis of collagen (549). Furthermore, some bacteria decrease
the amount of oxygen available in the infected tissue (550,
551) whereby healing processes suffer. Collagen formation
is reduced, cell migration is delayed or arrested, cellular
necrosis and microvascular thrombosis may result (552).
Wounds have been classified as:
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Clean wounds, which are uninfected operative wounds in
which no inflammation is encountered.

Potentially contaminated wounds, in which the respiratory,
alimentary or genitourinary tracts are entered under con-
trolled conditions during surgery.

Contaminated wounds where acute inflammation (without
pus) is encountered or where there is a gross spillage from
a hollow viscus during surgery.

Dirty wounds and infected wounds which are old traumatic
wounds and operating wounds in the presence of pus
or those involving clinical infection of perforated
viscera (552).

The level of aerobic and anaerobic contamination expressed
as bacteria in the wound (i.e. colony forming units per unit
area) is for clean wounds 2.2, for potentially contaminated
wounds 2.4 x 10', for contaminated wounds 1.1 X 10% and
for dirty wounds 3.7 x 10° (553).

Oral wounds are associated with a high risk of contami-
nation as saliva contains 10* bacteria per milliliter (554).

The infective dose of bacteria which results in a micro-
scopic infection has been found to be 10° bacteria per gram
of tissue (555). A correlation has been found in different
types of wounds between preclosure bacterial density of
aerobic and anaerobic bacteria and post-surgical wound
infections (553). It is recognized that both aerobic and

Presence of bacteria in the wound
and the initial inflammatory response

Bacteria

Fig. 1.27 Bacteria and the initial
inflammatory response. The period of
active tissue antibacterial activity
(decisive period) relates well to the
establishing of the inflammatory
response, as reflected by increased
vascular permeability and leukocyte
migration into the wound site. From
LEAK & BURKE (539) 1974.
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anaerobic organisms are implicated in most wound
infections.

The use of antibiotics to supplement the natural host
resistance (i.e. the early inflammatory response) has been
found to be additive and sometimes even synergistic in
bacteria killing. However, if antibiotics are given with more
than a 3-hour delay, animal experiments have shown
that the effect of antibiotics such as penicillin, erythromy-
cin, chloramphenicol and tetracyclin was eliminated (556).
The timing of antibiotics therefore seems to be of utmost
importance.

Many factors are described as contributing to impaired
wound healing as well as increased risk of infection. Some
of these factors may have a direct influence on the healing
process while other factors have an indirect influence by
changing circulation and thereby oxygenation.

Foreign bodies

The presence of foreign bodies can contribute to delayed
healing, but is normally not by itself sufficient to prevent
healing. Foreign bodies provide a focus for bacterial growth,
and consequently a smaller amount of bacteria is needed to
cause infection in the wound area. More than 50 years ago
it was observed that just a single silk suture present in the
wound area increased the susceptibility to bacteria (Staphy-
lococcus) by a factor of X 10000 (557, 558). Other types of
foreign materials, such as soil, clothing and drains have also
been shown to increase the risk of postoperative infection
and impaired wound healing (559-561). Recently it has been
found that bacteria may be camouflaged on artificial sur-
faces by producing an extracellular carbohydrate film (562).
This film seriously affects the host response by inhibiting
chemotaxis, bacterial engulfment and the oxidation
response of the phagocytes.

Foreign bodies in oral and other soft tissue wounds
consist mainly of soil and its contaminants (563), but also
tooth fragments can be found. Soil has four major compo-
nents: inorganic minerals, organic matter, water and air. The
coarser components of soil are stone, gravel and sand. The
smallest inorganic particle found in soil is clay. Not only
does soil carry bacterial contamination into the wound, but
the mere presence of inorganic and organic particles has
been shown to lead to impairment of leukocyte ability to
ingest and kill bacteria (559). Therefore very few bacteria are
able to elicit purulent infections in the presence of foreign
bodies. As there is no way of neutralizing the effect of soil,
therapeutic efforts should be directed towards removing it
from the wound area (see Chapter 21, p. 580).

In traumatic wounds, foreign bodies can usually be
removed, improving wound healing and decreasing the risk
of infection. In surgical wounds, however, this may not
always be the case. The most common foreign bodies in sur-
gical wounds are sutures, drains and biological materials
such as hematomas.

Sutures

The ideal suture can be described as free of infection, non-
irritating to tissues, achieving its purpose and disappearing

when the work is finished (435, 563). Such ideal sutures are
still not available; but by choosing the best material, the
complication rate provided by the suture material itself can
be decreased. Bulky and braided suture materials are gener-
ally more likely to cause trouble than fine monofilament
sutures (564, 565) (see Chapter 21, p. 592).

In non-infected multifilamentous sutures, fibroblasts and
giant cells appear early and the suture strands remain tightly
bound in comparison to infected sutures where bacteria
are entrapped within the braids, leading to pus forma-
tion (566).

The reaction around a monofilament suture is minimal
and a fibrous capsule appears after 10 days, even in the pres-
ence of infection. Apart from the knots, there is no space for
bacteria to lodge (566). The ideal suture is therefore a
monofilament type of suture with sufficient strength to hold
the wound edges together until significant healing has
occurred, even in delayed healing. The use of absorbable and
non-absorbable sutures in relation to wound healing
and infection is still controversial (567-569). The use of
sutures in soft tissue wounds is further discussed in
Chapter 21, p. 592.

Distant wound response

For decades it has been known that a wound preceded by a
previous injury heals faster than a primary wound. Thus
from a mechanical point of view (wound strength) a second
wound heals faster than the first (570). The explanation for
this phenomenon is still uncertain. Another distant wound
response is found when two wounds occur simultaneously
in distant parts of the body. In these cases impaired blood
circulation may be found in the wounds leading to impaired
healing (571).

Age
Fetal wound healing

Healing of experimental oral wounds in a mammalian fetus
differs greatly from similar wounds in adults (572-576).
Thus accelerated healing without scarring is found in fetal
wounds, even in defect wounds. The wound response
appears to be without acute inflammation and with minimal
fibroblast and endothelial cell proliferation (577). Further-
more the extracellular matrix appears collagen-poor and
rich in hyaluronic acid.

Hyaluronic acid is laid down early in the matrix of both
fetal and adult wounds; but sustained deposition of
hyaluronic acid is unique to fetal wound healing (578).
Hyaluronic acid is presently thought to play a decisive role
in the regenerative process, as it provides a permissive envi-
ronment for cell proliferation and mobility (572, 573, 577,
579) and suppresses macrophage-effected postnatal repair
(579). It has been shown that the elimination of transform-
ing growth factor B (TGF-B) from healing wounds in adult
rats reversed the typical fibrous scar formation to a stage of
fetal wound healing without scar tissue (580). This implies
that the control of selected cytokines may be a future
approach to control scarring.



Adult wound healing

The relationship between age and healing of skin wounds in
respect to speed of healing has been studied experimentally
in rats (581-588), rabbits (589, 590) and in humans (591,
592). Experiments examining the role of the age factor upon
wounding of oral mucosa and gingiva have been performed
in rats (593-597) mice (598) and humans (599-601). In the
most comprehensive studies using experimental skin
wounds in rats and gingival wounds in humans, it was found
that healing of gingival defects is slower and regeneration
more incomplete in old than in young individuals. Further-
more, wound strength develops more slowly in old rats than
in young rats, a finding which was related to the better func-
tional arrangement of collagen fibers in the young animals
(602). In the gastrointestinal tract, however, aging seems not
to have an adverse influence on wound healing (603).
Wound infection is also strongly related to age (604, 605).
Thus, in a prospective study on wound infection subsequent
to surgical wounds, a wound infection rate of 0.6% was
found in children aged 1-14 years and this rate rose to a
maximum of 3.8% in patients over 66 years of age (604).

Optimizing oral wound healing

An important principle to consider in this context is that the
mode of action of both normal wound healing and the
response to infection seems to follow a general pattern
which is sometimes in conflict with the regeneration of
injured organs. This is apparent in skin wounds where the
need for rapid wound closure (in order to prevent infection
from invading microorganisms) usually results in the for-
mation of a scar. In the dental organ, an effective response
against bacteria takes priority with activation of the neu-
trophils, lymphocytes, macrophages and osteoclasts leading
to frequent bone and tooth loss due to hard tissue resorp-
tion (see Chapter 2, p. 80).

Presently, the most likely avenue whereby healing prob-
lems can be avoided appears to be careful tissue handling
whereby tissue perfusion is re-established or stabilized and
wound contaminants (e.g. foreign bodies and microbes) are
reduced or eliminated.

To achieve this goal, various steps are necessary in the
diffent phases of wound healing. In the coagulation phase,
assistance in achieving hemostasis may be necessary. In per-
forming this, it is important not to use excessive cautery,
which results in tissue necrosis, or topical hemostatic agents
(e.g. Surgicel’, Oxycel®, Gelfoam®) that may have a potenti-
ating effect for infection (559). Instead, firm pressure
exerted with a gauze sponge for several minutes usually
results in hemostasis.

In handling oral wounds, a local anesthetic is usually nec-
essary. In this regard it should be borne in mind that the
vasoconstriction of the anesthetic solution increases the risk
of infection of the wound due to interference with the
inflammatory response in the critical first hours after injury
(559, 606). Regional block anesthesia rather than local
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infiltration of the anesthetic solution is therefore to be
recommended.

Wound debridement should be limited to removal of
foreign bodies and obviously damaged tissue which cannot
be anticipated to survive or become revascularized (see
Chapter 21, p. 581).

The elimination and/or reduction in the size of the blood
clot should be attempted in order to facilitate wound
healing, including revascularization. This applies to soft
tissues as well as tooth and bone repositioning.

The value of complete immobilization of the wound
edges is presently under debate so only a few treatment prin-
ciples can be suggested.

In soft tissue wounds any sutures used to immobilize the
wound edges must be regarded as foreign bodies which
increases the risk of infection (276, 559). Thus a minimal
number of sutures should be used, and a suture type should
be chosen which elicits minimal side effects (see
Chapter 21, p. 593).

In regard to hard tissue healing, splinting should gener-
ally be performed. These splints should not augment the risk
of infection, whereby the application and the design of the
splints becomes crucial (see Chapter 32).

The value of antibiotics in oral wound healing is presently
unsettled (see Chapters 17 and 21). If indicated, antibiotics
should be administered as early as possible and preferably
not later than in the first 3 to 4 hours after trauma and only
maintained for a short period of time (540) (see Chapters 17,
18 and 21). Acceleration of oral wound healing by the use of
growth factors is in its initial stage and has the potential to be
an essential part of trauma treatment (Chapter 2). The fasci-
nating perspective in the use of growth factors is the achieve-
ment of an orchestrated healing response whereby certain
parts of the cellular response are promoted (e.g. angiogene-
sis, fibrillogenesis, dentinogenesis, osteogenesis and epithe-
lialization). The initial attempts at such an approach to oral
wound healing appear very promising (see Chapter 21).

Essentials

Regeneration is a process whereby the original architecture
and function of disrupted or lost tissue is completely
restored.

Repair is a process whereby the continuity of disrupted or
lost tissue is restored by new tissue, but which does not
reproduce the original structure and function.

The general steps in wound healing

+ Control of bleeding by the combined action of vasocon-
striction and coagulation

+ Inflammatory response, whereby leukocytes migrate into
the wound in order to protect the area against infection
and perform cleansing of the wound site

+ Connective and epithelial tissue migration and prolifera-
tion, which obturate the wound defect and add mechani-
cal strength to the wound
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+ Reorganization of the tissue by a remodeling process
which results in more functionally oriented collagen fibers
which increase the strength of the wound.

The main roles of the individual tissue cells

« Platelets, apart from their role in initial hemostasis and
their activation of the coagulation cascade, serve as initia-
tors of the wound healing process.

Polymorphonuclear leukocytes prevent bacterial infection
within the wound site.

+ Macrophages are scavengers of tissue remnants and foreign
bodies including bacteria and the key cells in coordinat-
ing the cellular events in wound healing.

Fibroblasts produce collagen and ground substance which
fills out the wound defect and adds mechanical strength

to the wound.

Endothelial cells in the venules are the key cells in angio-
genesis. By coordinated endothelial cell proliferation and
migration, a new vascular network is formed at the wound
site.

Pericytes represent a pool of undifferentiated mesenchy-
mal cells.

Epithelial cells close the gap against the external environ-
ment by cell migration and proliferation.

The coordinated action of the above-mentioned cells is
found in the wound healing module created a few days after
injury where leading macrophages clear damaged tissue,
foreign bodies and bacteria with trailing fibroblasts and
newly formed capillaries.

Significant stimuli for the invasive growth of new formed
connective tissue and also termination of the wound healing
module appear to be growth factors as well as oxygen tension
and lactate concentration in the injury zone ahead of the
wound healing module.

Of many factors known to disturb wound healing, the fol-
lowing are the most likely candidates affecting mucosa and
skin, as well as the periodontium and the pulp of trauma-
tized teeth:

+ Low oxygen delivery to the wound site due to the initial
trauma and/or improper tissue handling technique (e.g.
suturing, splinting or lack of repositioning of tissues)

« Infection due to contamination of the injury site

« Foreign bodies including inappropriate use of sutures and
drains.
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Response of Oral Tissues to Trauma

J. 0. Andreasen & H. Lavschall

Repair and regeneration of oral tissues

An injury can be defined as an interruption in the continu-
ity of tissues, and healing as the reestablishment of that con-
tinuity. The result of this process can either be tissue repair,
where the continuity is restored but the healed tissue differs
in anatomy and function, or tissue regeneration, where both
anatomy and function are restored.

In lower vertebrates, the regeneration of appendages such
as limbs, tails and fins is common. In mammals, this healing
capacity has generally been lost, although it has been
reported that, in humans, digits amputated distal to the
distal interphalangeal joint can regenerate in children (1).
The explanation for this general loss of healing capacity in
mammals is presently under investigation. However, the
rapid epidermal healing response in mammals, which opti-
mizes wound closure in skin and thereby limits the risk of
infection, is currently believed to present an obstacle to
tissue regeneration (2).

Healing of most wounds in humans, whether caused
by trauma or surgery, includes repair with more or less
fibrous scar tissue formation which subsequently leads to
problems in function of the particular organ affected. In the
oral region, skin wounds and to a lesser degree the oral
mucosa are repaired with scar formation (see Chapter
21).

Dental tissues are unique in comparison to most other
tissues in the body due to their marked capacity for regen-
eration. Thus tooth germs split by trauma or surgery may to
a certain extent regenerate and the same applies to injured
dentin, cementum, bone, and gingiva (see later).

Injuries to the pulp and the periodontal ligament (PDL)
may sometimes regenerate or alternatively show repair with
fibrous scar tissue or bone.

Understanding the circumstances leading to repair and
regeneration in oral tissues has been a formidable challenge
(3). In this regard, wounding releases a variety of signals that
induce neighboring cell populations to respond by prolifer-
ation, migration, or differentiation.
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The first prerequisite for tissue regeneration is that a
tissue-specific cell population is present after wounding (e.g.
pulp or PDL progenitor cells). If these cells are not present,
repair rather than regeneration will take place. A typical
example of this concept is the healing by ankylosis of teeth
in which the PDL has been injured (see p. 81).

A second prerequisite for regeneration is that conditions
exist that are conducive to migration of tissue-specific cells
into the wound site. Thus, incomplete repositioning of a
luxated tooth may lead to damage to the epithelial root
sheath and thereby forcing ingrowth of PDL-derived cells
and bone into the pulp canal. Another situation in which the
topographic conditions of the wound may determine
whether repair or regeneration take place is related to loss
of periodontal attachment on a root or an implant. In this
situation the insertion of a membrane may guide bone cells
and/or PDL into the wound site (see Chapter 28, p. 779).

A third factor that may determine tissue repair or regen-
eration in oral wounds is the presence of contaminating
foreign bodies and/or bacteria. Inflammation related to a
contaminated wound has been found to lead to repair rather
than regeneration, possibly because contamination leads to
formation of a non-tissue-specific, inflamed granulation
tissue at the expense of the proliferation and migration of
tissue specific cells.

When assessing wound healing after trauma, it is not
enough to understand the healing capacity of individual cell
types; one must also consider the various tissue compart-
ments, each consisting of different cellular systems. Differ-
ences in healing capacity and rates of healing can lead to
competitive situations and thereby to variations in wound
healing. Ischemia or the total destruction of cell layers may
occur (2) (Fig. 2.1).

This chapter will present a brief description of the
anatomy and function of cell compartments typically
involved following a traumatic event. In the description of
these compartments, anatomical borders have been chosen
which are typically the result of separation lines or contu-
sion locations subsequent to trauma. Using this approach,
the following anatomical zones evolve in relation to teeth



Fig. 2.1 Injury zones after tooth lux-
ation. A lateral luxation implies trauma
to multiple cell systems in the peri-
odontium and the pulp, as rupture
(white arrows) or compression (blue
arrows) or ischemia damage these cel-
lular compartments. The outcome of
the healing processes is entirely
dependent upon the healing capacity
of the different cellular systems
involved.  From  ANDREASEN &
ANDREASEN (3) 1989.

with completed root development: gingival- and periosteal
complex; cemento-periodontal ligament complex; alveolar
bone complex and dentino pulpal complex. In developing
teeth, the following structures should be added: dental
follicle, enamel forming organ; and Hertwig’s epithelial root
sheath.

For each tissue compartment, a description will be given
of its anatomy and healing responses to trauma and
infection.

Developing teeth

Dental follicle

The dental follicle (dental sac) has traditionally been con-
sidered the formative organ of the periodontium (Fig. 2.2).
This concept has been supported by experimental studies of
transplanted tooth germs which show that the innermost
layer (dental follicle proper, which is in contact with the
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tooth germ) give rise to all of the components of the peri-

odontium (4-6). Based on these findings, it has been sug-
gested that the term dental follicle should be reserved for the
innermost layer of connective tissue separating the tooth
germ from its crypt (7). The remaining peripheral tissue
would therefore be designated as the perifollicular mes-
enchyme (5, 8). However, until further research has defi-
nitely ruled out the possibility of perifollicular mesenchymal
participation in the formation of the periodontal attach-
ment, it appears justified to use the term dental follicle for
all the mesenchymal tissue interposed between the tooth
germ and alveolar bone.

In addition to the role of the dental follicle in the forma-
tion of cementum and periodontal ligament fibers, it also
has a significant osteogenic capacity. Thus, in several exper-
iments it has been shown that heterotopic transplantation
of tooth germs, including their follicles, to soft tissue sites
results in formation of a complete periodontium including
cementum, periodontal ligament fibers and an adjacent shell
of bone (alveolar bone proper) (3, 5, 8-15).
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Fig. 2.2 Anatomy of a dental follice of a
monkey maxillary central tooth germ. Note the
close proximity between the primary tooth and
the permanent successor as well as the loose
structure of the follicle. x12.

Fig. 2.3 Eruption of a permanent maxillary
central monkey incisor. Note bone apposition
apically, while active bone and tooth resorption
takes place coronally. x12.



Fig. 2.4 Replantation of maxillary
monkey tooth germs with damaged
follicles. Preoperative and postopera-
tive radiographs and the condition
after 9 months. No eruption has taken
place. Low power view of both central
incisors. Note the lack of eruption
despite almost complete root forma-
tion. Furthermore note the ankylosis
sites affecting the crowns of both teeth
(arrows).  From  KRISTERSON &
ANDREASEN (25) 1984.

A number of events have been suggested to be responsi-
ble for tooth eruption, including root growth, dentin for-
mation, pulp growth and changes in the dental follicle and
the periodontal ligament (16-22). Recent experiments in
dogs and monkeys have demonstrated that changes in the
dental follicle (including the reduced enamel epithelium)
are possibly responsible for the coordinated enlargement of
the eruption pathway and movement of the tooth germ
along this pathway in the initial phases of eruption (23-26).
These findings, together with the established relationship
between the dental follicle and distinct areas of bone resorp-
tion and bone formation, suggest that the dental follicle
and/or the reduced enamel epithelium coordinate these
processes during eruption (21, 22-30) (Fig. 2.3) (see
Chapter 20). Consequently, severe disturbances in
eruption can be anticipated if there is damage to the follicle
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due to trauma or infection (see also Chapters 19 and
20).

Response to trauma

Histologic studies have revealed a very close relationship
between the primary teeth and the permanent dentition,
especially in the initial phases of development (31, 32) (Figs
2.2 and 2.3). Traumatic injuries can therefore easily be trans-
mitted from the primary to the permanent dentition (34).
While there is abundant clinical evidence to show that the
dental follicle has a remarkable healing capacity after injury,
certain limitations do exist. Thus, it has been shown that,
when larger parts of the dental follicle are removed, an anky-
losis is formed between the tooth surface and the crypt and
eruption is arrested (23, 25) (Fig. 2.4). The extent to which
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Fig. 2.5 Follicular changes after
pulp necrosis of a maxillary
monkey central primary incisor
Late stages of tooth development of
permanent tooth germs. Low power
view of control tooth (A) and experi-
mental tooth (C). x7.

Changes in the follicle

B. Normal reduced enamel epithelium
in control tooth. In the experimental
tooth (D) there is intense periapical
inflammation ~ demarcated  from
reduced enamel epithelium by a thin
layer of fibrous tissue (arrows). x75.
From ANDREASEN & RIIS (33) 1978.

a follicle can be damaged without leading to this complica-
tion is not known.

Response to infection

Very little information exists on the reaction of the dental
follicle to infection. In monkeys, it was found that follicles
of permanent incisor tooth germs were resistant to short-
term chronic periapical infection (i.e. 6 months exposure)
originating from the root canals of primary incisors
(Fig. 2.5), and no influence could be demonstrated on
the permanent successors with respect to enamel mineral-
ization (33). In rare instances, acute infection has been
found to spread to the entire follicle and to lead to seques-
tration of the tooth germ. Such events have been reported
after traumatic injuries to the primary dentition, in jaw frac-
tures where the line of fracture involves a tooth germ, or in
cases of osteomyelitis which affect the bony regions con-
taining dental follicles (34). Apart from these rare occur-

rences, the dental follicle appears to be rather resistant to
infection.

Enamel-forming organ

The formation and maturation of enamel in the permanent
dentition is often disturbed or arrested by trauma transmit-
ted from primary teeth after displacement and/or periapical
inflammation resulting from infection. The outcome of such
events depends primarily upon the stage of enamel forma-
tion at the time of the injury.

The usual stage at which primary tooth injuries interfere
with odontogenesis of the permanent dentition is the begin-
ning of mineralization of the incisal portion of the crown.
At this stage of development, the enamel-forming organ
consists of the cervical loop placed apically to the site of
active enamel and dentin formation. Coronally, the enamel
epithelium is divided into the inner and outer enamel



Fig. 2.6 Immediate changes
after intrusion of a primary
monkey incisor. A. Low power
view of specimen. x8. B. Dislo-
cation between mineralized
tissues and cervical loop. x75.
C. Rupture and bleeding in stel-
late reticulum. x75. D. Destruc-
tion of reduced enamel
epithelium. x75. E. Separation
of reduced enamel epithelium
from connective tissue. x75.
From ANDREASEN (37) 1976. E

A

epithelium with an intervening stratum intermedium and
stellate reticulum between them. The reduced enamel
epithelium is found more coronally, where the full enamel
thickness has been formed and mineralization completed. In
the following, a synopsis of the anatomy and function of
these structures will be presented, as well their response to
trauma and infection.

Cervical loop

At the free border of the enamel organ, the inner and outer
enamel epithelial layers are continuous and form the cervi-
cal loop (35, 36). Progression of tooth development is
entirely dependent upon the growth and action of this
structure.

Response to trauma

The cervical loop is highly resistant to trauma. Simple
separation of the cervical enamel and dentin matrix does
not prevent further enamel or dentin formation (37, 38)
(Figs 2.6 and 2.7). However, profound contusion of this
structure, as after intrusion of a primary incisor into the
developing successor, may result in total arrest of further
odontogenesis.
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Response to infection

The response of the cervical loop to infection has not yet
been studied.

Inner enamel epithelium

According to function, the inner enamel epithelium
(ameloblasts) evolves through a number of functional stages
(39-41) (Fig. 2.8). The first is the morphogenetic stage
whereby the future outline of the crown is determined.
This stage is followed by an organizing stage, with initiation
of dentin formation. The formative stage is then reached,
where enamel matrix formation as well as initial mineral-
ization take vplace. The maturation stage follows
enamel matrix formation. During this stage, there is partial
removal of the organic enamel matrix accompanied by a
complex mineralization process proceeding from the region
immediately adjacent to dentin and progressing outward
(42). These are followed by the protective and desmolytic
stages, which will be described later. During these two stages,
the tissue layer is now designated the reduced enamel
epithelium.
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Fig. 2.7 Late changes after intru- ¢ i
sion of primary incisors in a
monkey

Low power view of specimen (A),
where the intruded tooth is preserved
and the contralateral side where the
intruded tooth was extracted (D). x8.

Changes in enamel and dentin
Morphologic changes in enamel matrix
and dentin (B). Destruction of enamel
epithelium and abnormal matrix for-
mation (C). Partial arrest of enamel
matrix formation (E). x30. Metaplasia
of enamel epithelium and abnormal
matrix formation (F). x75. From
ANDREASEN (37) 1976.

Response to trauma

To date, only limited knowledge exists concerning the
response of the inner enamel epithelium to trauma (37, 38,
43-46). In the case of total loss of ameloblasts in the
secretory phase, no regenerative potential exists (44). In the
case of partial damage, the ameloblasts in the secretory
stage may survive and continue enamel matrix formation,
and later maturation may occur (42, 45-47) (Figs 2.6 and
2.7).

If there is total loss of the ameloblasts during the matu-
ration stage, a hypomineralized area of enamel will develop.
If partial damage occurs, the ameloblasts may recover and
the result may be only a limited zone of hypomineraliza-
tion (42).

Response to infection

When chronic periapical inflammation develops due to the
necrosis of an infected pulp in primary teeth, the effect upon
permanent successors is very limited, at least over a short
time (i.e. months) (33) (Fig. 2.5). When infection persists
over longer periods (i.e. years), experimental and clinical
studies have shown that enamel formation and maturation
may be affected (48-50).

The response to acute infection is similar to the response
to trauma and may lead to localized arrest of enamel for-
mation (51-58). At the site of injury, a cementum-like tissue
may later be deposited (59, 60). In this situation, the cemen-
toblasts are most probably recruited from the follicle, shown
to have cementogenic potential (61).
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Fig. 2.8 Changes in the enamel
epithelial compartment related to
enamel matrix production. From REITH
(39) 1970.
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Reduced enamel epithelium

When enamel matrix formation is complete and enamel
maturation begun, the ameloblasts become compact and the
stellate reticulum disappears, and a multilayered epithelium
is formed of cuboidal or flattened cells. The following func-
tions are currently linked to the reduced enamel epithelium:
protection of the enamel against the follicle until the tooth
erupts (62), regulation of osteoclastic activity in the follicle
preparatory to eruption (62), and participation in the break-
down of the connective tissue overlying the crown (63-66).
In addition, the reduced enamel epithelium may play an
active part in fusion with the oral epithelium as the tooth
emerges into the oral cavity (64).

Response to trauma

Minor injury to the reduced enamel epithelium is repaired
with a thin squamous epithelium (37) (Fig. 2.9). The influ-
ence of this event upon eruption is presently unknown, but
with larger areas of destruction of the reduced enamel
epithelium, ankylosis and tooth retention have been demon-
strated (67) (Fig. 2.4).

Response to infection

The short-term effect (i.e. months) of chronic inflammation
on primary teeth appears to be negligible (33) (Fig. 2.5),
while the long-term effect appears to be ectopic or acceler-
ated eruption (50).

Enamel and enamel matrix

Mature enamel has the highest mineral content of any tissue
in the body (i.e. 96-98%), whereas enamel matrix is con-

siderably less mineralized. Thus, if maturation is interrupted
due to infection or trauma, enamel hypomineralization will
result. One may see problems clinically with increased caries
or perhaps with difficulties regarding acid-etch restorative
techniques. This problem is further discussed in Chapter
20.

R esponse to trauma

Trauma to a primary tooth may cause contusion of the per-
manent enamel matrix (37, 38). The ameloblasts will also be
destroyed, thereby arresting enamel maturation and result-
ing in a permanent hypomineralized enamel defect (see
Chapter 20). In mature enamel, the result of a direct impact
will be enamel infraction, i.e. a split along the enamel
rods usually ending at the dentino-enamel junction
(see Chapter 10), or a fracture, whereby part of the crown is
lost.

Response to infection

The response of enamel matrix or enamel to infection has
been discussed earlier.

Hertwig's epithelial root sheath

Hertwig’s epithelial root sheath (HERS) is a continuous
sleeve of epithelial cells which separates the pulp from the
dental follicle. In all primates it consists of an inner layer of
cuboidal cells and an outer layer of more flattened cells (68).
(Fig. 2.10). Occasionally, there is an intermediate layer of
elongated cells (69).
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Fig. 2.9 Late changes after
intrusion in monkey

Low power view of specimen
(A) where the intruded primary
tooth was preserved and the
contralateral side where the
intruded tooth was extracted
(D). Arrows indicate length of
disturbed reduced enamel
epithelium. x8.

Changes in follicle and
hard tissues

B. Periapical inflammation and
disturbed enamel epithelium
C. Amorphous  eosinophilic
substance  deposited  upon
enamel. E. Area with tempo-
rary arrest of enamel matrix
formation. x75. F. Metaplastic
reduced enamel epithelium.
From ANDREASEN (37) 1976.

HERS completely encloses the dental papilla except for an
opening in its base, the primary apical foramen, through
which the pulp receives its neurovascular supply. Root for-
mation is determined by the activity of HERS (70-74), and
root growth is dependent upon a continuous proliferation
of epithelium (75, 76). More incisally, dentin and cementum
develop synchronously, ensuring a relatively constant sheath
length throughout root formation up to the final phases of
root development, when the root sheath becomes consider-
ably shorter.

The width of the primary apical foramen as well as the
number of vessels entering it appears to be relatively con-
stant until final root length has been achieved (74). Thus, in
a luxation, replantation or transplantation situation the

chances of revascularization through the primary apical
foramen should theoretically be the same throughout the
early stages of root development, until apical constriction
starts. Such a relationship has in fact been found for luxated
(75, 607) and replanted incisors (76, 608) as well as for auto-
transplanted human premolars (77).

In the following, a closer look will be taken at the role of
HERS in dentin and cementum formation. Odontoblastic dif-
ferentiation takes place adjacent to the basal aspect of HERS,
after which the first dentin matrix is deposited (mantle
dentin). At this time, the innermost layer of cells in the root
sheath secrete a material which combines with the mantle
dentin to form the so-called intermediate cementum layer.
This layer has been found to contain enamel matrix protein



Fig. 2.10 Hertwig's epithelial root sheath. The root sheath consists of 2
to 3 layers of epithelial cells.
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Fig. 2.11 Epithelial island of Mallassez.
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Fig. 2.12 Hyperactivity of HERS with excessive production of dentin after replantation of a permanent maxillary lateral incisor. A. x25. B. x75. Obser-

vation period: 1 week.

and later becomes hypercalcified (78-80). The intermediate
cementum layer has recently attracted interest (81). It has
been found to be an effective barrier against the penetration
of noxious elements placed in the root canal to the
periodontal ligament via the dentinal tubules and pos-
sibly also to toxins produced by bacteria within the root
canal (82).

After odontoblast induction and formation of intermedi-
ate cementum, the root sheath degenerates and the epithe-
lial cells migrate away from the root surface to form the
epithelial rests of Mallassez (Fig. 2.11). At the same time,
cells from the periodontal ligament migrate towards the root
surface and become cementoblasts. These cells then synthe-
size collagen and other organic constituents of cementum.
The role of the epithelial root sheath in the induction of
cementoblasts, however, has recently been questioned (75,
83-85).

Response to trauma

Chronic trauma to the Hertwig’s epithelial root sheath, such
as orthodontic intrusion of immature teeth, often leads to
its fragmentation. In these cases the epithelial fragments dis-
placed into the pulp canal can induce true denticle forma-
tion (i.e. dentin-containing pulp stones) (86-90).

An injury close to the root sheath (e.g. a laceration in the
PDL) may result in temporary hyperactivity of the root
sheath which can initiate rapid production of both dentin
and cementum in the apical area (Fig. 2.12). However, activ-
ity of the root sheath will later return to normal.

Acute trauma to the epithelial root sheath is transmitted
indirectly, for example by the intrusion of a primary tooth,
or directly by forceful displacement of immature permanent
teeth, can damage HERS and lead to partial or complete
arrest of root development (91-94) (Fig. 2.13).
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Fig. 2.13 Damage to the cervical diaphragm or the HERS subsequent to replantation of permanent lateral monkey incisors. Observation period: 1 week.
A. Displacement of cervical diaphragm. x25. B. Fragmentation of the root sheath. x75.

During replantation, the root sheath may be injured
either during avulsion, during extraoral storage, or by the
repositioning procedure. Following such injury, further root
growth will be partially or totally arrested; and bone and
PDL-derived tissue from the base of the socket may invade
the root canal to form intraradicular bone which is sepa-
rated from the canal wall by an internal periodontal ligament
(95) (Fig.2.14) (see also Chapters 13 and 17). A similar bony
invasion into the pulp of immature teeth is found when the
epithelial root sheath is resected in situ (96-98), or when the
root sheath is injured chemically, as with devitalization pro-
cedures that employ formaldehyde (99, 100).

Response to infection

Hertwig’s epithelial root sheath is rather resistant to inflam-
mation in connection with partial pulp necrosis. Although
sometimes restricted, root formation has been found to
occur in most cases of partial pulp necrosis irrespective of
whether endodontic therapy has been instituted or not (see
also Chapter 22). This would seem to imply that HERS can
continue to function despite inflammation (96, 101-108). In
this context, there appears to be a critical distance between
the root sheath and pathological changes in the pulp. If that
distance is too short, inflammation will destroy the root
sheath and root formation will be arrested (96) (Fig. 2.15).
The fact that the epithelial root sheath can continue to func-
tion despite inflammation elicited by a partial pulp necrosis
demonstrates that continued root development and apical
closure as such cannot be taken as criteria for pulpal vital-
ity (see Chapter 22).

Teeth with developed roots

Gingival and periosteal complex

The gingiva is usually involved during crown-root and root
fractures, luxation injuries and always during tooth avul-

sion. In addition, the periosteum is always involved during
lateral luxation and alveolar bone fractures. In the follow-
ing, the anatomy and function of the gingiva and perios-
teum will be described, as well as their response to trauma
and infection.

GINGIVA

Gingiva is defined from an anatomic point of view as either
free or attached. The free gingiva comprises the vestibular
and oral gingival tissue as well as the interdental papilla.
Clinically, the apical border of the free gingiva is usually cir-
cumscribed by the free gingival groove (Fig. 2.16).

The attached gingiva is circumscribed coronally by the
free gingival groove and apically by the mucogingival junc-
tion. The attached gingiva is firmly bound to the periosteum
by collagenous fibers and is resistant to elevation.

The alveolar mucosa borders the attached gingiva and is
loosely bound to periosteum, thereby offering minimal
resistance to the formation of a subperiosteal hematoma
which can develop after lateral luxation, alveolar fracture, or
rupture from traction due to an impact parallel to the labial
surface of the mandible or maxilla.

The function of the free gingiva is to seal, maintain and
defend the critical area where the tooth penetrates its con-
nective tissue bed and enters the oral cavity.

The gingival epithelium immediately adjacent to the
tooth and junctional epithelium is designed to seal the peri-
odontium from the oral cavity (Fig. 2.16).

Gingival epithelium displays a specific anatomy, being
narrow and consisting of a few cell layers without rete pegs.
The development of the junctional epithelium is closely
related to tooth eruption. Thus, the junctional epithelium
shows cell division originating in the basal layers, with cells
being ultimately exfoliated into the gingival sulcus. Two
zones can be recognized by transmission electron
microscopy between the superficial cells of the junctional
epithelium and the enamel; namely, the lamina densa and
the lamina lucida, together called the internal basement



Fig. 2.14 Effect of trauma to HERS
upon root growth. Left: the right per-
manent central incisor in a monkey
was extracted and the HERS was trau-
matized by pressing the apex against
the socket wall before repositioning.
The left central incisor was extracted
and repositioned as a control. Right:
condition 9 months after surgery in a
monkey Root development has
stopped and bone has entered the root
canal in the right central incisor. The
left central incisor shows normal root
development. From ANDREASEN et al.
(96) 1988.

lamina. Hemidesmosomes are formed by the epithelium
adjacent to the lamina lucida, and these create an interphase
with the enamel analogous to that with the subepithelial
connective tissue (109).

Dental cuticle and sometimes a layer of fibrillar cemen-
tum can be seen interposed between this epithelium and the
enamel. The sulcular epithelium faces the tooth without
being in direct contact with it (Fig. 2.16). This epithelium is
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thicker than the junctional epithelium and has abundant
rete pegs.

The fibrillar system of the gingiva is complex, comprising
groups of collagen fibers with different sites of insertion
(110-116) (Fig. 2.16).

The dentinogingival fibers originate in cementum and
insert in the free gingiva. The dentoperiosteal fibers start at
the same site, but insert into the attached gingiva. The
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Fig. 2.15 Critical distance between pulp necrosis and survival of HERS. A. The permanent central maxillary incisor was autotransplanted to the con-
tralateral side in a monkey 1 week previously. x25. B. Pulp necrosis extending to the apex mesially whereas the pulp necrosis zone is T mm short of the
distal aspect of the apex. The HERS has survived and some root formation has occurred. x75. From ANDREASEN et al. (96) 1988.

Fig. 2.16 Anatomy of the gingiva and
periosteal complex. 1 Sharpey’s fibers,
2 dentoperiosteal fibers, 3 alveolo-
gingival fibers, 4 dentogingival fibers,
5 junctional epithelium, 6 gingival
epithelium, 7 sulcular epithelium, 8
periosteogingival fibers, 9 intergingival
fibers, 10 circular fibers.

transseptal fibers extend from cementum in the supra-alve-
olar region and insert into the supra-alveolar cementum of
the adjacent tooth. The circular fibers encircle the tooth in a
ring-like, supra-alveolar course. These fibers are responsible
for the very rapid initial closure of an extraction wound (see
p- 83), as well as the rapid adaptation of the gingiva around
luxated or replanted teeth (see p. 75). Finally, alveologingival

fibers emanate from the top of the alveolar crest and fan out
into the attached gingiva.

The blood supply to the gingiva originates from three
sources: the periodontal ligament, the crestal bone and the
supraperiosteal blood vessels (see p. 78). This ensures sur-
vival of the marginal gingiva even after severe laceration or
contusion (see Chapter 21).
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Fig. 2.17 Differences in periosteum related to age. A. Cellular alveolar periosteum in a young monkey (root development of permanent incisors incom-
plete). O = osteoblasts, P = precursor cells, F = fibroblasts. x75. B. Periosteum in an old monkey. Note the difference in the configuration of periosteum.

x75.

PERIOSTEUM

The alveolar periosteum covers the alveolar process. In
young individuals, at the time of active bone growth, it con-
sists of an inner layer of angular osteoblasts followed by
spindle-shaped precursor cells supported by loosely
arranged collagen fibers (Fig. 2.17). In older individuals,
where growth has ceased, the inner layer consists of flattened
bone lining cells followed by an outer fibrous layer of inac-
tive osteoprogenitor cells which, however, still maintain
their potential for cell division (117-119) (Fig. 2.17).

The periosteum serves an important function in apposi-
tional growth, remodelling and bone repair after injury. Fur-
thermore, it anchors muscles and carries blood vessels,
lymphatic vessels and nerves.

Response to trauma

The gingival attachment is often torn during luxation
injuries and always during avulsions. In an experimental
replantation study in monkeys, the junctional epithelium
showed increased autoradiographic labelling of cells as early
as after 1 day, and reached a peak after 3 days. After 7 days,
a new junctional epithelium was formed (120). In the con-
nective tissue, the ruptured gingival and transseptal collagen
fibers were united in the majority of cases after 1 week
(121-123).

The response of periosteum to trauma is not very well
described. Displacement of the attached gingiva or the alve-
olar mucosa involves injury to the periosteum and the
underlying bone (124-161). Thus, the surface of bone is
affected in several ways. Firstly, the cortical bone plate loses
an important part of its vascular supply. Secondly, the cel-
lular cover of bone provided by the innermost layer of
periosteum is partially or totally removed. These two events
invite an initial resorption of the bony surface which,
however, is then followed by bony deposition to repair the
initial loss.

In addition to bone loss due to displacement of gingiva
or alveolar mucosa, bone may also be lost directly due to

trauma. In such cases, an important factor related to healing
is the osteogenic potential of the periosteum, which is
strongly influenced by age (152-154). Thus, when a
periosteal flap is raised in adult animals, the osteogenic layer
is usually disrupted and periosteal osteogenesis can only take
place from the periphery of the wound where progenitor
cells have not been disturbed (155-158), implying that bony
repair will be limited and fibrous scar tissue will often form
in its place (162, 163).

Conversely, in young animals, cells in the cambium layer
of elevated flaps exhibit osteogenic potential and the bone
contour is often fully repaired. In humans, surgical removal
of large portions of the mandible, but with intentional
preservation of the periosteum, has been seen to result in
extensive new bone formation (160, 161).

Response to infection

The general response of gingiva to infection has been the
subject of numerous studies related to plaque-induced gin-
givitis and is beyond the scope of this text. The significance
of infection will be discussed only as it relates to the gingi-
val attachment after traumatic or surgical injury. In
monkeys, it has been shown that incisional wounds from the
gingival sulcus to the alveolar crest lead to epithelial growth
through most of the supracrestal area when gingival inflam-
mation was induced (164).

The role of bacteria in gingival healing after surgical injury
has been assessed only indirectly through the effect of antibi-
otic therapy. The use of antibiotics (tetracycline) in rats after
injuries to pulpal, gingival and root tissues was shown to
promote gingival and periodontal reattachment (165-167).
In humans, it was demonstrated that the administration of
erythromycin for 4 days after gingivectomy led to completed
epithelialization after 1 week, in contrast to only two-thirds
of the specimens when no antibiotic coverage was given
(167). In conclusion, there is some evidence that bacteria-
induced gingival inflammation has a negative influence
upon wound healing after trauma and surgical injury.
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If an odontogenic infection spreads from bone marrow to
the periosteal layer and an abscess is formed between perios-
teum and cortical bone, the blood supply to the immediately
underlying cortical bone can be compromised. The cortical
bone can then undergo ischemic necrosis, resulting in an
undermining resorption (168).

Periodontal ligament-cementum complex

The anatomical border for the PDL is the most cervically
located of the principal fibers (Sharpey’s fibers) that insert
into both cementum and alveolar bone (Fig. 2.18). In this
context, only the anatomy and function of the more impor-
tant cellular and fibrillar structures of the periodontal liga-
ment will be considered.

CEMENTOBLASTS

Cementoblasts are spindle or polyhedral shaped cells whose
long axes are usually oriented parallel to the root surface. The
cytoplasm is basophilic and the nuclei are round or ovoid
(Fig. 2.18). These cells are said to be active or resting accord-
ing to the relative amount of cytoplasm. Resting cells contain
less cytoplasm than active cementoblasts (169). Cemento-
blasts produce the organic matrix of cementum (i.e. intrin-
sic collagen fibers and ground substance), while the extrinsic
fibers (i.e. Sharpey’s fibers) are formed by fibroblasts from
the PDL (170). If the cementoblast becomes incorporated
into the mineralizing front, cellular cementum is formed.
The deposition of cementum appears to occur rhythmically
throughout life, at a speed of approximately 3 um per year
(171). Periods of activity alternate with periods of quies-
cence, thereby giving rise to incremental lines (172).

PERIODONTAL FIBROBLASTS

These cells are spindle-shaped, with several points of contact
with adjacent cells. The nuclei are oval, containing one or
more prominent nucleoli (Fig. 2.18). In sections parallel to
Sharpey’s fibers, fibroblasts appear as spindle-shaped cells
with only occasional contact with other fibroblasts (Fig.
2.18). In transverse sections, however, they are seen as stel-
late cells whose processes envelope the principal periodon-
tal fiber bundles and connect with many other fibroblasts to
form a cellular network (173). This intricate relationship
between fibroblasts and Sharpey’s fibers after injury may be
important in the rapid degradation or reformation of
Sharpey’s fibers (175, 176). Anatomical (174) and in vitro
studies (173) suggest that different fibroblast populations
exist in the PDL (174).

Fibroblasts are responsible for the formation, mainte-
nance and remodelling of PDL fibers and their associated
ground substance. By using tritiated thymidine labelling, it
has been found that fibroblasts comprise a very active cell
renewal system. In mice, for example, a cell turnover rate of
30% was seen when continuous labelling was used over a
period of 25 days (178, 179). Furthermore, cell renewal took
place as a clonal paravascular proliferation of cells. Together

with programmed cell death (apoptosis) in the PDL, a steady
state was created in the cellular content of the periodontal
ligament (179-181).

As already stated, an important function of fibroblasts in
the PDL is the maintenance of periodontal fibers. This func-
tion is manifested by very rapid collagen synthesis and degra-
dation (turnover) (182-186), occurring primarily in the
middle zone of the PDL (187). Thus, it has been shown that
the half-life of collagen in the PDL of rats is about 6-9 days
(188, 189). Moreover, collagen turnover is considerably more
rapid in PDL collagen than in that of gingiva, pulp or other
connective tissues in the body (190, 191). This very rapid
turnover in the PDL is in agreement with findings from
studies in PDL wound healing, where very rapid healing of
the periodontium has been demonstrated after surgical
injury (see p. 79).

Finally, for the sake of completeness, it should be men-
tioned that periodontal fibroblasts are also responsible for
synthesis and maintenance of other fibers, such as elastin
and oxytalan.

OSTEOBLASTS

The osteoblast is slightly larger than the cementoblast and
has a circular or ovoid nucleus which is usually located
eccentrically. The cytoplasm is abundant and very basophilic
during osteogenesis (Fig. 2.18). Like the cementoblast, the
osteoblast is found in an active or resting form, as revealed
by less cytoplasm in the latter form.

EPITHELIAL RESTS OF MALLASSEZ

A network of epithelial cells is found in the PDL positioned
close to the root surface (Fig. 2.18). These cells originate
from the successive breakdown of the Hertwig’s epithelial
root sheath during root formation (see p. 69).

These epithelial cells have been proposed as playing a role
in the homeostasis of the PDL (193-195, 659). However,
other studies do not support this theory (196-200). On the
other hand, these cells represent an important part of the
defense system of the PDL against invading bacteria from
the root canal. Bacterial invasion of both the main and
lateral canals leads to proliferation and adherence of the
epithelial cells to the root canal openings at the PDL to form
an epithelial barrier against the invaders (201).

PERIODONTAL LIGAMENT FIBERS

The vast majority of collagen fibers in the PDL are arranged
in bundles, the so-called principal fibers (Sharpey’s fibers)
(Fig. 2.18). These fibers are embedded in both cementum
and bone. In their course from cementum to alveolar bone,
they are often wavy at their midpoint, giving the impression
of an intermediate plexus, with interdigitation of fibers.
However, recent scanning electron microscopic studies seem
to indicate that the majority of the principal fibers span the
entire PDL space, although they usually branch and join
adjacent fibers to create a ladder-like architecture in the PDL
(202-216) (Fig. 2.18). The principal fibers extending from
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FIBROBLAST OSTEOBLAST

OSTEOCLAST

Fig. 2.18 Anatomy of the periodontal ligament. Sharpey's fibers, cementoblast, Mallassez epithelial island, fibroblast, osteoblast, osteoclast.
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A

Fig. 2.19 Vascular supply to the periodontium. A. Vascular supply to the PDL in a longitudinally sectioned permanent maxillary central incisor in a
monkey shown by indian ink perfusion. x10. B. The interdental arteries give off multiple branches to the midportion of the PDL. x100.

cementum to bone can be classified according to their direc-
tion and location into horizontal, oblique and apical fibers.
In the gingiva, the supra-alveolar (gingival) fibers can be
classified into dentogingival fibers, dentoperiosteal fibers,
interdental fibers and circular fibers (Fig. 2.16) (see p. 74).
The main function of the PDL is to support the tooth in
its alveolus during function. Whenever functional demands
are changed, corresponding adjustments take place in the
architecture of the PDL, such that the orientation, amount
and insertion pattern of the principal fibers are altered.

PERIODONTAL VASCULATURE

The blood supply to the PDL at the midportion of the root
appears to arise from branches of the superior or inferior
alveolar arteries. Before these arteries enter the apical
foramen, they give off branches to the interdental bone. On
their way to the alveolar crest, they give off multiple branches
which perforate the socket wall and form a plexus which sur-
rounds the root surface (217-222). This plexus is located in
the interstitial spaces between Sharpey’s fibers. In primates,
the majority of these vessels are located close to the bone
surface (221). Apically, the blood supply to the PDL origi-
nates from branches of the dental arteries which are released
as they cross the PDL and enter the pulp. Cervically, however,
anastomoses are formed with gingival vessels (Fig. 2.19).

The blood supply to the gingiva appears to arise prima-
rily from the supraperiosteal blood vessels, which anasto-
mose in the gingiva with vessels from the PDL and branches
of the interdental arteries and which perforate the crestal
bone margin or the labial or lingual bone plate.

PERIODONTAL INNERVATION

The PDL has receptors for pain, touch, pressure and propri-
oception, which all belong to the somatic nervous system.
Autonomic nerves are also present, which innervate the
blood vessels. In general, periodontal innervation follows the
same pathways as the blood supply. In a recent experimental
study it has also been found that sensory fibers promote root
resorption after pulpo-periodontal injury (223).

HOMEOSTATIC MECHANISM OF PDL

PDL appears to exist throughout life with minimal varia-
tions in width (224, 225). This dimension is primarily con-
trolled by age and function, but it is also affected by
pathology (226) (see Chapter 5).

The homeostasis against resorption in the periodontal
ligament space (and the pulp) has always been an enigma.
Previously, it has been hypothesized that the periodontal
(227, 228, 255) and pulpal cells (229, 230) act as a barrier
that prevents resorption of the roots by inhibiting the
resorbing cells from gaining access to cementum and dentin
(224, 229, 231-235).

Apparently, these cells on the root surfaces normally give
protection against an osteogenic cell invasion. New molec-
ular signals have recently been identified in various cell types
(229, 230) such as periodontal ligament cells (PDL-cells),
odontoblasts, osteoblasts, and cementoblasts (227), which
may explain the homeostasis phenomenon.

Different cell types, including preosteoblasts, express
active signal molecules in a membrane bound (RANKL) and
a soluble (SRANKL) form. The RANKL (receptor activator
of NFkappa-B-ligand) molecules are ligands with the capac-
ity to activate mononuclear osteclast progenitor cells with
receptor (RANK) attached to their surface. If these two mol-
ecules — the ligand and the receptor — meet, the osteoclast
progenitor cells become differentiated and merge with other
progenitor cells to form osteoclasts (236—241), which poten-
tially may attack the root surface or the root canal.

A third molecule called osteoprotegerin (OPG) is a
soluble molecule, i.e. a decoy receptor. The OPG is able to
bind and cover both the RANKL molecules on adjacent cells
and the soluble sSRANKL, and OPG is thereby able to give
protection to the root surface (236, 241) (Fig. 2.20).

When the OPG/RANK/RANKL signaling pathway is in
action it is able to both protect against or activate osteo-
clastic activity, and recent studies suggest this as a possible
explanation for the protective action of the hard tissue cov-
ering cells, i.e. odontoblasts, cementoblasts, and PDL-cells
(Fig. 2.21). Furthermore, the OPG/RANKL ratio level can be
upregulated or downregulated by growth factors, hormones
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Fig. 2.20 RANK, RANKL and OPG system monitoring osteoclast activity.

and inflammatory factors (e.g. interleukins) which may
explain a number of resorption phenomena such as osteo-
porosis and inflammatory root or bone resorption (238)
(see Chapters 3 and 5).

The experience on periodontal homeostasis is supported
with this new molecular evidence. The new knowledge
about the OPG/RANK/RANKL system appear to explain
central aspects of tooth eruption and shedding of primary
teeth (241-244), progression of ankylosis (245-249), ortho-
dontic tooth movement (250-253), periodontitis, peri-
implantitis and rheumatoid arthritis (253, 254).

Thus the molecules RANKL/OPG have been found
involved in physiologic primary tooth resorption (240) and
in the follicles of erupting teeth (243, 244), and primary
tooth shedding appears to be regulated by the RANKL/OPG
signaling system (241).

In conclusion the observations on the OPG/RANK/
RANKL system in the PDL seem to agree and support
the previous hypothesis that the PDL cells act as a barrier
that prevents resorption of the roots by inhibiting the
resorbing cells (617). For a further discussion of the
OPG/RANK/RANKL system the reader is referred to
Chapter 3.

Response to trauma

Following a severe dental injury (e.g. lateral luxation or
intrusion) the PDL must respond to a variety of insults.
These can include temporary compressive, tensile or shear-
ing stresses, which result in hemorrhage and edema, rupture
or contusion of the PDL. Each of these injuries can induce
varying wound-healing signals.

The cellular kinetics of healing in the PDL associated with
a surgical wound have been examined using tritiated thymi-
dine labelling of proliferating cells. Thus, in mice, paravas-
cular cells were labelled within 100 um of the margin of the
injured PDL. Some of these cells moved into the injury zone
3-5 days after injury and divided (256). It would appear that
in the PDL there is a population of paravascular stem cells
which exhibits a high nuclear/cytoplasmic ratio and which
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Fig. 2.21 Intraradicular root surface of rat molar where migration of
osteoclasts is arrested in the periodontal ligament.

remains stable throughout wound healing, but provides a
front of new cells that migrate towards the wound and then
divide (256-259) (Fig. 2.22). The identity of these progeni-
tor cells is only partially known at present (260-262). It is
possible that progenitor cells placed in the middle of the
PDL supply the fibroblast population (256, 259), while pro-
genitor cells close to the alveolar bone develop into
osteoblasts (256-259, 263, 264). Cementoblasts precursors
have not yet been identified; however, there is some indica-
tion that the progenitors for this cell population are located
away from blood vessels (259, 264) (see Chapter 3).

Bleeding and edema

Very little is known about healing events after bleeding or
edema in the PDL subsequent to minor trauma (e.g. con-
cussion or subluxation). However, in a clinical luxation
study, a higher frequency of surface resorption was seen fol-
lowing concussion injury than after subluxation (265), sug-
gesting that pressure from bleeding into the PDL after a mild
injury might elicit minor areas of damage to the root
surface. In the case of subluxations, where the impact is great
enough to cause tooth loosening, this pressure can be
relieved; however when no loosening results (i.e. concus-
sion), pressure will be reflected in subsequent surface
resorption.

Rupture of the PDL

There has been little investigation into the healing of a rup-
tured PDL. The few available studies are either of extrusive
luxation (263, 266-268) or of extraction and subsequent
replantation (120-122, 192, 269).

In monkeys, it appears that rupture of the fibers after
extrusion or extraction usually occurs midway between the
alveolar bone and the root surface. However, rupture can
also be seen close to either the alveolar wall or the root
surface. After 4 days the cervical and apical part of the PDL
appears revascularized (270). After 1 week, the split in the
periodontal ligament is occupied by proliferating fibroblasts
and blood vessels. In isolated areas, union of the principal
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Fig. 2.22 Healing of ruptured PDL. A. Healing of the periodontal ligament after replantation of a permanent monkey incisor. The monkey was perfused
with India ink at sacrifice 1 week after replantation. x25. B. The PDL is very cellular and has lost its typical parallel arrangement of the fibroblasts. In a

few places Sharpey's fibers appear united. x100.

fibers has already taken place (Fig. 2.22). After 2 weeks, a
substantial number of principal fibers have healed. At that
time, the mechanical properties of the injured PDL are
about 50-60% of that of an uninjured PDL (266). With
longer observation periods, an increased number of healed
principal fibers can be seen. After 8 weeks, the injured PDL
cannot be distinguished histologically from an uninjured
control (266). If the alveolar bone is lost and there is an
intact PDL covering the root, animal experiments have
shown that the PDL will induce new bone (271, 272). In
autotransplantation of teeth in humans the same phenom-
enon has been noted (see Chapter 27).

Contusion injuries of the PDL

During intrusion, lateral luxation or avulsion with subse-
quent replantation, contusion of the PDL is a common
occurrence (197). Wound healing is subsequently initiated
when damaged tissue is removed by macrophage or osteo-
clast activity. During these events, not only are necrotic PDL
tissue remnants removed, but sometimes also bone and
cementum (273). The latter can lead to either surface or
inflammatory resorption (repair- or infection-related
resorption), depending upon the age of the patient, the stage
of root development and pulp status (Figs 2.23 and 2.24)
(224, 274). When large areas of the PDL are traumatized,
competitive wound healing processes begin between bone
marrow-derived stem cells destined to form bone and PDL-
derived cells which are programmed to form PDL fibers and
cementum (224, 274, 275) resulting in replacement resorp-
tion (ankylosis resorption) (Fig. 2.25).

Response to infection

Progression of gingival infection or spread of infection from
the root canal through the apical foramen, accessory canals
or dentinal tubules are the most common routes of infec-
tion of the PDL. Accordingly, the following discussion will
emphasize PDL reactions due to infection in the root canal,
based on several studies in humans and animals (278-285).

Cellular kinetics of the PDL due to pulpal infection have
been examined in rats using tritiated thymidine. It was
shown that after 1 hour there was increased labelling of
fibroblasts, osteoblasts and cementoblasts which reached a
peak after 2 to 3 days. The increase in cellular activity con-
tinued in osteoblasts and fibroblasts for 30 days (the end of
the experiment) while the cementoblast layer returned to its
normal level after 25 days (276, 277).

Moderate or intense periapical inflammation has been
found to lead to a breakdown of PDL fibers and resorption
of the root apex and bone, resulting in an expansion of the
PDL space or a periapical rarefaction (226-233) (Fig. 2.24).
This resorption response has been found to be related to the
presence of bacteria and their toxins in the root canal
(286-295). This is supported by experiments in germ-free or
conventional rats (617). The stimulus for osteoclastic activ-
ity affecting the root surface and alveolar bone appears to be
a combination of a direct influence of bacteria and their
toxins and an indirect influence on the osteoclast in response
to inflammatory changes (224, 274, 296, 297) (Fig. 2.26). The
cell population in the PDL, however, appears to be rather
resistant to infection in the sense that, when infection has
been eliminated, the PDL usually returns to normal. This
phenomenon has been found in the marginal periodontium
(298, 299), in the apical periodontium (300, 301) and in sit-
uations involving the entire PDL, such as after osteomyelitis
(302). However, if the infection is not completely eradicated,
chronic inflammation will develop and allow only minimal
cementum and PDL repair (277, 303).

PDL healing after initial root resorption or surgical injury
to the root surface is influenced by a number of factors
including age, size of lesion, functional stimuli, but usually
leads to healing with new formation of cementum and new
inserting fibres (304). The process of healing is under
control of a series of extracellular matrix, glycoproteins,
growth factors and cytochines in a very complex process (for
a survey see Amar 1996 (305)).

The presence of bacteria in the root canal and dentinal
tubules has been shown experimentally to interfere with the
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Fig. 2.23 Pathogenesis of surface resorption (repair-related resorption): healing with minor injury to the periodontal ligament. The injury site is resorbed
by macrophages and osteoclasts. The osteoclasts have exposed factors and other soluble molecules in dentin such as IGF-1, TGF-B, PDGF, BMPs, FGF-2
and A4 (amelogenin gene splice products). These molecules may serve as stimulators for cementoblasts (489). Subsequent repair takes place by the for-

mation of new cementum and Sharpey’s fibers.
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Fig. 2.24 Pathogenesis of inflammatory resorption (infection-related resorption): healing with moderate or extensive injury to the periodontal ligament
and associated infection in the pulp and/or dentinal tubules. The initial injury to the root surface triggers a macrophage and osteoclast attack on the
root surface. Osteoclasts have exposed toxins from bacteria located in the root canal and dentinal tubules such as LPS (lipopolysaccharide), MDP (muramy!
dipeptide) and LTA (lipoteichoic acid). These toxins serve as direct activators for osteoclastic activity. The resorption process is accelerated and granula-
tion tissue ultimately invades the root canal.
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Fig. 2.25 Pathogenesis of replacement resorption (ankylosis-related resorption): healing after extensive injury to the periodontal ligament. The osteo-
clasts have exposed factors and other soluble molecules in dentin such as IGF-1, TGF-B, PDGF, BMPs, FGF-2 and A4 (amelogenin gene splice products).
These molecules may serve as stimulators for osteoclasts and/or bone formation (532). Ankylosis is formed because healing occurs almost exclusively by
cells from the alveolar wall.

expected normal healing process with new deposition of  an intact cementum layer apparently prevents toxins and
cementum and reformation of PDL fibres. Instead a chronic ~ bacteria from interfering with healing.

inflammation occurs with osteoclastic activity and cemen- With regard to periodontal apical healing, after endo-
tum repair becomes restricted (306, 307). The presence of  dontic treatment of an infected root canal a large study in
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Fig. 2.26 Periapical inflammation and apical root resorption subsequent to pulp necrosis in a replanted permanent monkey incisor. x10 and x100.

monkeys has shown that presence of bacteria in the canal
after root filling results in significantly lower healing fre-
quency (21% versus 72%) (618).

Alveolar bone and marrow complex

The alveolar process may be defined as the tooth-support-
ing region of the mandible or maxilla (Fig. 2.27). It is made
up of three components: (1) the alveolar bone proper, con-
sisting of a thin plate of bone which provides attachment for
either the dental follicle or the principal fibers of the PDL
(308), (2) the cortical bone plates which form the outer and
inner plates of the alveolar process, and (3) the cancellous
bone and bone marrow which occupy the area between the
cortical bone plates and the alveolar bone proper.

The alveolar bone proper consists of a thin, perforated
bone plate which appears radiographically as a radiopaque
lining around the radiolucent PDL space (i.e. lamina dura).
The perforations in the socket wall function as gateways for
vascular channels that supply the periodontal ligament
(309) (see p. 83).

The cortical bone plates form the lateral borders of the
alveolar process and are usually much thinner in the maxilla
than in the mandible. In the incisor and canine regions,
there is usually no cancellous bone or bone marrow to sep-

arate the lamina dura from the cortical plates, and this
results in a fusion of these structures. For this reason, lateral
luxation of maxillary incisors produces a combined fracture
of the lamina dura and the cortical bone plate.

The cancellous bone consists of thin bone trabeculae
which encircle the bone marrow. These trabeculae are lined
with a delicate layer of connective tissue cells, the endos-
teum. The bone marrow consists of a reticulate tissue in
which cells representing different stages of hematogenesis
occupy the mesh (red bone marrow). If the hematopoietic
cells disappear, the reticulate tissue is replaced either by
adipose tissue (yellow bone marrow) or, as in some areas in
the alveolar process, by fibrous tissue (fibrous bone marrow)
(310). The exact topographical distribution of the various
types of bone marrow in humans has not yet been
documented.

As previously mentioned, the primary function of the
alveolar process is to protect and support the dentition. More
specifically, the alveolar bone proper protects the develop-
ing tooth and later provides an anchorage for the fibers of
the PDL (311). Apart from its hemopoietic function, the
bone marrow plays an important role in osteogenesis. Thus,
the stromal cells of the bone marrow stroma can manifest
osteogenic activity when stimulated by trauma (312). Fur-
thermore, bone marrow plays an important role in the
defense against infection (295).
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Fig. 2.27 Anatomy of the alveolar bone. Section through the central incisor region in a human jaw. Note the fused alveolar bone proper and cortical
bone plate labially whereas both structures can be recognized palatally. Furthermore, multiple vascular canals perforate the lamina dura.

Response to trauma

The most common traumatic injury to the alveolar bone
complex is the extraction/avulsion or luxation wound with
displacement. Furthermore, the bone becomes involved
after alveolar and bone fractures (see Chapter 18).

Extensive studies have been conducted regarding socket
healing after extraction whereas none has yet been per-
formed relating to tooth luxation. The following is a synop-
sis of what is presently known about human extraction
wounds.

Histologic evidence of socket healing

The following overlapping stages have been found histolog-
ically, based on biopsies from healing of normal extraction
wounds in human patients (313-326).

Stage 1. A coagulum is formed once hemostasis has been
established. It consists of erythrocytes and leukocytes, in the
same ratio as in circulating blood, entrapped in a mesh of
precipitated fibrin.

Stage 1I. Granulation tissue is formed along the socket
walls 2—3 days postoperatively and is characterized by pro-
liferating endothelial cells, capillaries and many leukocytes.
PDL ligament fibroblast appears to immigrate into the coag-
ulum and differentiate into osteoblasts (327). Within 7 days,
granulation tissue has usually replaced the coagulum.

Stage III. Connective tissue formation begins peripherally
and, within 20 days postoperatively, replaces granulation
tissue. This newly-formed connective tissue comprises cells,
collagen and reticular fibers dispersed in a metachromatic
ground substance.

Stage IV. Bone development begins 7 days postoperatively.
It starts peripherally, at the base of the alveolus. The major
contributors to alveolar healing appear to be cancellous
bone and bone marrow while the remaining PDL apparently

plays an insignificant role (327, 328). By 38 days, the socket
is almost completely occupied by immature bone. Within
2-3 months, this bone is mature and forms trabeculae; after
3—4 months maturation is complete (324).

Stage V. Epithelial repair begins closing the wound 4 days
after extraction and is usually complete after 24 days.

Finally, it should be mentioned that socket healing has
been found to be significantly influenced by the age of the
individual (315, 325). Thus, histological alveolar socket
repair is more active 10 days postoperatively in individuals
in the 2nd decade of life, while the same stage of activity is
seen about 20 days postoperatively in individuals in the 6th
decade or more. However, after 30 days, the healing sequence
levels out and becomes identical in the two age groups
(325).

Finally, a significant amount of bone remodeling, espe-
cially of the labial bone, will take place in the following
months (329), a phenomenon which has a significant influ-
ence upon timing of implant insertion (see Chapter 28,
p. 764).

Response to infection

The most common situations in which the alveolar bone
becomes involved in infection are during marginal or peri-
apical periodontitis (330, 331). As the most frequent com-
plication after replantation procedures and certain luxation
types is infection of necrotic pulp tissue, emphasis will be
placed on the reaction of the alveolar bone to periapical
infection.

Infected necrotic pulp tissue can elicit chronic or acute
periapical inflammation. Acute inflammation in the form of
a periapical abscess is the response to invasion by virulent
bacteria or immune complexes in the periapex (287, 332).
Histologically, there is an accumulation periapically of
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polymorphonuclear leukocytes and disintegration of the
PDL. More peripherally, there is intense osteoclastic activity
to remove periapical bone in order to provide space for the
granulation tissue required to combat infection (333).

The result of a low-grade periapical infection is chronic
inflammation in the formation of a periapical granuloma. In
this situation, the bacterial front is either in the root canal
or just outside the apical foramen (334-337). Lymphocytes
appear to be the dominant cells in the immediate periapical
region, accompanied by polymorphonuclear leukocytes,
macrophages and fibroblasts (338-344). This cell popula-
tion is identical to that of the infiltrate found in advanced
marginal periodontitis (331, 345-347). In the capsule sur-
rounding the periapical inflammatory zone, the dominant
cell is the PDL fibroblast. Thus the capsule can be regarded
as an extension of the PDL (344).

The osteoclastic activity responsible for resorption of
periapical bone and subsequent expansion of the develop-
ing granuloma is most likely the result of the combined
action of breakdown products of arachidonic acids (i.e.
prostaglandins, thromboxanes, leukotrines and lipoxines)
from phospholipids of cell membranes from leukocytes,
macrophages and platelets (340, 348-359). Cytokines
released by activated lymphocytes and plasma cells
(352-362) include immunecomplexes released by B lym-
phocytes (349), and bacterial toxins (e.g. lipopolysaccaride
(LPS), muramyl dipeptide (MDP) and, lipoteichoic acid
(LTA) (363-371). These events are described in detail in
Chapter 4.

Periapically, the long-term effect of chronic infection is a
change in the bone marrow from predominantly fatty to
predominantly fibrous (372, 373). An occasional finding is
periapical osteosclerosis, whereby bone marrow is replaced
by thickened spongiosa, resulting in a radiodense area (374,
375). The latter reaction is assumed to be the response to a
low-grade irritant (infection) in the area. Supporting this
hypothesis is the finding that osteosclerotic lesions often
disappear when proper endodontic therapy is instituted
(376, 377).

In jaw fractures, acute infection in the line of the fracture
has been found to be related to a number of different factors,
which are described in Chapter 18.

Dentin-pulp complex

The functions of the dentin-pulp complex are multiple.
After tooth development is accomplished the pulp-dentin
organ is able to preserve a vital and rigid structure with flex-
ibility which resists the challenge of repeated mechanical
forces. At the same time it maintains an important neural
sensitivity, and it preserves the ability to produce reparative
dentin against noxious stimuli, such as trauma, attrition,
abrasion, the progression of caries, and preparation.
Site-specific changes of pulp-dentin are seen with age.
The number of odontoblasts decreases, leading to uncovered
gaps on the dentin wall. However, continued dentin forma-
tion indirectly causes a tendency of crowding and accumu-

lation of collagen fibers (31). Dentin continues to be laid
down in vital teeth as secondary dentin and tertiary dentin
in response to the physical impacts with a consequent oblit-
eration of the pulp chamber, especially in the crown, and it
proceeds apically.

Dentin

Dentin consists of a mineralized organic matrix dominated
by a collagen lattice skeleton traversed by dentinal tubules.
Dentin contains numerous polypeptides and signalling mol-
ecules placed in a mineralized matrix (378-381). The expo-
sure and release of these factors by a direct trauma to the
tooth (e.g. intrusion or lateral luxation) or a root resorption
process penetrating into dentin may have a potential effect
of influencing the activity of a number of cells (e.g. cemen-
toblasts, periodontal fibroblasts and osteoblasts).

Response to trauma and infection

Any deviation in the composition of the organic structure
of dentin may lead to fracture. Thus, teeth in patients suf-
fering from dentinogenesis imperfecta, with its inherent
defects in the collagen matrix, have a high risk of tooth frac-
ture (382-384). Furthermore, exposure of dentinal tubules
during trauma leads to bacterial invasion with a resultant
permanent or transitory inflammatory reaction in the pulp
(385, 386, 619). Finally, a weakening of the dentin under
physical loads may occur due to early pulpectomy in imma-
ture teeth (387, 388). This may be intensified if inflamma-
tory resorption weakens the root structure, especially in the
cervical region (388).

In an in vitro study using extracted human teeth it has
been found that enamel-dentin cracks induced experimen-
tally allowed bacteria propagation to the pulp cavity (389).
Based on these findings it was suggested to cover the enamel
with unfilled resin in a replantation situation. However,
experimental studies in dogs did not favour this approach
and the chance of pulp revascularization (390).

Pulp

The pulp is a highly specialized loose connective tissue with
a specific response to traumatic injuries, as well as to bacter-
ial insults (Fig. 2.28). The predominant cells in the pulp are
the fibroblasts, which appear as spindle-shaped or stellate
cells with oval nuclei and are dispersed uniformly through-
out the pulp, except in the subodontoblastic layer. Undiffer-
entiated mesenchymal cells are located paravascularly and
can be recognized by their stunted or rounded form and their
few, short processes. These cells probably play an important
role in pulp repair (391) (see p. 86), and they probably
include resident and migrating pericytes (Fig. 2.28, Chapter
3,p. 126).

Odontoblasts are elongated cells subjacent to the dentin.
They have a polarized nucleus and processes which extend
some distance into the dentinal tubules (392, 393) (Fig.
2.28). Their appearance varies from the coronal to the apical
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Fig. 2.28 Anatomy of the pulp. A. Horizontal section of a pulp from a maxillary permanent monkey incisor. Root development is complete. Note the
distribution of the larger vessels and nerves. B and C. The odontoblast layer and the subodontoblastic cell free zone. x40 and x100.

aspect of the pulp, being columnar coronally and flattened
on the furcal wall and apically. Moreover, their appearance
is also related to their functional stage i.e. preodontoblasts,
secretory, transitional or aged (394). Odontoblasts have
many adhesion molecules, e.g. for attachment, phenotype
specification, gap-junctions used for intercellular commu-
nication between cells (395), and extracellular contacts with
unmyelinated nerve fibres (396).

In the crown, a cell-free layer (i.e. the subodontoblastic
layer or zone of Weil) exists that contains a network of nerve
endings and vessels which, to a lesser degree, is also found
in other parts of the pulp.

The cellular activities of odontoblasts are very complex.
Beyond secretion of the organic matrix of predentin and
control of calcium and phosphate ion transfer (395), the
odontoblast also may release proteinases and degrade
organic matrix. The average production of primary human
dentin appears to be 3um per day during tooth formation
and eruption (397). When eruption is complete, dentin for-
mation decreases in the pulp chamber. In the root, produc-
tion continues unchanged until root formation is complete,
at which time dentin production is decreased to an extent
that is not measurable over a 3-week period. Dentinogene-
sis, however, can be reactivated by external stimuli, such as
dental caries, attrition and dentin fracture and luxation
injuries. The production of new dentin can then rise to a
level of that of primary dentin (397, 398).

Pulpal vasculature

The vascular supply to the immature human dental pulp
consists of multiple thin-walled arterioles, venules and veins
passing through the apical foramen (399-340). In the
mature tooth, vessels can also enter the tooth through lateral
canals. The arterioles and venules run parallel to the canal
walls up to the pulp horns (Fig. 2.28). En route, they give off
branches to form a dense peripheral capillary plexus in the

subodontoblastic layer. A few loops are also found between
the odontoblasts (399-403) (Fig. 2.29).

Within the pulp, especially apically, there are many arte-
riovenous connections (shunts) which facilitate and regulate
blood flow (404-405). These shunts are important in the
control of tissue pressure. When, during the initial inflam-
matory reaction, several vasoactive agents are released (see
Chapters 1 and 4), these agents cause edema and an increase
in tissue pressure. When this pressure exceeds that of the
venules, a decrease in blood flow results. The arteriovenous
anastomoses in the apical part of the pulp dilate in this sit-
uation and carry the blood away from the injury zone (403).

The number of vessels entering the apical foramen
appears to a certain degree to be related to the maturity of
the tooth. However, the density of the vessels is not in direct
proportion to the constriction of the pulpo-periodontal
interphase (406).

Pulpal nerves

The pulpal nerves generally follow the course of the blood
vessels (Fig. 2.28). The nerve fibers enter the pulp in multi-
ple bundles that contain both mylinated and unmyelinated
axons (407). The majority of the axons (70-80%) are
unmyelinated. Both types terminate as free nerve endings.
These endings are receptors which respond to various exter-
nal stimuli, environmental changes, or inflammatory medi-
ators under inflammatory conditions. They respond e.g. as
nociceptors to mechanical forces and thermal changes (407).
The number of myelinated fibers increases with tooth matu-
rity and, at the same time, the threshold for electrometric
pulp stimulation is lowered (408—411).

The innervation of the pulp—dentin border is extensive. A
dense network of fine nerve filaments, known as the plexus
of Raschkow, is formed close to the odontoblasts. A number
of nerve terminals also enter the odontoblast layer and
many of them extend into the dentinal tubules. A part of the
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Fig. 2.29 A.Vascular pattern in the pulp of a permanent monkey incisor as revealed by indian ink perfusion. B. Note the dense network of capillaries

next to the odontoblastic layer. x100.

axons also terminate in the deeper parts of the pulp, and
they may have a significant role in sympathetic regulation of
blood flow response to trauma, as well as in regulation of
inflammation and repair (412, 413). Unmyelinated sympa-
thetic nerves from the autonomic nervous system are asso-
ciated with vasocontrol, and sympathetic impulses lead to
constriction of arterioles (412).

Tertiary dentin: reactionary or reparative

Extensive physical trauma may result in the formation of
mineralized tissue. There is a strong relationship between
traumas with their lesion environments, and different cor-
responding formations of tertiary dentine. After injury to
the mature tooth, the fate of the odontoblast varies accord-
ing to the intensity of the injury.

Milder injury can result in a stimulation of the involved
odontoblastic cells leading to reactionary dentine formation.
Upregulation of functional activity in primary surviving
odontoblast cells leads to focal secretion of a reactionary
dentin matrix in the dentinal tubules and predentin (414).
Obturation of dentinal tubules are biologic responses that
compensate for the loss of tissue.

Greater injury can lead to odontoblast cell death. Induc-
tion of differentiation of a new generation of odontoblast-
like cells can then lead to reparative dentinogenesis.
Secretion of matrix from a new generation of cells implies a
discontinuity in tubular structure with subsequent reduc-
tion in dentin permeability. The initial repair response often
represents a bonelike tissue, i.e. osteodentin, in the pulp
chamber. The non-specific response leads to deposition of
atubular dentinal matrix covered by cuboidal or polygonal
preodontoblast-like cells, and inclusions of osteocyte-like
cells are observed in a dense mineralizing matrix called
osteodentin. Deep to the pulp injury surviving post-mitotic
odontoblasts respond with deposition of reactionary dentin
along the walls. In such situations we observe a reactionary
dentin matrix with less tubular density than in the primary
dentin. The dentinal tubules in tertiary dentin represent

often a mixture between reactionary and reparative
dentinogenesis (415).

Response to trauma

Repair after pulp exposure
The pulp-dentin organ must respond to a spectrum of trau-
matic events, such as exposed dentin due to fracture with
subsequent bacterial invasion into the tubules (415). The
pulp can be directly exposed to bacterial contamination
from saliva following a complicated enamel-dentin fracture.
Another, and usually sterile exposure occurs during root
fracture, when the pulp is exposed to the periodontal liga-
ment via the fracture line. Finally, the pulp may become
partly or totally severed and sometimes crushed at the apical
foramen or at the level of a root fracture during luxation
injuries. These different traumatic insults, all of which inter-
fere with the neurovascular supply to the pulp, give rise to
various healing and defense responses ranging from local-
ized or generalized tertiary dentin formation to pulpal
inflammation, internal resorption, and bone metaplasia, as
well as pulp necrosis with and without infection (416).

The general feature of the pulpal wound healing response
is replacement of damaged tissue with newly formed pulp
tissue. This can occur along the pulpo-dentin border if local-
ized damage has been inflicted on the odontoblast layer (e.g.
after dentin exposure), along an amputation zone in the
coronal part of the pulp, or as a replacement of the major
parts of the pulp if it has become necrotic because of
ischemia (e.g. after a luxation injury). A common denomi-
nator of these different events is replacement of pulp tissue
by the invasion of macrophages, new vessels, and pulp pro-
genitor cells in the injury zone, whereby the traumatized
pulp tissue is gradually replaced by new pulp tissue. The
exact nature of this process is only partly understood at
present (416, 417).

The character of the pulpal wound healing response
varies according to the origin of the progenitor cells involved
(also see Chapter 1). Thus, in the case of PDL-derived pro-



genitor cells, PDL tissue will be formed with associated
cementum deposition along the root canal walls. Moreover,
if there is a patent apical foramen, periodontal stem cell pro-
genitors may invade the root canal accompanied by bone
formation and inserting Sharpey’s fibers.

It has been found that if an accidental exposure of the
pulp is left untreated, even over a period of 1 week, inflam-
mation is superficial and limited to a depth of 2mm. It can
be seen at that time that the pulp tissue has proliferated
through the exposure site (418, 419) (see also Chapter 22,
p. 600). In cases where the entrance to the exposure site is
covered with a suitable capping material (i.e. which limits or
prevents bacterial contamination), a hard tissue barrier is
normally established (420, 421). The cells responsible for the
formation of this dentin bridge are apparently not odonto-
blasts, but most probably include mesenchymal cells located
paravascularly that subsequently differentiate into odonto-
blasts (392, 422-426). This has been shown very convinc-
ingly in a study where the odontoblast population was
eliminated in rats by colchicine administration. After 3-5
days, revascularization and cell proliferation into the
necrotic cell layer adjacent to the predentin were observed.
New odontoblasts seemed to develop from paravascular cells
and, after initial formation of a non-mineralized collage-
nous matrix, tubular dentin was formed (427).

The wound healing response to pulp capping has recently
been discussed in several survey articles (429-430). The
ability to form a hard tissue bridge has been found to take
place with a wide range of materials (428).

In the stimulation for a hard tissue bridge the formation
of a necrosis and degenerative zone by the capping material
appears to of importance (431-434). It has been speculated
that this zone may mimic a basement membrane and serve
as an attachment surface for components that induce odon-
toblasts and extracellular matrix production (e.g.
fibronectin and TGF-f1) (428, 435, 436).

Pulp healing after coronal exposure
and capping

The events taking place after pulp wounding can be divided
into the phases of hemostasis, inflammation, proliferation,
and remodeling. Wound healing is, however, a continuous
process where the beginning and the end of each phase
cannot be clearly determined and phases overlap (440). The
observed sequence of initial pulp reactions is that which is
expected when connective tissue is wounded.

Fibrinogen exudation takes place under the capping
material in the pulp tissue for up to 4 days (441). After
approximately 3-6 days the inflammatory infiltration is
replaced by a migration of granulation tissue originating
from central pulp sites. The granulation tissue is arranged
along the wound surface and consists primarily of newly-
formed fibroblasts and capillary blood vessels which prolif-
erate and grow into the damaged tissue. Layers of fibroblasts
increase in thickness around the lesion. Synthesis of new col-
lagen fibres along the tissue necrosis is detected from 4 days
after application of pure calcium hydroxide. Cells sur-
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rounded by new matrix including calcifying nodules are
found after 7 days (442). The initial precipitation of miner-
als is associated with detection of matrix vesicles indicating
close similarity to mineralization in bone (443). The miner-
als are found to originate from the blood supply (444). After
11 days the new matrix is associated with cuboidal cells, and
some cells with odontoblast-like differentiation. After 14
days a clear odontoblast-like arrangement is observed (445).
After one month dentin bridges can be seen around the
trauma, which represents a defensive interface between the
potential necrotic remnants and the new odontoblast layer
(446). Microscopic evaluation, however, revealed 89% of all
dentin bridges contained tunnel defects (447).

The pulp healing response replaces injured tissue with
newly formed tissue. This can occur along the pulp-dentin
border if localized damage has been inflicted on the odon-
toblast layer (e.g. after dentin exposure), along the wound
surface in the coronal part of the pulp, or as a replacement
of the major parts of the pulp if it has become necrotic
because of ischemia (e.g. after a luxation injury) (416)
(see p. 90).

Biologic effects of calcium hydroxide

Calcium hydroxide containing agents have been widely used
for vital pulp capping (442, 448, 449) and the wound healing
response to pulp capping has recently been described in
several survey articles (428-430).

The effect of calcium hydroxide materials on exposed
connective pulp tissue has for decades been studied in exper-
imental animals (450-453) as well as in man (442, 454-456).
As experimental animals, the rat has been commonly used
(453, 457-462), but also dogs (458, 459, 463, 464), pigs (452,
458) and primates (450, 451, 457) have been used. In com-
parative studies the conclusion has been that there is no sig-
nificant differences in the reparative pulp response to
calcium hydroxide between the different animal models
(458-460). The ability to form hard tissue has been found
to take place with a wide range of materials (428) irrespec-
tive of their pH (431).

The strong alkaline pH of Ca(OH), contributes to its
action. In the stimulation for a hard tissue bridge the for-
mation of a necrosis and degenerative zone by the capping
material appears to be of importance (432-434). Pulp
capping using calcium hydroxide induces also apoptosis in
the underlying pulp. Apoptosis is a non-inflammatory con-
trolled cell death mechanism whereas necrosis induces a
pro-inflammatory response (466, 467). The balance of
apoptosis and necrosis after pulp capping, therefore, may
influence the subsequent inflammatory response.

The high pH of calcium hydroxide appears to cause local
necrosis of the pulp tissue. Ca(OH), may thereby due to its
pH effect prevent bacterial infection, and provide a bacteri-
cidal environment in which subsequent repair can occur. A
few hours after application of calcium hydroxide on exposed
pulp tissue an initial necrosis is created and inflammatory
cells migrate towards the lesions and the inflammation lasts
for a few days (468).
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The signaling processes responsible for Ca(OH),-induced
odontoblast-like cell differentiation remains to be clarified
(468). It has been suggested that Ca(OH), is able to solubi-
lize bioactive molecules with appropriate signaling func-
tions from the dentin matrix (469).

Much speculation has been made concerning identifica-
tion of factors of importance for a successful outcome of
calcium hydroxide treatment of pulp tissue (470). Efforts
have been made to find a formula which minimizes the pro-
inflammatory actions, and at the same time stimulate dentin
bridge formation (468, 471, 472).

Apparently, the rather abnormal appearance of the initial
matrix of the dentin bridge, which is usually of the osteo-
dentin type, is followed with formation of tubular dentin.
During later bridge formation, the matrix structure
often becomes more regular, resembling true tubular
orthodentin (68).

It has been claimed that the size of the defect, the degree
of inflammatory reaction, the control of bleeding following
surgical treatment, the amount of clotting, the amount of
dentinal chips formed during preparation, the degree of
immediate contact between tissue and agent, as well as the
formulation of the calcium hydroxide material may play a
key role (447, 472—474). Within the last decades several new
capping materials have been introduced.

Biologic effects of new pulp capping or
pulpotomy materials

Calcium hydroxide compounds have throughout the years
been the golden standard of a capping material but several
other materials have also been suggested (437).

Resin adhesive materials used for pulp capping have had
supporters based on experiments (439, 475, 482). The aim
of using adhesive materials has been to minimize microleak-
age and thereby stimulate bridging. Recently criticism has
been raised concerning their use, based on an analysis of
human teeth treated with various resin adhesive systems
showing poor results (438, 477, 478) (Fig. 2.30). Studies in
vitro suggest components of the resin may inhibit odonto-
blast differentiation (614).

MTA® (mineral trioxide aggregate) has recently been
shown in animal experiments to be a pulp capping material
which consistently produces a hard tissue barrier (480, 481).
The composition of MTA® is very similar to Portland
cement and as such the material sets in a moist environment.
During the setting reaction calcium hydroxide ions are
released and a high alkalinity is present in the exposed area.
Histological studies in animals have shown high sealing
ability and hard tissue inducing capacity (482-486). MTA®
used as a capping material was found to result in signifi-
cantly less inflammation than calcium hydroxide (Dycal®).
This material has furthermore been recommended for
repair of root perforations and as a retrofill material
(487-488). At present, MTA® appears to be a promising can-
didate as an alternative to calcium hydroxide. The clinical
use of this material is described in Chapter 23.

Dentin contains numerous polypeptides and signaling
molecules which may be released following a trauma.
Among the growth factors isolated the following should be
mentioned: IGE, TGE, PDGF and FGE, EGF and BMP (489).
This is of importance as all of these substances have also
been found to be involved in bone and PDL healing
processes in animals (see Chapter 1).

Bioactive substances appear to represent a new way to
stimulate formation of dentin bridges (489-497). Tissue
injury leads to alterations in gene expression and release of
a range of cytokines including growth factors. Cytokines
play a determinant role in regulation of cell proliferation,
migration and differentiation during pulp healing. In par-
ticular, members of the transforming growth factor beta
(TGF-B) family have been implicated in dentin matrix for-
mation (489-500). Nearly half of the TGF-B1 in dentin
matrix has been reported to be present in active form (506).
However, TGF-f activity decreases with a short half-life (2-3
min) (503) due to binding of active TGF- to extracellular
matrix (504).

A number of growth factors such as (BMP, TGF-BI, IGE,
FGF, PDGF and EGF) have been tested in animal models for
their capacity to stimulate dentin bridge formation
(489-497). Among these TGF-B enhances dentinal matrix
formation (497, 504-506). BMP 7 has been found to stim-
ulate reparative dentin formation in rats (507), pigs (508),
dogs (615) and monkeys (509, 516). BMP-7 failed to work
in pulps with induced inflammation (511). The mechanism
whereby ongoing inflammation inhibits dentin bridging
remains to be elucidated (451, 512). IGF1 (493) and BSP
(513) in rats, and GDF11 in dogs (514) have also been found
to stimulate dentin bridge formation. Recently it has been
shown experimentally in pigs that Emdogain® resulted in
more complete bridges than calcium hydroxide induced
bridges (515-517).

A matter of concern in evaluating the many experimen-
tal studies performed in rats, dogs, pigs and monkeys is that
animal models do not always correlate very well with human
studies (430, 437, 438). This implies that material only tested
in animals should be considered with a certain skepticism
until clinical studies in humans have been performed.

Anatomy of dentin bridges

The cellular mechanisms in formation of a dentinal bridge
have been reported in several studies (518-521). Almost all
dentin bridges formed after calcium hydroxide application
show multiple tunnel defects (522-524) and these tunnels
may lead to microleakage (522, 523). The tunnel defects have
been found not to decrease or be obliterated over time (523).
The consequence of this should be that a bacteria-tight seal
is established over the bridge (see Chapter 22). Furthermore,
one of the requirements for potential new capping materi-
als should be that they create a fast and thick dentin bridge
with a minimum of tunnel defects.

Exposure of the dental pulp at the fracture site through a
tooth fracture requires formation of another type of dentin



Fig. 2.30 Pulp response to resin
adhesive and calcium hydroxide. A.
Human pulp capped with calcium
hydroxide. Pulp response after 10
and 70 days. Note calcified barrier
and the lack of inflammation. B.
Pulp capping with a dentin bond
adhesive. No hard tissue barrier is
formed and the pulp tissue is
necrotic next to the adhesive. After
HORSTED-BINDSLEV et al. (479)
2003.

bridge. The formation of such a dentin bridge is
usually favorable, provided that the pulp is not infected or
inflamed.

The prognosis for healing of pulp capping is poor in
locations with an inflamed pulp. Pulpotomy should be
considered in order to create a wound in an uninflamed
location (525).

Extent of pulpal inflammation related to time of
pulp exposure

It has often been cited that the time since exposure of the
pulp should dictate the choice of treatment procedure i.e.
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pulp capping, pulpotomy or pulp extirpation. However,
clinical studies in humans do not confirm these statements
(526). This may be explained by the nature of the inflam-
matory process occurring after pulp exposure. Thus it has
been found in monkeys that there was only a moderate
inflammatory invasion in the pulp after 1 week (527, 528).
In a recent study in dogs the mean depths of inflammation
were found to be 4.6 and 3.9 mm after 2 and 3 days, respec-
tively (529) and based on these findings an easy treatment
was indicated for humans. Again this statement is not sup-
ported by clinical evidence in humans (526, 530) and may
represent specific experimental circumstances in pulp
healing in the dog model.
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Fig. 2.31 Ingrowth of vessels in the
pulp after immediate replantation of
an immature tooth in a dog demon-
strated by a microangiographic tech-
nique. A. Control tooth. B. After 4 days,
revascularization has begun in the
apical portion of the pulp. C. After 3
weeks, revascularization is complete.
From SKOGLUND et al. (531) 1978.

Repair or regeneration of pulp due to luxation
injuries or avulsion and replantation

Several clinical studies have shown that a pulp may heal after
injuries where a complete severance of the neurovascular
supply has taken place (see Chapters 13 and 17). The histo-
logical events during revascularization are also described in
these chapters.

Luxation injuries usually imply total or complete sever-
ance of the neurovascular supply. The ensuing ischemia
affects all cells in the pulp. The healing processes begin api-
cally, move coronally and are highly dependent upon the size
of the pulpo-periodontal interface (i.e. stage of root devel-
opment) (607, 608). The outcome of pulpal severance will
be either total pulpal revascularization (Fig. 2.31) or the
development of partial or total pulp necrosis, usually deter-
mined by the presence or absence of bacteria in the injury
zone. Revascularization of the pulp appears to have started
after 4 days (270, 531) but no experiments have been done
to examine exactly when it starts (Fig. 2.31). In some cases
of successful revascularization, an intact odontoblast layer
will be found with an apparent continuity of the odonto-
blastic processes (Fig. 2.32). The mechanism of this is spec-
ulative, but end-to-end anastomoses in the ruptured apical
vascular supply is a possibility (531, 532) (Fig. 2.33).

Vascular alterations and inflammatory cell infiltration are
activated in order to eliminate the irritating molecules.

Adhesion molecule interactions between blood leukocytes
and endothelium enables transmigration of inflammatory
cells from inside to outside the vessel wall (533). Failure to
resolve inflammation after wounding leads to chronic non-
healing wounds (534), and pulp tissue responds similarly
with absence of hard tissue healing. The mechanism
whereby foregoing inflammation may inhibit tissue repair
(512) and potentially influence gene activity necessary for
stem cell recruitment remains to be elucidated.

In the case of an invasion of PDL-derived progenitor cells
into the root canal, connective tissue will form in associa-
tion with cementum deposition along the root canal walls.
Dependent on a patent apical foramen, bone may invade the
root canal accompanied by inserting Sharpey’s fibers.

The character of the pulpal wound healing response
varies according to the origin of the progenitor cells involved
(see Chapter 1). Thus, in the case of PDL-derived progeni-
tor cells, PDL tissue will be formed with associated cemen-
tum deposition along the root canal walls. Moreover, if there
is a patent apical foramen, periodontal stem cell progenitors
may invade the root canal accompanied by bone formation
and inserting Sharpey’s fibers.

The source of the repopulating endothelial cells is vari-
able (535). In most cases, osteo-dentin, bone or cementum-
like tissue is formed on the canal walls as a response to the
pulpal injury. The reasons for these varying responses have
not yet been clarified.



Response of Oral Tissues to Trauma 91

Fig. 2.32 Continued dentin formation in a replanted permanent maxillary central incisor in a monkey. Observation period 8 weeks. Note continued
dentinogenesis after replantation. Only a slight change in the direction of the dentinal tubules indicates the time of replantation. An average daily pro-
duction of 2um of dentin was formed in the observation period. x25 and x50.

Fig. 2.33 End-to-end anastomosis. A. Microangiograph of replanted
mandibular third incisor in a dog, 4 days postoperatively. A few tiny vessels
are seen in the apical region (A) of the pulp (P). B. Microangiograph of
replanted first maxillary premolar, 4 days postoperatively. Some slender
vessels are visible in the apical region of the pulp, but, in addition, a few
larger vessels are seen running all the way to the coronal pulp. From
SKOGLUND et al. (531) 1978.

Dentin formation after revascularization is usually very
extensive and may soon lead to total pulp canal obliteration.
In replanted or transplanted monkey incisors observed for
9 months, it was found that the average daily dentin pro-
duction was 4um (25) (Fig. 2.34). The explanation for this

accelerated dentin production is presumably a loss of auto-
nomic and/or sensory nervous control of the pulp tissue
(536-549).

Response to infection

An untreated dentin fracture is a possible pathway for pulpal
infection following bacterial invasion of the dentinal
tubules. Pulpal reactions to crown fracture will be further
described in Chapters 10 and 22. If the vascular supply to
the pulp is intact and the bacterial insult moderate, the event
will result in tertiary dentin formation and the pulp will
survive (385, 386). However, if bacteria gain access to the
pulp via dentin tubules, as in the case of dental caries or a
crown fracture, where pulpal vascularity is in any way com-
promised (e.g. a luxation injury) pulpal healing will not take
place (550, 551). This is probably due to impaired defense
reactions and/or a loss of the pulpal hydrostatic pressure
that presents a powerful barrier to bacterial invasion
through the dental tubules (552, 553). An alternative route
is through the apical foramen via a severed PDL (550, 551).
Finally, a hematogenous route (anachoresis) cannot be
excluded (554-562). The explanation for this transmission
of bacteria appears to be an increased vascular leakage in the
tissue bordering the traumatized pulp tissue (563, 564).

An interesting clinical study in humans has shown that
the speed of invasion of bacteria in exposed dental tubules
is dependent upon the pulp status. Thus in endodontically
treated teeth bacteria invasion of up to 2.1 mm was found.
In vital teeth bacteria invasion was significantly less pro-
nounced (565). It was assumed that the dentinal fluid in a
vital pulp or the pressure of intact odontoblastic processes
may be the explanatory factor (565).

An interesting finding is that necrotic but sterile pulpal
tissue can persist over a prolonged period (years) without
becoming infected (332, 566-568). If the pulp becomes
infected in its ischemic state, revascularization is apparently
permanently arrested and a leukocyte zone is formed which
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Fig. 2.34. Rapid dentinogenesis after pulp revascularization. A. Extensive dentin production after autotransplantation of a permanent maxillary central
incisor in a monkey. Observation period: 9 months. x10. B. An intact odontoblast layer is seen forming tubular dentin. The dentin formed immediately
after transplantation is acellular. The average dentin production after transplantation is 4 um daily. x40.

A B

Fig. 2.35 Infection in the pulp has caused arrest of pulpal revascularization. Status of a replanted permanent lateral incisor in a monkey. A. Low power
view. There is autolysis and infection in the coronal part of the pulp. x40. B. A leukocyte zone separating the infected part of the pulp from the revas-

cularized part. x100.

separates infected necrotic tissue from the ingrowing apical
connective tissue (82) (Fig. 2.35). In these cases, bacteria are
found in the necrotic pulp as well as in the leukocyte zone,
but seldom in the adjacent vital connective tissue.

The pulpal response to infection differs from the general
response to infection by the end-organ character of the pulp

tissue, implying limitations in the initial inflammatory
response to infection (i.e. swelling) and a restricted access of
the defense system to privileged sites for bacteria, such as the
dentinal tubules, lateral canals and vascular inclusions in
dentin. These anatomical obstructions usually make com-
plete microbial kill impossible. The best compromise is
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Fig. 2.36 Revascularization of an immature premolar with apical periodontitis. A and B. Preoperative condition showing a fistula and an apical radio-
lucency. C. The root canal was opened and the superficial part of the canal cleaned. The tooth was left open. At the following visits the upper part of
the root canal was irrigated using 5% sodium hypoclorite and 3% hydrogen peroxide. Antimicrobial agents (metronidazole and ciprofloxacin) were placed
into the root canal. The root canal was not mechanically cleaned during the treatment period (B). At the fifth visit, the existence of vital tissue approx-
imately 5mm apical to the canal orifice was confirmed by visual inspection. A radiograph taken 5 months after permanent closure of the access cavity
revealed the first signs of apical closure. A slight increase in thickness of the root canal wall was also observed (C). D. 30 months after the intial treat-
ment confirmed complete closure of the apex and thickening of the root wall due to a diminished pulp space. After IWAYA et al. (576) 2001.

usually the creation of a barrier against microorganisms,
either by granulation tissue, hard tissue such as secondary
dentin or cementum or proliferation of epithelium (282,
569-571). Obviously, this type of defense system is not
absolute and with a change in the number of bacteria, their
virulence, or the level of resistance of the patient, an exac-
erbation of the infection may occur.

A specific response may be encountered during revascu-
larization of an ischemic pulp if bacteria have invaded denti-
nal tubules, as with an untreated dentin fracture. Resorption
may then occur in relation to infected dentinal tubules (see
Chapter 13, p. 393).

One factor found to arrest the revascularization process
is infection whereby bacteria get access to the ischemic part
of the pulp. This has so far been considered a definitive step
preventing further advancement of the revascularization
process. In the late 1960s and the 1970s attempts were made
to examine whether removal of an ischemic pulp, steriliza-
tion of the pulp canal and inserting or provoking a blood
clot in the root canal would result in pulp revascularization,
but these attempts were not successful apparently due to
contamination of the root canal with bacteria (572-574). In
a later study (575) it was found that extirpation of pulps
from the apical end of root open dog incisors and subse-
quent autotransplantation to another socket in three out of
four teeth led to an almost complete revascularization. The
character of the new tissue in the root canal was unfortu-
nately not reported in detail (574).

A very interesting clinical human case has recently been
reported where an immature premolar with an apical gran-
uloma was treated with pulp extirpation and treatment of
the root canal with antimicrobial solutions and this tooth
showed gradual revascularization up to the coronal level and
subsequently included gradual canal obliteration (576) (Fig.
2.36). If this technique can be shown to be reliable a com-
pletely new treatment modality for teeth with immature
root development can become a reality.

In immature teeth the response of Hertwig’s epithelial
root sheath to infection is also a part of the pulpal response.
This response has already been described (see p. 72).

Oral mucosa and skin

The lips comprise a complex unit of highly vascularized
connective tissue, musculature, salivary glands and hair fol-
licles (Fig. 2.37). Therefore, injury to this area can affect a
number of different anatomical structures in which healing
disturbances might arise.

Response to injury

The main injuries affecting alveolar mucosa and lips are
abrasions and lacerations. A combination of laceration and
contusion is seen in the penetrating lip wound, where teeth
have been forced through the tissues. In this type of lesion,
tissue is lacerated and contused and contaminated by
foreign bodies and bacteria.

The wound healing response in both oral mucosa and
skin has been researched after incision injury (577-580,
609-612) or excision injury (581-595, 613). An excellent
review on the healing events in oral mucoperiosteal wound
healing has been published by Harrison 1991 (596).

Within 4 to 24 hours after injury, epithelial cells begin
their migration from the basal cell layer peripherally to the
base of the coagulum. A thin epithelial cover is thereby able
to close a simple wound within 24 hours (582, 583). This
event is seen earlier in mucosa than in cutis and is possibly
related to the moist environment found in the oral cavity
(611). By mitotic activity this epithelium will eventually
achieve normal thickness.

In the connective tissue, a number of wound-healing
processes are initiated. Thus after 2 days, proliferation of
endothelium can be observed. A wound-healing module is
created whereby macrophages, fibroblasts and capillaries,
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Fig. 2.37 Anatomy of human lip. H,
Hair follicles; S, sebaceous glands; M,
musculature; C, connective tissue.

originating from existing venules, invade the injury zone
(590). This process will close the wound with young mature
connective tissue within 5-10 days. These events are
described in detail in Chapter 1.

In general, wound healing processes are facilitated by a
good vascular supply, as is seen in the lips; a fact which may
explain the relatively rare occurrence of serious complica-
tions such as tissue necrosis in this region.

In an experimental study in monkeys, it was found that a
penetration wound caused by an impact forcing the incisors

through the lower lip resulted in crushing of musculature
and salivary gland tissue, as well as occasional entrapment
of foreign bodies (plaque, calculus, tooth fragments
and remnants from the impacting object) (597). These
events imply a complex pattern of healing in the oral
mucosa, salivary gland tissue, muscular tissue and skin,
simultaneously. The regenerative potential of each of these
tissue components, as well as their response to infection,
varies significantly. For example, oral mucosa lesions — in
contrast to skin lesions — generally heal without scarring, an



Fig. 2.38 Healing complications
after a penetrating lip lesion
Scarring in a lower lip due to persist-
ence of foreign bodies. The patient has
suffered a penetrating lip lesion 6
months previously. Induration is felt in
the lower lip and a radiographic exam-
ination shows foreign bodies.

Removed tissue

The indurated tissue was removed and
a histologic examination showed that
it consisted of fibrous tissue and mul-
tiple foreign bodies, most likely enamel
and dentin fragments. x10 and x40.

observation which is presently based only on clinical
documentation.

Healing of damaged salivary gland tissue is presently not
very well researched. However, considering that these cells
are highly differentiated, only limited or no regenerative
potential can be expected.

Muscle can regenerate (598-606), but this process is often
complicated by competition from connective tissue,
frequently leading to formation of scar tissue in the lips.

Response to infection

The incorporation of foreign bodies during wound healing
implies a risk of infection by their mere presence, as well as
possible bacterial contamination. Furthermore, even sterile
foreign bodies usually invoke a foreign body reaction and
formation of fibrous scar tissue (see Chapter 1, p. 42). A
longstanding chronic foreign body reaction and/or infection
may lead to fibrosis which encapsulates the foreign body
by a concentration of macrophages or giant cells
(Fig. 2.38).

A common foreign body in the lips appears to be enamel
fragments. The reaction to these appears to be fibrous
encapsulation and a macrophage/giant cell response,
whereas resorption by osteoclasts (recruited from the blood-
stream) is sometimes found.
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Essentials

Dental follicle

The dental follicle has some regenerative potential. Severe
damage leads to ankylosis and/or disturbances in tooth
eruption.

Cervical loop

This structure has a great regenerative potential after trauma
whereby crown and later root formation can usually be com-
pleted.

Ameloblasts

These cells are very sensitive to trauma and infection. Both
events usually lead to partial or total arrest of enamel for-
mation and secondary mineralization.

Reduced enamel epithelium

It has limited, if any, regenerative potential. Trauma
and infection may therefore lead to defects in secondary
mineralization.
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Enamel organ

The enamel organ is sensitive to trauma and infection;
injuries lead to disturbances in mineralization and enamel
matrix formation. Short-term chronic inflammation (i.e.
months) has very little or no effect whereas persisting
inflammation (years) results in disturbances in enamel
matrix formation and mineralization.

Hertwig's epithelial root sheath

This structure can be damaged directly during a luxation
injury or indirectly by delayed revascularization due to
incomplete repositioning. It has a certain regenerative
potential and, depending on the extent of injury partial or
total arrest of root development may occur. It appears to be
rather resistant to even prolonged pulpal infection.

Gingiva and periosteal complex

Regeneration of gingival anatomy usually takes place 1 week
after wounding.

Periodontal ligament-cementum complex

Traumatic injury to the periodontal ligament can lead to
various types of resorption (i.e. surface resorption, inflam-
matory resorption and replacement resorption), depending
upon the extent of the PDL injury, pulpal condition and the
age of the patient. The periodontal ligament-cementum
complex is resistant to chronic infection. However, acute
infection leads to degradation of PDL fibers. Resorption of
the root surface can occur subsequent to chronic or acute
infection.

Alveolar bone and marrow complex

The response to fracture or contusion is resorption of
necrotic bone and subsequent osteogenesis. The reaction of
bone to chronic infection is bone resorption and formation
of granulation tissue which delimits the focus of infection.
In acute infection, bacteria spread to the bone and bone
marrow where they elicit severe inflammatory changes.

Dentin pulp complex

The pulp exhibits a repair potential after traumatic injury as
long as infection is avoided. This applies to accidental expo-
sure of the coronal part of the pulp, where a hard tissue
barrier usually walls off the exposure. In case of severance
of the vascular supply to the pulp due to luxation or root
fracture, the width of the pulp-periodontal interface is deci-
sive for successful revascularization. If infection occurs in
the pulp in its ischemic phase after luxation or replantation,
the revascularization process becomes permanently
arrested.

Oral mucosa and skin

The lips have, due to their vascularity, an excellent healing
capacity. Scar tissue formation is frequent in skin but rare in
mucosa. Acute or chronic infection usually results from pen-
etrating lip wounds due to contamination with foreign
bodies.
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Introduction

The integrity of the tooth organ is, among other factors,
dependent on stem cells located in the pulp and the peri-
odontium. After tooth trauma adult stem cells are the reser-
voir of reparative cells. They proliferate and migrate to the
wound site, where, in cooperation with local cells, they par-
ticipate in repair. Adult stem cells have the capacity to grow
into many types of tissue. Their capacity for regeneration is
being studied in transplantation models. In this section we
focus on the evidence in the field of tooth and periodontal
regeneration with focus on stem cells.

Advances in regeneration of oro-facial tissues are based
on contributions from molecular biology, stem cell biology,
developmental biology, the human genome project, and
development of new biomaterials. These disciplines have
merged in a discipline called tissue engineering. This field
provides new dental tissue engineering modalities, includ-
ing generation of teeth (1-3).

Recent studies in a variety of systems have highlighted
new perspectives for stem cell-based treatments. Here are a
few examples: one group in Washington isolated pulpal stem
cells capable of making dentin after transplantation (4);
Another group claimed they were able to develop tooth
crowns with dentin and enamel using cells cultivated from
tooth buds in rats (5); In London another group was capable
of making new teeth ex situ by transplantation of embryonic
stem cells (6). Therefore, the recent studies indicate new
avenues for dental tissue engineering, and they suggest that
knowledge about cells may become relevant in future trau-
matology.

The stem cell

What is a stem cell?

The stem cell is a cell from the embryo, or adult organism,
that has, under certain conditions, the ability to reproduce
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itself. It can give rise to specialized cells that make up the
tissues and organs of the body (7).

Stem cells initially undergo asymmetric cell division
where one daughter cell is a duplicate of the original stem
cell. However, the other stem cells undergo further cell divi-
sions and produce progenitor cells (Fig. 3.1) (8). Progenitor
cells, also called precursor cells, can divide further as a
transit amplifying cell pool and eventually give rise to a pool
of differentiated cells.

Progenitor/precursor cells can replace cells that are
damaged or dead, and thereby repair a defect. After termi-
nal differentiation the cells are able to maintain their
integrity and functions and thus achieve tissue regeneration.

Stem cells are capable of making copies. We have stem
cells, not only in the embryo, but also in adults throughout
life. They have been found in dental pulp, periodontal liga-
ment, bone marrow, blood, the cornea and the retina of the

Fig. 3.1 Stem cells show asymetric cell division. One daughter cell is a
duplicate of the stem cell. The others continue division and thereby rep-
resent an amplifying cell pool.



eye, brain, skeletal muscle, liver, skin, the lining of the gas-
trointestinal tract, and pancreas (4, 9, 10).

Embryonic stem cells

The fertilized egg cell is capable of developing into all types
of tissue, and it is therefore totipotent. After cell division in
four days it develops into a blastocyst where the cells have
divided into an outer and an inner cell mass. The inner cell
mass is pluripotent and develops into all tissue in the body.
By adding specific growth and differentiation factors to a
culture medium, stem cells are induced to differentiate into
certain specialized cell types (Fig. 3.2).

Once removed from their environment the inner cell mass
lacks signals regulating the cell fate, and they can proliferate
indefinitely as embryonic stem cells in the laboratory while
retaining the ability to differentiate into all somatic cells, a
property that is not shared by adult stem cells (Fig. 3.2) (9).

The mechanism by which embryonic stem cells are deter-
mined for differentiation is dependent on a network of
developmental signaling molecules. The local environment
of stem cells plays an important role.

Embryonic stem cells have tremendous potential in devel-
opment. Embryonic stem cells can now be cultured and even
produced from adult cells by the nuclear transfer method
(11). It has been claimed that cells may be added to injured
regions, develop in situ, and restore function in a part of the

Fertilized egg

Fig. 3.2 The fertilized ovum is toti-
potent. First, it develops the inner cell
mass and subsequently the three main
types of embryonal stem cells in ecto-
derm, mesoderm and endoderm. These
stem cells can in vitro develop a wide
range of specific cell types dependent
on the culture conditions. Segments of
tissue can be developed for experi-
mental implantation. Modified from
KREBSBACH & ROBEY (12) 2002.

Dividing cells
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body (2). They can also make small segments of tissue which
are usable for developing into regular tissue transplants (6).
However, there are not only scientific and biotechnical prob-
lems when using embryonic stem cells: ethical and legal
aspects need to be clarified (12).

Adult stem cells

In the mature tissue of adults, stem cells play a major role
in homeostasis and tissue repair. Stem cells have been iso-
lated from many tissues, including bone, periosteum, syn-
ovium, and teeth (10, 13-15). In contrast to embryonic stem
cells, the adult stem cells do not replicate indefinitely in
culture (9).

Evidence suggests that adult stem cells have more devel-
opmental potential than previously thought. They may
adopt different cell types after differentiation (3). Given the
right environment adult stem cells from bone marrow (16),
skin (17) and dental pulp (18) can differentiate into neurons
and adipocytes.

Differentiation is the process by which an unspecialized
cell, such as a stem cell, becomes specialized into one of
the cell types that make up the tissues. During differentia-
tion, certain genes become activated and other genes
become inactivated in a regulated fashion. As a result, a dif-
ferentiated cell develops specific structures and certain
functions.

Blastocyst
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Apparently, differentiated cells from one germ layer may
be ‘genetically re-programmed’ to generate new specialized
cells that are characteristic of tissues originating from
another, a phenomenon called ‘plasticity’ (19). The evidence
of stem cell plasticity is controversial and more studies are
anticipated (20, 21). Much work has to be done in order to
map the tree of stem cell lineages.

Detection of stem cells

There is a lack of data on the fate of stem cells and their pro-
genitors in the environment of dental trauma. They work in
an environment that has a crucial, but not necessarily irre-
versible, influence on the differentiation of genes in a par-
ticular direction (22).

Adult stem cells are rare, and they are therefore often
difficult to identify, isolate, and purify. Stem cells are often
interspersed between differentiated cells.

In light of previous discoveries of adult stem cells in
tissues where they were not expected, it was hypothesized
that they could also be present in hard tissues of the oral
cavity. By using techniques previously established for isola-
tion of stem cells and progenitors from bone and its marrow,
it is now possible to isolate fractions of dental cells enriched
in stem cells (see later). By using cell sorting technology it is
possible to label individual cell types with specific antibod-
ies and isolate the cell fractions. It is thereby possible to
isolate cell groups with an extensive clonogenic capacity,
and also an ability to regenerate hard tissue after transplan-
tation (23).

Today, a new interpretation of stem cells is developing. We
know that stem cells are not necessarily typical undifferen-
tiated cells. On the contrary they may, to some extent,
express a selection of molecules which are characteristic for
differentiated cells (19). Stem cells may apparently adopt
some reversible changes in direction of changes seen after
irreversible terminal differention.

It can be difficult to ascertain scientifically whether a
single cell is capable of developing an array of cell types,
or whether multiple cell types, when grown together, are
capable of forming the same cell type. Development in the
detection of specific stem cell markers, including production
of specific antibodies, is anticipated with great interest.

Origin of dental stem cells

The origin of stem cells is important in the understanding
of their competence and fate. The embryo is developed from
three layers of multipotent stem cells called ectoderm, meso-
derm, and endoderm. In the primitive oral cavity two cell
types are juxtaposed, ectoderm in the epithelial surface and
ecto-mesenchyme (including mesoderm) below. They inter-
act to control the process of tooth initiation (24). Tooth
organs have to develop at precisely determined sites and
time-points. The first fundamental patterning in jaw mor-
phogenesis is controlled by the early separation of specific
areas of ectoderm that are regulated specifically by ecto-
derm-endoderm interactions (25).

The branchial arches are derived when ecto-mesenchymal
stem cells migrate under the ectoderm into the cranial
mesoderm. The ecto-mesenchyme has been called the
fourth germ layer. This important tissue is derived from the
cranial neural crest at the junction between the neuroecto-
derm of the closing neural tube and the surface ectoderm.
The neural crest tissue, which is filled with pluripotential
stem cells, migrates from the dorsal side around the primi-
tive brain into the branchial arches on the ventral side (26).
The mammalian jaw apparatus including teeth is derived
from the first branchial arch in the embryo (27).

Tooth initiation

In tooth development the epithelium covering the inside of
the developing oral cavity secretes the first instructive
signals. Signaling molecules thereby position the sites of
subsequent tooth development (28) (Fig. 3.3).

The patterning of the dentition is based on a nested
pattern of homeobox genes that are expressed in the mes-
enchyme (29). These genes include Msx1, -2, DIx1, -2, -3,
-5, -6, -7, Barx1, Otlx2, Lhx®6, -7, in specific spatial patterns
before any morphological manifestation of tooth develop-
ment (13, 30-34).

From anterior to posterior, the dentition is divided into
regions of incisor, canine, premolar and molar tooth types.
The teeth are initiated as discrete organs (35). Manipulation
of homeobox code causes transformations in tooth type, for
example, from incisor to molar (36).

Tooth development

The shape of the tooth crown results from growth and
folding of inner enamel epithelium. The cusp patterning is
regulated by transient signaling centers, the enamel knots
(37).

The development of individual teeth involves epithelial-
mesenchymal interactions that are mediated by molecular
signals shared with other organs, particularly in the four
major groups of signaling molecules, and they regulate the
early steps of organ development: Hh (hedgehog), wnt
(went), FGF (fibroblast growth factor) and TGF super family
(transforming growth factors) which include the BMP
(bone morphogenetic proteins).

Recent evidence suggests that largely the same signaling
cascade is used reiteratively throughout tooth development.
Tooth type appears to be determined by epithelial signals
and to involve differential activation of homeobox genes in
the mesenchyme (35). Tooth initiations involve interaction
between Sonic hedgehog (Shh) and wnt signalling molecules
in the oral epithelium (29).

Today we are beginning to understand the molecular net-
works regulating tissue interactions unfolding in time and
space during tooth development (38). Hundreds of genes
involved in tooth formation have been described (see
http://bite-it.helsinki.fi).

The dental mesenchyme, including the dental papilla and
follicle, is derived from the cranial neural crest primarily and



Epithelial signals

Stem Cells and Regeneration of Injured Dental Tissue 117

Dental Enamel
lamina N\ gmp knot BMIP
PITX2 FGF FGE
Shh Shh
Wnt Wnt
- 5 - I
[
BMP BMP
FGF FGF
Activin Wnt
Odontogenic
mesenchyme Dental papilla
MSX1
PAX9
Mesenchymal signals CBFAT1

Fig. 3.3 Tooth development. During tooth initiation the oral epithelium thickens and forms the dental placode. Most ectodermal organs start their devel-
opment with an epithelial thickening. The epithelium then buds into or protrudes out from the mesenchyme with mesenchyme condensing around the
epithelium. From that moment on the development of different organs take on different shapes and quite different functions. The tooth development is
characterized by molecular signalling with reciprocal dynamic interaction between epithelium and mesenchyme during all stages. The instructive com-

petence switches between these tissues. From THESLEFF (38) 2003.

few mesodermal cells (26, 39, 40). It is conceivable that stem
cells in the dental papilla acquire commitment to differen-
tiate into odontoblasts during their development (41).
Dental follicle cells develop commitment to form cemento-
blasts, PDL-fibroblasts and osteoblasts (42).

The epithelial FGFs and BMPs initially regulate mes-
enchymal transcription factors including Msx1 and Pax9
(43). These and other signaling molecules are used for
temporo-spatial regulation of interaction between adjacent
epithelium and underlying mesenchyme (29, 38, 44).

It is well established that odontogenic competence, with
information for identity and shape of the teeth, is induced
by the epithelium, and subsequently resides in the tooth
mesenchyme (45).

Study of the cell signaling ectodysplasin (Eda) gene
showed that with increasing expression levels, the number
of cusps increases, cusp shapes and positions change, and
number of teeth increases (46). The shape of the resulting
tooth is coordinated by the enamel-knot signaling centre
(29).

Human dental disorders have been shown to involve
many of the genes that have important roles in early tooth
development (47).

Cross-talk of genes

Interaction between the local environment of a tissue injury
and adult stem cells is a dynamic, complex, ongoing set of
interactions. The genes that regulate tooth development (35)
are, at least to some extent, reactivated following injury.
Members of the Notch signaling pathway operate through
local cell—cell interactions and regulate the fate of stem cells.
Results suggest activation of Notch signaling is also involved
in regulation of adult stem cells during pulp regeneration
(48).

Proinflammatory molecules, such as those redistributed
from immune responsive cells, root canal microbiota, and
necrotic pulp tissue, in the hostile environment created by
the injury, influence genes and factors that are involved in
regulation of the stem cells and their progenitors during
wound healing. When the treatment is successful the inflam-
matory phase is followed by a reparative phase with prolif-
eration, and eventually a regeneration phase (49).

The progression of the inflammatory phase leads to
dampening of complex and potentially aggressive defense
reactions. The modifications in the inflammatory signaling
network allow for upregulation of the upcoming prolifera-
tion phase. Some inflammatory cytokines may be growth
stimulatory, but in the fetus wound healing reactions may
occur successfully without inflammation (50). Studies
on reparative dentinogenesis in germ free animals have
shown that pulp cells express the odontoblast phenotype
much more early when inflammatory factors are not present
(51).

Insight into some of the environmental influences on
stem cells in wound healing, such as interaction between
stem cells and inflammatory cytokine networks, seems rele-
vant for optimal development of tissue engineering.

Bone marrow cells

The bone marrow harbors stem cells capable of differenti-
ating between hematopoietic and stromal cell lineages. Both
stem cell types are capable of contributing to multiple cell
lineages (52, 53). The bone marrow stromal cells (BMSCs)
include a group of mesenchymal stem cells capable of
forming e.g. cartilage and bone (54). BMSCs can be
expanded in vitro, but they only form bone after implanta-
tion with a 3-dimensional matrix, such as that based on
hydroxyapatite. Addition of bone morphogenetic protein7
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Fig. 3.4 PDL stem cell. Electron
microscope radio-autograph of an
undifferentiated paravascular progeni-
tor cell labeled with H3-TdR 29 hours
after wounding. BV = lumen of blood
vessel; E = endothelial cell; L =
radioactive label: N = nucleus; PC =
progenitor cell. From GOULD (183)
1983.

(BMP7) stimulates the cells’ bone formation in defects
which are not capable of repair by themselves (54).

When bone marrow stromal cells with a reporter gene
coding for green fluorescent protein (GFP) are transplanted
into mice without bone marrow, several organs with exper-
imental injury, including liver, heart and muscle, regenerate
with the help of GFP-labeled bone marrow cells (20, 55, 56).
It has been proposed that circulating skeletal stem cells can
adhere to local cell adhesion molecules (CAMs) in damaged
tissue and migrate out and subsequently contribute to tissue
regeneration (53).

Stem cell plasticity, fusions and confusion

Postnatal cells have been suggested to possess some degree
of plasticity with de-differentiation of differentiated cells as
the basis for recruitment of new stem cells (20).

After pulp exposure it has been suggested that endothe-
lial cells and pericytes may become undifferentiated mes-
enchymal cells, and that they hypothetically re-differentiate
into odontoblasts (57). Cells in the fibroblast cell family may
transdifferentiate. However, terminal differentiation is nor-
mally irreversible, and conclusions on reversible de-
differentiation, with plasticity of mature somatic cells
changing to stem cells, need more evidence. Existing evi-
dence suggests that in vivo such unexpected transformations
are exceedingly rare (21).

The scale of cell recruitment, such as (1) through a transit
amplifying cell pool, (2) the potential dedifferentiation due
to cell plasticity, or (3) the migration of already determined
precursor cells, remains to be clarified (20).

Our concept of stem cells during tissue regeneration has
been radically changed, and unfortunately more compli-

cated, by discovery of stem cell fusion and plasticity with

potential de-differentiation of differentiated cells as the
source of new stem cells.

New discoveries on the Twist-1 gene expression indicate
it can be responsible for epithelial-mesenchymal transitions
during development (EMT) (58, 59).

In vitro coculture of embryonic stem cells and somatic
cells can result in spontaneous cell fusion (60, 61). Liver cells
are known to form heterokaryons, but only in severe patho-
logical conditions (62, 63). In vivo bone marrow stem cells
may derive hepatocytes, cardiomyocytes, and Purkinje cells
due, at least in part, to fusion with these cell types (60, 61,
64—67). Apparently, stem cells may under specific circum-
stances fuse with local differentiated cells.

Stem cells in the periodontium

The periodontium consists of soft and mineralized tissues,
and together they provide an attachment for the tooth to
the bone while allowing the tooth to withstand physical
forces. The periodontal tissues are arranged in cellular
domains of remarkable coherence and preserved dimen-
sions (68).

The periodontal ligament is a specialized connective
tissue that connects the cementum and the inner wall of the
alveolar socket to maintain and support teeth in situ and
preserve tissue homoeostasis (10). The cementum is a
thin layer of mineralized tissue on the surface of the roots
(69).

The adult periodontium contains stem cell progenitors,
which are involved in tooth maintenance and repair after
injury (Fig. 3.4). In situ, these cells often have a low cycling
rate and locate in specific regions or niches (70, 71).



Adult stem cells and their progenitors proliferate and
migrate before arrival at sites of periodontal injury. The
advent of new cells has been followed in several studies in
rodents by using a marker of DNA synthesis prior to cell
division.

An increased number of labeled cell populations are seen
to be associated with bone surfaces and ligaments after
injury (72). They proliferate in adjacent and unwounded
tissues from where they migrate as labeled cells into the
wound defect (73, 74). They migrate and differentiate into
fibroblasts, osteoblasts or cementoblasts forming new bone
and cement (70, 72).

The number of labeled cells in wounded ligaments
increased from days 1 to 7 suggesting a prolonged repopu-
lation response after wounding (73).

Studies in mouse molars suggest there is a slowly divid-
ing cell population within 10 microns of blood vessels which
may represent stem cells (74, 75). They divide several times
before day 3 (74). From day 3 to day 7 after wounding the
majority of cells were found to be paravascular. The major-
ity of the dividing cells appeared to belong to two popula-
tions, one adjacent to bone, the other in the body of the
ligament. A third and minor population, not paravascular,
lay adjacent to cementum (72).

Endosteal spaces of alveolar bone apparently also con-
tribute with progenitors (70). Data also from mouse molars
with ligament wounding indicate that endosteal spaces are
enriched with labeled progenitor cells whose progeny
rapidly migrate out of the compartment, and there they
subsequently express the phenotype for osteoblasts or
cementoblasts (70).

Periodontal ligament contiguous with the endosteal
spaces exhibited 5 times as many mitosis-labeled cells as
other sites in this tissue. Thickened cementum was coinci-
dent with the openings of endosteal spaces in most of the
observations (70). Taken together, the data sugggest that
periodontal tissues respond with site-specific recruitment of
stem cell progenitors.

Stem cells in the pulp

The dentin provides a structural basis for the function of the
tooth which allows the tooth to withstand physical forces
while protecting the pulp. The pulp-dentinal organ consists
of soft and mineralized tissues, and together they interact in
order to maintain the function of the tooth.

The pulp-dentin tissues are integrally connected in the
sense that pathologic reactions in one of the tissues will also
affect the other (69).

The peripheral part of the pulp comprises a single layer
of polarized cells, the odontoblasts, which separate the
dentin from the pulp stroma. Each odontoblast secretes pre-
dentin and makes an extension into a dentinal tubule, the
odontoblast process. After odontoblasts have formed they
secrete primary dentin, after eruption they continue to form
secondary dentin at a slow rate, and fertiary dentin is formed
in response to localized irritation (Fig. 3.5).
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Fig. 3.5 Reactionary and reparative dentin. The range of confusing terms
used to describe physiological and pathological dentin, secreted after
primary dentin formation, has led to redefinition of ‘tertiary dentin’, which
is subdivided into reactionary and reparative dentin. The localized tertiary
dentin formed by surviving primary odontoblasts following mild impacts,
has been referred to as reactionay dentin, whereas that formed by a new
odontoblasts has been called reparative dentin (76, 77).

The range of confusing terms used to describe physiolog-
ical and pathological dentin, secreted after primary dentin
formation, has led to redefinition of ‘tertiary dentin’, which
is subdivided into reactionary and reparative dentin (76).

The localized tertiary dentin formed by surviving primary
odontoblasts following mild impacts, has been referred to as
reactionary dentin, whereas that formed by a new odonto-
blasts has been called reparative dentin (77) (Fig. 3.5).

The pulp stroma is a specialized loose connective tissue
including blood and lymph vessels, nerves, and interstitial
fluid (69). The adult pulp contains immature stem cell-like
cells, which are involved in pulp-dentin repair after injury.
They have the potential to develop into specialized odonto-
blast-like cells, and they are duplicated in the stromal pulp
after greater injuries, where they migrate to the injured site
as described in the following.

Pericytes, the primary stem cell candidate

Earlier studies suggest the dentinogenic stem cells are asso-
ciated with the blood vessel walls (2).

Studies in rodents suggest that progenitor cells located
around the blood vessels (78), and especially endothelial
cells and pericytes, are involved in repair (57).

The pericytes in human dental pulp are abluminal perivas-
cular cells located around the endothelial cells in capillaries
and blood vessels. They are enclosed in basement membrane
matrix, and they can be recognized by their stunted or
rounded form and their few, short processes (Fig. 3.6). The
pericytes represent undifferentiated mesenchymal cells.

Transitional cells are partly surrounded by basement
membrane. Fibroblast-like cells are outside, but adjacent to
the basement membrane. Some pericytes may migrate away
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Fig. 3.6 Pericyte. The pericyte is seen close to cuboidal odontoblasts on
the dentin wall of a mouse molar. Dental pulp stem cells are expected to
include pericytes. Pericytes are located around endothelial cells embedded
in the basal lamina. They are abluminal and small with big nuclei, and a
plump and rounded morphology with only few lamellipodia. The PAS stain-
ing labels glycoproteins in the perivascular basal lamina.

from the vessel wall to undergo transition to another
phenotype (28).

Recent evidence supports that dentinogenic progenitor
cells are of perivascular origin with pericytes as the primary
dentinogenic stem cell candidate (28).

Stem cells have been found in human dental pulp in per-
manent (79) and exfoliated deciduous teeth (18). It has been

shown that it is possible to isolate a fraction of pulp cells
enriched in stem cells by using STRO-1, CD-146, and 3G5
antigens for selection of cells and fluorescence activated cell
sorting (FACS). The Gronthos & Shi group confirmed the
stem-cell-like properties as two-thirds of the single-colony-
derived cell populations generated abundant ectopic dentin
in vivo after transplantation (80). STRO-1 and CD-146 anti-
gens colocalized in vivo on the outer walls of large blood
vessels in human adult pulp (80), whereas 3G5 is a general
pericyte-associated cell surface antigen (81, 82). Therefore,
it is suggested that dental pulp stem cells reside in the
microvasculature of the pulp, and that pulpal pericytes,
which fulfil a role in angiogenesis and blood vessel home-
ostasis, may also contribute as adult dentinogenic stem
cells (26).

Stem cells and pulp injury

Experimental animal studies have demonstrated that repair
of the pulp-dentin organ occurs with recruitment of new
odontoblast-like cells (83) (Fig. 3.7). Studies using tritiated
thymidine described an increased number of labeled cells
3-4 days after pulp capping, and the progenitor cells
migrated toward the wound clot and adjacent dentin walls
where odontoblasts had been lost. No label incorporation
was observed in surviving odontoblasts close to the injury
(84). Accordingly, new pre-odontoblasts replacing lost
odontoblasts were labeled and recruited by multiplication
and not only migration (85).

e

Fig. 3.7 Pulp healing after crown fracture. Stem cells participate in healing after a crown fracture with deep dentin exposure or direct pulp exposure.
The offspring of paravascular stem cells (S) migrate together with polymorphonuclear leukocytes (PM) and macrophages (M) to the injury site.



Fig. 3.8 Tissue engineering. The triad:
bioactive molecules, cells and materi-
als (scaffolds/carriers) can be used for
regeneration of bone, PDL, cementum

Adult

and dentin. The key bioactive mole- Marrow stroma
cules are the morphogenetic signaling PDL stem
families: BMPs, FGFs, Shh and Wnts. Dental pulp stem

The cells include progenitor/stem cells
derived from marrow, dental pulp and
PDL-derived cells. The materials consist
of extracellular matrix scaffold, hydroxy
apatite, collagens, fibronectin, pro-
teoglycans including hyaluronic acid,
synthetic foams, fibers, gels and mem-
branes, which can be incorporated
with biomimetic biomaterials. From
NAKASHIMA & REDDI (92) 2003.

Different labeling responses have been described after
superficial and deep pulp injuries. In superficial injuries
increased labeling of fibroblasts and perivascular cells were
described early and close to the lesion and decreasing by
time, whereas under deep exposures similar labeling
changed from low to high over time (86). Continuous influx
of newly differentiating odontoblast-like cells at the mate-
rial-pulp interface was observed to be cells originating from
the deeper pulp. At least two replications of DNA are
required after pulp capping before cell migration and
expression of the new odontoblast-like phenotype (86, 87).
Transplantation of pulp tissue from transgenic mice carry-
ing a GFP-reporter gene confirmed that the stromal dental
pulp contains progenitors that can differentiate into odon-
toblast- or osteocyte-like cells giving rise to tubular repara-
tive dentin or atubular bone-like dentin, dependent on the
conditions (7).

Tissue engineering

A triade of biomolecules, biomaterials and cells

Tissue engineering is the manipulation and development of
molecules, cells, tissues and organs, to replace or support the
function of defective or injured body parts.
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Tissue engineering is based on the research triade of cells,
biomolecules and biomaterials (Fig. 3.8). The list of tissues
with the potential to be engineered is growing steadily (3).

Progress in understanding tooth development, the role of
stem cells, carriers, scaffolds, and bioactive molecules, have
set the stage for engineering of traumatized dental tissue.

The designs and approaches are endless, and range from
conductive membranes to using stem cells ex vivo for con-
struction of whole teeth. This section briefly reviews the role
of biomaterials, biomolecules, and cells, in dental tissue
engineering.

Biomaterials: the third generation

Biomaterials for conductive, inductive, and also cell-based
tissue replacement strategies, are in development (88).
Biodegradable or nondegradable scaffolds can be used as
space-filling matrices for tissue development and barriers
to migration of epithelial cells in tissue conductive
approaches (88). The biomaterials may also include matrix
and vehicle for cell adhesion and distribution of bioactive
molecules.

Inductive approaches involve sustained delivery of bio-
active factors, such as protein growth factors and plasmid
DNA, to alter cell function in localized regions. Factors can
be released from highly porous polymer scaffolds to allow
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factor delivery and tissue development to occur in concert
(88).

Recent bone research described the response of
osteoblasts to the ionic solution products of bioactive
glasses, which have proven to be effective tools with osteo-
productive properties. The activated genes express numer-
ous proteins that influence all aspects of proliferation and

differentiation of osteoblasts:

« Transcription factors and cell cycle regulators
+ Signal transduction molecules
+ Proteins involved in DNA synthesis, repair, and

recombination
« Growth factors and cytokines that influence the
inflammatory response to the material

+ Cell-surface antigens and receptors

Extracellular matrix components and enzymes
+ Apoptosis regulators (89).

Where the second generation biomaterials were designed
to be either resorbable or bioactive the third generation of
biomaterials is combining these two properties, with the aim
of developing materials that, once implanted, will help the
body heal itself (90). The separate concepts of using bio-
resorbable and bioactive materials have converged.

Two alternative routes of repair with the use of bioactive
biomaterials are available (90).

In one approach, tissue engineering is performed before
implantation. Progenitor cells are seeded onto modified
resorbable scaffolds. The cells grow outside the body and
become differentiated and mimic naturally occurring
tissues.

In another approach, tissue engineering is performed after
implantation in sifu. This approach involves the use of bio-
materials in the form of powders, solutions, or microparti-
cles to stimulate local stem cell recruitment. Extracellular
matrix molecules can also mimic the extracellular environ-
ment and provide a multifunctinal cell-adhesive surface (90).

The new third-generation implants, as mentioned above,
include both resorbable biomaterials and a molecular
tailoring of immobilized proteins, peptides, and other
bioactive substances seems to show great promise.

Biomolecules: growth and differentiation factors

Although numerous molecules can be used to stimulate
tissue formation including mitogenic signals and differenti-
ation factors, only a small number are yet being pursued
clinically (91-95).

As reviewed by Silva, et al. 2004 several growth factors and
other soluble molecules have been identified in human
dentin including IGF-I, IGF-II, TGF-B1, TGF-B2, TGF-§3,
MMP gelatinase A, PDGF-AB, VEGE PIGF, FGF2, and
EGF (96).

Classic receptor-mediated peptide signaling supported
with extracellular matrix molecules for stimulation of tissue
formation cascades lead to cellular events such as chemo-
taxis, angiogenesis, proliferation, differentiation, and even-
tually formation of soft or hard tissue (91).

The application of polypeptides such as PDGF, TGFf} and
IGF has apparently led to successful enough outcomes to
facilitate clinical regulatory approval (91-95).

Another therapeutic candidate is enamel matrix deriva-
tive, a set of matrix proteins. Enamel matrix derivative
appears to stimulate first acellular cementum formation,
which may, in a limited extent, support functional peri-
odontal ligament formation (91).

It is evident that the BMPs are excellent molecules and
candidates for stimulation of oral mineralizing tissues and
periodontal ligament (91). BMPs have been introduced for
pulp capping showing marked stimulation of reparative
dentinogenesis (97, 98); however, blood vessel invasion into
the pulp implant appears to be a side-effect which has to be
conquered. The recent approval by the US Food and Drug
Administration of thBMPs for accelerating bone fusion in
slow-healing fractures indicates that this protein family may
prove useful in designing regenerative dental treatments
both in endodontics and periodontics (92).

Biomolecules: gene therapy

Gene therapy represents a promising approach for local
delivery of bioactive molecules to specific tissues. Advances
in the techniques to genetically modify the gene activity of
stem cells during their ex vivo expansion may offer a unique
opportunity to influence a patient’s own stem cells even
better. It is actually possible to replace a gene activity which
is missing, and it is also possible to silence a gene activity
that is defective and unwanted (12).

Several laboratories have shown that virus-based expres-
sion vectors can stimulate for example BMP expression and
osteoblast differentiation leading to increased bone forma-
tion in vivo. Both in vivo and ex vivo transduction of cells
can induce bone formation at ectopic and orthotopic sites.
Bone regeneration may also be achieved through the use of
inducible promoters and, in so doing, be able to precisely
control both the amount and type of bone regenerated
(99).

Cell implantation

The isolation of adult stem cell populations that repro-
ducibly can form bone and its marrow, dentin, cementum,
and periodontal ligament, support an envision of com-
plete restoration of complex oro-facial structures by using
the patients own cells and, thereby, avoid the issues of
histo-compatibility.

The molecular techniques for expansion and induction of
specific stem cell progenitors, and also the biomaterials used
as carrier, are developing. Recent approaches have been
based on seeding of cells, for example onto polymeric scaf-
folds in vitro and subsequent transplantation of the scaffold.
New scaffold materials are being developed that address spe-
cific tissue engineering design requirements, and in some
cases attempt to mimic natural extracellular matrices
(88).



These strategies together offer the possibility of forming
specific tissue structures, and may provide answers to prob-
lems with exposed pulps, injured periodontal ligaments, fur-
cation defects, bone and root resorptions, and ankylosis
(88).

Stem cells from teeth have been isolated from teeth by
using activated cell sorting. It was possible to transplant a
mix of human stem cells with hydroxyl apatite carrier into
immunocompromized mice and develop PDL/cementum
from isolated fractions of PDL stem cells (10), dentin from
subpopulations of pulp stem cells, and bone from stromal
marrow cells (23), respectively.

There are several aspects that need to be addressed as we
attempt to explore the mechanisms underlying the poten-
tials of stem cell therapy. These questions include at present
the host immune response to implanted cells, the homing
mechanisms that guide delivered cells to a site of injury, and
differentiation of implanted cells under the influence of
local signals (40).

Periodontal tissue regeneration

Stem cells and periodontal regeneration

Successful regeneration of tooth and bone fractures requires
repair and regeneration with the tissues in the right place.
Several tissues can be involved in dental traumas: ligament,
cement, bone, dentin, pulp, vessels, and neurons. Regenera-
tion of tooth injuries can therefore be a complex process
requiring recruitment of specific adult stem cells in specific
locations. Evidence to date suggests that future treatment of
periodontal traumas may benefit from studies focusing on
stem cells.

Traumatized or lost periodontal ligament

The periodontal ligament is a specialized connective tissue
that connects cementum and alveolar bone to maintain and
support teeth in situ and preserve tissue homeostasis. The
prognosis of tooth regeneration depends on the extent and
nature of the trauma. When periodontal tissues are lost it is
important that PDL-derived progenitor cells are formed and
regenerate the PDL with associated cementum deposition
along the root in order to save the tooth.

Cases of acute injury to the PDL are represented by lux-
ation injuries, root fracture, alveolar bone fractures and
avulsions. It has been found that the healing of most of
these traumas is uneventful leading to regeneration of the
PDL within approximately two weeks (see Chapter 2).

In some instances where a significant part of the PDL has
been destroyed, root resorption may become a significant
problem. This relates especially to intrusive luxation and
avulsion with subsequent replantation.

Improved regeneration of lost periodontal tissue is a
major goal in traumatology. Animal experiments have
shown that the decisive factor in these cases is the survival,
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or destruction, of the innermost layer of the PDL (cemen-
toblasts and possibly also the PDL cells next to the cemen-
toblast) (see Chapter 2). Although a number of treatment
approaches have been made using various chemical and
antibiotic procedures, these have so far not been able to
prevent establishment and progression of root resorption.
Strategies used to treat loss of periodontal support include
those that arrest the progression of periodontitis (100) and
support with approaches
(101-103). In the following a number of new assays will be

reconstruct lost surgical

presented to cope with this problem.

Bone engineering

Several previous studies have focused on alveolar bone
regeneration. The formation of bone can be achieved by
several approaches. Many materials have been used: several
graft, derivatives and substitutes (104).

The biological bone reaction cascade during integration
of transplanted teeth or artificial implants in situ, can be
deconvoluted into three phases. First, osteconduction relies
on the migration of differentiating osteogenic cells to defect.
Second, bone formation, results in a mineralized matrix
equivalent to that seen in cement lines in natural bone
tissue. Third, bone remodeling will follow. Stimulation of
bone formation rather than just bone replacement is
dependent on several factors. Stem cells which will form the
bone are needed, as well as for a scaffold for them, a bony
bed, or they will resorb, and a blood supply, stability, con-
tinual micro-mechanical forces, and freedom from infection
(105).

Transplantation of bone marrow stromal cells (BMSC)
including osteogenic stem cells has been suggested as an
approach for reconstruction of craniofacial bone defects by
circumventing many of the limitations of auto- and allo-
grafting (3).

It is evident that, in order to make bone by using the
adherent stromal cells from bone marrow aspirates, it is nec-
essary to transplant the stem cells together with an organ-
ized framework to which they can adhere and proliferate
long enough to ensure differentiation and bone formation
(12). Skeletal stem cells can be isolated from a limited
volume of bone marrow and expanded in vitro and loaded
onto an appropriate carrier, and locally transplanted for
bone reconstruction. Successful bone engineering by using
stem cells has been shown in calvarial and long bones
models (1, 106-109). This procedure can result in effective
repair of critical size defects, which are larger than what can
be repaired by resident cells guided by an osteoconductive
device in the local environment (3).

Gene transfer may offer new possibilities by transducing
into cells from the host ex vivo before they are seeded onto
carriers and implanted in the host again. When the BMP-7
gene is transferred to dermal fibroblasts it has been shown
it is possible to stimulate healing of alveolar bone defects in
rats (110). The use of stem cells for regenerative therapy is
in development; however it has primarily been demon-
strated in animal models.
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PDL engineering

Regeneration of periodontal defects requires recruitment of
stem cell progenitors, which originally are developed from
the dental follicle (68). It has been proposed that, for new
cementum and attachment during periodontal regenera-
tion, the local environment must be conducive for the
recruitment and function of cementum-forming cells (111).
Studies have described that clonogenic cells isolated from
human periodontal ligament cementum can be expanded
in vitro. Furthermore, these cells are capable of forming
a cementum-like tissue, in contrast to bone stem cells which,
for example, make trabecular structures and hematopoietic
compartments when transplanted into immunocompro-
mized mice (14, 15).

Preliminary cell transplantation studies suggest trans-
planted PDL-derived stem cells (10) and cementoblasts (14,
15) can be used for cementum formation when transplanted
into immunocompromized mice with a carrier (10, 184). It
was shown cementoblasts can be used for repairing root
injuries (112).

Periodontal ligament stem cells were isolated by using the
stem and cell markers STRO-1 and CD146/MUCI8 for acti-
vated cell sorting. The Gronthos group thereby demon-
strated stem-cell-like properties and the cells’ capacity to
generate a cementum/PDL-like structure after transplanta-
tion into immunocompromized mice (10).

Whether organization of bone, cementum and ligament
are also formed by stem cells from distinct tissues, or only
by pluripotent cells responding with plasticity to local envi-
ronmental cues, has not been verified. Distinguishing
between these possibilities has been difficult as cell specific
markers for labeling and distinction of cementoblast and
osteoblast precursors are lacking (12).

Developing and wounded periodontal tissues exhibit fun-
damental differences. The developing periodontium is gov-
erned by epithelial-mesenchymal signal interactions which
regulate specific cell populations in time and space. During
wound healing the cell fates are regulated by a vast array of
extracellular molecules that induce responses in the differ-
ent cell lineages and their precursors (68).

According to the concept of in situ tissue engineering the
use of a third generation resorbable and bioactive mem-
brane has been demonstrated in dogs. To regenerate peri-
odontal tissues, a sandwich membrane has been developed
that is composed of a collagen sponge scaffold and gelatin
microspheres containing basic fibroblast growth factor
(bEGF) in a controlled-release system.

New cementum was formed on the exposed root surface
at 4 weeks, and functional recovery of the periodontal liga-
ment was indicated in part by the perpendicular orientation
of regenerated collagen fibers. In the control group, epithe-
lial downgrowth and root resorption occurred and the
defects were filled with connective tissue (113). Thus, sand-
wich membrane with bioactive molecules may induce
regeneration of the periodontal tissues. Other studies have
shown that new bone formation is apparently affected by
rapid-release kinetics of bone morphogenetic proteins

(BMPs). In contrast, new cementum formation is promoted
by slow release of BMP (114).

W. V. Giannobile, M. ]. Somerman and Q. Jin
Cementum engineering

Influence of amelogenins on cementogenesis

Periodontal regenerative therapies have focused tradition-
ally on regeneration of alveolar bone, with a paucity of
approaches targeted on cementum regeneration. Evidence to
date suggests that cementum regeneration is a key consider-
ation for designing predictable approaches to restore tooth-
supporting tissues (115). One strategy for promoting
periodontal tissue regeneration is to mimic the specific
events that occur during development of these tissues. In
this regard, some investigators have reported that epithelial
cells deposit enamel matrix-related proteins onto the root
surface prior to cementum formation, and that these pro-
teins trigger follicle cell differentiation toward a cemento-
blast phenotype and subsequently cementogenesis (116)
(Fig. 3.9). These findings, suggesting that epithelial-
mesenchymal interactions are required for cementum for-
mation, prompted the formation of a company to develop
an enamel matrix derivative (EMD) product for regenerat-
ing periodontal tissues (Straumann, Switzerland)
(117-119). Enamel matrix derivative (EMD) is predomi-
nately composed of amelogenin (90%), suggesting that the
role of enamel matrix derivative is realized mainly through
amelogenin. The results of amelogenin knock-out mice
show that without amelogenin, cementum will be resorbed.
However, caution must be used in interpreting the data,
since the weak enamel structure itself may activate osteo-
clasts during mastication (120). In addition, amelogenins
have been reported to regulate hard tissue forming markers:
osteocalcin and bone sialoprotein expression, as well as
osteoprotegerin, in cementoblasts (121). However, there are
differences between EMD and amelogenin responsiveness
(e.g. EMD promotes proliferation of mesenchymal cells, but
amelogenins do not), and thus, some of the clinical effects
of EMD may not be related to amelogenin. At the clinical
level, application of EMD improves periodontal tissue
regeneration (122).

In order to confirm that amelogenins have a direct effect
on mesenchymal cells, additional investigations are needed,
including identification of specific cell surface receptors
associated with amelogenin.

BMP and noggin

Bone morphogenetic proteins (BMP) are multifunctional
signaling molecules belonging to the transforming growth
factor-superfamily, which are involved in embryonic devel-
opment and bone formation and turnover in post-natal life
(122, 123).

The effects of BMPs represent both stimulation and inhi-
bition of dental tissue formation. Most BMP members have
the ability to induce ectopic bone formation (92). BMPs are
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Fig. 3.9 Potential factors and cells regulating formation and regeneration of the periodontium. Appropriate development of the periodontium requires
a balance between formation of soft connective tissues, i.e. PDL, and hard connective tissues, i.e. bone and cementum. Periodontal tissue development
includes formation of the root/cementogenesis, supporting alveolar bone and PDL. Molecules suggested as keys for promoting formation/regeneration
of periodontal tissues include: a) amelogenin and/or amelogenin-like molecules secreted by surrounding epithelial cells that may promote follicle cells
to express genes linked with the cementoblast/osteoblast phenotype; b) BMPs: BMP-3, found in high concentrations within the follicle cell region, func-
tions as a negative regulator of mineralization, while BMP-2, -4 and -7 function as a positive regulator of mineralization promoting follicle cells to dif-
ferentiate along the cementoblast/osteoblast pathway; ¢) noggin, a negative requlator of BMP-2, -4 and -7 activity; d) Runx2, a putative master switch,
may be important for promoting differentiation of follicle cells along a cementoblast/osteoblast pathway (Abbreviations: DF = dental follicle; ERS =

epithelial root sheath).

differentially expressed during tooth development and peri-
odontal repair (124-126). BMP-2 triggers the differentiation
of dental follicle cells into cementoblasts or osteoblasts in
vitro (42). The expression of BMP-3 is seen in particular in
the dental follicle cells which give rise to cementoblasts
(124), especially cementoblasts close to epithelial cell rests of
Malassez continuing to express Msx2 (127). Moreover,
BMPs potently stimulate alveolar bone regeneration around
teeth, as well as initiate cementogenesis in periodontal
wounds (110, 128). Noggin is a BMP antagonist that binds
specific BMPs and prevents them docking to cognate recep-
tors (129). The BMP binding proteins including Noggin reg-
ulate the bioavailability of BMPs, and they may thereby
influence the development and regeneration of ligaments
and joints (130). Noggin plays an important role in tooth
development. For example, local application of noggin to
embryonic tooth bud explants transforms tooth type from
incisor teeth to molar teeth (36).

BMP-7 induces noggin expression in cementoblasts, PDL
fibroblasts, and osteoblasts, which suggests that there is a
feedback regulatory mechanism between BMP and its

antagonist (110, 131). Furthermore, sustained delivery of
noggin reduces cementogenesis in vivo (110, 131). The
complex BMP signaling pathways and feedback loops, and
also the threshold dependent action of BMPs, emphasize the
need for a balance between multiple factors for application
of BMPs in tissue engineering with a successful regeneration
of both soft or hard tissues.

Cell transplantation for cemental repair

In order to better understand the potential of cementum-
derived cells in the restoration of lost cemental support, cell
populations of dental follicle cells and cementoblasts have
been evaluated in a model of cementum and periodontal
regeneration (112, 133-134).

Using a periodontal defect model in rodents, periodontal
traumas were treated with transplanted cell lines of dental
follicle cells and cementoblasts (112) to determine the ability
to promote periodontal wound healing (Fig. 3.10). The
extent of bone and cementum regeneration and the gene
expression of mineral-associated bone sialoprotein and
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Fig. 3.10 Cementum engineering of
cementum in vivo. This schematic
representation demonstrates a method
for delivery of cells/scaffolds to sites
of periodontal wound healing in a
rodent model. First, cells such as
cementoblasts are expanded in vitro,
followed by seeding in bioresorbable
polymer carriers and then transplanted
to alveolar bone wounds for quan-
titative assessment of periodontal
regeneration. Adapted from ZHAO
etal. (112) 2004.

osteocalcin were observed at early time points after the cell
therapy (112). The results showed that follicle cells failed to
restore periodontal bone and cementum support, while
cementoblast transplantation promoted both bone and early
cementum-like tissue formation (Fig. 3.11). Interestingly,
follicle cells negatively regulated healing versus sites with no
cells added, supporting the concept that cells within the local
periodontal environment secrete factors that inhibit mineral
formation. These findings suggest that mature cementoblast
populations can promote periodontal repair, while less dif-
ferentiated cells (i.e. dental follicle cells) require additional
triggers in order to promote mineral formation (135).

A variety of approaches have been undertaken to regen-
erate tooth root cementum with the goal that cementogen-
esis will promote further periodontal regeneration, i.e.
restoration of the cementum, alveolar bone and a functional
PDL. Continued studies focused on defining the key regula-
tors of cementogenesis will assist in designing predictable
regenerative therapies.

H. Lovschall and ]. O. Andreasen

Pulp-dentin regeneration after trauma

The pulp must respond to a spectrum of traumatic events.
The character of the pulp-dentin healing response varies
according to the origin of the progenitor cells involved.
The early reparative responses include proliferation of
mesenchymal stem cells and formation of new blood vessels.
The formation of a granulation tissue provides a niche with
many vascular cells which allows for self-renewal of stem
cells and progenitors, an environment which putatively is
instructive in generation of the dental progeny (49).

Regeneration Evaluation
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Cell transplantation

During pulp-dentin repair, the tooth development
processes are somehow mimicked leading to focal deposi-
tion of reactionary and reparative dentin at injury sites. The
nature of these responses is determined in part by the extent
of tissue injury (136).

The mildest traumatic entity is represented by an uncom-
plicated crown or crown-root fracture which exposes dentin,
leading to various external stimuli through the dentinal
tubules (e.g. thermal, chemical). After some time bacteria
invasion into the dentinal tubules may increase the pulp
inflammation (see Chapter 2).

Deep to the pulp injury surviving odontoblasts respond
with deposition of reactionary dentin along the walls. In
such a situation we observe formation of a reactionary
dentin matrix with less tubular density than in the primary
dentin (Fig. 3.6).

If the odontoblast layer is damaged new secondary odon-
toblast-like cells are recruited from the bank of dentinogenic
stem cells precursors. The differentiation of odontoblasts is
characterized by a sequence of cytological and functional
changes which occur at each site in the pulp chamber
according to a specific pattern (137-139).

The new odontoblast-like cells secrete reparative dentine
and the prognosis of pulp vitality is influenced by the resid-
ual dentin thickness and the choice of restorative materials
(140). Secretion of matrix from the new generation of cells
implies a discontinuity in tubular structure with subsequent
reduction in dentin permeability.

In case of a complicated crown fracture, the pulp is exposed
and thereby directly exposed to the same stimuli as described
above. In these cases the optimal healing sequence is to
ensure a hard tissue closure of the exposure (see Chapter 2).

The cells responsible for the formation of this dentin
bridge have been described as mesenchymal cells located
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Fig. 3.11 Transplantation of cementoblasts promotes regeneration of cementum and bone, while dental follicle cell transplantation fails to restore peri-
odontal support. A and B. Polymer carrier (polylactic co-glycolide polymer) + dental follicle cells at 3 weeks. The defect contains polymer particles and
fibrous tissue interspersed with numerous spindle-shaped and multinucleated cells. There is minimal evidence of new bone formation, except at the sur-
gical margin (original magnification A: x4, B: x10). C—F. Cementoblasts at 3 weeks. Newly formed mineralized tissue with numerous blood vessels is
observed filling the defect region and laterally beyond the envelope of the buccal plate of bone (dotted line in D). The newly formed mineralized tissue
merges with surrounding bone in some areas, but is separated from the root surface by a layer of connective tissue (white arrows in F) containing spindle-
shaped cells and small blood vessels (original magnification C: x2, D: x4, E: x10, F: x20). G and H: cementoblasts at 6 weeks. Newly formed mineralized
tissues fill the defect in a similar fashion to the 3-week specimens. A well-organized PDL region is now seen, with organized fibers connecting the root
surface and mineralized tissue. A thin layer of cementum-like tissue on the root surface is also seen (arrowheads in H). From ZHAO et al. (112) 2004.
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paravascularly that subsequently differentiate into odonto-
blasts (57, 141) (Fig. 3.7).

The first stem cell progenitors deposit an atubular denti-
nal matrix covered by cuboidal or polygonal preodonto-
blast-like cells. Some of the cells are embedded, as
osteocyte-like cells, in a dense mineralizing matrix called
osteodentin. Subsequently, a layer of tubular dentin is
deposited on top the osteodentin.

The tissue reactions to experimental pulp capping in
dogs’ teeth with calcium hydroxide have been summarized
in 4 stages: the exudative stage (1-5 days), the proliferative
stage (3-7 days), osteodentin formative stage (5-14 days),
and the tubular dentin formative stage (14 days and
more) (142).

Several studies using a number of organ, explant, and cell-
culture methods have noted the ability of such cultures to
mineralize (143-146). The reason for the varying responses
has not yet been clarified.

In cases where the entrance to the exposure site is covered
with a suitable capping material (i.e. which limits or pre-
vents bacterial contamination), a hard tissue barrier is nor-
mally established (147-150).

It has been found that if an accidental exposure of the
pulp is left untreated over a period of 1 week the pulp tissue
can proliferate through the exposure site (151, 152).

In the case of a root fracture, the coronal part will suffer a
partial or total severance of the neurovascular supply
which leads to ischemia and cell death in this region (see
Chapter 12).

The healing process moves coronally with vascular stem
cell progenitors, and eventually revascularization. If the pulp
becomes infected in its ischemic state, reparative angiogen-
esis is apparently permanently arrested and an inflammatory
cell infiltration separates infected tissue from ingrowing
apical tissue.

Finally in luxation injuries (eg. extrusion, lateral luxation
and intrusion), the neuro-vascular supply to the pulp is
totally severed and most of the populations in the pulp will
die after a few days. The ensuing ischemia affects all cells in
the pulp (see Chapter 12).

The outcome will be either pulpal revascularization or the
development of partial or total pulp necrosis, usually deter-
mined by the presence or bacteria in the injury zone. Both
trauma and bacterial infection stimulate release of pro-
inflammatory cytokines and activate inflammatory cell infil-
tration. Failure to resolve inflammation after wounding
leads to chronic nonhealing wounds (153), and the pulp
tissue responds with absence of hard tissue healing (see
Chapter 22).

The general feature of the pulp healing response is
replacement of damaged tissue with newly formed pulp
tissue. This can occur along the dentin wall if localized pulp
damage has been inflicted on the odontoblast layer, along an
amputation zone in the coronal part of the pulp, or as a
replacement of the major parts of the pulp tissue if it has
become necrotic because of ischemia (154).

During pulp repair, cells are able to proliferate, migrate,
and differentiate into pre-odontoblasts and odontoblasts

outside the specific temporo-spatial pattern of tooth devel-
opment, and in the absence of a developing epithelial
appendage from the oral ectoderm (49, 136). Local activa-
tion after pulp capping of stem cell regulating molecules
belonging to the Notch signaling pathway, indicate more cell
populations are involved (48, 155).

Further characterization of reparative angiogenesis and
dentinogenesis with clarification on the role of stem cell
populations during pulp healing, may help in utilization of
their potentials.

Experimental pulp cell transplantation

In recent studies adult stem cells have been isolated from
dental pulp (157) and expanded in vitro in order to examine
their behaviour after transplantation.

Transplantation of dental papilla from rodent or bovine
tissue may lead to ectopic dentin formation (52, 160). It was
observed that transplantation of developing human dental
papilla into immuncompromised mice failed to generate
mineralized dentin matrix or odontoblast-like cells (161,
162). However, when the human papillae (158) and also
FACS-isolated (STRO-1 and CD-146) (80) and cultured
adult dental pulp cells (79) were transplanted with a suitable
conductive carrier, such as hydroxyapatite/tricalcium phos-
phate particles, dentin formation was observed in vivo.

The dentin formation was characterized by a well-defined
layer of aligned odontoblast-like cells expressing the dentin-
specific protein dentin sialophosphoprotein (DSPP) with
their processes oriented in the same direction and extend-
ing into tubular structures within newly generated dentin
(79).

The data demonstrate that postnatal dental pulp contains
dentinogenic cells that are clonogenic, highly proliferative,
and capable of regenerating a tissue, properties that effec-
tively define them as stem cells (23).

The future research directions for designing regenerative
therapies include studies on stem cells in the pulp and their
associated signals which are instrumental in regulating their
behavior.

Bioactive molecules and pulpal stem cells

The identification of bio-active molecules, including growth
factors sequestered in the dentin matrix (163, 164), has given
new insight and opportunities for their exploitation in
dental treatments (77, 92, 163).

Trans-dentinal stimulation of tertiary dentinogenesis has
long been recognized. Release of bio-active components
from dentin matrix may arise during injury to the tissue, and
also during subsequent surgical intervention and restoration
of the tooth. Identification of bioactive components, includ-
ing TGF-beta, sequestered within dentin matrix provides
a new explanation for cellular signaling during tertiary
dentinogenesis (165).

The understanding of the regulation of cell proliferation
and differentiation has increased, but we are far from being
able to apply specific cocktails of factors and stimulate cell
differentiation into specific pathways in vivo (166).



Tissue injury leads to alterations in gene expression and
release of a range of cytokines including growth factors. The
cytokines are released as a signal network and they play
determinant and complex roles in regulation of cell pro-
liferation, migration and differentiation. In particular,
members of the FGF and TGFp superfamily including BMPs
have been implicated in repair of dental hard tissues (92,
167-169). However, many growth factors and receptors spe-
cific for individual cell types are involved (170-172).

BMPs are growth and differentiation factors that can
stimulate the differentiation of stromal bone marrow stem
cells into osteoblasts, pulp cells into odontoblasts, and dental
follicle cells into cementoblasts (92).

Several studies have shown that growth factor rBMP-7
implantation markedly stimulates reparative dentin with
vascular inclusions (168, 169, 173), but fails in inflamed
pulps with pulpitis (174).

The mechanism whereby foregoing inflammation may
inhibit tissue repair (175, 176) and potentially influence
gene activity necessary for stem cell recruitment remains to
be elucidated.

Application of exogenous signaling molecules offers
opportunities for development of new therapies (136).
Stimulation of odontoblast differentiation and enhanced
reparative dentinogenesis has been observed after basic
fibroblast growth factor (bFGF) and TGFfB-1 implantation
(177), and insulin-like growth factor I (IGF-I) application
(178) (see Chapter 2).

Further studies are needed and a number of delivery
considerations must be addressed before implantation of
pulp cells or bioactive molecules can be introduced into
clinical endodontic practice (136).

Small agarose beads that release bioactive molecules have
been used for stimulation of dental cells in vitro. Could they
be used for pulp capping in vivo, or triggering of the epithe-
lium to induce a new tooth?

H. Lovschall and ].O. Andreasen
Growing teeth

The challenge of restoring tissue lost through disease or
trauma will be with us for many years to come. Dental sci-
entists in the field of developmental biology throughout the
world provide the foundation upon which it is possible to
build future strategies for engineering human teeth. New
interesting advances have been made toward tissue engi-
neering of teeth (12, 179, 180, 181; Fig. 3.12).

Whole teeth are often found in ectopic teratomas, and
it is noteworthy that they may have a normal shape and
structure (180).

Teeth were lost in birds 70-80 million years ago. However,
it has been shown that avian oral epithelium is able to ini-
tiate evidence of tooth formation in mouse mesenchymal
cells from the neural crest (181).

One tissue engineering group seeded cultured tooth germ
cells from pigs (182) or rats (5) on biodegradable scaffolds.
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Fig. 3.12 Tooth buds isolated from mice embryos transplanted to the
mandible of adult mice has resulted in formation and eruption of a molar-
like tooth. From SHARPE et al. (188) 2005.

They were then implanted in the abdomen of rats in order
to generate tooth tissue (5). The cultured tooth bud
cells were seeded on PGA or PLGA scaffolds where they
generated dental-like tissues. Recognizable tooth struc-
tures formed that contained dentin, odontoblasts, a pulp
chamber, putative Hertwig’s root sheath epithelia, putative
cementoblasts, and a morphologically correct enamel organ
containing fully formed enamel. It was concluded that
tooth-tissue-engineering methods can be used to generate
porcine (182) and rat tooth tissues (5). The method was
suggested to have a potential for regeneration of human
dental tissues (5).

Another group has also been able to generate tooth-like
structures. Their approach was based on the ability of oral
epithelium to provide instructive information for initiation
of tooth development. They transplanted embryonic oral
epithelium to an ectopic site and in contact with non-dental
mesenchymal cells. Oral epithelium, in association with
uncommitted mesenchymal stem cells, thereby mimicked
developmental events leading to initiation of a tooth struc-
ture comprising enamel, dentin, and pulp, with a morpho-
logy resembling that of a natural tooth (6).

Recombinations between non-dental cell-derived mes-
enchyme and embryonic oral epithelium stimulate an odon-
togenic response in different stem cells. Embryonic stem
cells, neural stem cells, and adult bone-marrow-derived cells
all responded by expressing odontogenic genes. Transfer of
the tissue recombinations into adult renal capsules resulted
in the development of tooth structures and associated bone.
Moreover, transfer of embryonic tooth primordia into the
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Fig. 3.13 A. Human incisor with an apex covered with composite 3 years after surgery. The empty space represents the lumen after composite loss
during tissue preparation. Higher magnification shows deposition of cementum upon the composite and reformation of PDL fibers. From ANDREASEN
et al. (184) 1993. B. Implant placed next to a root in a monkey. The portion of the implant next to the root became covered with new cementum and

a new periodontal ligament. From BUSER et al. (186) 1990.

adult jaw resulted in development of tooth structures. This
study shows that an embryonic primordium can develop in
its adult environment (6). Lately, transplanted stem cells
from mouse embryos that have been implanted into the jaws
of adult mice have resulted in the development of mature
teeth (188) (Fig. 3.12).

J. O. Andreasen and H. Lovschall

Implant/transplant teeth

In spite of the above mentioned promising animal experi-
ments, the prospects for the use of such techniques to create
a tooth graft to replace missing or lost teeth in children or
young adults seems far away due to a number of major
obstacles:

(1) How to recruit odontogenic stem cells that are accept-
able to the recipient.

(2) How to develop methods to control the composition
(enamel/dentin/cementum/pulp and PDL), shape and
color of the graft to fit the potential new recipient site.

(3) How to develop reliable transplantation procedures to
ensure optimal PDL and pulp healing.

(4) How to prevent the graft-versus-host response if stem
cells do not originate from the patient.

These considerations mean the whole idea of growing new
teeth needs to be rethought. Do we need enamel dentin and
pulp in those grafts? Can artificial materials such as porce-
lain, composite, hydroxyapatite or titanium be used to
replace these tissues? This would imply that only a PDL has
to be created and anchored on top of tooth replicas, i.e. a
hybrid tooth.

Experiments have shown that a new functioning PDL can
be regenerated on top of materials such as composite,
hydroxyapatite (185) and titanium (186) (Fig. 3.13). This

would simplify the tooth replacement procedure signifi-
cantly as tooth replicas can be made and then implanted
after PDL cells are attached to their surface. This naturally
raises the problem of where to get recipient-acceptable PDL
cells. Right now four approaches seem possible:

(1) Auto- or allografted adult stem cells altered to become
differentiated into PDL cells.

(2) PDL cells recruited from third molars.

(3) PDL cells from extracted persistent primary teeth
(canines or molars).

(4) Gingival PDL-programed cells removed with a biopsy
(187).

Future research may clarify which of these solutions has a
future for use in hybrid grafts used in growing individuals.

Essentials

New evidence from experimental animal studies focusing on
stem cells introduces a range of new possibilities for dental
tissue engineering. Tissue engineering is the manipulation
and development of molecules, cells, tissues and organs, to
replace or support the function of defective or injured body
parts. Tissue engineering is based on a triade of stem cells,
materials (carriers/scaffolds), and bioactive molecules. The
tissue engineering designs and approaches are endless, and
range from using conductive membranes to ex vivo con-
struction of root analogs or whole teeth.

When a stem cell divides, one ‘daughter’ cell has the
potential to remain a stem cell, while the other ‘daughter’
cell divides repeatedly giving a cell group which develops a
specialized function, such as a muscle cell, a red blood cell,
or a brain cell.

Embryonic stem cells are derived from the fertilized egg.
Embryonic stem cells can divide almost indefinitely and can



give rise to every cell type in the body. They divide contin-
uously in tissue culture dishes in an incubator, but at the
same time they maintain the ability to generate any cell type
when placed into the correct environment to cause their
differentiation.

Embryonic stem cells have great potential, but they are
more difficult to obtain. The use of embryonic stem cells
transplanted across natural boundaries of embryos, devel-
oping organs, age, and individuals, at the expense of the
donor, give important information from animal studies.
However, the application in humans raises ethical and legal
problems.

The organs contain stem cells that persist throughout
adult life and contribute to the maintenance and repair of
the organs. The adult stem cells have restricted developmen-
tal potential, in that their capacity for proliferation is limited
and they can give rise only to a few cell types. Regeneration
therapies targeting bioactivation of adult stem cells in the
organ and the neigboring tissue seem at present closer to
clinical implementation.

Adult stem cells are more available, but they have a limited
range of cell doublings and fates, and they may be affected
by aging. The risk of rejection is lowered when adult stem
cells are derived from the same patient. Adult stem cells have
been used with a carrier for dental tissue engineering in
transplantation animal models. Adult human stem cells
from bone marrow are quite easily obtained by aspiration,
and stem cells can also be collected from teeth pulp, PDL,
and bone samples. They can putatively be isolated and
expanded in vitro, or stimulated in situ. Stem cell therapy
based on transplantation is currently in its infancy.

Targeting stem cells in situ is closer to clinical implemen-
tation. Regeneration therapies targeting bioactivation of stem
cells in situ, rather than transplantation of stem cells ex vivo,
seem at present closer to being implemented in the clinic.

Bioactive molecules have had limited success due to prob-
lems of dosage, lack of full activity of recombinant factors,
and inability to sustain a factor’s presence for an appropri-
ate time.

Local gene-therapy is a new strategy. Development of local
gene transfer techniques, for example using ‘gene-
activating matrices’ may provide a second-generation of
transcription, growth, and differentiation factor therapy for
long-term stimulation of tissue regeneration.
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Osteoclast histogenesis

Roodman in 1996 (1) described bone resorption as a life-
long physiological process, initially involved with the
processes of growth and modelling and continuing as
remodelling of the mature skeleton. The main cellular agent
involved in the removal of bone has been identified as the
osteoclast, and extensive reviews, as well as entire books,
have been written on this unique cell (1-20). The osteoclast
is described as a large multinucleated cell usually containing
between 10 and 20 nuclei (21, 22) (Fig. 4.1).

The origin of osteoclasts

Kolliker, in 1873, is credited as the first to identify an asso-
ciation between the osteoclast and bone (23). It is currently
believed that this multinucleated cell is derived from the
pluripotential hemopoietic stem cell and remains the prin-
cipal cell involved in bone resorption (24).

Early reports suggested that osteoblasts possess the dual
capabilities of osteogenesis and bone resorption (2). This
impression was based on histological evidence of the close
relationship between osteoblasts and osteoclasts and it was
suggested that osteoblasts were mononuclear precursors
that coalesced to form the multinucleated osteoclasts (2).
Subsequent parabiotic research indicated that osteoclasts are
of haemopoietic origin (25-27). Additional experiments
again using parabiotic rats, one of which was exposed and
the other shielded from irradiation, demonstrated that
osteoclasts form in and are derived from bone marrow tissue
in the protected animal (28). This important finding has
been utilized in the management of infantile and juvenile
osteopetrosis by bone marrow transplantation (29). Further
transplantation studies using quail-chick chimeras revealed
that osteoclasts are host derived and clearly indicated that
osteoclast precursors are present in marrow, spleen and also
detectable in circulating peripheral blood (30).

While there is general agreement that osteoclasts form
from mononuclear cells of extraskeletal origin, debate exists
as to whether this originating stem cell is part of the
mononuclear phagocyte system (31). Circulating blood
monocytes have been shown to fuse and form osteoclasts in
tissue culture (32) and osteoclasts have differentiated from
proliferating bone marrow mononuclear phagocytes in vitro
(33). Whereas monocytes have been shown to be capable
of causing bone resorption (34), transplantation studies
have revealed a bone marrow (35) and/or a splenic origin
for the osteoclast precursor (36). Surface antigens of
osteoclasts have been found to share certain determinants
with multinucleated giant cells and monocyte derived
macrophages (38).

Under experimental conditions using incubated mouse
and rat monocytes, macrophages, spleen and marrow

Fig. 4.1 Multinucleated osteoclast actively resorbing bone as seen by the
fuzzy bone-cell interface.
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Fig. 4.2 A. Scanning electron microscopy of an actively resorbing osteoclast attached to a bone surface and surrounded by osteoblasts. The periphery
of the osteoclast consists of a fringe of filopodia. B. The TEM image was taken of undecalcified bone and shows the actively resorbing ruffled border as
at dark tree-like structure (dissolved hydroxyapatite crystallites) connecting the cell with the bone surface. It is surrounded by the sealing zone void of

cell organelles.

Fig. 4.3 A. Detail from the ruffled border in a decalcified TEM-section showing plasma membrane foldings stretching towards the resorbed bone.
B. Detail demonstrating that the sealing zone is free of cell organelles and that it is microphilamentous. It attaches to the bone surface in focal points.

hemopoietic cells as well as foreign body macrophages and
macrophage polykaryons, with UMR 106 osteoblast-like
cells on bone slices in the presence of 1,25-dihydroxyvita-
min D; it was noted that numerous tartrate-resistant acid
phosphatase-positive cells formed in these co-cultures and
extensive lacunar resorption was observed on bone surfaces
(37). It was further reported that a bone-derived stromal cell
element was necessary for the differentiation of monocytes
and macrophages into osteoclast-like cells capable of bone
resorption and based on these findings it was suggested that
osteoclasts are members of the mononuclear phagocyte
system (38).

Osteoclast morphology

Bone biologists have described osteoclasts as large, multi-
nucleated cells found in resorption bays (Howship’s
lacunae) on the surface of bone (2, 23, 39, 40, 41). Under
high-power light microscopy, infoldings of the plasma
membrane termed ruffled borders are observed in close
contact with the hard tissue surface (Figs 4.2B, 4.3A). The
dramatic and revealing ultrastructural appearance of the

ruffled border was first described by Scott and Pease in 1956
(42) as a complex series of finger-like cytoplasmic folds and
projections. The ruffled border appears to be the true
resorptive organ of the active osteoclast (43) and has been
further reported to be an ultrastructural feature not seen in
other giant cells (21, 43, 44). It is suggested that the ruffled
area is formed by the fusion of intracellular vesicles with
membranous proteins, matching those present in the osteo-
clast’s plasma membrane (43, 44). Furthermore it is sug-
gested that the ruffled border is a specialized form of
lysosomal membrane based on the localization of a
mannose-6-phosphate receptor and a lysosomal proton
pump (46). Another view has been that the ruffled border
proteins are more consistent with endosomal rather than
lysosomal membranes (46). Bone resorption and degrada-
tion of bone matrix has been found to occur in a resorptive
compartment beneath the ruffled border, as a result of the
cellular release of proteolytic enzymes and hydrogen ions
(45).

On either side of the ruffled border an organelle-free area
of cytoplasm (sealing zone) associated with a portion of cell
membrane is seen in intimate contact with the hard tissue
surface (Fig. 4.3B) (21, 22). It has been suggested that this
intimate contact creates a sealing zone which anchors the
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Fig. 4.4 Odontoclasts in varying stages of resorbing activity on a dentine surface. A. Multinucleated odontoclasts surrounded by a mixed infiltrate of
inflammatory cells. B. Odontoclasts in an area of inflammatory root resorption.

osteoclast to bone via specific adhesion molecules collec-
tively termed integrins (47). This adhesion zone effectively
isolates the resorptive compartment from the extracellular
environment and in doing so creates a resorptive micro-
environment. The adjacent intracellular cytoplasmic clear
zone has been shown to contain actin-like filaments ([3-
actinin, talin, vinculin) but is void of organelles (48).

The remaining cytoplasm of the osteoclast contains the
necessary intracellular organelles to fulfil its digestive func-
tions. An extensive endoplasmic reticulum involved in
protein (enzyme) synthesis in company with ribosomes,
occurring singly or as polyribosomes has been described
(22). Perinuclear Golgi bodies were identified for vesicle
production and numerous mitochondria provided the cell’s
energy requirements. Osteoclast mitochondria have been
found associated with adenosine triphosphatase (ATPase)
release as a by-product of the conversion of water and intra-
cellular carbon dioxide to H* and HCOj ions under the cata-
lytic action of carbonic anhydrase II (47, 49). Numerous
intracellular vesicles have also been identified carrying secre-
tory products towards the ruffled border and in the trans-
cytotic process of moving bone dissolution products
through the cell towards the basolateral membrane for
excretion into the extracellular space (45, 46, 95). Apart from
arole in cell adhesion, the clear zone filaments are supposed
to act as intracellular guides for the vacuolar transcytotic
process (51). The multiple nuclei seen are not considered a
unique features of the osteoclast but the ruffled border and
intracellular organelles are what distinguish this cell from
other polykaryons.

Scanning electron microscopic studies have revealed the
complexity of the osteoclast’s plasma membrane (52, 53).
Prominent microvilli or pseudopodia are located over the
central portion of the cell and associated with excavation
cavities (Figs 4.3, 4.4). The osteoclasts appear to be con-
nected to adjacent cells and is suggested to be part of the for-
mation of a functional syncytium (53). Because of their
pseudopodia and observations using time-lapse video pho-
tography (54), osteoclasts have been reported to be highly
motile cells that contract when exposed to calcitonin or
prostaglandin E, (55).

Odontoclast function

The process of bone resorption requires a series of events
leading from the differentiation and recruitment of
mononuclear osteoclast precursors, to their multinucleation
and attachment to the hard tissue surface, before the removal
of the inorganic and organic hard tissue components (4, 56,
57, 58). Many studies have identified the osteoblast as the
principal regulator of resorption (3, 14, 59, 60).

Osteoclasts have the capacity to digest mineralized matri-
ces such as bone, mineralized cartilage and dentine (61, 62)
(Figs 4.4, 4.5). An initial step in the sequence of events
leading to bone digestion is the formation of the osteoclast
from mononuclear progenitor cells from the monocyte
lineage (63). Fusion of the mononuclear precursors to form
osteoclasts at the site of resorption is followed by attachment
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Fig. 4.5 Odontoclasts in progressive stages of attachment. A and B show polarization including formation of a ruffled border. C shows formation of a
sealing zone. D shows a resorption lacuna after an odontoclast has detached. The mineral has been dissolved exposing the collagenous matrix.

to the bony surface which is facilitated by membrane-bound
integrins and bone-associated proteins (64—66). Osteoblast-
derived collagenase (MMP-1) plays a prime role in facilitat-
ing osteoclast attachment by the degradation of surface
osteoid (67). Pretreatment of bone with mammalian colla-
genase predisposes surface tissue to osteoclastic resorption
which has led to the concept that the layer of osteoid acts as
a protective barrier against osteoclastic contact with the
underlying, resorption-stimulating bone mineral (67). In
between episodes of resorption it has been shown that the
surface of bone is largely covered by a layer of non-miner-
alized collagen fibrils which have the effect of making bone
resistant to osteoclastic attack (68). In addition, it has been
shown that cells isolated from the tissues in close apposition
to bone and subsequently seeded on to bone slices possess
the capacity to render the mineralized surface accessible to
osteoclasts. It was concluded that bone needs to be cleared
of non-mineralized collagen prior to osteoclastic attack (67,
69), and further, that bone-tissue derived osteoblast-like
cells have the capacity to strip the surface of bone of its
collagenous fringe (70). It has furthermore been suggested
that osteoblasts are responsible for the removal of non-
mineralized collagen and, further, indicated that collagen
elimination depends on the activity of matrix metallopro-
teinases (MMP) which are manufactured and secreted by
the osteoblast (71, 72).

Further evidence for implicating the involvement of
osteoblasts in the initiation of bone resorption has been that
the incubation of osteoblast-like cells with parathyroid

hormone (PTH) results in a decreased amount of non-
mineralized collagen (62, 73). It has been established that
PTH stimulates the breakdown of the investing collagenous
layer by increasing the activity of PTH-sensitive cells such as
the osteoblast, and possibly the fibroblast.

Enzymes other than MMPs, of which collagenase is a
member, are possibly also involved in bone resorption. The
cysteine proteinases (cathepsins K, B and L) have been shown
to play a crucial role in the digestion of phagocytosed
fibrillar collagen (74). Both MMPs and cysteine proteinases
have been found to mediate pathophysiological bone resorp-
tion, a phenomenon depending upon the environmental pH
(75). Delaissé et al. (76) reviewed the various proteinases
involved in bone resorption and indicated that they may be
of importance in determining the site of bone resorption and
possibly whether bone formation will eventuate.

Osteoclast recruitment

The determining factors governing sites of resorption are
largely unknown, as are the factors guiding osteoclast
precursors to resorptive sites (43). It has been suggested
that complement mediates the recruitment of mononuclear
osteoclasts and also macrophage inflammatory protein-1co
plays an attracting role (77, 78). Osteoclasts are seen in the
vicinity of osteoblasts producing macrophage inflammatory
protein-lot which has lead to the concept that this
chemokine is involved in haemopoiesis as well as bone
remodeling (78). Alternatively, it has been suggested that



human osteogenic protein-1, in combination with 1,25-
dihydroxyvitamin D; has a profound effect on osteoblastic
growth as well as the recruitment of osteoclasts as judged by
vitronectin receptor and carbonic anhydrase activity (79).
Proteinase inhibitors have been used to show that MMPs
play a major role in determining where and when osteoclasts
attack bone (80). Importantly, tumor necrosis factor recep-
tors types 1 and 2 are found to differentially regulate osteo-
clastogenesis (81) while interleukin-1 and tumor necrosis
factor, by stimulating the inflammatory process, lead to
osteoclast recruitment and bone resorption (82). Osteoclast
recruitment has also been found to occur at sites of peri-
odontal ligament compression as a result of orthodontic
tooth movement due to the likely release of local mediators
(83). Osteoclast recruitment appears to be related to local
factors (84) which are governed by hormonal, cytokine,
growth and colony-stimulating factor interaction (11).
Once at a site of resorption, a complex multistep series of
events occurs, representing osteoclast attachment and
polarization, the formation of a sealing zone followed by
active bone resorption, and finally cell detachment and
death (85).

Osteoclast attachment

The physical intimacy between the osteoclast and bone is
considered essential in order to create and isolate an acidic
extracellular resorptive microenvironment (51). The most
striking and unique feature of the osteoclast cytoskeleton is
found at the site of cell contact with the substratum (12).
These specialized sealing areas appear as a prominent
peripheral ring of filaments containing F-actin, orientated
parallel to the plane of the substrate (12). In addition,
numerous punctate structures of F-actin filaments orien-
tated perpendicular to the substratum have been described
and termed podosomes (48). These podosomes occur in cells
of monocytic origin and also in cells that have been trans-
formed by src, fps and abl oncogenes (86). Furthermore, it
has been indicated that podosomes contain other proteins
which have been associated with sites of cell-substratum
and cell-cell interaction. These were spatially described as
rosette structures surrounding podosome cores (91). Also
several tyrosine kinases and substrates localized to focal
adhesions and to the sealing zone in osteoclasts have been
identified (91).

A dynamic view of the attachment of osteoclasts to bone
matrix was provided by Kanehisa et al. (87) who described
highly motile cells with few podosomes located mainly at the
cell’s leading edge. Upon osteoclast attraction and attach-
ment an increase in the number of podosomes has been
found arranged in a peripheral ring (64, 87). The establish-
ment of this seal results in the replacement of the punctate
podosomes by two concentric protein rings of vinculin and
talin that surround a central zone of F-actin. It is suggested
that these observations provided a distinction in time and
in specific cell-matrix interactions between a motile cell and
one that stops at a prospective bone-resorbing site (12).

The mediation of cell-substratum interaction at the
interface between the osteoclast and bone is facilitated by

Osteoclastic Activity 141

proteins of the integrin family (12). Integrins have been
described as heterodimeric molecules containing o and B
subunits which, when combined, have specific, receptor-like,
extracellular binding sites that recognize the Arginyl-Glycyl-
Aspartyl (RGD) sequence (88). It has been ascertained that
the RGD sequence represents a core ligand for all members
of the integrin family and, furthermore, found that the
amino acid sequence surrounding this motif determined
which integrin would recognize and bind to a specific matrix
protein (89).

Osteoclasts appear to express multiple integrin proteins,
some of which are involved in cell adhesion to bone matrix
(88). Several RGD-bone matrix proteins have been iden-
tified, of which collagen type I, osteopontin, and bone
sialoprotein are the most likely candidates to fill the
integrin-binding role (90, 91). The important use of inte-
grins in osteoclast attachment and function has been
demonstrated in the way that several RGD-containing pro-
teins inhibit bone resorption in vitro and in vivo (92).

Osteoclast polarization

Osteoclasts show organization of their cytoplasmic elements
during resorptive activation (85, 93). They become more
highly polarized via changes in their plasma membrane
morphology (43, 94) with the sealing area of cell attachment
to bone separating the ruffled border and the basolateral
membrane into distinct basal membrane specializations
(Fig. 4.5). It appears that there are at least two functionally
different basal membrane domains and the intervening
central area is postulated to be involved with the transcytotic
movement of degraded bone products (50). Both organic
and inorganic bone degradation products are transported in
vesicles through the osteoclast and liberated into the extra-
cellular environment via the specialized and polarized basal
membrane area (95). Transcytosis of proteins liberated from
mineralized matrix to the basolateral membrane for
extracellular release has been reported (96, 97). An intracel-
lular polarization of organelles which accumulated adjacent
to the basolateral region of the cell away from the ruffled
border and sealing zone has also been found (98). These
polarized organelles synthesized the lysosomal enzymes and
vesicles for vectorial transport towards the resorptive
compartment.

Dissolution of bone mineral

The crystalline salts comprising the inorganic component of
bone are calcium and phosphate in the form of hydroxyap-
atite (99) (Fig. 4.2B). It appears that osteoclasts degrade
bone mineral and collagen with temporal asynchrony sug-
gesting that the inorganic phase is removed prior to col-
lagenolysis (100). Bone mineral dissolves in a low pH
environment and the acidic nature of the resorptive lacunae
has been demonstrated (101, 102). Furthermore, the ruffled
border of actively resorbing osteoclasts contains a vacuolar-
type of proton pump involved in the acidification of the
resorptive compartment (103). Protons appears to be
pumped across the ruffled border into the sealed extracellu-
lar microenvironment via a complex ionic-balance process
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requiring co-ordinated electrogenic ion pumps, ion chan-
nels and electroneutral ion exchangers to maintain cyto-
plasmic pH (12). In addition to protons, the ruffled border
plasma membrane expresses chloride channels that are an
essential requirement of the acidification process (50, 91).

A series of intracellular processes have been shown to
produce the protons for exchange (51). Cytosolic hydration
of carbon dioxide to carbonic acid is catalysed by mito-
chondrial carbonic anhydrase II (104, 105). This is followed
by dissociation of carbonic acid to produce protons and
bicarbonate ions. The protons are secreted into the resorp-
tion lacunae in an energy-dependent manner while at the
basolateral surface opposite the resorbing zone, the bicar-
bonate ions are exchanged for chloride ions to maintain
homeostasis (90, 91). In addition, intracellular pH recovery
is assisted by a Na*™-H" exchange process (106).

The osteoclast appears to be similar to acid-secreting
epithelial cells found in other areas of the body such as the
gastrointestinal tract and the kidney (45). However, subtle
differences in vacuolar-type ATPases in chicken osteoclasts
compared with kidney intercalated epithelial cells have been
found suggesting that the osteoclast proton pump is phar-
macologically unique (107).

Removal of organic matrix

The organic matrix of bone consists predominantly of type
I collagen and non-collagenous matrix components com-
prising structural glycoproteins, proteoglycans and specific
bone-related proteins (99, 108). The organic matrix has been
found to contain numerous growth factors which provide
bone with a remarkable ability to repair and regenerate itself
(109). In contrast, dentine contains type I as well as a small
percentage of type III collagen. Matrix components of
dentin include glycoproteins and proteoglycans of a similar
nature but not identical with those of bone (110). An
odontoblast-produced phosphoprotein and dentine sialo-
protein appear to be specific for dentine (111). Cementum
also has a similar organic composition compared with bone
but an adhesion molecule and a growth factor possibly
remain unique to this material (112).

Removal of matrix proteins is presently far from clear but
several major classes of lysosomal proteolytic enzymes are
likely to be involved (43). These enzymes can be divided into
four groups; namely, matrix metalloproteinases (MMPs)
and serine, cysteine and aspartic proteinases (109). MMPs
are qualitatively and quantitatively the most important,
because they function at neutral pH and are apparently
capable of digesting all of the bone matrix proteins (109).
Biochemical and clonal studies where MMPs were sub-
grouped into collagenases, gelatinases and stromelysins,
found all were active on matrix components working syn-
ergistically and with broad specificity (115).

The presence of collagenase in rat osteoclasts and in their
resorption lacunae has been shown using immunohisto-
chemistry (113) and it has been shown that odontoclasts are
capable of expressing mRNA for collagenase (115). However,
this finding was not supported in another study despite its

presence in other bone cells (116). Furthermore, MMP-2
and MMP-3 are not found in osteoclasts, and MMP-9 is pos-
sibly expressed at mRNA and protein levels, but not in the
resorption lacunae (117, 118). MMP-9 has been found to be
as an enzyme localized exclusively in osteoclasts and per-
haps involved in the degradation of bone collagen below the
ruffled border in concert with cysteine proteinases (118).
Multinucleated giant cells from osteoclastomas and osteo-
clasts from patients with Paget’s disease have also been
reported to have high levels of MMP-9 activity (119). MMP-
9 has been found to be expressed early in osteoclastic
differentiation (1).

Cysteine proteinases (cathepsins/caspases) appear to be
able to degrade type I collagen in an acidic environment in
the process of bone resorption (120). A number of cysteine
proteinases have been found in intracellular lysosomes
located in osteoclasts as well as in their resorption lacunae
(122, 123, 131). Cathepsin B1 degrades collagen in solution
at an optimal pH of 4.5-5.0 and also degrades insoluble col-
lagen at a pH lower than 4 (124). In addition, collagen degra-
dation by cathepsin L is five times faster at a pH of 3.5
compared with higher pH levels and its specific activity is
five to ten times greater than that of cathepsin B (122). These
enzymes participate directly and effectively in the degrada-
tion of bone matrix (125, 126). The cysteine protease
inhibitors reduce resorption pit formation by osteoclasts in
a concentration-dependent manner. The inhibition of
resorption by other cysteine proteinase inhibitors provides
direct evidence for the importance of these enzymes in bone
resorption where they are able to function in the acidic
microenvironment beneath the osteoclast where neutral col-
lagenases (MMPs) cannot (109, 127, 128).

Cathepsin L has been suggested to be the main cysteine
proteinase responsible for bone collagen degradation since
the epoxysuccinyl peptide inhibitor, CA074, specific for the
inactivation of cathepsin B, fails to inhibit bone resorp-
tion (129).

More recently, cloned human cysteine proteinase (cathep-
sin K) has been shown to be predominantly expressed in
osteoclasts, although not exclusively (130, 131). Further-
more, cathepsins B, D, L and K appears important in the
breakdown of extracellular matrix during osteoclastic bone
resorption and therefore possible markers for resorptive
activity (131).

Removal of degradation products

Breakdown products from the resorptive process need to be
continuously removed from the extracellular resorptive
compartment (43). As there is no experimental evidence to
support leakage of material through the sealing zone, it is
suggested that vesicular transcytotic passage through the
osteoclast is the most likely pathway. Confocal microscopic
analysis has been used to show that released matrix proteins,
including degraded type I collagen, are endocytosed along
the ruffled border and transcytosed through the osteoclast
to the basolateral membrane (96). Earlier ultrastructural
studies suggested that bone mineral may be phagocytosed
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Table 4.1 Stimulatory and inhibitory factors associated with osteoclast activity.

Substance Stimulatory  Inhibitory
Hormones
Amylin + Alam et al. (1993) (139)
Androgens + Bellido et al. (1995) (140)
Calcitonin + Zaidi et al. (1991) (141)
Calcitonin gene-related peptide + Alam et al. (1991) (142)
Glucocorticoids + Delany et al. (1994) (143)
Oestrogen + Oursler et al. (1993) (141)
Parathyroid hormone + Talmage (1967) (145)
PTHrP + Moseley and Gillespie (1995) (146)
Thyroid hormone + Mundy et al. (1979) (147)
1,25(0H), vitamin D3 + Reichel et al. (1989) (148)
Cytokines and growth factors
Bone morphogenic proteins, BMP + Udagawa (2002) (149)
Colony stimulating factors, CSF-1 + Hattersley et al. (1991) (150)
Endothelin-1 + Tarquini et al. (1998) (151)
Epidermal growth factor, EGF + Tashijian et al. (1986) (152)
Fibroblast growth factor, FGF + + Shen et al. (1989) (153)
Chikazu et al. (2001) (154)
Granulocyte macrophage colony stimulating factor, GM-CSF + Kurihara et al. (1989) (155)
Insulin-like growth factor, IGF-1 + Mochizuki et al. (1992) (156)
Interferon-y, IF-y + Gowen et al. (1986) (157)
Interleukin-1, IL-1 + Lorenzo et al. (1987) (158)
Interleukin-4 + Shioni et al. (1991) (159)
Interleukin-6 + Peters et al. (1996) (160)
Interleukin-8 + Fuller et al. (1995) (161)
Interleukin-10 + Burger and Dayer (1995) (162)
Interleukin-11 + Manolagas and Jilka (1995) (163)
Interleukin-18 + Udagawa et al. (1997) (164)
Kinins + Lerner et al. (1987) (165)
Macrophage inflammatory protein 1-c, MIP-1a. + Choi et al. (2000) (166)
Nitric oxide + Macintyre et al. (1991) (167)
Platelet-derived growth factor, PDGF + Canalis et al. (1989) (168)
Prostaglandins + Akatsu et al. (1991) (169)
Transforming growth factor alpha, TGF-o. + Tashjian et al. (1986) (152)
Tissue inhibitors of metalloproteinases, TIMP + Sobue et al. (2001) (170)
Transforming growth factor B, TGF-B + Udagawa (2002) (149)
Tumor necrosis factor o, TNF-ot + Kobayashi et al. (2000) (171)
Tumor necrosis factor B, TNF- + Bertolini et al. (1986) (172)
Substance P + Lotz et al. (1988) (173)
Vasoactive intestinal peptide, VIP + Hohmann et al. (1983) (174)
Pharmaceuticals
Bisphosphonates + Fleisch et al. (1969) (175)
Corticosteroids + Pierce et al. (1987, 1988, 1989) (176, 177, 178)

by osteoclasts and subsequently removed in the low pH of
lysosomes as degradation products are transcytosed (184).
Bone degradation products, both organic and inorganic,
appear to be transported in vesicles through the cell to the
middle of the basolateral membrane domain where they are
released into the extracellular space (95). It is suggested that
the osteoclast is similar to epithelial cells in this metabolite
transport mechanism but that the process is significantly
more complicated and the endocytic and exocytic processes
are dissimilar to those previously encountered in other cell
types and require a specialized area of the osteoclast baso-
lateral membrane (97).

The fate of osteoclasts

Osteoclasts appear to be are able to pass through more than
one resorption cycle but their fate is uncertain once resorp-

tion had ceased (132). Apparently, a mechanism exists to
remove or destroy multinucleated cells in situ (43). The
effects of bisphosphonates in vitro and in vivo have revealed
a 4- to 24-fold increase in the number of apoptotic osteo-
clasts (133). This has led to the suggestion that osteoclasts,
formed by the aggregation of mononuclear cells rather than
by mitosis, are removed by apoptosis.

Regulation of osteoclast activity

The majority of regulatory factors operate via surface recep-
tors located on osteoblasts whereas few act directly on osteo-
clasts. Extensive reviews have been written (6, 14, 20, 84,
134-138). A summary of regulatory factors involved in clast
cell activity is presented in Table 4.1 (139-178). These
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Fig. 4.6 Activation of the ODF/
OPGL/RANKL system. Osteoclastogen-
esis is the result of differentiation of
mononuclear/macrophage progenitor
cells (MP) and fusion of these cells to
become osteoclasts. The commitment
of these cells to become osteoclasts
depends on the activation of the RANK
receptors on the surface of RANKL,
which is produced by stroma cells and
osteoblasts (OB). A and B. RANKL is
liberated into the tissue and attaches
to the receptors of the mononu-
clear/macrophage progenitor cells. C.
Mononuclear/macrophage cells aggre-
gate, fuse and form osteoclasts (D).
Proresorptive factors are hormones
and  cytokines such as PTH,
1,25(0H),Ds, IL-1, IL-6, TNF, LIF and
corticosteroids, which activate osteo-
blasts and stroma cells to produce
RANKL and depress OPG.

include factors important in physiological bone resorption
as well as those produced by an inflammatory reaction sub-
sequent to mechanical injury or infection (see Effects on
osteoclasts of chemical mediators of inflammation p. 148).

Of interest in a therapeutic context is that Pierce and
Lindskog provided evidence for direct inhibition of inflam-
matory root resorption by the use of corticosteroids. The
culture of isolated dentinoclasts with a steroid paste inhib-
ited cell spreading which suggested that the intrapulpal in
vivo application of a steriod paste could arrest inflammatory
root resorption by the detachment of dentinoclasts from

the root surface, provided the pathogenic bacteria are
eliminated (176).

Recent literature has described a newly discovered regu-
lator of clast cell activity termed osteoclast differentiation
factor/osteoprotegerin  ligand (ODF/OPGL/RANKL) and
its antagonist osteoprotegerin/osteoclast inhibitory factor
(OPG/OCIF). Hofbauer et al. (136, 179, 180) indicated that
many of the above-listed regulatory factors operate via stim-
ulation of the RANKL/OPG system. A schematic diagram of
the RANKL/RANK/OPG interaction between osteoblasts/
stromal cells and osteoclasts appears in Figs 4.6—4.8. Its dis-
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Fig. 4.7 Inactivation of the OPG/OCIF
system. Anti-resorptive factors such as
estrogens, calcitonin, BMP, TGF-B, IL-
17, PDGF and calcium depress RANKL
production by osteoblasts and stroma
cells and activate their OPG production
(A-C). OPG binds and neutralizes
RANKL (D), leading to a block in osteo-
clastogenesis and decreased survival C
of osteoclasts. a

covery and implications for other systems in the body such
as the immune system is described below. In summary, it
provides a link between the osteoblast/stromal cells in the
bone marrow and the osteoclast precursor cells. The
dependence of osteoclast formation on osteoblasts/stromal
cells has been recognized for a long time but the details are
largely unknown. Stimulation of osteoblasts/stromal cells
with, for example, PTH results in release of M-CSF
(macrophage-colony stimulation factor) thus increasing the
locally available number of osteoclast precursor cells (MP)
derived from hematopoetic stem cells (Fig. 4.6A).
Concomitantly, RANKL is expressed on the surface of
osteoblasts/stromal cells, a ligand which in turn activates the
RANK receptor on the surface of the osteoclast precursor
cells (Fig. 4.6B). This direct contact stimulates the cell to dif-

. A
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4 D : 4

ferentiate into osteoclasts (Fig. 4.6C, D). OPG is a soluble
receptor which is secreted by osteoblasts/stromal cells and is
capable of inhibiting RANKL from interacting with
RANK thus regulating osteoclast formation in an autocrine
manner through the osteoblasts/stromal cells. Resorption
stimulants such as PTH, vitamin D3 and IL-1 inhibit
formation and release of OPG and stimulate expression
of RANKL. In this context, IL-1 is one of the most
important links between inflammation and resorption of
bone and dental tissues as seen in traumatic injuries to the
teeth.

Antiresorptive factors such as estrogen, calcitonin, IL-17,
PGDF and calcium depress RANKL production and activate
OPG leading to a block in osteoclastogenesis and decreased
survival of osteoclasts (Fig. 4.7).
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Fig 4.8 Activation of the ODF/OPGL/RANKL system by periodontal inflammatory processes. In periodontal inflammatory processes leading to root and
bone resorption RANKL is produced by T-cells (TC), gingival fibroblasts/PDL cells (FI) and osteoblasts (OB), whereby osteoclasts are induced and acti-
vated, attacking root or bone substances. Furthermore, polymorph nuclear leukocytes (PM) release pro-inflammatory substances (cytokines, kinins, throm-
bin and prostaglandins), illustrated as black triangles, which activate PDL cells and osteoblasts to produce RANKL (arrow). An activation also occurs on

the T-cells (arrow).

In periodontal inflammatory processes (marginal or peri-
apical) a number of activators are released (Figs 4.8A—C)
which result in osteoclast induction and activation
(Fig. 4.8D).

Identification of osteoclasts and
odontoclasts

Apart from the uniqueness of the calcitonin receptor (181),
traditional methods of osteoclast identification have relied
on enzyme histochemistry and immunolabelling to distin-
guish this cell from other multinucleated giant cells (13).
Although possessing unique morphological differences, it

has been reported that osteoclasts contain a number of phe-
notypic features that enable their detection (206).

The cells implicated in root resorption have been identi-
fied as clastic in nature since they are large, multinucleated
and possess properties similar to the osteoclast (182).
Based on the identification of the osteoclast and odontoclast
cell types as both resorptive, located in Howship’s lacunae
and possessing similar cytological features, Jones and Boyd
(183) and Pierce (184) have stated that there is no reason to
believe that the cell type differ except in their relative sub-
strata (Figs 4.4 and 4.5). These authors reported that multi-
nucleated odontoclasts are polarized with respect to dental
tissues and possess a ruffled border within an annular
clear zone that is closely adherent to mineralized tissues



(Fig. 4.5). It has been found that odontoclasts are capable of
having two ruffled border areas that resorbed bone and tooth
surfaces simultaneously (185). Accordingly, Jones and Boyd
suggested that if an odontoclast was defined as an eukaryotic
cell that is capable of resorbing mineralized dental tissues,
‘osteoclasts became odontoclasts with alacrity’ (183).

Odontoclasts have been isolated from rat molars and cul-
tured successfully (186, 187). It has been shown that the
odontoclastic tooth resorption in vitro may be controlled by
the early administration of calcitonin and prednisolone or
exacerbated by the introduction of hydrocortisone (176,
178). Scanning electron microscope evidence indicates that
both substances inhibit odontoclast spreading and attach-
ment and hence resorption. It is considered that the direct
effect of steroids on resorption is one of inhibition but that
local secondary effects might moderate a systemic in vivo
effect (178).

Odontoclasts appear to spread and colonize surface
dentine in a time-related fashion (Fig. 4.8). Scanning
electronmicroscopy at predetermined time intervals has
determined that dentinoclasts follow a general pattern of
attachment and spreading on solid substrata (187).

In a comparative study by Addison (188) the enzyme his-
tochemical characteristics of human and kitten odontoclasts
and osteoclasts were studied. Enzyme profiles suggested that
odontoclasts have similar properties and metabolic func-
tions to those of osteoclasts and that species differences
appear to be minor (188). In a later study, Addison (189)
described the effects of low dose PTH on feline odontoclasts
and, in particular, on the number of odontoclast nuclei.
PTH administered intravenously was found to have a
dramatic and almost instantaneous effect on increasing
numbers of nuclei.

Earlier ultrastructural studies examined the effects of
PTH on both the fine structure of odontoclasts and on their
acid phosphatase activity (190). It has been found that active
odontoclasts possess cytoplasmic processes that enter denti-
nal tubules, and that acid phosphatase is present both intra-
and extra-cellularly (190). Subcutaneous administration
of PTH has been found to increase the number of
extracellular dense bodies showing acid phosphatase activ-
ity but did not appear to influence intracellular phosphatase
activity (190). The identification of odontoclasts might
therefore be possible by the localization of certain plasma
proteins. By using immunofluorescent staining it has been
possible to demonstrate albumin, a-antitrypsin, o,-HS gly-
coprotein, transferrin and several immunoglobulins in the
cytoplasm of odontoclasts and also within human dentine
(115).

Odontoclast research has mainly utilized the physiological
resorption of deciduous teeth as an experimental model.
Matsuda (191) conducted an ultrastructural and cytochemi-
cal study of odontoclasts gathered from trypsin-treated
dentine and cemental surfaces and showed extensive ruffled
borders along with multiple phagosomes containing tannic-
acid stainable amorphous inclusions (191). It was further
noted that odontoclasts did not phagocytose collagen fibrils
but they exhibited acid phosphatase activity. These observa-
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tions have led to the conclusion that odontoclasts resorb the
non-collagenous component of the dental organic matrix via
the release of hydrolytic enzymes and have the capacity to
demineralize hard tissue by H*- K*-ATPase activity (191).

Sahara et al. (192), employing a similar model, expanded
Matsuda’s study (191) and reported that odontoclasts are
capable of resorbing the superficial non-mineralized layer of
predentine. Light and electron microscopy indicated that, as
root resorption was nearing completion, multinucleated
cells were observed between degenerative osteoblasts on the
predentine surface of the coronal dentine. These cells had
the same ultrastructural characteristics as odontoclasts
and excavated resorption lacunae in the non-mineralized
dentine. In addition, histochemical demonstration of
tartrate-resistant acid phosphatase activity revealed intense
staining in intracellular lysosomes. It was concluded that
multinucleated odontoclasts are capable of resorbing non-
mineralized predentine matrix iz vivo, probably in a similar
fashion to the manner in which they resorb demineralized
dentine matrix (192).

Collagenase mRNA expression has been identified in
odontoclasts, macrophages, fibroblasts, odontoblasts and
cementoblasts around bovine resorbing tooth roots. In addi-
tion, TRAP activity and interleukin-1 mRNA expression was
also observed in odontoclasts, fibroblasts and macrophages
indicating that odontoclasts might play a role in dentine col-
lagen degradation and that interleukins could be an impor-
tant factor in promoting root resorption (115).

Cathepsins B and G have been demonstrated in lyso-
somes, vacuoles and within the extracellular channels of the
ruffled border in odontoclasts (193). The presence of these
proteolytic enzymes suggest that they are of prime impor-
tance in the intra- or extra-cellular degradation of collagen
and other non-collagenous matrix proteins in the resorption
of deciduous teeth.

Histological and histochemical observations of deciduous
teeth have demonstrated that odontoclastic resorption
usually occurs at the pulpal surface of coronal dentine, and in
a specific time-related pattern. During physiological root
resorption, coronal pulpal tissue retains its normal structure
until root loss is almost complete. Multinucleated odonto-
clastic resorption appears to proceed from predentine to
dentine on the pulpal surface at the cervical areas of the
crown before spreading towards the pulp horns (194).

The cytodifferentiation of odontoclasts during root
resorption has been studied in a light and electron
microscopic study. Odontoclasts differentiated from TRAP-
positive mononuclear cells which were presumed to originate
from circulating progenitors. Ruffled borders, clear cytoplas-
mic zones and multinucleation occurred only after contact
with the substrate surface (195). Odontoclasts appear to
resorb predentine before dentine and it is suggested that the
processes are similar to those responsible for the resorption
of bone. It was also noted that the end of the resorptive
process was characterized by loss of the odontoclast ruffled
border and detachment from the resorbed surface (195).

Resorption at the cemento-enamel junction in feline
teeth has been examined using specific antibodies and
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immunohistochemical analyses to localize adhesion mole-
cules associated with mineralized tissues. Osteoclast/odon-
toclast numbers were found to increase in resorptive lesions,
bone sialoprotein (BSP) and osteopontin (OPN) were iden-
tified in tissues, and a complementary clast cell surface
receptor (integrin o, 3;) was linked to these molecules (197).
OPN was found localized to resorption fronts and reversal
lines whereas BSP was localized to reversal lines only. Odon-
toclasts were found in juxtaposition to mineralized surfaces
not associated with OPN and the cell surface integrin recep-
tor, oL,P3s, was localized to odontoclastic surfaces. It was con-
cluded that this integrin receptor is involved in the
resorptive process and facilitates the attachment of clastic
cells to their substrate (197).

In conclusion, based on morphological and functional
similarities between odontoclasts or dentinoclasts and
osteoclasts there is every reason to believe that factors regu-
lating osteoclast activity under normal physiological as well
as pathological conditions also regulate resorption of teeth
following traumatic injuries whether accompanied by infec-
tion and inflammation or not. Clinically a number of dif-
ferent types of resorptions following such injuries have been
described ranging from self-limiting surface resorption
to progressive inflammatory resorption and replacement
resorption (see Chapter 2). An inflammatory root resorp-
tion is almost inevitably accompanied by an infection in the
root canal and requires treatment. Ankylosis with subse-
quent bony replacement resorption is, from a prognostic
point of view, a treatment sequela with a relatively poor
prognosis when it affects a large surface area of the root. The
rate at which the root is replaced by bone largely depends
on systemic factors which normally regulate bone remodel-
ing in addition to the age of the patient.

M. Torabinejad and S. Shabahang

Osteoclast activity in general

Osteoblasts and osteoclasts are involved in bone formation
and maintenance of bone. The osteoclast, the main bone-
resorbing cell, plays also an important role in the healing
events after trauma to bone and teeth as well as in the
defense system established in response to infection
(198-212). Consequently, marked osteoclastic activity may
be the explanation for a number of radiographic phenom-
ena including transient or permanent apical and marginal
breakdown of the bony socket as well as root surface and
root canal resorption (209, 210) (see Chapter 13, p. 392).

GROWTH AND MAINTENANCE

Under normal physiologic conditions, osteoclast activity is
regulated by a combination of direct and indirect osteoclast
activators (e.g. parathyroid hormone (PTH), vitamin D
metabolites, plasma calcium concentration, neurotransmit-
ters, growth factors and cytokines (20, 209, 213), and osteo-
clast inhibitors (e.g. calcitonin and estrogen) (20, 209, 213)
(Fig. 4.9). The sum of osteoblast/osteoclast activity (i.e. net

bone balance) can be seen in normal tooth eruption, growth
and maintenance of the jaws, as well as homeostasis of
plasma calcium and phosphate.

REPAIR

With respect to wound healing in hard tissues, the osteoclast
can be considered analogous to the macrophage system
operating in soft tissue wounds in its response to trauma
and/or infection (205, 210, 212).

There are three hard tissues in the oral cavity that are
subject to resorption subsequent to trauma, alveolar bone,
dentin and cementum. Alveolar bone is itself highly vascular,
while dentin and cementum are adjacent to the vascular
tissues of the dental pulp and periodontal ligament (PDL),
respectively. Thus, all three of these hard tissues are readily
accessible to blood-derived inflammatory cells and serum
proteins and can be resorbed as a result of inflammatory
reactions.

Hard tissues may be injured following trauma either
directly (e.g., crushing injuries) or indirectly, (e.g., ischemic
injuries). In both instances, an inflammatory response is
elicited which results in the liberation of cytokines and the
promotion of hard tissue resorption (Figs 4.10 and 4.11).
The purpose of this response is to remove the damaged hard
tissue prior to healing. In this regard, the integrity of the
cementoblast and odontoblast layers that cover cementum
and dentin, respectively, is of paramount importance. If the
traumatic event results in an irreparable injury to these cell
layers, the hard tissue surface may succumb to resorption
due to the intense osteoclastic activity that results from the
liberation of a series of osteoclast-activating factors (210),
(Figs 4.10 and 4.11). Resorption of dental tissues may be reg-
ulated similarly to that of osseous tissues. RANK-positive
multinucleated odontoclasts have been immunohistochem-
ically localized near the dentinal surface in resorption
lacunae (213-215). Thus the RANK/RANKL/OPG-system
may contribute to this process under both physiological and
pathological conditions (215).

Inflammation and mediators of hard
tissue resorption

In the case of bacterial contamination of dentin and pulp,
this response is a necessary step in the fight against invad-
ing bacteria (Fig. 4.11). Resorption of dentin serves to elim-
inate bacteria residing in dentinal tubules and the pulp canal
while periradicular bone resorption and the development of
an apical granuloma builds up an area of defense against the
bacteria residing in the pulp canal (207). Bacterial by-
products, i.e. lipopolysaccharide (LPS), can lead to inflam-
matory bone resorption. The mechanism involved differs
from physiological bone resorption in that the pathway is
independent of osteoblasts. LPS from Porphyromonas gingi-
valis and Escherichia coli induce differentiation of murine
leukocytes into osteoclasts in the absence of osteoblasts
(216).
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Regardless of whether the source of the injury is bacter-
ial, mechanical or chemical, tissue injury leads to the host
response of inflammation. The inflammatory reaction is
characterized by the movement of fluid, proteins and white
blood cells from the intravascular compartment into the
extravascular space (see Chapter 1, p. 9). The inflammatory
reaction can also initiate a resorptive process, the net result
of which is a loss of hard tissue volume. In the following, the
cells and chemical mediators involved in inflammation and
hard tissue resorption will be described.

Cells of inflammation

Although the inflammatory response is not completely
understood, the precipitating event in any inflammatory
process is tissue injury. Such injury is quickly followed by a
vascular response that includes vasodilation, vascular stasis
and increased vascular permeability, which then results in
the extravasation of fluid and soluble components into the
surrounding tissues (217-220; see Chapter 1). These vascu-
lar changes lead to the redness, heat, swelling and pain that
are the cardinal signs of inflammation. The vascular
response also includes margination of leukocytes, pave-
menting of these cells and, finally, their egress from the vas-
cular space. The immune system consists of a number of
inflammatory cell types that can control and direct the activ-
ities of other cells via secreted factors. Inflammatory cells
involved in the various stages of tissue injury and repair
include platelets, polymorphonuclear (PMN) leukocytes,
mast cells, basophils, eosinophils, macrophages and lym-
phocytes (Figs 4.10, 4.11). The response of these cells to
injury has already been described in detail in Chapter 1.

Chemical mediators of inflammation

Immune cells, along with other cells associated with
local tissue injury and inflammation, produce a number of
soluble factors that further accentuate the inflammatory
response and may elicit osteoclastic activity (Figs 4.11, 4.12,
Table 4.2). These endogenous chemical mediators of inflam-
mation include neuropeptides, fibrinolytic peptides, kinins,
complement components, vasoactive amines, lysosomal
enzymes, arachidonic acid metabolites and other mediators
of immune reactions.

Neuropeptides

Neuropeptides are proteins generated from somatosensory
and autonomic nerve fibers following tissue injury. A
number of neuropeptides have been characterized, includ-
ing substance P (SP), calcitonin gene-related peptide (CGRP),
dopamine--hydrolase (DBH), neuropeptide Y (NPY), origi-
nating from sympathetic nerve fibers, and vasoactive intes-
tinal polypeptides (VIP), generated from parasympathetic
nerve fibers (220). Physiological and pharmacological
studies have shown that these substances have both vasodila-
tory and vasoconstrictive effects.

Substance P (SP) is a multifunctional neuropeptide
present both in the peripheral and central nervous systems.
The release of SP causes transmission of pain signals,

regulation of the immune system (vasodilation, increased
vascular permeability and increased blood flow), and
stimulation of bone resorptive activity of osteoclasts.
Sensory denervation with capsaicin in rats reduces SP-IR
fibers in numbers by 49%, with a corresponding reduction
in bone resorption (221). This finding is directly correlated
with a significant decrease in the number of actively resorb-
ing osteoclasts. More current evidence suggests that Sub-
stance P can inhibit osteoblastic cell differentiation and this
effect is potentiated in the presence of P. gingivalis LPS (222).

Calcitonin gene-related peptide (CGRP) is another neu-
ropeptide, which has been localized in small to medium
sensory nerve fibers of several organs of experimental
animals. CGRP has an inhibitory effect on bone resorption
(223). Both SP and CGRP have been identified in dental
tissues (222). SP was the first neuropeptide to be detected in
dental pulp (224), and the presence of CGRP in dental pulp
was demonstrated almost ten years later (225-227). Sec-
tioning of the inferior alveolar nerve results in complete dis-
appearance of SP- and CGRP-containing granules from
nerve fibers, suggesting that these substances originate from
the sensory fibers of the trigeminal ganglion (225-230).
Davidovitch and co-workers found intense staining for SP
in PDL tension sites in cats one hour after orthodontic tooth
movement (231). Intra-arterial infusion with SP and CGRP
produces vasodilation in feline dental pulps as measured by
laser Doppler flowmetry and '*I with clearance techniques
(232).

Vasoactive intestinal peptide (VIP), a 28-amino acid resid-
ual peptide originally extracted from porcine duodenum,
appears to be a stimulator of bone resorption. Hohmann
and associates have shown that VIP stimulates bone resorp-
tion by a prostaglandin (PG)-E,-independent mechanism
(233). Furthermore, they showed the presence of functional
receptors for VIP on human osteosarcoma cells (234). VIP
is reportedly present in the dental pulp (220). Sectioning of
the inferior alveolar nerve or sympathectomy do not abolish
VIP-containing granules in nerve fibers, indicating that VIP
is of parasympathetic origin (220).

Table 4.2 local factors that may affect osteoclasts; effect on
osteoclasts.

Factor kDa Osteoclast Function of
precursor growth  mature
or differentiation  osteoclasts
IL-1 17.4 T T
IL-3 28 ) -
IL-6 23-30 ) -
TNFs 17-18.8 T T
CSFs 14-35 T -
PGs 0.35 ) )
1,25(0H),D; 0.42 - T
LIT 45-58 T T
TGF-B* 25 2 \2

IL, interleukin; TNF, tumor necrosis factor; CSF, colony-stimulating factor;
PG, prostaglandin; 1,25(0H),Ds, 1,25-dihydroxyvitamin Ds; LIF, leukemia
inhibitory factor; TGF-B, transforming growth factor f3.

Signatures: T increases; { decreases; — effects not shown.

*TGF-B stimulates PG production by mouse calvariae, causing increased
bone resorption in the neonatal mouse calvarial assay.
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Lastly, two other neuropeptides that have been only
briefly characterized, DPH and NPY, have been localized in
dental pulp (220). In this case, removal of the superior cer-
vical ganglion results in the complete disappearance of NPY
from nerve fibers, indicating that the origin of NPY in fibers
is sympathetic in nature.

The presence of these neuropeptides has been clearly
demonstrated in pulpal tissues; however, their role in the
pathogenesis of periapical pathology following pulpal
necrosis has not been completely elucidated. Recent studies
suggest a possible role between sympathetic nerves and bone
remodeling. In fact, sympathectomized rats demonstrate a
near complete loss of NPY-immunoreactive fibers and a cor-
responding increase in the size of periapical lesions and the
number of osteoclasts in the inflamed sites (235).

Fibrinolytic peptides

Proper hemostasis depends on the coordinated activity of
blood vessels, platelets and plasma proteins. Following tissue
injury, circulating platelets immediately adhere to the
subendothelial collagen and form a primary platelet plug.
This initial hemostasis is followed by the coagulation
cascade, which involves both an intrinsic pathway, and expo-
sure of coagulation factor XII to negatively charged collagen
and an extrinsic pathway and activation of factor VII. After
a complex sequence of reactions, both pathways jointly
convert prothrombin into thrombin, which in turn cleaves
fibrinogen to fibrin (see Chapter 1, p. 9).

While hemostasis is taking place, however, a fibrinolytic
system is activated which subsequently dissolves the newly
formed blood clot. Circulating plasminogen is activated to
plasmin (fibrinolysin) by the action of factor XIla or by a
tissue factor (236). Plasmin digests the clot and forms fibrin
and fibrinogen degradation products. Fibrinopeptides
and fibrin degradation products are themselves promoters
of inflammation and cause increased vascular permeability
and chemotaxis of leukocytes to the site of injury (236).

Severance of the blood vessels in the PDL or bone during
root canal instrumentation can activate intrinsic and extrin-
sic coagulation pathways. Contact of Hageman factor with
the collagen content of basement membranes, with enzymes
such as kallikrein or plasmin or even with endotoxins from
infected root canals can all activate the clotting cascade and
the fibrinolytic system. Fibrinopeptides released from fib-
rinogen molecules and fibrin degradation products released
during the proteolysis of fibrin by plasmin can also con-
tribute to the inflammatory process.

Kinins

Kinins are able to produce many of the characteristic signs of
inflammation (237). They can cause chemotaxis of inflam-
matory cells, contraction of smooth muscles, dilation of
peripheral arterioles and increased capillary permeability.
They are also able to cause pain by direct action on the nerve
fibers. The kinins are produced by proteolytic cleavage of
kininogen by trypsin-like serine proteases, the kallikreins.

Kinins are subsequently inactivated by removal of the last
one or two C-terminal amino acids by the action of peptidase
(238). The kallikreins are also able to react with other
systems, such as the complement and coagulation systems, to
other proteases  (239).
Elevated levels of kinins have been detected in human

generate trypsin-like  serine
periapical lesions (240), with acute periradicular lesions con-

taining higher concentrations than chronic ones (Fig. 4.13).

Complement system

The complement system consists of at least 26 distinct
plasma proteins capable of interacting with each other and
with other systems to produce a variety of effects (241).
Complement is able to cause both cell lysis if activated on the
cell membrane and to enhance phagocytosis through inter-
action with complement receptors on the surface of phago-
cytic cells. Complement can also increase vascular
permeability and act as a chemotactic factor for granulocytes
and macrophages. The complement system is a complex
cascade that has two separate activation pathways that con-
verge to a single protein (C3) and complete the cascade in a
final, common sequence. Complement can be activated
through the classical pathway by antigen-antibody com-
plexes or through the alternate pathway by directly interact-
ing with complex carbohydrates on bacterial and fungal cell
walls or with substances such as plasmin (Figs 4.11 and 4.12).

Several investigators have found C3 complement compo-
nents in human periradicular lesions (242-245). Activators
of the classical and alternative pathways of the complement
system include IgM, IgG, bacteria and their by-products,
lysosomal enzymes from PMN leukocytes and clotting
factors. Most of these activators are present in periradicular
lesions. Activation of the complement system in these
lesions can contribute to bone resorption either by destruc-
tion of already existing bone or by inhibition of new bone
formation via the production of prostaglandins (PGs).
Addition of complement to organ cultures of fetal rat long
bones in vitro stimulates the release of previously incorpo-
rated “Ca to a greater extent than heat-inactivated
complement (245, 246).

The activated complement system can stimulate phos-
pholipid metabolism (247) and cause the release of lipids
from cell membranes (248-250). Consequently, the acti-
vated complement system may provide a source for the pre-
cursor of PGs, arachidonic acid (see below).

Vasoactive amines

The two major vasoactive amines involved in inflammatory
reactions are histamine and serotonin (Fig. 4.12). Both exist
preformed in a variety of cells, most notably in mast cells,
basophils and platelets. These two factors lead to increased
capillary permeability and dilation and can cause smooth
muscle contraction. Histamine is present in preformed
granules in mast cells and is released by a number of stimuli
including physical and chemical injury (251), complement
activation products (252), activated T lymphocytes (253)
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CONCENTRATION OF KININS
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Fig. 4.13 Concentration of kinins in
chronic (yellow) and acute (red) human
periapical lesions as well as unin-
flamed negative control connective
tissue (green), ng/g of tissue weight.
From TORABINEJAD et al. (240) 1968.
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and bridging of membrane-bound IgE by allergens (254).
Mast cells have been detected in human periradicular lesions
(255, 256). Physical or chemical injury of periradicular
tissues during cleaning, shaping or obturation of the root
canal system with antigenic substances can cause mast cell
degranulation. Mast cells discharging vasoactive amines into
the periradicular tissues can in turn initiate an inflamma-
tory response or aggravate an existing inflammatory process.

Recent studies have found a potential role of histamine as
a mediator regulating estrogen deficiency induced bone
resorption (257). H(2) blockers, such as cimetidine, attenu-
ate trabecular bone volume reduction in ovariectomized rats
by 50% (258). The mechanism involved may be through
direct inhibition of osteoclastogenesis and indirect increase
in calcitriol synthesis (259).

Lysosomal enzymes

While dissolution of the inorganic fraction of the bone
matrix is mediated by acidification of the bone surface in
contact with the osteoclast, secreted lysosomal enzymes
digest the organic components (260) (Fig. 4.12). Lysosomal
enzymes are potent proteolytic enzymes that are stored in
small, membrane-bound bodies termed lysosomes within
the cytoplasm of inflammatory cells such as neutrophils,
macrophages and platelets (261). These enzymes are
released via two principal mechanisms: cytotoxic release
during cell lysis (as in gout or silicosis) and secretory release,
often during phagocytosis. Examples include acid and alka-
line phosphatases, lysozyme, peroxidase, cathepsins and col-
lagenase. Cathepsin K is responsible for degradation of
collagen type I and other bone proteins. Osteoclasts defi-
cient in this enzyme can demineralize bone but cannot

IN HUMAN PERIAPICAL TISSUES

{ng/1 gm)

Uninflamed

ol

degrade the protein matrix. Patients with pycnodysostosis
demonstrate mutations in the cathepsin K gene. Animal
models of cathepsin K deficiency are available providing a
tool to study osteoclast function and treatment for cathep-
sin K deficiency (262).

The effects of lysosomal enzyme release can be modulated
by inhibitors of vacuolar-type H(+)-ATPase, such as
bafilomycin Al, and E-64, a cysteine proteinase inhibitor
(263). In cell cultures, bafilomycin Al treatment prevents
formation of ruffled borders associated with osteoclasts, and
resorption lacuna formation is markedly diminished. This
effect on osteoclast structure is reversible by removal of the
compound. E-64 shows no effect on demineralization of
dentin slices; however, it reduces resorption lacuna forma-
tion in a dose-dependent manner (263).

Depending on their physiological pH activities, the lyso-
somal enzymes have been subdivided into acid, basic and
neutral proteases. Because the inflammatory site typically
has an acidic pH, the acidic proteases may have the greatest
activity in these locations. Factors that could help to deter-
mine the extent of tissue damage after the release of lysoso-
mal enzymes might include the nature of the stimulus,
the type of tissue or the absence of appropriate control
mechanisms.

Release of lysosomal enzymes can also result in increased
vascular permeability and further chemotaxis of leukocytes
and macrophages. In addition, lysosomal enzymes can cause
cleavage of C5 and generation of C5a, a potent chemotactic
component, and liberate active bradykinin from plasma
kininogen (261).

Lysosomal enzymes have been immunolocalized in odon-
toblasts suggesting a similar mechanism for root resorption
compared to that of osteoclastic bone resorption (264).
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Fig. 4.14 A. Egress of vitreous carbon particles from the root canal of a canine tooth into the periodontal ligament. x20. B. Phagocytosis of carbon

particles by macrophages present in the periodontal ligament. x200.

Fig. 4.15 Pathways of arachidonic
acid metabolism.

Lysosomal enzyme release can also occur following
endodontic manipulation. Extrusion of filling materials into
the periradicular tissues can result in phagocytosis and
release of lysosomal enzymes (Fig. 4.14). Thus, root canal
obturating materials themselves, if improperly used, can be
potent sources of inflammation and resorption. In fact,
cathepsin K has been identified in granulomatous lesions
(265). Therefore, persistent foreign body reaction to
extruded material can lead to the secretion of lysosomal
enzymes.

Arachidonic acid metabolites

Arachidonic acid is a naturally occurring acid that is incor-
porated into phospholipids of the cell membrane. Oxidation
of arachidonic acid leads to the generation of a group of bio-
logically important products including prostaglandins (PG),
thromboxanes and leukotrienes. Products of the arachidonic
acid cascade are not preformed and stored within intracel-
lular granules, but instead are synthesized from cell mem-

| LTA4 LTD4
| LTB4 LTE4
| LTCA LTFa

brane components as a result of cell membrane injury (266).
There are several pathways by which arachidonic acid is
metabolized (Fig. 4.15).

Prostaglandins

PGs are produced from arachidonic acid via the cyclooxy-
genase pathway. The PGs, particularly PGE2 and PGI2, have
been shown to be associated with vascular permeability and
pain in conjunction with the action of other chemical
mediators of acute inflammation, such as histamine and
kinins (236).

PGs have been implicated in pathological changes associ-
ated with human pulpal and periradicular diseases (267).
The role of PGs in periradicular bone resorption was inves-
tigated by Torabinejad et al. (268) who demonstrated that
the formation of periradicular lesions in cats is inhibited by
systemic administration of indomethacin (Fig. 4.16). In
another study, McNicholas et al. (269) showed the presence
of high levels of PGE2 in acute periradicular abscesses. The
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A

Fig. 4.16 A. Horizontal 5um section of periradicular tissue of a feline tooth after 6 weeks of exposure to the oral flora, stained histochemically for
PGE, Note: dark staining for the presence of PGE, on the surface of alveolar bone. x500. B. No staining is noted in the contralateral tooth not exposed

to the oral flora. From TORABINEJAD et al. (68) 1979.

mechanisms by which PGs are involved in bone resorption
will be discussed in greater detail later in this chapter.

Leukotrienes

The leukotrienes are produced from arachidonic acid via
the lipo-oxygenase pathway. The biological activities of
leukotrienes include chemotactic effects for neutrophils,
eosinophils and macrophages, increased vascular perme-
ability, and release of lysosomal enzymes from PMN leuko-
cytes and macrophages (270). High concentrations of
leukotriene B4, a potent chemotactic agent, have been found
in periradicular lesions (271) (Fig. 4.13). In addition, a pos-
itive correlation has been found between the concentration
of this substance and the number of PMN leukocytes. The
actions of these mediators can be further enhanced by
vasoactive amines and kinins.

Immunological reactions

Immunological reactions can be divided into antibody- and
cell-mediated reactions. The role of IgE-mediated reactions
in hard tissue resorption was described earlier under vasoac-
tive amines (Fig. 4.12). In addition to immediate hypersen-
sitivity reactions, immune complex reactions as well as
cell-mediated reactions can also participate in inflammation
and hard tissue reactions.

Antigen-antibody complex reactions

Immune complexes in periradicular tissues can be formed
when extrinsic antigens such as bacteria or their by-prod-
ucts interact with either IgG or IgM antibodies. The result-
ant complexes bind to platelets, leading to the release of
vasoactive amines and to increased vascular permeability
and PMN leukocyte chemotaxis. The binding of immune
complexes in periradicular lesions has been demonstrated in
experimental animals. Simulated immune complexes placed
in feline root canals can lead to rapid formation of peri-
radicular lesions, notably characterized by bone loss and the
accumulation of numerous PMN leukocytes and osteoclasts
(268) (Fig. 4.13). This finding has been confirmed by Tora-

Fig. 4.17 Detection of immune complexes in phagocytic cells of a human
periapical lesion using anticomplement immunofluorescence technique.
%200. From TORABINEJAD & KETTERING (273) 1979.

binejad and Kiger (272) who immunized cats with subcuta-
neous injections of keyhole limpet hemocyanin until the
presence of circulating antibody to this antigen was
detected. Challenge doses of the same antigen were then
administered via the root canals. Radiographic and histo-
logical observations showed the development of periradic-
ular lesions consistent with characteristics of an Arthus-type
reaction.

Immune complexes in periradicular tissues in humans
have been studied as well. Torabinejad and Kettering (273),
using the anticomplement immunofluorescence technique,
presented evidence to support the localization of immune
complexes in human periradicular specimens (Fig. 4.17).
Furthermore, in two separate investigations, Torabinejad
and associates quantitated the serum concentrations
of circulating immune complexes, various classes of
immunoglobulins and a C3 complement component in
patients with chronic and acute periradicular lesions (274,
275). The results indicated that immune complexes formed
in chronic periradicular lesions are either minimal or are
confined within the lesions and do not enter into the sys-
temic circulation. In contrast, when the serum concentra-
tions of circulating immune complexes in patients with
acute abscesses were compared with those of individuals
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Fig. 4.18 Presence of numerous T lymphocytes (red cell membrane) in a
human periradicular lesion. From TORABINEJAD & KETTERING (276) 1985.

without these lesions, a significant difference was found
between the two groups. Complexes were present in the cir-
culation of patients with lesions, but they were undetectable
in the blood of unaffected controls.

Although immune complex formation can often be con-
sidered a protective mechanism for the neutralization and
elimination of antigens, the data from studies on experi-
mental animals and from patients with periradicular lesions
suggest that this complex formation in the periapical space
can lead to periradicular lesions that can include hard tissue
resorption.

Cell-mediated immune reactions

The presence and relative concentration of B and T lym-
phocytes and their subpopulations were determined in
human periradicular lesions by the indirect immunoperox-
idase method (276). Many B cells, T suppressor (S) cells and
T helper (H) cells were detected in these lesions; but the T
cells outnumbered the B cells significantly (Fig. 4.18). Other
investigators found approximately equal numbers of T-cell
subsets in chronic lesions (TH/TS ratio) (277-280). Further
immune cell specificity in developing lesions was shown by
Stashenko and Yu (279), who demonstrated in rats that TH
cells outnumber TS cells during the acute phase of lesion
expansion, whereas TS cells predominate at later time
periods when lesions are stabilized. Based on these results it
appears that TH cells may participate in the development
of periradicular lesions, whereas TS cells may decrease
excessive immune reactivity, leading to cessation of lesion
growth.

The specific role of T lymphocytes in the pathogenesis of
periradicular lesions has been studied by a number of inves-
tigators. Wallstrom (281) exposed the pulps of mandibular
molars of athymic and conventional rats and left them open
to the oral flora for 2, 4 or 8 weeks. Tissue sections were
quantified by percentages of surface areas of bone, connec-
tive tissue, bone marrow, intrabony spaces, periradicular
lesions and numbers of osteoclasts. Statistical analysis

showed no significant difference between periradicular
tissue responses of the two treated groups. Finally, Water-
man (282) compared periradicular lesion formation in
immunosuppressed rats with that in normal rats and found
no significant histological differences between the two
groups. These findings suggest that the pathogenesis of
periradicular lesions is a multifactorial phenomenon and
is not totally dependent on the presence of circulating
lymphocytes.

Interleukin-1 (IL-1)

The cytokine most widely studied for its effects on bone
resorption is IL-1. IL-1 is produced primarily by monocytes
and macrophages (260, 283), and human monocytes
produce at least two IL-1 species, IL-1o and IL-1f (285). IL-
1B is the major form secreted by human monocytes. The
chief component of osteoclast activating factor (OAF) was
purified and found to be identical to IL-1f (285). IL-1f is
the most active of the cytokines in stimulating bone resorp-
tion in vitro (half-maximal activity at 4.5 X 10™"' M), 15-fold
more potent than IL-1o and 1,000-fold more potent than
the tumor necrosis factors (TNFs) (286). The genes for IL-
1 have been cloned, and IL-o, and IL- are related molecules
of nearly identical molecular weight (17.4kDa), but sharing
only 35% sequence homology (284).

The effects of IL-1 on bone resorption have been widely
studied. IL-1 strongly stimulates bone resorption (287) and
inhibits bone formation (288). IL-1 stimulates the growth of
osteoclast precursor cells, the differentiation of committed
osteoclast precursors and the activity of mature osteoclasts
(289, 290). As is the case with other bone resorptive agents,
the actions of IL-1 on osteoclasts are mediated through
osteoblasts (25). IL-1P is also produced by osteoblasts and
hence may serve as a messenger to communicate bone-
resorptive signals to osteoclasts (291).

IL-1 has been associated with increased bone resorption
in vivo in several disease conditions. For example, IL-1 is
produced by tumor cells in several malignancies associated
with increased bone resorption and hypercalcemia
(292-295). In addition, since IL-1 may be produced by acti-
vated macrophages or inflammatory cells and has been iden-
tified in human dental pulp (296), IL-1 has been implicated
in the bone resorption of several chronic inflammatory dis-
eases including periodontal disease (297) and periradicular
lesions (298-301).

Interleukin-3 (IL-3)

IL-3 is a T lymphocyte-derived, 28 kDa glycoprotein which
supports growth and differentiation of hematopoietic pro-
genitor cells (302, 303). In bone marrow, IL-3 will induce
the differentiation of precursors to osteoclast-like cells, an
effect that was independent of 1,25(OH),D; and inhibited
by an anti-IL-3 inhibitory antibody (304, 305). IL-3 has also
been implicated in the bone resorption that occurs in
chronic inflammatory diseases, such as rheumatoid arthri-
tis or periodontitis (306-308).



Interleukin-6 (IL-6)

IL-6 is a glycoprotein produced by a large number of cells
and with a wide range of cell targets (309). It is produced by
osteoblasts, but in response to other bone resorptive agents
including PTH, IL-1 and 1,25(OH),D; (310). IL-6 has been
reported to be a potent stimulator of osteoclast-like cell for-
mation in human bone marrow cultures (311), although it
did not stimulate resorption in neonatal mouse calvariae
(312). It does stimulate resorption, however, in an organ
culture system that contains more primitive osteoclastic
precursors (313).

IL-6 is produced during immune responses and may play
arole in human disease. For example, IL-6 may be an impor-
tant mediator of the increased number of osteoclasts in
Paget’s disease (314), implicating IL-6 in the pathogenesis of
diseases of increased osteoclast formation. Nude mice car-
rying CHO tumors overexpressing IL-6 develop hypercal-
cemia (315), and IL-6 may be involved in the hypercalcemia
and bone lesions associated with other malignancies. Lastly,
IL-6 may play a role in the bone resorption observed with
inflammatory diseases. Thus IL-6 has been isolated from
diseased tissues associated with adult periodontitis (316)
and rheumatoid arthritis (317).

Tumor necrosis factors (TNFs)

The monocyte-macrophage-derived TNF-o and the lym-
phocyte-derived TNF-3 (previously called lymphotoxin)
have effects on bone resorption that are similar to IL-1. Both
stimulate resorption and inhibit formation of bone in organ
culture (286). TNFs stimulate both the growth of osteoclast
progenitor cells and the differentiation of committed pre-
cursors (289). Their effects on osteoclasts are also indirect
and are mediated through osteoblasts (318). The ability of
TNF-o to stimulate bone resorption is dependent on
prostaglandin (PG) synthesis (319).

TNFs may be associated with bone resorption in vivo in
a number of diseases. Although TNF has not been shown to
be produced directly by solid tumor cells, many such tumors
cause host defense cells to produce excess TNFs, leading to
increased resorption and hypercalcemia of malignancy
(320-322). Direct injections in vivo of TNF-o in intact mice
cause hypercalcemia. TNF has been implicated in the hyper-
calcemia and bone resorption with multiple myeloma as
well (323). Finally, the TNFs, produced by activated immune
cells, may be associated with bone resorption resulting from
chronic inflammatory disease. For example, TNFs were
detected in all samples of gingival and periradicular tissues
associated with disease but were scarcely detectable in sites
associated with health (297, 301).

Prostaglandins

PGs, products of arachidonic acid metabolism as described
earlier, have long been implicated in bone resorption. PGE,
and PGE, were first reported to stimulate ’Ca release from
fetal rat bone in vitro in 1970 (324). The stimulatory effect
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of PGEs on bone resorption has been confirmed by many
groups (325-330). Paradoxically, Chambers and co-workers
reported that PGE, had a direct inhibitory effect on bone
resorption by isolated osteoclasts (329) and inhibited osteo-
clast motility (330), suggesting that the stimulation of bone
resorption by PGs in organ culture is due to indirect effects
of PGs on cells other than osteoclasts. This suggestion was
further strengthened by the finding that PGE, initially inhib-
ited and then stimulated bone resorption in isolated rabbit
osteoclast cultures, consistent with the idea that the stimu-
lated resorption was due to late, indirect effects mediated by
marrow stromal cells (331). It appears that PGs induce
osteoclastic differentiation from precursor cells but inhibit
the activity of mature osteoclasts (332).

PGs have been implicated in both the local bone resorp-
tion of chronic inflammation and in systemic resorption
as well. PGE, is elevated in inflamed, periodontally
diseased sites and in symptomatic pulpal tissue compared to
control sites (333-336). The importance of PGs in peri-
odontal disease progression was further suggested by the
finding that an inhibitor of PGs, flurbiprofen, decreased
naturally occurring periodontal disease destruction in
beagle dogs (337). Synovial tissue from patients with
rheumatoid arthritis produced PGE, and caused bone
resorption in vitro, an effect inhibited by indomethacin
(338). Tumor cells producing large amounts of PGE, lead to
extensive bone resorption and hypercalcemia, effects also
blocked by indomethacin (339, 340). Similarly to PTH,
however, infusions of PGE, in vivo actually increase bone
formation (341), and PG inhibitors decrease fracture repair
in rats (342).

PGs may interact with other local cytokines. IL-I (343,
344) and TNF-a (319) increase PGE, production. PGE, has
been reported to inhibit IL-1 production, perhaps acting as
a negative feedback system (344). PTH-related protein will
also stimulate PGE, from human osteoblast-like cells, sug-
gesting that PGs also may communicate bone resorptive
signals locally (345).

Leukemia-inhibitory factor (LIF)

LIE, a glycoprotein derived from activated T lymphocytes
which stimulates differentiation of myeloma cells to mature
monocytes (346), is identical in activity to a glycoprotein
shown to stimulate bone resorption in vitro called differen-
tiation-inducing factor (DIF, 347). It also stimulates osteo-
clast-like cell formation in marrow cultures (348).

Local inhibitors of resorption

Three local inhibitors of osteoclastic bone resorption have
been described. Transforming growth factor-B (TGF-B) is
one of several growth factors that are abundant in bone and
known to stimulate bone cell growth. TGF-f is a powerful
stimulator of bone cell growth and function and has been
shown to stimulate bone formation in a number of in vivo
models (349-352). TGF-B also affects bone resorption, but
its effects vary depending on the model system studied. For
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example, in human marrow cultures, TGF-B inhibits the
formation of osteoclast-like cells (353). In the neonatal
mouse calvarial assay, however, TGF-f} treatment leads to an
increase in bone resorption secondarily due to an increased
production of PGs (354).

Another agent shown to inhibit osteoclastic bone resorp-
tion is y-interferon, which completely abolished the resorp-
tion stimulated by IL-1, TNF-a. and TNEF-B, but that
stimulated by PTH and 1,25(OH),D; was not significantly
affected (355). In addition, y-interferon also inhibited the
bone resorption induced by bradykinin, only partially
through a PG-mediated mechanism (356).

The most recently described local inhibitor of osteoclas-
tic bone resorption is the IL-1 receptor antagonist (IL-1ra)
(357-360). IL-Ira is a cytokine that is related to the IL-1
family and specifically inhibits the bone-resorptive effects of
IL-1ot and IL-1B, but not that of PTH or 1,25(0OH),D; (361,
362). It also inhibits the bone resorption and hypercalcemia
caused by IL-1 injections in vivo.

As summarized in Fig. 4.12, present studies indicate that
multiple mechanisms are involved in the pathological
changes that are associated with hard tissue resorption.
Mechanical injury to the periodontium or periradicular
tissues is likely to initiate the release of nonspecific media-
tors of inflammation and activate several pathways of
inflammation. Continuous egress of irritants, antigens or
toxic bacterial materials, as from a pathologically involved
root canal, can result in one or more immunological reac-
tions. Present data indicate that a number of these reactions
can lead to hard tissue resorption at both the periradicular
and periodontal sites. Because of complex interactions
between the various components of these systems, the dom-
inance of any one pathway or substance may be difficult to
establish. Much research is still needed to characterize the
specific roles of mediators of inflammation in pathogenesis
of hard tissue resorption.

Essentials

Origin of osteoclasts

+ Mononuclear phagocyte system
+ Bone marrow-derived mononuclear precursor cells

Regulation of osteoclast activity

+ RANKL

+ RANK

+ OPG

+ Cytokines
* Hormones

Osteoclast participation in root and
bone resorption

+ Growth

+ Maintenance

+ Repair

+ Inflammation and mediation of hard tissue resorption
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