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Preface to the Fourteenth Edition

The focus of this edition is to present the subject matter in a way that can be understood easily at the same time
without sacrificing details. For this purpose we have incorporated text boxes and flowcharts at appropriate locations.
The Molecular Aspects of Oral Histology which the undergraduate students need not know have been removed from the
printed version of the text but now made available as online supplement (resowrces.clinicallearning.com). Summary is
available in this edition with subheadings and it should be read for a quick review before examination. Age Changes
in Oral Tissues is a new chapter, but a gist of it is retained in individual chapters. More color and improved quality
of illustrations enhances the value of this book. A practical supplement for oral histology with photomicrographs of
chosen fields and diagrams made from them with a few identification points should be a welcome addition in the
form of Atlas of Oral Histology book.

The changes that are made in this edition are as a result of positive feedback from our readers. We are very thankful
for them and hope to receive more valuable suggestions for the improvement of the book.

G S Kumar


http://resources.clinicallearning.com
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Preface to the Thirteenth Edition

We, the editorial team, constantly strive to improve this book by incorporating not only additional information that
we may have gathered, but also our readers’ valuable suggestions. Our contributors are dedicated to this cause and
hence, within just three years, we have come up with the next edition of this book.

A salient feature of this edition is the inclusion of Summary and Review Questions at the end of every chapter.
‘Appendix’ section has been removed and all chapters have been renumbered to give their due identity. The re-
drawn diagrams and change in the style and format of presentation are bound to be more appealing than before.
However, the most important change is the addition of a new chapter ‘Lymphoid Tissue and Lymphatics in Orofa-
cial Region’. We have included this chapter because we believe that this topic is not given enough importance in
General Histology lectures.

I hope to receive feedback from all our readers to aid further improvement of this book.

G S Kumar

xi
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An Overview

of Oral Tissues

Development of Tooth 1
Enamel 2

Dentin 2

Pulp 2

Cementum 2

Periodontal Ligament 2
Alveolar Bone 3
Temporomandibular Joint 3

The oral cavity contains a variety of hard tissues and soft
tissues. The hard tissues are the bones of the jaws and the
tooth. The soft tissues include the lining mucosa of the
mouth and the salivary glands.

The tooth consists of crown and root. That part of
the tooth visible in the mouth is called clinical crown; the
extent of which increases with age and disease. The root
portion of the tooth is not visible in the mouth in health.
The tooth is suspended in the sockets of the alveolar bone
by the periodontal ligament. The anatomical crown is cov-
ered by enamel and the root by the cementum. Periodon-
tium is the term given to supporting tissues of the tooth.
They include the cementum, periodontal ligament and
the alveolar bone. The innermost portion of the crown
and root is occupied by soft tissue, the pulp. The dentin
occupies the region between the pulp and enamel in the
crown, and between pulp and cementum in the root.

DEVELOPMENT OF TOOTH

The tooth is formed from the ectoderm and ectomesen-
chyme. The enamel is derived from the enamel organ
which is differentiated from the primitive oral epithe-
lium lining the stomodeum (primitive oral cavity). Epi-
thelial mesenchymal interactions take place to deter-
mine the shape of the tooth and the differentiation of
the formative cells of the tooth and the timing of their
secretion. The ectomesenchymal cells which are closer to
the inner margins of the enamel organ differentiate into
dental papilla and the ectomesenchymal cells closer to
the outer margins of the enamel organ become dental
follicle. Dentin and pulp are derivatives of dental papilla
while cementum, periodontal ligament and alveolar
bone, are all derivatives of dental follicle. The cells that
form these tissues have their names ending in blast.

Maxillary Sinus 3

Eruption and Shedding of Teeth 3

Oral Mucosa 3

Salivary Glands 3

Lymphoid Tissue and Lymphatics of Orofacial Region 4
Age Changes in Oral Tissves 4

Study of Oral Tissues 4

Thus, ameloblast produces enamel, odontoblast dentin,
cementoblast, cementum and osteoblast bone. These
synthesizingcells have all the features of a protein secret-
ing cell—well developed ribosomes and a rough endo-
plasmic reticulum (ER), Golgi apparatus, mitochondria
and a vesicular nucleus, which is often polarized. The
cells that resorb the tissues have their names ending in
‘clast’. Thus, osteoclast resorbs bone, cementoclast, ce-
mentum and odontoclast resorbs all the dental tissues.
The ‘clast’ cells have a similar morphology in being mul-
tinucleated giant cells. Their ultra structural features in-
clude numerous lysosomes and ingested vacuoles.

Dentin is the first hard tissue of the tooth to form.
Enamel starts its formation after the first layer of dentin
has formed. The enamel formation is from its junction
with dentin outwards, first in the cuspal/incisal and later
in the cervical regions. Dentin formation is similar, but
from the dentinoenamel junction, the formation is pulp
ward. Cementum formation occurs after the root form,
size, shape and number of roots is outlined by the epithe-
lial root sheath and dentin is laid down in these regions.
Formation of enamel, dentin and cementum takes place
as a daily event in phases or in increments, and hence
they show incremental lines. In dentin and cementum
formation, a layer of uncalcified matrix forms first, fol-
lowed by its mineralization. While in enamel formation
enamel matrix is calcified, but its maturation or complete
mineralization occurs as a secondary event. Mineraliza-
tion occurs as a result of supersaturation of calcium and
phosphorus in the tissue fluid. The formative cells con-
centrate the minerals from calcium phosphate (apatite)
and secrete them into the organic matrix, in relation to
specific substances like collagen, which act as attractants
or nucleators for mineralization. The mechanism of min-
eralization is quite similar in all the hard tissues of tooth
and in bone (Fig. 1.1).
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Figure 1.1 Diagrammatic representation of tooth in situ.
ENAMEL

The enamel is the hardest tissue in the human body. It is
the only ectodermal derivative of the tooth. Inorganic
constituents account for 96% by weight and they are
mainly calcium phosphate in the form of hydroxyapatite
crystals. These apatite crystals are arranged in the form
of rods. All other hard tissues of the body, dentin, cemen-
tum and bone also have hydroxyapatite as the principal
inorganic constituent. Hydroxyapatite crystals differ in
size and shape; those of the enamel are hexagonal and
longest. Enamel is the only hard tissue, which does not
have collagen in its organic matrix. The enamel present
in the fully formed crown has no viable cells, as the cells
forming it—the ameloblast degenerates, once enamel
formation is over. Therefore, all the enamel is formed
before eruption. This is of clinical importance as enamel
lost, after tooth has erupted, due to wear and tear or due
to dental caries, cannot be formed again. Enamel lacks
not only formative cells but also vessels and nerves. This
makes the tooth painless and no blood oozes out when
enamel is drilled while making a cavity for filling.

DENTIN

The dentin forms the bulk of the tooth. It consists of
dentinal tubules, which contains the cytoplasmic process
of the odontoblasts. The tubules are laid in the calcified
matrix—the walls of the tubules are more calcified than
the region between the tubules. The apatite crystals in
the matrix are plate like and shorter, when compared to
enamel. The numbers of tubules near the pulp are
broader and closer and they usually have a sinusoidal
course, with branches, all along and at their terminus at
the dentinoenamel or cementodentinal junction. The
junction between enamel and dentin is scalloped to give
mechanical retention to the enamel. Dentin is avascular.
Nerves are present in the inner dentin only. Therefore,
when dentin is exposed, by loss of enamel and stimu-
lated, a pain-like sensation called sensitivity is experi-
enced. The dentin forms throughout life without any
stimulation or as a reaction to an irritant. The cells that
form the dentin—the odontoblast lies in the pulp, near
its border with dentin. Thus, dentin protects the pulp
and the pulp nourishes the dentin. Though dentin and
pulp are different tissues they function as one unit.

PULP

The pulp, the only soft tissue of the tooth, is a loose con-
nective tissue enclosed by the dentin. The pulp responds
to any stimuli by pain. Pulp contains the odontoblast.
Odontoblasts are terminally differentiated cells, and in
the event of their injury and death, they are replaced
from the pool of undifferentiated ectomesenchymal
cells in the pulp. The pulp is continuous with the peri-
odontal ligament through the apical foramen or through
the lateral canals in the root. Pulp also contains defense
cells. The average volume of the pulp is about 0.02 cm?.

CEMENTUM

The cementum is comparable to bone in its proportion
of inorganic to organic constituents and to similarities in
its structure. The cementum is thinnest at its junction
with the enamel and thickest at the apex. The cementum
gives attachment to the periodontal ligament fibers. Ce-
mentum forms throughout life, so as to keep the tooth in
functional position. Cementum also forms as a repair tis-
sue and in excessive amounts due to low grade irritants.

The cells that form the cementum; the cementoblast
lines the cemental surface. Uncalcified cementum is
usually seen, as the most superficial layer of cementum.
The cells within the cementum, the cementocytes are
enclosed in a lacuna and its process in the canaliculi,
similar to that seen in bone, but in a far less complex
network. Cementocytes presence is limited to certain
regions. The regions of cementum containing cells are
called cellular cementum and the regions without it,
are known as the acellular cementum. The acellular
cementum is concerned with the function of anchorage
to the teeth and the cellular cementum is concerned
with adaptation, i.e. to keep the tooth in the functional
position. Like dentin, cementum forms throughout life,
and is also avascular and noninnervated.

PERIODONTAL LIGAMENT

The periodontal ligament is a fibrous connective tissue,
which anchors the tooth to the alveolar bone. The col-
lagen fibers of the periodontal ligament penetrate the
alveolar bone and cementum. They have a wavy course.
The periodontal ligament has the formative cells of bone
and cementum, i.e. osteoblast and cementoblast in addi-
tion to fibroblast and resorptive cells—the osteoclast.
Cementoclasts are very rarely seen as cemental resorp-
tion is not seen in health. Fibroblast, also functions as a
resorptive cell. Thus, with the presence of both formative
and resorptive cells of bone, cementum and connective
tissue, and along with the wavy nature of the fibers, the
periodontal ligament is able to adjust itself to the con-
stant change in the position of teeth, and also maintains
its width. The periodontal fibers connect all the teeth in
the arch to keep them together and also attach the gin-
giva to the tooth. The periodontal ligament nourishes
the cementum. The presence of proprioceptive nerve
endings provides the tactile sensation to the tooth and



excessive pressure on the tooth is prevented by pain
originating from the pain receptors in the periodontal
ligament.

ALVEOLAR BONE

Alveolar bone is the alveolar process of the jaws that
forms and supports the sockets for the teeth. They de-
velop during the eruption of the teeth and disappear af-
ter the tooth is extracted or lost. The basic structure of
the alveolar bone is very similar to the bone found else-
where, except for the presence of immature bundle
bone amidst the compact bone lining the sockets for the
teeth. The buccal and lingual plates of compact bone
enclose the cancellous bone. The arrangement and the
density of the cancellous bone varies in the upper and
lower jaws and is related to the masticatory load, the
tooth receives. The ability of bone, but not cementum, to
form under tension and resorb under pressure makes
orthodontic treatment possible.

TEMPOROMANDIBULAR JOINT

This only movable bilateral joint of the skull has a mov-
able fibrous articular disk separating the joint cavity. The
fibrous layer that lines the articular surface is continuous
with the periosteum of the bones. The fibrous capsule,
which covers the joint, is lined by the synovial mem-
brane. The joint movement is intimately related to the
presence or absence of teeth and to their function.

MAXILLARY SINUS

The maxillary posterior teeth are related to the maxillary
sinus in that, they have a common nerve supply and that
their roots are often separated by a thin plate of bone.
Injuries to the lining and extension of infection from the
apex of roots are often encountered in clinical practice.
Developing maxillary canine teeth are found close to the
sinus. Pseudostratified ciliated columnar epithelium
lines the maxillary sinus.

ERUPTION AND SHEDDING OF TEETH

The eruption of teeth is a highly programed event. The
teeth developing within the bony crypt initially undergo
bodily and eccentric movements and finally by axial
movement make its appearance in the oral cavity. At that
time, the roots are about half to two thirds complete.
Just before the tooth makes its appearance in the oral
cavity the epithelium covering it, fuses with the oral
epithelium.

The tooth then cuts through the degenerated fused
epithelium, so that eruption of teeth is a bloodless event.
Root growth, fluid pressure at the apex of the erupting
teeth and dental follicle cells contractile force are all
shown to be involved in the eruption mechanism. The
bony crypt forms and resorbs suitably to adjust to the
growing tooth germ and later to its eruptive movements.
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The deciduous teeth are replaced by permanent suc-
cessor teeth as an adaptation to the growth of jaws and
due to the increased masticatory force of the masticatory
muscles, in the process of shedding. The permanent suc-
cessor teeth during the eruptive movement cause pres-
sure on the roots of deciduous teeth and induce resorp-
tion of the roots. The odontoclast, which has a similar
morphology to osteoclast and participates in this event,
has the capacity to resorb, all dental hard tissues.

ORAL MUCOSA

The mucosa lining the mouth is continuous anteriorly
with the skin of the lip at the vermilion zone and with the
pharyngeal mucosa posteriorly. Thus, the oral mucosa
and GI tract mucosa are continuous. The integrity of the
mucosa is interrupted by the teeth to which it is attached.
The oral mucosa is attached to the underlying bone or
muscle by a loose connective tissue, called submucosa.
The mucosa is firmly attached to the periosteum of hard
palate and to the alveolar process (gingiva). The mucosa
in these regions is a functional adaptation to mastication,
hence, they are referred to as masticatory mucosa. Else-
where, except in the dorsum of tongue, the mucosa is
loosely attached as an adaptation to allow the mucosa to
stretch. The mucosa in these regions is referred to as lin-
ing mucosa. The stratified squamous epithelium varies in
thickness and is either keratinized as in masticatory mu-
cosa or non-keratinized as in lining mucosa. The submu-
cosa is prominent in the lining and is nearly absent in the
masticatory mucosa. The cells that have the ability to pro-
duce keratin, called keratinocytes, undergo maturational
changes and finally desquamate. The non-keratinocytes,
do not undergo these changes, and they are concerned
either with immune function (Langerhans cells) or mela-
nin production (melanocytes). The mucosa that attaches
to the tooth is unique, thin and permeable. The fluid that
oozes through this lining into the crevice around the
tooth is called gingival fluid. It aids in defense against
entry of bacteria, through this epithelium. The mucus of
the dorsum of tongue, is called specialized mucosa be-
cause it has the taste buds in the papillae.

SALIVARY GLANDS

The major salivary glands (parotid, submandibular and
sublingual) and the minor salivary glands present in the
submucosa, everywhere in the oral cavity except in gingi-
vae and anterior part of the hard palate; secrete serous,
mucous or mixed salivary secretion, into the oral cavity by
a system of ducts. The acini, which are production centers
of salivary secretion, are of two types—the serous and the
mucous acini. They vary in size and shape and also in
the mode of secretion. The composition and physical
properties of saliva differ between mucous and serous
secretions. The ducts, act not merely as passageways for
saliva, but also modify the salivary secretion with regard to
quantity and electrolytes. The ducts, which vary in their
structure from having a simple epithelial lining to a
stratified squamous epithelial lining, show functional
modifications.
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LYMPHOID TISSUE AND LYMPHATICS
OF OROFACIAL REGION

The tissues of our body are bathed in the tissue fluid.
The tissue fluid contains diffusible constituents of blood
and waste products discarded by cells. Majority of the tis-
sue fluid returns back to the circulation through veins.
About 1/10th is carried by channels called lymphatic ves-
sels. This fluid is called lymph and it passes through the
lymph nodes. The lymph nodes are small bean-shaped
organs occurring in groups. They function to filter the
foreign substances called antigens. The tonsils are simi-
lar to lymph nodes and serve to guard the entrance to
alimentary and respiratory tracts against antigens that
come in contact with them during eating and breathing.

The lymph nodes contain different zones. In it ma-
tures the lymphocytes, which are of two types: B and T
lymphocytes. The lymph node contains a variety of de-
fense cells. The lymphatic system consists of the primary
lymphoid organs, namely the thymus and the bone mar-
row and the secondary lymphoid organs like the spleen
and lymph nodes.

Enlargements of lymph nodes is of clinical significance
and occurs as a response to an invading organism or due
to tumor cells entering from a draining area or due to
tumors arising in the lymph nodes itself.

AGE CHANGES IN ORAL TISSUES

The tissues of the body undergo certain changes in mac-
roscopic and in their microscopic appearance and in
their functions with time. These are called age changes.
The oral tissues also undergo such changes. Some of the
prominent age changes that have a clinical significance
are dealt here.

The enamel is lost due to physiological, mechanical or
chemical actions resulting in exposure of underlying

dentin, causing pain-like sensation, called sensitivity of
teeth. Deposition of calcium salts occurs in certain re-
gions of the dentin making the root transparent in these
regions. The pulp shows areas of calcified bodies, termed
pulp stones. The cementum increases in thickness, espe-
cially in the apical third of the root. The periodontal
ligament shows a decrease in number of cells and the
alveolar bone shows bone loss. The oral mucosa becomes
thin, the papillae of the tongue are lost, and mouth be-
comes dry due to decreased secretion from salivary
glands. The person experiences a gradual loss of taste
sensation. The attachment of the gingiva to the tooth
shifts apically resulting in more exposure of the tooth
clinically, i.e. the clinical crown becomes longer with age.

STUDY OF ORAL TISSUES

For light microscopic examination, the tissues have to be
made thin and stained, so that the structures can be ap-
preciated. The teeth (and bone) can be ground or can
be decalcified before making them into thin slices. In the
first method, all hard tissues can be studied. In the sec-
ond method, all the hard tissues except enamel, pulp
and periodontal ligament can be studied. Soft tissues of
the mouth require a similar preparation as soft tissues
of other parts of the body for microscopic examination.

For traditional light microscopic examination, the tis-
sues have to be made into thin sections and differentially
stained by utilizing the variations they exhibit in their
biochemical and immunological properties. There are
various histochemical, enzyme-histochemical, immuno-
histochemical, immunofluorescent techniques devel-
oped to enhance tissue characteristics. Apart from light
microscopy, tissues can be examined using electron mi-
croscope, fluorescent microscope, confocal laser scan-
ning microscope and autoradiography techniques for
better recognition of cellular details, functions and the
series of events that take place within them.
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This chapter deals primarily with the development of the
human face and oral cavity. Consideration is also given to
information about underlying mechanisms that is derived
from experimental studies conducted on developing sub-
human embryos. Much of the experimental work has
been conducted on amphibian and avian embryos. Evi-
dence derived from these and more limited studies on
other vertebrates including mammals indicates that the
early facial development of all vertebrate embryos is simi-
lar. Many events occur, including cell migrations, interac-
tions, differential growth, and differentiation, all of which
lead to progressively maturing structures (Fig. 2.1). Prog-
ress has also been made with respect to abnormal devel-
opmental alterations that give rise to some of the most
common human malformations. Further information on
the topics discussed can be obtained by consulting the
references at the end of the chapter.

ORIGIN OF FACIAL TISSUES

After fertilization of the ovum, a series of cell divisions
gives rise to an egg cell mass known as the morula
in mammals (Fig. 2.2). In most vertebrates, including
humans, the major portion of the egg cell mass forms
the extraembryonic membranes and other supportive
structures, such as the placenta. The inner cell mass
(Fig. 2.2D) separates into two layers, the epiblast and
hypoblast (Fig. 2.2E). Cell marking studies in chick and
mouse embryos have shown that only the epiblast forms
the embryo, with the hypoblast and other cells forming
supporting tissues, such as the placenta. The anterior
(rostral) end of the primitive streak forms the lower
germ layer, the endoderm, in which are embedded the
midline notochordal (and prechordal) plates (Figs. 2.2F
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and 2.3A). Prospective mesodermal cells migrate from
the epiblast through the primitive streak to form the
middle germ layer, the mesoderm.

Cells remaining in the epiblast form the ectoderm, com-
pleting formation of the three germ layers. Thus, at this
stage, three distinct populations of embryonic cells have
arisen largely through division and migration. They fol-
low distinctly separate courses during later development.

Migrations, such as those described above, create new
associations between cells, which, in turn, allow unique
possibilities for subsequent development through interac-
tions between the cell populations. Such interactions have
been studied experimentally by isolating the different cell
populations or tissues and recombining them in different
ways in culture or in transplants. From these studies it is
known, for example, that a median strip of mesoderm
cells (the chorda mesoderm) extending throughout the
length of the embryo induces neural plateformation within
the overlying ectoderm (Fig. 2.3). The prechordal plate is
thought to have a similar role in the anterior neural plate
region. The nature of such inductive stimuli is presently
unknown. Sometimes cell-to-cell contact appears to be
necessary, whereas in other cases (as in neural plate induc-
tion) the inductive influences appear to be able to act
between cells separated by considerable distances and
consist of diffusible substances. It is known that inductive
influences need only be present for a short time, after
which the responding tissue is capable of independent
development. For example, an induced neural plate iso-
lated in culture will roll up into a tube, which then differ-
entiates into the brain, spinal cord, and other structureks.

In addition to inducing neural plate formation, the
chorda mesoderm appears to be responsible for develop-
ing the organizational plan of the head. As noted previ-
ously, the notochord and prechordal plates arise initially

5
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Emergence of facial structures during development of human embryos. Dorsal views of gestational day 19 and 22

embryos are depicted, while lateral aspects of older embryos are illustrated. At days 25 and 32, visceral arches are designated by
Roman numerals. Embryos become recognizable as ‘human’ by gestational day 50. Section planes for Figure 2.2 are illustrated in

the upper (days 19 and 22) diagrams.

within the endoderm (Fig. 2.3A), from which they eventu-
ally separate (Figs. 2.2G and 2.3B). The mesodermal por-
tion differentiates into well-organized blocks of cells, called
somites, caudal to the developing ear and less-organized
somitomeres rostral to the ear (Figs. 2.2 and 2.6). Later
these structures form myoblasts and some of the skeletal
and connective tissues of the head. Besides inducing the
neural plate from overlying ectoderm, the chorda meso-
derm organizes the positional relationships of various
neural plate components, such as the initial primordium
of the eye.

A unique population of cells develops from the ecto-
derm along the lateral margins of the neural plate.
These are the neural crest cells. They undergo extensive
migrations, usually beginning at about the time of tube
closure (Fig. 2.3), and give rise to a variety of different
cells that form components of many tissues. The crest
cells that migrate in the trunk region form mostly neural,

endocrine, and pigment cells, whereas those that mi-
grate in the head and neck also contribute extensively to
skeletal and connective tissues (i.e. cartilage, bone, den-
tin, dermis, etc.). In the trunk, all skeletal and connec-
tive tissues are formed by mesoderm. Of the skeletal or
connective tissue of the facial region, it appears that
tooth enamel (an acellular skeletal tissue) is the only one
not formed by crest cells. The enamel-forming cells are
derived from ectoderm lining the oral cavity.

The migration routes that cephalic (head) neural
crest cells follow are illustrated in Figure 2.4. They move
around the sides of the head beneath the surface ecto-
derm, en masse, as a sheet of cells. They form all the
mesenchyme! in the upper facial region, whereas in the
lower facial region they surround mesodermal cores

'Mesenchyme is defined here as the loosely organized embryonic tis-
sue, in contrast to epithelia, which are compactly arranged.
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Figure 2.2 Sketches summarizing development of embryos from fertilization through neural tube formation. (A) Ovum at the time
of fertilization. (B) Two-celled embryo. Accumulation of fluid within egg cell mass (morula, C) leads to development of blastula
(D). Inner cell mass (heavily strippled cells in D) will form two-layered embryonic disk in E. It now appears that only epiblast (ep)
will form embryo (see text), with hypoblast (hy) and other cell populations forming support tissues (e.g. placenta) of embryo. In
F, notochord (n) and its rostral (anterior) extension, prechordal plate (pp), as well as associated pharyngeal endoderm, form as
a single layer. Prospective mesodermal cells migrate (arrows in F) through primitive streak (ps) and insert themselves between
epiblast and endoderm. Epiblast cells remaining on surface become ectoderm. Cells of notochord (and prechordal plate?) and
adjacent mesoderm (together termed chorda mesoderm) induce overlying cells to form neural plate (neurectoderm). Only later
does notochord separate from neural plate (G), while folding movements and differential growth (arrows in G and H) continue to
shape embryo h, heart; b, buccal plate; op, olfactory placode; ef, eye field; nc, neural crest; so, somite; Ip, lateral plate. (Modified
from Johnston MC and Sulik KK: Embryology of the head and neck. In Serafin D and Georgiade NG, editors: Pediatric plastic surgery,
vol. 1, St Louis, 1984, The CV Mosby Co).
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Figure 2.3 Scheme of neural and gastrointestinal tube formation in higher vertebrate embryos (section planes illustrated in
Figure 2.1). (A) Cross-section through three-germ layer embryo. Similar structures are seen in both head and trunk regions. Neu-
ral crest cells (diamond pattern) are initially located between neural plate and surface ectoderm. Arrows indicate directions of
folding processes. (B) Neural tube, which later forms major components of brain and spinal cord, and gastrointestinal tube will
separate from embryo surface after fusions are completed. Arrows indicate directions of migration of crest cells, which are initi-
ated at about fourth week in human embryo. (C) Scanning electron micrograph (SEM) of mouse embryo neural crest cells migrat-
ing over neural tube and under surface ectoderm near junction of brain and spinal cord following removal of piece of surface
ectoderm as indicated in B. Such migrating cells are frequently bipolar (e.g. outlined cell at end of leading end) and oriented in
path of migration (arrow).
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Figure 2.4 A and B, Migratory and C and D, postmigratory distributions of crest cells (stipple) and origins of cranial sensory
ganglia. Initial ganglionic primordia (C and D) are formed by cords of neural crest cells that remain in contact with neural tube.
Section planes in C and E, pass through primordium of trigeminal ganglion. Ectodermal ‘thickenings,” termed placodes, form
adjacent to distal ends of ganglionic primordia—for trigeminal (V) nerve as well as for cranial nerves VII, IX, and X. They contrib-
ute presumptive neuroblasts that migrate into previously purely crest cell ganglionic primordia. Distribution of crest and placodal
neurons is illustrated in E and F (Adapted from Johnston MC and Hazelton RD: Embryonic origins of facial structures related to oral
sensory and motor functions. From Bosma JB, editor: Third symposium on oral sensation and perception, Springfield, IL, 1972,

Charles C Thomas Publisher).

already present in the visceral arches. The pharyngeal
region is then characterized by grooves (clefts and
pouches) in the lateral pharyngeal wall endoderm and
ectoderm that approach each other and appear to effec-
tively segment the mesoderm into a number of bars that
become surrounded by crest mesenchyme (Figs. 2.4C, D
and 2.7A).

Toward the completion of migration, the trailing
edge of the crest cell mass appears to attach itself to the
neural tube at locations where sensory ganglia of the
fifth, seventh, ninth, and tenth cranial nerves will form
(Fig. 2.4C and D). In the trunk sensory ganglia, support-
ing (e.g. Schwann) cells and all neurons are derived
from neural crest cells. On the other hand, many of the
sensory neurons of the cranial sensory ganglia originate
from placodes in the surface ectoderm (Fig. 2.4C and F).

Eventually, capillary endothelial cells derived from
mesoderm cells invade the crest cell mesenchyme, and it
is from this mesenchyme that the supporting cells of the
developing blood vessels are derived. Initially, these sup-
porting cells include only pericytes, which are closely
apposed to the outer surfaces of endothelial cells. Later,
additional crest cells differentiate into the fibroblasts
and smooth muscle cells that will form the vessel wall.
The developing blood vessels become interconnected to
form vascular networks. These networks undergo a series
of modifications, examples of which are illustrated in

Figure 2.5, before they eventually form the mature vascu-
lar system. The underlying mechanisms are not clearly
understood.

Almost all the myoblasts that subsequently fuse with
each other to form the multinucleated striated muscle
fibers are derived from mesoderm. The myoblasts that
form the hypoglossal (tongue) muscles are derived from
somites located beside the developing hindbrain. So-
mites are condensed masses of cells derived from meso-
derm located adjacent to the neural tube. The myoblasts
of the extrinsic ocular muscles originate from the pre-
chordal plate (Fig. 2.2F). They first migrate to poorly
condensed blocks of mesoderm (somitomeres) located
rostral to (in front of) the otocyst, from which they mi-
grate to their final locations (Fig. 2.6). The supporting
connective tissue found in facial muscles is derived from
neural crest cells. Much of the development of the mas-
ticatory and other facial musculature is closely related to
the final stages of visceral arch development and will be
described later.

A number of other structures in the facial region, such
as the epithelial components or glands and the enamel
organ of the tooth bud, are derived from epithelium that
grows (invaginates) into underlying mesenchyme. Again,
the connective tissue components in these structures
(e.g. fibroblasts, odontoblasts, and the cells of tooth-
supporting tissues) are derived from neural crest cells.
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Figure 2.5 Development of arterial system serving facial region with emphasis on its relation to visceral arches. In 3-week hu-
man embryo visceral arches are little more than conduits for blood traveling through aortic arch vessels (indicated by Roman
numerals according to the visceral arch containing them) from heart to dorsal aorta. Other structures indicated are eye (broken
circle) and ophthalmic artery. In 6-week embryo first two aortic arch vessels have regressed almost entirely, and distal portions
of arches have separated from heart. Portion of third aortic arch vessel adjacent to dorsal aorta persists and eventually forms
stem of external carotid artery by fusing with stapedial artery. Stapedial artery, which develops from second aortic arch vessel,
temporarily (in humans) provides arterial supply for embryonic face. After fusion with external carotid artery proximal portion of
stapedial artery regresses. Aortic arch vessel of fourth visceral arch persists as arch of aorta. By 9 weeks primordium of defini-
tive vascular system of face has been laid down (From Ross RB, and Johnston MC: Cleft lip and palate, Baltimore, 1972, The

Williams & Wilkins Co).
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Figure 2.6 Migration paths followed by prospective skeletal
muscle cells.Somites, or comparable structures from which
muscle cells are derived, give rise to most skeletal (voluntary)
myoblasts (differentiating muscle cells). Condensed somites
tend not to form in head region of higher vertebrates, and
their position in lower forms is indicated by broken lines. It is
from these locations that extrinsic ocular and ‘tongue’ (hypo-
glossal cord) muscle contractile cells are derived from post-
optic somites. Recent studies indicate that myoblasts which
contribute to visceral arch musculature have similar origins
and originate as indicated by Roman numerals according to
their nerves of innervation. At this stage of development (ap-
proximately day 34) they are still migrating (arrowheads) into
cores of each visceral arch. Information about fourth visceral
arch is still inadequate, as indicated by question mark (?).
Origin of extrinsic ocular myoblasts is complex (see text).

DEVELOPMENT OF FACIAL
PROMINENCES

On the completion of the initial crest cell migration and
the vascularization of the derived mesenchyme, a series
of outgrowths or swellings termed ‘facial prominences’
initiates the next stages of facial development (Figs. 2.7
and 2.8). The growth and fusion of upper facial promi-
nences produce the primary and secondary palates. As
will be described below, other prominences developing
from the first two visceral arches considerably alter the
nature of these arches.

Development of the Frontonasal
Region: Olfactory Placode, Primary
Palate, and Nose

After the crest cells arrive in the future location of the
upper face and midface, this area often is referred to as
the frontonasal region. The first structures to become
evident are the olfactory placodes. These are thickenings
of the ectoderm that appear to be derived at least partly
from the anterior rim of the neural plate (Fig. 2.2F). Ex-
perimental evidence indicates that the lateral edges of
the placodes actively curl forward, which enhance the
initial development of the lateral nasal prominence (LNP,
sometimes called the nasal wing—see Fig. 2.7A). This
morphogenetic movement combined with persisting
high rates of cell proliferation rapidly brings the LNP
forward so that it catches up with the medial nasal prom-
inence (MNP), which was situated in a more forward posi-
tion at the beginning of its development (Fig. 2.7A and
C). However, before that contact is made, the maxillary
prominence (MxP) has already grown forward from its ori-
gin at the proximal end of the first visceral arch (Figs. 2.7A
and 2.13) to merge with the LNP and make early contact
with the MNP (Fig. 2.7G). With development of the lateral
nasal prominence—medial nasal prominence contact,
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Figure 2.7 Scheme of development of facial prominences.After completion of crest cell migration. (A) Facial prominence devel-
opment begins, with curling forward, lateral portion of nasal placode and is completed after fusion of prominences with each
other or with other structures, C. (Details are given in text). Heart and adjacent portions of visceral arches have been removed
in A, and most of heart has been removed in B, and C. Arrows indicate direction of growth and/or movement. Mesenchymal cell
process meshwork (CPM) is exposed after removal of epithelium (C) and is illustrated to right side of C. Single mesenchymal

cell body is outlined by broken line.

all three prominences contribute to the initial separa-
tion of the developing oral cavity and nasal pit
(Fig. 2.7C). This separation is usually called the primary
palate (Fig. 2.9A to C). The combined right and left max-
illary prominences are sometimes called the intermaxil-
lary segment.

The contacting epithelia form the epithelial seam.
Before contact many of the surface epithelial (perider-
mal) cells are lost, and the underlying basal epithelial
cells appear to actively participate in the contact phe-
nomenon by forming processes that span the space
between the contacting epithelia. During the fifth week
of human embryonic development, a portion of the
epithelial seam breaks down and the mesenchyme of

the three prominences becomes confluent. Fluid ac-
cumulates between the cells of the persisting epithe-
lium behind the point of epithelial breakdown. Eventu-
ally, these fluid-filled spaces coalesce to form the initial
nasal passageway connecting the olfactory pit with the
roof of the primitive oral cavity (Fig. 2.9). The tissue
resulting from development and fusion of these prom-
inences is termed the primary palate (outlined by bro-
ken lines in Fig. 2.9). It forms the roof of the anterior
portion of the primitive oral cavity, as well as forming
the initial separation between the oral and nasal cavi-
ties. In later development, derivatives of the primary
palate form portions of the upper lip, anterior maxilla,
and upper incisor teeth.
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Figure 2.8 Schematic development of human face: maxillary prominence (stipple), lateral nasal prominence (oblique hatching),
and medial nasal prominence (dark). (A) Embryo 4 to 6 mm in length, approximately 28 days. Prospective nasal and lateral
nasal prominences are just beginning to form from mesenchyme surrounding olfactory placode. Maxillary prominence forming
at proximal end of first (mandibular) arch under eye (compare to Fig. 2.3). (B) Embryo 8 to 11 mm in length, approximately
37 days. Medial nasal prominence is beginning to make contact with lateral nasal and maxillary prominences. (C) Embryo 16
to 18 mm in length, approximately 47 days. (D) and (E) Embryo 23 to 28 mm in length, approximately 54 days. (F) Adult face.
Approximate derivatives of medial nasal prominence, lateral nasal prominence, and maxillary prominence are indicated.

The outlines of the developing external nose can be
seen in Figure Although the nose is disproportionately
large, the basic form is easily recognizable. Subsequent
alterations in form lead to progressively more mature
structure (Fig. 2.1, day 50 specimen). Figure 2.8 is a sche-
matic illustration of the contribution of various facial
prominences to the development of the external face.

Development of Maxillary Prominences
and Secondary Palate

New outgrowths from the medial edges of the maxillary
prominences form the shelves of the secondary palate.
These palatal shelves grow downward beside the tongue
(Fig. 2.10), at which time the tongue partially fills the
nasal cavities. At about the ninth gestational week, the
shelves elevate, make contact, and fuse with each other
above the tongue (Fig. 2.11). In the anterior region, the

shelves are brought to the horizontal position by a rota-
tional (hinge-like) movement. In the more posterior re-
gions, the shelves appear to alter their position by chang-
ing shape (remodeling) as well as by rotation. Available
evidence indicates that the shelves are incapable of eleva-
tion until the tongue is first withdrawn from between
them. Although the motivating force for shelf elevation
is not clearly defined, contractile elements may be in-
volved.

Fusion of palatal shelves requires alterations in the
epithelium of the medial edges that begin prior to eleva-
tion. These alterations consist of cessation of cell divi-
sion, which appears to be mediated through distinct un-
derlying biochemical pathways, including a rise in cyclic
AMP levels. There is also loss of some surface epithelial
(peridermal) cells (Fig. 2.12) and production of extra-
cellular surface substances, particularly glycoproteins,
that appear to enhance adhesion between the shelf
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Figure 2.9 Some details of primary palate formation, here shown in mouse, are conveniently demonstrated by scanning electron
micrographs (SEMs). Area encompassed by developing primary palate is outlined by broken lines. (A) and (B) Frontal and pala-
tal views showing moderately advanced stage of primary palate formation. (C) and (D) In this more advanced stage, elimination
of epithelial connection between anterior and posterior nasal pits is nearing completion. Area outlined by solid lines in C is given
in D, showing that last epithelial elements are regressing as nasal passage is now almost completely opened.
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Figure 2.10 Scanning electron micrographs of developing human secondary
palate. (A) Near completion of shelf elevation; (B) palatal shelves almost
in contact; (C) contact between shelf edges has been made almost through-
out entire length of hard and soft palate. Contacting epithelial seam rapidly
disappears (see text) (From Russell MM: Comparative Morphogenesis of the
Secondary Palate in Murine and Human Embryos, PhD thesis, University of North
Carolina, 1986).
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Figure 2.11 (A) Coronal section through secondary palates of 6 week old human embryo with arrowheads denoting the dental
lamina and arrows denoting the vestibular lamina. (B) Coronal section through 8 week old human embryo showing contact
of palatal shelves (a) and secondary nasal septum (b). Midline epitheliail seam (c) and developing Maxilla (d) are also seen
(Masson trichrome X30).
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Figure 2.12 Scanning and transmission electron micrographs of palatal shelf of human embryo at same stage of development
as reconstruction in Figure 2.9B. (A) Posterior region of palatal shelf viewed from below and from opposite side. Fusion will oc-
cur in ‘zone of alteration,” where surface epithelial (peridermal) cells have been lost (see text). Transmission electron micrographs
of specimen in A. Surface cells of oral epithelium in B contain large amounts of glycogen, whereas those of zone of alteration
in C are undergoing degenerative changes and many of them are presumably desquamated into oral cavity fluids. Asterisk in B
indicates heavy metal deposited on embryo surfaces for scanning electron microscope (A to C from Waterman RE and Meller SM:
Anat Rec 180:11, 1974).

edges as well as between the shelves and inferior margin
of the nasal septum (Fig. 2.11).

The ultimate fate of these remaining epithelial cells
is controversial. Some of them appear to undergo cell
death and eventually are phagocytized, but recent

Development of Visceral Arches
and Tongue

The pituitary gland develops as a result of inductive in-
teractions between the ventral forebrain and oral ecto-

studies indicate that many undergo direct transforma-
tion in mesenchymal cells. The fate of cells in the epi-
thelial seam of the primary palate described previously
also is questionable. Some of the epithelial cells re-
main indefinitely in clusters (cell rests) along the
fusion line. Eventually, most of the hard palate and all
of the soft palate form from the secondary palate (see
Chapter 8).

derm and is derived in part from both tissues (Fig. 2.13).
Following initial crest cell migration (Fig. 2.7A), these
cells invade the area of the developing pituitary gland
and are continuous with cells that will later form the
maxillary prominence. Eventually, crest cells form the
connective tissue components of the gland.

In humans there is a total of six visceral arches, of which
the fifth is rudimentary. These arches are also known as
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Figure 2.13 QOropharyngeal development. (A) Diagram of sagittal section through head of 3'2- to 4-week-old human embryo.
Oral fossa is separated from foregut by double layer of epithelium (buccopharyngeal membrane), which is in its early stages
of breakdown. (B) and (C) Scanning electron micrographs (SEMs) of mouse head sectioned in plane indicated by broken line in
A. B More lateral view of specimen while in C it is viewed from its posterior aspect. Rupturing buccopharyngeal membrane is

outlined by rectangle in this figure.

pharyngeal or branchial arches. The gills (branchii) of the
fish are modified to give rise to these arches. The proximal
portion of the first (mandibular) arch becomes the maxil-
lary prominence (Fig. 2.1). As the heart recedes caudally,
the mandibular and hyoid arches develop further at their
distal portions to become consolidated in the ventral mid-
line (Figs. 2.7 and 2.13). As noted previously, the mesoder-
mal core of each visceral arch (Fig. 2.7A) is concerned
primarily with the formation of vascular endothelial cells.
As noted below, these cells appear to be later replaced by
cells that eventually form visceral arch myoblasts.

The first (mandibular) and second (hyoid) visceral
arches undergo further developmental changes. As the
heart recedes caudally, both arches send out bilateral
processes that merge with their opposite members in the
ventral midline (Fig. 2.7).

Nerve fibers from the fifth, seventh, ninth, and tenth
cranial nerves extend into the mesoderm of the first four
visceral arches. The mesoderm of the definitive mandibu-
lar and hyoid arches gives rise to the fifth and seventh
nerve musculature, while mesoderm associated with the
less well developed third and fourth arches forms the
ninth and tenth nerve musculature. Recent studies show
that myoblast cells in the visceral arches actually originate
from mesoderm more closely associated with the neural
tube (as do the cells that form the hypoglossal and extrin-
sic eye musculature; Fig. 2.6). They would then migrate
into the visceral arches and replace the mesodermal cells
that initiated blood vessel formation earlier. It therefore
appears that myoblasts forming voluntary striated muscle
fibers of the facial region would then originate from me-
soderm adjacent to the neural tube.

Groups of visceral arch myoblasts that are destined to
form individual muscles each take a branch of the appro-
priate visceral arch nerve. Myoblasts from the second vis-
ceral arch, for example, take branches of the seventh cra-
nial nerve and migrate very extensively throughout the
head and neck to form the contractile components of the
‘muscles of facial expression.” Myoblasts from the first arch
contribute mostly to the muscles of mastication, while
those from the third and fourth arches contribute to the
pharyngeal and soft palate musculature. As noted earlier,
connective tissue components of each muscle in the facial
region are provided by mesenchymal cells of crest origin.

The crest mesenchymal cells of the visceral arches give
rise to skeletal components such as the temporary visceral
arch cartilages (e.g. Meckel’s cartilage; Fig. 2.11), middle
ear cartilages, and mandibular bones. Also visceral arch
crest cells form connective tissues such as dermis and the
connective tissue components of the tongue.

The tongue forms in the ventral floor of the pharynx
after arrival of the hypoglossal muscle cells. The signifi-
cance of the lateral lingual tubercles (Fig. 2.14) and
other swellings in the forming tongue has not been care-
fully documented. It is known that the anterior two
thirds of the tongue is covered by ectoderm whereas en-
doderm covers the posterior one third. The thyroid
gland forms by invagination of the most anterior endo-
derm (thyroglossal duct). A residual pit (the foramen
cecum; Fig. 2.14C) left in the epithelium at the site of
invagination marks the junction between the anterior
two thirds and posterior one third of the tongue, which
are, respectively, covered by epithelia of ectodermal and
endodermal origin. It is also known that the connective
tissue components of the anterior two thirds of the
tongue are derived from first-arch mesenchyme, whereas
those of the posterior one third appear to be primarily
derived from the third-arch mesenchyme.

The epithelial components of a number of glands are
derived from the endodermal lining of the pharynx. In
addition to the thyroid, these include the parathyroid and
thymus. The epithelial components of the salivary and
anterior pituitary glands are derived from oral ectoderm.

Finally, a lateral extension from the inner groove be-
tween the first and second arch gives rise to the eustachian
tube, which connects the pharynx with the ear. The exter-
nal ear or pinna is formed at least partially from tissues of
the first and second arches (Fig. 2.1, day 44) (Table 2.1).

FINAL DIFFERENTIATION
OF FACIAL TISSUES

The extensive cell migrations referred to above bring cell
populations into new relationships and lead to further
inductive interactions, which, in turn, lead to progres-
sively more differentiated cell types. For example, some
of the crest cells coming into contact with pharyngeal
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Pharyngeal cleft

Figure 2.14 Scanning electron micrographs of developing visceral arches and tongue of mouse embryos. Planes of section il-
lustrated in A and C (dorsal views of floor of pharynx) are shown in B and D. (A) and (B) Embryos whose developmental age is
approximately equivalent to that of human 30-day-old embryos (see Fig. 2.1). Development of medial and lateral nasal promi-
nences has yet to be initiated. Visceral arches are indicated by Roman numerals. First (mandibular) arch is almost separated
from heart (h). Other structures indicated are eye (e), oral cavity (oc; compare to buccopharyngeal membrane in Fig. 2.15C), and
neural tube (nt). (C)and (D) These are comparable to 35-day-old human embryos. The mandibular arch now has two distinct
prominences, maxillary prominence (mp) and mandibular prominence (md). Second arch is called hyoid arch (hy). In D blood
vessel exiting from third arch is labeled (bv). Arrow indicates entry into lower pharynx. (E)to (G) Older specimens, prepared in a
manner similar to B and D, illustrate development of tongue. Lingual swellings (l) presumably represent accumulations of myo-
blasts derived from hypoglossal cord. Tuberculum impar (ti) also contributes to anterior two thirds of tongue. Foramen cecum
(fc) is site of endodermal invagination that gives rise to epithelial components of thyroid gland. It lies at junction between ante-
rior two thirds and posterior one third of tongue. Hypobranchial eminence (he) is primordium of epiglottis (From Johnston MC
and Sulik KK: Embryology of the head and neck. In Serafin D, and Georgiade NG, editors: Pediatric plastic surgery, vol |, St Louis,
1984, The CV Mosby Co).
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Table 2.1 Pharyngeal Arch Derivatives of First Three Arches

Arch Muscles Cartilage Nerve Supply Arterial Supply
First Muscles of mastication Meckel’s cartilage- Mandibular nerve (post- Maxillary artery
(mandibular Mylohyoid Symphysis region of mandible trematic nerve) supplies
arch) Anterior belly of digastric Malleus, Incus , anterior muscles of mastication

Tensor veli P & tensor ligament of malleus & Chorda tympani nerve

tympani Sphenomandibular ligament (pre-trematic nerve)
Second Muscles of facial Reichert’s cartilage: stapes, Facial nerve Stapedial artery
(hyoid arch) expression stylohyoid ligament, lesser

Post belly of digastric cornu and upper half of body

Stylohyoid of hyoid bone

Stapedius Styloid process
Third Stylopharyngeus Greater horn and lower part of  Glossopharyngeal Common carotid and

body of hyoid bone

Note:Total of six arches, fifth disappears.
From IV & VI arches laryngeal cartilages develop

endoderm are induced by the endoderm to form visceral
arch cartilages (see Chapter 9). Recent studies indicate
the early epithelial interactions are also involved in bone
formation. The exact interactions involved in tooth for-
mation are somewhat controversial. Mesenchymal cells
of crest origin must be involved, and these cells form the
dental papilla and the mesenchyme surrounding the
epithelial enamel organ. Whether the epithelium or
mesenchyme is initially responsible for determining
which tooth (e.g. incisor or molar) forms from a tooth
germ is controversial. Interestingly, epithelia from spe-
cies that ceased forming teeth many centuries ago (e.g.
the chick) can still form enamel under experimental
conditions.

In many instances, such as those cited above, only crest
mesenchymal cells and not mesodermal mesenchymal
cells will respond to inducing tissues such as pharyngeal
endoderm. In other cases, as in the differentiation of
dermis and meninges, it appears that the origin of the
mesenchyme is of no consequence. In any case it is clear
that one function, the formation of skeletal and connec-
tive tissues, ordinarily performed by mesodermal cells in
other regions, has been usurped by neural crest cells in
the facial region. The crest cells therefore play a very
dominant role in facial development, since they form all
nonepithelial components except endothelial cells and
the contractile elements of skeletal (voluntary) muscle.

The onset of bone formation or the establishment of
all the organ systems (about the eighth week of develop-
ment) is considered as the termination of the embryonic
period. Bone formation and other aspects of the final
differentiation of facial tissues will be considered in de-
tail elsewhere in this text.

CLINICAL CONSIDERATIONS

Aberrations in embryonic facial development lead to a
wide variety of defects. Although any step may be im-
paired, defects of primary and secondary palate develop-
ment are most common. There is evidence that other

its terminal branches

developmental defects may be even more common but
they are not compatible with completion of intrauterine
life and are therefore not as well documented.

Facial Clefts

Most cases of clefts of the lip with or without associated
cleft palate (Fig. 2.15) appear to form a group etiologi-
cally different from clefts involving only the secondary
palate. For example, when more than one child in a fam-
ily has facial clefts, the clefts are almost always found to
belong only to one group.

Some evidence now indicates that there are two major
etiologically and developmentally distinct types of cleft
lips and palate. In the larger group, deficient medial
nasal prominences appear to be the major developmen-
tal alteration, whereas in the smaller group the major
developmental alteration appears to be underdevelop-
ment of the maxillary prominence. Increases in clefting
rates have been associated with children born to epilep-
tic mothers undergoing phenytoin (Dilantin) therapy
and to mothers who smoke cigarettes; in the latter case
the embryonic effects are thought to result from hy-
poxia. When pregnant mice are exposed to hypoxia, the
portion of the olfactory placode undergoing morphoge-
netic movements (Fig. 2.1) breaks down, and this is as-
sociated with underdevelopment of the lateral nasal
prominence. Reduction in the size of the lateral nasal
prominence that is more severe than that of other facial
prominences also has been observed in an animal model
of phenytoin-induced cleft lip and palate. Combination
of developmental alterations (e.g. placodal breakdown
associated with medial nasal prominence deficiency)
may relate to the multifactorial etiology thought to be
responsible for many human cleft cases.

About two thirds of patients with clefts of the primary
palate also have clefts of the secondary palate. Studies of
experimental animals suggest that excessive separation
of jaw segments as a result of the primary palate cleft
prevents the palatal shelves from contacting after eleva-
tion. The degree of clefting is highly variable. Clefts may
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Figure 2.15 Clefts of lip and palate in infants. Infant in photograph has complete unilateral cleft of lip and palate (From Ross RB,
and Johnston MC: Cleft lip and palate, Baltimore, 1972, The Williams & Wilkins Co).

be either bilateral or unilateral (Fig. 2.15) and complete
or incomplete. Most of this variation results from differ-
ing degrees of fusion and may be explained by variable
degrees of mesenchyme in the facial prominences. Some
of the variations may represent different initiating events.

Clefts involving only the secondary palate (cleft palate,
Fig. 2.15) constitute, after clefts involving the primary
palate, the second most frequent facial malformation in
humans. Cleft palate can also be produced in experi-
mental animals with a wide variety of chemical agents or
other manipulations affecting the embryo. Usually, such
agents retard or prevent shelf elevation. In other cases,
however, it is shelf growth that is retarded so that,
although elevation occurs, the shelves are too small to
make contact. There is also some evidence that indicates
that failure of the epithelial seam or failure of it to be
replaced by mesenchyme occurs after the application of
some environmental agents. Cleft formation could then
result from rupture of the persisting seam, which would
not have sufficient strength to prevent such rupture in-
definitely.

Less frequently, other types of facial clefting are ob-
served. In most instances they can be explained by fail-
ure of fusion or merging between facial prominences of
reduced size, and similar clefts can be produced experi-
mentally. Examples include failure of merging and fu-
sion between the maxillary prominence and the lateral

nasal prominence, leading to oblique facial clefts, or
failure of merging of the maxillary prominence and
mandibular arch, leading to lateral facial clefts (macro-
stomia). Many of the variations in the position or degree
of these rare facial clefts may depend on the timing or
position of arrest of growth of the maxillary prominence
that normally merges and fuses with adjacent structures
(Fig. 2.8). Other rare facial malformations (including
oblique facial clefts) may also result from abnormal pres-
sures or fusions with folds in the fetal (e.g. amniotic)
membranes.

Also new evidence regarding the apparent role of
epithelial-mesenchymal interactions via the mesenchy-
mal cell process meshwork (CPM) may help to explain
the frequent association between facial abnormalities,
especially clefts and limb defects. Genetic and/or envi-
ronmental influences on this interaction might well
affect both areas in the same individual.

Hemifacial Microsomia

The term ‘hemifacial microsomia’ is used to describe mal-
formations involving underdevelopment and other abnor-
malities of the temporomandibular joint, the external and
middle ear, and other structures in this region, such as the
parotid gland and muscles of mastication. Substantial
numbers of cases have associated malformations of the
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vertebrae and clefts of the lip and/or palate. The combi-
nation with vertebral anomalies is often considered to
denote a distinct etiologic syndrome (oculoauriculoverte-
bral syndrome, etc). As a group these malformations
constitute the third most common group of major
craniofacial malformations, after the two major groups
of facial clefts.

Somewhat similar malformations have resulted from
inadvertent use of the acne drug retinoic acid (Accu-
tane) in pregnant women. Animal models using this
drug have produced very similar malformations, many of
which appear to result from major effects on neural crest
cells. This has resulted in re-evaluation of an earlier ani-
mal model that indicated that the malformation resulted
from hemorrhage at the point where the external ca-
rotid artery fuses with the stapedial artery (Fig. 2.5 ). It
now appears probable that at least some aspects of many
hemifacial microsomia cases result from primary effects
on crest cells. Malformations similar to hemifacial micro-
somia occurred in the fetuses of women who had taken
the drug thalidomide.

Treacher Collins’ Syndrome

Treacher Collins’ syndrome (mandibulofacial dysostosis)
is an inherited disorder that results from the action of a
dominant gene and may be almost as common as hemifa-
cial microsomia. The syndrome consists of underdevelop-
ment of the tissues derived from the maxillary, mandibu-
lar, and hyoid prominences. The external, middle, and
inner ear are often defective, and clefts of the secondary
palate are found in about one third of the cases. Defects
of a similar nature result from the action of an abnormal
gene in mice and can also be produced experimentally
with excessive doses of retinoic acid (Accutane) adminis-
tered at a later stage in development. Here, the primary
effect appears to be on ganglionic placodal cells (Fig. 2.4).
Although not limited to placodal cells of the massive tri-
geminal ganglion, most of the characteristic alterations in
development appear to result from secondary effects on
crest cells in this area.

Labial Pits

Small pits may persist on either side of the midline of the
lower lip. They are caused by the failure of the embry-
onic labial pits to disappear.

Lingual Anomalies

Median rhomboid glossitis, an innocuous, red, rhomboi-
dal smooth zone of the tongue in the midline in front of
the foramen cecum, is considered the result of persis-
tence of the tuberculum impar. Lack of fusion between
the two lateral lingual prominences may produce a bifid
tongue. Thyroid tissue may be present in the base of the
tongue.

Developmental Cysts

Epithelial rests in lines of union, of facial or oral promi-
nences or from epithelial organs, (e.g. vestigial nasopala-
tine ducts) may give rise to cysts lined with epithelium.

Branchial cleft (cervical) cysts or fistulas may arise
from the rests of epithelium in the visceral arch area.
They usually are laterally disposed on the neck. Thyro-
glossal duct cysts may occur at any place along the course
of the duct, usually at or near the midline.

Cysts may arise from epithelial rests after the fusion of
medial, maxillary, and lateral nasal prominences. They
are called globulomaxillary cysts and are lined with pseu-
dostratified columnar epithelium and squamous epithe-
lium. They may, however, develop as primordial cysts
from a supernumerary tooth germ.

Anterior palatine cysts are situated in the midline of
the maxillary alveolar prominence. Once believed to be
from remnants of the fusion of two prominences, they
may be primordial cysts of odontogenic origin; their true
nature is a subject of discussion.

Nasolabial cysts, originating in the base of the wing of
the nose and bulging into the nasal and oral vestibule
and the root of the upper lip, sometimes causing a flat
depression on the anterior surface of the alveolar
prominence, are also explained as originating from
epithelial remnants in the cleft-lip line. It is, however,
more probable that they derive from excessive epithe-
lial proliferations that normally, for some time in
embryonic life, plug the nostrils. It is also possible that
they are retention cysts of vestibular nasal glands or that
they develop from the epithelium of the nasolacrimal
duct.

The malformations in the development of head may
indicate the defective formations in the heart as the spi-
ral septum, which divides the conus cordis and truncus
arteriosus, is derived from neural crest cells.

Early Development of the Fetus

The cleavage or cell division is one of the effects of the fertiliza-
tion of the ovum. Morula is formed following series of cell divi-
sions. The outer cell mass (trophoblast cells) of the morula
differentiates into the structures that nourish the embryo. Most
of the inner cell mass (embryoblast) differentiates into the em-
bryo. The initial, two layered (epiblast and hypoblast) embry-
onic disk is converted into three layered disk. This happens by
the proliferation and migration of primitive streak cells info the
region between ectoderm and endoderm, except over the re-

gion of prechordal plate that has only two layers. The primitive
streak is the result of proliferation of the cells of epiblast (the
later ectoderm). The cells from the cranial part of the primitive
streak known as primitive knot, migrate in the midline between
ectoderm and endoderm up fo the prechordal plate giving rise
to the notochord. The notochordal cells induce the overlying
ectoderm to form neural plate that forms neural groove with
neural crest cells at its edges. Interaction between the cells
causes the mesodermal cells differentiate into paraxial, interme-
diate, and lateral plate of mesoderm. The paraxial mesodermal
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cells give rise fo somites into which dermatome (dermis), myo-
tome (muscles), and sclerotome (bones) are differentiated.

Neural Crest Cells

The neural crest cells are multipotent cells. They give rise to
variety of cells like odontoblasts, melanocytes, ganglia, supra-
renal medulla, parafollicular cells of thyroid gland, connective
tissue, and blood vessels of head and neck region, conotruncal
septum that results in the formation of ascending aorta and
pulmonary trunk, efc. The enamel organ develops from the ec-
toderm. The ectomesenchyme consists of neural crest cells and
mesodermal cells. The migration of sufficient number of neural
crest cells is essential for the normal growth of head region.

Development of Pharyngeal Arches

The foldings of embryo, craniocaudal and lateral foldings,
alter the positions of developing head such that it lies cranial
to the cardiac bulge with stomodeum (primitive mouth) be-
tween them. The gradual appearance of pharyngeal (bran-
chial) arches contributes to the development of the face and
neck. In each arch a skeletal element, artery, muscles sup-
plied by the nerve of that arch is formed. Ectodermal clefts
and endodermal pouches thus formed between the arches
give rise to various structures.

Development of Face

The facial prominences, namely, frontonasal, maxillary, and
mandibular, gives rise to the formation of the face. The olfac-
tory placodes are formed in the frontonasal process as a re-
sult of ectodermal proliferation. Olfactory epithelium is de-
rived from the placodes. Medial and lateral nasal prominences
make the olfactory placodes to occupy the depth of the nasal
pits which form nasal sacs. The fusion of the prominences
bounding the stomodeum results in the formation of the face.

Derivatives of Pharyngeal Arches

Mesodermal proliferation adjoining the primitive pharynx
gives rise to pharyngeal arches. Out of six arches found,
the fifth one disappears soon. The first pharyngeal arch
(mandibular arch) mesoderm gives rise to the muscles of
mastication, mylohyoid, anterior belly of digastric, tensor veli
palatini and tensor tympani muscles. All these are supplied
by the posttrematic nerve of the arch, the mandibular nerve.
The pretrematric nerve of this arch is the chorda tympani
nerve. The Meckel’s cartilage of the arch gives rise to mal-
leus, incus, anterior ligament of malleus, sphenomandibular
ligament and small part of mandible near the chin. The artery
of the arch forms a part of maxillary artery.

The second pharyngeal arch (hyoid arch) mesoderm gives
rise to the muscles of facial expression, posterior belly of di-
gastric, stylohyoid muscle and stapedius muscle. These mus-
cles are supplied by the nerve of the second arch, the facial
nerve. The cartilage of this arch, the Reichert's cartilage,
gives rise to stapes, stylohyoid ligament, lesser cornu and
upper half of body of hyoid bone. The artery of this arch
forms the stapedial artfery.

In the third pharyngeal arch mesoderm, stylopharyngeus
muscle is formed and is supplied by the glossopharyngeal
nerve. The lower part of body and greater horn of the hyoid
bone are formed in the cartilage of this arch. The common

carotid artery and parts of its terminal branches are formed
from the artery of this arch.

From the mesoderm of the fourth and sixth pharyngeal
arches cartilages of the larynx are formed. The superior la-
ryngeal and recurrent laryngeal nerves are the nerves of
these arches respectively.

Of the pharyngeal clefts (ectodermal) the first one gives
rise to external acoustic meatus and the remaining get sub-
merged deep to the caudally growing second arch. The cervi-
cal sinus found deep to the second arch may persist abnor-
mally with its opening along the line of anterior border of the
sternocleidomastoid muscle.

From the first pharyngeal pouch auditory tube and middle
ear cavity are formed; the intra-onsillar cleft is the remnant
of the second pouch; the third pouch gives rise to the inferior
parathyroid gland and the thymus; the fourth pouch gives rise
to superior parathyroid gland. The parafollicular cells of the
thyroid gland develop from the ultimobranchial body.

Development of the Tongue

The tongue is the result of fusion of tuberculum impar, the
lingual swellings (first arch) and cranial part of the hypobran-
chial eminence (third and fourth arches). This fusion is seen
as 'V’ shaped sulcus terminalis on the tongue. The sensory
nerve supply thus can be correlated with its development. The
muscles of the tongue are formed in the occipital myotomes
with their hypoglossal nerve.

Development of the Palate

The palate is formed by the union of primary and secondary
palates, the former being formed by the frontonasal process
and the latter by palatal process of maxillary prominences.

Clinical Considerations

Aberration in facial development leads to a wide variety of
defects of which cleft lip and palate and anomalies of the
tongue are more common than others.

Cleft lip and palate may be due to a combination of ge-
netic and environmental factors. These have been observed
in pregnant mothers who smoke cigarettes and in those who
take drugs like phenytoin. In experimental animals deficient
medial or lateral nasal process or underdevelopment of max-
illary process causes clefting. Cleft lip may be unilateral or
bilateral and may be associated with cleft palate. Rarely
oblique facial cleft due to failure of fusion of maxillary pro-
cess with lateral nasal process and lateral facial cleft due to
failure of fusion of maxillary prominence and mandibular
arch occurs.

Experimentally retinoic acid affects neural crest cells lead-
ing to malformation of external and middle ear as seen in
hemifacial microsomia. These anomalies in association with
cleft palate are seen in Treacher Collins’ syndrome.

Persistence of tuberculum impar is said fo cause median
rhomboid glossitis. Failure of fusion of lateral lingual promi-
nence leads to bifid tongue. Thyroid tissue may persist at the
base of the tongue. Rarely labial pits may be seen.

Remnants of epithelial cells in the line of fusion of facial or
oral prominence proliferate and give rise to cysts like bran-
chial cleft cyst (in the neck), anterior palatine cyst and naso-
labial cyst.
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REVIEW QUESTIONS

1. What is the role of the notochord?

2. What are the derivatives of the neural crest cells?

3. What are the muscular, skeletal, nerve, and arterial
elements formed in each pharyngeal arch?
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The primitive oral cavity, or stomodeum, is lined by
stratified squamous epithelium called the oral ectoderm
or primitive oral epithelium. The oral ectoderm contacts
the endoderm of the foregut to form the buccopharyn-
geal membrane. At about the twenty-seventh day of gesta-
tion this membrane ruptures and the primitive oral
cavity establishes a connection with the foregut. Most of
the connective tissue cells underlying the oral ectoderm
are of neural crest or ectomesenchyme in origin. These
cells are thought to instruct or induce the overlying ecto-
derm to start tooth development, which begins in the
anterior portion of what will be the future maxilla and
mandible and proceeds posteriorly (see Chapter 2 for
more details on embryonic induction).

DENTAL LAMINA

Two or three weeks after the rupture of the buccopharyngeal
membrane, when the embryo is about 6 weeks old, certain
areas of basal cells of the oral ectoderm proliferate more
rapidly than do the cells of the adjacent areas. This leads to
the formation of the Primary epithelial band which is a band of
epithelium that has invaded the underlying ectomesen-
chyme along each of the horseshoe-shaped future dental
arches (Figs 3.1A, and 3.3). At about 7th week the primary
epithelial band divides into an inner (lingual) process called
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Dental lamina and an outer (buccal) process called Vestibular
lamina. The dental laminae serve as the primordium for the
ectodermal portion of the deciduous teeth. Later, during the
development of the jaws, the permanent molars arise directly
from a distal extension of the dental lamina.

The development of the first permanent molar is initi-
ated at the fourth month in utero. The second molar is
initiated at about the first year after birth, the third molar
at the fourth or fifth years. The distal proliferation of the
dental lamina is responsible for the location of the germs
of the permanent molars in the ramus of the mandible and
the tuberosity of the maxilla. The successors of the decidu-
ous teeth develop from a lingual extension of the free end
of the dental lamina opposite to the enamel organ of each
deciduous tooth (Fig. 3.2C). The lingual extension of the
dental lamina is named the successional lamina and devel-
ops from the fifth month in utero (permanent central inci-
sor) to the tenth month of age (second premolar).

Fate of Dental Lamina

It is evident that the total activity of the dental lamina
extends over a period of at least 5 years.

Any particular portion of the dental lamina functions
for a much briefer period since only a relatively short
time elapses after initiation of tooth development before
the dental lamina begins to degenerate at that particular
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Figure 3.1

Tooth buds
and dental
lamina

Enamel
organs

Enamel organs of
deciduous teeth

Primordium of
permanent tooth

Primordium of first
permanent tooth

Diagrammatic reconstruction of dental lamina and enamel organs of mandible. (A) 22 mm embryo, bud stage

(8th week). (B) 43 mm embryo, cap stage (10th week). (C) 163 mm embryo, bell stage (about 4 months). Primordia of permanent
teeth are seen as thickenings of dental lamina on lingual side of each tooth germ. Distal extension of dental lamina with primor-

dium of first molar.

location. However, the dental lamina may still be active
in the third molar region after it has disappeared
elsewhere, except for occasional epithelial remnants. As
the teeth continue to develop, they lose their connection
with the dental lamina. They later break up by mesenchy-
mal invasion, which is at first incomplete and does not
perforate the total thickness of the lamina. Remnants of
the dental lamina persist as epithelial pearls or islands
within the jaw as well as in the gingiva. These are referred
to as cell rest of Serves.

Vestibular Lamina

Labial and buccal to the dental lamina in each dental
arch, another epithelial thickening develops indepen-
dently and somewhat later. It is the vestibular lamina,
also termed the lip furrow band (Figs 3.6 and 3.7).
It subsequently hollows and forms the oral vestibule
between the alveolar portion of the jaws and the lips and
cheeks (Figs 3.10 and 3.11; Flowchart 3.1).

TOOTH DEVELOPMENT

At certain points along the dental lamina, each repre-
senting the location of one of the 10 mandibular and

10 maxillary deciduous teeth, the ectodermal cells multi-
ply still more rapidly and form little knobs that grow into
the underlying mesenchyme (Figs 3.2 and 3.4). Each of
these little downgrowths from the dental lamina repre-
sents the beginning of the enamel organ of the tooth
bud of a deciduous tooth. Not all of these enamel organs
start to develop at the same time, and the first to appear
are those of the anterior mandibular region.

As cell proliferation continues, each enamel organ in-
creases in size, sinks deeper into the ectomesenchyme
and due to differential growth changes its shape. As it
develops, it takes on a shape that resembles a cap, with
an outer convex surface facing the oral cavity and an
inner concavity (Figs 3.5 and 3.7).

On the inside of the cap (i.e. inside the depression of
the enamel organ), the ectomesenchymal cells increase
in number. The tissue appears more dense than the sur-
rounding mesenchyme and represents the beginning of
the dental papilla. Surrounding the combined enamel or-
gan and dental papilla, the third part of the tooth bud
forms. It is the dental sac or dental follicle, and it consists of
ectomesenchymal cells and fibers that surround the den-
tal papilla and the enamel organ (Fig. 3.8). Thus the
tooth germ consists of the ectodermal component—the
enamel organ and the ectomesenchymal components—
the dental papilla and the dental follicle. The tooth and
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Figure 3.2 Diagram of life cycle of tooth (Modified from Schour | and Massler M: J Am Dent Assoc 27:1785, 1940).
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its supporting structures are formed from the tooth germ.
The enamel is formed from the enamel organ, the dentin
and pulp from the dental papilla and the supporting tis-
sues namely the cementum, periodontal ligament and
the alveolar bone from the dental follicle.

During and after these developments, the shape of
the enamel organ continues to change. The depression
occupied by the dental papilla deepens until the enamel
organ assumes a shape resembling a bell. As this develop-
ment takes place, the dental lamina, which had thus
far connected the enamel organ to the oral epithelium,
becomes longer and thinner and finally breaks up and

Development of dental lamina.

the tooth bud loses its connection with the epithelium of
the primitive oral cavity.

Development of tooth results from interaction of the
epithelium derived from the first arch and ectomesen-
chymal cells derived from the neural crest cells. Up to
12 days the first arch epithelium retains the ability to
form tooth like structures when combined with neural
crest cells of other regions. Afterwards this potential is
lost but transferred to neural crest cells as revealed in
various recombination experiments of first arch ectomes-
enchyme with various epithelia to produce tooth like
structures. Like any other organ development in our



body numerous and complex gene expression occurs to
control the development process through molecular
signals. In odontogenesis, many of the genes involved or
the molecular signals directed by them are common to
other developing organs like kidney and lung or struc-
tures like the limb. Experimental studies to understand
the genetic control and molecular signaling have been
done on mice as it is amenable for genetic manipulations
like to produce ‘knock-out mice’ ‘or null mice.’

DEVELOPMENTAL STAGES

Although tooth development is a continuous process,
the developmental history of a tooth is divided into
several morphologic ‘stages’ for descriptive purposes.
While the size and shape of individual teeth are differ-
ent, they pass through similar stages of development.
They are named after the shape of the enamel organ
(epithelial part of the tooth germ), and are called the
bud, cap, and bell stages (Fig. 3.2A to C).

Bud Stage

The epithelium of the dental laminae is separated from
the underlying ectomesenchyme by a basement mem-
brane (Fig. 3.3). Simultaneous with the differentiation of
each dental lamina, round or ovoid swellings arise from
the basement membrane at 10 different points, corre-
sponding to the future positions of the deciduous teeth.

Upper jaw

Dental lamina

Dental lamina

Lower jaw

Basement
membrane

Mitosis

Figure 3.3
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These are the primordia of the enamel organs, the tooth
buds (Fig. 3.4). Thus the development of tooth germs is
initiated, and the cells continue to proliferate faster than
adjacent cells. The dental lamina is shallow, and micro-
scopic sections often show tooth buds close to the oral
epithelium. Since the main function of certain epithelial
cells of the tooth bud is to form the tooth enamel, these
cells constitute the enamel organ, which is critical to
normal tooth development. In the bud stage, the enamel
organ consists of peripherally located low columnar cells
and centrally located polygonal cells (Fig. 3.4). Many
cells of the tooth bud and the surrounding mesenchyme
undergo mitosis (Fig. 3.4). As a result of the increased
mitotic activity and the migration of neural crest cells
into the area the ectomesenchymal cells surrounding the
tooth bud condense. The area of ectomesenchymal con-
densation immediately subjacent to the enamel organ is
the dental papilla. The condensed ectomesenchyme that
surrounds the tooth bud and the dental papilla is the
dental sac (Figs 3.6 to 3.8). Both the dental papilla and
the dental sac become more well defined as the enamel
organ grows into the cap and bell shapes (Fig. 3.8).

Cap Stage

As the tooth bud continues to proliferate, it does not
expand uniformly into a larger sphere. Instead, unequal
growth in different parts of the tooth bud leads to the
cap stage, which is characterized by a shallow invagina-
tion on the deep surface of the bud (Figs 3.2B and 3.5).

Oral cavity

Tongue

Mitosis in

epithelium

Mitosis in
mesoderm

Initiation of tooth development.Human embryo 13.5 mm in length, 5th week. (A) Sagittal section through upper and

lower jaws. (B) High magnification of thickened oral epithelium (From Orban B: Dental histology and embryology, Philadelphia,

1929, P Blakiston’s Son & Co).
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Figure 3.4 Bud stage of tooth development, proliferation stage. Human embryo 16 mm in length, 6th week. (A) Wax reconstruction
of germs of lower central and lateral incisors. (B) Sagittal section through upper and lower jaws. (C) High magnification of tooth
germ of lower incisor in bud stage (From Orban B: Dental histology and embryology, Philadelphia, 1929, P Blakiston’s Son & Co).

Outer and inner enamel epithelivm

The peripheral cells of the cap stage are cuboidal, cover
the convexity of the ‘cap,” and are called the outer
enamel (dental) epithelium. The cells in the concavity of
the ‘cap’ become tall, columnar cells and represent the
inner enamel (dental) epithelium (Figs 3.6 and 3.7).
The outer enamel epithelium is separated from the
dental sac, and the inner enamel epithelium from the
dental papilla, by a delicate basement membrane.
Hemidesmosomes anchor the cells to the basal lamina.
The enamel organ may be seen to have a double attach-
ment of dental lamina to the overlying oral epithelium
enclosing ectomesenchyme called enamel niche between
them. This appearance is due to a funnel-shaped depres-
sion of the dental lamina.

Stellate reticulum

Polygonal cells located in the center of the epithelial
enamel organ, between the outer and inner enamel epi-
thelia, begin to separate due to water being drawn into
the enamel organ from the surrounding dental papilla as
a result of osmotic force exerted by glycosaminoglycans
contained in the ground substance. As a result the po-
lygonal cells become star shaped but maintain contact

with each other by their cytoplasmic process. As these
star-shaped cells form a cellular network, they are called
the stellate reticulum (Figs 3.8, 3.9). This gives the
stellate reticulum a cushion like consistency and acts as a
shock absorber that may support and protect the delicate
enamel-forming cells.

The cells in the center of the enamel organ are densely
packed and form the enamel knot (Fig. 3.5 ). This knot
projects in part toward the underlying dental papilla, so
that the center of the epithelial invagination shows a
slightly knob-like enlargement that is bordered by the
labial and lingual enamel grooves (Fig. 3.5). At the same
time a vertical extension of the enamel knot, called the
enamel cord occurs (Fig. 3.8). When the enamel cord ex-
tends to meet the outer enamel epithelium it is termed
as enamel septum, for it would divide the stellate reticulum
into two parts. The outer enamel epithelium at the point
of meeting shows a small depression and this is termed
enamel navel as it resembles the umbilicus. These are tem-
porary structures (transitory structures) that disappear
before enamel formation begins. The function of the
enamel knot and cord may act as a reservoir of dividing
cells for the growing enamel organ. Recent studies have
shown that enamel knot acts as a signaling center as
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Figure 3.5 Cap stage of tooth development. Human embryo 31.5 mm in length, 9th week. (A) Wax reconstruction of enamel
organ of lower lateral incisor. (B) Labiolingual section through same tooth (From Orban B: Dental histology and embryology,

Philadelphia, 1929, P Blakiston’s Son & Co).

many important growth factors are expressed by the cells
of the enamel knot and thus they play an important
part in determining the shape of the tooth. These are
discussed in detail in the section on molecular insights in
tooth morphogenesis.

Dental papilla

Under the organizing influence of the proliferating
epithelium of the enamel organ, the ectomesenchyme
(neural crest cells) that is partially enclosed by the
invaginated portion of the inner enamel epithelium
proliferates. It condenses to form the dental papilla,
which is the formative organ of the dentin and the pri-
mordium of the pulp (Figs 3.5 and 3.6). The changes
in the dental papilla occur concomitantly with the de-
velopment of the epithelial enamel organ. Although
the epithelium exerts a dominating influence over the
adjacent connective tissue, the condensation of the
latter is not a passive crowding by the proliferating epi-
thelium. The dental papilla shows active budding of
capillaries and mitotic figures, and its peripheral cells
adjacent to the inner enamel epithelium enlarge and
later differentiate into the odontoblasts.

Dental sac (dental follicle)

Concomitant with the development of the enamel or-
gan and the dental papilla, there is a marginal conden-
sation in the ectomesenchyme surrounding the enamel

organ and dental papilla. Gradually, in this zone, a
denser and more fibrous layer develops, which is the
primitive dental sac.

Bell Stage

As the invagination of the epithelium deepens and its
margins continue to grow, the enamel organ assumes
a bell shape (Figs 3.2C, 3.8). In the bell stage, crown
shape is determined. It was thought that the shape of
the crown is due to the pressure exerted by the growing
dental papilla cells on the inner enamel epithelium. This
pressure however was shown to be opposed equally by
the pressure exerted by the fluid present in the stellate
reticulum. The folding of enamel organ to cause differ-
ent crown shapes is shown to be due to differential rates
of mitosis and differences in cell differentiation time.
Cells begin to differentiate only when cells cease to di-
vide. The inner enamel epithelial cells which lie in the
future cusp tip or incisor region stop dividing earlier and
begin to differentiate first. The pressure exerted by the
continuous cell division on these differentiating cells
from other areas of the enamel organ cause these cells to
be pushed out into the enamel organ in the form of a
cusp tip. The cells in another future cusp area begin to
differentiate, and by a similar process results in a cusp tip
form. The area between two cusp tips, i.e. the cuspal
slopes extent and therefore of cusp height are due to cell
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Figure 3.6 Cap stage of tooth development. Human embryo 41.5 mm in length, 10th week. (A) Wax reconstruction of enamel
organ of lower central incisor. (B) Labiolingual section through same tooth (From Orban B: Dental histology and embryology,

Philadelphia, 1929, P Blakiston’s Son & Co).

proliferation and differentiation occurring gradually
from cusp tips to the depth of the sulcus. Cell differen-
tiation also proceeds gradually cervically, those at the
cervix are last to differentiate. The determination of
crown shape (tooth morphogenesis) is under the control
of genes and their signaling molecules and growth fac-
tors. These have been dealt in detail in the section on
molecular insights in tooth morphogenesis.

Four different types of epithelial cells can be distin-
guished on light microscopic examination of the bell
stage of the enamel organ. The cells form the inner
enamel epithelium, the stratum intermedium, the stellate
reticulum, and the outer enamel epithelium. The junc-
tion between inner and outer enamel epithelium is called
cervical loop and it is an area of intense mitotic activity.

Inner enamel epithelivm

The inner enamel epithelium consists of a single layer of
cells that differentiate prior to amelogenesis into tall co-
lumnar cells called ameloblasts (Figs 3.8 and 3.9). These
cells are 4 to 5 micrometers (pm) in diameter and about
40 pm high. These elongated cells are attached to one
another by junctional complexeslaterally and to cells in

the stratum intermedium by desmosomes (Fig. 3.9). The
fine structure of inner enamel epithelium and amelo-
blasts is described in Chapter 4.

The cells of the inner enamel epithelium exert an
organizing influence on the underlying mesenchymal
cells in the dental papilla, which later differentiate into
odontoblasts.

Stratum intermedivm

A few layers of squamous cells form the stratum interme-
dium between the inner enamel epithelium and the stellate
reticulum (Fig. 3.9). These cells are closely attached by des-
mosomes and gap junctions. Desmosomal junctions are also
observed between cells of stratum intermedium, stellate re-
ticulum and inner enamel epithelium. The well-developed
cytoplasmic organelles, acid mucopolysaccharides, and gly-
cogen deposits indicate a high degree of metabolic activity.
Also the cells of this layer are associated with high activity of
alkaline phosphatase. The cells of stratum intermedium
work synergistically with cells of inner enamel epithelium
as a single functional unit and form enamel. It is absent in
the part of the tooth germ that outlines the root portions of
the tooth which does not form enamel.



Vestibular
lamina

Vestibular
lamina

Chapter 3 — Development and Growth of Teeth 29

Enamel
organ

Dental
papilla

Enamel
organ

Dental
lamina

Figure 3.7 Cap stage of tooth development. Human embryo 60 mm in length, 11th week. (A) Wax reconstruction of enamel
organ of lower lateral incisor. (B) Labiolingual section through same tooth (From Orban B: Dental histology and embryology,

Philadelphia, 1929, P Blakiston’s Son & Co).

Stellate reticulum

The stellate reticulum expands further, mainly by an
increase in the amount of intercellular fluid. The cells
are star shaped, with long processes that anastomose
with those of adjacent cells (Fig. 3.9). Desmosomal
junctions are observed between cells of stellate reticu-
lum, stratum intermedium and outer enamel epithe-
lium. Before enamel formation begins, the stellate
reticulum collapses, reducing the distance between
the centrally situated ameloblasts and the nutrient cap-
illaries near the outer enamel epithelium. Its cells then
are hardly distinguishable from those of the stratum
intermedium. This change begins at the height of the
cusp or the incisal edge and progresses cervically (see
Fig. 4.37).

Outer enamel epithelium

The cells of the outer enamel epithelium flatten to a low
cuboidal form. At the end of the bell stage, preparatory
to and during the formation of enamel, the formerly
smooth surface of the outer enamel epithelium is laid in
folds. Between the folds the adjacent mesenchyme of
the dental sac forms papillae that contain capillary loops
and thus provide a rich nutritional supply for the in-
tense metabolic activity of the avascular enamel organ.
This would adequately compensate the loss of nutri-
tional supply from dental papilla owing to the formation
of mineralized dentin.

Dental lamina

The dental lamina is seen to extend lingually and is
termed successional dental lamina as it gives rise to
enamel organs of permanent successors of deciduous
teeth (permanent incisors, canines and premolars—
Figs 3.10, 3.11). The enamel organs of deciduous teeth
in the bell stage show successional lamina and their
permanent successor teeth in the bud stage.

Dental papilla

The dental papilla is enclosed in the invaginated portion
of the enamel organ. Before the inner enamel epithelium
begins to produce enamel, the peripheral cells of the
mesenchymal dental papilla differentiate into odonto-
blasts under the organizing influence of the epithelium.
First, they assume a cuboidal form; later they assume
a columnar form and acquire the specific potential
to produce dentin. The dental papilla ultimately gives
rise to dental pulp, once the dentin formation begins at
the cuspal tip of the bell stage tooth germ.

The basement membrane that separates the enamel
organ and the dental papilla just prior to dentin forma-
tion is called the membrana preformativa.

Dental sac

Before formation of dental tissues begins, the dental sac
shows a circular arrangement of its fibers and resembles
a capsular structure. With the development of the root,



30 Orban’s Oral Histology and Embryology

Vestibular
lamina

Oral
epithelium

Dental
lamina

Enamel
organ

Primordium of
permanent
tooth

Dental
Papilla

Oral

Dental
lamina

Lateral
dental
lamina
Enamel

cord

Dental
papilla

Dental
sac

epithelium

Enamel niche

Dental
lamina

Primordium of
permanent tooth
X
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the fibers of the dental sac differentiate into the peri-
odontal fibers that become embedded in the developing
cementum and alveolar bone.

Advanced bell stage

This stage is characterized by the commencement of
mineralization and root formation. During the advanced
bell stage, the boundary between inner enamel epithe-
lium and odontoblasts outlines the future dentinoe-
namel junction (Figs 3.8, 3.10). The formation of dentin
occurs first as a layer along the future dentinoenamel
junction in the region of future cusps and proceeds
pulpally and apically. After the first layer of dentin is
formed, the ameloblast which has already differentiated
from inner enamel epithelial cells lay down enamel over
the dentin in the future incisal and cuspal areas. The
enamel formation then proceeds coronally and cervi-
cally, in all regions from the dentinoenamel junction

(DEJ]) towards the surface. In addition, the cervical
portion of the enamel organ gives rise to the epithelial
root sheath of Hertwig. The Hertwig’s epithelial root
sheath (HERS) outlines the future root and is thus re-
sponsible for the shape, length, size, and number of roots
(Table 3.1).

Hertwig’s Epithelial Root Sheath
and Root Formation

The development of the roots begins after enamel and
dentin formation has reached the future cementoe-
namel junction.

The enamel organ plays an important part in root de-
velopment by forming HERS, which molds the shape of
the roots and initiates radicular dentin formation. Hertwig’s
root sheath consists of the outer and inner enamel epi-
thelia only, and therefore it does not include the stratum
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Figure 3.9 Layers of epithelial enamel organ at high magnification. Area X of Figure 3.8.

intermedium and stellate reticulum. The cells of the in-
ner layer remain short and normally do not produce
enamel. When these cells have induced the differentia-
tion of radicular dental papilla cells into odontoblasts
and the first layer of dentin has been laid down, the epi-
thelial root sheath loses its structural continuity and its
close relation to the surface of the root. Its remnants
persist as an epithelial network of strands or clumps near
the external surface of the root. These epithelial rem-
nants are found in the periodontal ligament of erupted
teeth and are called rests of Malassez (see Chapter 8).
There is a pronounced difference in the development
of HERS in teeth with one root and in those with two or
more roots. Prior to the beginning of root formation, the
root sheath forms the epithelial diaphragm (Fig. 3.12).
The outer and inner enamel epithelia bend at the future
cementoenamel junction into a horizontal plane, nar-
rowing the wide cervical opening of the tooth germ. The
plane of the diaphragm remains relatively fixed during
the development and growth of the root. The prolifera-
tion of the cells of the epithelial diaphragm is accompa-
nied by proliferation of the cells of the connective tissue
of the pulp, which occurs in the area adjacent to the dia-
phragm. The free end of the diaphragm does not grow
into the connective tissue, but the epithelium prolifer-
ates coronal to the epithelial diaphragm (Fig. 3.12B).
The differentiation of odontoblasts and the formation of
dentin follow the lengthening of the root sheath. At the
same time the connective tissue of the dental sac sur-
rounding the root sheath proliferates and invades the
continuous double epithelial layer (Fig. 3.12C) dividing
it into a network of epithelial strands (Fig. 3.12D). The
epithelium is moved away from the surface of the dentin
so that connective tissue cells come into contact with the
outer surface of the dentin and differentiate into ce-
mentoblasts that deposit a layer of cementum onto the
surface of the dentin. The rapid sequence of prolifera-
tion and destruction of Hertwig’s root sheath explains

the fact that it cannot be seen as a continuous layer on
the surface of the developing root (Figs 3.12D and 3.14).
In the last stages of root development, the proliferation
of the epithelium in the diaphragm lags behind that of
the pulpal connective tissue. The wide apical foramen is
reduced first to the width of the diaphragmatic opening
itself and later is further narrowed by apposition of den-
tin and cementum to the apex of the root.

Differential growth of the epithelial diaphragm in
multi-rooted teeth causes the division of the root trunk
into two or three roots. During the general growth of the
enamel organ the expansion of its cervical opening
occurs in such a way that long tongue like extensions of
the horizontal diaphragm develop (Fig. 3.13). Two such
extensions are found in the germs of lower molars and
three in the germs of upper molars. Before division of
the root trunk occurs, the free ends of these horizontal
epithelial flaps grow toward each other and fuse. The
single cervical opening of the coronal enamel organ is
then divided into two or three openings. On the pulpal
surface of the dividing epithelial bridges, dentin forma-
tion starts (Fig. 3.14A), and on the periphery of each
opening, root development follows in the same way as
described for single-rooted teeth (Fig. 3.14B).

If cells of the epithelial root sheath remain adherent to
the dentin surface, they may differentiate into fully func-
tioning ameloblasts and produce enamel. Such droplets
of enamel, called enamel pearls, are sometimes found in
the area of furcation of the roots of permanent molars. If
the continuity of HERS is broken or is not established
prior to dentin formation, a defect in the dentinal wall of
the pulp ensues. Such defects are found in the pulpal
floor corresponding to the furcation or on any point
of the root itself if the fusion of the horizontal extensions
of the diaphragm remains incomplete. This accounts for
the development of accessory root canals opening on
the periodontal surface of the root (Flowchart 3.2) (see
Chapter 6).



32 Orban’s Oral Histology and Embryology

Dental
ridge

Epithelial
enamel
organ

Dental
papilla

Dental
lamina

Primordium of
permanent
tooth

Meckel’s
cartilage

Bone of mandible

Figure 3.10 (A) Advanced bell stage of tooth development. Human embryo 200 mm in length, about 18 weeks. Labiolingual section
through deciduous lower first molar. (B) Horizontal section through human embryo about 20 mm in length showing extension of
dental lamina distal to second deciduous molar and formation of permanent first molar tooth germ (B from Bhaskar SN: Synopsis

of oral histology, ed 5, St Louis, 1977, The CV Mosby Co).

HISTOPHYSIOLOGY

A number of physiologic growth processes participate
in the progressive development of the teeth (Table 3.2).
Except for their initiation, which is a momentary event,
these processes overlap considerably, and many are
continuous throughout the various morphologic stages

of odontogenesis. Nevertheless, each physiologic pro-
cess tends to predominate in one stage more than in
another.

For example, the process of histodifferentiation char-
acterizes the bell stage, in which the cells of the inner
enamel epithelium differentiate into functional amelo-
blasts. However, proliferation still progresses at the deeper
portion of the enamel organ.
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Figure 3.11 Sagittal section through head of human fetus 200 mm in length, about 18 weeks, in region of central incisors.

Table 3.1 Developmental Stages of Tooth Development

SL NO STAGES LAYERS CELLS EVENTS
1 BUD STAGE - © Peripheral: Low columnar * Formation of dental papilla and
cells dental sac
* Central: Polygonal cells
2 CAP STAGE * OEE * Low cuboidal cells * Formation of enamel knot,
o Stellate reticulum © Star shaped cells which enamel cord and enamel septa
form cellular network
3 EARLY BELL STAGE * OEE * Low cuboidal cells ¢ Stratum intermedium which is
rich in glycogen helps in enamel
formation
* Stellate reticulum ¢ Star shaped cells * Collapse of stellate reticulum re-
duces the distance between am-
eloblasts and capillaries at OEE
¢ Stratum intermedium * Few layers of squamouns ¢ OEE is laid down into folds in
cells between of which the mesen-
chyme of dental sac condense
to form papillae rich in capillaries
which provide nutritional supply
4 ADVANCED BELL e OEE * -AS ABOVE- * Commencement of mineraliza-
STAGE * Stellate reticulum tion and root formation

Formation of future DEJ
Straum intermedium
IEE

Formation of future DEJ

gives rise to HERS

Cervical portion of enamel organ
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Figure 3.12 Diagrams showing three stages in root development. (A) Section through tooth germ. Note epithelial diaphragm and
proliferation zone of pulp. (B) Higher magnification of cervical region of A. (C) ‘Imaginary’ stage showing elongation of Hertwig’s
epithelial sheath coronal to diaphragm. Differentiation of odontoblasts in elongated pulp. (D) In area of proliferation, dentin has
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Figure 3.13 Three stages in development of tooth with two
roots and one with three roots. Surface view of epithelial
diaphragm. During growth of tooth germ, simple diaphragm,
(A) expands eccentrically so that horizontal epithelial flaps are
formed. (B) Later these flaps proliferate and unite (dotted lines
in C) and divide single cervical opening into two or three
openings.

Initiation

The dental laminae and associated tooth buds represent
those parts of the oral epithelium that have the potential
for tooth formation. Specific cells within the horseshoe-
shaped dental laminae have the potential to form the

Figure 3.14 Two stages in development of two-rooted tooth.
Diagrammatic mesiodistal sections of lower molar. (A) Begin-
ning of dentin formation at bifurcation. (B) Formation of two
roots in progress (Details as shown in Fig. 3.12).

enamel organ of certain teeth by responding to those fac-
tors that initiate or induce tooth development. Different
teeth are initiated at definite times. Initiation induction
requires ectomesenchymal-epithelial interaction. The
mechanism of such interaction is not clearly understood.
However, it has been demonstrated that dental papilla
mesenchyme can induce or instruct tooth epithelium and
even nontooth epithelium to form enamel.
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Table 3.2 Stages in Tooth Growth

Morphologic stages Physiologic processes
Dental lamina Initiation
Bud stage
Cup stage Proliferation
—— Histodifferentiation
Bell stage (early) Momhodifferentiati
—— Morphodifferentiation
Bell stage (advanced) P
Formation of enamel and — Apposition
dentin matrix

Proliferation

Enhanced proliferative activity ensues at the points of
initiation and results successively in the bud, cap, and
bell stages of the odontogenic organ. Proliferative growth
causes regular changes in the size and proportions of the
growing tooth germ (Figs 3.3 and 3.7).

Even during the stage of proliferation, the tooth
germ already has the potential to become more highly
developed. This is illustrated by the fact that explants of
these early stages continue to develop in tissue culture
through the subsequent stages of histodifferentiation
and appositional growth. A disturbance or experimen-
tal interference has entirely different effects, according
to the time of occurrence and the stage of development
that it affects.

Histodifferentiation

Histodifferentiation succeeds the proliferative stage. The
formative cells of the tooth germs developing during the
proliferative stage undergo definite morphologic as well
as functional changes and acquire their functional assign-
ment (the appositional growth potential). The cells be-
come restricted in their functions. They differentiate and
give up their capacity to multiply as they assume their new
function; this law governs all differentiating cells. This
phase reaches its highest development in the bell stage of

the enamel organ, just preceding the beginning of forma-
tion and apposition of dentin and enamel (Fig. 3.8).

The organizing influence of the inner enamel epithe-
lium on the mesenchyme is evident in the bell stage and
causes the differentiation of the adjacent cells of the
dental papilla into odontoblasts. With the formation of
dentin, the cells of the inner enamel epithelium differ-
entiate into ameloblasts and enamel matrix is formed
opposite the dentin. Enamel does not form in the ab-
sence of dentin, as demonstrated by the failure of trans-
planted ameloblasts to form enamel when dentin is not
present. Dentin formation therefore precedes and is es-
sential to enamel formation. The differentiation of the
epithelial cells precedes and is essential to the differen-
tiation of the odontoblasts and the initiation of dentin
formation.

In vitro studies on tooth development have provided
vital information concerning the interaction of dermal-
epidermal components of tooth tissues on differentia-
tion of odontoblasts and ameloblasts. The importance
of the basement membrane of this interface has been
recognized. However, the criteria for the development
of this complex organ system will have to await the delin-
eation of the precise roles of the stellate reticulum, the
stratum intermedium, and the outer enamel epithelial
components. One of the models that has been sug-
gested for the interactions that may occur between tis-
sues during the development of a tooth is presented in
Flowchart 3.3.

Morphodifferentiation

The morphologic pattern, or basic form and relative size
of the future tooth, is established by morphodifferentia-
tion, that is, by differential growth. Morphodifferentiation
therefore is impossible without proliferation. The advanced
bell stage marks not only active histodifferentiation but
also an important stage of morphodifferentiation in
the crown, outlining the future dentinoenamel junction
(Figs 3.8 and 3.10).

The dentinoenamel and dentinocemental junctions,
which are different and characteristic for each type of
tooth, act as a blueprint pattern. In conformity with this
pattern the ameloblasts, odontoblasts, and cementoblasts
deposit enamel, dentin, and cementum, respectively, and
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Flowchart 3.3 An outline of tooth development.

thus give the completed tooth its characteristic form
and size. For example, the size and form of the cuspal
portion of the crown of the first permanent molar are
established at birth long before the formation of hard
tissues begin.

Apposition

Apposition is the deposition of the matrix of the hard
dental structures. It will be described in separate chapters
on enamel, dentin, and cementum. This chapter deals
with certain aspects of apposition in order to complete
the discussion of the physiologic processes concerned in
the growth of teeth.

Appositional growth of enamel and dentin is a layer
like deposition of an extracellular matrix. This type of
growth is therefore additive. It is the fulfillment of the
plans outlined at the stages of histodifferentiation and
morphodifferentiation. Appositional growth is charac-
terized by regular and rhythmic deposition of the extra-
cellular matrix, which is of itself incapable of further
growth. Periods of activity and rest alternate at definite
intervals during tooth formation.

MOLECULAR INSIGHTS IN TOOTH
MORPHOGENESIS

The details of genetic control of tooth development are
dealt in detail in the Appendix section on Molecular
Aspects in Oral Histology (see Online Resource). How-
ever a brief outline of the important events is as given.
Like any other organogenesis, the tooth development
requires systematic cascading interactions between bran-
chial arch ectoderm (epithelial component) and ecto-
mesenchyme (mesenchymal component). The ectoderm
shows independent competency during initial stages of

tooth development (intiation) during which ectomesen-
chyme remains responsive to external signals from the
dental epithelium.

Numerous genes interact, either act in conjunction
or antagonize each other in odontogenesis. The ex-
pression of Fgf8 in the first branchial arch epithelium,
Lhx-6/7 in the adjacent ectomesenchyme of the first
branchial arch along with the restricted expression
of Gscin the ectomesenchyme finely regulate the oral-
aboral axis.

The position of tooth germ in the established oral-
aboral axis is determined by the expression of Fgf8, Pitx-2
and Bmp-4 in oral epithelium and Pax9 in tooth mesen-
chyme. While Pitx2 positively regulates Fgf8 expression,
both Bmp-4 and Bmp-2 antagonize Pax9 expression in
tooth mesenchyme. Similarly, Shh expression is seen spe-
cifically in dental ectoderm while Wnt7b is excluded
from this zone.

After establishing the tooth position, the tooth type
determination is regulated through a subfamily of
Homeobox genes that include Msx gene and Dix
gene. They are seen expressed in a spatially and tem-
porally patterned manner within the first branch
tooth ectomesenchyme. The Dix-1, Dix-2 and Barx-1
are seen in the posterior regions while Msx-1, Msx-2
and Dlx-2 are seen in the anterior region. Ectopic ex-
pression of Lefl in oral epithelium results in ectopic
tooth formation.

Enamel knot, a transient structure seen in the enamel
organ plays the prime role in controlling the growth as
well as the designing of tooth cusps.

CLINICAL CONSIDERATIONS

A lack of initiation results in the absence of either a sin-
gle tooth or multiple teeth (partial anodontia), most



frequently the permanent upper lateral incisors, third
molars, and lower second premolars. There also may be
a complete lack of teeth (anodontia). On the other
hand, abnormal initiation may result in the development
of single or multiple supernumerary teeth.

Teeth may develop in abnormal locations, for exam-
ple, in the ovary (dermoid tumors or cysts) or in the hy-
pophysis. In such instances the tooth undergoes stages of
development similar to those in the jaws.

In vitamin A deficiency the ameloblasts fail to differenti-
ate properly. Consequently, their organizing influence on
the adjacent mesenchymal cells is disturbed, and atypical
dentin, known as osteodentin, is formed.

Endocrine disturbances affect the size or form of the
crown of teeth if such effects occur during morphodif-
ferentiation, that is, in utero or in the first year of life.
Size and shape of the root, however, may be altered by
disturbances in later periods. Clinical examinations show
that the retarded eruption that occurs in persons with
hypopituitarism and hypothyroidism results in a small
clinical crown that is often mistaken for a small anatomic
crown. Abnormal curvatures in the root, termed dilac-
erations may be due to trauma sustained during develop-
ment of the root.

Chapter 3 — Development and Growth of Teeth 37

Disturbances in morphodifferentiation may affect the
form and size of the tooth without impairing the func-
tion of the ameloblasts or odontoblasts. New parts may
be differentiated like formation of supernumerary cusps
or roots. Twinning, i.e. two similar teeth may be pro-
duced as a result of splitting of one tooth germ. Fusion
of teeth produced from two tooth germ joined together
before mineralization may occur. A suppression of parts
may occur like loss of cusps or roots. An abnormality in
shape may result in a peg or malformed tooth with
enamel and dentin that may be normal in structure. Peg
shaped teeth (screw-driver shaped) with the permanent
upper central incisor showing a notched incisal edge
may be seen in individuals born with congenital syphilis.
This condition is known as Hutchinson’s incisor.

Genetic and environmental factors may disturb the
normal synthesis and secretion of the organic matrix of
enamel leading to a condition called enamel hypoplasia.

If the organic matrix is normal but its mineralization
is defective, then the enamel or dentin is said to be hy-
pocalcified or hypomineralized. Both hypoplasia and
hypocalcification can occur as a result of an insult to
the cells responsible for the apposition stage of tooth
development.

Formation of Dental Lamina

Odontogenesis occurs in the 6th week of intrauterine life
with the formation of a primary epithelial band. At about the
7th week the primary epithelial band divides into a lingual
process called dental lamina and a buccal process called
vestibular lamina.

Enamel Organs

Initiated odontogenic cells continue to proliferate forming
ovoid swellings called enamel organs in areas where teeth
are going fo form. All deciduous teeth arise from this dental
lamina, later the permanent successors arise from its lingual
extension and the permanent molars from its distal extension.

Parts of the Tooth Germ

The tooth germ consists of an ectodermal component—the
enamel organ and the ectomesenchymal components—the
dental papilla and the dental follicle. The enamel is formed
from the enamel organ, the dentin and pulp from the dental
papilla and the supporting tissues, the cementum, periodon-
tal ligament and the alveolar bone from the dental follicle.
Reciprocal epithelial and ectomesenchymal interactions are
responsible for formation of dental tissues although the
mechanisms of these interactions are not clearly understood.

Stages of Tooth Development

Unequal proliferation results in different shapes of the enamel
organ with enclosure of increasing amounts of dental papilla.
Depending on the shape of the enamel organ, the stages of tooth
formation may be classified as the bud, cap and the bell stage.

Cap Stage

The peripheral cuboidal cells that line the convexity of the
enamel organ are called the outer enamel epithelium while

those lining the inner concavity are called the inner enamel
epithelium. The starshaped cells in the center forming a net-
work are called stellate reticulum. The stellate reticulum acts
as a shock absorber.

Bell Stage

Invagination and deepening of the inner enamel epithelium
results in the bell stage of tooth development in which four
different types of cells can be identified at a light microscopic
level namely the inner enamel epithelium, stratum interme-
dium, stellate reticulum and the outer enamel epithelium. The
stratum intermedium are 2 to 4 rows of squamous cells which
help in enamel formation. Transient structures namely the
enamel knot, enamel cord and enamel septum are seen in the
late cap stage. Except for enamel knot which acts as a signal-
ing center, the functions of other structures are not known.
The junction of inner and outer enamel epithelium is called
cervical loop which marks the future CEJ and it is an area of
intense mitotic activity. Anticipating blood supply cut off from
dental papilla side due to dentin formation, the outer enamel
epithelium becomes thrown into folds in which numerous
blood vessels are seen. These changes are called reversal of
nutritional source. Inner enamel epithelial cells become tall
columnar and acquire organelles for protein synthesis under
the influence of dental papilla cells. These are then known as
ameloblasts. They then cause differentiation of dental papilla
cells into odontoblasts. All differentiation and formation of
enamel and dentin in crown of the tooth takes place in the
future incisal/cuspal regions.

Advanced Bell Stage
Advanced bell stage is characterized by the commencement
of mineralization and root formation. The formation of dentin
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occurs first as a layer along the future dentinoenamel junction
(DEJ) in the region of future cusps and proceeds pulpally and
apically. After the first layer of dentin is formed, the amelo-
blasts lay down enamel over the dentin. The enamel forma-
tion then proceeds coronally and cervically, from the DEJ to-
wards the surface. In addition, the cervical portion of the
enamel organ gives rise to the bilayered epithelial root
sheath of Hertwig.

Root Development

The Hertwig’s epithelial root sheath (HERS) outlines the future
root and is thus responsible for the shape, length, size and
number of roots.

The development of the roots begins after enamel and
dentin formation has reached the future cementoenamel junc-
tion (CEJ). The radicular dental papilla cells differentiate un-
der the influence of HERS cells into odontoblasts and lay
down the first layer of dentin. The epithelium is moved away
from the surface of the dentin allowing connective tissue cells
of the dental sac to come info contact with the outer surface
of the dentin which differentiate into cementoblasts, and de-
posit a layer of cementum. The epithelial root sheath loses its
structural continuity and disintegrates. Differential growth of
the epithelial diaphragm in multirooted teeth causes the divi-
sion of the root trunk into two or three roots.

The outermost dental follicle cells differentiate into osteo-
blast form the alveolar bone and the middle portion of
dental sac cells become fibroblast and forms the periodontal
ligament fibers which gain attachment to cementum and al-
veolar bone. The tooth develops within the bony crypt.

Genetic Control of Tooth Development
Numerous genes inferact, either act in conjunction or antago-
nize each other in odonfogenesis. The expression of Fgf8 in
the first branchial arch epithelium, Lhx-6/7 in the adjacent
ecfomesenchyme of the first branchial arch along with the
restricted expression of Gsc in the ectomesenchyme finely
regulate the oral-aboral axis.

The position of tooth germ in the established oral-aboral
axis is determined by the expression of Fgf8, Pitx2 and
Bmp-4 in oral epithelium and Pax-9 in tooth mesenchyme.
After establishing the tooth position, the tooth type determina-
tion is regulated through a subfamily of Homeobox genes
that include Msx gene and Dix gene. The Dix-1, DIx2 and
Barx-1 are seen in the posterior regions while Msx-1, Msx-2
and DIx-2 are seen in the anterior region. Ectopic expression
of Lef1 in oral epithelium results in ectopic tooth formation.

Enamel knot, a transient structure seen in the enamel organ
plays the prime role in controlling the growth as well as the
designing of tooth cusps.

REVIEW QUESTIONS

—_

. Describe the early bell stage of tooth development.

. Describe the advanced bell stage of tooth development.

. Describe the epithelial-mesenchymal interactions that
take place during tooth morphogenesis.

4. Describe the development of roots of teeth.

5. Write notes on: Dental lamina, HERS, enamel knot,

stellate reticulum and dental papilla.

(S o)
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HISTOLOGY

Physical Characteristics

Enamel forms a protective covering of variable thickness
over the entire surface of the crown. On the cusps of
human molars and premolars the enamel attains a maxi-
mum thickness of about 2 to 2.5 mm, thinning down to
almost a knife edge at the neck of the tooth (Fig. 4.1).
The enamel was found to be thicker in the lingual
surfaces of maxillary molars and in the buccal surfaces of
mandibular molars. As these are supporting cusps, it is
suggested that the increased thickness in these areas may
be viewed as an adaptation to functional demands.

The shape and contour of the cusps receive their final
modeling in the enamel.

Because of its high content of mineral salts and their
crystalline arrangement, enamel is the hardest calcified
tissue in the human body. The function of the enamel is
to form a resistant covering of the teeth, rendering them
suitable for mastication. The structure and hardness of
the enamel render it brittle, which is particularly apparent
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when the enamel loses its foundation of sound dentin.
The complex microstructure of enamel leads to large
variations in mechanical behavior. These are particu-
larly pronounced when comparing the mechanical
properties of the occlusal surface, to those close to the
dentinoenamel junction. At the surface the modulus of
elasticity is higher and the hardness is more than on
dentinoenamel junction. The specific gravity of enamel
is 2.8. The density decreases from the surface to the
deeper regions and from cuspal to incisal region.
Enamel has always been observed as a non-electrical
conductive material: it is in fact an insulator at room
temperature. Temperature resistance of enamel mea-
sured by AC impedance spectroscopy, is in the frequency
range from 5 to 13 Hz. Electrical resistance ranges from
10" to 10° ohms.

Another physical property of enamel is its permeability.
It has been found with radioactive tracers that the enamel
can act in a sense like a semipermeable membrane, per-
mitting complete or partial passage of certain molecules:
1Clabeled urea, I, etc. The same phenomenon has also
been demonstrated by means of dyes.



Figure 4.1 Ground section of incisor tooth. Note the variation
in the thickness of enamel from incisal to cervical regions.

The color of the enamel-covered crown ranges from
yellowish white to grayish white. It has been suggested
that the color is determined by differences in the translu-
cency of enamel, yellowish teeth having a thin, translu-
cent enamel through which the yellow color of the dentin
is visible and grayish teeth having a more opaque enamel.
The translucency may be attributable to variations in the
degree of calcification and homogeneity of the enamel.
Grayish teeth frequently show a slightly yellowish color at
the cervical areas, presumably because the thinness of the
enamel permits the light to strike the underlying yellow
dentin and be reflected. Incisal areas may have a bluish
tinge where the thin edge consists only of a double layer
of enamel. The translucency of enamel increased with
increasing wavelengths. The transmission coefficient at
525 nm was 0.481 mm™. Dehydration decreased the
translucency but it was reversed on rehydration.

Chemical Properties

The enamel consists mainly of inorganic material (96%) and
only a small amount of organic substance and water (4%).
The organic material consists of some unique pro-
teins, found exclusively in the enamel and lipids. The
proteins found in the enamel are of two main groups—
the amelogenins and the nonamelogenins. Amelogenins, are
a heterogeneous group of low molecular weight pro-
teins, accounting for about 90% of the enamel proteins.
They are hydrophobic and are rich in proline, histidine,
glutamine and leucine. Nonamelogenins constitute
about 10% of enamel matrix proteins. Enamelin, amelo-
blastin and tufielin are the important proteins of this
group. Nonamelogenins are high molecular weight pro-
teins and are rich in glycine, aspartic acid and serine.
The inorganic material of the enamel is hydroxyapatite.
Its chemical formula is Ca;y (PO4)s(OHy)e. The crystals of
hydroxyapatite are hexagonal in crosssection. The shape
of a single crystal was observed by high resolution SEM to be
a rod with an equilateral hexagon base. The crystals are
arranged to form enamel rods or enamel prisms. The
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hydroxyapatite crystal has a central core or C axis of hydroxyl
ion around which calcium and phosphorus ions are ar-
ranged in the form of triangles (Fig. 4.2A). During the
formation, magnesium can replace calcium and carbonate
can replace hydroxyl ion. Both these substitutions destabilize
the lattice due to poorer fit of these ions in the lattice struc-
ture. The concentrations of these ions increase from the
surface of enamel towards dentin whereas the concentration
of fluoride decreases from surface towards dentin. Thus, the
core of the crystals are richer in Mg and carbonate and this
accounts for their greater solubility in acids than the periph-
eral portions. The average concentrations in dry weight % of
human tooth enamel of oxygen, calcium and phosphorus,
which are the three major constituents are 43.4, 36.6, and
17.7, respectively. The minor constituents together account
for 2.3%, of which Na (0.67) and carbon (0.64) and magne-
sium (0.35) are the principal constituents. The concentra-
tion of carbonate is 3.2% which is important as carbonate
rich crystals are preferentially attacked by acids in caries.

Water is present as a part of the crystal (hydroxyapatite),
between crystals and between rods and surrounding the
rods. Pores are present between the crystals, especially at
the boundaries of the rods and these are filled with water.
Enamel proteins do not contribute to structuring of enamel.
This is in contrast to collagen, which is the principal protein
of dentin or bone, having a structuring function.

The bar graph in Figure 4.2B indicates the composi-
tion by volume of mineralized tissues in which odonto-
blast processes have been replaced with peritubular
dentin (sclerotic dentin) and the equivalent situation in
bone in which osteocyte lacunae are filled with mineral.

The origins shown at the left of Figure 4.2B reflect the
facts that enamel matrix mineralization begins immedi-
ately after it is secreted and that the lag in mineralization
after matrix formation is greater in dentin than in bone.
Enamel primary mineralization and secondary mineraliza-
tion (maturation) increase mineral content in a relatively
smooth curve. In both bone and dentin, well over one half
of the mineral accumulates rapidly (primary mineraliza-
tion). The curves then flatten as secondary mineralization
occurs. The curves continue to rise slowly as cell-occupied
space is filled with mineralized matrix (secondary matrix
formation) in bone and dentin.

Structure
Rods

The enamel is composed of enamel rods or prisms, rod
sheaths, and in some regions a cementing interprismatic
substance. The enamel prisms are cylindrical, in longitudinal
section, therefore the term rods is more apt. The number of
enamel rods has been estimated as ranging from 5 million in
the lower lateral incisors to 12 million in the upper first mo-
lars. From the dentinoenamel junction the rods run some-
what tortuous courses outward to the surface of the tooth.
The length of most rods is greater than the thickness of the
enamel because of the oblique direction and the wavy course
of the rods. The rods located in the cusps, the thickest part
of the enamel, are longer than those at the cervical areas of
the teeth. The increase in the area of enamel at the surface
compared to their area at the DE junction is not due to
increase in the number of prisms but it is explained on the
basis of increased prism diameter near the tooth surface and
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Figure 4.2 (A) Arrangement of calcium and phosphorus ions around the central hydroxyl ions in the planar hexagonal structure
of hydroxyapatite crystal. (B) Formation, mineralization, and maturation of some mineralized tissues (B, Figures for bone from
Robinson RA: In Rodahl K, Nicholson JT, and Brown EM, editors: Bone as a tissue. New York, 1960, The Blakiston Division,
McGraw-Hill Book Co, pp. 186-250. Figures for dentin and enamel from Brudevold F: In Sognnaes RF, editor: Chemistry and
prevention of dental caries, Springdfield, lll, 1962, Charles C Thomas, Publisher, pp. 32-88).

the oblique orientation of prisms towards the surface. It is
stated generally that, as observed with the light microscope,
the diameter of the rods averages 4 pm, but this measure-
ment necessarily varies, since the outer surface of the enamel
is greater than the dentinal surface where the rods originate.
Itis claimed that the diameter of the rods increases from the
dentinoenamel junction toward the surface of the enamel at
a ratio of about 1:2.

The enamel rods normally have a clear crystalline
appearance, permitting light to pass through them. In
cross-section under the light microscope they occasion-
ally appear hexagonal. Sometimes they appear round or
oval. In cross-sections of human enamel, many rods re-
semble fish scales (Fig. 4.3). Recently, using 3D images

obtained from confocal laser scanning microscope were
reconstructed and the path of a single and groups of
rods were studied. It was found that the rods did not
maintain their same outline throughout, arcade outlines
were seen near DE junction and keyhole-shaped outlines
were seen at the enamel surface.

Ultrastructure

Since many features of enamel rods are below the limit
of resolution of the light microscope, many questions
concerning their morphology can only be answered by
electron microscopy. Although many areas of human
enamel seem to contain rods surrounded by rod sheaths
and separated by interrod substance (Fig. 4.4), a more
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Figure 4.3 Decalcified section of enamel of human tooth
germ. Rods cut transversely have appearance of fish scales.

common pattern is a keyhole or paddle-shaped prism
in human enamel (Fig. 4.5). When cut longitudinally
(Fig. 4.6), sections pass through the ‘heads’ or ‘bodies’
of one row of rods and the ‘tails’ of an adjacent row. This
produces an appearance of rods separated by interrod
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substance. These rods measure about 5 pm in breadth
and 9 pm in length. Rods of this shape can be packed
tightly together (Fig. 4.7), and enamel with this structure
explains many bizarre patterns seen with the electron
microscope. The ‘bodies’ of the rods are nearer occlusal
and incisal surfaces, whereas the ‘tails’ point cervically.

Studies with polarized light and X-ray diffraction have
indicated that the apatite crystals are arranged approxi-
mately parallel to the long axis of the prisms, although
deviations of up to 40 degrees have been reported. Care-
ful electron microscopic studies have made it possible to
describe more precisely the orientation of these crystals.
They are approximately parallel to the long axes of
the rods in their ‘bodies’ or ‘heads’ and deviate about
65 degrees from this axis as they fan out into the ‘tails’ of
the prisms (Fig. 4.8). Since it is extremely difficult to
prepare a section that is exactly parallel to the long axes
of the crystals, there is some question about their length,
but they are estimated to vary between 0.05 and 1 pm.
Fusion of the lateral branches of the crystals were
observed so that the crystals assumed pyramidal shape
with their bases towards DE junction. When cut in cross-
section, the crystals of human enamel are somewhat ir-
regular in shape (Fig. 4.9) and have an average thickness
of about 30 nm and an average width of about 90 nm.

Early investigators using electron microscope described
a network of fine organic fibrils running throughout
the rods and interred substance. Recent improvements
in preparative methods have disclosed that the organic
matrix probably forms an envelope surrounding each
apatite crystal (Fig. 4.10). In electron micrographs the
surfaces of rods are visible because of abrupt changes
in crystal orientation from one rod to another. For this
reason, the crystals are not as tightly packed and there
may be more space for organic matrix at these surfaces.
This accounts for the rod sheath visible in the light micro-
scope (Fig. 4.3).

Figure 4.4 Electron micrographs of replicas of polished and etched human subsurface enamel. Rods are cut in cross-section.
Various patterns are apparent. (A) ‘Keyholes.’ (B) ‘Staggered arches.’ (C) ‘Stacked arches.’ (D) Irregular rods near dentinoenamel
junction (Approximately X 3000) (From Swancar VR, Scott DB, and Njemirovskij Z: J Dent Res 49:1025, 1970. Copyright by the

American Dental Association. Reprinted by permission).
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Figure 4.5 Electron micrograph of cross-sections of rods in
mature human enamel. Rods are keyhole shaped, and crystal
orientation is different in ‘bodies,” B, than in ‘tails,” T (Approxi-
mately X5000) (From Meckel AH, Griebstein WJ, and Neal RJ:
Arch Oral Biol 10:775, 1965).

Figure 4.6 Electron micrograph of longitudinal section
through mature human enamel. Alternating ‘tails,” T, and
‘bodies,’ B, of rods are defined by abrupt changes in crystal
direction where they meet. (Approximately Xx5000) (From
Meckel AH, Griebstein WJ, and Neal RJ: Arch Oral Biol 10:775,
1965).

Figure 4.7 Model indicating packing of keyhole-shaped rods
in human enamel. Various patterns can be produced by
changing plane of sectioning (From Meckel AH, Griebstein WJ,
and Neal RJ: Arch Oral Biol 10:775, 1965).

Figure 4.8 Drawing of keyhole pattern of human enamel indi-
cating orientation of apatite crystals within individual rods.
Crystals are oriented parallel to long axes of ‘bodies’ of rods
and fan out at an angle of approximately 65 degrees in ‘tails’ of
rods (From Griebstein WJ: In Stack MV and Fearnhead RW, edi-
tors: Tooth enamel, Bristol, 1965, John Wright & Sons, Ltd, p 190).

Striations

Each enamel rod is built up of segments separated by
dark lines that give it a striated appearance (Fig. 4.11).
These cross striations demarcate rod segments and become
more visible by the action of mild acids. The striations are
more pronounced in enamel that is insufficiently calci-
fied. The rods are segmented because the enamel matrix
is formed in a rhythmic manner. In humans these seg-
ments seem to be a uniform length of about 4 pm. The
cross- striations seen in light microscope is suggested to
be due to a diurnal rhythm in the enamel formation and



Figure 4.9 Cross-section of apatite crystals within enamel rod
in human enamel. Crystals are tightly packed and irregular in
shape (Approximately x1,68,000) (From Frazier PD: J Ultrastruct
Res 22:1, 1968).

Figure 4.10 Electron micrograph of decalcified section of im-
mature bovine enamel. Although shape of rods in bovine
enamel is not clearly established, this electron micrograph
reproduces pattern one would expect in longitudinal sections
through human enamel. Organic sheaths around individual
apatite crystals are oriented parallel to long axes of rods in
their ‘bodies,” B, and more nearly perpendicular to long axes
in their ‘tails,” T (Approximately X 38,000) (From Travis DF and
Glimcher MJ: J Cell Biol 23:447, 1964).

that in these areas rods show varicosities and variation in
composition.

Direction of rods

Generally the rods are oriented at right angles to the den-
tin surface. In the cervical and central parts of the crown
of a deciduous tooth they are approximately horizontal
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Figure 4.11 Ground section through enamel. Rods cut longi-
tudinally. Cross-striation of rods.

(Fig. 4.12A). Near the incisal edge or tip of the cusps, they
change gradually to an increasingly oblique direction un-
til they are almost vertical in the region of the edge or tip
of the cusps. The arrangement of the rods in permanent
teeth is similar in the occlusal two thirds of the crown. In
the cervical region, however, the rods deviate from the
horizontal in an apical direction (Fig. 4.12B).

The rods are rarely, if ever, straight throughout. They
follow a wavy course from the dentin to the enamel sur-
face. The most significant deviations from a straight ra-
dial course can be described as follows. If the middle part
of the crown is divided into thin horizontal disks, the
rods in the adjacent disks bend in opposite directions.
For instance, in one disk the rods start from the dentin
in an oblique direction and bend more or less sharply to
the left side (Fig. 4.13A), whereas in the adjacent disk
the rods bend toward the right (Fig. 4.13B). This alter-
nating clockwise and counter-clockwise deviation of the
rods from the radial direction can be observed at all lev-
els of the crown if the disks are cut in the planes of the
general rod direction.

If the disks are cut in an oblique plane, especially near
the dentin in the region of the cusps or incisal edges, the
rod arrangement appears to be further complicated—
the bundles of rods seem to intertwine more irregularly.
This optical appearance of enamel is called gnarled
enamel.

The enamel rods forming the developmental fissures
and pits, as on the occlusal surface of molar and premo-
lars, converge in their outward course.
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A B

Figure 4.12 Diagrams indicating general direction of enamel
rods. (A) Deciduous tooth. (B) Permanent tooth.

Hunter-Schreger bands

The more or less regular change in the direction of rods
may be regarded as a functional adaptation, minimizing
the risk of cleavage in the axial direction under the influ-
ence of occlusal masticatory forces. The change in the di-
rection of rods is responsible for the appearance of the
Hunter—Schreger bands. These are alternating dark and
light strips of varying widths (Fig. 4.14A) that can best be
seen in a longitudinal ground section under oblique re-
flected light. They originate at the dentinoenamel border
and pass outward, ending at some distance from the outer
enamel surface. The prisms which are cut longitudinally
to produce the dark bands are called diazones, while the
prisms which are cut transversely to produce light bands
are called parazones. The angle between the parazones and
the diazones is about 40 degrees. The enamel crystals ag-
gregate in each zone of the Hunter-Schreger bands devi-
ated not only in the opposite directions but also tilted to

Hypocalcified
rods of tuft

about 50 with respect to the central axis. Some investiga-
tors claim that there are variations in calcification of the
enamel that coincide with the distribution of the bands of
Hunter-Schreger. Careful decalcification and staining of
the enamel have provided further evidence that these
structures may not be the result solely of an optical phe-
nomenon but that they are composed of alternate zones
having a slightly different permeability and a different
content of organic material (Fig. 4.14B).

However, the opinion that Hunter—Schreger bands are
aresult of change in direction of rods is largely prevalent
and widely accepted.

Incremental Lines of Retzius

The incremental lines of Retzius appear as brownish bands
in ground sections of the enamel. They illustrate the incre-
mental pattern of the enamel, that is, the successive apposi-
tion of layers of enamel during formation of the crown. In
longitudinal sections they surround the tip of the dentin
(Fig. 4.15A). In the cervical parts of the crown they run
obliquely. From the dentinoenamel junction to the surface
they deviate occlusally (Fig. 4.15B). In transverse sections of
a tooth the incremental lines of Retzius appear as concentric
circles (Fig. 4.16). They may be compared to the growth
rings in the cross-section of a tree. The term ‘incremental
lines” designates these structures appropriately, for they do,
in fact, reflect variations in structure and mineralization,
either hypomineralization or hypermineralization, that oc-
cur during growth of the enamel. The exact nature of these
developmental changes is not known. The incremental lines
have been attributed to periodic bending of the enamel rods,
to variations in the basic organic structure (Fig. 4.17), or to a
physiologic calcification rhythm. The mean daily rate of
enamel formation of about 3.5 microns increases from inner
to outer enamel and decreases from incisal/cuspal region to
cervical enamel. The evenly spaced striae of Retzius was
shown to represent a 6-11 day rhythm in enamel formation
while other Retzius lines are suggested to be due to stress. It
is estimated that about 25-30 striae do not reach the surface.

The incremental lines of Retzius, if present in moder-
ate intensity, are considered normal. However, the rhyth-
mic alteration of periods of enamel matrix formation

Enamel

Hypocalcified
rods of tuft

Dentinoenamel
junction
Dentin

Figure 4.13 Horizontal ground section through enamel near dentinoenamel junction. (A) and (B) show change in direction of rods
in two adjacent layers of enamel, which is made visible by change in focus of microscope.
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Enamel

Figure 4.14 (A) Longitudinal ground section through enamel photographed by reflected light. Hunter-Schreger bands. (B) Decalcified
enamel, photographed by reflected light, showing Hunter-Schreger bands.

Enamel

Enamel
—— Dentin
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Figure 4.15 Incremental lines of Retzius in longitudinal ground sections. (A) Cuspal region. (B) Cervical region, X.
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Incremental lines of Retzius in transverse ground section, arranged concentrically.

Figure 4.17 Carefully decalcified section through enamel.
Thickening of sheath substance, SR, in Retzius lines (From
Bodecker CF: Dent Rev 20:317, 1906).

and of rest can be upset by metabolic disturbances,
causing the rest periods to be unduly prolonged and
lines closer together. Such an abnormal condition is
responsible for the broadening of the incremental lines
of Retzius, rendering them more prominent.

Surface structures

A relatively structureless layer of enamel, approximately
30 pm thick, called prismless enamel, has been described in
70% of permanent teeth and all deciduous teeth. This
structureless enamel is found least often over the cusp
tips and most commonly toward the cervical areas of the
enamel surface. In this surface layer no prism outlines are
visible, and all of the apatite crystals are parallel to one
another and perpendicular to the striae of Retzius. It is
also somewhat more heavily mineralized than the bulk of
enamel beneath it. Other microscopic details that have
been observed on outer enamel surfaces of newly erupted
teeth are perikymata, rod ends, and cracks (lamellae).
Perikymata are transverse, wave-like grooves, believed
to be the external manifestations of the striae of Retzius.
They are continuous around a tooth and usually lie par-
allel to each other and to the cementoenamel junction

Figure 4.18 (A) Perikymata on lateral incisor. (B) Shadowed
replica of surface of intact enamel (buccal surface of upper
left second molar showing perikymata) (X 1500) (B from Scott
DB and Wyckoff RWG: Public Health Rep 61:1397, 1946).

(Figs 4.18 and 4.19). Ordinarily there are about 30 periky-
mata per millimeter in the region of the cementoenamel
junction, and their concentration gradually decreases to
about 10 per millimeter near the occlusal or incisal edge
of a surface. Their course usually is fairly regular, but in
the cervical region it may be quite irregular. The terms
perikymata and imbrication lines are used without distinc-
tion to the surface structures of ridges or grooves. To
avoid confusion in the usage of these terms it has been
suggested that the terms perikymata or imbrication lines
be suffixed by the words ridge or crest to denote eleva-
tions and the terms groove or furrow to denote depres-
sions, as for example, perikymata ridge.

The enamel rod ends are concave and vary in depth
and shape. They are shallowest in the cervical regions of
surfaces and deepest near the incisal or occlusal edges
(Fig. 4.18B).

Ultrastructurally, the surface of the enamel appears
very uneven. Pits of about 1-1.5 pm in diameter and
small elevations of about 10-15 pm called enamel caps are
seen. The surface pits are said to represent the ends of
ameloblast and the caps are due to enamel deposition on
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Figure 4.19 Progressive loss of surface structure with advancing age. (A) Surface of recently erupted tooth showing pronounced
enamel prism ends and perikymata. Patient is 12 years of age. (B) Early stage of structural loss that occurs during first few years
(wear is more rapid on anterior teeth than on posterior teeth and more rapid on facial or lingual surfaces than on proximal sur-
faces). Note small regions where prism ends are worn away. Patient is 25 years of age. (C) Later stage. Here elevated parts
between perikymata are worn smooth, while structural detail in depths of grooves is still more or less intact. Eventually wearing
proceeds to point where all prism ends and perikymata disappear. Patient is 52 years of age (Since these are negative replicas,
surface details appear inverted. Raised structures represent depressions in actual surface). (D) Surface worn completely smooth
and showing only ‘cracks,” which actually represent outer edges of lamellae. Patient is 50 years of age (All magnifications X
105) (From Scott DB and Wyckoff RWG: J Am Dent Assoc 39:275, 1949).

nonmineralizable debris. Larger enamel elevations are
termed enamel brochs.

The term ‘cracks’ originally was used to describe the
narrow, fissure-like structures that are seen on almost
all surfaces (Fig. 4.19D). It has since been demon-
strated that they are actually the outer edges of lamellae
(see discussion of enamel lamellae). They extend for
varying distances along the surface, at right angles to
the dentinoenamel junction, from which they origi-
nate. Most of them are less than a millimeter in length,
but some are longer, and a few reach the occlusal or
incisal edge of a surface. They are fairly evenly spaced,
but long lamellae appear thicker than short ones.

The enamel of the deciduous teeth develops partly
before and partly after birth. The boundary between the
two portions of enamel in the deciduous teeth is marked
by an accentuated incremental line of Retzius, the neona-
tal line or neonatal ring (Fig. 4.20). It appears to be the
result of the abrupt change in the environment and
nutrition of the newborn infant. The prenatal enamel
usually is better developed than the postnatal enamel.
This is explained by the fact that the fetus develops in a

well-protected environment with an adequate supply of
all the essential materials, even at the expense of the
mother. Because of the undisturbed and even develop-
ment of the enamel prior to birth, perikymata are absent
in the occlusal parts of the deciduous teeth, whereas they
are present in the postnatal cervical parts.

Neonatal lines were found to be more frequently ab-
sent in permanent first molars of boys than girls indicat-
ing that boys were less dentally mature than girls at the
time of their birth. The location of neonatal line also
varied in preterm and in postterm births.

Enamel cuticle

A delicate membrane called Nasmyth’s membrane, after its
first investigator, or the primary enamel cuticle covers the
entire crown of the newly erupted tooth but is probably
soon removed by mastication. Electron microscopic stud-
ies have indicated that this membrane is a typical basal
lamina found beneath most epithelia (Fig. 4.21). Itis prob-
ably visible with the light microscope because of its wavy
course. This basal lamina is apparently secreted by the
ameloblasts when enamel formation is completed. The
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Figure 4.20 Neonatal line in enamel. Longitudinal ground section of deciduous canine (From Schour I: J Am Dent Assoc 23:1946,
1936).

Figure 4.21 Electron micrograph of reduced enamel epithelium covering surface of unerupted human tooth. Enamel has been
removed by demineralization, E. Typical basal lamina separates enamel space from epithelium (arrow). Epithelial cells contain a
number of intracytoplasmic vacuoles, V (Approximately X 24,000) (From Listgarten MA: Arch Oral Biol 11:999, 1966).



function of enamel cuticle is to protect the surface of
enamel from the resorptive activity of the adjacent vascular
tissue prior to the eruption of the teeth. It has also been
reported that the cervical area of the enamel is covered by
afibrillar cementum, continuous with the cementum and
probably of mesodermal origin (Fig. 4.22). This cuticle is
apparently secreted after the epithelial enamel organ re-
tracts from the cervical region during tooth development.

Finally, erupted enamel is normally covered by a pelli-
cle, which is apparently a precipitate of salivary proteins
(Fig. 4.23). This pellicle reforms within hours after an
enamel surface is mechanically cleaned. Within a day or
two after the pellicle has formed, it becomes colonized
by microorganisms to form a bacterial plaque (Fig. 4.24).
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Enamel lamellae

Enamel lamellae are thin, leaf-like structures that extend
from the enamel surface toward the dentinoenamel
junction (Fig. 4.25). They may extend to, and sometimes
penetrate into, the dentin. They consist of organic mate-
rial, with but little mineral content. In ground sections,
these structures may be confused with cracks caused by
grinding of the specimen (Fig. 4.16). Careful decalcifica-
tion of ground sections of enamel makes possible the
distinction between cracks and enamel lamellae. The
former disappear, whereas the latter persist (Figs. 4.25A).

Lamellae may develop in planes of tension. Where rods
cross such a plane, a short segment of the rod may not
fully calcify. If the disturbance is more severe, a crack may

Figure 4.22 Electron micrograph of gingival area of erupted human tooth. Remnants of enamel matrix appear at left, E. Cuticle, C,
separates enamel matrix from epithelial cells of attached epithelial cuff, A. Inner layers of cuticle (afibrillar cementum) are deposited
before eruption; origin of outer layers is not known (Approximately X 37,000) (From Listgarten MA: Am J Anat 119:147, 1966).

Figure 4.23 Electron micrograph of surface of undemineral-
ized human enamel. Enamel surface, E, is covered by pellicle,
P. Individual crystals can be seen in enamel (Approximately
x58,000) (From Houver G and Frank RM: Arch Oral Biol
12:1209, 1967).

Figure 4.24 Electron micrograph of undemineralized human
enamel surface. Enamel, E, is covered by a bacterial plaque,
P. Black bar at right, Thickness of pellicle seen in Fig. 4.23
(Approximately X 12,000) (From Frank RM and Brendel A: Arch
Oral Biol 11:883, 1966).
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Figure 4.25 (A) Decalcified incisor with moderately severe mottled enamel. Numerous lamellae can be observed (X 8). (B) Maxillary
first permanent molar of caries-free 2-year-old rhesus monkey. Numerous bands of organic matter, lamellae, can be seen after
decalcification (X 8) (B from Sognnaes RF: J Dent Res 29:260, 1950).

develop that is filled either by surrounding cells, if the
crack occurred in the unerupted tooth, or by organic
substances from the oral cavity, if the crack developed
after eruption. Three types of lamellae can thus be dif-
ferentiated: type A, lamellae composed of poorly calcified
rod segments; type B, lamellae consisting of degenerated
cells; and type G, lamellae arising in erupted teeth where
the cracks are filled with organic matter, presumably
originating from saliva. The last type may be more com-
mon than formerly believed. Although lamellae of type A
are restricted to the enamel, those of types B and C may
reach into the dentin (Fig. 4.27). If cells from the enamel
organ fill a crack in the enamel, those in the depth de-
generate, whereas those close to the surface may remain
vital for a time and produce a hornified cuticle in the
cleft. In such cases the inner parts of the lamella consist of
an organic cell detritus, the outer parts of a double layer
of the cuticle. If connective tissue invades a crack in the
enamel, cementum may be formed. In such cases lamellae
consist entirely or partly of cementum.

Lamellae extend in the longitudinal and radial di-
rection of the tooth, from the tip of the crown toward
the cervical region (Fig. 4.25). This arrangement ex-
plains why they can be observed better in horizontal
sections. It has been suggested that enamel lamellae
may be a site of weakness in a tooth and may form a
road of entry for bacteria that initiate caries. This sug-
gestion was contested. Later it was shown that enamel
cracks or lamellae showed uptake of dyes suggesting
that these structures may act as pathways for caries pro-
ducing bacteria.

Enamel tufts

Enamel tufts (Fig. 4.27) arise at the dentinoenamel
junction and reach into the enamel to about one fifth
to one third of its thickness. They were so termed be-
cause they resemble tufts of grass when viewed in
ground sections. This picture is erroneous. An enamel
tuft does not spring from a single small area but is a
narrow, ribbon-like structure, the inner end of which
arises at the dentin. The impression of a tuft of grass is

Enamel

Lamella

Tufts

Dentinoenamel
junction

Dentinal part of
lamella

Dentin

Figure 4.26 Transverse ground section through lamella reach-
ing from surface into dentin.

created by examining such structures in thick sections
under low magnification. Under these circumstances
the imperfections, lying in different planes and curving
in different directions (Fig. 4.13), are projected into
one plane (Fig. 4.27).
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Figure 4.27 Transverse ground section through tooth under low magnification. Numerous tufts extend from dentinoenamel junction

into enamel.

Tufts consist of hypocalcified enamel rods and inter-
prismatic substance. Like the lamellae, they extend in
the direction of the long axis of the crown. Therefore
they are seen abundantly in horizontal, and rarely in
longitudinal, sections. Their presence and their develop-
ment are a consequence of, or an adaptation to, the
spatial conditions in the enamel.

SEM studies revealed enamel tufts to be tubular
structures with cross-striations. TEM studies showed
plate-like structures in the center of the tufts. These
plates originated from the superficial layer of the den-
tin and entered the tufts after crossing the DE junc-
tion. In another study needle-like crystals and granular
or amorphous material was found partially occluding
the channels or the voids. These studies concluded
that the tufts were hypomineralized structures. The
major organic component of the tuft was a 13.17 kd
protein, rather than amelogenin.

Dentinoenamel junction

The surface of the dentin at the dentinoenamel junctions is
pitted. Into the shallow depressions of the dentin fit rounded
projections of the enamel. This relation assures the firm
hold of the enamel cap on the dentin. In sections, there-
fore, the dentinoenamel junction appears not as a straight
but as a scalloped line (Figs. 4.27 and 4.28). The convexities
of the scallops are directed toward the dentin. The pitted
dentinoenamel junction is preformed even before the de-
velopment of hard tissues and is evident in the arrangement
of the ameloblasts and the basement membrane of the den-
tal papilla (Fig. 4.38). In the dentinoenamel junction (DE])
the crystals of dentin and enamel mix with each other. The
DE]J, which is a series of ridges is more pronounced in the
occlusal area, where masticatory stresses are greater.

In microradiographs of ground sections a hypermin-
eralized zone about 30 pm thick can sometimes be dem-
onstrated at the dentinoenamel junction. It is most
prominent before mineralization is complete.

Odontoblast processes and enamel spindles

Occasionally odontoblast processes pass across the denti-
noenamel junction into the enamel. Since many are
thickened at their end (Fig. 4.29), they have been termed

Dentin

Enamel

Dentinoenamel
junction

Figure 4.28 Longitudinal ground section. Scalloped denti-
noenamel junction.

enamel spindles. They seem to originate from processes of
odontoblasts that extended into the enamel epithelium
before hard substances were formed. The direction of the
odontoblast processes and spindles in the enamel corre-
sponds to the original direction of the ameloblasts—
at right angles to the surface of the dentin. Since the
enamel rods are formed at an angle to the axis of the
ameloblasts, the direction of spindles and rods is diver-
gent. In ground sections of dried teeth the organic
content of the spindles disintegrates and is replaced by
air, and the spaces appear dark in transmitted light.
TEM studies showed spindles to be channels of about
2 microns in diameter containing small needle-like crystals
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Figure 4.29 Ground section. Odontoblast processes extend into enamel as enamel spindles.

of about 70 nm in length and about 5 nm in width, or
granular and/or amorphous material. The structure of the
spindles were similar to enamel tufts and that both of them
were hypomineralized or partially mineralized structures.
They are found mainly in the cup tip regions. Energy dis-
persive X-ray microscopy showed that enamel tufts, lamel-
lae and spindles contained less calcium and phosphorus
than enamel prisms. Both SEM and TEM studies did not
reveal peritubular dentin, membranous structures or lam-
ina limitans surrounding the enamel spindles.

Age Changes

Age changes in enamel are dealt in detail in Chapter 17
on Age Changes in Oral Tissues (Ch 17). However, the
age changes are briefly outlined below.

Enamel undergoes wear due to mastication termed at-
trition. Perikymata is lost after eruption. Fluoride uptake
by superficial layers of enamel is noted and permeability
of enamel is decreased.

CLINICAL CONSIDERATIONS

The course of the enamel rods is of importance in cavity
preparations. The choice of instruments depends on the
location of the cavity in the tooth. Generally the rods run
at a right angle to the underlying dentin or tooth sur-
face. Close to the cementoenamel junction the rods run
in a more horizontal direction (Fig. 4.12B). In preparing
cavities, it is important that unsupported enamel rods
are not left at the cavity margins because they would soon
break and produce leakage. Bacteria would lodge in
these spaces, inducing secondary dental caries. Enamel is
brittle and does not withstand forces in thin layers or in
areas where it is not supported by the underlying dentin
(Fig. 4.30A).

Deep enamel fissures predispose teeth to caries. Al-
though these deep clefts between adjoining cusps cannot
be regarded as pathologic, they afford areas for retention

Figure 4.30 (A) Diagram of course of enamel rods in molar in
relation to cavity preparation. 1 and 2 indicate wrong prepara-
tion of cavity margins. 3 and 4 indicate correct preparation.
(B) Diagram of development of deep enamel fissure. Note thin
enamel layer forming floor of fissure (B from Kronfeld R: J Am
Dent Assoc 22:1131, 1935).



of caries-producing agents. Caries penetrate the floor of
fissures rapidly because the enamel in these areas is very
thin (Fig. 4.30B). As the destructive process reaches
the dentin, it spreads along the dentinoenamel junction,
undermining the enamel. An extensive area of dentin
becomes carious without giving any warning to the
patient because the entrance to the cavity is minute. Care-
ful examination is necessary to discover such cavities be-
cause most enamel fissures are more minute than a single
toothbrush bristle and cannot be detected with the dental
probe.

Dental lamellae may also be predisposing locations
for caries because they contain much organic material.
Primarily from the standpoint of protection against
caries, the structure and reactions of the outer enamel
surface are subject to much current research. In vitro
tests have shown that the acid solubility of enamel can be
greatly reduced by treatment with fluoride compounds.
Clinical trials based on these studies have demonstrated
reductions of 40% or more in the incidence of caries in
children after topical applications of sodium or stannous
fluoride. Incorporation of fluorides in dentifrices is now
a well-accepted means of caries prevention. Fluoride-
containing mixtures such as stannous fluoride pastes,
sodium fluoride rinses, and acidulated phosphate fluo-
ride are also used by the dentist to alter the outer surface
of the enamel in such a manner that it becomes more
resistant to decay.

The most effective means for mass control of dental
caries to date has been adjustment of the fluoride level
in communal water supplies to 1 part per million. Epi-
demiologic studies in areas in which the drinking water
contained natural fluoride revealed that the caries
prevalence in both children and adults was about 65%
lower than in nonfluoride areas, and long-term studies
have demonstrated that the same order of protection is
afforded through water fluoridation programs. The
mechanisms of action are believed to be primarily a
combination of changes in enamel resistance, brought
about by incorporation of fluoride during calcification,
and alterations in the environment of the teeth, partic-
ularly with respect to the oral bacterial flora.

The surface of the enamel in the cervical region
should be kept smooth and well polished by proper
home care and by regular cleansing by the dentist. If the
surface of the cervical enamel becomes decalcified or
otherwise roughened, food debris, bacterial plaques, and
so on accumulate on this surface. The gingiva in contact
with this roughened, debris covered enamel surface
undergoes inflammatory changes. The ensuing gingivi-
tis, unless promptly treated, may lead to more serious
periodontal disease.

One of the more recently developed techniques in
operative dentistry consists of the use of composite
resins. These materials can be mechanically ‘bonded’
directly to the enamel surface. In this procedure the
enamel surface is first etched with an acid (phosphoric
acid 37%) to remove the smear layer on the enamel
that was created during cavity preparation. Smear layers
are about 1 pm thick and are made up of burnished
cutting debris. Because the particles that constitute the
smear layer are very small, the layer is very acid labile.
Acid etching of enamel removes this smear layer. This
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produces an uneven dissolution of the enamel rods and
their ‘sheaths’ or enamel ‘heads’ and their ‘tails’ so that
a relatively smooth enamel surface becomes pitted and
irregular. When a composite resin is put on this irregu-
lar surface, it can achieve mechanical bonding with
the enamel. The same principle is used in coating the
susceptible areas of the enamel with the so-called pit
fissure sealants.

Depending on the crystal orientation to the surface
three types of etching patterns are produced. Crystals
dissolve more readily at their ends than on their sides.
Hence, those crystals which are perpendicular to the
surface, are removed preferentially. This results in crystal
removal from the rods and is called type I pattern. In the
type II pattern the interrod crystals are preferentially re-
moved. The type III pattern is irregular. Prismless enamel
found on the surface does not provide enough mechani-
cal retention so etching should go beyond the prismless
enamel to the prismatic enamel below it.

DEVELOPMENT

Epithelial Enamel Organ

The early development of the enamel organ and its dif-
ferentiation have been discussed in Chapter 3. At the
stage preceding the formation of hard structures (dentin
and enamel) the enamel organ, originating from the
stratified epithelium of the primitive oral cavity, consists
of four distinct layers: outer enamel epithelium, stellate
reticulum, stratum intermedium, and inner enamel epi-
thelium (ameloblastic layer) (Fig. 4.31). The borderline
between the inner enamel epithelium and the connec-
tive tissue of the dental papilla is the subsequent denti-
noenamel junction. Thus its outline determines the pat-
tern of the occlusal or incisal part of the crown. At the
border of the wide basal opening of the enamel organ,
the inner enamel epithelium reflects onto the outer
enamel epithelium. This is the cervical loop. The inner
and outer enamel epithelia are elsewhere separated
from each other by a large mass of cells differentiated
into two distinct layers. The layer that is close to the in-
ner enamel epithelium consists of two or three rows of
flat polyhedral cells—the stratum intermedium. The
other layer, which is more loosely arranged, constitutes
the stellate reticulum.

Outer enamel epithelium

In the early stages of development of the enamel organ
the outer enamel epithelium consists of a single layer of
cuboid cells, separated from the surrounding connective
tissue of the dental sac by a delicate basement membrane
(Fig. 4.32). Prior to the formation of hard structures, this
regular arrangement of the outer enamel epithelium is
maintained only in the cervical parts of the enamel or-
gan. At the highest convexity of the organ (Fig. 4.31) the
cells of the outer enamel epithelium become irregular in
shape and cannot be distinguished easily from the outer
portion of the stellate reticulum. The capillaries in the
connective tissue surrounding the epithelial enamel or-
gan proliferate and protrude toward it (Fig. 4.32). Imme-
diately before enamel formation commences, capillaries
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Figure 4.31 Tooth germ (deciduous lower incisor) of human embryo 105 mm, fourth month. Four layers of enamel organ. Area
at X is shown at a higher magnification in Figure 4.33.
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Figure 4.32 Capillaries in contact with outer enamel epithelium. Basement membrane separates outer enamel epithelium from
connective tissue.



may even indent the stellate reticulum. This increased
vascularity ensures a rich metabolism when a plentiful
supply of substances from the bloodstream to the inner
enamel epithelium is required.

During enamel formation, cells of the outer enamel
epithelium develop villi and cytoplasmic vesicles and
large numbers of mitochondria, all indicating cell spe-
cialization for the active transport of materials. The
capillaries in contact with the outer enamel epithelium
show areas with very thin walls, a structural modification
also commonly found in areas of active transport.

Stellate reticulum

In the stellate reticulum, which forms the middle part of
the enamel organ, the neighboring cells are separated by
wide intercellular spaces filled by a large amount of inter-
cellular substance. The cells are star shaped, with long
processes reaching in all directions from a central body
(Figs. 4.32 and 4.33). They are connected with each
other and with the cells of the outer enamel epithelium
and the stratum intermedium by desmosomes.

The structure of the stellate reticulum renders it resis-
tant and elastic. Therefore it seems probable that it acts
as a buffer against physical forces that might distort the
conformation of the developing dentinoenamel junc-
tion, giving rise to gross morphologic changes. It seems
to permit only a limited flow of nutritional elements
from the outlying blood vessels to the formative cells.
Indicative of this is the fact that the stellate reticulum is
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noticeably reduced in thickness when the first layers of
dentin are laid down, and the inner enamel epithelium
is thereby cut off from the dental papilla, its original
source of supply (Fig. 4.34).

Stratum intermedivm

The cells of the stratum intermedium are situated be-
tween the stellate reticulum and the inner enamel epithe-
lium. They are flat to cuboid in shape and are arranged in
one to three layers. They are connected with each other
and with the neighboring cells of the stellate reticulum
and the inner enamel epithelium by desmosomes. Tonofi-
brils, with an orientation parallel to the surface of the de-
veloping enamel, are found in the cytoplasm. The func-
tion of the stratum intermedium is not understood, but it
is believed to play a role in production of the enamel itself,
either through control of fluid diffusion into and out of
the ameloblasts or by the actual contribution of necessary
formative elements or enzymes. The cells of the stratum
intermedium show mitotic division even after the cells of
the inner enamel epithelium cease to divide.

Inner enamel epithelivm

The cells of the inner enamel epithelium are derived
from the basal cell layer of the oral epithelium. Before
enamel formation begins, these cells assume a columnar
form and differentiate into ameloblasts that produce the
enamel matrix. The changes in shape and structure that
the cells of the inner enamel epithelium undergo will be
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Figure 4.33 Region of cervical loop (higher magnification of area X in Fig. 4.31). Transition of outer into inner enamel epithelium.
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Figure 4.34 (A) Tooth germ (lower incisor) of human fetus (fifth month). Beginning of dentin and enamel formation. Stellate
reticulum at tip of crown is reduced in thickness. (B) High magnification of inner enamel epithelium from area X in (A). In cervical
region, cells are short, and outermost layer of pulp is cell free. Occlusally cells are long, and cell-free zone of pulp has disap-
peared. Ameloblasts are again shorter where dentin formation has begun and enamel formation is imminent (B) (from Diamond

M and Weinmann JP: J Dent Res 21:4083, 1942).

described in detail in the discussion of the life cycle of
the ameloblasts. It should be mentioned, however, that
cell differentiation occurs earlier in the region of the
incisal edge or cusps than in the area of the cervical loop.

Cervical loop

At the free border of the enamel organ the outer and
inner enamel epithelial layers are continuous and re-
flected into one another as the cervical loop (Fig. 4.31).
In this zone of transition between the outer enamel epi-
thelium and the inner enamel epithelium the cuboid
cells gradually gain in length. When the crown has been
formed, the cells of this portion give rise to Hertwig’s
epithelial root sheath (see Chapter 3).

Life Cycle of the Ameloblasts

According to their function, the life span of the cells
of the inner enamel epithelium can be divided into
six stages: (1) morphogenic, (2) organizing, (3) for-
mative, (4) maturative, (5) protective, and (6) des-
molytic. Since the differentiation of ameloblasts is
most advanced in the region of the incisal edge or
tips of the cusps and least advanced in the region of
the cervical loop, all or some stages of the developing
ameloblasts can be observed in one tooth germ. Am-
elogenesis which is the formation of enamel occurs
during formative and maturative stages of the amelo-
blasts and is discussed in detail under the section on
amelogenesis.

Morphogenic stage

Before the ameloblasts are fully differentiated and pro-
duce enamel, they interact with the adjacent mesenchy-
mal cells, determining the shape of the dentinoenamel
junction and the crown (Fig. 4.34A). During this mor-
phogenic stage the cells are short and columnar, with
large oval nuclei that almost fill the cell body.

The Golgi apparatus and the centrioles are located in
the proximal end of the cell,' whereas the mitochondria
are evenly dispersed throughout the cytoplasm. During
ameloblast differentiation, terminal bars appear con-
comitantly with the migration of the mitochondria to the
basal region of the cell. The terminal bars represent
points of close contact between cells. They were previ-
ously believed to consist of dense intercellular substance,
but under the electron microscope it has been found
that they comprise thickening of the opposing cell mem-
branes, associated with condensations of the underlying
cytoplasm.

The inner enamel epithelium is separated from the con-
nective tissue of the dental papilla by a delicate basal lam-
ina. The adjacent pulpal layer is a cellfree, narrow, light
zone containing fine argyrophil fibers and the cytoplasmic
processes of the superficial cells of the pulp (Fig. 4.34B).

'In modern usage, to conform with the terminology applied to other
secretory cells, the dentinal end of the ameloblast, at which enamel
is formed, is called distal, and the end facing the stratum interme-
dium is called basal or proximal.



Organizing stage

In the organizing stage of development the inner enamel
epithelium interacts with the adjacent connective tissue
cells, which differentiate into odontoblasts. This stage is
characterized by a change in the appearance of the cells
of the inner enamel epithelium. They become longer,
and the nucleus-free zones at the distal ends of the cells
become almost as long as the proximal parts containing
the nuclei (Fig. 4.34B). In preparation for this develop-
ment a reversal of the functional polarity of these cells
takes place by the migration of the centrioles and Golgi
regions from the proximal ends of the cells into their
distal ends.

Special staining methods reveal the presence of fine
acidophil granules in the proximal part of the cell. Elec-
tron microscopic studies have shown that these granules
are actually the mitochondria, which have become concen-
trated in this part of the cell. At the same time the clear
cell-free zone between the inner enamel epithelium and
the dental papilla disappears (Fig. 4.34B), probably be-
cause of elongation of the epithelial cells toward the pa-
pilla. Thus the epithelial cells come into close contact with
the connective tissue cells of the pulp, which differentiate
into odontoblasts. Recently it has been shown that the pre-
ameloblasts secrete proteins similar to those of enamel
matrix. These proteins appear to be phagocytosed by de-
veloping odontoblast. It is suggested that these proteins
may play a role in epithelial mesenchymal interaction.

During the terminal phase of the organizing stage
the formation of the dentin by the odontoblasts begins
(Fig. 4.34B).

The first appearance of dentin seems to be a critical
phase in the life cycle of the inner enamel epithelium. As
long as it is in contact with the connective tissue of the
dental papilla, it receives nutrient material from the blood
vessels of this tissue. When dentin forms, however, it cuts
oft the ameloblasts from their original source of nourish-
ment, and from then on they are supplied by the capillar-
ies that surround and may even penetrate the outer
enamel epithelium. This reversal of nutritional source is
characterized by proliferation of capillaries of the dental
sac and by reduction and gradual disappearance of the
stellate reticulum (Fig. 4.34A). Thus the distance between
the capillaries and the stratum intermedium and the am-
eloblast layer is shortened. Experiments with vital stains
demonstrate this reversal of the nutritional stream.

Formative stage

The ameloblasts enter their formative stage after the
first layer of dentin has been formed. The presence of
dentin seems to be necessary for the beginning of
enamel matrix formation just as it was necessary for the
epithelial cells to come into close contact with the con-
nective tissue of the pulp during differentiation of the
odontoblasts and the beginning of dentin formation.
This mutual interaction between one group of cells and
another is one of the fundamental laws of organogenesis
and histodifferentiation.

During formation of the enamel matrix the ameloblasts
retain approximately the same length and arrangement.
Changes in the organization and number of cytoplasmic
organelles and inclusions are related to the initiation of
secretion of enamel matrix.
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The earliest apparent change is the development of
blunt cell processes on the ameloblast surfaces, which pen-
etrate the basal lamina and enter the predentin (Fig. 4.35).

Maturative stage

Enamel maturation (full mineralization) occurs after most
of the thickness of the enamel matrix has been formed in
the occlusal or incisal area. In the cervical parts of the
crown, enamel matrix formation is still progressing at this
time. During enamel maturation the ameloblasts are slightly
reduced in length and are closely attached to enamel ma-
trix. The cells of the stratum intermedium lose their cuboi-
dal shape and regular arrangement and assume a spindle
shape. It is certain that the ameloblasts also play a part in
the maturation of the enamel. During maturation, amelo-
blasts display microvilli at their distal extremities, and cyto-
plasmic vacuoles containing material resembling enamel
matrix are present (Figs. 4.44 and 4.46). These structures
indicate an absorptive function of these cells.

Protective stage

When the enamel has completely developed and has
fully calcified, the ameloblasts cease to be arranged in a
well-defined layer and can no longer be differentiated
from the cells of the stratum intermedium and outer
enamel epithelium (Fig. 4.44). These cell layers then
form a stratified epithelial covering of the enamel, the
so-called reduced enamel epithelium. The function of
the reduced enamel epithelium is that of protecting the
mature enamel by separating it from the connective tis-
sue until the tooth erupts. If connective tissue comes in
contact with the enamel, anomalies may develop. Under
such conditions the enamel may be either resorbed or
covered by a layer of cementum.

During this phase of the life cycle of ameloblasts the
epithelial enamel organ may retract from the cervical
edge of the enamel. The adjacent mesenchymal cells
may then deposit afibrillar cementum on the enamel
surface (Fig. 4.36).

Desmolytic stage

The reduced enamel epithelium proliferates and seems
to induce atrophy of the connective tissue separating it
from the oral epithelium, so that fusion of the two epi-
thelia can occur (see Chapter 10). It is probable that the
epithelial cells elaborate enzymes that are able to destroy
connective tissue fibers by desmolysis. Premature degen-
eration of the reduced enamel epithelium may prevent
the eruption of a tooth.

Amelogenesis

On the basis of ultrastructure and composition, two pro-
cesses are involved in the development of enamel: or-
ganic matrix formation and mineralization. Although
the inception of mineralization does not await the com-
pletion of matrix formation, the two processes will be
treated separately.

Formation of the enamel matrix

The ameloblasts begin their secretory activity when a
small amount of dentin has been laid down. The amelo-
blasts lose the projections that had penetrated the basal
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Figure 4.35 Electron micrographs of distal (secretory) ends of ameloblasts in stage of differentiation shortly before enamel
formation begins. (A) Relatively smooth ameloblast surfaces are separated from predentin (D) by basal lamina (arrow).
(Approximately X 11,000.) (B) At slightly later stage, ameloblast cell processes (P) have penetrated basal lamina and protrude
into predentin (D) (Approximately X 16,000) (From Kallenbach E: Am J Anat 145:283, 1976).

lamina separating them from the predentin (compare
Figs 4.35B and 4.37A), and islands of enamel matrix are
deposited along the predentin (Fig. 4.37B). As enamel
deposition proceeds, a thin, continuous layer of enamel
is formed along the dentin (Figs 4.34B and 4.38).
Amelogenin is the major component of enamel matrix
proteins. It undergoes extracellular degradation by pro-
teolytic enzymes like matix metalloproteinases into
smaller low molecular weight fragments, like tyrosine rich
amelogenin protein, and leucine rich amelogenin poly-
peptide which are suggested to have specific functions as
in regulating crystal growth. Many isoforms of amelo-
genins are produced with similar terminal amino acid
sequences but with differing sequences in the central por-
tions of the protein. The genes coding for amelogenin is

present in X and Y chromosomes. Hence variations in
amino acid sequences also exist between the sexes in hu-
mans. Most of the secreted amelogenin is removed dur-
ing maturation. It is suggested that amelogenins form
thixotropic gels in that they can be easily squeezed out by
the pressure from the growing crystals. Amelogenins have
been shown to form minute nanospheres between which
enamel crystals form. Thus, it is suggested to have a func-
tional role in maintaining spaces between the crystals. In
the fully formed enamel amelogenin remains in between
the crystals and also surrounding them. Experimentally,
absence of amelogenin, resulted in the formation of
hypoplastic teeth.

Ameloblastin and enamelin are the other important pro-
teins of the enamel matrix. They also undergo extracellular



Figure 4.36 Electron micrograph of cervical region of un-
erupted human tooth. Dentin matrix, D, and remnants of de-
mineralized enamel matrix, E, are at right. Afibrillar cemen-
tum, apparently of mesodermal origin, runs through center of
figure, C, and is continuous with cementum, CE. Cells of ad-
jacent connective tissue, CT, and retracted end of enamel
organ, DE, are at left (Approximately X 6500) (From Listgarten
MA: Arch Oral Biol 11:999, 1966).
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processing like amelogenin, but at a rapid rate. Therefore
time for interaction between nonamelogenin and amelo-
genin is limited. Ameloblastin and enamelin are reported
to help in nucleation and growth of crystals. Tuftelin, on
the hand, is localized to DE junction and is suggested to
be involved in cell signaling. Experimentally, in the absence
of ameloblastin, no structural layer of enamel formation
is observed.

Recently, amelotin, a new protein was reported to be
secreted by maturative ameloblast. This protein is sug-
gested to help in enamel formation.

During early amelogenesis, ameloblasts transiently ex-
press dentin sialoprotein and dentin phosphoproteins.
These proteins are usually expressed by odontoblast. These
proteins localized to DEJ, suggest that the DE] may be
regarded as a transition zone between dentin and enamel.

Amelogenins were also found in the acellular cemen-
tum. It was reported to be involved in the formation
of acellular cementum and help in the regeneration of
cementum in teeth affected by periodontal diseases.

Development of Tomes’ processes

The surfaces of the ameloblasts facing the developing
enamel are not smooth. There is an interdigitation of the
cells and the enamel rods that they produce (Fig. 4.39).
This interdigitation is partly a result of the fact that the
long axes of the ameloblasts are not parallel to the long
axes of the rods (Figs 4.40 and 4.41). The projections of
the ameloblasts into the enamel matrix have been named
Tomes’ processes. It was once believed that these pro-
cesses were transformed into enamel matrix, but more
recent electron microscopic studies have demonstrated
that matrix synthesis and secretion by ameloblasts are
very similar to the same processes occurring in other
protein-secreting cells. Although Tomes’ processes are
partly delineated by incomplete septa (Fig. 4.40), they
also contain typical secretion granules as well as rough
endoplasmic reticulum and mitochondria (Figs. 4.42B
and 4.47B).
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Figure 4.37 Electron micrographs of ameloblasts in later stage of differentiation than those in Fig. 4.35. (A) Ameloblasts (A) at
left still retain their processes, while those at right, at a slightly later stage of differentiation, have smooth surfaces facing dentin
(D). (Approximately x 2700) (B) Higher magnification of region similar to that in (A). In this decalcified section, dentin (D) is pale
and islands of enamel matrix (E) are more darkly stained (Approximately X 12,000) (From Kallenbach E: Am J Anat 145:283,

1976).
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Figure 4.38 Basement membrane of dental papilla can be followed on outer surface of dentin, forming dentinoenamel membrane
(From Orban B. Sicher H, and Weinmann JP: J Am Coll Dent 10:13, 1943).

Figure 4.40 Electron micrograph of ends of ameloblasts and
adjacent enamel in developing human deciduous tooth. Posi-
tions of ameloblast cell membranes (arrows) indicate that

Figure 4.39 ‘Picket fence’ arrangement of Tomes’ processes. cells are nearly perpendicular to long axes of rods, R. An in-

Rods are at angle to ameloblasts and Tomes’ processes. complete septum, S, can be seen, indicating approximate

(From Orban B, Sicher H, and Weinmann JP: J Am Coll Dent position of Tomes’ processes, P (Approximately x16,000)

10:13, 1943). (From Rénnholm E: J Ultrastruct Res 6:249, 1962).



Figure 4.41 Drawing derived from Fig. 4.40. Dark lines indi-
cate rod boundaries, R, and ameloblast cell surfaces, A, as
well as incomplete septum near distal end of ameloblast at
left. Gray lines indicate approximate orientation of apatite
crystals, C.
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The junctional complexes which encircle the amelo-
blast at their distal and proximal ends have fine radiating
actin filaments extending into the cytoplasm, forming
webs. These serve to control the substances that pass be-
tween ameloblast and enamel. The juctional complexes
which form at the distal end are called distal terminal bars.
These terminal bars separate the Tomes’ processes from
the cell proper (Fig. 4.42A).

Secretions from areas close to junctional complexes
and from adjacent ameloblasts form the interrod enamel.
They occur earlier and serve to outline the pit into which
secretions from Tomes’ process occur later to form the
enamel rod. The distal portion of the Tomes’ process
lengthens and becomes narrower due to growth of
crystals pressing against the wall of the pit, narrowing it,
resulting in narrower rods.

The shape of the Tomes’ process in the outer enamel
gets altered, they appear to have ovoid profiles and its
orientation to the cell body changes in that they become
straighter.

Figure 4.41 is a drawing derived from the electron mi-
crograph in Figure 4.40. It is clear from this sketch that at
least two ameloblasts are involved in the synthesis of each
enamel rod. If the surface of developing enamel is exam-
ined in the scanning electron microscope, which permits
a three-dimensional visualization of the surface, the de-
pressions resulting from the presence of Tomes’ processes
are quite obvious. One interpretation of the relationships
between the key hole-shaped enamel rods and the roughly
hexagonal ameloblasts is indicated in Figure 4.42. The

Figure 4.42 (A) Formation of Tomes’ processes and terminal bars as first step in enamel rod formation. Rat incisor. (B) Electron
photomicrograph showing an early stage in formation of enamel in lower incisor of rat. At this stage, dentin (at bottom of pho-
tomicrograph) is well developed. Enamel, e, appears as a less dense layer on surface of dentin and consists of thin, ribbon-
shaped elements running more or less perpendicular to dentinoenamel junction and masses of a less dense stippled material,
S. Separating enamel from cytoplasm of ameloblasts, which occupies most of upper part of photomicrograph, is ameloblast
plasma membrane. Parts of three ameloblasts are shown. In middle of photomicrograph in region bounded by membranes of
three ameloblasts lies another mass of stippled material, S1, while a second mass, S2, lies at right, surrounded by membrane,
but within bounds of ameloblast. Numerous small, membrane-bound granules lie within cytoplasm. Contents of these have
same general consistency as stippled material, but rather higher density. It is possible that these represent unsecreted granules
of stippled material, which in turn is a precursor of enamel matrix (X 24,000) (A from Orban B, Sicher H, and Weinmann JP:
J Am Coll Dent 10:13, 1943; B from Watson ML: J Biophys Biochem Cytol 7:489, 1960).
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bulk of the ‘head’ of each rod is formed by one amelo-
blast, whereas three others contribute components to the
‘tail’ of each rod. According to this interpretation, each
rod is formed by four ameloblasts, and each ameloblast
contributes to four different rods.

Ameloblasts covering maturing enamel

At the light microscope level one can see that the amelo-
blasts over maturing enamel are considerably shorter
than the ameloblasts over incompletely formed enamel
(Fig. 4.44). In the electron microscope, several sub-
stages can be identified in the transition of ameloblasts
from the formative stage through the maturative stage
(Fig. 4.47). The changes occurring in the ameloblasts
after secretory stage and prior to the onset of matura-
tion process are called transition stage. During this stage
ameloblasts reduce in height, enamel secretion stops
completely and the process of amelogenin removal
starts. About 50% of ameloblasts undergo apoptosis.
The organelles involved in protein synthesis undergo
autophagocytosis. Ameloblasts deposit a basal lamina,
which adheres to the enamel surface and the ameloblast
attaches to the basal lamina by hemidesmosomes.

Ameloblasts alternate cyclically in developing smooth
and ruffled borders in the apical cytoplasm during the
maturative stage in a cervicoincisal direction. These
changes are referred to as modulation. Modulation be-
tween the two forms occur many times in a day (every
5 to 7 hours). The period of maturation is much longer
(about twice/thrice) than the secretory phase. The ruffle
ended ameloblasts have their villous surface packed with
mitochondria (Figs 4.45 and 4.46). They have proximal
junctions leaky and distal junctions tight while the
arrangement is just the opposite in the smooth ended
ameloblast, they possess leaky distal and tight proximal
junctions. The ruffle ended ameloblasts show numerous
lysosomes and possess endocytic activity. They also pro-
mote calcium entry into the forming enamel. The smooth
ended ameloblasts have little endocytic activity but leak
small proteins and water into the forming enamel. They
do not show calcium pumping activity. Calcium ions pass
actively through the ruffle ended ameloblasts and pas-
sively through the sides of the smooth ended ameloblast
to the mineralizing front. Ruffle ended ameloblasts
secrete bicarbonate ion to keep the mineralizing front
alkaline, prevent acidification and thereby helps to keep
the mineralization process to continue.

Ameloblasts secrete proteases of different types of
which metalloproteinases and serine proteases are im-
portant. Metalloproteinases alter the basic structure of
amelogenenins by hydrolysis into many low molecular
weight fragments. Serine proteases function as bulk di-
gestive enzymes to clear matrix proteins from intercrystal
spaces. It degrades the enamel proteins into small poly-
peptides to be absorbed by the ruffle ended ameloblast
and through leaky distal junctions as well as through the
basolateral surfaces of the smooth ended ameloblasts.

Membrane bound proteins present in the ameloblasts
like CD63, annexin A2 and lysosomal associated glycopro-
tein 1 interact with secreted proteins to initiate removal
of the organic matrix. The understanding of these signal-
ing system are of great importance in understanding
experimental tooth regeneration.

Figure 4.43 Drawing illustrating one interpretation of relation-
ships between enamel rods and ameloblasts. Cross-sections
of ameloblasts are indicated by thin lines arranged in regular
hexagonal array. Enamel rods are indicated by thicker curved
black lines, outlining keyhole-or paddle-shaped rods. Gray
lines indicate approximate orientation of enamel crystals,
which are parallel to long axes of rods in their ‘bodies’ and
approach a position perpendicular to long axes in ‘tails.” One
can see that each rod is formed by four ameloblasts and that
each ameloblast contributes to four different rods (Modified
from Boyde A: In Stack MV and Fearnhead RW, editors: Tooth
enamel, Bristol, 1965, John Wright & Sons Ltd).

The fact that organic components as well as water are
lost in mineralization is a striking difference between
enamel and other mineralized tissues. Over 90% of the
initially secreted protein is lost during enamel maturation,
and that which remains forms envelopes around individ-
ual crystals (Fig. 4.10), although there may be a higher
content of organic matter in the area of the prism sheath
where the abrupt change in crystal orientation occurs.

Mineralization and maturation of the enamel matrix

Mineralization of the enamel matrix takes place in two
stages, although the time interval between the two appears
to be very small. In the first stage an immediate partial
mineralization occurs in the matrix segments and the in-
terprismatic substance as they are laid down. No matrix
vesicles are observed in enamel formation and no unmin-
eralized matrix like that of predentin or osteoid is seen
during enamel formation. Therefore, apatite crystals are
not preformed when they are released by the secretory
granules. Nucleation is initiated by the apatite crystallites
of dentin on which enamel is laid.

Chemical analyses indicate that the initial influx may
amount to 25-30% of the eventual total mineral content. It
has been shown recently by electron microscopy and dif-
fraction that this first mineral actually is in the form of
crystalline apatite (Fig. 4.50A). However, other studies have
shown that the initial mineral is octacalcium phosphate.
The octacalcium may act as a template for hydroxyapatite.
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Figure 4.44 Light micrographs of various stages in life cycle of ameloblasts, F, in rat incisor matched with microradiographs of
corresponding adjacent enamel, E, and dentin, D. (A) Ameloblasts are secreting enamel, which is incompletely formed. Enamel
is less radiopaque than dentin, indicating that it is less mineralized. (B) In area of enamel maturation, ameloblasts are shorter,
and enamel matrix is about as heavily mineralized as dentin. (C) In area in which ameloblasts are in protective stage, enamel is
fully mineralized and is much more radiopaque than underlying dentin (All approximately X 260).

Figure 4.45 Electron micrograph of ameloblasts during stage of
enamel maturation. Enamel has been lost during demineraliza-
tion. Cells are covered at their surfaces adjoining enamel, E, and
on their lateral surfaces by numerous microvilli (Approximately
X 3400) (From Reith EJ: J Biophys Biochem Cytol 9:825, 1961).
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Figure 4.46 Higher magnification of electron micrograph of
ends of ameloblasts during stage of enamel maturation. Ad-
jacent to enamel, E, are elaborate cell processes of amelo-
blasts, P, as well as numerous mitochondria within ameloblast
cytoplasm, M. Granular material, possibly being resorbed, is
seen both between cell processes and within ameloblast
cytoplasm, G. This structure is typical of resorptive cells
(Approximately X 36,000) (From Reith EJ: J Cell Biol 18:691,
1963).
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Figure 4.47 Drawings of electron micrographs of enamel organ of rat incisor. Five substages have been identified from forma-
tive to maturative. (A) Overview of enamel organ. (B) Individual ameloblasts from five substages. Organelles: AG, absorption
granules; AP, apical contact specialization (hemidesmosomes); AV, autophagic vacuoles (lysosomes); BTJ, bulb type of con-
tacts; CV, coated (absorptive?) vesicles; D, desmosomes; DG, dense (secretory) granules; G, Golgi apparatus; GER, granular
(rough) endoplasmic reticulum; Gr, pale (secretory?) granules; L4, Ly, Ls, lysosomes; LG, lipid granules; M, mitochondria; MG,
mitochondrial granules; SB, striated border; TB, terminal bars; TJ, tight junctions; TW, terminal web (From Reith EJ: J Ultrastruct
Res 30:111, 1970).



It is however unstable and convert into hydroxyapatite; one
unit of it forming two units of hydroxyapatite.

The second stage, or maturation, is characterized by
the gradual completion of mineralization (Fig. 4.44).
The process of maturation starts from the height of the
crown and progresses cervically (Fig. 4.48). However, at
each level, maturation seems to begin at the dentinal
end of the rods. Thus there is an integration of two pro-
cesses: each rod matures from the depth to the surface,
and the sequence of maturing rods is from cusps or incisal
edge toward the cervical line.

Maturation begins before the matrix has reached its
full thickness. Thus it is going on in the inner, first-
formed matrix at the same time as initial mineralization
is taking place in the outer, recently formed matrix. The
advancing front is at first parallel to the dentinoenamel
junction and later to the outer enamel surface. Follow-
ing this basic pattern, the incisal and occlusal regions
reach maturity ahead of the cervical regions (Fig. 4.49).

At the ultrastructural level, maturation is character-
ized by growth of the crystals seen in the primary
phase (Fig. 4.50A). The original ribbon-shaped crystals
increase in thickness more rapidly than in width
(Fig. 4.51). The crystals increase in size from 1.5 to
25 pm during the maturative phase. Tuftelin an acidic
enamel protein localized to the DE] has been reported
to participate in the nucleation of enamel crystals.
Other enamel proteins regulate enamel mineralization
by binding to specific surfaces of the crystal and inhibit-
ing further deposition.

The rate of formation of enamel is 4 pm/day, there-
fore to form a layer of enamel of 1 mm thickness it would
take about 240 days. The rate of enamel formation is
more in permanent teeth than in deciduous teeth.

The crystal sizes increase further after tooth eruption
due to ionic exchange with saliva.

Figure 4.48 Microradiograph of ground section through de-
veloping deciduous molar. From gradation in radiopacity,
maturation can be seen to progress from dentinoenamel junc-
tion toward enamel surface. Mineralization is more advanced
occlusally than in cervical region. Lines A, B, and C indicate
planes in which actual microdensitometric tracings were
made. Black X, Cusp area. White X, Cervical area (X15) (From
Hammarlund-Essler E: Trans R Schools Dent, Stockholm and
Umea 4:15, 1958).
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Figure 4.49 Diagram showing pattern of mineralization of
incisor tooth. Stippled zones, Consecutive layers of partly
mineralized enamel matrix. Black areas, Advance of final
mineralization during maturation (From Crabb HSM: Proc R
Soc Med 52:118, 1959; and Crabb HSM and Darling Al: Arch
Oral Biol 2:308, 1960).

Concomitantly the organic matrix gradually becomes
thinned and more widely spaced to make room for the
growing crystals. Chemical analysis shows that the loss in
volume of the organic matrix is caused by withdrawal of
a substantial amount of protein as well as water.

Amelogenesis is unique in many ways. The secretory
cell is an epithelial cell whereas all other secretory cells
of hard tissues are ectomesenchymal. Noncollagenous
proteins are involved in mineralization of enamel
whereas in all other hard tissues collagen plays an im-
portant role. The matrix of enamel does not contain
collagen; in other hard tissues collagen is the major pro-
tein. The matrix of enamel is partially mineralized; in
other hard tissues the matrix is nonmineralized. Enamel
therefore lacks a distinct organic phase like osteoid,
predentin or cementoid. There is no absorption of se-
creted matrix in other hard tissues but in enamel forma-
tion 90% of secreted matrix is absorbed and this activity
is done by ameloblasts itself. After formation of enamel,
ameloblasts undergo apoptosis; hence enamel forma-
tion does not occur later on. In other hard tissues
formation occurs throughout life.

CLINICAL CONSIDERATIONS

Clinical interest in amelogenesis is centered primarily on
the perfection of enamel formation. Although there is
relatively little the dentist can do directly to alter the
course of events in amelogenesis, it may be possible to
minimize certain factors believed to be associated with
the etiology of defective enamel structure. The principal
expressions of pathologic amelogenesis are hypoplasia,
which is manifested by pitting, furrowing, or even total
absence of the enamel, and hypocalcification, in the
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Figure 4.50 Electron photomicrographs illustrating difference between short, needle-like crystals laid down in newly deposited
enamel matrix (A) and long, ribbon-like crystals seen in mature enamel (B) (X 70,000).

Figure 4.51 Electron photomicrographs of transverse sections through enamel rods in rat incisor showing three stages in growth
of apatite crystals during enamel maturation. From (A) (recently formed enamel) through (C) (more mature enamel) crystals in-
crease in thickness more rapidly than in width. Spaces between crystals will become even smaller as maturation is completed
(X240,000) (Modified from Nylen MU, Eanes ED, and Omnell K-A: J Cell Biol 18:109, 19683).



form of opaque or chalky areas on normally contoured
enamel surfaces. The causes of such defective enamel
formation can be generally classified as systemic, local, or
genetic. The most common systemic influences are nu-
tritional deficiencies, endocrinopathies, febrile diseases,
and certain chemical intoxications. It thus stands to rea-
son that the dentist should exert his or her influence to
ensure sound nutritional practices and recommended
immunization procedures during periods of gestation
and postnatal amelogenesis. Chemical intoxication of
the ameloblasts is not prevalent and is limited essentially
to the ingestion of excessive amounts of water borne
fluoride. Where the drinking water contains fluoride in
excess of 1.5 parts per million, chronic endemic fluorosis
may occur as a result of continuous use throughout the
period of amelogenesis. In such areas it is important to
urge substitution of water with levels of fluoride (about 1
part per million) well below the threshold for fluorosis,
yet optimal with regard to protection against dental car-
ies (see discussion of clinical considerations in section on
histology).

Since it has been realized that enamel development
occurs in two phases, that is, matrix formation and matu-
ration, developmental disturbances of the enamel can be
understood more fully. If matrix formation is affected,
enamel hypoplasia will ensue. If maturation is lacking or
incomplete, hypocalcification of the enamel results. In
the case of hypoplasia a defect of the enamel is found. In
the case of hypocalcification a deficiency in the mineral
content of the enamel is found. In the latter the enamel
persists as enamel matrix and is therefore soft and acid
insoluble in routine preparation after formalin fixation.

Hypoplasia as well as hypocalcification may be caused
by systemic, local, or hereditary factors. Hypoplasia of
systemic origin is termed ‘chronologic hypoplasia’ be-
cause the lesion is found in the areas of those teeth
where the enamel was formed during the systemic (meta-
bolic) disturbance. Since the formation of enamel ex-
tends over a longer period and the systemic disturbance
is, in most cases, of short duration, the defect is limited
to a circumscribed area of the affected teeth. A single
narrow zone of hypoplasia (smooth or pitted) may be
indicative of a disturbance of enamel formation during a
short period in which only those ameloblasts that at that
time had just started enamel formation were affected.
Multiple hypoplasia develops if enamel formation is in-
terrupted on more than one occasion.

No specific cause of chronologic hypoplasia has been
established as yet. Recent investigations have demon-
strated that exanthematous diseases are not so fre-
quently a cause of enamel hypoplasia as was commonly
believed. The more frequent causes are said to be rick-
ets and hypoparathyroidism, but hypoplasia cannot be
predicted with any reliability even in the most severe
forms of those diseases.

The systemic influences causing enamel hypoplasia
are, in the majority of cases, active during the first year of
life. Therefore the teeth most frequently affected are the
incisors, canines, and first molars. The upper lateral
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incisor is sometimes found to be unaffected because its
development starts later than that of the other teeth
mentioned.

Local factors affect single teeth, in most cases only one
tooth. If more than one tooth is affected by local hypopla-
sia, the location of the defects shows no relation to chro-
nology of development. The cause of local hypoplasia
may be an infection of the pulp with subsequent infection
of the periapical tissues of a deciduous tooth if the irrita-
tion occurred during the period of enamel formation of
its permanent successor.

The hereditary type of enamel hypoplasia is probably a
generalized disturbance of the ameloblasts. Therefore
the entire enamel of all the teeth, deciduous as well as
permanent, is affected rather than merely a belt-like zone
of the enamel of a group of teeth, as in systemic cases.
The anomaly is transmitted as a mendelian dominant
character. The enamel of such teeth is so thin that it can-
not be noticed clinically or in radiographs. The crowns of
the teeth of affected family members are yellow-brown,
smooth, glossy, and hard, and their shape resembles teeth
prepared for jacket crowns.

An example of systemic hypocalcification of the
enamel is the so-called mottled enamel. A high fluoride
content in the water is the cause of the deficiency in cal-
cification. Fluoride hypocalcification is endemic; that is,
it is limited in its distribution to definite areas in which
the drinking water contains more than 1 part of fluoride
per 1 million parts of water. It has been demonstrated
that a small amount of fluoride (about 1 to 1.2 parts per
million) reduces susceptibility to dental caries without
causing mottling. For this reason many communities are
adding small quantities of fluoride to the community
water supplies.

The same local causes that might affect the formation
of the enamel can disturb maturation. If the injury oc-
curs in the formative stage of enamel development, hy-
poplasia of the enamel will result. An injury during the
maturation stage will cause a deficiency in calcification.

The hereditary type of hypocalcification is character-
ized by the formation of a normal amount of enamel ma-
trix that, however, does not fully mature. Such teeth, if
investigated before or shortly after eruption, show a nor-
mal shape. Their surfaces do not have the luster of normal
enamel but appear dull. The enamel is opaque. The hypo-
calcified soft enamel matrix is soon discolored, abraded by
mastication, or peeled off in layers. When parts of the soft
enamel are lost, the teeth show an irregular, rough sur-
face. When the enamel is altogether lost, the teeth are
small and brown, and the exposed dentin is extremely
sensitive.

The discoloration of teeth from administration of
tetracyclines during childhood is a very common clini-
cal problem. Whereas usually this discoloration is be-
cause of deposition of tetracycline in the dentin, a
small amount of the drug may be deposited in the
enamel. In mild cases, the use of some of the newly
developed surface-binding restorative materials can
produce good esthetic results.
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Inorganic and Organic Constituents

The inorganic part of enamel containing hydroxyapatite
makes up to 96% by weight. The organic part consists mainly
of protein and water. The organic part is present between and
around the crystals. The proteins of enamel are of two main
types—amelogenins and the nonamelogenins. Amelogenins
constitute for 90% of enamel proteins. They are hydrophobic
and are of low molecular weight whereas nonamelogenins
are high molecular weight proteins. The crystals of hydroxy-
apatite are hexagonal in cross-section.

Structure of Enamel Rods

The crystals are grouped into enamel prisms or rods. The num-
ber of enamel prisms in a tooth like permanent maxillary first
molar is estimated to be around 12 million and the average
thickness of each rod is 4 wm. The enamel prisms appear as
segmental rods in longitudinal section and in cross-section they
appear as oval, fish scale or keyhole shaped. The prisms are
covered by prism sheath or rod sheath and interprismatic sub-
stance is said fo be present between prisms. These areas are
rich in organic matter. In LS crossstriations, demarcate the
prisms and they represent secretion of enamel in a time interval.

Incremental Lines of Retzius

The incremental lines called striae of Retzius, which denote
rest periods between periods of activity, appear concentric in
cross-section and run obliquely from dentinoenamel junction
to the surface (incomplete striae) or course around the tooth
(complete striae). The meeting of incomplete striae produces
many surface elevations and between it are depressions.
These are known as perikymata. Apart from these there are
other surface structures like enamel caps, brochs, and pits. A
delicate membrane called Nasmyth’s membrane or primary
enamel cuticle covers the entire newly formed crown. Neona-
tal line is also a prominent incremental line denoting the
prolonged period of rest during birth. Hence it is seen in
deciduous teeth and in first permanent molars only.

Course of Prisms and Hunter - Schreger
Bands

The prisms follow a wavy course from dentinoenamel junction
alternatively bending to left and right. The prisms on the ad-
jacent rows, bends in opposite directions giving rise to alter-
nating dark and light bands, when viewed in reflected or
polarized light. The bands are called Hunter-Schreger
bands. In the outer third of enamel, the prisms do not bend,
hence these bands are absent. The prisms are arranged in a
direction perpendicular to the dentin surface and in such a
way that the heads are directed towards occlusal and tail
towards cervical.

Prismless Enamel

The outermost layer and in the first layer of enamel the hy-
droxyapatite crystals are not arranged in the form of prisms,
hence they are referred to as prismless enamel. In certain
areas, the prisms appear to be twisted and these are known
as gnarled enamel.

Structures Related to Dentino enamel Junction-
Tufts, Lamella and Spindles

From the dentinoenamel junction certain structures, rich in or-
ganic matter hence collectively called hypocalcified structures,

are seen. These are enamel tufts, enamel lamella and enamel
spindles. Enamel tufts are ribbon shaped and are due to ad-
aptations to spatial conditions of enamel and are well appre-
ciated in cross-sections. The enamel spindles are extension of
odontoblastic process into the enamel. Enamel lamellae are
leaf-ike structures but appears as cracks and develop in
planes of tension. These are of three types A, B and C and
extend from surface up to or beyond dentinoenamel junction
into dentin. Type A and B are produced during enamel forma-
tion and type C is produced after eruption. Enamel lamellae
may predispose to caries.

Age Changes

The age changes in the enamel include decrease in permeabil-
ity and loss of enamel due to mechanical wear (abrasion),
physiological wear (attrition) and chemical wear (erosion).

Amelogenesis

Amelogenesis is the formation of enamel, which includes
enamel matrix production and mineralization. It occurs during
the advanced bell stage of tooth development and the entire
process is under genetic control. Reciprocal epithelial-mesen-
chymal interactions lead to differentiation of odontoblasts and
ameloblasts. Message is sent by preameloblasts to newly dif-
ferentiated odontoblasts, which lay down predentin. This, in
turn, causes the differentiation of secretory ameloblasts, which
secrete enamel matrix over the newly formed dentin. The apo-
tite crystals of the matrix are not organized into prisms, hence
they are referred to as aprismatic enamel.

Tomes’ Process

After the initial enamel matrix is laid down, ameloblasts de-
velop cone-like projections called Tomes’ process. All enamel
matrix secretions from then on occurs through the Tomes’
process. The enamel matrix is a partially mineralized matrix
(25 to 30% calcified). The important proteins secreted by the
ameloblasts are amelogenins, ameloblastin and enamelin.
The secreted proteins undergo degradation by enzymes like
metalloproteinases and serine proteases into smaller low
molecular weight fragments.

Formation of Prisms

From each Tomes' process parts of four prisms are formed:
head of one prism and tails of the other three. For the forma-
tion of one prism four Tomes' process are involved. The amelo-
blasts retreat towards the surface at an angle. Since the matrix
is partially calcified this retreating movement causes the forma-
tion of prisms. The interprismatic substance is from areas close
to junctional complexes and from adjacent ameloblasts.

Maturation of Enamel

After the full thickness of enamel matrix is laid down, it un-
dergoes complete mineralization or maturation. During this
process the ameloblasts develop villous projections on their
secrefory surface. They are now known as ruffle ended am-
eloblasts. Most of the proteins secreted (over 90%) espe-
cially amelogenins and water are absorbed. The pressure
from the growing crystals squeezes out the matrix which is
in the form of thixotropic gel. The crystals increase in size
from 1.5 to 25 pm. During maturation the ameloblasts alter-
nate cyclically from ruffle ended to smooth ended amelo-
blasts. This process is called modulation. Enamel proteins



like tuftelin help in mineralization while other proteins regu-
late the growth of crystals. The minerals find their way first
between and then through the ameloblasts to the mineraliz-
ing front. The last layer of enamel formed is not from Tomes’
process, hence it is aprismatic enamel.

Unique Features of Amelogenesis

Amelogenesis is unique in that the secretory cell is an epithelial
cell while all other secretory cells producing hard tissues are
ectomesenchymal. In enamel mineralization only noncollage-
nous proteins are involved; in all other hard tissues collagen
plays an important part. After formation of enamel the amelo-
blasts undergo apoptosis, therefore there is no formation later
in life unlike in other hard fissues.

Life Cycle of Ameloblasts
The ameloblast's life cycle is divided into six stages: morpho-
genetic; which is prior to differentiation, organizing stage in

Chapter 4 — Enamel 71

which the cell differentiates into ameloblasts; a formative
stage in which enamel formation occurs; a maturative stage
in which complete mineralization occurs, protective stage; in
which ameloblasts become part of condensed enamel organ
(reduced enamel epithelium) to protect the newly formed
crown and the desmolytic stage in which the reduced enamel
epithelium creates a pathway for the eruption of the teeth. In
the differentiation into ameloblasts the cell undergoes morpho-
logical change (becomes tall columnar), cytological changes
(acquires organelles for protein synthesis) and biochemical
changes (enzymes involved in mineralization identified).

Defective Amelogenesis

Infections, trauma, chemicals like fluoride and metabolic
changes involving calcium or phosphorus affect ameloblasts
easily. They produce decreased thickness of enamel called
enamel hypoplasia or decreased mineralization called
enamel hypomineralization.

REVIEW QUESTIONS

1. Describe the microscopic ultrastructure and course of
enamel rods.
2. Write notes on:
Physical properties of enamel
Striae of Retzius
Neonatal line
Hunter-Schreger bands
Enamel lamellae
Enamel tufts
Perikymata
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The dentin provides the bulk and general form of the
tooth and is characterized as a hard tissue with tubules
throughout its thickness. Since it begins to form slightly
before the enamel, it determines the shape of the crown,
including the cusps and ridges, and the number and size
of the roots. As a living tissue it contains within its tubules
the processes of the specialized cells, the odontoblasts.
Although the cell bodies of the odontoblast are arranged
along the pulpal surface of the dentin, the cells are mor-
phologically cells of the dentin, because the odontoblasts
produce the dentin as well as the odontoblast processes
casting within it. Physically and chemically the dentin
closely resembles bone. The main morphologic differ-
ence between bone and dentin is that some of the osteo-
blasts exist on the surface of bone, and when one of
these cells becomes enclosed within its matrix, it is called
an osteocyte. The odontoblasts’ cell bodies remain exter-
nal to dentin, but their processes exist within tubules in
dentin. Both are considered vital tissues because they
contain living protoplasm.

PHYSICAL AND CHEMICAL PROPERTIES

In the teeth of young individuals the dentin usually
is light yellowish in color, becoming darker with age.
Unlike enamel, which is very hard and brittle, dentin is
viscoelastic and subject to slight deformation. It is some-
what harder than bone but considerably softer than
enamel. Dentin hardness varies slightly between tooth
types and between crown and root dentin. Dentin is
somewhat harder in its central part than near the pulp or
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on its periphery. The dentin of primary teeth is slightly
less hard than that of permanent teeth. The lower con-
tent of mineral salts in dentin renders it more radiolu-
cent than enamel. Dentin consists of 35% organic matter
and water and 65% inorganic material.

The organic substance consists of collagenous fibrils
embedded in the ground substance of mucopolysaccha-
rides (proteoglycans and glycosaminoglycans). Type I
collagen is the principal type of collagen found in the
dentin. The important constituents of the ground sub-
stance are the proteoglycans: chondroitin sulfates, deco-
rin and biglycan; glycoproteins: dentin sialoprotein
(DSP), osteonectin, osteopontin; phosphoproteins: den-
tin phosphoprotein (DPP), gamma carboxyglutamate
containing proteins (Gla-proteins) and phospholipids.
The protein of dentin matrix and bone are similar, but
dentin sialoprotein and dentin phosphoprotein are pres-
ent only in dentin. In addition, the matrix contains
growth factors like transforming growth factor (TGF),
fibroblast growth factor (FGF), insulin-like growth fac-
tors (IGFs), bone morphogenic proteins (BMPs), epider-
mal growth factor (EGF), platelet derived growth factor
(PDGF), placenta growth factor (PLGF), vascular endo-
thelial growth factor (VEGF), and angiogenic growth
factor (AGF). The matrix components have important
roles to play in mineralization of dentin.

The inorganic component has been shown by X-ray dif-
fraction to consist of hydroxyapatite, as in bone, cemen-
tum, and enamel. Each hydroxyapatite crystal is composed
of several thousand unit cells. The unit cells have a for-
mula of 3Cas (PO,)s - Ca (OH),y. The crystals are plate
shaped and much smaller than the hydroxyapatite crystals



in enamel. Dentin also contains small amounts of phos-
phates, carbonates, and sulfates. The crystals are poor in
calcium but rich in carbon when compared to enamel.

Organic and inorganic substances can be separated by
either decalcification or incineration. In the process of de-
calcification the organic constituents can be retained and
maintain the shape of the dentin. This is why decalcified
teeth and bone can be sectioned and provide clear histo-
logic visualization. The enamel, being over 90% mineral in
composition, is lost after decalcification.

STRUCTURE

The dentinal matrix of collagen fibers is arranged in a
network. As dentin calcifies, the hydroxyapatite crystals
mask the individual collagen fibers. Collagen fibers are
only visible at the electron microscopic level.

The bodies of the odontoblasts are arranged in a layer
on the pulpal surface of the dentin, and only their cyto-
plasmic processes are included in the tubules in the
mineralized matrix. Each cell gives rise to one process,
which traverses the predentin and calcified dentin within
one tubule and terminates in a branching network at the
junction with enamel or cementum. Tubules are found
throughout normal dentin and are therefore character-
istic of it.

Dentinal tubules

The course of the dentinal tubules follows a gentle curve
in the crown, less so in the root, where it resembles
a gentle S (sigmoid course) in shape (Fig. 5.1). These
curvatures are called primary curvatures. Starting at right
angles from the pulpal surface, the first convexity of
this doubly curved course is directed toward the apex of
the tooth. These tubules end perpendicular to the denti-
noenamel and dentinocementum junctions. Branches
of the dentinal tubules near the terminals are referred
to as terminal branches. The terminal branching is more
profuse in the root dentin than in the coronal dentin.
Near the root tip and along the incisal edges and cusps
the tubules are almost straight. Over their entire lengths
the tubules exhibit minute, relatively regular secondary
curvatures that are sinusoidal in shape. The tubules are
longer than the dentin, and are thick because they curve
through dentin. The dentin ranges in thickness from
3 to 10 mm or more. Dentin showed variation in thick-
ness between the sexes, it was thicker in boys than girls of
similar age group and this increased during puberty.
Dentin thickness varied not only from tooth to tooth but
also in different surfaces of the same tooth. The buccal
surfaces showed maximum thickness, followed by lin-
gual, and there was no difference in thickness between
mesial and distal surfaces.

The ratio between the outer and inner surfaces of
dentin is about 5:1. Accordingly, the tubules are farther
apart in the peripheral layers and are more closely
packed near the pulp (Fig. 5.1). In addition, they are
larger in diameter near the pulpal cavity (3 to 4 pm) and
smaller at their outer ends (1pwm). The ratio between the
numbers of tubules per unit area on the pulpal and
outer surfaces of the dentin is about 4:1. Near the pulpal
surface of the dentin the number per square millimeter
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Figure 5.1 Diagram illustrating the curvature, size, and
distance between dentinal tubules in human outer (A), mid
(B), and inner dentin (C). The tubules are approximately 1 pm
in diameter at the dentinoenamel junction (DEJ), 1.5 to 2 pym
midway through dentin, and 1.5 to 3 pm at the pulp. Bacterial
penetration (D) follows line of least resistance to reach the
pulp. Note that cut tubules in the floor and walls ofa cavity
may be different; 1 mm? of cavity exposes 30,000 tubules.

varies between 50,000 and 90,000. There are more
tubules per unit area in the crown than in the root. The
dentinal tubules have lateral branches throughout dentin,
which are termed canaliculi or microtubules. These
canaliculi are 1 pwm or less in diameter and originate
more or less at right angles to the main tubule every 1 to
2 wm along its length (Fig. 5.2A and B). Some of them
enter adjacent or distant tubules while others end in
the intertubular dentin. A few odontoblastic processes
extend through the dentinoenamel junction into the
enamel for several millimeters. These are termed enamel

spindles.

Peritubular dentin

The dentin that immediately surrounds the dentinal tu-
bules is termed peritubular dentin. This dentin forms the
walls of the tubules in all but the dentin near the pulp. It
is more highly mineralized (about 9%) than the dentin
present between the tubules (the intertubular dentin).
Peritubular dentin differs from intertubular dentin by its
matrix composition. The crystal arrangement appears to
be similar.

It is twice as thick in outer dentin (approximately
0.75 pm) than in inner dentin (0.4 wm). By its growth, it
constricts the dentinal tubules to a diameter of 1 pm
near the dentinoenamel junction. Studies with soft
X-rays and with electron microscope show the increased
mineral density in the peritubular dentin (Fig. 5.3).
Since the deposition of the minerals occurs in the inner
wall of the tubule rather on the outer wall, the term
‘intratubular dentin’ is considered to be more appropri-
ate than the term peritubular dentin.

A very delicate organic matrix has been demonstrated
in this dentin that along with the mineral is lost after
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Figure 5.2 (A) Photomicrograph of the ground sections showing (A) secondary curvatures and lateral branches of dentinal tu-
bules (x400). (B) Terminal Y-shaped branching of dentinal tubules and secondary curvatures (x400).

decalcification (Fig. 5.3B). After decalcification the odon-
toblast process appears to be surrounded by an empty
space. In demineralized dentin visualized with a light
microscope, the tubule diameter will therefore appear
similar in inner and outer dentin because of the loss
of the peritubular dentin. This is important clinically,
as etching of a cavity floor will open up the tubules.
When peritubular dentin is visualized ultrastructurally in
a calcified section of a tooth, the densely mineralized
peritubular dentin appears structurally different than
the intertubular dentin. The collagen fibers in the tu-
bule wall are masked in peripheral dentin. A comparison
of the tubule wall in inner and outer dentin is shown in
Figure 5.4. Several investigators believe the calcified tu-
bule wall has an inner organic lining termed the lamina
limitans. This is described as a thin organic membrane,
high in glycosaminoglycan (GAG) and similar to the lin-
ing of lacunae in cartilage and bone. Other investigators
believe this lining in the tubules is absent or limited
and that instead only the plasma membrane of the odon-
toblast is present there.

Between the odontoblastic process and the peritubu-
lar dentin, a space known as periodontoblastic space is re-
ported to be present. This space contains the dentinal
fluid. The normal flow of the fluid is outwards from the
pulp. The dentinal fluid has a higher K* and a lower Na*
content. Dentin sensitivity is explained on the basis of
this fluid movement.

Intertubular dentin

The main body of dentin is composed of intertubular
dentin. It is located between the dentinal tubules or,
more specifically, between the zones of peritubular den-
tin. Although it is highly mineralized, this matrix, like
bone and cementum, is retained after decalcification,
whereas peritubular dentin is not. About one half of its
volume is organic matrix, specifically collagen fibers,
which are randomly oriented around the dentinal tubules
(Fig. 5.4). The fibrils range from 0.5 to 0.2 pm in diame-
ter and exhibit cross banding at 64 pm (640 A) intervals,
which is typical for collagen (Fig. 5.4A). Hydroxyapatite
crystals, which average 0.1 pm in length, are formed
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Figure 5.3 Microscopic appearance of peritubular dentin. (A) Undermineralized ground section of soft X-ray showing increased
mineral density in peritubular zone (X1000). (B) Electron micrograph of demineralized section of dentin showing loss of mineral
in peritubular zone. Organic matrix in peritubular zone is sparse (approximately X4000).

along the fibers with their long axes oriented parallel to
the collagen fibers.

Predentin

The predentin is located always adjacent to the pulp tis-
sue and is 2 to 6 pm wide, depending on the extent of
activity of the odontoblast. It is not mineralized (Fig. 5.5).

The predentin appears to be pale staining than the
mineralized dentin owing to differences in composition
of the matrix.

As the collagen fibers undergo mineralization at the
predentin-dentin junction, the predentin becomes den-
tin and a new layer of predentin forms circumpulpally.

Odontoblast process

The odontoblast processes are the cytoplasmic exten-
sions of the odontoblasts. The odontoblast cells reside in
the peripheral pulp at the pulp-predentin border and

"' Dentinal
tubules

Intertubular
dentin

Dentinal
tubules

their processes extend into the dentinal tubules (Fig. 5.5).
The processes are largest in diameter near the pulp (3 to
4 pm) and taper to approximately 1 wm further into
the dentin. The odontoblast cell bodies are approxi-
mately 7 pm in diameter and 40 pm in length. The junc-
tions between odontoblasts may be of gap junctions,
tight junctions, and desmosomal junctions. The life span
of the odontoblasts is equal to the age of the tooth as
once differentiated, they cannot undergo further divi-
sion. The odontoblastic processes narrow to about half
the size of the cell as they enter the tubules (Fig. 5.5).
There is disagreement among investigators even of now,
whether the odontoblast processes extend through the
thickness of mature human dentin. Good evidence is
shown by transmission electron microscope that dentinal
tubules 200 to 300 pm from the pulp contain processes
(Fig. 5.6A). Other investigators, using scanning electron
microscope, have shown what appear to be processes at

Intertubular

4 iy dentin
. $ __“
W
{:-‘f, 'T" — Peritubular
~ dentin

Dentinal
tubules

Figure 5.4 (A) Dentinal tubule representative of inner dentin near formative front as seen by scanning electron microscope.
Collagen fibers are evident, composing the walls of the dentinal tubules (X18,000). (B) Same dentinal tubule as in (A), further
peripheral in calcified dentin viewed by scanning electron microscope. Peritubular dentin masks collagen fibers in the tubule
wall. Observe numerous side branches (canaliculi) of dentinal tubule (X15,000) (From Boyde A: Beitr Electronmikroskop Direktabb

Oberfl 1[S]:213, 1968).
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Figure 5.5 Odontoblast processes (Tomes’ fibers) within dentinal tubules. They extend from the cell body below at the pulp-

predentin junction into the dentin above.

Figure 5.6 (A) Transmission electron micrograph of odontoblast processes in dentin tubules approximately 200 to 300 um from
the pulp. These processes contain microfilaments, a few vesicles, and an occasional mitochondrion enclosed in the plasma
membrane of the process (x = artifact, X 6000). (B) Scanning electron micrograph of odontoblast process in dentinal tubules.
Side branches of the process are seen entering the peritubular dentin.

the dentinoenamel junctions (Fig. 5.6B). Cryofractured
human teeth revealed the odontoblast process to extend
to the dentinoenamel junction. Recent studies with scan-
ning electron microscope showed that odontoblastic
process did not extend beyond the inner dentin. The

initial groups of investigators believe the findings in
Figure 5.6 represent the organic lining membrane of the
tubule (lamina limitans) and not the living process of the
odontoblast. Further investigations using immunofluo-
rescent techniques revealed tubulin (an intracellular
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Figure 5.7 Photomicrograph of ground section of tooth

shows sharp bend of dentinal tubules as they pass from pri-
mary into secondary dentin (x40).

protein of microtubules) throughout the thickness of
dentin. It is appropriate to consider that some odonto-
blast processes traverse the thickness of dentin. In other
areas a shortened process may be characteristic in tu-
bules that are narrow or obliterated by mineral deposit.
The odontoblast process is composed of microtubules
of 20 pm (200 to 250 A) in diameter and small filaments
5to 7.5 pm (50 to 75 A) in diameter. The microtubules
and intermediate filaments run longitudinally through-
out the tubules. Occasionally mitochondria, dense bod-
ies resembling lysosomes, microvesicles, and coated vesi-
cles that may open to the extracellular space are also
seen (Fig. 5.6A). The odontoblast processes divide near
the dentinoenamel junction and may indeed extend into
enamel in the enamel spindles. Periodically along the
course of the processes side branches (lateral branches)
appear that extend laterally into adjacent tubules.

PRIMARY DENTIN

Dentin which is formed before root completion is known
as primary dentin. The primary dentin are of two types—
mantle dentin and the circumpulpal dentin.

Mantle dentin is the name of the first-formed dentin
in the crown underlying the dentinoenamel junction.
This zone below the DE junction is soft and thus pro-
vides cushioning effect to the tooth. It is thus the outer
or most peripheral part of the primary dentin and is
about 20 pwm thick. The fibrils formed in this zone are
perpendicular to the dentinoenamel junction, and the
organic matrix is composed of larger collagen fibrils
than are present in the rest of the primary dentin (cir-
cumpulpal dentin). The larger diameter collagen fibers
(0.1-0.2 pm in diameter) are argyrophilic (silver
stained) and are known as von Korff’s fibers. They con-
tain mainly type III collagen. Compared to circumpulpal
dentin, mantle dentin is less mineralized. Mantle dentin
also has fewer defects than circumpulpal dentin. Unlike,
rest of the dentin, matrix vesicles are involved in the
mineralization of mantle dentin. Mantle dentin under-
goes globular mineralization whereas the circumpulpal
dentin mineralizes either by globular or linear pattern.
When the rate of formation progresses slowly, the min-
eralization front appears more uniform and the process
is said to be linear.
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TABLE 5.1 Differences between Mantle Dentin
and Predentin

Mantle Dentin Predentin

First formed dentin in the crown Located adjacent to pulp

underlying the DEJ tissue

20 ym wide 2- 6 pm wide

Fibrils are perpendicular to DEJ Fibrils are of mixed
orientation

Organic matrix composed of
larger collagen fibrils, called
KORFF’S fibers

Mantle dentin undergoes
globular mineralization

Collagen fibrils are smaller
than mantle dentin

Unmineralized dentin

Circumpulpal dentin

Forms the remaining primary dentin or bulk of the
tooth. The collagen fibrils in circumpulpal dentin are
much smaller in diameter (0.05 pm) and are more
closely packed together compared to the mantle dentin.
The circumpulpal dentin may contain slightly more min-
eral than mantle dentin (Table 5.1).

SECONDARY DENTIN

Secondary dentin is a narrow band of dentin bordering
the pulp and representing that dentin formed after root
completion. This dentin contains fewer tubules than pri-
mary dentin. There is usually a bend in the tubules
where primary and secondary dentin interface (Fig. 5.7).
Many believe that secondary dentin is formed more
slowly than primary dentin and that it looks similar to
primary dentin but contains fewer tubules. Secondary
dentin is not formed uniformly and appears in greater
amounts on the roof and floor of the coronal pulp cham-
ber, where it protects the pulp from exposure in older
teeth. The secondary dentin formed is not in response
to any external stimuli, and it appears very much like
primary dentin. Due to the regular arrangement of den-
tinal tubules, it is known as regular secondary dentin.

The apical dentin shows irregularity in the dentinal
tubules of both primary and secondary dentin.

TERTIARY DENTIN

Tertiary dentin is reparative, response, or reactive den-
tin. This is localized formation of dentin on the pulp-
dentin border, formed in reaction to trauma such as
caries or restorative procedures. This type of dentin is
described in greater detail under reparative dentin.

INCREMENTAL LINES

The incremental lines of von Ebner, appear as fine lines or
striations in dentin. They run at right angles to the den-
tinal tubules and correspond to the incremental lines in
enamel or bone (Fig. 5.8). These lines reflect the daily
rhythmic, recurrent deposition of dentin matrix as well
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Figure 5.8 (A) Diagram of incremental appositional pattern in dentin in a human deciduous central incisor in a 5-month fetus.
In the crown as much as 8 pym/day was deposited and in the root 3 to 4 pm. (B) Incremental lines in dentin. Also known as
imbrication lines or incremental lines of von Ebner. Ground section human tooth (A from Schour | and Massler M: J Am Dent

Assoc 23:1946, 1936).

as a hesitation in the daily formative process. The dis-
tance between lines varies from 4 to 8 mm in the crown
to much less in the root. The daily increment decreases
after a tooth reaches functional occlusion. The course of
the lines indicates the growth pattern of the dentin.

Opinions vary regarding the causes of the incremental
lines. Some investigators are of the opinion that the
lines are 20 w apart and, they represent a 5 day interval
in dentin formation. 2 pm organic matrix of dentin is
deposited in a 12-hour cycle, so the daily deposition is



approximately 4 pum. Dentin is similarly mineralized in a
12-hour cycle.

Occasionally some of the incremental lines are accen-
tuated because of disturbances in the matrix and miner-
alization process. Such lines are readily demonstrated in
ground sections and are known as contour lines of Owen,
(Fig. 5.9). Analysis withsoft X-ray has shown these lines to
represent hypocalcified bands. Some investigators have
shown that the contour lines of Owen are due to the co-
incidence of secondary curvatures.

Prenatal dentin —

Neonatal line

Postnatal dentin
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In the deciduous teeth and in the first permanent
molars, where dentin is formed partly before and partly
after birth, the prenatal and postnatal dentins are sepa-
rated by an accentuated contour line. This is termed
the neonatal line and is seen in enamel as well as dentin
(Fig. 5.10). This line reflects the abrupt change in envi-
ronment that occurs at birth. The dentin matrix
formed prior to birth is usually of better quality than that
formed after birth, and the neonatal line may be a zone
of hypocalcification.

/
?7} Lines of

Owen

Figure 5.10 Postnatal formed dentin is separated from prenatal formed dentin by an accentuated incremental line termed the
neonatal line (From Schour | and Poncher HG: Am J Dis Child 54:757, 1937).
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INTERGLOBULAR DENTIN

Sometimes mineralization of dentin begins in small
globular areas that fail to coalesce into a homogeneous
mass. This results in zones of hypomineralization be-
tween the globules. These zones are known as globular
dentin or interglobular spaces. This dentin forms in the
crowns of teeth in the circumpulpal dentin just below
the mantle dentin, and it follows the incremental pat-
tern (Fig. 5.11). The dentinal tubules pass uninterrupt-
edly through interglobular dentin, thus demonstrating
defect of mineralization and not of matrix formation
(Fig. 5.12). In dry ground sections, some of the globular
dentin may be lost, and a space results that appears
black in transmitted light (Fig. 5.13). Recent studies
reveal that interglobular dentin occurs most frequently
in the cervical and middle thirds followed by intercuspal
and coronal third in the crown. In roots, the highest
occurrence is seen in the cervical third followed by the
middle third (Box 5.1).

Enamel

Dentin

Cementoenamel

junction
Interglobular
dentin

Cementum

Tomes’
granular layer

Interglobular
dentin

Tomes’
granular layer

Figure 5.11 Granular layer (Tomes’) appears in root dentin a
short distance from the cementoenamel junction. The spaces
are air filled and appear black in transmitted light in a ground
section.

Figure 5.12 Globular dentin with interglobular spaces as seen
in decalcified section of dentin. Dentin tubules pass uninter-
rupted through uncalcified and hypocalcified areas.

GRANULAR LAYER

When dry ground sections of the root dentin are visual-
ized in transmitted light, a zone adjacent to the cementum
appears granular (Fig. 5.11). This is known as (Tomes’)
granular layer. This zone increases slightly in amount from
the cementoenamel junction to the root apex and is
believed to be caused by a coalescing and looping of the
terminal portions of the dentinal tubules. Such a process
is considered possible as a result of the odontoblasts turn-
ing on themselves during early dentin formation. These
areas remain unmineralized, like interglobular dentin.
The cause of development of this zone is probably similar
to the branching and beveling of the tubules at the denti-
noenamel junction. Though Tomes’ granular layer and
interglobular dentin have similarities in their formation,
they differ in their mineral content. Among the hypomin-
eralized areas, Tomes’ granular layer showed highest
concentrations of calcium and phosphorus, while inter-
globular dentin showed a higher content of sulfur. Recent
studies relate Tomes’ granular layer as a special arrange-
ment of collagen and noncollagenous matrix proteins at
the interface between dentin and cementum.

In any case the differentiating odontoblast initially in-
teracts with ameloblasts or the root sheath cells through
the basal lamina. In the crown extensive branching of
the odontoblast process occurs, and in the root there is
branching and coalescing of adjacent processes.

INNERVATION OF DENTIN

Intratubular nerves

Nerve fibers were shown to accompany 30 to 70 % of the
odontoblastic process and these are referred to as intra-
tubular nerves. Dentinal tubules contain numerous
nerve endings in the predentin and inner dentin no far-
ther than 100 to 150 pm from the pulp. Most of these
small vesiculated endings are located in tubules in the
coronal zone, specifically in the pulp horns. The nerves
and their terminals are found in close association with
the odontoblast process within the tubule. There may
be single terminals (Fig. 5.14) or several dilated and
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Figure 5.13 Photomicrogrph of ground section of tooth shows areas of interglobular dentin in the crown close to DE junction (x100).

Box 5.1

Interglobular dentin: “This is the unmineralized or hypomineral-
ized dentin where in small globular areas of dentin fail to co-
alesce into a homogeneous mass. It appears as dark rounded
masses usually with concave edges in transmitted light. The
dentinal tubules pass through it without showing any change.

constricted portions (Fig. 5.15). In either case, the nerve
endings are packed with small vesicles, either electron
dense or lucent, which probably depends on whether
there has been discharge of their neurotransmitter sub-
stance. In any case, they interdigitate with the odonto-
blast process, indicating an intimate relationship to this
cell. Synapse like relation between the process and nerve

fibers were demonstrated. It is believed that most of
these are terminal processes of the myelinated nerve fi-
bers of the dental pulp.

The primary afferent somatosensory nerves of the den-
tin and pulp project to the descending trigeminal nu-
clear complex (subnucleus caudalis).

Theories of pain transmission through dentin

There are three basic theories of pain conduction
through dentin. The first is that of direct neural stimula-
tion, by which the nerves in the dentin get stimulated.
The nerves in the dentinal tubules are not commonly
seen and even if they are present, they do not extend
beyond the inner dentin. Topical application of local
anesthetics do not abolish sensitivity. Hence this theory
is not accepted. The second and most popular theory
is the fluid or Ahydrodynamic theory. Various stimuli such

Vesiculated nerve
endings in adjacent
tubules

Figure 5.14 Nerve endings in dentinal tubules in region of predentin. The vesiculated endings are seen in adjacent tubules lying

in contact with the odontoblast processes.
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Figure 5.15 On the left two nerve endings in a dentinal tubule along with an odontoblast process. On the right a nerve ending
extends into the side branch of a dentinal tubule in region of predentin (transmission electron micrograph).

as heat, cold, air blast desiccation, or mechanical or
osmotic pressure affect fluid movement in the dentinal
tubules. This fluid movement, either inward (due to
cold stimuli) or outward (due to drying of exposed
dentinal surface), stimulates the pain mechanism in the
tubules by mechanical disturbance of the nerves closely
associated with the odontoblast and its process. Thus
these endings may act as mechanoreceptors as they are
affected by mechanical displacement of the tubular
fluid. The third theory is the transduction theory, which
presumes that the odontoblast process is the primary
structure excited by the stimulus and that the impulse
is transmitted to the nerve endings in the inner dentin.
This is not a popular theory since there are no neu-
rotransmitter vesicles in the odontoblast process to
facilitate the synapse or synaptic specialization. How-
ever, odontoblasts, by modifying the local ionic environ-
ment, alter the threshold of intradentinal nerves. The
three theories are further explained in Figure 5.16.

PERMEABILITY OF DENTIN

Dentinal tubules become occluded by growth of peritu-
bular dentin or by reprecipitation of minerals from de-
mineralized areas of dental caries. Exposed dentinal
surface becomes hypermineralized. Dentin permeability
depends upon the patency of dentinal tubules. There-
fore tubular occlusion, smear layer formation and lack of
tubular communication between primary and irregular
secondary dentin will result in reduced permeability.

Hydrodynamic

Figure 5.16 A diagram of the three main explanations of pain
transmission through dentin. On the left is shown the transduc-
tion theory in which the membrane of the odontoblast process
conducts an impulse to the nerve endings in the predentin,
odontoblast zone, and pulp. In the center is the hydrodynamic
theory. Stimuli cause an inward or outward movement of fluid
in the tubule, which in turn produces movement of the odonto-
blast and its process. This in turn stimulates the nerve endings.
On the right is the direct conduction theory in which stimuli
directly affect the nerve endings in the tubules.



Reduction in dentin permeability would lessen the sensi-
tivity of dentin.

Dentin permeability increases rapidly as the pulp
chamber is approached because the number and diam-
eter of the tubules are more per unit area towards pulp
than towards periphery. The outward flow of dentinal
fluid and the odontoblasts act as barriers for entry of
bacteria or their toxins.

AGE AND FUNCTIONAL CHANGES

The changes in dentin due to age are dealt in detail in
Chapter 17 on Age Changes in Oral Tissues. However, an
outline of the age changes is described in the following
paragraph.

It is rather difficult to separate age and functional
changes in dentin. Dentin is laid down throughout life.
This dentin is termed secondary dentin. If dentin forms
as a result of pathological process, like caries, it is termed
tertiary dentin. Tertiary dentin shows irregularity in size,
shape, number and arrangement of dentinal tubules.
Dentinal tubules degenerate due to injury resulting in
the formation of dead tracts. Mineralization of dentinal
tubules results in the formation of sclerotic dentin. This
makes the tooth to appear transparent in these areas.

DEVELOPMENT

Dentinogenesis

Dentinogenesis begins at the cusp tips after the odonto-
blasts have differentiated and begin collagen produc-
tion. In odontoblast differentiation, fibronectin, deco-
rin, laminin and chondroitin sulfate may be involved.
Recent studies showed that laminin a2, a subunit of lam-
inin is essential for odontoblastic differentiation and to
regulate the expression of dentin matrix proteins.

Dentinogenesis factors like TGF, IGF and BMP which
are present in the inner enamel epithelium, are released
and these are taken up by the preodontoblast. These fac-
tors help in the organization of odontoblast cytoskeleton
assembly, which is important for relocation of organelles
that occurs prior to morphological changes. As the odon-
toblasts differentiate they change from an ovoid to a co-
lumnar shape, and their nuclei become basally oriented
at this early stage of development. One or several pro-
cesses arise from the apical end of the cell in contact with
the basal lamina. The length of the odontoblast then in-
creases to approximately 40 pm, although its width re-
mains constant (7 pm). Proline appears in the rough
surface endoplasmic reticulum and Golgi apparatus. The
proline then migrates into the cell process in dense gran-
ules, and is emptied into the extracellular collagenous
matrix of the predentin.

Factors controlling odontoblast secretion and miner-
alization are not known. One of the key proteins in-
volved in mineralization and secreted by the odonto-
blast is the dentin phosphoprotein(DPP). It is highly
anionic and binds to calcium, transports it to the miner-
alization front and controls the growth of apatite crys-
tals. Osteonectin secreted by the odontoblasts inhibits
the growth of apatite crystals but promotes its binding to
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collagen. Osteopontin, a phosphoprotein, also pro-
motes mineralization. Gla protein (gamma carboxyglu-
tamic acid) containing protein and phospholipids act as
seeds or nucleators to attract and concentrate calcium.
Chondroitin sulfate, has opposite actions in mineraliza-
tion. In predentin, they prevent the transport of apatite
crystals, but in mineralized dentin they get adsorbed
into the collagen and promote apatite binding to the
collagen. Odontoblast takes up the calcium and main-
tains its concentration higher than in tissue fluid.

Matrix vesicles are involved in the mineralization of
mantle dentin. The matrix vesicles, prior to its release by
the odontoblast promotes the formation of apatite. It
contains enzymes like alkaline phosphatase, which lo-
cally increases the concentration of phosphates, and
these combine with calcium taken up from the tissue
fluid to form apatite within it.

The role of effector nerves in dentin secretion is sug-
gested due to the presence of synapse proteins; synapsin
and synaptotagmin in the dentinal tubules.

As the cell recedes it leaves behind a single extension,
and the several initial processes join into one, which be-
comes enclosed in a tubule. As the matrix formation
continues, the odontoblast process lengthens, as does
the dentinal tubule. Initially daily increments of ap-
proximately 4 pm of dentin are formed. This continues
until the crown is formed and the teeth erupt and move
into occlusion. After this time dentin production slows to
about 1 pm/day. After root development is complete,
dentin formation may decrease further, although repara-
tive dentin may form at a rate of 4 pm/day for several
months after a tooth is restored. Dentinogenesis is a two-
phase sequence in that collagen matrix is first formed
and then calcified. As each increment of predentin is
formed along the pulp border, it remains a day before it
is calcified and the next increment of predentin forms
(Fig. 5.17). Korff’s fibers have been described as the initial
dentin deposition along the cusp tips. Because of the
argyrophilic reaction (stain black with silver) it was long
believed that bundles of collagen formed among the
odontoblasts (Fig. 5.18). Recently, ultrastructural studies
revealed that the staining is of the ground substance
among the cells and not collagen. Consequently, all pre-
dentin is formed in the apical end of the cell and along
the forming tubule wall (Fig. 5.17). The finding of for-
mation of collagen fibers in the immediate vicinity of the
apical ends of the cells is in agreement with the general
concept of collagen synthesis in connective tissue and
bone. The odontoblasts secrete both collagen and other
components of the extracellular matrix.

The radicular dentin formation compared to coronal
dentin, is slower, less mineralized with collagen fibers
laid down parallel to the cementodentinal junction.
These collagen fibers unlike in coronal dentin are laid
adjacent to the noncollagenous matrix of (Hertwig’s epi-
thelial root sheath).

Mineralization

The mineralization sequence in dentin appears to be as
follows. The earliest crystal deposition is in the form of
very fine plates of hydroxyapatite on the surfaces of the
collagen fibrils and in the ground substance (Fig. 5.17A).
Subsequently, crystals are laid down within the fibrils
themselves. The crystals associated with the collagen
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Figure 5.17 (A) First-formed dentin, showing cytoplasm of apical zone of ameloblast, above, and first-formed enamel matrix at
the dentinoenamel junction. Below the junction collagen fibers of dentin matrix are seen with calcification sites appearing near
the first-formed enamel. Predentin zone is seen below these sites with the odontoblast process extending from the odontoblasts
at bottom of field. (B) Predentin and dentin as visualized in a later developing tooth. Observe calcified (black) dentin above,
predentin composed of collagen fibers below, odontoblast processes, and the cell body (transmission electron micrographs).
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Figure 5.18 Light micrograph of a silver-stained section of early forming dentin. The argyrophilic nature of the ground sub-
stances among the odontoblasts appears like bundles of collagen fibers. Figure 5.17B illustrates that the collagen formed by
the odontoblast is apical to the cell body in the area of the forming predentin.



fibrils are arranged in an orderly fashion, with their long
axes paralleling the fibril loong axes, and in rows con-
forming to the 64 nm (640 A) striation pattern. Within
the globular islands of mineralization, crystal deposition
appears to take place radially from common centers, in a
so-called spherulite form. These are seen as the first sites
of calcification of dentin (Fig. 5.17A).

The general calcification process is gradual, but the
peritubular region becomes highly mineralized at a very
early stage. Although there is obviously some crystal
growth as dentin matures, the ultimate crystal size re-
mains very small, about 3 nm (30 A) in thickness and 100
nm (1000 A) in length. The apatite crystals of dentin
resemble those found in bone and cementum. They are
300 times smaller than those formed in enamel (Fig.
5.19). Itis interesting that two cells so closely allied at the
dentinoenamel junction produce crystals of such a size
difference but at the same time produce chemically the
same hydroxyapatite crystals. Calcospherite mineraliza-
tion is seen occasionally along the pulp-predentin-form-
ing front (Fig. 5.20). Dentin sialoprotein present in
mineralizing dentin affects the rate of mineral deposi-
tion while other proteoglycans present more in the pre-
dentin, inhibit calcification to prevent premature calcifi-
cation of the predentin.

Many genes are implicated in dentinogenesis, the
newer ones being MAP1B for odontoblast differentia-
tion, and PHEX for dentin mineralization.

Enamel <

Dentin <

Figure 5.19 Dentinoenamel junction. Enamel is above and
dentin below. Note difference in size and orientation between
crystallites of enamel and dentin. Whereas crystals of human
enamel may be 90 nm (900 A) in width and 0.5 to 1 um in
length, those of dentin are only 3 nm (30 A) in width and 100
nm (1000 A) in length. Crystals of dentin are similar in size to
bone (Electron microphotograph x35,000).
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Figure 5.20 Scanning electron micrograph of globular dentin.

CLINICAL CONSIDERATIONS

The cells of the exposed dentin should not be insulted
by bacterial toxins, strong drugs, undue operative
trauma, unnecessary thermal changes, or irritating re-
storative materials. One should bear in mind that when
1 mm? of dentin is exposed, about 30,000 living cells are
damaged. It is advisable to seal the exposed dentin sur-
face with a nonirritating, insulating substance.

The rapid penetration and spread of caries in the
dentin is the result of the tubule system in the dentin
(Fig. 5.1). The enamel may be undermined at the denti-
noenamel junction, even when caries in the enamel is
confined to a small surface area. This is due in part to the
spaces created at the dentino-enamel junction by enamel
tufts, spindles, and open and branched dentinal tubules.
The dentinal tubules provide a passage for invading
bacteria and their products through either a thin or
thick dentinal layer.

Electron micrographs of carious dentin show regions
of massive bacterial invasion of dentinal tubules (Fig.
5.21). The tubules are enlarged by the destructive action
of the micro-organisms. Dentin sensitivity of pain, unfor-
tunately, may not be a symptom of caries until the pulp
is infected and responds by the process of inflammation,
leading to toothache. Thus patients are surprised at the
extent of damage to their teeth with little or no warning
from pain. Undue trauma from operative instruments
also may damage the pulp. Air-driven cutting instru-
ments cause dislodgement of the odontoblasts from the
periphery of the pulp and their “aspiration” within the
dentinal tubule. This could be an important factor
in survival of the pulp if the pulp is already inflamed.
Repair requires the mobilization of the macrophage sys-
tem as healing takes place; as this progresses there is the
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Figure 5.21

Electron micrograph of dentin underlying carious
lesion.Coccoid bacteria are present in the tubules. The peri-
tubular dentin has been destroyed causing the enlargement
of the tubules (X10,000).

contribution of deeper pulpal cells, through cytodiffer-
entiation into odontoblasts, which will be active in forma-
tion of reparative dentin.

The sensitivity of the dentin has been explained by the
hydrodynamic theory, that alteration of the fluid and cel-
lular contents of the dentinal tubules causes stimulation of
the nerve endings in contact with these cells (Fig. 5.16).
Most pain inducing stimuli increase centrifugal fluid flow
within the dentinal tubules, giving rise to a pressure
change throughout the entire dentin. This, in turn, acti-
vates the Ao intradentinal nerves at the pulp-dentinal in-
terface, or within the dentinal tubules thereby generating
pain. Dentin sensitivity is seen more in patients with peri-
odontal problems. The teeth most commonly affected are
maxillary premolars followed by the maxillary first molars
with the incisors being the least sensitive teeth. This the-
ory explains pain throughout dentin since fluid move-
ment will occur at the dentinoenamel junction as well as
near the pulp. Erosion of peritubular dentin and smear
plug removal accounts for dentin hypersensitivity caused
by agents like acidic soft drinks. Brushing after acidic
drink consumption induces smear layer formation, thus
reducing sensitivity.

The basic principles of treatment of hypersensitivity are to
block the patent tubules or to modify or block pulpal nerve
response. The most inexpensive and first line of treatment
is to block the patent tubules with dentifrice containing po-
tassium nitrate and/or stannous fluoride. Lasers have been
used in the treatment of hypersensitivity with varying suc-
cess, ranging from 5.2 to 100%.

The permeability of radicular dentin near the pulp is
only about 20% that of coronal dentin, and the permea-
bility of outer radicular dentin is about 2% of coronal
dentin. This suggests that the outer dentin of the root

acts as a barrier to fluid movement across dentin in nor-
mal circumstances and recalls the correlation between
root planing and hypersensitivity.

Smear layer consists of cut dentin surface along with
the embedded bacteria and the debris. Though the
smear layer occludes the tubules and reduces the perme-
ability, it also prevents the adhesion of restorative materi-
als to dentin. Therefore this layer has to be removed by
etching and a rough porous surface should be created
for bonding agent to penetrate.

Recent studies on tertiary dentin show that the patients
treated with transforming growth factor beta 1 (TGF-31)
and to a lesser extent with osteogenic protein-1 (OP-1)
showed significantly greater tertiary dentin formation
and intratubular mineralization, over an 8-week period
when compared with control group.

Dentin formation, unlike bone, is not affected by vita-
min D deficiency states. Fluoride incorporated during
active dentinogenesis, as occurring in dental fluorosis,
increases the hardness of dentin.

A summary diagram illustrating the relationship of the
odontoblast and its process to the dentin matrix is shown
in Figure 5.22.

Dentinoenamel
junction

% antle dentin
Interglobular
dentin

Peritubular
dentin

Intertubular
dentin

~— 1 Y - odontoblast
— process

o v

Predentin

Nerve
Odontoblast

Figure 5.22 Diagram of the odontoblast and its process in the
dental tubule. Note the relationship of the process to the peri-
odontoblastic space and the peritubular dentin.
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Dentin forms bulk of the tooth tissues and occupies both the
crown and the root. It is surrounded by the enamel in the
crown and cementum in the root. Physically and chemically it
resembles bone. Dentin consists of 65% inorganic and 35%
organic material. The organic substance consists mainly of
type | collagen fibers embedded in ground substance of mu-
copolysaccharides. The inorganic component consists of
plate shaped hydroxyapatite crystals.

Structure of Dentin

Dentin is made up of dentinal tubules. The dentinal tubules
contain the protoplasmic process of the odontoblasts called
odontoblastic process. The inner wall of the tubule is highly
calcified and is termed as peritubular or intratubular dentin.
Between the tubules is the infertubular dentin and it is calci-
fied to a lesser degree than peritubular dentin. Between the
odontoblastic processes and the peritubular dentin is the
periodontoblastic space which contains the dentinal fluid.
The tubules are broader at their point of origin, i.e. at their
pulpal end (3-4 pm) and become gradually narrower at their
point of termination (1 um), i.e. at dentinoenamel or cemen-
toenamel junction. Also the tubules are closer together at the
pulpal end (50-90,000 tubules/mm?) and further apart at
their terminal end. Therefore the number of tubules per unit
area is more at the pulpal end by 4 times than at their termi-
nal end. Hence the intertubular dentin is well appreciated at
the terminal end. The tubules generally have a doubly convex
course, the primary curvature (often called ‘S'-shaped tu-
bules), the first convexity of which is directed towards apex.
This is well appreciated in the middle portion of the tooth
because the convexity lessens and the tubules gradually be-
come straighter near the incisal/cuspal regions and the
apex. Apart from this primary curvature the tubules show
smaller undulations called secondary curvatures all along
their course. Also, all along the course the tubules show lat-
eral branches and terminal branches at their terminal end.
The odontoblastic process which contains microtubules, mi-
crofilaments, and mitochondria extends into these branches.
Few of the odontoblastic process cross the DEJ and they are
known as enamel spindles

Primary Dentin

The dentin which forms before root completion is called pri-
mary dentin. Primary dentin is of two types—the mantle
dentin and the circumpulpal dentin. The mantle dentin found
along the DEJ is about 20 wm thick, and it contains larger-
diameter argyrophilic (silver stained) collagen fibers ar-
ranged perpendicularly to the DEJ. The circumpulpal dentin
contains smaller diameter closely packed collagen fibers.

Secondary Dentin

The dentin which forms after root completion is called second-
ary dentin. This forms at a slower rate (1 wm/day) than pri-
mary dentin (4 wm/day) and regularly but not uniformly —more
formation is seen on the roof and floor of the pulp chamber.
Hence this dentin is also known as regular secondary dentin.

Tertiary Dentin (Reparative Dentin)

If the dentin forms as a reaction to an irritant (trauma or
dental caries) to protect the pulp, it is called reparative/re-
active/tertiary/irregular secondary dentin. The tertiary den-
tin shows irregularity in the number, size, and arrangement
of tubules—the irregularity increases with the rapidity of
formation.

Formation of Dentin

Whenever dentin forms, it forms in two phases—a distinct
organic matrix known as predentin which calcifies subse-
quently but only after another layer of predentin is laid down.
Hence a layer of predentin always exist adjacent to the
odontoblast. Many factors are involved in differentiation of
odontoblast, secretion of organic matrix, and in subsequent
mineralization. Like other mineralized tissues dentin forma-
tion is not a continuous process, the periods of rest are
denoted by incremental lines—the incremental lines of Von
Ebner which are 4-8 mm apart run at right angles to the
dentinal tubules. The accentuated incremental lines are
known as contour lines of Owen, while those formed during
the period of birth are referred to as neonatal lines. The min-
eralization of dentin occurs in relation to collagen fibers as
linear deposits (linear mineralization) or by fusion of globules
(globular mineralization). Incomplete fusion of globules leads
to the formation of inferglobular dentin. The interglobular
dentin is found near DEJ, and are visible in ground sections
as dark spaces under transmitted light. Similarly, the Tomes’
granular layer is visible near cementodentinal junction as
minute dark spaces, and it is related to looping and coalesc-
ing of terminal portions of dentinal tubules in that region.

Hypersensitivity of Dentin

The nerves which enter dentin do not extend beyond the in-
ner two thirds of dentin. The stimulation of dentin by any
agent causes a pain like sensation called hypersensitivity. The
theories that explain sensitivity are based on the direct stimu-
lation of the nerves (direct neural stimulation theory) or due
to inward or outward movement of dentinal fluid exciting the
nerve endings (hydrodynamic theory) or due to stimulation of
odontoblastic process (transduction theory).

Age Changes in Dentin

The age changes in dentin include the formation of sclerotic
dentin and dead fracts. Sclerotic dentin occurs when hy-
droxyapatite crystals are laid down in the intertubular dentin
and within dentinal tubules to block the tubules against the
entry of bacteria, etc. The dentin then becomes transparent
in transmitted light hence often called transparent dentin.
Permeability of dentin becomes reduced while hardness in-
creases in these regions. Breakage of apical thirds of roots
during extraction of teeth of elderly is due to the brittle nature
of sclerotic dentin. Dead tracts are areas containing degener-
ated dentinal tubules which appear dark in transmitted light.
These are often seen in attrited or abraded teeth or below the
carious lesions.
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REVIEW QUESTIONS

—

. Describe the physical and chemical properties of dentin.

2. Describe the course, structure, and content of dentinal
tubules.

3. Explain the terms mantle dentin, predentin, and circum-
pulpal dentin.

4. What are the lines seen in dentin? What is their signifi-

cance?
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The term ‘pulpa’, derived from Latin primarily indicates
animal or plant tissues which are moist and soft, occur-
ring in the form of a cohering mass. Dental pulp can be
defined as a richly vascularized and innervated connec-
tive tissue of mesodermal origin enclosed by dentin with
communications to the periodontal ligament.

ANATOMY

General features

The dental pulp occupies the center of each tooth and
consists of soft connective tissue. The pulp is housed in the
pulp chamber of the crown and in the root canal of the
root. The pulp present in the crown is called coronal pulp
and the pulp present in the root is called radicular pulp.
The shape of the pulp therefore resembles the shape of
the tooth in which it is housed. The total volume of all the
permanent teeth pulp is 0.38 cc, and the mean volume of
a single adult human pulp is 0.02 cc. Molar pulps are three
to four times larger than incisor pulps. Table 6.1 gives the
variation in the size of pulp in different permanent teeth.

Coronal pulp

The coronal pulp in young individuals resembles the
shape of the outer surface of the crown dentin. The
coronal pulp has six surfaces: the roof or occlusal, the
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mesial, the distal, the buccal, the lingual, and the floor.
It has pulp horns, which are protrusions that extend into
the cusps of each crown. The number of these horns
thus depends on the cuspal number. The cervical region
of the pulp organs constricts as does the contour of the
crown, and at this zone the coronal pulp joins the radicu-
lar pulp. Because of continuous deposition of dentin, the
pulp becomes smaller with age. This is not uniform
through the coronal pulp but progresses faster on the
floor than on the roof or side walls.

Radicular pulp

The radicular or root pulp is that pulp extending from
the cervical region of the crown to the root apex. In the
anterior teeth the radicular pulps are single and in pos-
terior ones multiple. They are not always straight and
vary in size, shape, and number. The radicular portions
of the pulp are continuous with the periapical connec-
tive tissues through the apical foramen or foramina.
The dentinal walls taper and the shape of the radicular
pulp is tubular. During root formation the apical root
end is a wide opening limited by an epithelial diaphragm
(Fig. 6.1A). As growth proceeds, more dentin is formed,
so that when the root of the tooth has matured the ra-
dicular pulp is narrower. The apical pulp canal becomes
smaller also because of apical cementum deposition
(Fig.6.1B).



Table 6.1 Pulp Volumes for the Permanent Human
Teeth from a Preliminary Investigation

of 160 Teeth*

Maxillary (Cubic
Centimeters)

Mandibular (Cubic
Centimeters)

Central incisor 0.012 0.006
Lateral incisor 0.011 0.007
Canine 0.015 0.014
First premolar 0.018 0.015
Second premolar 0.017 0.015
First molar 0.068 0.053
Second molar 0.044 0.032
Third molar 0.023 0.031

*Figures for volumes from Fanibunda KB: Personal communication,
University of Newcastle upon Tyne, Department of Oral Surgery,
Newcastle upon Tyne, England.

Apical foramen

The average size of the apical foramen of the maxillary
teeth in the adult is 0.4 mm. In the mandibular teeth it
is slightly smaller, being 0.3 mm in diameter.

The location and shape of the apical foramen may
undergo changes as a result of functional influences
on the teeth. A tooth may be tipped from horizontal
pressure, or it may migrate mesially, causing the apex to
tilt in the opposite direction. Under these conditions the
tissues entering the pulp through the apical foramen
may exert pressure on one wall of the foramen, causing
resorption. At the same time, cementum is laid down on
the opposite side of the apical root canal, resulting in a
relocation of the original foramen (Fig. 6.2A).
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Sometimes the apical opening is found on the lateral
side of the apex (Fig. 6.2B), although the root itself is not
curved. Frequently, there are two or more foramina sepa-
rated by a portion of dentin and cementum or by cemen-
tum only.

Accessory canals

Accessory canals leading from the radicular pulp later-
ally through the root dentin to the periodontal tissue
may be seen anywhere along the root but are most nu-
merous in the apical third of the root (Fig. 6.3A). They
are clinically significant in spread of infection, either
from the pulp to the periodontal ligament or vice versa.
The mechanism by which they are formed is not known,
but it is likely that they occur in areas where there is
premature loss of root sheath cells because these cells
induce the formation of the odontoblasts which form the
dentin. Accessory canals may also occur where the devel-
oping root encounters a blood vessel. If the vessel is
located in the area where the dentin is forming, the hard
tissue may develop around it, making a lateral canal from
the radicular pulp.

STRUCTURAL FEATURES

The central region of both the coronal and the radicular
pulp contains large nerve trunks and blood vessels. Pe-
ripherally, the pulp is circumscribed by the specialized
odontogenic region composed of: (1) the odontoblasts
(the dentin-forming cells), (2) the cell-free zone (Weil’s
zone), and (3) the cell-rich zone (Fig. 6.4). The cell-free
zone is a space in which the odontoblast may move pulp-
ward during tooth development and later to a limited
extent in functioning teeth. This may be why the zone is

Pulp

Cementum

— Apical
foramen

Figure 6.1 Development of apical foramen. (A) Undeveloped root end. Wide opening at end of root, partly limited by epithelial
diaphragm. (B) Apical foramen fully formed. Root canal straight. Apical foramen surrounded by cementum (From Coolidge ED:

J Am Dent Assoc 16:1456, 1929).
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apposition of cementum on the other. (B) Apical foramen on side of apex (From Coolidge ED: J Am Dent Assoc 16:1456, 1929).
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Figure 6.3 (A and B) Sections through teeth with accessory canals. (A) Close to apex. (B) Close to bifurcation. (C) Radiograph
of lower molar with accessory canal filled. (C from Johnston HB and Orban B: J Endodont 3:21, 1948).

inconspicuous during early stages of rapid dentinogene-
sis since odontoblast migration would be greatest at that
time. The cell-rich layer composed principally of fibro-
blasts and undifferentiated mesenchymal cells is re-
stricted to the coronal regions, as it is formed during the
pre-eruptive phase of the tooth. During early dentino-
genesis there are also many young collagen fibers in this
zone (Table 6.2).

Intercellular substance

The intercellular substance is dense and gel like in nature,
varies in appearance from finely granular to fibrillar, and

appears more dense in some areas, with clear spaces left
between various aggregates. It is composed of both acid
mucopolysaccharides and protein polysaccharide com-
pounds (glycosaminoglycans and proteoglycans). During
early development, the presence of chondroitin A, chon-
droitin B, and hyaluronic acid has been demonstrated in
abundance. Glycoproteins are also present in the ground
substance. The aging pulp contains less of all of these sub-
stances. The ground substance lends support to the cells
of the pulp while it also serves as a means for transport of
nutrients from the blood vessels to the cells, as well as for
transport of metabolites from cells to blood vessels.
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Figure 6.4 Diagram of pulp organ, illustrating architecture of large central nerve trunks (dark) and vessels (light) and peripheral
cell-rich, cell-free, and odontoblast rows. Observe small nerves on blood vessels.

Table 6.2 Zones of Pulp

Zone Major Component

Odontoblastic zone Odontoblast cells
Cell-free zone (Weil’s zone)
Cell-rich zone (primarily coronal)

Pulp core

Glycosaminoglycans being hydrophilic, forms a gel and
contributes to high tissue fluid pressure of the pulp. Hy-
aluronan, in addition to mechanical function helps in cell
migration. Versican forms the bulk of the proteoglycans.
Syndecan, another important proteoglycan, attaches to
the cell and acts as an adhesion molecule between fibro-
blast and collagen. It also binds signaling molecules like
fibroblastic growth factor. Tenascin and Fibronectin, which
promote cell adhesion and cell migration are absent in
areas of inflammation. Laminin, which is present in the
basement membrane of blood vessels, also coats the
odontoblast cell membrane. Integrins, the glycoproteins,
which interact to form cell surface adhesion receptors
were found in pulp to get attached to biologically active
molecules like laminin and fibronectin.

Fibroblasts

The pulp organ is said to be consist of specialized connec-
tive tissue because it lacks elastic fibers. Fibroblasts are the
most numerous cell type in the pulp. As their name im-
plies, they function in collagen fiber formation through-
out the pulp during the life of the tooth. They have the
typical stellate shape and extensive processes that contact
and are joined by intercellular junctions to the processes
of other fibroblasts (Fig. 6.5A). Under the light micro-

Relatively acellular, accommodate odontoblast during deveolpment & function of tooth
Fibroblasts, undifferentiated mesenchymal cells
Predominantly fibrous tissue , major vessels & nerves, fibroblasts

scope the fibroblast nuclei stain deeply with basic dyes,
and their cytoplasm is lighter stained and appears homo-
geneous. Electron micrographs reveal abundant rough-
surfaced endoplasmic reticulum, mitochondria, and other
organelles in the fibroblast cytoplasm (Fig. 6.5B). This
indicates these cells are active in pulpal collagen produc-
tion. There is some difference in appearance of these cells
depending on the age of the pulp organ. In the young
pulp the cells divide and are active in protein synthesis,
but in the older pulp they appear rounded or spindle
shaped with short processes and exhibit fewer intracellu-
lar organelles. They are then termed fibrocytes. In the
course of development the relative number of cellular ele-
ments in the dental pulp decreases, whereas the fiber
population increases (Fig. 6.6). In the embryonic and
immature pulp the cellular elements predominate, while
in the mature pulp the fibrous components predominate.
The fibroblasts of the pulp, in addition to forming the
pulp matrix, also have the capability of ingesting and de-
grading this same matrix. These cells thus have a dual
function with pathways for both synthesis and degradation
in the same cell.

Fibroblasts play an important role in inflammation
and healing. Fibroblasts secrete angiogenic factors like
FGF-2 and VEGF, especially after injury, which help in
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Figure 6.5 (A) Typical fibroblasts of pulp are stellate in
shape with long processes. (B) Electron micrograph of pulp
fibroblast.
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Figure 6.6 Age changes of dental pulp. Cellular elements
decrease and fibrous intercellular substance increases with
advancing age. (A) Newborn infant. (B) Infant 9 months of
age. (C) Adult.

healing. They are also shown to secrete colony stimulat-
ing factors, which help in the migration of class II major
histocompatibility expressing cells into the pulp tissue.
They release inflammatory mediators cytokines and
growth factors. In cell cultures they form mineralized tis-
sue like bone on stimulation.

Fibers

The collagen fibers in the pulp exhibit typical cross stria-
tions at 64 nm (640 A) and range in length from 10 to 100
nm or more (Fig. 6.7). The main type of collagen fiber in
the pulp is type L. Type III collagen is also present. Bundles
of these fibers appear throughout the pulp. In very young
pulp fine fibers ranging in diameter from 10 to 12 nm (100
to 120 A) have been observed. These fine fibers are called
fibrillin. Downregulation and degradation of fibrillin helps
in release of TGF B, which in turn promotes the formation
of a mineralized tissue barrier in exposed pulps.

Pulp collagen fibers do not contribute to dentin ma-
trix production, which is the function of the odontoblast.
After root completion the pulp matures and bundles of
collagen fibers increase in number. They may appear
scattered throughout the coronal or radicular pulp, or
they may appear in bundles. These are termed diffuse or
bundle collagen depending on their appearance, and
their presence may relate to environmental trauma.
Fiber bundles are most prevalent in the root canals,
especially near the apical region.

Undifferentiated mesenchymal cells

Undifferentiated mesenchymal cells are the primary
cells in the very young pulp, but a few are seen in the
pulps after root completion. They appear larger than fi-
broblasts and are polyhedral in shape with peripheral
processes and large oval staining nuclei. The latter are
distinctive because they lack a ribosome-studded endo-
plasmic reticulum and have mitochondria with readily
discernible cisternae. They are found along pulp vessels,
in the cell-rich zone and scattered throughout the cen-
tral pulp. Viewed from the side, they appear spindle
shaped (Fig. 6.8). They are believed to be a totipotent
cell and when need arises they may become odonto-
blasts, fibroblasts, or macrophages. They decrease in
number in old age.

Odontoblasts

Odontoblasts, the second most prominent cell in the pulp,
reside adjacent to the predentin with cell bodies in the

Figure 6.7 Typical collagen fibers of the pulp with 640 A
banding.



Undifferentiated
mesenchymal
cell, reserve
cell

Capillary

Lymphoid
wandering cell

Fibroblast

Undifferentiated
mesenchymal
cell, reserve
cell

Chapter 6 — Pulp 97

Histiocyte

Capillary
Endothelial cell

Histiocyte

Endothelial cell

Undifferentiated
mesenchymal
~ cell, reserve cell

Histiocyte

Capillary

Histiocyte

Figure 6.8 Defense cells in pulp.

pulp and cell processes in the dentinal tubules. The num-
ber of odontoblasts corresponds to the number of dentinal
tubules. They are approximately 5 to 7 pm in diameter and
25 to 40 pm in length. They have a constant location adja-
cent to the predentin, in what is termed the ‘odontogenic
zone of the pulp’ (Fig. 6.9). The cell bodies of the odonto-
blasts are columnar in appearance with large oval nuclei,
which fill the basal part of the cell (Fig. 6.9). Immediately
adjacent to the nucleus basally is rough-surfaced endoplas-
mic reticulum and the Golgi apparatus. The cells in the
odontoblastic row lie very close to each other. Between
odontoblasts gap, tight and desmosomal junctions exist
(Fig. 6.10). Further toward the apex of the cell appears an
abundance of rough-surfaced endoplasmic reticulum.
Near the pupal-predentin junction the cell cytoplasm is
devoid of organelles. Focal junctional complexes are pres-
ent where the odontoblast cell body gives rise to the pro-
cess. Actin filaments are inserted into this region. The clear
terminal part of the cell body and the adjacent intercellu-
lar junction is described by some as the terminal bar
apparatus of the odontoblast. At this zone the cell con-
stricts to a diameter of 3 to 4 pm, where the cell process
enters the predentinal tubule (Fig. 6.9).

The process of the cell contains no endoplasmic re-
ticulum, but during the early period of active dentino-
genesis it does contain occasional mitochondria and
vesicles. During the later stages of dentinogenesis these
are less frequently seen.

The odontoblast morphology and its organelles vary
with the functional activity of the cell. An active cell is
elongated whereas a resting cell is stubby. The active cell
has a basally placed nucleus and a basophilic cytoplasm.
The resting cell has little cytoplasm but a more hema-
toxyphilic nucleus.

There is also a striking difference in the cytoplasm of
the young cell body, active in dentinogenesis, and the
older cell. During this early active phase the Golgi appa-
ratus is more prominent, the rough-surfaced endoplas-
mic reticulum is more abundant, and numerous mito-
chondria appear throughout the odontoblast. A great
number of vesicles are seen along the periphery of the
process where there is evidence of protein synthesis along
the tubule wall. The cell actually increases in size as its
process lengthens during dentin formation. When the
cell process becomes 2 mm long, it is then many times
greater in volume than the cell body. While the active cell
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Figure 6.9 Diagram of odontogenic zone illustrating odontoblast, cell-free, and cell-rich zones, with blood vessels and nonmy-

elinated nerves among odontoblasts.

Figure 6.10 Close relation of adjacent odontoblasts. Note
junctional complexes between cells (arrows).

is rich in organelles, the resting cell is devoid of organ-
elles especially in the supranuclear region, where mainly
lipid filled vacuoles are present. Ultrastructurally, an in-
termediate stage between active and resting called transi-
tional stage is recognized. In this stage, the cells are
narrower with fewer organelles and with the presence of
autophagic vacuoles. Recently, primary cilia have been
identified in odontoblast. These cilia may play a role in
response of odontoblasts to external stimuli.

The form and arrangement of the bodies of the odon-
toblasts are not uniform throughout the pulp. They are
more cylindrical and longer (tall columnar) in the crown
(Fig. 6.11A) and more cuboid in the middle of the root
(Fig. 6.11B). Close to the apex of an adult tooth the odon-
toblasts are ovoid and spindle shaped, appearing more
like osteoblasts than odontoblasts, but they are recognized
by their processes extending into the dentin. The pseu-
dostratified arrangement seen in the coronal pulp is due
to the crowding of cells in this region (Fig. 6.11C). Ultra-
structurally, ring-layered structures have been observed
between aging odontoblasts that might be characteristic of
aging teeth.

Collagen is assembled in the odontoblast similar to that
occurring in fibroblast. The noncollagenous proteins
which are secreted by the odontoblast may be present in
the same secretory granule along with the collagen.

Odontoblasts are end cells. They have lost the ability to
divide. When they die they have to be replaced by cells,
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Figure 6.11 Variation of odontoblasts in different regions of
one tooth.(A) High columnar odontoblasts in pulp chamber.
(B) Low columnar odontoblasts in root canal. (C) Flat odonto-
blasts in apical region.

which differentiate from the cell-rich zone. Odontoblast
and subodontoblastic cells have been shown to undergo
apoptotic cell death by apoptotic cell markers like bcl-2.

Odontoblasts release inflammatory chemokine interleu-
kin-8 which is chemotactic for neutrophils. Nerve growth
factor and its receptor found in the odontoblasts are
chemo attractants for neutrophils. Nitric oxide synthetase
are important enzymes for vasodilatation and blood
pressure regulation. These have been identified in odonto-
blasts and endothelial cells of the pulp. This finding
suggests that they may have a role in mediating cell prolif-
eration and vasodilatation.

Defense cells

In addition to fibroblasts, odontoblasts, and the cells that
are a part of the neural and vascular systems of the pulp,
there are cells important to the defense of the pulp.
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These are histiocytes or macrophages, dendritic cells,
mast cells, and plasma cells. In addition, there are the
blood vascular elements such as the neutrophils (PMNs),
eosinophils, basophils, lymphocytes, and monocytes.
These latter cells emigrate from the pulpal blood vessels
and develop characteristics in response to inflammation.

The histiocyte or macrophage, is an irregularly shaped cell
with short blunt processes (Figs 6.8 and 6.12). In the light
microscope the nucleus is somewhat smaller, more
rounded, and darker staining than that of fibroblasts, and
it exhibits granular cytoplasm. When the macrophages are
inactive and not in the process of ingesting foreign materi-
als, one faces difficulty in distinguishing them from fibro-
blasts. In the case of a pulpal inflammation these cells ex-
hibit granules and vacuoles in their cytoplasm, and their
nuclei increase in size and exhibit a prominent nucleolus.
Their presence is disclosed by intravital dyes such as tolu-
idin blue. These cells are usually associated with small
blood vessels and capillaries. Ultrastructurally the macro-
phage exhibits a rounded outline with short, blunt pro-
cesses (Fig. 6.12). Invaginations of the plasma membrane
are noted, as are mitochondria, rough-surfaced endoplas-
mic reticulum, free ribosomes, and also a moderately
dense nucleus. The distinguishing feature of macrophages
is aggregates of vesicles, or phagosomes, which contain
phagocytized dense irregular bodies (Fig. 6.12).

Dendnitic cells, were found in close relation to and in
contact with the cell membranes of the endothelial
cell. These cells express macrophage related antigens
(CD14 and CD68) and were identified by their immu-
nopositivity to HLA-DR monoclonal antibodies. These
cells are similar to Langerhans cells. They present the
antigen to the T cells. Some of these cells formed a
reticular network in the connective tissue. In deciduous
teeth these dendritic cells were shown to be closely associ-
ated with odontoblasts. Their dendritic process some-
times extended into the dentinal tubules and made con-
tact with the odontoblastic process. Their numbers were
found to increase in areas affected by caries, attrition or
restorative procedures. These suggest that they have an
important role to play in immunosurveillance. In view of
their close association with odontoblasts, it is suggested
that these cells may have some regulatory function on the
odontoblast. Immunocompetent cells present in decidu-
ous teeth increased in number during shedding.

Both lymphocytes and eosinophils are found extravascu-
larly in the normal pulp (Fig. 6.13), but during inflam-
mation they increase noticeably in number. Most of the
lymphocytes present in the pulp are T lymphocytes. Mast
cells are also seen along vessels in the inflamed pulp.
They have a round nucleus and contain many dark-
staining granules in the cytoplasm, and their number
increases during inflammation.

The plasma cells are seen during inflammation of the
pulp (Fig. 6.14). With the light microscope the plasma
cell nucleus appears small and concentric in the cyto-
plasm. The chromatin of the nucleus is adherent to
the nuclear membrane and gives the cell a cartwheel
appearance. The cytoplasm of this cell is basophilic
with a light-stained Golgi zone adjacent to the nucleus.
Under the electron microscope these cells have a
densely packed, rough-surfaced endoplasmic reticu-
lum. Both immature and mature cells may be found.
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Figure 6.12 (A) This histiocyte or macrophage is located adjacent to capillary in peripheral pulp. Characteristic aggregation of
vesicles, vacuoles, and phagocytized dense bodies is seen to right of capillary wall. (B) Multivesiculated body characteristic of
macrophage. Note typical invagination of cell plasma membrane (arrow). This cell is located adjacent to group of nonmyelinated

nerve fibers seen on left.

phil in extravascular location in pulp organ. Nucleus is polymorphic, and granules in cytoplasm are characteristically banded.

The mature type exhibits a typical small eccentric
nucleus and more abundant cytoplasm (Fig. 6.14).
The plasma cells function in the production of anti-
bodies (Table 6.3).

Pulpal stem cells

Among the numerous stem cells that have been identi-
fied from dental tissues and characterized, those from

the pulpal tissues include dental pulp stem cells (DPSCs)
and stem cells from human exfoliated deciduous teeth
(SHED). Stem cells are found in higher concentration in
coronal pulp than in radicular pulp.

Pulpal stem cells express cytokeratin 18 and 19, indi-
cating a potential for odontoblast differentiation and
dentin repair at sites of injury. A comparative study of
bone marrow and dental pulp stem cells indicate they
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Figure 6.14 Cluster of plasma cells in pulp with early caries pulpitis. Observe dense peripheral nuclear chromatin and cytoplasm
with cisternae of rough endoplasmic reticulum (Courtesy C Torneck, University of Toronto Dental School).

Table 6.3 Composition of Dental Pulp

Cellular Extracellular
FIBROBLAST/ Fibres Ground Substance
FIBROCYTE ; .
Odontoblast Collagen Gag’s (glycosaminoglycans):
Undifferentiated type i chondroitin A, chondroitin B
mesenchymal Typg .iii hyaluronan
cell Fibrillin Proteoglycans:
Defense cells syndecan, versican
neutrophil Glycoproteins:
basophil laminin,tenascin ,fibronectin,
eosinophil integrins
lymphocyte
blood monocyte
macrophage
dendritic cell
plasma cell

Pulpal stem cells

are influenced by different regulatory mechanisms to
engage in bone and dentin formation respectively. Den-
tine sialoprotein, a marker for dentine synthesis has
been observed in dental pulp stem cell transplants, while
in bone marrow stem cell transplants expression of fibro-
blast growth factor (FGF) and matrix metalloproteinase
(MMP-9) have been seen. Numerous growth factors in-
cluding transforming growth factor (TGF), bone mor-
phogenetic protein (BMP-2) and dentin matrix protein
1 (DMP1) are capable of inducing proliferation and dif-
ferentiation of DPSC’s. DMP 1 has been shown to induce
formation of dental pulp like tissue in vivo.

Pulpal stem cells are pluripotential having the capacity
for angiogenic, chondrogenic, osteogenic, adipogenic

and neurogenic differentiation, in some cases exceeding
that of bone marrow stem cells. The pulpal tissues of
exfoliated deciduous teeth and permanent third molars
may serve as a suitable source of stem cells for future
stem cell based therapies as they are found to be viable
after cryopreservation. The application of DPSCs in re-
generative dentistry and medicine (regeneration of bone
and neural tissues) holds great promise.

Blood vessels

The pulp organ is extensively vascularized. It is known that
the blood vessels of both the pulp and the periodontium
arise from the inferior or superior alveolar artery and also
drain by the same veins in both the mandibular and maxil-
lary regions. The communication of the vessels of the pulp
with the periodontium, in addition to the apical connections,
is further enhanced by connections through the accessory
canals. These relationships are of considerable clinical sig-
nificance in the event of a potential pathologic condition in
either the periodontium or the pulp, because the infection
has a potential to spread through the accessory and apical
canals. Although branches of the alveolar arteries supply
both the tooth and its supporting tissues, those periodontal
vessels entering the pulp change their structure from the
branches to the periodontium and become considerably
thinner walled than those surrounding the tooth.

Small arteries and arterioles enter the apical canal and
pursue a direct route to the coronal pulp (Fig. 6.15).
Along their course they give off numerous branches in the
radicular pulp that pass peripherally to form a plexus in
the odontogenic region (Fig. 6.16). Pulpal blood flow is
more rapid than in most areas of the body. This is perhaps
attributable to the fact that the pulpal pressure is among
the highest of body tissues. The flow of blood in arterioles
is 0.3 to 1 mm per second, in venules approximately 0.15
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mm per second, and in capillaries about 0.08 mm per
second. The largest arteries in the human pulp are 50 to
100 pm in diameter, thus equaling in size arterioles found
in most areas of the body. These vessels possess three lay-
ers. The first, the tunica intima, consists of squamous or
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cuboid endothelial cells surrounded by a closely associ-
ated basal lamina. Where the endothelial cells contact,
they appear overlapped to varying degrees. The second
layer, the tunica media, is approximately 5 pm thick and
consists of one to three layers of smooth muscle cells
(Figs 6.17 and 6.18). A basal lamina surrounds and passes
between these muscle cells and separates the muscle cell
layer from the intima. Occasionally the endothelial cell
wall is in contact with the muscle cells. This is termed a
myoendothelial junction. The third and outer layer, the
tunica adventitia, is made up of a few collagen fibers form-
ing a loose network around the larger arteries. This layer
becomes more conspicuous in vessels in older pulps. Arte-
rioles with diameters of 20 to 30 pm with one or occasion-
ally two layers of smooth muscle cells are common
throughout the coronal pulp (Fig. 6.17). The tunica ad-
ventitia blends with the fibers of the surrounding intercel-
lular tissue. Terminal arterioles with diameters of 10 to
15 pm appear peripherally in the pulp. The endothelial
cells of these vessels contain numerous micropinocytotic
vesicles, which function in transendothelial fluid move-
ment. A single layer of smooth muscle cells surrounds
these small vessels. Occasionally a fibroblast or pericyte
lies on the surface of these vessels. Pericytes are capillary-
associated fibroblasts. They are present partially encircling
the capillaries. They have contractile properties and they
are capable of reducing the size of the capillary lumen.
Their nuclei can be distinguished as round or slightly oval
bodies closely associated with the outer surface of the ter-
minal arterioles or precapillaries (Figs 6.18 and 6.19).
Some authors call the smaller diameter arterioles ‘precap-
illaries.” They are slightly larger than the terminal capillar-
ies and exhibit a complete or incomplete single layer of
muscle cells surrounding the endothelial lining. These
range in size from 8 to 12 pm.
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Figure 6.16 Small arteriole near central pulp exhibiting relatively thick layer of muscle cells. Dense basement membrane

interspersed between endothelial and muscle cells (arrow).
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Figure 6.17 Peripheral pulp and small arteriole or precapillary exhibiting two thin layers of smooth muscle cells surrounding the
endothelial cell lining of vessel. Nucleus at bottom left of figure belongs to a pericyte.

Endothelial
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Basement
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Pericyte

Nonmyelinated axon
Myelinated axon

onmyelinated axons adjacent to large capillary

or precapillary. Endothelial cell lining is surrounded by basement membrane (arrow) and pericytes.

Veins and venules that are larger than the arteries
also appear in the central region of the root pulp. They
measure 100 to 150 pm in diameter, and their walls ap-
pear less regular than those of the arteries because of
bends and irregularities along their course. The micro-
scopic appearance of the veins is similar to that of the
arteries except that they exhibit much thinner walls in
relation to the size of the lumen. The endothelial cells
appear more flattened, and their cytoplasm does not
project into the lumen. Fewer intracytoplasmic fila-
ments appear in these cells than in the arterioles. The
tunica media consists of a single layer or two of thin
smooth muscle cells that wrap around the endothelial

cells and appear discontinuous or absent in the smaller
venules. The basement membranes of these vessels are
thin and less distinct than those of arterioles. The ad-
ventitia is lacking or appears as fibroblasts and fibers
are continuous with the surrounding pulp tissue.
Occasionally two venous loops will be seen connected
by an anastomosing branch (Fig. 6.20). Both venous-
venous anastomosis and arteriole-venous anastomosis
occur in the pulp. The arteriole-venous shunts may
have an important role in regulation of pulpal blood
flow. Frequently arteriole or precapillary loops with
capillaries are found underlying the odontogenic zone
in the coronal pulp (Fig. 6.21).
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Blood capillaries, which appear as endothelium-lined
tubes, are 8 to 10 pm in diameter. The nuclei of these
cells may be lobulated and have cytoplasmic projections
into the luminal surface. The terminal network of capil-
laries in the coronal pulp appears nearly perpendicular

Fenestrations

Y 4{ s - x,&’, s,_--ﬂ'_:__, ks
Figure 6.19 (A) Terminal capillary loops located among odonto-
blasts may be fenestrated. These capillaries have both thick and

thin segments in their walls. (B) Endothelial cell wall bridges pores
(arrows) and is supported only by basement membrane (*).
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to the main trunks. The vascular network passes among
the odontoblasts and underlies them as well. A few pe-
ripheral capillaries found among the odontoblasts have
fenestrations in the endothelial cells. These pores are
located in the thin part of the capillary wall and are
spanned only by the thin diaphragm of contacting in-
ner and outer plasma membranes of endothelial cells
(Fig. 6.22). These fenestrated capillaries are assumed to
be involved in rapid transport of metabolites at a time
when the odontoblasts are active in the process of den-
tinal matrix formation and its subsequent calcification.
Both fenestrated and continuous terminal capillaries
are found in the odontogenic region. During active
dentinogenesis capillaries appear among the odonto-
blasts adjacent to the predentin (Fig. 6.16). Later, after
the teeth have reached occlusion and dentinogenesis
slows down, these vessels usually retreat to a subodonto-
blastic position (Table 6.4).

Lymph vessels

Lymph capillaries are described as endothelium-lined
tubes that join thin-walled lymph venules or veins in the
central pulp. The lymphatic capillaries have thin walls.
Cellular projections arise from the endothelial cells.
The cells contain multivesicular structures, Weibel-
Palade bodies and paracrystalline inclusions. The lym-
phatic vessels were more numerous in the central part of
the pulp than in the peripheral areas. The larger vessels
have an irregular-shaped lumen composed of endothe-
lial cells surrounded by an incomplete layer of pericytes
or smooth muscle cells or both. Further, the lymph ves-
sels differ from venules in that their walls and basement
membrane show discontinuities, with the absence of
RBCs but with the presence of lymphocytes in the lu-
men. In inflamed pulps, due to increased interstitial
fluid pressure, gap junction develops between the endo-
thelial cells of the dilated lymph capillaries. Lymph ves-
sels draining the pulp and periodontal ligament have a
common outlet. Those draining the anterior teeth pass
to the submental lymph nodes; those of the posterior
teeth pass to the submandibular and deep cervical
lymph nodes.

Central trunk

Figure 6.20 Major nerve trunks branch in pulp and pass to parietal layer, which lies adjacent to cell-rich zone. Cell-rich zone

curves upward to right.
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Figure 6.21 Parietal layer of nerves is composed of myelinated nerve fibers. Cell-rich zone curves upward to right.

v 22w
_—— Dentin
yhd .
- s Pulp-predentin
border

Odontoblasts

Nerves in
cell-free zone

Parietal layer
of nerves

Figure 6.22 Terminal nerve endings located among odontoblasts. These arise from subjacent parietal layer.

Table 6.4 Microcirculation of Pulp

Arteries and arterioles thin walled

Pulpal arteries are as big as arterioles elsewhere

Do not branch in radicular pulp

Subodontoblastic plexus of capillaries seen

Presence of arteriole venous anastomosis

Pericytes in relation to smaller arterioles control blood flow
Sympathetic nerves also control blood flow

Higher capillary pressure

Rapid blood flow & fenestrated capillaries facilitate rapid
metabolite transport

Veins and venules thin walled

Lymphatics follow course of blood vessels

Nerves

The abundant nerve supply in the pulp follows the distri-
bution of the blood vessels. The majority of the nerves
that enter the pulp are nonmyelinated. Many of these
gain a myelin sheath later in life. The nonmyelinated

nerves are found in close association with the blood ves-
sels of the pulp and many are sympathetic in nature.
They have terminals on the muscle cells of the larger
vessels and function in vasoconstriction (Fig. 6.17). Thick
nerve bundles enter the apical foramen and pass along
the radicular pulp to the coronal pulp where their fibers
separate and radiate peripherally to the parietal layer
of nerves (Fig. 6.23). The number of fibers in these
bundles varies greatly, from as few as 150 to more than
1200. The larger fibers range between 5 and 13 pm,
although the majority are smaller than 4 pm. The peri-
neurium and the epineurium of the pulpal nerves are
thin. The large myelinated fibers mediate the sensation
of pain that may be caused by external stimuli. The
peripheral axons form a network of nerves located adja-
cent to the cellrich zone. This is termed the parietal
layer of nerves, also known as the plexus of Raschkow
(Figs 6.23, 6.24). Both myelinated axons, ranging from
2 to 5 pm in diameter, and minute nonmyelinated fibers
of approximately 200 to 1600 pm (2000 to 16,000 A) in
size make up this layer of nerves. The parietal layer
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Figure 6.23 Vesiculated nerve endings in predentin in zone adjacent to odontoblast process.
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Figure 6.24 Vesiculated nerve ending partially surrounded by an odontoblast process located adjacent to predentin. Note the
uniform cleft-like space between the nerve ending and the odontoblast process. Gap junction appears between odontoblasts.

develops gradually, becoming prominent when root for-
mation is complete.

Nerve endings

The mature deciduous teeth is well innervated, especially
the coronal pulp, has many nerve endings terminating in
or near odontoblast layer, with a few penetrating into the
dentin. Nerve axons from the parietal zone pass through
the cellrich and cellfree zones and either terminate
among or pass between the odontoblasts to terminate

adjacent to the odontoblast processes at the pulp—predentin
border or in the dentinal tubules (Fig. 6.25). Nerve termi-
nals consisting of round or oval enlargements of the
terminal filaments contain microvesicles, small, dark, gran-
ular bodies, and mitochondria (Fig. 6.26). These terminals
are very close to the odontoblast plasma membrane, sepa-
rated only by a 20 tm (200 A) cleft (Fig. 6.27). Many of
these indent the odontoblast surface and exhibit a special
relationship to these cells. Most of the nerve endings lo-
cated among the odontoblasts are believed to be sensory
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Figure 6.25 (A) Young tooth bud exhibiting highly cellular dental papilla. Compare dense cell population to that of adjacent con-
nective tissue. (B) Young tooth with blood vessels injected with India ink to demonstrate extent of vascularity of pulp. Large
vessels located centrally and smaller ones peripherally among odontoblasts. Pulp surrounded by dentin and enamel. (C) Young
tooth stained with silver to demonstrate neural elements. Myelinated nerves appear in pulp horn only after considerable amount

of dentin has been laid down.

Figure 6.26 These four diagrams depict pulp organ throughout life. Observe first the decrease in size of pulp organ. (A) to (D)
Dentin is formed circumpulpally but especially in bifurcation zone. Note decrease in cells and increase in fibrous tissue. Blood
vessels (white) organize early into odontoblastic plexus and later are more prominent in subodontoblastic zone, indicating
decrease in active dentinogenesis. Observe sparse number of nerves in young pulp, organization of parietal layer of nerves.
They are less prominent in aging pulp. Reparative dentin and pulp stones are apparent in oldest pulp, (D).

receptors. Some sympathetic endings are found in this lo-
cation as well. Whether they have some function relative to
the capillaries or the odontoblast in dentinogenesis is not
known. The nerve axons found among the odontoblasts
and in the cellfree and cell-rich zones are nonmyelinated
but are enclosed in a Schwann cell covering. It is presumed

that these fibers lost their myelin sheath as they passed
peripherally from the parietal zone. More nerve fibers and
endings are found in the pulp horns than in other periph-
eral areas of the coronal pulp (Fig. 6.34 C).

Recently a great deal of information has been reported
regarding the types of potential neurotransmitters that
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Figure 6.27 Mild pulp response with loss of odontoblast identity and inflammatory cells obliterating cell-free zone.

are present in the nerves of the dental pulp. Substances
such as substance P, 5-hydroxytryptamine, vasoactive in-
testinal peptide, somatostatin, and prostaglandins, as well
as acetylcholine and norepinephrine have been found
throughout the pulp. The majority of these putative
transmitters have been shown to affect vascular tone and
subsequently modify the excitability of the nerve endings.
Some of the neuropeptides, like calcitonin gene related
peptide (CGRP) and substance P are potent vasodilators,
while others like norepinephrine and neuropeptide Y
are vasoconstrictors. Some neuropeptides like substance
P act as nociceptive transmitter, in that they help to trans-
mit pain sensation, while others like somatostatin act
against them. Further, it has been suggested that these
changes in vascular tone can also affect the incremental
growth of dentin.

It is a feature unique to dentin receptors that environ-
mental stimuli always elicit pain as a response. Sensory
response in the pulp cannot differentiate between heat,
touch, pressure, or chemicals. This is because the pulp
organs lack those types of receptors that specifically
distinguish these other stimuli (Table 6.5).

Table 6.5 Nerves of the Pulp

Nerves follow the course of blood vessels

Very little branching in radicular pulp

Myelinated nerves lose myelin sheath and form plexus: plexus
of Raschkow

Nerve fibers terminate adjacent to odontoblast or in dentinal
tubules

Only free nerve endings in pulp: therefore only pain sensation
is felt

Myelinated/ fast conducting: ‘a’ delta fibers mediate sharp
pain

Nonmyelinated/ slow conducting: ‘c fibers mediate dull pain
Sympathetic fibers end in blood vessels to control blood flow

FUNCTIONS

Inductive

The primary role of the pulp anlage is to interact with
the oral epithelial cells, which leads to differentiation of
the dental lamina and enamel organ formation. The
pulp anlage also interacts with the developing enamel
organ as it determines a particular type of tooth.

Formative

The pulp organ cells produce the dentin that surrounds
and protects the pulp. The pulpal odontoblasts develop
the organic matrix and function in its calcification.
Through the development of the odontoblast processes,
dentin is formed along the tubule wall as well as at the
pulp—predentin front.

Nutritive

The pulp nourishes the dentin through the odontoblasts
and their processes and by means of the blood vascular
system of the pulp.

Protective

The sensory nerves in the tooth respond with pain to all
stimuli such as heat, cold, pressure, operative cutting
procedures, and chemical agents. The nerves also initi-
ate reflexes that control circulation in the pulp. This
sympathetic function is a reflex, providing stimulation to
visceral motor fibers terminating on the muscles of the
blood vessels.

Defensive or reparative

The pulp is an organ with remarkable reparative abili-
ties. It responds to irritation, whether mechanical, ther-
mal, chemical, or bacterial, by producing reparative
dentin and mineralizing any affected dentinal tubules.
The changes in the odontoblast, subodontoblastic layer
and type of tertiary dentin formation varies with the
extent of caries exposing the dentin (open/closed



Table 6.6 Functions of Pulp

Function Mode of Action
Induction Differentiation of dental lamina &
dental organ
Determination of tooth morphology
Formative Production of dentin
Nutritive Nourishment of dentin

Protective/ sensory
Defensive/ reparative

Immune cells, pain perception
Production of reparative dentin

lesion), its progression (active/slowly progressive lesion).
The reparative dentin was found to be more atubular in
closed/active lesions and more tubular in open/slowly
progressive lesions.

After injury to the mature tooth, the fate of the odon-
toblast can vary according to the intensity of the injury.
Milder injury can result in functional activity leading to
focal secretion of a reactionary dentin matrix, called re-
generation, while greater injury can lead to odontoblast
cell death. Induction of differentiation of a new genera-
tion of odontoblast-like cells can then lead to reparative
dentinogenesis.

Both the reparative dentin created in the pulp and the
calcification of the tubules (sclerosis) are attempts to wall
off the pulp from the source of irritation. Also, the pulp
may become inflamed due to bacterial infection or by
cutting action and placement of an irritating restorative
material. The pulp has macrophages, lymphocytes, neu-
trophils, monocytes, and plasma and mast cells, all of
which aid in the process of repair of the pulp. Although
the rigid dentinal wall has to be considered as a protection
of the pulp, it also endangers its existence under certain
conditions. During inflammation of the pulp, hyperemia
and edema may lead to the accumulation of excess fluid
outside the capillaries. An imbalance of this type, limited
by the unyielding enclosure, can lead to pressure on api-
cal vessels and ischemia, resulting in necrosis of the pulp.
In most cases, if the inflammation is not too severe,
however, the pulp will heal since it has excellent regenera-
tive properties (Table 6.6).

DIFFERENCES IN PRIMARY AND
PERMANENT PULP TISSUES

Primary pulp

The primary pulp (pulp of deciduous teeth) functions
for a shorter period of time than do the permanent
pulps. The average length of time a primary pulp func-
tions in the oral cavity is only about 8.3 years. This
amount of time may be divided into three time periods—
that of pulp organ growth, which takes place during the
time the crown and roots are developing; that period of
time after the root is completed until root resorption
begins, which is termed the time of pulp maturation; and
finally the period of pulp regression, which is the time
from beginning root resorption until the time of exfolia-
tion. Let us consider the average time of pulp life based
on figures for the entire primary dentition. These three

Chapter 6 — Pulp 109

periods (growth, maturation, and regression) are not of
equal lengths. Tooth eruption to root completion is
about 1 year (11.85 months), and the time of root
completion to beginning root loss (based on completion
of the permanent crown) is 45.3 months, or 3 years,
9 months. Finally, the time of pulp regression based on
the beginning of root resorption to exfoliation is 3 years,
6 months. The amount of time the primary pulp is un-
dergoing changes relative to growth based on both the
prenatal crown formation and the postnatal root com-
pletion is about 4 years, 2 months, 11 months of which
are involved in crown completion from the time of
beginning of crown calcification to its completion. The
period of time the primary radicular pulp is regressing is
based on the time from when the permanent crown is
completed till the time of permanent tooth eruption.
In some cases, root loss commences before the root is
entirely complete. The maximum life of the primary
pulp including both prenatal and postnatal times of
development and the period of regression is approxi-
mately 9.6 years.

Permanent pulp

During crown formation the pulps of primary and perma-
nent teeth are morphologically nearly identical. In the
permanent teeth this is a process requiring about 5 years.
During this time the tissues are highly cellular, exhibiting
a high mitotic rate especially in the cervical region. The
young differentiating odontoblasts exhibit few organelles
until dentin formation begins; then they rapidly change
into protein-synthesizing cells. Both the primary and the
permanent pulps are highly vascularized; however, the
primary teeth never attain the extent of neural develop-
ment that occurs in the permanent teeth. This is caused
in part by the loss of neural elements during the root-
resorption period. The greater the extent of root resorp-
tion, the greater the degenerative changes seen in the
primary pulps. The architecture of the primary and per-
manent pulps is similar in appearance to the cell-free and
cell-rich zones, parietal layer, and the large nerve trunks
and vessels in the central pulp.

The periods of development for the pulps of the perma-
nent teeth are, as might be expected, longer than those
required for completion of the same processes in the pri-
mary teeth. As mentioned above, crown completion,
based on the time during which the crown is completing
formation and calcification, averages 5 years, 5 months.
From the time of crown completion to eruption the time
in both arches averages 3 years, 6 months. The time from
eruption to root completion is 3 years, 11 months. Thus
the pulp of the permanent teeth undergoes development
for about 12 years, 4 months (based on the time from be-
ginning prenatal crown calcification to root completion).
This is in contrast to the 4 years, 2 months it takes in the
primary teeth. Furthermore, the permanent roots take
over twice as long to reach completion (7 years, 5 months)
compared to those of the primary pulps (average 3 years,
3 months).

The period of pulp aging is much accelerated in the
primary teeth and occupies the time from root comple-
tion to exfoliation, or about 7 years, 5 months. Aging of
the pulp in the permanent teeth, on the other hand,
requires much of the adult life span.
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Finally, one should note in passing that for both the
primary and permanent teeth the maxillary arches
require slightly longer to complete each process of devel-
opment than do the mandibular arches.

REGRESSIVE CHANGES (AGING)

The age changes in the dental pulp are dealtin Chapter 17
on Age Changes in Oral Tissues. Hence the age change
in dental pulp is briefly summarized in this chapter.
The age changes in the pulp are decrease in cellularity,
increase of collagen fibres and their aggragation into
bundles, decrease in vascularity and appearance of calcifi-
cations. The calcifications may be diffuse calcifications
or nodular calcifications, termed as pulp stones or denti-
cles. Pulp stones may lie free in the pulp, attached to
dentinal wall or embedded in it. If pulp stones has the
structure of dentin, it is called true denticles, if not, false
denticles.

DEVELOPMENT

The tooth pulp is initially called the dental papilla. This
tissue is designated as ‘pulp’ only after dentin forms
around it. The dental papilla controls early tooth forma-
tion. In the earliest stages of tooth development it is the
area of the proliferating future papilla that causes the
oral epithelium to invaginate and form the enamel
organs. The enamel organs then enlarge to enclose the
dental papillae in their central portions (Fig. 6.28A).
The dental papilla may play a role to determine the
forming enamel organ is to be an incisor or a molar.
Recent information indicates that the epithelium may
have that information. At the location of the future inci-
sor, the development of the dental pulp begins at about
the 8th week of embryonic life in the human. Soon
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Figure 6.28 Moderate cell response with formation of reparative dentin underlying cavity. Note viable odontoblasts have
deposited tubular, reparative dentin.
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thereafter the more posterior tooth organs begin differ-
entiating. The cell density of the dental papilla is great
because of proliferation of the cells within it (Fig. 6.28A).
The young dental papilla is highly vascularized, and a
well-organized network of vessels appears by the time
dentin formation begins (Fig. 6.28B). Capillaries crowd
among the odontoblasts during this period of active den-
tinogenesis. The cells of the dental papilla appear as
undifferentiated mesenchymal cells. Gradually these
cells differentiate into stellate-shaped fibroblasts. After
the inner and enamel organ cells differentiate into am-
eloblasts, the odontoblasts then differentiate from the
peripheral cells of the dental papilla and dentin produc-
tion begins. As this occurs, the tissue is no longer called
dental papilla but is now designated the pulp organ.

Axons of developing nerves reach the jaws and form
terminals near sites of odontogenesis before tooth for-
mation starts. Nerve fibers were first seen in the dental
follicle in the 11th week of intrauterine life. In the 18th
week the nerve fibers were observed in the dental pa-
pilla. At that time the first layers of enamel and dentin
were being formed. At about 24th week the nerve fibers
reach the subodontoblastic region. Subsequently, nerve
fibers increase in number and those accompanying
blood vessels form neurovascular bundles in the central
portion of the developing pulp. During the fetal period
no subodontoblastic plexuses or nerve fibers in the pre-
dentin or in the dentin were observed. Few large myelin-
ated nerves are found in the pulp until the dentin of the
crown is well advanced. At that time nerves reach the
odontogenic zone in the pulp horns. The sympathetic
nerves, however, follow the blood vessels into the dental
papilla as the pulp begins to organize. During develop-
ment, dental pulp cells produce nerve growth factor and
semaphorin 7A and brain derived glial cell line derived
neurotrophic factor all of which help to innervate the
pulp. Growth factors like neurotrophin and neurturin
were shown not be involved in this process.

Reparative
dentin



CLINICAL CONSIDERATIONS

Pulpal inflammation or pulpitisis a response of the trauma-
tized pulp, with trauma being a result of a bacterial infec-
tion as in dental caries or physical trauma to the tooth
structure. Pulpal inflammation in milder forms could re-
sult in focal reversible pulpitis and may progress if left un-
checked to acute and chronic forms of pulpitis. Well vascu-
larized pulpal tissues may at times in carious molar teeth of
young adults and children with open apex exhibit a form
of hyperplasia, seen clinically from an exposed pulp cham-
ber as a protruding red mass of granulation tissue called
pulp polyp or chronic hyperplastic pulpitis. This condition re-
quires endodontic therapy or extraction of the tooth. In-
flammation within the pulp may also sometimes result in a
condition called internal resorption or pink tooth. The out-
ward resorption of dentinal walls by osteodentinoclasts
(odontoclasts) results in the pulpal tissue appearing pink
through the thin translucent enamel, hence the term pink
tooth. This condition may require endodontic therapy.
Pulpal infection can spread apically into the periodontal
ligament causing granulomas, abscesses and cysts.

For all operative procedures the shape of the pulp cham-
ber and its extensions into the cusps, the pulpal horns, is
important to remember. The wide pulp chamber in the
tooth of a young person will make a deep cavity prepara-
tion hazardous, and it should be avoided, if possible. In
some instances of developmental disturbances the pulpal
horns project high into the cusps, and the exposure of a
pulp can occur when it is least anticipated. Sometimes a
radiograph will help to determine the size of a pulp cham-
ber and the extent of the pulpal horns.

If opening a pulp chamber for treatment becomes
necessary, its size and variation in shape must be taken
into consideration. With advancing age, the pulp chamber
becomes smaller (Fig. 6.29), and because of excessive
dentin formation at the roof and floor of the chamber, it
is sometimes difficult to locate the root canals. In such
cases it is advisable when one opens the pulp chamber to
advance toward the distal root in the lower molar and
toward the lingual root in the upper molar. In this region
one is most likely to find the opening of the pulp canal
without risk of perforating the floor of the pulp chamber.
In the anterior teeth the coronal part of the pulp chamber
may be filled with secondary dentin; thus locating the root
canal is made difficult. Pulp stones lying at the opening of
the root canal may cause considerable difficulty when an
attempt is made to locate the canals.

The shape of the apical foramen and its location may
play an important part in the treatment of root canals.
When the apical foramen is narrowed by cementum, it is
more readily located because further progress of the
broach will be stopped at the foramen. If the apical open-
ing is at the side of the apex, as shown in Figure 6.2B, not
even radiographs will reveal the true length of the root
canal, and this may lead to misjudgment of the length of
the canal and the root canal filling.

Since accessory canals are rarely seen in radiographs,
they are not treated in root canal therapy. In any event it
would be mechanically difficult or impossible to reach
them. Fortunately, however, the majority of them do not
affect the success of endodontic therapy.
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Reparative

Figure 6.29 Diagram of reparative function of pulp organ to
cavity preparation and subsequent restoration. Reparative
dentin is limited to zone of stimulation.

When accessory canals are located near the coronal
part of the root or in the bifurcation area (Fig. 6.3B),
a deep periodontal pocket may cause inflammation of
the dental pulp. Thus periodontal disease can have
a profound influence on pulp integrity. Conversely,
a necrotic pulp can cause spread of disease to the peri-
odontium through an accessory canal. It is recognized
that pulpal and periodontal disease may spread by their
common blood supply.

Pulp capping is successful, especially in noninfected
or minimally infected, accidentally exposed pulps in
individuals of any age. In these instances dentin is
formed at the site of the exposure; thus a dentin bar-
rier or bridge is developed and the pulp retains vitality.
Dentin bridge forms an effective continuous barrier
only if operative debris and pulp capping material
particles are removed.

All operative procedures cause an initial response in the
pulp, which is dependent on the severity of the insult. The
pulp is highly responsive to stimuli. Even a slight stimulus
will cause inflammatory cell infiltration (Fig. 6.30). A severe
reaction is characterized by increased inflammatory cell
infiltration adjacent to the cavity site, hyperemia, or local-
ized abscesses. Hemorrhage may be present, and the odon-
toblast layer is either destroyed or greatly disrupted. It is
of interest that most compounds containing calcium
hydroxide readily induce reparative dentin underlying a
cavity (Fig. 6.31). Most restorative materials also induce
reparative dentin formations (Fig. 6.32). Usually the closer
a restoration is to the pulp the greater will be the pulp
response. Though the high pH of calcium hydroxide is
bactericidal and promotes tertiary dentin formation, it has
unstable physical properties in that particles of calcium
hydroxide get into pulp causing pulpal inflammation.
Newer composite resins used as pulp capping agents showed
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better sealing properties than the earlier composites and
calcium hydroxide. Therefore the bacterial leakage is less
compared to calcium hydroxide leading to a better dentin
bridge formation.

More than calcium hydroxide, enamel matrix deriva-
tive was shown to be more capable of promoting repara-
tive process in the wounded pulp. Mineral trioxide
aggregate (MTA) has also been shown to be more effec-
tive than calcium hydroxide as pulp capping agents.
Inflammation, hyperemia and necrosis were less but
more odontoblasts and thicker dentin bridge formation
was seen with MTA.

In future, incorporation of bioactive molecules like
bone morphogenetic protein, TGF-81 or purified dentin
protein fractions in pulp capping materials, use of tissue
cultured dentin and stem cells to produce dentin, may
radically alter the present treatment approaches.

The thickness of remaining dentin was shown to be
important factor in maintaining the vitality of pulp.
A minimum thickness of 5mm or greater has a powerful
influence on pulp vitality but little effect on reparative
dentin formation and no effect on the intensity of inflam-
mation. The number of vital odontoblast remaining after
cavity preparation is a critical factor, apart from patient’s
age which determines the ability of the pulp to form re-
parative dentin. Pain may be the only symptom in pulpitis
and all other cardinal signs of inflammation like rubor
(redness), calor (heat), or tumor (swelling) will not be
appreciated clinically because pulp is situated deep within
the tooth and surrounded by hard tissues of the tooth.
Since the pulp contains only free nerve endings all forms
of sensory stimuli like touch, pressure or temperature to
the pulp result in causing pain sensation only.

Pulpal pain worsens with the degree of inflammation.
Stimuli causing pain act through large diameter A-8 or
smaller diameter C-fibers. A-d fibers are fast conducting
myelinated fibers and evoke a sharp pain, while nonmy-
elinated C-fibers are slow conducting fibers and produce
a dull pain on stimulation.

Changes occur in tissue fluid pressure in normal and
inflamed pulps, and this largely determines whether pulp
necrosis occurs or not. Tissue pressure is the hydrostatic
pressure of the interstitial fluid surrounding the pulpal
cells. It increases due to increase in blood flow and due
to increased interstitial fluid; occurring as a result of in-
flammation. This will cause increase in lymph flow and
increased absorption of fluid into the capillaries in the

uninflamed area. This will help in transport of fluid from
the pulp and thereby reduces the tissue fluid pressure to
normal. Increased tissue pressure will promote outward
flow of dentinal fluid through the exposed dentinal
tubule. This serves to protect the pulp against entry of
harmful substances. If the compensatory mechanisms fail
to reduce the tissue fluid pressure, a sustained increase in
the pressure occurs, and this will compress the blood ves-
sels causing ischemia and necrosis.

In response to orthodontic forces, the pulp shows cell
damage, inflammation, vasodilatation and healing all of
which are associated with increased vascularity due to
release of angiogenic growth factors.

Since dehydration causes pulpal damage, operative
procedures producing this condition should be avoided.
When filling materials contain harmful chemicals (e.g.
acid in silicate cements and monomer in the compos-
ites), an appropriate cavity liner should be used prior to
the insertion of restorations. Pulp has to be protected
from damage due to heat transmission especially by me-
tallic restorations by the use of bases.

Avital pulp is essential to good dentition. Although mod-
ern endodontic procedures can prolong the usefulness of
a tooth, a nonvital tooth becomes brittle and is subject to
fractures. Therefore, every precaution should be taken to
preserve the vitality of a pulp.

In clinical practice, instruments called vitalometers,
which test the reaction of the pulp to electrical stimuli, or
thermal stimuli (heat and cold) are often used to test the
‘vitality’ of the pulp. These methods provide information
about the status of the nerves supplying the pulpal tissue
and therefore check the ‘sensitivity’ of the pulp and not
its ‘vitality.” The vitality of the pulp depends on its blood
supply, and one can have teeth with damaged nerve but
normal blood supply (as in cases of traumatized teeth).
Such pulps do not respond to electrical or thermal stim-
uli but are completely viable in every respect.

Laser Doppler flowmetry, an electro-optical technique
used in the recording of pulpal blood flow, has been found
to be reliable in assessing the vitality of traumatized teeth.
Also, transmitted-light photoplethysmography, which has
been used to detect blood flow in young permanent teeth,
may be of use in the assessment of pulp vitality.

The preservation of a healthy pulp during operative
procedures and successful management in cases of dis-
ease are two of the most important challenges to the
clinical dentist.

The pulp is a loose connective tissue occupying the pulp
chamber in the crown and root canal in the root. Pulp com-
municates with the periodontal ligament through the apical
foramen and through accessory foramina.

Zones of the Pulp

Pulp can be divided into different zones; the odontogenic
zone close to the pulp—dentin border, the cellfree zone of
Weil beneath it, and the parietal zone in the remaining area.

Cells of the Pulp

Odontoblasts

The odontoblasts present in the, odontogenic zone varies in
size, shape, and arrangement. In the coronal pulp they are
columnar in shape and show a pseudostratified arrangement
with an average diameter of 7.2 pm and 25 to 40 pm in
length, becoming flatter and are arranged in a single layer
in the root. Odontoblasts have a basal polarized nucleus and



contact the adjacent cells focally with junctional complexes.
The odontoblast morphology and its organelles vary with
functional activity of the cell. In the active stage as during the
formation of primary dentin formation, the cell is elongated
with all the organelles required for protein synthesis. In the
resting stage, the cell is stubby with fewer organelles. They
are terminally differentiated so they have to be replaced by
undifferentiated mesenchymal cells when they die. The cyto-
plasmic process extending from the apical cytoplasm is usu-
ally devoid of organelles and extends to about 2/3rd of the
lengths of the dentinal tubules. The cellfree zone contains
subodontoblastic plexus of nerves and vessels.

Fibroblasts and Collagen Fibers of the Pulp

Pulp consists of fibroblasts, defense cells like histiocytes, plasma
cells and pluripotent undifferentiated mesenchymal cells, and
stem cells. The fibroblasts are the most numerous of the pulpal
cells. They are star shaped and their process communicates
with each other. They form and degrade collagen fibers and
the ground substance. Pulp consists of loosely arranged type |
fine collagen fibers. Their length varies from 10 to 100nm.

Defence Cells

The histiocyte is an irregularly shaped cell and appear similar
to fibroblast. They are stained by vital dyes like toluidin blue.
Ultrastructurally they show vesicles containing phagocytosed
bodies.

Dendritic cells are antigen presenting cells found in close
relation to or contact with their processes to odontoblast or
endothelial cells.

The plasma cells are seen only during pulpal inflammation.
They are oval shaped cells with eccentric nucleus. They
produce antibodies.

Pulpal stem cells

These are pluripotent cells replacing injured odontoblast and
produce dentin. They can be induced to proliferate and dif-
ferentiate by numerous growth factors like transforming
growth factor. Pulp of exfoliated deciduous teeth and third
molars are a good source of pulpal stem cells and they are
used in regeneration of dentin, bone, and neural tissues.

Pulpal Blood Vessels and Circulation

The blood vessels are mainly arterioles of smaller size and
thinner walls than elsewhere, the capillaries have fenestra-
tions and there are arferiovenous communications. Blood
flow in pulp is higher than in most areas of the body, in cap-
illaries is high— it is1 mm 0.08mm per second. The circula-
tion in pulp facilitates rapid transport of metabolites. Peri-
cytes are cells with contractile properties and are seen on the
surface of smaller arterioles. Blood vessels and nerves enter
and leave through apical foramen. Blood vessels in the pulp
communicate with the vessels in the periodontal ligament
through main and accessory canals. Lymph vessels also said
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to follow the course of blood vessels. Lymph vessels draining
anterior teeth drain into submental lymph nodes and those
from posterior teeth drain into submandibular lymph nodes.

Nerves of the Pulp

The nerves are of two types—the unmyelinated parasympa-
thetic nerves which are unbranched and end in blood vessels
to control the blood flow and the myelinated nerves and so-
matic nerves which lose their myelin sheath before they
branch and form plexus in the cell-free zone. This plexus is
often referred to as plexus of Raschkow. Some of these ex-
tend to end below the odontoblast and form synapse while
others go up to predentin and loop backward while very few
travel within the dentin tubules spiraling around the odonto-
blastic process. Since the pulp contains only free nerve end-
ings all forms of sensory stimuli result in pain sensation.

Function of Pulp

The function of pulp is to produce dentin (formative function),
nourish dentin (nutritive function), elicite pain to protect the
tooth(protective function) and to repair injured dentin or ar-
rest caries progression by forming reparative dentin (repara-
tive function). In early odontogenesis the pulp anlage inter-
acts with oral epithelial cells to cause differentiation of
enamel organ and dental lamina.

Development of Pulp and Differences in
Primary and Permanent Teeth Pulp Tissues
The pulp is formed from dental papilla. After the peripheral
cells of dental papilla differentiate into odontoblast and pro-
duce dentin, the rest of dental papilla becomes pulp. The earli-
est pulp of deciduous teeth develops by 8th week of embryonic
life. The developing pulp is very cellular and very vascular.
Nerves appear later (18th week), reach subodontoblastic re-
gion by 24th week, the plexuses formation occurring still later.

The pulp of primary (deciduous) teeth functions for a shorter
time than pulp of permanent teeth (about 8.3 years). During this
period the pulp grows fill root completion in about 1 year, it
matures in about 3 year, 9 months and lafer regresses from the
time of root resorption fo exfoliation in about 3 year 6 months. In
permanent feeth as the periods of crown completion (5.5years),
the period between crown completion and eruption (about 3.6
years) and from eruption fo root complefion period (about 3 year,
11 months) are all longer; the pulp growth and development are
slower than the deciduous teeth. It is due to the shorter life span
of growth and maturity of deciduous pulp, the extent of neural
development is less than in permanent teeth.

Age Changes in the Pulp

The age changes in the pulp include decreased cellularity,
increase in fibers with bundle formation, degeneration of
nerves and calcifications. Pulp arferioles are end arteries and
as pulp circulation is not collateral, inflammation of pulp
results in necrosis.
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REVIEW QUESTIONS

1. Describe the cells of the pulp.

2. What are the types of stem cells present in the pulp and
their potential applications?

3. Describe the vasculature of the pulp.

4. What does cell-free zone contain?
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Cementum is the mineralized dental tissue covering the
anatomic roots of human teeth. It was first demonstrated
microscopically in 1835 by two pupils of Purkinje. It be-
gins at the cervical portion of the tooth at the cemento-
enamel junction and continues to the apex. Cementum
furnishes a medium for the attachment of collagen fibers
that bind the tooth to surrounding structures. It is a spe-
cialized connective tissue that shares some physical,
chemical, and structural characteristics with compact
bone. Unlike bone, however, human cementum is avas-
cular and noninnervated.

Cementum thickness varies in different teeth and in the
same teeth in different regions. Cementum is thinnest at
the cementoenamel junction (20 to 50 wm) and thickest
toward the apex (150 to 200 wm). The apical foramen is
surrounded by cementum. Sometimes cementum extends
to the inner wall of the dentin for a short distance, and so
a lining of the root canal is formed. Like dentin, cemen-
tum can form throughout the life of a tooth.

PHYSICAL CHARACTERISTICS

The hardness of fully mineralized cementum is less than
that of dentin. Cementum is light yellow in color and can
be distinguished from enamel by its lack of luster and its
darker hue. Cementum is somewhat lighter in color than
dentin. The difference in color, however, is slight, and
under clinical conditions it is not possible to distinguish
cementum from dentin based on color alone. Under
some experimental conditions cementum has been
shown to be permeable to a variety of materials.
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CHEMICAL COMPOSITION

On a dry weight basis, cementum from fully formed
permanent teeth contains about 45 to 50% inorganic
substances and 50 to 55% organic material and water.
The inorganic portion consists mainly of calcium and
phosphate in the form of hydroxyapatite. Numerous
trace elements are found in cementum in varying
amounts. It is of interest that cementum has the highest
fluoride content of all the mineralized tissues.

The organic portion of cementum consists primarily of
type I collagen and protein polysaccharides (proteogly-
cans). The other types of collagen seen are types III, V, VI
and XII. Amino acid analyses of collagen obtained from
the cementum of human teeth indicate close similarities
to the collagens of dentin and alveolar bone.

The noncollagenous proteins play important roles in
matrix deposition, initiation and control of mineralization
and matrix remodeling. Many noncollagenous proteins
are common to both cementum and bone. Bone sialopro-
tein (BSP) and osteopontin are two such major proteins
that fill up the large interfibrillar spaces. Osteopontin,
which is present in cementum in lesser amounts than in
bone, regulate mineralization. Cementum derived attach-
ment protein (CAP) is an adhesion molecule unique to
cementum. It helps in the attachment of mesenchymal
cells to the extracellular matrix. Cemental types vary in
the distribution of noncollagenous proteins.

Bone and cementum show similar types of proteogly-
cans. Chondroitin sulfate, heparan sulfate, hyaluronate,
keratan sulfates—fibromodulin and lumican, versican, bi-
glycan and osteoadherin are present in both the tissues.



The matrix of bone and cementum shows many simi-
lar growth factors, which control the activities of many
cell types. In cementum, like bone, TGF, various BMPs,
FGF, IGF, EGF and platelet derived growth factor (PDGF)
are seen. However, a cementum derived growth factor is
seen exclusively in cementum. As in bone, osteoprote-
gerin (OPG) and RANKL, are detected in periodontal
ligament cells during shedding, suggesting that these are
involved in resorption of cementum, similar to that of
bone. OPG interferes with the binding of RANKL to
RANK receptor in cementoblast and helps in the regula-
tion of cemental resorption.

CEMENTOGENESIS

The internal and external enamel epithelium proliferate
downwards as a double layered sheet of flat epithelial
cells, called the root sheath of Hertwig. This root sheath
induces the cells of the dental papilla to differentiate
into odontoblasts. These cells secrete the organic matrix
of first formed root predentin consisting of ground sub-
stance and collagen fibrils. As the odontoblasts retreat
inwards, they do not leave behind the odontoblastic pro-
cess in these first few layers of dentin. Hence, this layer is
structure less and is called ‘Hyaline layer’.

Subsequently, breaks occur in the epithelial root
sheath allowing the newly formed dentin to come in
direct contact with the cells of dental follicle (Fig. 7.1).
Cells derived from this connective tissue are called
cementoblast. They are responsible for the formation of
cementum (Fig. 7.2).

Epithelial
sheath
broken,
separated
from root

Epithelial
sheath in
contact with
predentin

Epithelial
diaphragm

Figure 7.1 Hertwig’s epithelial root sheath at end of forming
root. At side of root, sheath is broken up, and cementum
formation begins (From Gottlieb B: J Periodontol 13:13, 1942).
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Figure 7.2 Epithelial sheath is broken and separated from
root surface by connective tissue.

At the ultrastructural level, breakdown of Hertwig’s
epithelial root sheath involves degeneration or loss of its
basal lamina on the cemental side. At the deep surface,
these fibrils intermingle with those of hyaline layer. Loss
of continuity of the basal lamina is soon followed by the
appearance of collagen fibrils and cementoblasts be-
tween epithelial cells of the root sheath. Some sheath
cells migrate away from the dentin toward the dental
sac, whereas others remain near the developing tooth
and ultimately are incorporated into the cementum.
Sheath cells that migrate toward the dental sac become
the epithelial rests of Malassez found in the periodontal
ligament of fully developed teeth.

Cementoblasts

Cementoblasts synthesize collagen and protein polysac-
charides, which make up the organic matrix of cemen-
tum. At the superficial surface, the collagen fibrils
produced by the cementoblast form a fibrous fringe
perpendicular to periodontal space. These cells retreat
and intermingle with the fibroblasts of the periodontal
ligament. These cells have numerous mitochondria, a
well-formed Golgi apparatus, and large amounts of
granular endoplasmic reticulum. These ultrastructural
features are not unique to cementoblasts and can be
observed in other cells actively producing proteins and
polysaccharides.
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Mineralization of the first formed dentin of the hyaline
layer occurs within matrix vesicles. But the mineralization
does not occur at outermost surface of hyaline layer, but
within it. From this initial center, mineralization spreads
towards pulp and towards periodontal ligament. Outer-
most part of the hyaline layer thus undergoes delayed
mineralization. The delayed mineralization front of the
hyaline layer spreads outwards, until it is fully mineralized
and continues into the fibrous fringe secreted by the ce-
mentoblast. Thus, the first few layers of acellular cemen-
tum are attached to dentin. The fibers in the periodontal
ligament are parallel to the root surface at this stage. But
in the later stages, the principal collagen fibers of
the periodontal ligament become continuous with the
fibrous fringe of cementum.

Once the periodontal ligament fibers get attached to
the fibrous fringe from acellular cementum, the cemen-
tum is classified as Acellular extrinsic fiber cementum. In
permanent teeth, the attachment occurs only after the
tooth has erupted into the oral cavity (only 2/3rd of the
root would have been formed by that time).

Thus, the acellular cementum lining the root before
this time may be considered as Acellular intrinsic fiber
cementum.

Incremental lines called as lines of Salter are seen in
cementum as during the process of cementogenesis,
there are periods of rest and periods of activity. The pe-
riods of rests are associated with these lines. The lines are
closer in acellular cementum as this cementum is formed
slowly.

Epithelial cell rests may be entrapped in the cemen-
tum near cementodentinal junction. That part of the
cementum is called Intermediate cementum. It usually oc-
curs in the apical half of roots of molar teeth.

After the formation of acellular cementum, a less min-
eralized cementum is formed called Cellular cementum.
The cementoblast secretes the collagen fibers and
ground substance which form the Intrinsic fibers of cel-
lular cementum. These fibers are parallel to the root
surface and do not extend into the periodontal liga-
ment. Some cementoblasts get entrapped and are called
Cementocytes. Increased rate of cementum formation re-
sults in cells getting incorporated into the matrix and a
layer of cementoid being present on the surface. These
cementocytes are present in spaces called lacunae. The
cementocytes in the deeper layers are nonviable as the
distance from the surface increases and diffusion of nu-
trients decreases. The incremental lines in the cellular
cementum are widely spaced because of the increased
rate of formation. Cellular cementum has no supportive
role as no fibers of periodontal ligament are inserted
into it.

DSP (Dentin sialoprotein), fibronectin, tenascin and pros-
taglandins (versican, decorin and biglycan) are present in
cellular cementum, as many prostaglandins are located
at the periphery of the lacunae.

The mineralization of cementum matrix may be con-
trolled by hydroxyapatite crystals in adjacent dentin, peri-
odontal ligament fibroblasts rich in alkaline phosphatase
and noncollagenous proteins in the matrix like BSP (Bone
sialoprotein). Mineralization is very slow and occurs in a
linear fashion. Hence there is no cementoid seen on the
surface of acellular cementum. Mineralization of the

deeper layer of precementum of cellular cementum oc-
curs in the linear manner, but overall this type of cemen-
tum is less mineralized than acellular cementum.

At the apical and furcation areas, the cellular intrinsic
fiber cementum alternates with acellular extrinsic fiber
cementum to form Cellular mixed stratified cementum.

In the Cellular mixed fiber cementum, the normal
cellular intrinsic fiber cementum gives attachment to
extrinsic fibers from the periodontal ligament.

The Acellular afibrillar cementum is formed when there
is premature loss of the reduced enamel epithelium pro-
tecting the newly formed enamel at the cervical region.
It is deposited as a thin layer on the enamel at the cervi-
cal margin of the tooth.

Cementoblasts are identified by 3H thymidine label-
ing. Apart from the inner cells of the dental follicle, ce-
mentoblasts are also reported to differentiate from
HERS. The cementoblasts that is derived from dental fol-
licle has a similar morphology and phenotype to osteo-
blasts and is shown to be involved in the formation of
cellular intrinsic fiber cementum (CIFC). It has also
been suggested that this type of cementoblast and the
osteoblast may have a common precursor in the dental
follicle. The cementoblasts which are reported to be de-
rived from HERS have a similar morphology to fibroblast
and a different phenotype than osteoblasts and are
shown to be involved in the formation of acellular extrin-
sic fiber cementum (AEFC). These two types of cemento-
blast precursors differ in the expression of surface recep-
tors and their reaction to signaling molecules or
differentiating factors. E11 antibody strongly reacts with
CIFC forming cementoblasts but not with cementoblasts
forming AEFC, showing that the cementoblasts forming
cellular cementum and acellular cementum are differ-
ent. Cementoblasts forming CIFC, express receptors for
parathormone (PTH)/PTHrp (parathormone receptor
protein) which have a regulatory role in cementogenesis.
Cementoblasts forming AEFC do not show these recep-
tors. Extracellular matrix proteins osteopontin and os-
teocalcin were expressed by cementoblasts producing
cellular cementum suggesting osteoblast like phenotype,
while cementoblasts producing acellular cementum ex-
press only osteopontin suggesting a partial osteoblastic
phenotype. Osteonectin synthesized by the cemento-
blasts producing both acellular and cellular cementum is
associated with collagen formation, hence it is seen not
only during cementogenesis but also during dentino-
and osteogenesis.

Many factors are involved in the differentiation of ce-
mentoblast. They are growth factors belonging to the
TGF-B family including BMP, transcription factor core
binding factor alpha 1 (Cbfa 1) and signaling molecule
epidermal growth factor (EGF).

The Hertwig’s epithelial root sheath undergoes epi-
thelial mesenchymal transition under the induction of
TGFBI and develop into cementum forming cells.

BMPs are members of TGF-$ family. BMPs 2, 4, and 7
are known to promote differentiation of pre-osteo-
blasts and precursors of cementoblasts. BMP3 is said to
play a role in cementum formation as this has been
found selectively in root lining cells. BMP3 plays a role
in differentiation of follicle cells along cementoblast
pathway.



Cbfal is found to be expressed in periodontal liga-
ment cells, dental follicle cells, cementoblasts, odonto-
blasts and ameloblasts. It may be involved in cemento-
blast differentiation.

EGF (Epidermal growth factor) receptor downregulates
signal transduction from ligands such as TGF-o and EGF
to control cell differentiation.

Prostaglandin E (2) and F (2) alpha enhance differentia-
tion of cementoblasts by activating protein kinase signal-
ing pathway.

FGF (Fibroblast growth factor) is shown to promote cell
proliferation, its migration and angiogenesis.

CAP (Cementum attachment protein) helps in the
attachment of selected cells to the newly forming tissue.
It is located in the matrix of mature cementum and in
cementoblasts.

Osteopontin and Bone sialoprotein (BSP) are expressed
by cells along root surface, the cementoblasts during
early stages of root development. They contain cell adhe-
sion molecule RGD and promote adhesion of selected
cells onto newly forming root.

Laminin has been identified on dentin surface at the
initiation of cementum formation. This may have a
role in attracting cementoblast like cells to the root
surface.

Recently dentin noncollagenous proteins have been iden-
tified which can stimulate dental follicle cells to differen-
tiate into cementoblast lineages.

Studies suggest that IGF and PDGF have a regulatory
function in cementoblast differentiation. These mole-
cules promote cementum formation by altering cell cycle
activities.

In the differentiation of the cementoblasts, growth
factors belonging to the TGF-B family including BMP, tran-
scription factor core binding factor alpha 1 (Cbfa 1) and
signaling molecule epidermal growth factor (EGF) are in-
volved. EGF receptor downregulates signals transduction
from ligands such as TGF-a and EGF to control cell differ-
entiation. Prostaglandins E(2) and F(2a ) enhance differ-
entiation of cementoblast by activating protein kinase sig-
naling pathway. FGF was shown to promote cementoblast

Box 7.1 Cementoblast Differentiation

CEMENTOBLAST DIFFERENTIATION

Factors
favoring
BMP
PGE(2), F(2)o
PGF
CAP
BSP
LAMININ
OSTEOPONTIN
HELP IN ATTACHMENT
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proliferation, its migration and angiogenesis. CAP, BSP
and osteopontin help in the attachment of selected cells to
the newly forming tissue (Box 7.1).

The development of cellular cementum can be di-
vided into two stages: an early stage in which the extrinsic
Sharpey’s fibers were few and intrinsic fibers were ran-
domly arranged, and a later stage in which the Sharpey’s
fibers were thicker and the intrinsic fibers appeared to
encircle them. Since the matrix secretion occurs from
different regions of the cementoblast (multipolar mode
of secretion) and the faster rate of formation are be-
lieved to be responsible for cementoblast entrapment
in its own matrix leading to the formation of cellular
cementum.

The epithelial cell rests showed a close relationship
with cementoblasts during acellular cementum forma-
tion but not with cellular cementum formation suggest-
ing that it has a role to play in acellular cementum
formation.

The development of acellular cementum is associated
with secretion of enamel matrix proteins (EMP) by
HERS and is preceded by mineralization of the first layer
of dentin adjacent to the root. HERS is also shown to
secrete cementum related proteins like BSP, osteopontin
and fibrillar collagen. The presence of EMP in cemental
matrix is disputed. Epithelial mesenchymal reaction sim-
ilar to that occurring in the crown is suggested leading
to the development of cementoblasts. Enamel proteins
including, amelogenin, parathyroid hormone receptor
protein and certain basement membrane constituents
are reported to be involved in the epithelial mesenchy-
mal reactions.

However, the role of HERS in cementum formation is
disputed. In situ hybridization studies and immunologi-
cal studies localized enamel proteins and amelogenin
mRNAs to enamel and were found to be absent in amelo-
blasts adjacent to root margin. Moreover amelogenin
antibodies did not crossreact with cementum protein
extracts.

After some cementum matrix has been laid down,
its mineralization begins. The uncalcified matrix is

Factors

downregulating
/ EGF

REGULATORY ROLE

IGF
PGDF
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called cementoid. Calcium and phosphate ions pres-
ent in tissue fluids are deposited into the matrix and
are arranged as unit cells of hydroxyapatite. Mineral-
ization of cementoid is a highly ordered event and
not the random precipitation of ions into an organic
matrix.

Gla proteins osteocalcin and osteonectin act as nuclea-
tors for mineralization, due to their strong affinity for
calcium, BSP (bone sialoprotein) and alkaline phospha-
tase promote mineralization while osteopontin regulates
growth of apatite crystals.

The major proteoglycan located exclusively in the
nonmineralized cementum was keratan sulfates—lumican
and fibromodulin. This finding suggests that they have a
regulatory role in cementum mineralization.

Insulin like growth factor (IGF) present in developing
and matured cementum monitors mineralization and
controls cell differentiation.

Cementoid Tissue

Under normal conditions growth of cementum is a
rhythmic process, and as a new layer of cementoid is
formed, the old one calcifies. A thin layer of cemen-
toid can usually be observed on the cemental surface
(Fig. 7.3). This cementoid tissue is lined by cemento-
blasts. Connective tissue fibers from the periodontal
ligament pass between the cementoblasts into the ce-
mentum. These fibers are embedded in the cementum
and serve to attach the tooth to surrounding bone.
Their embedded portions are known as Sharpey’s
fibers (Fig. 7.4). Each Sharpey’s fiber is composed
of numerous collagen fibrils that pass well into the
cementum (Fig. 7.5). Cementoid tissue is not observed
in AEFC.

Cementoblast

Periodontal
ligament

Cementoblast

Figure 7.3

STRUCTURE

Light microscopic observations reveal two basic types
of cementum, hence they are usually classified on the
basis of presence of cementocytes (cellular cementum)
or its absence (acellular cementum). It can also be
classified on the basis of the type of fibers (intrinsic/
extrinsic fibers) presence or their absence (afibrillar
cementum).

The intrinsic fibers produced by the cementoblast are
smaller (1-2 microns in diameter) and are usually ori-
ented parallel to the surface. The extrinsic fibers pro-
duced by periodontal ligament fibroblast are larger
bundles (5-7 microns in diameter) and are usually ori-
ented perpendicular to the surface. Thus by combining
the types of fibers—extrinsic and intrinsic fibers and the
presence or absence of cementocytes, different types of
cementum have been described.

Acellular extrinsic fiber cementum (AEFC), cellular intrinsic
Sfiber cementum (CIFC), and acellular afibrillar cementum are
usually described. The acellular extrinsic fiber cemen-
tum is regarded as primary cementum, because it forms
first. The cellular cementum are also known as secondary
cementum, because it forms later than primary cemen-
tum. In addition, acelllular intrinsic fiber, cellular and acel-
lular mixed fiber cementum (containing both intrinsic and
extrinsic fibers) and cellular mixed stratified cementum (con-
taining alternating layers of acellular extrinsic fiber ce-
mentum and cellular intrinsic fiber cementum), have
been described.

Cementum of different types differ from one an-
other in their location, structure, function, rate of
formation, biochemical composition and degree of
mineralization.

Dentin

Cementum

Cementoid
tissue

Cementoid tissue on surface of calcified cementum. Cementoblasts between fibers.
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Figure 7.4 Fibers of periodontal ligament continue into surface
layer of cementum as Sharpey’s fibers.

fibrils of
periodontal
ligament

Surface of
cementum

Collagen
fibrils
embedded

in cementum

Figure 7.5 Collagen fibrils from perlodontal ligament continue
into cementum. Numerous collagen fibrils embedded in cemen-
tum are collectively referred to as Sharpey’s fibers (Decalcified
human molar; electron micrograph; x17,000).

Acellular afibrillar cementum (AAC) The AAC is a miner-
alized ground substance containing no cells and is de-
void of extrinsic and intrinsic collagen fibers. This type
of cementum is seen chiefly as coronal cementum, with
a thickness of 1 to 15 pm.

Acellular Extrinsic Fiber Cementum

The AEFC extends from cervical margin to apical 1/3rd.
It is the only type of cementum seen in single rooted
teeth. In decalcified specimens of cementum, collagen
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fibrils make up the bulk of the organic portion of the
tissue. Interspersed between some collagen fibrils are
electron-dense reticular areas, which probably represent
protein polysaccharide materials of the ground sub-
stance (Fig. 7.6). The extrinsic fibers are seen perpen-
dicular to surface of cementum and they are known as
Sharpey’s fibers. In some areas, however, relatively discrete
bundles of collagen fibrils can be seen, particularly in
tangential sections (Fig. 7.7). These extrinsic collagen
fibers are mineralized except for their inner cores. This
is particularly true in a zone 10 to 50 wm wide near the
cementodentinal junction where unmineralized areas
about 1 to 5 wm in diameter are seen. When cementum

Collagen
fibrils

Ground
substance

Figure 7.6 Electron micrograph of human cementum show-
ing ground substance interspersed between collagen fibrils
(Decalcified specimen; xX42,000).

Sharpey’s
fibers

Cementum

Cemento-
dentinal
junction

Dentin

Figure 7.7 UItrastructuraI view of cementodentinal junction of
human incisor. In this tangential section, Sharpey’s fibers are
visible as discrete bundles of collagen fibrils (Decalcified
specimen; electron micrograph; x5000).
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remains relatively thin, Sharpey’s fibers cross the entire
thickness of the cementum. With further apposition of
cementum, a larger part of the fibers is incorporated in
the cementum. The attachment proper is confined to
the most superficial or recently formed layer of cemen-
tum (Fig. 7.4). The noncollagenous proteins fill up the
space between the extrinsic fibers. Since this type of ce-
mentum forms slowly and regularly the incremental lines
are placed parallel to the surface and closer together
than in cellular cementum. Cementoid, the unmineral-
ized matrix seen on the surface of cellular cementum is
not observed in AEFC.

The main function of this type of cementum is anchor-
age especially in single rooted teeth.

Cellular Cementum

The cellular cementum is also known as secondary ce-
mentum as this is formed later than the AEFC. The cel-
lular cementum found in the apical third is mainly of two
types—the cellular mixed fiber cementum which forms
the bulk of secondary cementum and occupies the apical
interradicular regions and the CIFC which is present in
the middle and apical third. These types are mainly in-
volved in the adaptation and repair of cementum. Since
the secondary cementum is formed rapidly the incre-
mental lines are placed further apart than in AEFC.

Cellular intrinsic fiber cementum (CIFC)

This cementum contains cells but has no extrinsic fibers.
The fibers present are intrinsic fibers which are secreted
by the cementoblasts. It is formed on the root surface
and in cases of repair.

Cellular mixed fiber cementum (CMFC)

The cellular mixed fiber cementum is a variant formed
at a faster rate with less mineralized fibers. The collagen
fibers of CMFC are derived from the periodontal liga-
ment fibroblasts and the cementoblasts. These intrinsic
and extrinsic fibers form an intricate pattern running
between each other at almost right angles and different
orientations, though the number of intrinsic fibers is
comparatively less than the extrinsic fibers. The fiber
bundles originating from the fibroblast are ovoid or
round with 5-7 wm diameter and the fibers originating
from the cementoblasts are much more delicate and
smaller measuring 1-2 pm in diameter.

Cellular mixed stratified cementum (CMSC)

In this type of cementum the cellular intrinsic fiber ce-
mentum alternates with acellular extrinsic fiber cemen-
tum. It is formed by cementoblasts and fibroblasts. It
appears primarily on apical third of the root and furca-
tion areas. The thickness varies from 100-1000 pm.

The cells incorporated into cellular cementum, ce-
mentocytes, are similar to osteocytes. They lie in spaces
designated as lacunae. A typical cementocyte has numer-
ous cell processes, or canaliculi, radiating from its cell
body. These processes may branch, and they frequently
anastomose with those of a neighboring cell. Most of the
processes are directed toward the periodontal surface of
the cementum. The full extent of these processes does
not show up in routinely prepared histologic sections.

They are best viewed in mineralized ground sections
(Fig. 7.8). The cytoplasm of cementocytes in deeper lay-
ers of cementum contains few organelles, the endoplas-
mic reticulum appears dilated, and mitochondria are
sparse. These characteristics indicate that cementocytes
are either degenerating or are marginally active cells.
At adepth of 60 um or more cementocytes show definite
signs of degeneration such as cytoplasmic clumping
and vesiculation. At the light microscopic level, lacunae
in the deeper layers of cementum appear to be empty,
suggesting complete degeneration of cementocytes
located in these areas (Fig. 7.9).

Differences between Cementocytes and
Osteocytes

Though the cementocytes resemble the osteocytes, there
are a few important differences. The lacunae of cemen-
tocytes varies from being ovoid or tubular, but the osteo-
cytic lacunae is invariably oval. The canaliculi are less
complicated and sparse, with the majority of them facing
the periodontal ligament when compared to osteocytes,
whose canaliculi are radiating, more dense and arranged
in a complex network. However in both, the cytoplasmic
processes are connected with the cells lining the surface.
Immunocytochemical studies show that cementocytes
are immunopositive for fibromodulin and lumican, but
not osteocytes.

Differences between AEFC and Cellular
Intrinsic Fiber Cementum (CIFC)

AEFC is a unique tissue and it differs from CIFC in
many ways. Apart from the differences in structure, the

Fibers of periodontal
ligament

Canaliculi of
cementocyte

Lacunae of cementocyte

2 X - & a4
Figure 7.8 Cellular cementum from human premolar. Note
lacunae of spider like cementocytes with numerous canaliculi
or cell processes (Ground section; xX480).
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Acellular
cementum

Cellular
cementum

Acellular
cementum

Figure 7.9 Cellular cementum on surface of acellular cementum and again covered by acellular cementum (incremental lines).
Lacunae of cellular cementum appear empty, indicating degeneration of cementocytes.

cementoblasts forming AIFC are derived from HERS,
its matrix composition and the factors regulating its
formation are different.

CIFC responds to local factors and to growth hormone
more profoundly than AIFC.

Tenascin, fibronectin and osteocalcin are absent in
AEFC, but present in CIFC. In CIFC, fibromodulin, lumi-
can, versican, decorin and biglycan are seen in relation
to lacunae and canaliculi. As these structures are absent
in AEFC, these proteoglycans are not seen.

Growth factors like TGF-$ and IGF are not expressed
in AEFC.

Cementoblasts forming CIFC Cexpress receptors for
PTH/ PTHrp which have a regulatory role in cemento-
genesis but not cementoblast forming AEFC. Matrix ves-
icles are involved in the mineralization of CIFC but not
in AEFC.

Table 7.1

Acellular Cementum

Radiographic microanalysis showed that there are
differences in composition between acellular extrinsic
fiber cementum and cellular intrinsic fiber cementum
with respect to calcium, magnesium and phosphorus. In
CIFC, the Mg/ Ca ratio was highest in areas where Ca/P
ratio was lower. In AEFC, the Mg/ Ca ratio was lower than
Ca/P ratio.

The general differences between acellular and cellu-
lar cementum is outlined in Table 7.1 and the specific
differences between AIFC and CIFC are summarized in
Table 7.2.

Both acellular and cellular cementum are separated by
incremental lines into layers, which indicate periodic
formation (Figs 7.9 and 7.10). Incremental lines can be
seen best in decalcified specimens prepared for light
microscopic observation. They are difficult to identify at
the ultrastructural level. The incremental lines seen in

Differences between Acellular Cementum and Cellular Cementum

Cellular Cementum

Embedded cementocytes are absent

Deposition rate is slower

It is the first formed layer

Width is more or less constant

Found more at cervical third of tooth
over the root

Also called as primary cementum

Sharpey’s fibers are well mineralized

Incremental lines are regular and closely

placed them

Embedded cementocytes are present

Deposition rate is faster

Formed after acellular cementum

Width can be highly variable

Mainly seen at apical third and interradicular area though a thin layer is present all

Also called as secondary cementum
Sharpey’s fibers are partially mineralized
Incremental lines are irregular and placed wide apart with variable thickness between



124  Orban’s Oral Histology and Embryology

Table 7.2 Differences between AEFC and CIFC

Acellular Extrinsic Fiber Cementum

Cellular Intrinsic Fiber Cementum

Located from cervical to apical third

Formed earlie—primary cementum

Noncollagenous proteins—tenascin, fibronectin, osteocalcin
absent

Growth factors TGFB and IGF not seen

Proteoglycans, versican, decorin, biglycan and lumican were not
identified in the matrix

Cementoid is usually absent

Contains only extrinsic fibers of the periodontal ligament formed
by fibroblast

Probably the only type of cementum in single rooted teeth

Main function is anchorage

Slow formation

Incremental lines therefore closer together

Cementocytes not seen

Cementoblast suggested to be derived from HERS

Cementoblasts do not express parathormone receptor

Periodontal
ligament

Alveolar bone

Figure 7.10

ground sections (100 microns) are not seen in semi thin
sections (1-2 microns).

Also ultrastructural observations by different electron
microscopic methods could not explain any variations in
structure that could be attributed to the incremental
lines observed in ground sections.

Histochemical studies indicate that incremental lines
are highly mineralized areas with less collagen and more

Located in apical third and furcations
Formed later and during repair—secondary cementum
These noncollagenous proteins are present

These growth factors are seen
These proteoglycans are seen in the matrix

Cementoid seen on the surface
Contains only intrinsic fibers produced by cementoblast

May be absent in single rooted teeth

Main function is adaptation and repair

Rapid formation

Incremental lines therefore further apart

Cementocytes, viable to varying degrees and depths seen
Cementoblast suggested to be derived from inner cells of dental
follicle. Phenotypic similarity to osteoblast suggested
Cementoblasts express parathormone receptor

Acellular
cementum

Incremental lines in acellular cementum.

ground substance than other portions of the cementum.
Incremental lines counted in ground sections using
differential interference microscope are of value in age
estimation.

The location of acellular and cellular cementum is not
definite. As a general rule, however, acellular cementum
usually predominates on the coronal half of the root,
whereas cellular cementum is more frequent on the



apical half. Layers of acellular and cellular cementum
may alternate in almost any pattern. Acellular cementum
may occasionally be found on the surface of cellular
cementum (Fig. 7.9). Cellular cementum is frequently
formed on the surface of acellular cementum (Fig. 7.9),
but it may comprise the entire thickness of apical cemen-
tum (Fig. 7.11). It is always thickest around the apex
and, by its growth, contributes to the length of the root
(Fig. 7.12).

Extensive variations in the surface topography of cemen-
tum can be observed with the scanning electron micro-
scope. Resting cemental surfaces, where mineralization is

Periodontal
ligament

Cementoid
tissue
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more or less complete, exhibit low, rounded projections
corresponding to the centers of Sharpey’s fibers. Cemen-
tal surfaces with actively mineralizing fronts have numer-
ous small openings that correspond to sites where
individual Sharpey’s fibers enter the tooth (Fig. 7.13).
These openings represent unmineralized cores of the
fibers. Numerous resorption bays and irregular ridges of
cellular cementum are also frequently observed on root
surfaces (Fig. 7.14). The Sharpey’s fibers in acellular
cementum are fully mineralized, whereas in cellular
cementum are generally mineralized partially around the
periphery of the fibers.

Dentin

Cellular
cementum

Figure 7.11 Cellular cementum forming entire thickness of apical cementum (From Orban B: Dental histology and embryology,

Philadelphia, 1929, P Blakiston’s Son & Co).
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Figure 7.12 Cementum thickest at apex, contributing to length of root.
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Figure 7.13 Scanning electron micrograph of cemental sur-
face of human molar with actively mineralizing front. Periph-
eral portions of Sharpey’s fibers are more mineralized than
their centers (An organic preparation; approximately X1500)
(From Jones SJ and Boyde A: Z Zellforsch 130:318, 1972).

Doy
L : N Nl
Figure 7.14 Scanning electron micrograph of cemental sur-
face of human molar showing numerous projections of Sharp-
ey’s fibers. Note large multiloculate resorption bay at bottom
of field (An organic preparation; x250) (From Jones SJ and
Boyde A: Z Zellforsch 130:318, 1972).

CEMENTODENTINAL JUNCTION

The dentin surface upon which cementum is deposited is
relatively smooth in permanent teeth. The cementoden-
tinal junction in deciduous teeth, however, is sometimes
scalloped. The attachment of cementum to dentin in ei-
ther case is quite firm, although the nature of this attach-
ment is not fully understood.

The interface between cementum and dentin is clearly
visible in decalcified and stained histologic sections using

the light microscope (Figs. 7.9 and 7.10). In such prepara-
tions cementum usually stains more intensely than does
dentin. When observed with the electron microscope, the
cementodentinal junction is not as distinct as when ob-
served with the light microscope. A narrow interface zone
between the two tissues, however, can be detected with the
electron microscope. In decalcified preparations, cemen-
tum is more electron dense than dentin, and some of its
collagen fibrils are arranged in relatively distinct bundles,
whereas those of dentin are arranged somewhat haphaz-
ardly (Fig. 7.7). The CD junction is a wide zone containing
large quantities of collagen associated with glycosamino-
glycans like chondroitin sulfate and dermatan sulfate re-
sulting in increased water content which contributes to
the stiffness. This reduction in its mechanical property,
helps it to redistribute occlusal loads to the alveolar bone.

The cemental fibers intermingle with the dentinal fibers
at the CD junction more in cellular cementum than in
acellular cementum and aids in attachment of cementum
to the dentin but the presence of proteoglycans is the ma-
jor factor in this attachment.

Since collagen fibrils of cementum and dentin inter-
twine at their interface in a very complex fashion, it is
not possible to precisely determine which fibrils are of
dentinal and which are of cemental origin.

Sometimes dentin is separated from cementum by a
zone known as the inlermediate cementum layer, which does
not exhibit characteristic features of either dentin or ce-
mentum (Fig. 7.15). As it appears hyaline (structureless), it

Dentin
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Figure 7.15 Intermediate layer of cementum. Scanning elec-

tron micrograph of cemental surface of human molar with
actively mineralizing front. Peripheral portions of Sharpey’s
fibers are more mineralized than their centers (An organic
preparation; approximately x1500) (From Jones SJ and
Boyde A: Z Zellforsch 130:318, 1972).



is also known as hyaline layer. This layer is predominately
seen in the apical two thirds of roots of molars and premo-
lars and is only rarely observed in incisors or deciduous
teeth. It is believed that this layer represents areas where
cells of Hertwig’s epithelial sheath become trapped in a
rapidly deposited dentin or cementum matrix. The exact
nature of intermediate layer is a subject of controversy.
The intermediate cementum layer is considered to be of
dentinal origin. It contains no tubules but wide spaces
which are thought to be enlarged terminals of dentinal
tubules. It appears very similar to aprismatic enamel, as it
is an amorphous layer of noncollagenous material devoid
of odontoblasts and cementoblasts. Sometimes it is a con-
tinuous layer. Sometimes it is found only in isolated areas.
The probable function might be to seal the sensitive root
dentin.

CEMENTOENAMEL JUNCTION

The relation between cementum and enamel at the
cervical region of teeth is variable. In approximately
30% of all teeth, cementum meets the cervical end of
enamel in a relatively sharp line (Fig. 7.16A). In about
10% of the teeth, enamel and cementum do not meet.
Presumably this occurs when enamel epithelium in the
cervical portion of the root is delayed in its separation
from dentin. In such cases there is no cementoenamel
junction. Instead, a zone of the root is devoid of

Enamel

Enamel
epithelium

Cementoenamel
junction

Cementum
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cementum and is, for a time, covered by reduced
enamel epithelium.

In approximately 60% of the teeth, cementum overlaps
the cervical end of enamel for a short distance (Fig. 7.16B).
This occurs when the enamel epithelium degenerates at
its cervical termination, permitting connective tissue to
come in direct contact with the enamel surface. Electron
microscopic evidence indicates that when connective tissue
cells, probably cementoblasts, come in contact with enamel
they produce a laminated, electron-dense, reticular mate-
rial termed afibrillar cementum. Afibrillar cementum is
so named because it does not possess collagen fibrils
with a 64 nm (640 A) periodicity. If such afibrillar cemen-
tum remains in contact with connective tissue cells for a
long enough time, fibrillar cementum with characteristic
collagen fibrils may subsequently be deposited on its sur-
face; thus the thickness of cementum that overlies enamel
increases.

Recent observations by optical microscope showed the
presence of the fourth type of CE junction; the enamel
overlapping the cementum.

In deciduous teeth the types of CE junction was different
from that of permanent teeth in that enamel and cemen-
tum meeting edge to edge was the most common type,
followed by cementum overlapping the enamel. Enamel
overlapping cementum and failure of enamel and cemen-
tum to meet were observed rarely. The recent scanning
electron microscopic studies have shown that CE] may
exhibit all of these patterns in teeth of an individual.

Enamel

Enamel
epithelium

Cementum
overlapping
enamel

Cementum

Figure 7.16 Variations at cementoenamel junctlon. (A ) Cementum and enamel meet in sharp line. (B) Cementum overlaps

enamel.
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FUNCTIONS

Though different functions have been attributed to the
different types of cementum, it should be understood
that the cementum functions as a single unit. The func-
tions of cementum, however can be described under the
following headings.

Anchorage

The primary function of cementum is to furnish a me-
dium for the attachment of collagen fibers that bind the
tooth to alveolar bone. Since collagen fibers of the peri-
odontal ligament cannot be incorporated into dentin, a
connective tissue attachment to the tooth is impossible
without cementum. This is dramatically demonstrated in
some cases of hypophosphatasia, a rare hereditary dis-
ease in which loosening and premature loss of anterior
deciduous teeth occurs. The exfoliated teeth are charac-
terized by an almost total absence of cementum.

Adaptation

Cementum may also be viewed as the tissue that makes
functional adaptation of teeth possible. For example, de-
position of cementum in an apical area can compensate
for loss of tooth substance from occlusal wear. The con-
tinuous deposition of cementum is of considerable func-
tional importance. In contrast to the alternating resorption
and new formation of bone, cementum is not resorbed
under normal conditions. As the most superficial layer of
cementum ages, a new layer of cementum must be depos-
ited to keep the attachment apparatus intact.

Alveolar bone

Periodontal
ligament

e N

Repair

Cementum serves as the major reparative tissue for root sur-
faces. Damage to roots such as fractures and resorptions can
be repaired by the deposition of new cementum. Cementum
formed during repair resembles cellular cementum because
it forms faster but it has a wider cementoid zone and the
apatite crystals are smaller. If the repair takes place slowly,
it cannot be differentiated from primary cementum.

HYPERCEMENTOSIS

Hypercementosis is an abnormal thickening of cemen-
tum. It may be diffuse or circumscribed. It may affect all
teeth of the dentition, be confined to a single tooth, or
even affect only parts of one tooth.

In localized hypertrophy a spur or prong like exten-
sion of cementum may be formed (Fig. 7.17). This condi-
tion frequently is found in teeth that are exposed to
great stress. The prong like extensions of cementum
provides a larger surface area for the attaching fibers;
thus a firmer anchorage of the tooth to the surrounding
alveolar bone is assured.

Localized hypercementosis may sometimes be observed
in areas in which enamel drops have developed on the den-
tin. The hyperplastic cementum covering the enamel drops
(Fig. 7.18) occasionally is irregular and sometimes contains
round bodies that may be calcified epithelial rests. The
same type of embedded calcified round bodies frequently
are found in localized areas of hyperplastic cementum
(Fig. 7.19). Such knob like projections are designated as
excementoses. They too develop around degenerated epithelial

rests.

Hypertrophic
cementum

Dentin

Hypertrophic
cementum

Figure 7.17 Prong like excementoses.



Enamel
drop

Figure 7.18 Irregular hyperplasia of cementum on surface of
enamel drop.

Figure 7.19 Ground section of tooth showing excementoses
(arrowed). Excementoses are knob like projections of cementum.
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Extensive deposition of cementum is occasionally
associated with chronic periapical inflammation. The
excessive deposition is circumscribed and surrounds the
root like a cuff.

A thickening of cementum is often observed on teeth
that are not in function. It may extend around the entire
root of the nonfunctioning teeth or may be localized in
small areas. Hypercementosis of cementum in nonfunc-
tioning teeth is characterized by a reduction in the num-
ber of Sharpey’s fibers embedded in the root.

The cementum is thicker around the apex of all teeth
and in the furcation of multirooted teeth than on other
areas of the root. This thickening is found in embedded
and in newly erupted teeth.

In some cases an irregular overgrowth of cementum can
be found, with spike like extensions and calcification of
Sharpey’s fibers and accompanied by numerous cementicles.
This type of hypercementosis can occasionally be observed
on many teeth of the same dentition and is, at least in some
cases, the sequela of injuries to the cementum (Fig. 7.20).

Cemental hyperplasia can reach almost three fold to the
range of 200-215 wm thickness with progressing age. Hy-
percementosis is associated with a large number of neo-
plastic and non-neoplastic diseases. Generalized thicken-
ing is seen in Paget’s disease. Localized forms can be seen
in benign cementoblastoma, florid cemento-osseous dys-
plasia, acromegaly, calcinosis and some forms of arthritis.

Hypoplasia or aplasia of cementum is of rare occur-
rence. It is associated with hypophosphatasia.

o™

Remnants of
fractured
cementum

Hyperplastic
cementum

Figure 7.20 Extensive spike like hyperplasia of cementum
formed during healing of cemental tear.
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CLINICAL CONSIDERATIONS

Cementum is more resistant to resorption than bone, and
itis for this reason that orthodontic tooth movement is pos-
sible. When a tooth is moved by means of an orthodontic
appliance, bone is resorbed on the side of the pressure, and
new bone is formed on the side of tension. On the side to-
ward which the tooth is moved, pressure is equal on the
surfaces of bone and cementum. Resorption of bone as well
as of cementum may be anticipated. However, in careful
orthodontic treatment, cementum resorption is minimal or
absent, but bone resorption leads to tooth migration.

The difference in the resistance of bone and cemen-
tum to pressure may be caused by the fact that bone is
richly vascularized, whereas cementum is avascular. Thus
degenerative processes are much more easily effected by
interference with circulation in bone, whereas cementum
with its slow metabolism (as in other avascular tissues) is
not damaged by a pressure equal to that exerted on bone.

Cementum resorption can occur after trauma or
excessive occlusal forces. In severe cases cementum re-
sorption may continue into the dentin. After resorption
has ceased, the damage usually is repaired, either by for-
mation of acellular (Fig. 7.21A) or cellular (Fig. 7.21B)
cementum or by alternate formation of both (Fig. 7.21C).
In most cases of repair there is a tendency to re-establish
the former outline of the root surface. This is called ana-
tomic repair. However, if only a thin layer of cementum is
deposited on the surface of a deep resorption, the root
outline is not reconstructed, and a bay like recess
remains. In such areas sometimes the periodontal space
is restored to its normal width by formation of a bony
projection so that a proper functional relationship will
result. The outline of the alveolar bone in these cases
follows that of the root surface (Fig. 7.22). In contrast
to anatomic repair, this change is called functional repair.

If teeth are subjected to a severe blow, fragments
of cementum may be severed from the dentin. The tear
occurs frequently at the cementodentinal junction, but
it may also be in the cementum or dentin.

Transverse fractures of the root may occur after trauma,
and these may heal by formation of new cementum.

Frequently, hypercementosis of cementum is second-
ary to periapical inflammation or extensive occlusal
stress. This is of practical significance because the extrac-
tion of such teeth may necessitate the removal of bone.
This also applies to extensive excementoses, as shown in
Figure 7.19. They can anchor the tooth so tightly to the
socket that the jaw or parts of it may be fractured in an
attempt to extract the tooth. This possibility indicates the
necessity for taking radiographs before any extraction.
Small fragments of roots left in the jaw after extraction of
teeth may be surrounded by cementum and remain in
the jaw without causing any disturbance.

In periodontal pockets, plaque and its by-products
can cause numerous alterations in the physical, chemi-
cal, and structural characteristics of cementum. The
surface of pathologically exposed cementum becomes
hypermineralized because of the incorporation of cal-
cium, phosphorus, and fluoride from the oral environ-
ment. At the light-microscopic level no major structural
changes occur on the surface of exposed cementum.
However, at the ultrastructural level there is a loss or
decrease in the cross-striations of collagen near the sur-
face (Fig. 7.23). Endotoxin originating from plaque can
be recovered from exposed cementum, but it is not
known if the distribution of the cementum-bound en-
dotoxin is limited to the cemental surface (adsorbed)
or if it penetrates into deeper portions of the root (ab-
sorbed). However a recent study showed that the lipo-
polysaccharide produced by the bacteria was confined
only to the superficial layers and was associated with
microbial colonization.

Alterations in exposed cementum are of particular in-
terest to the periodontal therapist since it is believed that
they may interfere with healing during periodontal ther-
apy. Consequently, in periodontal therapy, various proce-
dures (mechanical and chemical) have been proposed
that are intended to remove this altered cemental sur-
face, so that periodontal regeneration may occur. Com-
mercially available enamel matrix related proteins were

Figure 7.21

Repair of resorbed cementum. (A) Repair by acellular cementum, (X). (B) Repair by cellular cementum, (X). (C) Repair

first by cellular, (X), and later by acellular, (XX), cementum. D, Dentin. R, Line of resorption. P, Periodontal ligament.
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Figure 7.23 Electron micrograph of exposed cemental sur-
face from tooth with periodontal disease. Collagen fibrils at
cemental surface (C) have lost their cross-striations or have
been replaced by finely granular electron dense material (G).
Cell envelopes of bacteria can be observed in calculus (CA)
on cemental surface (Decalcified specimen; x26,000) (From
Armitage GC: Periodont Abs 25:60, 1977).
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coated on cleaned and planed root surfaces to help in
new cementum deposition and regeneration of peri-
odontal ligament. However, the newly formed cementum
is not acellular extrinsic fiber type, but it is cellular, has
less fibers per unit area and its bonding with the existing
cementum is weak. The basis for this therapy is that the
enamel matrix proteins formed by HERS, will trigger dif-
ferentiation of cementoblasts producing AEFC.

Since bone and cementum have similarities in forma-
tion, in the factors controlling the growth and their
composition, some diseases affecting bone like Paget’s
disease and hypophosphatasia affect cementum as well.

Variation in thickness of cementum was observed in
diabetics. It was found to be thicker in type 2 diabetes
than in normal subjects.

Abnormal cemental deposition can sometimes lead to fu-
sion of bone and cementum. This is called ankylosis of the
tooth. These teeth will not show post eruptive movements.

Cemental caries can be seen on exposed surfaces of
cementum associated with gingival recession of older
individuals.

Teeth are one of the most resistant tissues to degrade
and degenerate, hence counting of the incremental
lines, in cementum for determination of age of an indi-
vidual is an accepted procedure in forensic dentistry.
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Cementum is a specialized, mineralized, avascular connec-
tive tissue covering the anatomical roots of human teeth. It is
continuous with the periodontal ligament on its outer surface
and to dentin on its deep surface. Cementum is pale yellow
in color and softer and more permeable than dentin. The
thickness of cementum is approximately 10-15 um cervically
and 200 um apically.

Inorganic and Organic Constituents

The inorganic component is made up of 45-50% by volume
and is in the form of hydroxyapatite crystals. The organic
matrix is approximately 33% followed by water which is ap-
proximately 22%. The organic matrix is made up of type |
collagen, followed by type Ill, V, VI and XII in small quanti-
ties. Several noncollagenous proteins like bone sialoprotein,
osteopontin, dentin sialoprotein, fibronectin, tenascin are also
present. Cementum derived attachment protein, an adhesion
molecule, is present only in cementum.

Cementogenesis
All the types of cementum are produced by cementoblasts
which are derived either from HERS or from the dental follicle.
Those derived from HERS have a different phenotype than
those derived from dental follicle whose phenotype is similar
to osteoblasts. Cementum formation is preceded by the forma-
tion of the HERS followed by deposition of dentin along the
inner aspect of this sheath. Later, fenestrations occur in the
root sheath, cementoblast derived from HERS come in contact
with dentin and lay down ground substance and collagen fi-
brils forming acellular cementum. Cellular cementum is formed
later by cementoblasts which differentiate from the dental fol-
licle. It is deposited on acellular cementum. Cellular cementum
is formed rapidly resulting in some cells getting incorporated
info it. These entrapped cells are the cementocytes. On the
surface of the cementum an uncalcified layer of cementoid is
seen. Mineralization of cementum like other hard tissues is a
highly ordered event. Some remaining HERS cells migrate to-
wards the follicle and become the cell rests of Malassez.
Cementoblast's differentiation is regulated by BMPs, cbfaT,
prostaglandins, osteopontin and BSP, FGF, IGF and PDGF.
The factors effecting the mineralization of cementum are os-
teocalcin, osteopontin, BSP, proteoglycans, alkaline phospha-
tase and IGF.

Structure (Types of Cementum)

Structurally cementum are classified based on the presence
of cementocytes —cellular cementum or its absence —acellular
cementum. The extrinsic fibers are the Sharpey’s fibers which
are the embedded portions of the principal fibers of the
periodontal ligament. Fibers produced by cementoblasts are
the intrinsic fibers. Based on the presence and absence of
fibers and their origin, cementum are classified as extrinsic
fiber cementum, intrinsic fiber cementum, mixed fiber cemen-
tum (containing both types of fibers), afibrillar cementum and
mixed stratified cementum. Combining these two features of
cells and fibers, the different types of cementum are acellular
afibrillar cementum, acellular intrinsic fiber cementum, acel-
lular extrinsic fiber cementum, cellular intrinsic fiber cemen-
tum, acellular and cellular mixed fiber cementum and
cellular mixed stratified cementum (containing alternate
layers of acellular extrinsic fiber and cellular intrinsic fiber

cementum). The acellular extrinsic fiber cementum is known
as primary cementum and is seen from cervical margin to
apical third.

Cementocytes

The cementocytes are spider like cells and are similar to
osteocytes in that they lie in a lacuna and have canaliculi, but
unlike it the canaliculi are directed towards periodontal liga-
ment. The cementocytes are mainly seen in apical third and
are viable only near the surface.

Cementodentinal Junction

The apical area where cementum joins the infernal root canal
dentin is known as cementodentinal junction. This junction is
smooth in permanent teeth, but sometimes scalloped in decidu-
ous teeth. Sometimes, dentin is separated from cementum by an
infermediate cementum layer. This layer has no characteristics
either of cementum or dentin.

Incremental Lines

The incremental lines in cementum are called the lines of
Salter. These lines are far apart in cellular cementum, and
closely placed in acellular cementum.

Cementoenamel Junction

There are three basic types of cementoenamel junction. Ce-
mentum meets enamel edge to edge in 30% of the cases,
Cementum overlaps enamel in 60% of the cases, and in 10%
cementum and enamel do not meet. A fourth type has been
identified recently, where enamel overlaps cementum.

Functions

The main function of cementum is to provide a medium for
attachment of periodontal ligament fibers. Continuous forma-
tion of cementum helps to maintain the width of periodontal
ligament

Differences between Cementum and Bone
Though cementum resembles bone there are a number of
features which differentiate it from bone. Cementum is avas-
cular. It shows resistance to resorption than bone, thus making
orthodontic movement possible. It is deposited slowly and
continuously throughout life and does not undergo remodel-
ing. It does not have a lamellar appearance or marrow
spaces histologically. It is not innervated. Cementum derived
attachment protein (CAP) promotes attachment of mesenchy-
mal cells to extracellular matrix, and this may be a marker to
differentiate bone and cementum.

Repair of Cementum

Injury to cementum results in repair, one in which cementum
forms to establish the former root outline called anatomical
repair or in functional repair where cementum formation is
less but bony projections compensate.

Hypercementosis

Excessive formation of cementum is called hypercementosis.
It can be localized or generalized and it occurs due to
physiological causes like in accelerated eruption of teeth
or pathological causes like secondary to chronic periapical
infections, Paget's disease.

Rarely reduction in the amount of cementum as seen in

hypophosphatasia occurs.
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REVIEW QUESTIONS

—_

. Describe the organic part of cementum.
2. What is the role of Hertwig’s epithelial root sheath in
the development of cementum?

. What are the factors regulating cementogenesis?

. Describe the types of cementoenamel junction.

5. What is the basis of classification of cementum? What
are the different types of cementum?

6. Tabulate differences between acellular and cellular
cementum.

7. Tabulate differences between acelluar extrinsic fiber

cementum and cellular intrinsic fiber cementum.

W~ 00
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The periodontium is a connective tissue organ, covered
by epithelium that attaches the teeth to the bones of the
jaws and provides a continually adapting apparatus for
support of the teeth during function. It comprises of ce-
mentum, periodontal ligament, bone lining the tooth socket
(alveolar bone) and that part of the gingiva facing the
tooth (dentogingival junction). The periodontium is at-
tached to the dentin of the root by cementum and to the
bone of the jaws by alveolar bone. The periodontal liga-
ment occupies the periodontal space, which is located be-
tween the cementum and the periodontal surface of the
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alveolar bone, and extends coronally to the most apical
part of the lamina propria of the gingiva. At the apical
foramen, it is continuous with the dental pulp. Collagen
fibers of the periodontal ligament are embedded in ce-
mentum and alveolar bone so that the ligament provides
soft-tissue continuity between the mineralized connec-
tive tissues of the periodontium (Figs 8.1 and 8.2).
Periodontal ligament ranges in width from 0.15 to
0.38 mm. It is thinnest around the middle third of the
root, with an hour glass appearance. It shows a progressive
decrease in thickness with age. The periodontal thickness
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Figure 8.1 Photomicrograph of periodontal ligament (A) be-
tween alveolar bone (B) and cementum (C) with fibroblast ar-
ranged perpendicular to tooth surface in the alveolar crest
region and obliquely arranged apically (D) is a blood vessel
magnification (X70).

measures about 0.21 mm in the young adult, 0.18 mm in
mature adult, and 0.15 mm in older adult.

The ligament appears, as the periodontal space of 0.4
to 1.5 mm on radiographs, a radiolucent area between
the radiopaque lamina dura of the alveolar bone proper
and the radiopaque cementum. The periodontal spaces
of the permanent teeth are said to be narrower than
those of deciduous teeth.

The periodontal ligament is a fibrous connective tis-
sue that is noticeably cellular (Fig. 8.1) and contains
numerous blood vessels. All connective tissues, the
periodontal ligament included, comprise cells as well
as extracellular matrix consisting of fibers and ground
substance. The majority of the fibers of the periodon-
tal ligament are collagen, and the matrix is composed
of a variety of macromolecules, the basic constituents
of which are proteins and polysaccharides. It is im-
portant to remember that the extracellular matrix
is produced and can be removed by the cells of the
connective tissue.

The periodontal ligament has a number of func-
tions, which include attachment and support, nutri-
tion, synthesis and resorption, and proprioception.
Over the years it has been described by a number of
terms. Among them are desmodont, gomphosis,
pericementum, dental periosteum, alveolodental liga-
ment, and periodontal membrane. ‘Periodontal mem-
brane’ and ‘periodontal ligament’ are the terms that
are most commonly used. Neither term describes the
structure and its functions adequately. It is neither a
typical membrane nor a typical ligament. How-ever,
because it is a complex soft connective tissue provid-
ing continuity between two mineralized connective
tissues, the term ‘periodontal ligament’ appears to be
the more appropriate.

Figure 8.2 Transverse section of periodontal ligament (A) showing its relation to alveolar bone (B) and cementum (C) H&E

stain (x140).



DEVELOPMENT

The development of the periodontal ligament begins
with root formation prior to tooth eruption. The con-
tinuous proliferation of the internal and external enamel
epithelium forms the cervical loop of the tooth bud. This
sheath of epithelial cells grows apically, in the form of
Hertwig’s epithelial root sheath, between the dental papilla
and the dental follicle.

At this stage, the sheath forms a circumferential struc-
ture encompassing dental papilla separating it externally
from dental follicle cells. The dental follicle cells located
between the alveolar bone and the epithelial root sheath
are composed of two subpopulations, mesenchymal cells of
the dental follicle proper and the perifollicular mesenchyme.
The mesenchymal cells of the perifollicular mesenchyme
bounded by the dental follicle proper (Fig. 8.3) and the
developing alveolar bone are stellate shaped, small and
randomly oriented. The cells are more widely separated
compared to cells of the dental follicle proper. These
cells contain a euchromatic nucleus, very little cyto-
plasm, that contains a small number of short cisternae of
rough endoplasmic reticulum, mitochondria, free ribo-
somes and an inactive Golgi area. These cells also have
long and thin cytoplasmic processes that connect with
those from neighboring cells.

As the root formation continues, cells in the perifol-
licular area, gain their polarity and the cellular volume
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Figure 8.3 Montage phase- contrast photomlcrograph of first
molar tooth germ of 1-day-old mouse showing the dental
follicle, which is continuous with the dental papilla around the
cervical loop (arrows) (X450) (From Freeman E and Ten Cate
AR: J Periodontol 42:387, 1971).
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and synthetic activity increase. These cells become elon-
gated and contain increased amounts of rough endoplas-
mic reticulum, mitochondria and an active Golgi com-
plex. As a result, they actively synthesize and deposit
collagen fibrils and glycoproteins in the developing peri-
odontal ligament.

The developing periodontal ligament and mature
periodontal ligament contain undifferentiated stem cells
that retain the potential to differentiate into osteoblasts,
cementoblasts and fibroblasts. Studies suggest that, stem
cells occupy perivascular sites in the periodontal liga-
ment and in adjacent endosteal spaces. It remains to be
clarified whether, osteoblasts, cementoblasts and fibro-
blasts originate from a common ancestor or from a
specific line of progenitor cells.

Development of the Principal Fibers

Immediately before tooth eruption, and for sometime
thereafter, active fibroblasts adjacent to cementum of the
coronal third of the root, appear to become aligned in
an oblique direction to the long axis of the tooth. Soon
thereafter, the first collagen fiber bundles of the liga-
ment become discernible. These are the precursors of
the alveolar crest fiber bundle group. Upon eruption of the
tooth into the oral cavity, only the alveolar crest fibers of the
periodontal ligament are discernible histologically.

Further apically, organized fiber groups are not seen.
But, examination of the root surface at higher magnifica-
tion, reveals fine brush like fibers extending from the
cementum. Later, similar fibers are observed on the ad-
Jjacent osseous surface of the developing alveolar process.
Both set of fibers, cemental and alveolar, continue to
elongate towards each other, ultimately to meet, inter-
twine and fuse, as covalent bonding and crosslinking of
individual collagen molecular units occur.

By the time of first occlusal contact of the tooth with
its antagonist, the principal fibers around the coronal
third of the root, the horizontal group are almost com-
pletely developed. The oblique fibers in the middle third
of the root are still being formed. As eruption contin-
ues, and definite occlusion is established, there is a pro-
gressive apical maturation of oblique fiber bundles. With
the formation of the apical fiber group, the definitive
periodontal ligament architecture is established. The
formation of fiber bundles destined to become the prin-
cipal fiber groups of the gingival ligament antecede de-
velopmentally any of the fiber groups of the periodontal
ligament. Type VI collagen has been found to be absent
from the ligament during the main axial eruptive phase,
butis present when the tooth has fully erupted. Type XII
collagen also appears only after the tooth has erupted.

Development of cells

Prior to root formation, the cells of the follicle show
very few organelles. With the onset of root formation,
the organelles in the cell increase, collagen and ground
substance formation begins and fills the extracellular
spaces. Stem cells which give rise to cementoblasts, os-
teoblasts and fibroblasts are seen in a perivascular loca-
tion. Osteoclasts appear at the alveolar bone surface
allowing remodeling of bone in association with tooth
eruption.
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Periodontal Ligament Collagen Fiber
Attachment to the Root Surface

Prior to the onset of cementogenesis, the dental follicle
proper cells nearest to the root sheath are aligned parallel
to the epithelial cells. Collagen bundles that lie parallel to
the root sheath are partly enveloped in cytoplasmic grooves
formed by dental follicle proper cells. Cytoplasmic micro-
tubules and collagen secretory granules are oriented in the
same direction as the extracellular collagen fibers. With
onset of disruption of the root sheath, dental follicle
proper cells assume an elongated profile with polarity to-
wards the dentin matrix. The cells appear to move towards
the dentin in the spaces created by disruption of the root
sheath. During shifting of dental follicle proper cells, the
collagen bundles that were initially parallel to the root
sheath are reorganized, so that they come to lie in the lat-
eral intercellular spaces between the dental follicle proper
cells, oriented perpendicular to the root surface. Collagen
fibrils secreted from these leading edge processes inter-
mingle with the dentin matrix collagen.

PERIODONTAL LIGAMENT
HOMEOSTASIS

A remarkable capacity of the periodontal ligament is that
it maintains its width more or less overtime despite the
fact, that it is squeezed in between two hard tissues.

Studies indicate that the population of cells, within the
periodontal ligament, both during development and
regeneration, secrete molecules that can regulate the
extent of mineralization and prevent the fusion of tooth
root with surrounding bone (ankylosis).

Various molecules have been proposed, which play a
role in maintaining an unmineralized periodontal liga-
ment.

Msx2 prevents the osteogenic differentiation of peri-
odontal ligament fibroblasts, by repressing Runx2 (runt
related transcription factor 2), also known as cbfal (core
binding factor alpha 1) transcriptional activity.

The balance between the activities of bone sialoprotein
and osteopontin also contributes towards maintaining an
unmineralized periodontal ligament region.

Matrix ‘Gla’ protein, an inhibitor of mineralization, is
also present in the periodontal tissues. Studies suggest
that, it may play a role in preserving the width of the
ligament.

It has also been suggested that, RGD-cementum attach-
ment protein, a collagen associated protein, may play a
role in maintaining the unmineralized state of the peri-
odontal ligament.

TGF-B isoforms synthesized by periodontal ligament
cells can induce mitogenic effects, but studies have
shown that, these isoforms can also downregulate osteo-
blastic differentiation of periodontal ligament cells.

Prostaglandins, which are also produced by periodon-
tal ligament cells can inhibit mineralized bone nodule
formation and prevent mineralization by periodontal
ligament cells in vitro.

The periodontal ligament also has the capacity to
adapt to functional changes. When the functional de-
mand increases, the width of the periodontal ligament

can increase by as much as 50% and the fiber bundles
also increase in thickness. Conversely, a reduction in
function, leads to narrowing of the ligament and a
decrease in number and thickness of the fiber bundles.

Since, the periodontal ligament is not made up of
single strands of straight collagen fibers, but consists of a
complex meshwork, remodeling does not occur at all the
sites synchronously. Unlike the bulk removal of collagen
that is effected by extracellular matrix metalloproteinases,
collagen phagocytosis enables periodontal fibroblasts to
remove collagen fibrils at specific sites.

CELLS

The principal cells of the healthy, functioning periodon-
tal ligament are concerned with the synthesis and resorp-
tion of alveolar bone and the fibrous connective tissue of
the ligament and cementum. The cells of the periodontal
ligament may be divided into:

1. Synthetic cells
Fibroblasts
Osteoblasts
Cementoblasts

2. Resorptive cells

Osteoclasts
Fibroblasts
Cementoclasts

. Progenitor cells

. Epithelial rests of Malassez

. Defense cells

Mast cells
Macrophages
Eosinophils
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Synthetic Cells

There are certain general cytologic criteria that distin-
guish all cells that are synthesizing proteins for secretion
(e.g. extracellular substance of connective tissue), and
these criteria can be applied equally to osteoblasts, ce-
mentoblasts, and fibroblasts. For a cell to produce pro-
tein, it must, among other activities, transcribe ribonu-
cleic acid (RNA), synthesize ribosomes in the nucleolus
and transport them to the cytoplasm, and increase its
complement of rough endoplasmic reticulum (RER)
and Golgi membranes for translation and transport of
the protein. It must also have the means to produce an
adequate supply of energy. Each of these functional ac-
tivities is reflected morphologically when synthetically
active tissues are viewed in the electron and light micro-
scopes. Increased transcription of RNA and production
of ribosomes is reflected by a large open-faced or vesicu-
lar nucleus containing prominent nucleoli. The develop-
ment of large quantities of RER covered by ribosomes is
readily recognized in the electron microscope and is re-
flected by hematoxyphilia of the cytoplasm when the cell
is seen in the light microscope after staining with hema-
toxylin and eosin. The hematoxyphilia is the result of
interaction of the RNA with the acid hematein in the
stain. The Golgi saccules and vesicles are also readily
seen in the electron microscope but are not stained by
acid hematein and so, in the light microscope, they are



seen in appropriate sections as a clear, unstained area in
the otherwise hematoxyphilic cytoplasm. The increased
requirement for energy is reflected in the electron mi-
croscope by the presence of relatively large numbers of
mitochondria. Accommodation of all these organelles in
the cell requires a large amount of cytoplasm. Thus a cell
that is actively secreting extracellular substance will be
seen in the light microscope to exhibit a large, open-
faced or vesicular nucleus with prominent nucleoli and
to have abundant cytoplasm that tends to be hematoxy-
philic, with, if the plane of section is favorable, a clear
area representing the Golgi membranes. Cells with the
morphology described above, if found at the periodontal
surface of the alveolar bone, are active osteoblasts; if
lying in the body of the soft connective tissue, are active
fibroblasts; and, if found at cementum, are active ce-
mentoblasts. These cells all have, in addition to the fea-
tures described above, the particular characteristics of
osteoblasts, fibroblasts, and cementoblasts.

Synthetic cells in all stages of activity are present in the
periodontal ligament, and this is reflected directly by the
degree to which the characteristics described above are
developed in each cell. Cells having a paucity of cyto-
plasm (i.e. cytoplasm that virtually cannot be distin-
guished in the light microscope) with very few organelles
and a close-faced nucleus are also found in the ligament.

Osteoblasts

The osteoblasts covering the periodontal surface of the
alveolar bone constitute a modified endosteum and not
a periosteum. A periosteum can be recognized by the
fact that it comprises at least two distinct layers, an inner
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cellular or cambium layer and an outer fibrous layer. A
cellular layer, but not an outer fibrous layer, is present on
the periodontal surface of the alveolar bone. The surface
of the bone lining the dental socket must therefore be
regarded as an interior surface of bone, akin to that lin-
ing medullary cavities, and not an external surface,
which would be covered by periosteum. The surface of
the bone is covered largely by osteoblasts in various
stages of differentiation (Figs 8.1, 8.4) as well as by
occasional osteoclasts. Collagen fibers of the ligament
that penetrate the alveolar bone intervene between the
cells (Fig. 8.5).

Osteoblasts are bone forming cells lining the tooth
socket. These cells are cuboidal in shape, with a promi-
nent round nucleus placed at the basal end of the cell.
Rough endoplasmic reticulum, mitochondria and vesicles
are abundant in active cells. The cells appear basophilic
due to the presence of abundant rough endoplasmic
reticulum. Golgi material appears more localized and
extensive and is indicated by a pale juxtanuclear area.
Microfilaments are prominent beneath the cell mem-
brane at the secreting surface. The cells contact one
another through desmosomes and tight junctions. Osteo-
blasts are also in contact with underlying osteocytes
through cytoplasmic processes.

Fibroblast

The fibroblast is the predominant cell in the periodontal
ligament. These fibroblasts origin in part from the ecto-
mesenchyme of investing layer of dental papilla and
from the dental follicle. These cells are different from
cells in other connective tissues in a number of respects.

Cementum

Blood
vessel

Figure 8.4 Section, 1 uwm thick, of mouse molar periodontal ligament. Note osteoblasts lining periodontal surface of alveolar
bone, some of which exhibit a negative image of the Golgi complex (Hematoxylin and eosin; X1100).
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Figure 8.5 Section, 1 um thick, of mouse molar periodontal ligament. Collagen fibers from ligament that pass between osteo-
blasts to penetrate alveolar bone as Sharpey’s fibers are shown by arrows (Hematoxylin and eosin; xX1000).

For example, the rapid degradation of collagen by fibro-
blast phagocytosis is the basis for the very fast turnover of
collagen in the periodontal ligament.

It is also believed that the periodontal ligament con-
tains a variety of fibroblast cell populations with different
functional characteristics. For example, fibroblasts on
the bone side of the ligament show abundant alkaline
phosphatase activity than those on the tooth side.

Developmental differences may also exist. It has been
demonstrated that, the fibroblasts near cementum are
derived from ectomesenchymal cells of the investing
layer of dental papilla, while fibroblasts near alveolar
bone are derived from perivascular mesenchyme.

These fibroblasts are regularly distributed throughout
the ligament, and are oriented with their long axis paral-
lel to the direction of collagen fibrils.

Fibroblasts are fusiform and arranged parallel to the
tooth surface on examination of the ligament sectioned
only in the longitudinal plane. If the ligament is sec-
tioned both transversely and longitudinally, cells take the
form of a flattened irregular disk.

The fibroblasts are large cells with extensive cytoplasm
and abundant organelles, associated with protein synthe-
sis and secretion. The nucleus occupies a large volume of
the cell and contains one or more prominent nucleoli.
During development and initial formation of the peri-
odontal ligament, the fibroblasts appear very active with
extensive network of rough endoplasmic reticulum, well
developed Golgi apparatus and abundant secretory gran-
ules containing type I collagen molecules.

The cells also develop long and thin cytoplasmic ex-
tensions that form three-dimensional veils that compart-
mentalize collagen fibrils into fibers. These cells also
have well developed cytoskeleton and show contacts of
adherens and gap junction types.

At all levels of the cell, intimate connections are estab-
lished between the plasma membrane and individual
collagen fibrils.

Golgi complex contains several Golgi stacks, com-
prised of cisternae and terminal saccules (Fig. 8.6).
Each Golgi stack is made up of five cisternae, about 2
pm in length, terminating at each end in an expanded
saccule. Immature cisternae at the cis surface of Golgi
complex are dilated. The saccules associated to these

Figure 8.6 Electron micrograph showing Golgi saccules (arrow)
within fibroblast. Bar = 0.75 pm.

cisternae contain fine loosely arranged filaments. The
cisternae of trans-surface contain dense material and
their associated saccules contain rod-like structures
with globular terminal elements. These saccules are re-
leased to form presecretory granules that quickly associ-
ate to microtubules.

Proline is incorporated into collagen polypeptides in
rough endoplasmic reticulum. The newly synthesized
procollagen molecules are assembled inside Golgi vesi-
cles and are secreted within secretory granules associated
with microtubules.

The overlapping of procollagen molecules gives the
collagen fibers their characteristic banding (Fig. 8.7).

The fibroblasts of periodontal ligament have cilia. The
cilium is different from those in other cell types, as it has
only nine tubule doublets. These cilia may be associated
with control of the cell cycle or inhibition of centriolar
activity. These cells produce growth factors and cytokines
such as IGF-1, BMPs, PDGF and IL-1. TGF-B stimulates
the synthesis of collagen and inhibits the synthesis of
collagenase.
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Figure 8.7 Transmission electron micrograph shows collagen fiber (A) in longitudinal section with characteristic banding and

(B) in cross-section (A X16,000, B x100,000).

Fibroblast-matrix adhesion and traction

Fibroblasts attach to the substratum of the extracellular
matrix through surface receptors for collagen and fibro-
nectin. The cell membrane integrin a581 attaches to
RGD sequence (arginine-glycine-aspartic acid) of fibro-
nectin. Fibronectin molecules can polymerize to form
pericellular matrices. Assembly is initiated by binding
soluble fibronectin molecules to cell surface integrin re-
ceptors (abB1 and «bB3). Integrins are a collection of
cell surface proteins that mediate binding of cells to ex-
tracellular matrix proteins and to one another. They
consist of an a subunit that is linked noncovalently to a
B subunit. The extracellular portion of B subunit con-
tains arginine-glycine-aspartate (RGD) binding region
near amino terminus.

The cytoplasmic domain of integrin receptor attaches
to the peripheral cytoplasmic protein, talin, which in
turn interacts with a protein called vinculin. Conforma-
tional changes in vinculin cause it to bind to actin mi-
crofilaments in the cortical cytoplasm, thereby complet-
ing a molecular bridge between the cell’s contractile
apparatus and fibronectin in the extracellular matrix.

With the binding of fibronectin to collagen fibrils, the
molecular linkage extends from cytoplasmic contractile
apparatus to extracellular collagen fiber network estab-
lishing a mechanism for exerting traction on the colla-
gen fibers. This cell to matrix contact enables the extra-
cellular matrix to exert an effect on cell shape and
behavior. Tension in the extracellular matrix is transmit-
ted to fibroblast integrin receptors, leading to signaling
events that alter the activity of the cell. The presence
of actin network also endows the periodontal ligament
fibroblasts with a degree of contractility, with which it can
exert tractional forces on extracellular matrix.

Functions

The role of the fibroblasts is to produce the structural
connective tissue proteins, collagen and elastin, as well as

proteoglycans, glycoproteins and glycosaminoglycans
that comprise the periodontal ligament ground sub-
stance. These cells also secrete an active collagenase and
a family of enzymes collectively known as matrix metal-
loproteinases (MMPs).

The fibroblasts of periodontal ligament are character-
ized by rapid turnover of extracellular matrix in particular
collagen. The fibroblasts are responsible for the formation
and remodeling of the periodontal ligament fibers, and a
signaling system to maintain the width of the periodontal
ligament and thickness across the soft tissue boundary de-
fined by this ligament. The cells maintain the width, by
preventing encroachment of bone and cementum into
periodontal space. The fibroblasts lie within collagen fibers
and their shape is governed by the surrounding matrix.

Fibroblasts of periodontal ligament generate an orga-
nizational pattern, as they have the ability to both synthe-
size and shape the proteins of the extracellular matrix,
in which collagen fibrils form bundles, that insert into
tooth and bone as Sharpey’s fibers.

Differences between periodontal ligament fibroblasts
and gingival fibroblasts

Periodontal ligament fibroblasts are ectomesenchymal
in origin whereas gingival fibroblasts are mesodermal in
origin.

Expression of alkaline phosphatase and cyclic AMP is
more in periodontal ligament fibroblasts. Gingival fibro-
blasts are less proliferative

Periodontal ligament fibroblasts can generate a force
for tooth eruption as they are motile and contractile.
Fibroblasts in PDL are capable of collagen degradation
also.

Cementoblasts

The distribution on the tooth surface of variously differen-
tiated cementoblasts is similar to the distribution of osteo-
blasts on the bone surface. These cells line the surface of
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cementum, but are not regularly arranged as osteoblasts.
These cells are often indistinguishable from periodontal
fibroblasts apart from their location adjacent to cemen-
tum surface.

Cementoblasts are almost cuboidal with a large vesicu-
lar nucleus, with one or more nucleoli and abundant cy-
toplasm. All the organelles required for protein synthesis
and secretion are present. Cementoblasts have abundant
mitochondria and less amounts of rough endoplasmic
reticulum than periodontal ligament fibroblasts.

Cells actively depositing cellular cementum exhibit
abundant basophilic cytoplasm and cytoplasmic processes
and the nuclei are folded and irregularly shaped. Cells
depositing acellular cementum do not have prominent
cytoplasmic processes. Cell membrane shows gap junc-
tions and desmosomes and has receptors for growth hor-
mone and epidermal growth factor (Table 8.1).

Resorptive Cells

Osteodasts

Osteoclasts are cells that resorb bone and tend to be
large and multinucleated (Fig. 8.8) but can also be small

Table 8.1 Synthetic Cells

Name of
the Cell Origin Light Microscopy

Electron Microscopy

and mononuclear. Multinucleated osteoclasts are
formed by fusion of precursor cells similar to circulating
monocytes. These characteristic multinucleated cells
usually exhibit an eosinophilic cytoplasm and are easily
recognizable. When viewed in the light microscope, the
cells may sometimes appear to occupy bays in bone
(Howship’s lacunae) or surround the end of a bone
spicule. In the electron microscope their cytoplasm is
seen to exhibit numerous mitochondria and lysosomes,
abundant Golgi saccules, and free ribosomes but little
RER. The part of the plasma membrane lying adjacent
to bone that is being resorbed is raised into characteris-
tic folds and is termed the ruffled or striated border. The
ruffled border is separated from the rest of the plasma
membrane by a zone of specialized membrane that is
closely applied to the bone, the underlying cytoplasm of
which tends to be devoid of organelles and has been
called the clear zone (Fig. 8.9). The area of bone that is
sealed off by the ruffled border is exposed to a highly
acidic pH by virtue of the active pumping of protons by
the osteoclast into this environment. The bone related
to the ruffled border undergoes resorption (Fig. 8.10).
Osteoclasts are seen regularly in normal functioning
periodontal ligament in which the cells play a partin the

Functions

Osteoblasts - Primitive mesenchy- Cuboidal in shape,

line bone mal stem cells with a prominent
surface round nucleus at
the basal end of
the cell
Fibroblast - A. Partly from ecto- Active fibroblasts -
predominant mesenchyme of large cells,
cell investing layer of extensive cytoplasm,
dental papilla and abundant organelles,
dental follicle nucleus occupies

B. Fibroblasts near
cementum from
ectomesenchymal
cells of investing
layer of dental
papilla

C. Fibroblasts near
alveolar bone
from perivascular
mesenchyme.

large volume of
cell with prominent
nucleoli.

HERS or Dental follicle Cuboidal cells
with abundant
cytoplasm and
a large vesicular
nucleus with one

or more nucleoli

Cementoblasts
- line surface
of cementum

Formation of new bone
Regulation of bone remodeling
Mineralization of osteoid
Secretion of noncollagenous
and collagenous proteins (type
V collagen, osteonectin, osteo-
pontin, RANKL, osteprotegerin,
proteoglycans, latent proteases
and growth factors)

Secrete

Active cells —abundant RER
(Hence cells basophilic),
Mitochondria,

vesicles, Golgi apparatus
(localized, seen as juxta-
nuclear area)

Active fibroblasts -

large cells with (@) collagen and elastin

a) extensive network of (structural connective
RER tissue proteins)

b) well developed Golgi (b) proteoglycans, glycoproteins
apparatus containing and glycosaminoglycans
Golgi stacks, each (ground substance)
stack made up of Matrix metalloproteinases

5 cisternae (MMPs) — enzymes
c) Cilia - has 9 tubule Formation and remodeling of
doublets the PDL fibers

Maintain the width of the PDL
fibers and thickness of PDL
Produce growth factors and
cytokines (IGF-1, BMPs, PDGF,
and IL-1)

Lay down cementum which
helps in attachment of the tooth
to the alveolar bone via the
collagen fibers of PDL

Active cells - All the organ-
elles required for protein
synthesis present

Cells depositing cellular
cementum — abundant
cytoplasmic processes
Abundant mitochondria and
less amount of RER com-
pared to PDL fibroblasts
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Figure 8.8 A photomicrograph of multinucleated osteoclasts
(H&E stain).

removal and deposition of bone that is responsible for
its remodeling, a process that allows functional changes
in the position of teeth.

Fibroblasts

These cells show rapid degeneration of collagen by fibro-
blast phagocytosis and that is the basis for fast turnover
of collagen in periodontal ligament.

Earlier studies suggested that, collagen degradation
was an extracellular event involving the activity of the
enzyme collagenase.

Later, studies showed the presence of organelles termed
intracellular collagen profiles. These organelles showed
banded collagen fibrils within an elongated membrane-
bound vacuole. It is thought that these organelles are as-
sociated with the degradation of collagen that has been
ingested from the extracellular environment.
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Figure 8.9 Electron micrograph of osteoclast showing abun-
dance of vesicles beneath the brush border (A) lack of villi
in the annular zone (B) and Golgi complex in juxtanuclear
position (arrow) and little ER. Alveolar bone (C).

Some studies suggested that collagen degradation is in-
tracellular in all healthy tissues, where there is controlled
turnover and remodeling, and is extracellular in tissues
where the changes are pathological or where degradation
is rapid and involves a whole tissue simultaneously.

Hence, the degradation of collagen may be expected
to include both intracellular and extracellular events.

Intracellular degradation

In vitro studies have demonstrated that fibroblasts are
capable of phagocytosing collagen fibrils from extra-
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Figure 8.10 Electron micrograph illustrating acid phosphatase activity in lysosomes of osteoclast located on periodontal surface

of alveolar bone of mouse molar (X 14,000).
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cellular environment and degrading them inside
phagolysomal bodies. Cell surface alkaline phospha-
tase and MMPs may be involved in internalizing a col-
lagen fibril from the extracellular matrix. It has also
been reported that collagenase is not involved in the
intracellular phase of degradation of collagen fibrils.
Lysosomal cysteine proteinases of lysosomal granules
are capable of rapid degradation of internal collagen
fibrils.

The intracellular digestion of collagen follows a se-
quence. When a collagen fibril is first phagocytosed by
the fibroblast, a banded fibril surrounded by an electron-
lucent zone is seen. Subsequently, the banded fibrils are
surrounded by an electron-dense zone. At this stage
phagosome fuses with primary lysosomes to form a pha-
golysosome. At the terminal stage, fibrils show indistinct
banding and are surrounded by electron dense zone.
This suggests that the enzymic degeneration of the fibril
has proceeded to a point where the fibril loses its charac-
teristic structure.

The extracellular events in the degradation of colla-
gen involve collagenase (MMP-1) which is thought to
cleave the triple helical portion of molecules within the
fibril. Together with MMP-1V, it leads to denaturation of
collagen under physiological conditions. The rest of the
molecule undergoes further proteolysis by MMP-II (gela-
tinase) and MMP-V. But before any of these collagenase
activities can occur, glycoproteins such as fibronectin
and proteoglycans on fibril surface, which mask the col-
lagenase binding site must be removed by stromelysin
(MMP-III).

Cementoclasts

Cementoclasts resemble osteoclasts and are occasionally
found in normal functioning periodontal ligament. This
observation is consistent with the knowledge that cemen-
tum is not remodeled in the fashion of alveolar bone and
periodontal ligament but that it undergoes continual de-
position during life. However, resorption of cementum can
occur under certain circumstances, and in these instances
mononuclear cementoclasts or multinucleated giant cells,
often located in Howship’s lacunae, are found on the
surface of the cementum. The origin of cementoclasts is
unknown, but it is conceivable that they arise in the same
manner as osteoclasts (Table 8.2).

Table 8.2 Resorptive Cells

Name of the Cell Origin Light Microscopy

Progenitor Cells

All connective tissues, including periodontal ligament,
contain progenitors for synthetic cells that have the capac-
ity to undergo mitotic division. If they were not present,
there would be no cells available to replace differentiated
cells dying at the end of their life span or as a result of
trauma.

Periodontal regeneration is essentially a re-enactment
of the developmental process including morphogenesis,
cytodifferentiation, extracellular matrix production and
mineralization, These processes support the concept
that some mesenchymal stem cells remain within the
periodontal ligament and are responsible for tissue
homeostasis, serving as a source of renewable progeni-
tor cells generating cementoblasts, osteoblasts and fibro-
blasts throughout adult life.

Secondly, that progenitor cells are present is evident
from the burst of mitoses that occurs after application of
pressure to a tooth as in orthodontic therapy or after
wounding, maneuvers that stimulate proliferation and
differentiation of cells of periodontal ligament.

These progenitor cell populations within the periodontal
ligament appear to be in highest concentrations in locations
adjacent to blood vessels and also enter the periodontal liga-
ment through penetrations from adjacent endosteal spaces.
These cells exhibit some of the classical cytological features
of stem cells, including small size, responsiveness to stimulat-
ing factors and slow cycle time. Progenitor cells tend to have
a small, close-faced nucleus and very little cytoplasm.

Progenitor fibroblasts are small, less polarized and con-
tain less rough endoplasmic reticulum and Golgi saccules.
In repair, the migration of new fibroblasts to that site is
facilitated by fibrin and fibronectin. Cells of osteoblast
subtype can be identified by high levels of alkaline phos-
phatase. Although, there is still uncertainty surrounding
origin of cementoblasts and osteoblasts in the periodontal
ligament, evidence suggests that cells of osteoblast subtype
develop from perivascular cells in periodontal ligament
proper, as well as from progenitor cells arising from adja-
cent marrow compartments (Fig. 8.11; Table 8.3).

Origin of periodontal stem cells

During embryogenesis, the periodontal ligament is
formed by cells residing within the dental follicle. These

Electron Microscopy Functions

Osteoclasts Hematopoietic stem
cells of monocyte-

macrophage lineage nuclear

Appear to occupy bays in

Large and multinucleated
or small and mono-

Numerous mitochondria
and lysosomes, abundant
Golgi saccules, and free
ribosomes but little RER

Plays an important role
in bone resorption
Responsible for
remodeling

bone (Howship’s lacunae)

Cementoclasts Origin of cemento-
clasts is unknown,
but it is conceivable
that they arise in
the same manner

as osteoclasts

Mononuclear or multinu-
cleated giant cells in
Howship’s lacunae on
surface of cementum

Similar to osteoclasts Resorption



Figure 8.11 Section, 1 um thick illustrating continuity between
endosteal spaces and periodontal ligament in rat mandibular
molar (X 160).

Table 8.3 Progenitor Cells

Site and Distribution Morphology

Small in size, nucleus
close faced and very little
cytoplasm

Progenitor cells appear to

be in highest concentration
in locations adjacent to blood
vessels

cells are considered to be derived from the ectomesen-
chyme. The putative stem cell marker STRO-1 used to
isolate and purify bone marrow stromal stem cells is also
expressed by human periodontal ligament stem cells and
dental pulp stem cells. Periodontal ligament stem cells
also share a common expression of perivascular cell
marker CD146 with bone marrow stromal stem cells. A
proportion of these cells also coexpress a smooth muscle
actin and/or the pericyte associated antigen 3Gb. These
observations imply a perivascular origin for these cells.
Of particular significance is failure of the studies to
detect hematopoietic markers like CD14, CD45 and
CD34 in periodontal stem cells or bone marrow stromal
cells. However, many mature mineralized tissue markers
including alkaline phosphatase, type I collagen, osteo-
nectin, osteopontin, osteocalcin and bone sialoprotein
are expressed by these cells. In addition, these cells have
the potential to express a variety of antigens associated
with endothelium (CD106), perivascular tissue (o mus-
cle actin, CD146, 3Gb) as well as soft connective tissue
proteins, type I and type III collagens. But, studies using
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semiquantitative reverse transcription-polymerase chain
reaction, imply that periodontal ligament cells represent
a unique population of postnatal stem cells distinct from
bone marrow-derived mesenchymal stem cells.

Thus to conclude, within the total fibroblastic colony-
forming unit population, there is a mixture of stromal
progenitor cells at various stages of development, that
are most likely maintained by a minor population of
multipotential, mesenchymal stem cells with the capacity
for cell renewal (Table 8.4).

Relationship between Cells

The cells of the periodontal ligament form a three-
dimensional network, and, in appropriately oriented
sections, their processes can be seen to surround the
collagen fibers of the extracellular substance. Cells of
periodontal ligament associated with bone, fibrous con-
nective tissue, and cementum are not separated from
one another, but adjacent cells generally are in contact
with their neighbors, usually through their processes
(Fig. 8.12). The site of some of the contacts between ad-
jacent cells may be marked by modification of the struc-
ture of the contiguous plasma membranes (Figs. 8.13
and 8.14). but the nature of these junctions has not yet
been elucidated satisfactorily. Although many appear to
be zonula occludens, it is conceivable that they are in fact
gap junctions (Fig. 8.13). Gap junctions in other tissues
occur between cells that have been found to be in direct
communication with one another. It is likely that some
form of communication must exist between the cells of
the periodontal ligament; to facilitate the homeostatic
mechanisms that are known to operate in the periodon-
tal ligament.

Epithelial Rests of Malassez

The periodontal ligament contains epithelial cells that
are found close to the cementum (Fig. 8.15). These
cells were first described by Malassez in 1884 and are
the remnants of the epithelium of Hertwig’s epithelial
root sheath. At the time of cementum formation, the
continuous layer of epithelium that covers the surface
of the newly formed dentin breaks into lace-like strands.
The epithelial rests persist as a network, strands, is-
lands, or tubule-like structures near and parallel to the
surface of the root (Figs 8.16 and 8.17). They lie about
25 pm from the cementum surface. Incross-sections,
they appear cluster like. The cluster arrangement ap-
pears like a duct with the cells separated from the sur-
rounding connective tissue by a basal lamina. A net-
work of interconnecting strands parallel to the long
axis of the root can be seen in tangential or serial sec-
tions. These cell rests are abundant in the furcation
areas.

These cell rests can be distinguished from fibroblasts in
periodontal ligament by the close packing of their cuboi-
dal cells and the deeply stained nucleus. The nucleus is
prominent. The cytoplasm is scanty, and shows tonofibrils
that insert into the desmosomes found between adjacent
cells and into hemidesmosomes between the cells and
the basal lamina. Tight junctions are also seen between
the cells.
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Table 8.4 Markers for Periodontal Ligament Stem Cells
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BONE MARROW PERIVASCULAR CELL MATURE CONNECTIVE TISSUE
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Figure 8.12 Transmission electron micrograph showing close
association of principal fiber with fibroblast (X 3000).

Mitochondria are distributed throughout the cyto-
plasm. Rough endoplasmic reticulum and Golgi appara-
tus are poorly developed, indicating lack of protein
synthesis (Fig. 8.18).

Studies have reported that epithelial cell rests attach to
and spread rapidly on fibronectin, vitronectin and type I
collagen present in the extracellular matrix.

The distribution of these cells varies according to site
and age. They are less numerous in older individuals and
more numerous in children. Up to the second decade,
these cells are most commonly found in apical region,
later they are mainly located cervically in the gingiva

i i

Figure 8.13 Electron micrograph showing gap junctions
(arrows) between fibroblastic processes. (Bar = 100 nm).

above the alveolar crest. These cells may proliferate to
form cysts and tumors or may also undergo calcification
to become cementicles (Table 8.5).

Defense Cells

Defense cells include macrophages, mast cells and
eosinophils.
Mast cells

The mast cell is a relatively round or oval cell having a
diameter of about 12 to 15 pm. Mast cells are often as-
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Figure 8.14 Electron micrograph of two desmosomal junction (arrows) between fibroblast. (Bar = 100 nm).
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Figure 8.15 Photomicrograph of epithelial rests (arrow). D = dentin (H&E stain X200).

Alveolar bone
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Periodontal
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Figure 8.16 Long strand of epithelium in periodontal ligament.
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Figure 8.17 Photomicrograph of epithelial cell rests appear-
ing as a network in tangential sections. H&E stain (X 160).

L N R R
Figure 8.18 Transmission electron micrograph of epithelial
cell rests (X 61,000).

Table 8.5 Epithelial Rests of Malassez

Cell Type Origin

Light Microscopy Electron Microscopy

sociated with blood vessels. The cells are characterized
by numerous cytoplasmic granules, which frequently ob-
scure the small, round nucleus. The granules stain with
basic dyes but are most readily demonstrated by virtue of
their capacity to stain metachromatically with metachro-
matic dyes such as azure A. They are also positively
stained by the periodic acid-Schiff reaction. The granules
are dense, membrane bound vesicles approximately
0.5 to 1 pm in diameter. When the cell is stimulated it
degranulates. The granules have been shown to contain
heparin and histamine and, in some animals, serotonin.
In some preparations, mast cells may be seen to have
degranulatedso that many or all of the granules are
located outside the cell.

Electron microscopy shows the mast cell cytoplasm
containing free ribosomes, short profiles of granular
endoplasmic reticulum, few round mitochondria, and a
prominent Golgi apparatus (Fig. 8.19).

Mast cell histamine plays a role in the inflammatory
reaction, and mast cells have been shown to degranulate
in response to antigen—antibody reaction on their sur-
face. Occa-sional mast cells may be seen in the healthy
periodontal ligament. The release of histamine into the
extracellular environment causes proliferation of endo-
thelial cells and mesenchymal cells. Conse-quently, mast
cells may play an important role in regulating endothe-
lial and fibroblast cell populations.

Macrophages

Macrophages are also found in the ligament and are
predominantly located adjacent to blood vessels.
These defense cells are derived from monocytes and
phagocytose particulate matter and invading microor-
ganisms. Resting macrophages can be distinguished
from fibroblasts in the electron microscope by the
presence of numerous microvilli, lysosomes and their
membrane bound vesicles of varying density and
paucity of rough endoplasmic reticulum and Golgi
complex.

The wandering type of macrophage, probably derived
from blood monocytes, has a characteristic ultrastruc-
ture that permits it to be readily distinguished from
fibroblasts. It has a nucleus, generally of regular contour,
which may be horseshoe or kidney shaped and which

Distribution Clinical Significance

* Remnants of
Hertwig’s
epithelial
root sheath

¢ Abundant in

furcation areas

Parallel to root

surface

* Lie about
25 pm from
the cementum
surface

© At the time of
cementum for-
mation, the
continuous layer
of epithelium
that covers
the surface of
newly formed
dentin breaks
into lace-like
strands

* Cross-section -

Cluster like
Tangential
section-A
network of
interconnecting
strands parallel
to the long axis
of the root

* Scanty cytoplasm
with tonofibrils that
insert into the des-
mosomes between
adjacent cells and
hemidesmosomes
between the cells
and basal lamina

* Mitochondria -
distributed through-
out the cytoplasm

* RER, Golgi apparatus-
poorly developed

¢ Older individuals -
less numerous

* Children - more
numerous

* Second decade-
in apical region

¢ Later- cervically
in the gingiva
above the
alveolar crest

¢ Proliferate to form
cysts and tumors
or may also undergo
calcification forming
cementicles
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Figure 8.19 Ultrastructure of a mast cell sh
membrane bound vesicles (X5000).

)

owing numerous

exhibits a dense uneven layer of peripheral chromatin.
Nucleoli are rarely seen.

Macrophages are readily identified in the electron
microscope, and it is apparent that the surface of the cell
is generally raised in microvilli and the cytoplasm con-
tains numerous free ribosomes. The rough endoplasmic
reticulum is relatively sparse and is adorned with widely
spaced polysomes that are composed of only two to four
ribosomes each. The Golgi apparatus is not well devel-
oped, but the cytoplasm contains numerous lysosomes
in which identifiable material may be seen (Figs 8.20
and 8.21).

In the periodontal ligament macrophages may play a
dual role: (1) phagocytosing dead cells and (2) secreting
growth factors that regulate the proliferation of adjacent
fibroblasts. Macrophages also synthesize a range of mol-
ecules with important functions, like interferon, prosta-
glandins and factors that enhance the growth of fibro-
blasts and endothelial cells.

Figure 8.20 Electron micrograph of a macrophage show-
ing many lysosomes and mitochondria and few rough ER.
A=microvilli, B=Golgi complex, Bar=1.5 pm.
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Figure 8.21 Transmission electron micrograph of macro-
phages (X 6000).

Eosinophils

Eosinophils are occasionally seen in the periodontal liga-
ment. They possess granules that consist of one or more
crystalloid structures (Fig. 8.22). The cells are capable of
phagocytosis ( Table 8.6).

EXTRACELLULAR SUBSTANCE

The extracellular substance of the periodontal ligament
comprises the following:

Fibers Ground Substance
Collagen Glycosaminoglycans
Elastic-oxytalan Proteoglycans
Reticular Glycoproteins
Secondary

Indifferent fiber plexus

granules (X 2500).



150 Orban’s Oral Histology and Embryology

Table 8.6 Defense Cells

Name of the Cell Origin Light Microscopy Electron Microscopy Functions
Mast cells Hematopoietic Round or oval cell, 12-15 um  Cytoplasm - free ribo- The release of histamine into
associated stem cell in diameter somes, short profiles of the extracellular environment -
with blood Numerous cytoplasmic granular ER, few round proliferation of endothelial
vessels granules - dense, membrane mitochondria and a prom-  cells and mesenchymal cells
bound vesicles 0.5-1 pm in inent Golgi apparatus
diameter, containing heparin
and histamine and stain with
metachromatic dyes
Macrophages Hematopoietic Nucleus, - horse shoe or Resting macrophages - Dual role:
located adjacent stem cell kidney shaped with dense distinguished from fibro- Phagocytose dead cells
to blood vessel and uneven layer of blast by the presence of Secrete growth factors that
peripheral chromatin numerous microvili, lyso- regulate the proliferation of
Nucleoli are rarely seen somes and membrane adjacent fibroblasts
bound vesicles of varying Also synthesize - interferon,
density and paucity of prostaglandins and factors that
RER and Golgi complex enhance the growth of fibro-
blasts and endothelial cells
Eosinophils Hematopoietic 8 um in diameter, nuclei are Phagocytosis
Occasionally seen stem cell bilobed, granules with 1 or

more crystalloid structures, with
bright red staining properties
with acidic dyes such as eosin

Fibers

The connective tissue fibers are mainly collagenous, but
there may be small amounts of oxytalan and reticulin
fibers, and in some species, elastin fibers.

Collagen

Collagen is a protein composed of different amino acids;
the most important being glycine, proline, hydroxylysine
and hydroxyproline. The amount of collagen in a tissue
can be determined by its hydroxyproline content.

The collagen is gathered to form bundles approxi-
mately 5 pm in diameter. These bundles are termed
principal fibers. Within each collagen bundle, subunits are
present called collagen fibrils.

These fibrils are formed by packing together of individ-
ual tropocollagen molecules. The periodontal ligament fi-
brils are small and the diameter reflects the mechanical
demands put upon the connective tissue. Collagen fibrils
have transverse striations with a characteristic periodicity of
64 nm. These striations are caused by the overlapping ar-
rangement of the tropocollagen molecules (Fig. 8.7).

The collagen fibril diameters of the mammalian peri-
odontal ligament are small with a mean diameter of
45-55 nm. The small diameter of the fibrils could be
due to high rate of collagen turnover or the absence of
mature collagen fibrils.

The main types of collagen in the periodontal ligament
are type I and type III. More than 70% of periodontal
ligament collagen is type I

Type I collagen is uniformly distributed in the ligament.
It contains two identical al(I) chains and a chemically
different a2 chain. It is low in hydroxylysine and glycosyl-
ated hydroxylysine.

Type III collagen accounts for about 20% of collagen
fibers. It consists of three identical al(III) chains. It is
high in hydroxyproline, low in hydroxylysine and con-
tains cysteine. Type III collagen is covalently linked to
type I collagen throughout the tissue. It is found at the
periphery of Sharpey’s fiber attachments into alveolar
bone. The function of type III may be involved with
collagen turnover, tooth mobility and collagen fibril
diameter.

Small amounts of type V and type VI collagens and
traces of type IV and type VII collagen are also found in
the ligament. Type V collagen coats cell surfaces and
other types of collagen. This collagen increases in
amount in periodontal inflammatory disease. Type VI is
a short chain molecule that ramifies the extracellular
matrix, but is not directly associated with major banded
collagen fibrils. It may play a role in maintaining the in-
tegrity and elasticity of the extracellular matrix. Type IV
and type VII are associated with epithelial cell rests
and blood vessels. Type IV does not form fibrils, but a
structural role in maintaining integrity of the periodon-
tal ligament, by anchoring the elastic system to the vascu-
lature, has been proposed. Type XII collagen is believed
to occur within the periodontal ligament, only when the
ligament is fully functional.

The principal fiber group is the alveolodental ligament,
which consists of five fiber groups: alveolar crest, horizon-
tal, oblique, apical and interradicular group in multirooted
teeth (Figs. 8.23-8.25).

1. Alveolar crest group Alveolar crest fibers extend
obliquely from the cementum just beneath the junctional
epithelium to the alveolar crest. Fibers also run from the
cementum over the alveolar crest and to the fibrous layer
of the periosteum covering the alveolar bone. These



Figure 8.23 Diagrammatic representation of a longitudinal
section of tooth in situ showing principal fibers. 1-alveolar
crest fibers, 2-horizontal fibers, 3-oblique fibers, 4-apical
fibers, 5-interradicular fibers.

fibers resist tilting, intrusive, extrusive and rotational
forces. Confusion often arises concerning anatomic
differentiation of the periodontal alveolar crest group,
from an immediately suprajacent gingival fiber group, the
dentoperiosteal fibers. The collagenous elements of these
two anatomic groups, intertwine along their respective
courses. Any collagenous elements located apical to the
line, joining the height of each interdental bony septum,
may be termed periodontal, and those coronal to the line
gingival.

2. Horizontal group These fibers run at right angles
to the long axis of the tooth from cementum to alveolar
bone, and are roughly parallel to the occlusal plane of
the arch. They are found immediately apical to the
alveolar crest fiber group. These bundles pass from their
cemental attachment directly across the periodontal
ligament space to become inserted in the alveolar process
as Sharpey’s fibers. They are limited mostly to the coronal
one-fourth of the periodontal ligament space. These
fibers resist horizontal and tipping forces.

3. Oblique group Oblique fibers are the most numerous
and occupy nearly 2/3rd of the ligament. These fibers
are inserted into the alveolar bone at a position coronal
to their attachment to cementum, thereby resulting in
their oblique orientation within the periodontal space.
These fibers resist vertical and intrusive forces.

4. Apical group From the cementum at the root tip,
fibers of the apical bundles radiate through the
periodontal space to become anchored into the fundus
of the bony socket. The apical fibers resist the forces
of luxation, may prevent tooth tipping and probably

Chapter 8 — Periodontal Ligament 151
Enamel Gingiva
Cemento-
enamel
junction
Alveolar
crest fibers
Alveolar
crest
Horizontal
fibers MEEEES
At Alveolar
5% .; bone
3%
. D)
Dentin W= o
.\a% : Haversian
-4 bone
Cementum —ast B
% \_r;
71
a
Oblique
fibers

S
—at
=2
2
x
A
.

Figure 8.24 Fibers of periodontal ligament.

protect delicate blood and lymph vessels and nerves
traversing the periodontal ligament space at the root
apex. These fibers are not seen on incompletely formed
roots.

5. Interradicular group The principal fibers of this
group are inserted into the cementum from the crest of
interradicular septum in multirooted teeth. These fibers
resist tooth tipping, torquing and luxation. These fibers
are lost, if age-related gingival recession proceeds to the
extent, that the furcation area is exposed. Total loss of
these fibers occurs in chronic inflammatory periodontal
disease.

Some histologists also consider the gingival fiber group
to be part of the principal fibers of the periodontal
ligament.
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Periodontal
ligament

Figure 8.25 Apical fibers of periodontal ligament (From Orban
B: Dental histology and embryology. Philadelphia, 1929, P
Blakiston’s Son & Co).

The gingival fiber groups are found within the lamina
propria of the marginal gingiva. These gingival fibers are
separate, but adjacent fiber groups, which support the
marginal gingival tissues, to maintain their relationship
to the tooth (Table 8.7).

Sharpey’s Fibers

Collagen fibers are embedded into cementum on one
side of the periodontal space and into alveolar bone
on the other. The embedded fibers are termed Sharpey’s

Table 8.7 Principal Fiber Groups

Type of Fiber Origin and Insertion

Sibers (Figs. 8.1, 8.4 and 8.5). Sharpey’s fibers are more
numerous but smaller at their attachment into cemen-
tum than alveolar bone. The mineralized parts of Sharp-
ey’s fibers in alveolar bone appear as projecting stubs
covered with mineral clusters. The mineralization is at
right angles to long axis of fibers, indicating that in func-
tion, the fibers are subjected to tensional forces. Sharpey’s
fibers in primary acellular cementum are mineralized
fully, those in cellular cementumand bone are mineral-
ized, partially at their periphery.

Few Sharpey’s fibers pass uninterruptedly through the
bone of the alveolar process (termed transalveolar fibers)
to continue as principal fibers of the adjacent periodon-
tal ligament, or they may mingle buccally and lingually
with fibers of the periosteum that cover the outer cortical
plates of the alveolar process. These fibers pass through
the alveolar process, only when the process consists
entirely of compact bone and contains no haversian sys-
tem. Once embedded in either the wall of the alveolus or
the tooth, Sharpey’s fibers calcify to a certain degree and
are associated with an abundance of noncollagenous
proteins namely, osteopontin and bone sialoprotein.

Although not a common finding when viewed through
conventional light microscopy, transalveolar fibers are
readily seen in the high-voltage electron microscope. Con-
ceivably these fibers become entrapped in alveolar bone
either during development of the interdental septum or by
bone deposition at the alveolar crest. As a result of tooth
drift and the resultant bone remodeling, the fibers may be
severed, and some may be relinked to periodontal liga-
ment fibers by an unbanded link protein. Transalveolar fi-
bers may serve as a mechanism to connect adjacent teeth.

Intermediate Plexus

Earlier, it was believed that, the principal fibers fre-
quently followed a wavy course from cementum to bone

Function

Alveolar crest group

Extend oblliquely from cementum just beneath
junctional epithelium to alveolar crest

Resist tilting, intrusive, extrusive and
rotational forces

Also extend from cementum over the alveolar
crest to fibrous layer of periosteum covering

alveolar bone
Horizontal group
limited to coronal one
fourth of pdl space

Extend at right angles to the long axis of the
tooth from cementum to the alveolar bone
and parallel to occlusal plane

Resist horizontal and tipping force

Gets inserted into alveolar process as Sharpey’s

fibers
Oblique group
most numerous and
occupy 2/3rd of ligament

attachment to cementum

Apical group
not seen in incompletely
formed roots

Interradicular group
fibers lost if furcation area
is exposed

Extend into alveolar bone coronal to their

Extend from root tip and radiate through the
periodontal space into fundus of bony socket

Extend into cementum from the crest of inter—
radicular septum of multirooted teeth

Resist vertical and intrusive forces

Resist luxation, prevent tooth tipping,
protect delicate lymph and blood
vessels and nerves traversing the

PDL space at the root apex

Resist tooth tipping, torque and luxation



and are joined in the mid region of the periodontal
space, giving rise to a zone of distinct appearance, the
so-called intermediate plexus. The plexus was also consid-
ered to be an area of high metabolic activity, in which
splicing and unsplicing of fibers might occur. However,
research over the past few years demonstrated that, once
cemental fibers meet and fuse with osseous fibers no
such plexus remains.

Secondly the entire periodontal ligament is metaboli-
cally active, not just the middle or intermediate zone.
Studies also indicate that with tooth movement, areas of
highest activity are fiber terminals near cementum and
bone, not in the middle.

The recent concept is that, fibers cross the entire
width of periodontal space, but branch en route and join
neighboring fibers to form a complex three-dimensional
network. It seems improbable that one single fibril
extends the entire dimension of tooth to bone.

However, this plexus has usually been observed in lon-
gitudinal sections of continuously growing incisors of
rodents and not in cross-sections. Hence, it is an artifact,
related to the fact that the collagen fibers in periodontal
ligament of continuously growing incisors are arranged
in the form of sheets rather than bundles. No intermedi-
ate plexus is seen across the periodontal space in teeth of
noncontinuous growth.

Some authors have proposed a zone of shear, as a site
of remodeling during eruption. Some believe, it lies near
the center of periodontal ligament.

A specific type of waviness has been reported in collag-
enous tissues including the periodontal ligament, called
crimping. These are best seen under polarizing microscope.
The crimp is gradually pulled out when the ligament is
subjected to mechanical tension, until it disappears.

Elastic Fibers

There are three types of elastic fibers, which are histo-
chemically and ultrastructurally different. They are, the
mature elastic fibers, (elastin) fibers, the elaunin fibers, and
the oxytalan fibers. Elaunin and oxytalan fibers have been
described as immature elastic fibers. Mature elastic fibers
consist of a microfibrillar component surrounding an
amorphous core of elastin protein. Elastin protein con-
tains a high percentage of glycine, proline and hydro-
phobic residues, with little hydroxyproline and no hy-
droxylysine. The microfibrillar component is located
around the periphery and scattered throughout the
amorphous component. These fibers are observed only
in walls of afferent blood vessels, where they constitute
the elastic laminae of larger arterioles and of arteries of
greater caliber.

Elaunin fibers are seen as bundles of microfibrils embed-
ded in a relatively small amount of amorphous elastin.
These fibers may be found within the fibers of the gingi-
val ligament. An elastic meshwork has been described in
the periodontal ligament as being composed of many
elastin lamellae with peripheral oxytalan fibers and
elaunin fibers.

Oxytalan fibers are a type of immature elastic fibers. Oxyta-
lan appears to consist of microfibrillar component only.

These fibers can be demonstrated under the light mi-
croscope when the section is oxidized strongly before
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staining with elastin stains. Oxytalan fibers are not sus-
ceptible to acid hydrolysis. These fibers are approxi-
mately 0.5-2.5 pm in diameter and appear to have elastin
and type IV collagen. Under the electron microscope,
fibers believed to be oxytalan resemble developing elas-
tic fibers (Fig. 8.26).

The orientation of the oxytalan fibers is quite differ-
ent from that of the collagen fibers. Instead of running
from bone to tooth, they tend to run in an axial direc-
tion (Fig. 8.27) one end being embedded in cementum
or possibly bone, and the other often in the wall of a
blood vessel. In the cervical region, they follow the
course of gingival and transseptal fibers. Within the
periodontal ligament proper, these fibers are longitudi-
nally oriented, crossing the oblique fibers perpendicu-
larly. In the vicinity of the apex they form a complex
network. The function of the oxytalan fibers is un-
known, but it has been suggested that they may play a
part in supporting the blood vessels of the periodontal
ligament. They are thicker and more numerous in teeth
that are subjected to high loads, as in abutment teeth
for bridges and teeth that are moved orthodontically.
Thus, these fibers may have a role in tooth support
(Table 8.8).

Reticular Fibers

These are fine immature collagen fibers with argyro-
philic staining properties and are related to basement
membrane of blood vessels and epithelial cells which lie
within the periodontal ligament. These fibers are com-
posed of type III collagen.

Secondary Fibers

These are located between and among the principal
fibers. These fibers are relatively non-directional and ran-
domly oriented. They may represent the newly formed
collagenous elements that have not yet been incorpo-
rated into principal fiber bundles. These fibers appear to
traverse the periodontal ligament space coronoapically
and are often associated with paths of vasculature and
nervous elements.

Indifferent Fiber Plexus

In addition to these fiber types, small collagen fibers as-
sociated with the large principal collagen fibers have
been described. These fibers run in all directions, form-
ing a plexus called indifferent fiber plexus.

But some studies report that this plexus is seen in
ground sections examined under scanning electron mi-
croscope, but not under transmission electron micro-
scope or light microscope. Hence, some authors consider
it to be an artifact produced by preparation.

Ground Substance

Within the periodontal ligament are, blood vessels,
lymph vessels, nerves and connective tissue cells inter-
spersed in an extracellular matrix containing collagens
and the ground substance. Ground substance has been
estimated to contain 70% water and is thought to have a
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Figure 8.26 Transmission electron micrograph of oxytalan fiber in cross-section (A) surrounded by collagen fiber (B). Note the
spaces between them represent the ground substance magnification (X 95,000).

significant effect on the tooth’s ability to withstand stress
loads.

Indeed, the ground substance is a gel-like matrix pres-
ent in every nook and cranny, including the interstices
between fibers and between fibrils. It is important to
understand that all anabolites reaching the cells from
the microcirculation in the ligament and all catabolites
passing in the opposite direction must pass through the
ground substance. Its integrity is essential, if the cells of
the ligament have to function properly. The other func-
tions of ground substance are ion and water binding and
exchange, control of collagen fibrillogenesis and fiber
orientation and binding of growth factors.

The ground substance consists mainly of glycosami-
noglycans, proteoglycans and glycoproteins. All compo-
Figure 8.27 Photomicrograph of oxytalan fibers in monkey nents of the ground substance are presumed to be se-
periodontal Iigament (mOﬂOperSU'fate thionine stain X180) Cretedbyﬁbroblasts.The main type Ofg]ycosaminog]ycan

Table 8.8 Elastic Fibers

Mature Immature

Elastic Elaunin Oxytalan

Elastin fibers of microfibrillar component sur- Seen as bundles of micro- Consists of microfibrillar component only.
rounding an amorphous core of elastin pro- fibrils embedded in relatively 0.5 - 2.5 microns in diameter

tein. They are only seen in the walls of affer- small amount of amorpho- Fib ) ial directi d bei

ent blood vessels where they constitute the pus elastin. Found within bl de(;s(;u.n el aiqa |rect|on.b<?nien ecljn?hem-
elastic laminae of larger arterioles and of ar- fibers of gingival stz eyl UL,
teries of greater caliber ligament other often in the wall of a blood vessel. Support

blood vessels of PDL



is hyaluronan. Dermatan, chondroitin and heparin sul-
fates may also be found. Hyaluronan occupies a large
volume of the periodontal ligament. Most of thegly-
cosaminoglycan is located near the surface of collagen
fibrils.

Proteoglycans are compounds containing glycosamino-
glycans attached to a protein core. The two main types in
the periodontal ligament are dermatan sulfate and pro-
teoglycan containing chondroitin sulfate and dermatan
sulfate hybrids. The proteodermatan sulfate proteoglycan
is same as decorin and assists in collagen fibrillogenesis
and increases the strength of collagen fibrils. The other
proteoglycans are similar to biglycan which controls hy-
dration of extracellular matrix of the connective tissue.

Small leucine rich proteoglycans including fibromodu-
lin and perlecan are present in the periodontal ligament.
Another proteoglycan, CD44 has been found to localize
to surface of resident fibroblasts. Syndecan I and 2 have
been located in both developing periodontal ligament
and within ligament of adults.

The predominant glycoprotein in the ground sub-
stance is fibronectin. It promotes attachment of cells
to the collagen fibrils. It may also be involved in cell
migration and orientation. The other glycoproteins

Epithelial
rest

Cementum
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seen in the periodontal ligament are tenascin and vit-
ronectin. Tenascin has been found adjacent to alveo-
lar bone and cementum. It has been reported that te-
nascin may act to transfer the forces of mastication
and stresses of tooth support to specific protein struc-
tures. Vitronectin has been observed adjacent to elas-
tin fibers.

Other molecules found in the periodontal ligament
are osteonectin, laminin and undulin. Undulin has been
found principally in the basement membrane of the epi-
thelial cell rests of Malassez.

The composition of the ground substance is said to
vary according to the developmental state of the tis-
sue. There is a marked change in the amount of hyal-
uronate as development proceeds from the dental
follicle to the initial periodontal ligament. There is
also an increase in the amount of proteoglycans dur-
ing eruption.

Interstitial Tissue

Interstitial connective tissue is a loose connective tissue
that contains blood vessels, lymphatics, nerves and less
regularly arranged collagen fibers (Fig. 8.28).

Principal
fibers

Alveolar bone

Nerve
bundle

Blood vessels

Interstitial
tissue

Principal
fibers

Alveolar bone

e R A3
Figure 8.28 Interstitial spaces in periodontal ligament contain loose connective tissue, vessels, and nerves (From Orban B: J Am
Dent Assoc 16:405, 1929).
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STRUCTURES PRESENT IN CONNECTIVE
TISSUE

The following discrete structures are present in the
connective tissue of the periodontal ligament:

Nerves
Cementicles

Blood vessels
Lymphatics

Blood vessels

The periodontal ligament is a high fiber density tissue with
abundant vascular supply. Generally in a dense fibrous tis-
sue elsewhere in mammals, fewer vascular elements are
present but in the PDL a higher or elevated metabolic re-
quirement explains the rich vasculature.

Arterial supply. The blood supply is derived from the
inferior and the superior alveolar arteries to the mandi-
ble and maxilla respectively and reach the PDL from
three sources:

1. Branches in the periodontal ligament from apical vessels
that supply the dental pulp.

2. Branches from intra-alveolar vessels. These branches
run horizontally, penetrating the alveolar bone to
enter the periodontal ligament (Fig. 8.29).

3. Branches from gingival vessels. These enter the peri-
odontal ligament from the coronal direction.

The arterioles and capillaries of the microcirculation
ramify in the periodontal ligament, forming a rich net-
work of arcades that is more evident in the half of the
periodontal space adjacent to bone than that adjacent to
cementum. There is a particularly rich vascular plexus at
the apex and in the cervical part of the ligament. The
dental arteries gives afferent branches prior to entering
the apical foramina which provide a basket like network
of vessels in the apical third of the PDL. The interradicu-
lar arteries branch into vessels of lesser caliber to emerge
from the cribriform plate as perforating arteries and
supply the PDL along most of the coronoapical extent
including the bifurcation and the trifurcation areas. The
interdental artery also exit the bone to supply the middle
three-fifth of the PDL though most of the interdental
arteries emerge from the crest of the alveolar process
and supply the coronal aspect of PDL. Irrespective of
their origin all the vessels within the PDL intercommuni-
cate forming an organizing plexus through the peri-
odontal space.

The arterioles in PDL range from a diameter of 15 to
50 pm with an average diameter of 20 pm.

The PDL has some specialized features in the vascula-
ture namely, the presence of large number of fenestra-
tions in the capillaries (Fig. 8.30) and a cervical plexus of
capillary loops (Fig. 8.31). In fibrous connective tissue,
usually continuous capillaries are seen. Hence fenestra-
tion of capillaries in PDL is unusual especially in large
numbers (up to 40 X 10%/mm? of tissue). The fenestrated
capillary beds have an increased capacity for diffusion
and filtration. These functions possibly might be related
to the high metabolic requirement of PDL because of
rate of turnover.

In the area of the gingival crevice a cervical plexus of
capillary loops completely encircles the tooth within the
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Figure 8.29 Blood vessels enter periodontal ligament through
openings in alveolar bone (From Orban B: Dental histology and
embryology. Philadelphia, 1929, P Blakiston’s Son & Co).

connective tissue. The cervicular capillary loops arise
from a circular plexus of 1 to 4 intercommunicating
vessels of 6-30 pm diameter at the level of junctional
epithelium (Fig. 8.31). This plexus is separated from
marginally situated loops in the gingiva by a distinct gap.
The circular plexus anastomoses with both gingival and
PDL vessels. This complex structure of vasculature is not
completely understood though it is thought to be related
to dentogingival seal. It might also be providing a means
for flow reversal and rapid redistribution of blood under
varying occlusal loads.

The blood supply increases in the PDL from incisors to
molars. The single rooted teeth have more supply in
gingival third followed by apical third and the least in
middle third. In molars it is equal in middle and apical
areas but is greater at the gingival area. These variations
might be depicting the functional variations at different
sites.

Venous drainage. The venous channels accompany
their arterial counterparts. The channels are larger in
diameter with mean average of 28 pm. These channels
receive blood from the capillary network and also spe-
cialized shunts called glomera in the PDL. The special-
ized shunts provide an arteriovenous anastomosis and
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Figure 8.30 Transmission electron micrograph of fenestrated capillaries. Arrowheads indicate fenestrations (X 35,000).
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Attached cementicle

Periodontal ligament

Embedded cementicle

Figure 8.31 Cementicles in periodontal ligament.

drainage bypassing the capillaries. In some parts of the
PDL, particularly around the apex a dense venous net-
work is generally seen.

Lymphatic drainage

A network of lymphatic vessels, following the path of
the blood vessels, provides the lymph drainage of the
periodontal ligament. The flow is from the ligament
toward and into the adjacent alveolar bone. The lym-
phatic vessels are like veins provided with valves. The
lymph from the periodontal tissues drains into the
lymph nodes of head and neck. The submental nodes
drain the labial and lingual gingiva of the mandibular
incisors, the submandibular lymph nodes drain the lin-
gual gingiva of the mandibular premolar and the molar
region, the third molars are drained directly to jugu-
lodigastric lymph nodes. The maxillary palatal gingiva
is drained into the deep cervical lymph nodes. The buc-
cal gingiva of the maxilla drains into the submandibular
lymph nodes.

It may course apically through the substance of PDL to
arise and pass through the fundus of the socket or may
through the cribriform plate. They finally empty into
larger channels after pursuing intraosseous path. The
flow is via the alveolar lymph channels which are joined
by the dental and interradicular lymph channels.

An effective and adequate vasculature and lymphatic
architecture is manifested in various developmental and
healing process in the PDL.

Nerves

The PDL has functionally two types of nerve fibers: sen-
sory and autonomic. The sensory fibers are associated
with nociception and mechanoception, with touch, pres-
sure, pain and proprioceptive sensations. The autonomic
fibers are associated with PDL vessels.

All PDL innervations are mediated by the dental
branches of alveolar nerves which enter through apical
perforation of the tooth socket and perforating branches
of interalveolar nerves traversing the bone.
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Nerves, which usually are associated with blood ves-
sels, pass through foramina in the alveolar bone, includ-
ing the apical foramen, to enter the periodontal liga-
ment. In the region of the apex, they run toward the
cervix, whereas along the length of the root they branch
and run both coronally and apically. The nerve fibers
are either of large diameter and myelinated or of small
diameter, in which case they may or may not be myelin-
ated. The small fibers appear to end in fine branches
throughout the ligament and the large fibers in a variety
of endings, for example, knob like, spindle like, and
Meissner like, but these seem to vary among the species.
The large diameter fibers appear to be concerned with
discernment of pressure and the small diameter ones
with pain. Some of the unmyelinated small diameter
fibers evidently are associated with blood vessels and
presumably are autonomic.

Generally the myelinated fibers of PDL are 5-15 pm in
diameter and the unmyelinated are 0.5 pm in diameter.

PDL mechanoceptors exhibit directional sensitivity as
they respond to a force applied to the crown in a particu-
lar direction. Their conduction velocities place them in
A« group of fibers. The response characteristics can vary
from slowly to rapidly adapting fibers. It is said that 75%
of mechanoceptors of PDL have their cell bodies in the
trigeminal ganglion and in remaining, 25% cell bodies
lie in mesencephalic nucleus.

In the PDL numerous nerve terminals are seen espe-
cially in the principal fibers.

Encapsulated pressure receptors and acini form fine
pain receptors are seen in greatest numbers which function
during mastication.

Cementidles

Calcified bodies called cementicles are sometimes found
in the periodontal ligament. These bodies are seen in
older individuals, and they may remain free in the con-
nective tissue, they may fuse into large calcified masses, or
they may be joined with the cementum (Fig. 8.31). As the
cementum thickens with advancing age, it may envelop
these bodies. When they are adherent to the cementum,
they form excementoses. The origin of these calcified
bodies is not established. It is possible that degenerated
epithelial cells form the nidus for their calcification.

FUNCTIONS

The periodontal ligament has the following functions:
Supportive Homeostatic

Sensory Eruptive

Nutritive Physical

Supportive

When a tooth is moved in its socket as a result of forces
acting on it during mastication or through application of
an orthodontic force, part of the periodontal space will be
narrowed and the periodontal ligament contained in
these areas will be compressed. Other parts of the peri-
odontal space will be widened. The compressed periodon-
tal ligament provides support for the loaded tooth. The
collagen fibers in the compressed ligament, in concert

with water molecules and other molecules bound to col-
lagen, act as a cushion for the displaced tooth. The pres-
sure of blood in the numerous vessels also provides a hy-
draulic cushion for the support of the teeth. It has
often been suggested that the collagen fibers in the
widened parts of the periodontal space are extended to
their limit when a force is applied to a tooth and, being
non-elastic, prevent the tooth from being moved too far.

Hence it is believed that the PDL behaves as suspen-
sory ligament. Accordingly load on the PDL is dissipated
to alveolar bone through the oblique principal fibers of
PDL primarily, which is placed in tension and on release
of load, an elastic recoil of tissue enables the tooth re-
covery to its resting position. However tooth mobility,
surgical, morphological and biochemical studies pro-
vide evidence against the concept that PDL is a suspen-
sory ligament. Physiological tooth mobility studies show
the property of hysteresis, which suggests that the tissue
has viscoelastic properties. The loaded tooth support
system shows elasticity and in the recovery phase to its
original position and also phases of movement. The vis-
coelastic properties might be displayed because of blood
being squeezed out of the PDL via cribriform plate in
the early intrusive phase, similarly loss of water from
proteoglycans and partial disaggregation of large poly-
mers might be seen in slow phases.

The tooth mobility studies with lathyrogens (drugs
inhibiting formation of collagen crosslinks) and vasoac-
tive drugs indicate that both PDL collagen fibers and
periodontal vasculature are involved in tooth support.

The recent biochemical analysis of the proteogly-
cans in the PDL shows that the degree of aggregation/
disaggregation of the ground substance may have a
role in tooth support.

Thus it is evident that collagen fibers, vasculature and
ground substance of the PDL are all contributing to the
tooth support. Hence the tooth supporting system is not a
property of one single component of PDL but a function
of the tissue on the whole.

Sensory

The periodontal ligament, through its nerve supply, pro-
vides the most efficient proprioceptive mechanism, al-
lowing the organism to detect the application of the
most delicate forces to the teeth and very slight displace-
ment of the teeth.

Mechanoprotection protects both supporting struc-
tures of the tooth and the substances of the crown from
excessive masticatory forces.

The response elements of stromal cells and actin de-
pendant sensory system are involved in the mechanical
signal transduction.

To survive a mechanically active environment, cells
adapt to variations of applied membrane tension. This
adaptation involves sensing increase in the intracellular
tension, maintaining contact with extracellular matrix
ligands and preventing irreversible membrane disruptions.

The cortical actin assembly regulates stretch-activated
cation permeable channel activity and provides a desen-
sitization mechanism for cells exposed to repeated long-
term mechanical stimuli. The actin response is cytopro-
tective. Basically the cortical actin assembly regulates the
activity of stretch-activated calcium permeable channels



since sustained force application desensitizes these chan-
nels to subsequent force applications.

Recent studies suggest that actin binding protein-280
plays a vital role in mechanoprotection by:

1. Reinforcing the membrane cortex and thereby pre-
venting force induced membrane disruption.

2. Increasing the strength of cytoskeletal links to the
extracellular matrix.

3. Desensitizing stretch-activated ion-channel activity.

Nutritive

The ligament contains blood vessels, which provide
anabolites and other substances required by the cells of
the ligament, by the cementocytes, and presumably by
the more superficial osteocytes of the alveolar bone.
Experimental extirpation of the ligament results in
necrosis of underlying cementocytes. The blood vessels
are also concerned with removal of catabolites. Occlu-
sion of blood vessels leads to necrosis of cells in the
affected part of the ligament; this occurs when too heavy
a force is applied to a tooth in orthodontic therapy.

Homeostatic

It is evident that the cells of the periodontal ligament
have the capacity to resorb and synthesize the extracel-
lular substance of the connective tissue of the ligament,
alveolar bone, and cementum. It is also evident that
these processes are not activated sporadically or haphaz-
ardly but function continuously, with varying intensity,
throughout the life of the tooth. Alveolar bone appears
to be resorbed and replaced (i.e. remodeled) at a rate
higher than other bone tissue in the jaws. Furthermore
the collagen of the periodontal ligament is turned over
at a rate that may be the fastest of all connective tissues
in the body, and the cells in the bone half of the ligament
may be more active than those on the cementum side.
Visual evidence for the high turnover of protein in the
periodontal ligament is provided by the numerous silver
grains seen in radioautographs of the tissue removed
from animals. On the other hand, deposition of cemen-
tum by cementoblasts appears to be a slow, continuous
process, and resorption is not a regular occurrence.

The mechanisms whereby the cells responsible for
these processes of synthesis and resorption are con-
trolled are largely unknown. It is evident that the pro-
cesses are exquisitely controlled because, under normal
conditions of function, the various tissues of the peri-
odontium maintain their integrity and relationship to
one another.

The preservation of the PDL width throughout mam-
malian lifetime is an important measure of PDL homeo-
stasis. Recent studies have given an insight into the func-
tion of biological mechanisms that tightly regulate the
metabolism of spatial location of the cell populations
involved in the formation of bone, cementum, and the
PDL. The ability of the PDL cells to synthesize and se-
crete a wide range of regulatory molecules is an essential
component of tissue remodeling and PDL homeostasis.
The cytokines and growth factors are locally acting regu-
lators of cell function. The transforming growth factor 8
isoforms synthesized by PDL cells can induce mitogenic
effect and can also dose dependently downregulate
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osteoblastic activity and differentiation of PDL cells.
Bone formation is also regulated by the prostaglandins
and the paracrine factors.

This type of cellular signaling system may be capable
of accurately ‘measuring’ and maintaining the width of
PDL which functions under physical forces of mastica-
tion. Appropriate regulations of these systems is impor-
tant since failure of homeostatic mechanism to regulate
PDL width may lead to tooth ankylosis and/or root
resorption.

If the balance between synthesis and resorption is dis-
turbed, the quality of the tissues will be changed. For
example, if an experimental animal is deprived of sub-
stances essential for collagen synthesis such as vitamin C
or protein, resorption of collagen will continue un-
abated, but its synthesis and replacement will be mark-
edly reduced. This will result in progressive destruction
and loss of extracellular substance of periodontal liga-
ment. This eventually will lead to loss of attachment
between bone and tooth, and finally to loss of the tooth
such as occurs in scurvy when vitamin C is absent from
the diet.

In all areas of the periodontal ligament, there is appar-
ently a continual slow death of cells, which are replaced by
new cells that are provided by cell division of progenitor
cells in the ligament.

Another aspect of homeostasis relates to function. A
periodontal ligament supporting a fully functional tooth
exhibits all the structural features described above. How-
ever, with loss of function, much of the extracellular
substance of the ligament is lost, possibly because of di-
minished synthesis of substances required to replace
structural molecules resorbed during normal turnover,
and the width of the periodontal space is subsequently
decreased (Fig. 8.32). These changes are accompanied
by increased deposition of cementum and a decrease in
alveolar bone tissue mass per unit volume. The process is
reversible if the tooth is returned to function, but the
precise nature of the stimuli that control the changed
activity of the cells is unknown.

Eruptive
The cells, vascular elements and extracellular matrix
proteins of the PDL function collectively to enable mam-
malian teeth of limited eruption to adjust their position
while remaining firmly attached to the bone socket.
The PDL provides space and acts as a medium for
cellular remodeling and hence continued eruption and
approximal shift occurs.

Physical

In the periodontal ligament the physical function entails
not only protection of vessels and nerves from mechani-
cal forces but also to offer resistance to impact from oc-
clusal forces. The PDL acts by transmission of occlusal
forces to the bone by which shock absorption is achieved.
As we see in case of tooth support two theories try to ex-
plain how the impact of occlusal forces is atraumatically
transmitted to the bone. The theories are: the tensional
and the viscoelastic system theory. The tensional theory
has insufficient evidence to explain the process whereas
the viscoelastic system theory is more accepted and aptly
explains the phenomena.
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Figure 8.32 Periodontal ligament of a functioning, (A) and of a nonfunctioning, (B) tooth. In the functioning tooth, the periodon-
tal ligament is wide, and principal fibers are present. Cementum, C is thin. In the nonfunctioning tooth, the periodontal space is
narrow, and no principal fiber bundles are seen. Cementum is thick, C and C'. Alveolar bone is lamellated. D Dentin.

AGE CHANGES IN PERIODONTAL
LIGAMENT

The age changes in the periodontal ligament are dealt
in detail in Chapter 17 on Age Changes in Oral Tissues.
However a brief mention of the age changes is outlined
in the following paragraph.

With age, the cells decrease in number and the activity
in the ligament also decreases. Due to lack of functional
stimulation the width of the ligament also decreases.

UNIQUE FEATURES OF PERIODONTAL
LIGAMENT

The periodontal tissue is mainly made up of collagen
fibers in a proteoglycans stroma and many types of con-
nective tissue cells as in any other soft fibrous connective
tissue elsewhere in the body. But it has cells that form
and resorb cementum and bone, and the collagen fibers
in a specific orientation connecting the two mineralized
tissues makes it unique. The tissue hydrostatic pressure is
high. The tissue is extremely cellular, with fibroblast
showing many intercellular contacts, well innervated
with many mechanoreceptors and highly vascular; unlike
any other connective tissue in the adult.

However, recently it has been shown that the PDL bears
a resemblance to immature, fetal like connective tissues.

The features being, high cellularity, very high rates of
turnover and with significant amount of type III colla-
gen. The collagen fibers are also sharp with unimodal
size and frequency. It is seen that the collagen fibers
show reducible crosslink in collagen dehydro dihydroxy
lisinonor leucine. The ground substance of PDL occu-
pies large volume with high content of gluconate rich
proteoglycans and glycoproteins tenascin and fibronec-
tin. PDL also shows the presence of pre-elastin fibers
like oxytalan.

Thus the PDL has structural, ultrastructural and
biochemical features like fetal tissue. This has helped
us to understand periodontal inflammatory diseases
and for evolving newer treatment modalities.

CLINICAL CONSIDERATIONS

The primary role of the periodontal ligament is to sup-
port the tooth in the bony socket. Its thickness
varies in different individuals, in different teeth in the
same person, and in different locations on the same
tooth, as is illustrated in Tables 8.9 and 8.10.

The measurements shown in Tables 8.9 and 8.10 indi-
cate that it is not feasible to refer to an average figure as
normal width of the periodontal ligament. Measurements
of a large number of ligaments range from 0.15 to 0.38
mm. The fact that the periodontal ligament is thinnest in
the middle region of the root seems to indicate that the
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Table 8.9 Thickness of Periodontal Ligament of 154 Teeth from 14 Human Jaws*

Average at Average at Mid Average at Average for Entire
Alveolar Crest (mm) Root (mm) Apex (mm) Tooth (mm)

Ages 11-16 (83 teeth from 4 jaws) 0.23 0.17 0.24 0.21

Ages 32-50 (36 teeth from 5 jaws) 0.20 0.14 0.19 0.18

Ages 51-67 (35 teeth from 5 jaws) 0.17 0.12 0.16 0.15

From Coolidge ED: J Am Dent Assoc 24:1260, 1937.

*The table shows that the width of the periodontal ligament decreases with age and that it is wider at the crest and at the apex than at the midroot.

Table 8.10 Comparison of Periodontal Ligament in Different Locations around the Same Tooth

(Subject 11 Years of Age)*

Mesial (mm) Distal (mm) Labial (mm) Lingual (mm)
Upper right central incisor, mesial and labial drift 0.12 0.24 0.12 0.22
Upper left central incisor, no drift 0.21 0.19 0.24 0.24
Upper right lateral incisor, and labial drift 0.27 0.17 0.11 0.15

From Coolidge ED: J Am Dent Assoc 24:1260, 1937

*The table shows the variation in width of the mesial, distal, labial, and lingual sides of the same tooth

fulcrum of physiologic movement is in this region. The
thickness of the periodontal ligament seems to be main-
tained by the functional movements of the tooth. Itis thin
in functionless and embedded teeth and wide in teeth
that are under excessive occlusal stresses (Fig. 8.32).

For the practice of restorative dentistry the importance
of these changes in structure is obvious. The supporting
tissues of a tooth long out of function are poorly adapted
to carry the load suddenly placed on the tooth by a restora-
tion. This applies to bridge abutments, teeth opposing
bridges or dentures, and teeth used as anchorage for re-
movable bridges. This may account for the inability of a
patient to use a restoration immediately after its place-
ment. Some time must elapse before the supporting tissues
become adapted again to the new functional demands. An
adjustment period, likewise, must be permitted after orth-
odontic treatment.

Acute trauma to the periodontal ligament, accidental
blows, or rapid mechanical separation may produce
pathologic changes such as fractures or resorption of
the cementum, tears of fiber bundles, hemorrhage, and
necrosis. The adjacent alveolar bone is resorbed, the
periodontal ligament is widened, and the tooth becomes
loose. When trauma is eliminated, repair usually takes
place. Occlusal trauma is always restricted to the intra-
alveolar tissues and does not cause changes of the gingiva
such as recession or pocket formation or gingivitis.

Orthodontic tooth movement depends on resorption
and formation of both bone and periodontal ligament.
These activities can be stimulated by properly regulated
pressure and tension. The stimuli are transmitted
through the medium of the periodontal ligament. If the
movement of teeth is within physiologic limits (which
may vary with the individual), the initial compression of
the periodontal ligament on the pressure side is compen-
sated for by bone resorption, whereas on the tension side

bone apposition is seen. Application of large forces re-
sults in necrosis of periodontal ligament and alveolar
bone on the pressure side, and movement of the tooth
will occur only after the necrotic bone has been resorbed
by osteoclasts located on its endosteal surface.

The periodontal ligament in the periapical area of
the tooth is often the site of a pathologic lesion. Inflam-
matory diseases of the pulp progress to the apical peri-
odontal ligament and replace its fiber bundles with
granulation tissue. This lesion, called a periapical gran-
uloma, may contain epithelial cells that undergo prolif-
eration and produce a cyst. The periapical granuloma
and the apical cyst are the most common pathologic
lesions of the jaws.

Last but not the least, the commonest pathology related
to the PDL is chronic inflammatory periodontal disease.
The toxins released from the bacteria in the dental plaque
and metabolites of the host’s defense mechanism destroy
the PDL and the adjacent bone very frequently. Periodontal
disease results because of periodontic bacteria coupled with
specific host inflammatory response. The polymorphic na-
ture of the immune system may explain individual differ-
ences in susceptibility to periodontitis and disease progres-
sion. Progression of the periodontal disease leads to tooth
mobility and further loss of tooth. To repair the existing
destruction of PDL can be quite challenging. It involves
limiting the disease process and to regenerate the host tis-
sues (PDL and bone) to their original form in such a way
that reattachment of PDL to the bone becomes possible.

Various surgical techniques like guided tissue regenera-
tion are being used for correction of PDL destruction.
To date in many of these procedures implantation of
structural substitutes have included, tube of autografts
(cortical/cancellous bone, bone marrow), autografts (de-
mineralized freeze-dried/freeze-dried bone) and allo-
plastic materials like ceramics, hydroxyapatite, polymers,
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and bioglass, etc. But due to various reasons their stability
and effectiveness is questioned.

More recently tissue engineering principles used with
biological principles like gene therapy, use of biocompat-
ible scaffolds (with growth factors) offer an interesting
alternative to existing therapies.

Bioactive molecules such as growth factors, cytokines,
bone morphogenic proteins and certain enamel proteins
(amelogenin or enamel matrix protein), natural bone
mineral have been seen to induct formation of periodontal
cells and help in periodontal regeneration.

A better understanding of cell and molecular biology
of the developing and regenerating periodontium offers
newer avenues to regenerate the PDL. The use of pro-
genitor cells or the mesenchymal stem cells to regenerate
the PDL is being thought of. The PDL regeneration is
said to be achieved by the activation of the mesenchymal
stem cells towards terminal differentiation, tissue repair
and degeneration.

Newer options of treatment are made available from
time to time yet safeguarding the integrity of the PDL and
alveolar bone is still one of the most important challenge.

The periodontal ligament is a soft, vascular and cellular
connective tissue that surrounds the roots of the teeth and
joins the root cementum with the socket wall. Coronally, the
ligament is continuous with the lamina propria of the gingiva
and is demarcated from the gingiva by alveolar crest fibers.
The periodontal ligament is derived from the dental follicle.

The shape of the ligament is that of an hour glass and is
narrowest in the mid root level. The periodontal ligament
space is decreased in non-functional and unerupted teeth and
is increased in feeth subjected to heavy occlusal stress.

Periodontal Ligament Homeostasis

Maintenance of the normal width of the periodontal ligament
irrespective of tooth position or its movement is termed peri-
odontal ligament homeostasis. Growth factors (cytokines) like
fibroblast growth factor, platelet derived growth factor, trans-
forming growth factor, interleukin-1, interferon-y and matrix
metalloproteinases play important stimulatory and inhibitory
roles of cells and in degradation of fibers to maintain the
normal width of the periodontal ligament. The factors main-
taining the periodontal ligament in an unmineralized state
are Msx2, bone sialoprotein, osteopontin, proteoglycans and
cementum attachment protein.

Collagen Fibers of the Periodontal Ligament
The predominant collagen present in the ligament is type |,
followed by type Ill and small amounts of type V and VI and
traces of type IV and VII. The most important elements of the
periodontal ligament are cells and principal fibers.

Principal Fibers of the Periodontal Ligament
The principal fibers are collagenous, arranged in wavy bun-
dles in longitudinal sections and are 5 pm in diameter. These
principal fibers connect the alveolar bone and the cementum.
Five groups can be identified and they are alveolar crest,
horizontal, oblique, apical and interradicular. The fibers are
named according to their orientation or location. Maijority of
fibers belong to the oblique group and interradicular fibers
are seen only in multirooted teeth.

Sharpey’s Fibers

The terminal portions of the principal fibers embedded in
cementum and bone are termed Sharpey's fibers. Transalveo-
lar fibers are those Sharpey’s fibers that pass through the
alveolar bone to the adjacent periodontal ligament.

Other Types of Fibers of the Periodontal
Ligament

The ligament also contains immature elastic fibers—the oxyta-
lan and elaunin fibers. Oxytalan fibers run in a perpendicular

direction and connect cementum with walls of blood vessels.
They probably serve to support the blood vessels.

In addition to the above mentioned fibers, there are small
fibers associated with the large principal collagen fibers
termed indifferent fiber plexus.

Cells of the Periodontal Ligament

The cells present in the periodontal ligament are the synthetic
cells and resorptive cells. The synthetic cells are the fibroblasts,
osteoblasts and cementoblasts. The resorptive cells are fibro-
blasts, osteoclasts and cementoclasts. Fibroblasts are the most
numerous cells and are capable of synthesizing and degrad-
ing collagen. The turnover rafe of collagen is rapid and is
probably highest among all the connective tissues. The degra-
dation of collagen may occur both extracellularly and intracel-
lularly. Fibroblasts are in contact with each other through gap
junctions. Cementoclasts are rarely seen as cementum resorp-
tion is not seen normally. A population of stem cells, which are
different, than bone marrow stem cells are present.

Other cells in the periodontal ligament are cell rests of
Malassez, defense cells like macrophages, mast cells and
eosinophils. Macrophages not only phagocytose dead cells
but also secrete growth factors to regulate fibroblast prolifera-
tion. Similarly mast cells regulate endothelial and fibroblast
proliferation. Progenitor cells are also seen and are capable
of undergoing mitotic division. These cells are seen predomi-
nantly adjacent to blood vessels.

Ground Substance
The ground substance of the ligament is made up of glycos-
aminoglycans, glycoproteins and proteoglycans. 70% of the
ground substance is water. All anabolites and catabolites
pass through the ground substance. The ground substance
composition varies with the state of development of tooth.
Remodeling of fibers was believed to occur in the Interme-
diate plexus. This plexus has been observed only in the
longitudinal sections of growing incisors of roots and not
in cross-sections. Hence, it is considered to be an artifact
as collagen fibers of periodontal ligament in continuously
growing incisors are arranged in sheets than in bundles.

Vascularity and Innervation

The periodontal ligament has a rich vascular supply and lym-
phatic drainage. A high and complex metabolic requirement
explains the presence of special features like, cervical and
circular plexus along with fenestrated capillaries. An encom-
passment of both large and small, myelinated and unmyelin-
ated fibers take care of the functional, sensory needs of the
periodontal ligament.



Functions

The ligament has many functions. The main function is to
support the tooth. Its sensory function involves the detection
of even the slightest amount of force applied to the tooth
through its proprioceptors. The nutritive function to all the
cells of periodontal ligament is through the abundant blood
supply. Homeostatic function is to maintain the width of the
periodontal ligament irrespective of the direction of tooth
movement and position of the tooth. This is done by formation
or resorption of bone, formation of cementum, formation and
degradation of collagen fibers and the ground substance and
detachment and reattachment of collagen fibers fo their new
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locations. Apart from these the periodontal ligament has
eruptive and physical functions.

Age Changes
Age changes are seen in the ligament in the form of
cementicle formation, reduced cellular and functional activity.
Different forms of periodontitis are the most common set of
pathology associated with the ligament. Though common,
it is challenging to treat these pathologies. Recent advents in
technique and material sciences may yield long-term promis-
ing results.

REVIEW QUESTIONS

1. Enumerate the principal fibers of the periodontal liga-
ment. Describe the course and function of each group.

2. Which are the types of collagen seen in the periodontal
ligament?

3. Describe briefly the growth factors involved in the nor-
mal biology of the periodontium.

4. Describe the synthetic cells in the periodontal ligament
and what are their functions?

5. What is the average width of the periodontal ligament?
How does it vary? How is the width maintained?

6. Describe the resorptive cells in the ligament and their
functions.
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Bone is a living tissue, which makes up the body skeleton
and is one of the hardest structures of the animal body.
Bone possesses a certain degree of toughness and elastic-
ity. It provides shape and support for the body. It also
provides site of attachment for tendons and muscles,
which are essential for locomotion. It protects the vital
organs of the body. Bone serves as a storage site for min-
erals and provides the medium, the marrow for the
development and storage of blood cells.

CLASSIFICATION OF BONES

Bones may be classified according to their shape, mode
of development or by their histologic appearance.

Classification Based on Shape

Bones are classified according to their shape as long,
short, flat and irregular bones.

Long bones

These bones are long and slender. They are longer than
they are wider. The long bones include the bones of the
arm—humerus, radius, ulna; leg—femur, tibia, fibula;
fingers and toes—each phalanx (individual bone of fin-
ger or toe, all together the phalanges); palms of hands
and soles of feet—metacarpals and metatarsals.

The long bones have a tubular diaphysis or the shaft,
which is made of compact bone at the periphery, sur-
rounding a central medullary cavity, which contains yel-
low marrow. The two bulky ends of the long bone are
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called the epiphysis, which are made of compact bone at
the periphery and spongy bone at the center. The articu-
lar surface of the epiphysis is covered with hyaline carti-
lage, which provides a cushioning effect to the opposing
bone ends during joint movements and absorbs stress.
Epiphyseal line is present between the diaphysis and each
epiphysis of an adult long bone. This line is a remnant of
the epiphyseal plate.

Short hones

These bones are usually cube shaped of nearly equal
length and width. They consist of spongy bone which is
covered by a thin layer of compact bone. They contain
bone marrow, but no marrow cavity. These bones include
bones of wrist—carpals and ankle—tarsals.

Flat bones

These bones are thin, flat, curved, with no marrow cavity.
Spongy bone is present between upper and lower layer of
compact bone. Flat bones include bones of sternum,
ribs, scapula, clavicle, and bones that form roof of the
skull, parietal, frontal, temporal and occipital.

Irregular bones

These bones have complex shapes, notched or with
ridges and are not included in any of the above catego-
ries. These bones are primarily made of spongy bone,
which is covered with a thin layer of compact bone, with
bone marrow, but no marrow cavity. The irregular bones
include bones of vertebrae, facial bones (ethmoid, sphe-
noid) pelvic bones (ischium and pubis), calcareous (heel
bone) and mandible.
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Sesamoid hones
These bones develop in tendons, where there is consid-

erable pressure, tension or friction. Patella (knee cap) is
a good example.

Classification Based on Development

Developmentally, bones are classified as endochondral
bones and intramembranous bones.

Endochondral bones

These bones are formed by replacement of hyaline carti-
lage with bony tissue. This type of ossification occurs in
bones of trunk and extremities.

Intramembranous bones

These bones are formed by replacement of sheet like
connective tissue membrane with bony tissue. This ossifi-
cation occurs in the cranial and facial flat bones of the
skull, mandible and clavicles.

Classification Based on Microscopic
Structure

Histologically, bones are classified as mature bone and
immature bone.

Mature bone is further classified as compact bone and
cancellous bone.

Bundles of
periodontal
ligament

Cementum

Dentin

Compact bone (cortical bone) consists of tightly,
packed osteons or haversian systems, forming a solid
mass. Since the bone mass is arranged in layers, it is also
called lamellar bone (Fig. 9.1).

Cancellous bone (spongy bone) has a honeycomb
appearance, with large marrow cavities and sheets of
trabeculae of bone in the form of bars and plates
(Fig. 9.2).

Woven or immature bone is the first formed bone with
irregularly oriented collagen fibers of varying diameters.
This type of bone is not usually seen after birth. However
itis seen in the alveolar bone and during healing of frac-
tures. Since this bone forms rapidly, it incorporates many
osteocytes (Fig. 9.3).

COMPOSITION OF BONE

Bone is a connective tissue composed of cells, fibers and
ground substance. The intercellular substance of bone
consists of organic and inorganic substances. The inor-
ganic part of bone is made of bone minerals.

The mineral component is composed of hydroxyapa-
tite crystals, with carbonate content and low Ca/P ratio
than the pure hydroxyapatite. Small amounts of calcium
phosphate are also present. Bone crystals are in the form
of thin plates or leaf-ike structures. They are packed
closely with long axis nearly parallel to collagen fibrils

Bundle bone

Lamellated
bone

Haversian
system

Figure 9.1 Alveolar bone proper consisting of bundle bone and haversian bone on distal alveolar wall. A reversal line separates

the two (silver impregnation).
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Tooth
Gingiva

Buccal surface \

Alveolar

Cortical bone process

or cortex

Alveolar bone
proper

Supporting }
bone

Basal bone

Figure 9.2 Section through mandible showing relationship of tooth to alveolar process and basal bone. Note the supporting
bone is made up of spongy (cancellous) bone (From Bhaskar SN: Synopsis of oral histology, St Louis, 1962, The CV Mosby Co).

PR L ot e ~mes t § SEORAY  4

Figure 9.3 Immature bone. Note many osteocytes and ab-
sence of lamellae or resting lines (From Bhaskar SN: Synopsis
of oral histology, St Louis, 1962, The CV Mosby Co).

axis. The narrow gaps between the crystals contain asso-
ciated water and organic macromolecules.

The ions present are calcium phosphate, hydroxyl and
carbonate. Citrate, magnesium, sodium, potassium, fluo-
ride, iron, zinc, copper, aluminum, lead, strontium, sili-
con and boron are present in small quantities.

The organic matrix is known as osteoid and is made
up of collagen and the noncollagenous proteins.

Collagen is the major organic component in mineral-
ized bone tissues. Type I collagen (> 95%) is the principal
collagen in mineralized bone and, together with type V
collagen (< 5%), forms heterotypic fiber bundles that
provide the basic structural integrity of connective tissues.
The elasticity of collagen imparts resiliency to the tissue
and helps to resist fractures. Alveolar bone contains type I,
type V, type III and type XII collagen. Sharpey’s fibers con-
tain type III collagen with type I collagen. Type XII colla-
gen is also present in alveolar bone and has been found to
be expressed under conditions of mechanical strain. Types
IIT and XII collagen fibers are produced by fibroblasts
during the formation of the periodontal ligament. Types
I, V and XII collagens are expressed by osteoblasts. The
pink to red color of bone matrix seen in hematoxylin and
eosin sections is due to the substantial collagen content.

In woven bone, fibers are interwoven with a great
amount of interfibrillar space that is occupied by mineral
crystals and associated acidic proteins. In maturebone, col-
lagen fibers form organized sheets. The fibers are oriented
perpendicular to each other with little interfibrillar space.

Noncollagenous Proteins

Noncollagenous proteins comprise the remaining 10%
of the total organic content of bone matrix. Most are
endogenous proteins produced by bone cells, while some
like albumin are derived from other sources such as blood
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and become incorporated into bone matrix during os-
teosynthesis. Some of the important noncollagenous
proteins are Osteocalcin (Gla proteins), Osteopontin,
bone sialoproteins and Osteonectin. Osteonectin forms
25 % of noncollagenous proteins and is bound to colla-
gen. Bone matrix also contains proteoglycans, of which
Biglycan and Decorin are important. It also contains
bone morphogenetic proteins (BMPs) and a variety of
growth factors, like platelet derived growth factor
(PDGF), fibroblast growth factor (FGF) and insulin like
growth factors (IGF). Lysyl oxidase and tyrosine rich
acidic matrix proteins (TRAMP) are important compo-
nents of demineralized bone matrix.

BONE HISTOLOGY

Osteoid is an unmineralized bone matrix on the surface,
where active bone formation is taking place. It is ap-
proximately 5-10 pm before the commencement of
mineralization. The mineralizing front is linear. Osteoid
contains type I collagen fibers, parallel to the bone sur-
face, embedded in ground substance of proteoglycans,
glycoproteins and other proteins.

All mature bones have a dense outer sheet of compact
bone and a central medullary cavity. The cavity is filled with
red or yellow bone marrow in living bone. This cavity
shows a network of bone trabeculae. Trabecular, spongy or
cancellous bone are the terms used to describe this network.

Haversian
system

Interstitial
lamellae

A A v )
Figure 9.4 Appositional growth of mandible by formation of circumferential lamellae. These are replaced by haversian bone;
remnants of circumferential lamellae in the depth persisting as interstitial lamellae.

The outer aspect of compact bone is surrounded by a
condensed fibrocollagen layer, the periosteum which has
two layers: an ouler layer which is a dense, irregular con-
nective tissue termed fibrous layer; and an inner osteogenic
layer, next to the bone surface consisting of bone cells,
their precursors and a rich vascular supply. The perios-
teum is active during fetal development. It is also impor-
tant in the repair of fractures.

The inner surfaces of compact and cancellous bone
are covered by a thin cellular layer called endosteum. In
resting adult bone, quiescent osteoblasts and osteopro-
genitor cells are present on the endosteal surfaces.
These cells act as reservoir of new bone forming cells for
remodeling or repair.

At the periosteal and endosteal surfaces, the lamellae
are arranged in parallel layers surrounding the bony
surface and are called circumferential lamellae.

Deep to the circumferential lamellae, the lamellae are
arranged as small concentric layers around a central vascu-
lar canal. Haversian (vascular) canal (about 50 in diame-
ter) and the concentric lamellae together is known as the
osteon or haversian system (Fig. 9.4). There may be up to
20 concentric lamellae within each osteon. Osteon is the
basic metabolic unit of bone. A cement line of mineralized
matrix delineates the haversian system. This cement line
contains little or no collagen, and is strongly basophilic,
because it has a high content of glycoproteins and proteo-
glycans. It marks the limit of bone erosion prior to the
formation of osteon, and is therefore also known as reversal

Circumferential

lamellae
Reversal line
Resting line

« -



line (Fig. 9.5). This line appears to be highly irregular as
it is formed by the scalloped outline of the Howship’s
lacunae. This line has to be distinguished from the more
regular appearance of the resting line, which denotes the
period of rest during the formation of bone (Fig. 9.4). The
collagen fibers within each lamella spiral along the length
of lamella, but have different orientations to those in adja-
cent lamella. This pattern is to withstand torsion stresses.

Adjacent haversian canals are interconnected by
Volkmann’s canals, channels that contain blood vessels,
creating a rich vascular network, throughout the com-
pact bone. Osteocytes are present in lacunae, at the
junctions of the lamellae. Small canaliculi radiate from
lacunae to haversian canal to provide a passage way
through the hard matrix. The canaliculi connect all the
osteocytes in an osteon together. This connecting system
permits nutrients and wastes to be relayed from one
osteocyte to the other. The adult bones, between the
osteons, contain interstitial lamellae, which are remnants
of osteons, left behind during remodeling.

Spongy bone

Spongy bone and compact bone have the same cells and
intercellular matrix, but differ in the arrangement of
components. Spongy bone looks like a poorly organized
tissue in contrast to compact bone.

The bony substance consists of large slender spicules
called trabeculae. The trabeculae are up to 50 um thick. The
trabeculae are oriented along lines of stress to withstand the
forces applied to bone (Fig. 9.2). The marrow spaces are
large. The trabeculae surround the marrow spaces from
where they derive their nutrition through diffusion.

Hemopoietic Tissue in Bones

Red marrow is present in young bone and yellow marrow
in old bone. Red marrow is found within cavities of spongy
bone of long bones and diploe of flat bones. In newborn
infants, the medullary cavity and all areas of spongy bone
contain red bone marrow. Red marrow contains stem cells

of both the fibroblast/mesenchymal type and blood cell

Reversal
line

Osteoblasts

J\

‘,‘\
L e 5“' - - \
Figure 9.5 Reversal line in bone (From Bhaskar SN: Synopsis
of oral histology, St Louis, 1962, The CV Mosby Co).
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lineage. Yellow marrow is seen in epiphysis of long bones.
In old bone, the marrow is yellow, with loss of hemopoietic
potential and increased accumulation of fat cells.

Yellow marrow of the medullary cavity can revert to red
marrow, if a person is anemic and needs increased red
blood cell production.

BONE CELLS

Osteoblasts

Osteoblasts are mononucleated cells responsible for the
synthesis and secretion of the macromolecular organic
constituents of bone matrix. These cells are derived from
osteoprogenitor cells of mesenchymal origin, which are
present in the bone marrow and other connective tis-
sues. Periosteum also serves as an important reservoir of
osteoblasts, particularly during childhood growth, after
skeletal fractures or with bone forming tumors.

Morphology

Osteoblasts are basophilic, plump cuboidal or slightly
flattened cells. These cells are found on the forming
surfaces of growing or remodeling bone. These cells
produce the organic matrix of bone (Osteoid) which pri-
marily consists of type I collagen and the balance being
noncollagenous proteins (Fig. 9.6).

Osteoblasts exhibit abundant and well developed protein
synthetic organelles. The intense cytoplasmic basophilia is
due to an abundance of rough endoplasmic reticulum. The
procollagen and other organic constituents of bone matrix
synthesized by this organelle, enter its lumen and are car-
ried by transfer vesicles to the Golgi complex and assem-
bled within Golgi complex in secretory granules. A pale
juxtanuclear area indicates the site of the Golgi complex.
These granules release their contents along the surface of
cell opposed to forming bone which, assemble extracellu-
larly as fibrils to form osteoid. The presence of the noncol-
lagenous proteins within the secretory collagen granule or
in a distinct population of granules is debatable. But, the
noncollagenous proteins are also released along the surface
of osteoblasts apposed to osteoid and diffuse from osteo-
blast surface, towards the mineralization front, where they
participate in regulating mineral deposition. Nucleus is situ-
ated eccentrically in the part of the cell that is farthest away
from the adjacent bone surface.

Organic matrix is deposited around the cell bodies and
their cytoplasmic processes resulting in the formation of
canaliculi. The cytoplasmic processes are not seen in H
and E sections, but in other preparations, it is known that,
they are in contact with one another and also with pro-
cesses of osteocytes in lacunae beneath them. The cells
contact one another by adherens and gap junctions.
These are functionally connected to microfilaments and
enzymes associated with intracellular secondary messen-
ger systems. This arrangement provides for intercellular
adhesion and cell to cell communication and ensures
that osteoblast layer completely covers the osteoid surface
and functions in a coordinated manner.

Osteoblasts also contain prominent bundles of actin,
myosin and cytoskeletal proteins which are associated
with maintenance of cell shape, attachment and motility.
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Osteoclasts

Bone

Osteocyte

Osteoid

Osteoblasts

Figure 9.6 Resorption and apposition of bone. Left, osteoclasts in Howship’s lacunae. Right, osteoblasts along bone trabecula.

Layer of osteoid tissue is a sign of bone formation.

Formation

Osteoblasts are derived from undifferentiated pluripo-
tent mesenchymal stem cells. Osteoprogenitor cells are
divided into two types, determined (DOPCs) and inducible
osteogenic precursor cells (IOPCs). These DOPCs are
present in the bone marrow, endosteum and periosteum
and differentiate into osteoblasts under the influence of
systemic and bone derived growth factors. The IOPCs
represent mesenchymal cells present in other organs
and tissues that may differentiate into bone forming cells
when stimulated.

The osteoprogenitor cells express transcription factors
cbfal/Runx-2 and osterix which are essential for osteoblast
differentiation. cbfal is a member of runt related family of
transcription factors. It triggers the expression of BSP, os-
teopontin, osteocalcin and type I collagen. Osterix, a zinc
finger-containing transcription factor, is similar to Runx-2.

Functions

The main function of osteoblast is the formation of new
bone via synthesis of various proteins and polysaccharides.
Other functions include the regulation of bone remodeling
and mineral metabolism. Osteoblasts also play a significant
role in the mineralization of osteoid. Osteoblasts secrete
type I collagen which is widely distributed and not unique
to osteoblasts whereas, osteocalcin and cbfa-1 (osteoblast
specific transcription factor) are specific to cells of osteo-
blast lineage. These provide useful markers of osteoblast
phenotype. Osteoblasts also secrete small amounts of type
V collagen, osteonectin, osteopontin, RANKL, osteoprote-
gerin, proteoglycans, latent proteases and growth factors
including bone morphogenetic proteins. Osteoblasts ex-
hibit high levels of alkaline phosphatase on outer surface of
plasma membrane which is used as a cytochemical marker
to distinguish preosteoblasts from fibroblasts. Total alkaline

phosphatase activity has been recognized as a reliable indi-
cator of osteoblast function. Osteoblasts express receptors
for various hormones including PTH, vitamin Ds, estrogen
and glucocorticoids, which are involved in the regulation of
osteoblast differentiation. The osteoblasts recognize the
resorptive signal and transmit it to the osteoclast.

RANKL is a membrane bound TNF related factor, that
is expressed by osteoblasts/stromal cells. The presence
of RANKL is vital in osteoclast differentiation.

Cbfal expressed by osteoprogenitor cells, regulates
the expression of OPG (osteoprotegerin) which is a
potent inhibitor of osteoclast formation and function
(Tables 9.1, 9.2).

Bone lining cells

Once osteoblasts have completed their function, they are ei-
ther entrapped in the bone matrix and become osteocytes or
remain on the surface as lining cells. Osteoblasts flatten, when
bone is not forming and extend along the bone surface and
hence the name. These cells contain very few organelles but,
retain gap junctions with osteocytes, while retaining its vitality.

But 50-70% of osteoblasts present at the remodeling
site cannot be accounted for after enumeration of lining
cells and osteocytes. It has been proposed that missing
osteoblasts die by apoptosis. Growth factors and cyto-
kines produced in bone microenvironment influence
this process. Tumor necrosis factor (TNF) promotes
apoptosis. TGF3 and IL-6 have anti-apoptotic effects.
Glucocorticoids and estrogen withdrawal promote apopto-
sis in osteoblasts and osteocytes.

Osteocytes

Osteoblasts produce the extracellular matrix, osteoid. As
the osteoblasts form the bone matrix, they get entrapped



Table 9.1 Factors Favoring Formation

of Osteoblasts

Transcription factors Local and systemic factors
Differentiation (can act in a paracrine/ autocrine way
Whnt/B-catenin and regulate the activity of specific
pathway transcription factors)
Cbfal (core Bone morphogenetic proteins (BMPs)
-binding factor 1)  BMP-2, BMP-4, BMP-6

Osterix Cell growth factors
Regulatory F|brqb|a§t growth factor (FGF),
Runx-2 Insulin-like growth factor (IGF 1

and 2), transforming growth factor 3,
platelet derived growth factor and
vascular endothelial growth factor
Hormones

PTH, Insulin, Growth hormone and
Vitamin Dj.

Glucocorticoids( in vitro)

cytokine - IL 6

Table 9.2 Factors Limiting Formation
of Osteoblasts

TNFa
Prolonged treatment with glucocorticoids (in vivo)

within the matrix they secrete, and are called osteocytes.
The number of osteoblasts that become osteocytes,
depends on the rapidity of bone formation. Embryonic
(woven) bone and repair bone, show more osteocytes,
than lamellar bone, as they are formed rapidly. There are
approximately ten times more osteocytes than osteoblasts
in an individual bone. The average half life of human
osteocytes is approximately 25 years. The life span of
osteocytes exceeds that of active osteoblasts, which is
estimated to be only three months in human bones.

During the preparation of ground sections, the osteo-
cytes are lost, but the spaces are filled with debris and
appear black, when viewed under the microscope, using
transmitted light.

Within the bone matrix, the osteocyte reduces in size,
creating a space around it, called the osteocytic lacuna.
Under the electron microscope, it has been observed
that, a thin layer of uncalcified tissue, lines the lacuna.
The lacunae can appear ovoid or flattened. Narrow ex-
tensions of these lacunae form channels called canaliculi.
Osteocytic processes are present within these canaliculi.
Canaliculi do not usually extend through and beyond the
reversal line surrounding an osteon, and so do not com-
municate with neighboring systems. These processes con-
tain bundles of microfilaments and some smooth endo-
plasmic reticulum. At the distal end, these processes
contact the processes of adjacent cells, i.e. other osteo-
cytes through gap junctions. They also maintain contact
with osteoblasts and bone lining cells on the surface.

The canaliculi penetrate the bone matrix and permit dif-
fusion of nutrients, gases and waste products between osteo-
cytes and blood vessels. Osteocytes also sense the changes in
environment and send signals that affect response of other
cells involved in bone remodeling. This interconnecting
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system maintains the bone integrity and bone vitality. Fail-
ure of the interconnecting system between osteocytes and
osteoblasts leads to sclerosis and death of bone.

Mature inactive osteocytes possess an ellipsoid cell
body with long axis parallel to the surrounding bony la-
mellae. The nucleus is oval with a narrow rim of faintly
basophilic cytoplasm. The cell has very few organelles,
but contains sufficient rough endoplasmic reticulum and
large Golgi region, to suggest that these cells are capable
of keeping the bone matrix in a state of good repair.
Osteocytes secrete a few matrix proteins. Lysosomes have
also been described in the older osteocytes.

Old osteocytes retract their processes from the cana-
liculi, and when dead, their lacunae and canaliculi may
get plugged with debris. The death of the osteocytes
leads to resorption of the matrix by osteoclasts.

Transformation of osteoblasts into osteocytes. At the
end of bone forming phase, osteoblasts can have one of
four different fates:

(a) Become embedded in the bone as osteocytes

(b) Transform into inactive osteoblasts and become
bone lining cells

(c) Undergo apoptosis

(d) Transdifferentiate into cells that deposit chondroid
or chondroid bone.

The transformation process is proposed to involve three
cells, preosteoblasts which differentiate into osteoblasts,
and these osteoblasts which become trapped as osteocytes.

Preosteoblasts are less cuboidal in shape and are lo-
cated at a distance from the bone surface, do not deposit
bone matrix, but can still divide. These cells produce type
I collagen precursor molecules, which later assemble into
collagen fibrils after post transitional modification.

Preosteoblasts differentiate into active bone matrix
secreting osteoblasts, which are cuboidal in shape, and
ultimately deposit the bone matrix.

As the bone matrix deposition continues, osteoblasts
become embedded in the secretory product, the osteoid.
Cells at this early stage of osteoblast to osteocyte differen-
tiation are called large osteocytes. These cells are large with
a well developed Golgi apparatus for collagen storage.

On mineralization of the osteoid, there is a reduction
in the endoplasmic reticulum and Golgi apparatus in the
osteocyte, suggesting a decrease in protein synthesis.

Four schemes have been proposed to explain how an
osteoblast could get trapped within bone matrix.

— Osteoblasts are unpolarized and lay down bone in all
directions, i.e. the cells become trapped in their own
secretions.

— Individual osteoblasts are polarized, but those within
same generation are polarized differently to those in
adjacent layers. As a result, bone is deposited in all di-
rections and osteoblasts become trapped.

— Osteoblasts of each generation are polarized in the
same direction. One generation buries the preceding
one in bone matrix.

— Within one generation, some osteoblasts slow down
rate of bone deposition or stop laying down bone, so
that they become trapped by the secretion of their
neighboring cells.

It has also been proposed that osteoblasts are highly
polarized and function as a unit to lay down bone
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synchronously. All cells move away from osteogenic front
as bone matrix is deposited, ultimately resulting in acel-
lular bone.

Decision to transform into osteocyte, during bone
formation, processes on the vascular surface of the osteo-
cytes continue to grow to enable osteocytes to remain in
contact with active osteoblast layer and to modulate their
activity. When these vascular facing processes stop grow-
ing, they produce a signal that induces the recruitment
of these osteoblasts with which they are losing contact.
The committed osteoblasts are then transformed into
osteoblastic osteocytes. The signal to stop growing a vas-
cular process, may be issued by the osteoblasts, with
which they have contact or it may be due to the gradual
reduction in the vascular supply to the osteocyte, as new
layers of bone are laid down on the osteogenic front.

Several factors have been reported to modulate
osteoblast function and are involved in controlling the
decision to transform into an osteocyte.

— The transcription factors Runx-2 and osterix are im-
portant for osteoblast differentiation.

— Leptin is a gene product synthesized by adipocytes but
may serve an important signal to modulate osteoblast
function. It has also been shown that leptin protects
cells from apoptosis and facilitates transformation
from osteoblast to preosteocyte.

— TGF-B related signaling mechanism can increase the
propensity of osteoblast to mature into an osteocyte
and decrease the duration of its productive function-
ing by shortening its life span.

Two different mechanisms of transformation have
been proposed:

— Stationary osteoblasts transform into osteocytes by self-
burial

— Dynamic osteoblasts are selected to transform into os-
teocytes by secretory activity of neighboring osteoblasts.

But, there is not only one mechanism for transforming
osteoblasts into osteocytes, since different mechanisms
exist in different bones, different types of bone forma-
tion, different positions within a bone, and different
vertebrate species.

Osteoclasts

The word ‘osteoclast’ is derived from the Greek words
for ‘bone and broken’. Osteoclast is a type of bone cell
that removes bone tissue by removing the mineralized
matrix of bone.

Morphology

Osteoclasts lie in resorption bays called Howship’s lacu-
nae. Osteoclast is a large cell approximately 40-100 wm
in diameter with 15 to 20 closely packed nuclei. Osteo-
clasts with many nuclei resorb more bone than osteoclasts
with few nuclei (Fig. 9.6). The different nuclei are pro-
posed to be of different ages and there is evidence of
apoptosis. These cells are variable in shape due to their
motility. The cytoplasm of the osteoclast shows acid
phosphatase containing vesicles and vacuoles. The pres-
ence of acid phosphatase distinguishes the osteoclast
from other multinucleated giant cells. Mitochondria are

extensive and distributed throughout the cytoplasm,
except below the ruffled border. Rough endoplasmic
reticulum is relatively sparse for the size of the cell. Golgi
complex is extensive and arranged in stacks. The cyto-
plasm also contains microtubules, which transport vesi-
cles between Golgi stacks and ruffled membrane. Cathep-
sin containing vesicles and vacuoles are present close to
the ruffled border indicating resorptive activity of these
cells.

Formation of osteoclast

Osteoclasts are derived from hemopoietic cells of mono-
cyte macrophage lineage. The earliest identifiable hema-
topoietic precursor that can form osteoclast is the granu-
locyte-macrophage colony forming unit (CFU-GM). The
early precursor cells proliferate and differentiate to form
post mitotic committed precursor cells. These commit-
ted precursors then differentiate and fuse to form im-
mature multinucleated giant cells. These are activated to
form bone resorbing osteoclasts. The differentiation into
osteoclasts is through a mechanism involving cell—cell
interaction with osteoblast stromal cells. The formation
of osteoclast requires the presence of RANK ligand (recep-
tor activator of nuclear factor kB) and M-CSF (macrophage
colony stimulating factor). These two membrane bound
proteins are produced by neighboring stromal cells and
osteoblasts. These react with RANK to produce fully
functional osteoclast. The interaction between RANK
and RANKL is opposed by Osteoprotegerin (OPG), se-
creted by osteoblasts, leading to inhibition of osteoclast
differentiation and thus help in regulation of osteoclast
formation (Flowchart 9.1).

Regulation of osteoclast activity

Many factors both local and systemic may act alone or in
conjunction with other factors to promote the formation
of osteoclast or its activity. These factors are outlined in
Table 9.3.

BONE FORMATION

Intramembranous Ossification

Intramembranous ossification is the direct formation
of bone within highly vascular sheets of condensed
primitive mesenchyme. This process occurs in the flat
bones of the skull and clavicles. It begins approximately
towards the end of second month of gestation. The
sequence of events is as follows.

Formation of bone matrix within the fibrous membrane

At the site where a bone will develop, there is initially
loose mesenchyme, which appears as widely separated,
pale staining, stellate cells with interconnecting cytoplas-
mic processes.

Then a center of osteogenesis develops in association
with capillaries that grow into the mesenchyme. These
mesenchymal cells in the center become round and ba-
sophilic with thick interconnecting cytoplasmic pro-
cesses. These cells differentiate into osteoblasts and se-
crete the organic bone matrix. Once surrounded by
bone matrix, these cells are called osteocytes. The matrix



CFU- GM (Granulocyte macrophage-
colony forming unit)

Y
Committed precursor cells

Y

Pre-osteoclasts (immature
multinucleated giant cell)

Chapter 9 — Bone 173

* (RANK on the surface)

Stromal cells/Osteoblasts secrete

® RANK-L (ODF-osteoclast
differentiation factor)

® M-CS F (macrophage-colony
stimulating factor)

/

Interaction of
RANK & RANKL

A
FULLY FUNCTIONAL OSTEOCLASTS

* OPG expressed by osteoblasts inhibits
RANK-RANKL interaction

Inhibition of osteoclast
differentiation and activity

Flowchart 9.1 Formation of osteoclasts.

Table 9.3 Factors Regulating Osteoclast Formation and Activity

Factors Favoring Formation

Factors Limiting Formation

Transcription factors
-NF-k
Local and systemic factors (can act in a paracrine and
autocrine way and regulate the activity of specific transcription
factors)
(a) hematopoietic factors
M-CSF
GM-CSF
(b) cytokines- IL- 1 ,IL-6 ,IL-8 ,IL- 11 and TNF-«
(c) hormones
Vitamin D; (transiently at high doses, in vivo)
Pth (at chronic exposure)
PGE; (chronic exposure and higher concentrations)
Glucocorticoids (pharmacological in vivo)

soon begins to calcify. The earliest crystals appear in as-
sociation with extracellular matrix vesicles produced by
osteoblasts. Crystal formation subsequently extends into
collagen fibrils in the surrounding matrix. Even after
calcification begins, the osteocytes obtain nutrients and
oxygen by diffusion along bone canaliculi.

Formation of woven bone

The first small mass of newly formed bone matrix is an ir-
regular shaped spicule. The bony spicules gradually lengthen
into longer anastomosing structures called trabeculae. The

Differentiation
OPG
OCIL
Local or systemic factors (can act in a paracrine and autocrine
way and regulate the activity of specific transcription factors)
a.) Growth factors- TGF-B. IGF-I and IGF-II
b.) Hormones-
Glucocorticoids (physiological concentration in vitro),
Pth (physiological concentration)
PGE; (lower concentration, systemic administration)
Calcitonin
Estrogen
c.) Cytokines- IL- 4, IL- 10, IL-12, IL- 13, IL-18 IFN-y
d.) Pharmacological- bisphosphonates

trabeculae extend in a radial pattern leading to an anasto-
mosing network of trabeculae characteristic of spongy bone.
The spicules and trabeculae are easily recognized in hema-
toxylin and eosin sections, because the matrix stains a bright
pink color, and they are also covered with large rounded
osteoblasts that have intensely basophilic cytoplasm. These
trabeculae enclose local blood vessels. This early membrane
bone is termed woven bone.

At this stage, few mesenchymal cells remain undiffer-
entiated. But, before these cells disappear, they leave a
layer of flat cells called osteogenic cells on trabeculae
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which do not have osteoblasts. In richly vascular areas,
these osteogenic cells give rise to osteoblasts that form
bone matrix. In areas, with no capillary blood supply,
they form chondroblasts which lay down cartilage.

Appositional growth mechanism and formation of compact
bone plates

The new layers of bone matrix are deposited on pre-existing
bone surfaces. The osteogenic cells on the surface of spic-
ules and trabeculae are always in a superficial position re-
peating the process again and again. This is appositional
growth, which results in build up of bone tissue one layer at
a time. Every generation of osteoblasts produce their own
canaliculi. Hence, all the new osteocytes remain linked
through canaliculi to bone surface above and to osteocytes
below. As the trabeculae increase in width due to apposi-
tional growth, neighboring capillaries are incorporated to
provide nutrition to osteocytes in deeper layers. New bone is
deposited on some surfaces and resorbed at other sites lead-
ing to remodeling of trabeculae. This remodeling maintains
shape and size of bone throughout life.

Continued appositional growth and remodeling of
trabeculae converts cancellous bone to compact bone.
Cancellous bone is in the central part of bones as the
trabeculae do not increase in size. The vascular tissue in
cancellous bone differentiates into red marrow.

Formation of osteon

As layers of bone tissue build up by apposition, the tra-
beculae thicken and the soft tissue spaces get narrowed.
This process converts cancellous bone to compact bone.
As cancellous bone gets converted to compact bone, a
number of narrow canals are formed lined by osteogenic
cells. These canals enclose vessels that were present in
soft tissue spaces of cancellous network. The consecutive
lamellae of bone become added to the bony walls of
spaces in cancellous bone, which is called osteon or haver-
sian system. These osteons are called primitive osteons as
they are short, compared to those in long bones.

While these changes occur, external to the woven
bone, there is condensation of vascular mesenchyme
called the periosteum.

The mechanism of intramembranous ossification in-
volves bone morphogenetic proteins (BMPs) and activa-
tion of transcription factor called cbfal. BMPs activate
cbfal gene in mesenchymal cells. The cbfal transcription
factor transforms mesenchymal cells into osteoblasts. It is
believed that the proteins activate genes for osteocalcin,
osteopontin and other bone specific extracellular matrix
proteins (Flowchart 9.2).

Differences Between Immature Bone
and Mature Bone (Woven Bone and
Lamellar Bone)

Woven bone is an immature bone characterized by
intertwined collagen fibers oriented in many directions,
hence the name. In lamellar bone, a distinctive, orderly
arrangement is seen, which is the result of repeated
addition of uniform lamellae to bony surfaces during
appositional growth. The direction of collagen fibrils in
any given lamella lies at right angles to that of the fibrils
in the adjacent lamella.

At the site where bone will develop — loose mesenchymal
cells (widely separated, pale staining, stellate shaped with
interconnecting cytoplasmic processes)

v

Capillaries grow into mesenchyme — center of
osteogenesis develops

v

Mesenchymal cells—round, basophilic with
thick interconnecting cytoplasmic processes

v

Differentiate into osteoblasts — secrete organic
matrix (osteoid) — osteoblasts entrapped
in bone matrix — osteocytes

v

Calcification of matrix (nidus of mineralized
osteoid lined by active osteoblasts formed)

Flowchart 9.2 Intramembranous bone formation.

In woven bone, there is a great amount of interfibrillar
space that is occupied by mineral crystals and acidic
proteins. In mature bone, the interfibrillar space is less.

The matrix of woven bone in hematoxylin and eosin
section is tinged with blue indicating that it has higher
proteoglycan content. Lamellar bone shows comparatively
uniform acidophilic staining of the matrix.

Rates of deposition and mineralization are faster for woven
bone than lamellar bone. Hence, woven bone shows higher
proportion of osteocytes than lamellar bone.

Woven bone is enriched in BAG-75 (bone acidic glyco-
protein- 75) and BSP (bone sialoprotein). Lamellar bone
is enriched in osteocalcin. Osteopontin and type 1 colla-
gen are seen in both woven and lamellar bone matrices.

Mineral density is lower and water content higher in
woven bone matrix.

Woven bone can be entirely removed by osteoclasts, whereas
only a portion of lamellar matrix of a given bone is
resorbed at one time.

Matrix vesicles participate in initiation of mineraliza-
tion of woven bone, whereas collagen mediated mechanism
is operative in calcification of lamellar bone.

In woven bone, the osteocytes are isodiametric whereas
in lamellar bone, osteocytes are flattened and oblate with
their short axis parallel to the thickness of the lamellae
(Table 9.4).

Intracartilaginous (Endochondral) Bone
Formation

This type of ossification involves the replacement of a
cartilaginous model by bone, and occurs at the extremi-
ties of all long bones, vertebrae, ribs, articular extremity
of the mandible and base of the skull. The process
involves the following steps.



Table 9.4 Differences between Woven Bone
and Lamellar Bone

Woven Bone Lamellar Bone

Mature

Collagen fibers orderly
Interfibrillar space less
Eosinophilic matrix
Formation and mineralization
slower

Mineral density higher, water
content lower

Immature

Collagen fibers intertwined
Interfibrillar space more
Hematoxyphilic matrix
Formation and mineralization
faster

Mineral density lower, water
content higher
Mineralization-matrix vesicles Mineralization- collagen

play a role mediated

Osteoclast can remove woven Osteoclast can remove por-
bone totally tions of lamellar bone at a time

Formation of a cartilaginous model

At the site where a limb will later emerge, the embryo
shows outgrowth of mesoderm covered by ectoderm. The
mesenchymal cells in this site condense, differentiate into
chondroblasts and form the cartilage matrix, resulting in
the development of a hyaline cartilage model. This process
begins late in the second month of development. The
model is surrounded by a perichondrium, made up of an
inner chondrogenic layer and an outer fibrous layer. No os-
teoblasts are produced by the cells in the chondrogenic
layer, because differentiation is taking place in an avascu-
lar environment. Fibroblasts in fibrous layer produce
collagen and a dense fibrous covering is formed.

The growth of the cartilage model is by interstitial and ap-
positional growth. Increase in the length is by interstitialgrowth,
due to repeated division of chondrocytes, along with produc-
tion of additional matrix by the daughter cells. Widening of
the model is due to further addition of matrix to its periphery
by new chondroblasts, derived from the chondrogenic layer
of the perichondrium. This is called appositional growth. In
case of long bones as the differentiation of cartilage cells
moves towards the metaphysis, the cells organize into longitu-
dinal columns which are subdivided into three zones:

1. Zone of proliferation. The cells are small and flat, and
constitute a source of new cells.

2. Zone of hypertrophy and maturation. This is the broad-
est zone. The chondrocytes hypertrophy, and in the early
stages secrete type II collagen. As hypertrophy proceeds,
proteoglycans are secreted. The increased cell size and
increased cell secretion lead to an increase in the size of
the cartilaginous model. As the chondrocytes reach
maximum size, they secrete type X collagen and noncol-
lagenous proteins. Subsequently, there is partial break-
down of proteoglycans, creating a matrix environment
receptive for mineral deposition.

3. Zone of provisional mineralization. Matrix mineraliza-
tion begins in the zone of mineralization by formation of
matrix vesicles. These membrane bound vesicles bud off
from the cell and form independent units in the longitu-
dinal septa of the cartilage.

Formation of bone collar

The capillaries grow into the perichondrium that sur-
rounds midsection of the model. The cells in the inner
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layer of the perichondrium differentiate into osteoblasts in
a vascular environment and form a thin collar of bone
matrix around the mid region of the model. At this stage,
perichondrium is referred to as periosteum as the differentia-
tion of cells from the inner layer of the perichondrium is
giving rise to bone. Vascularization of the middle of the
cartilage occurs, and chondroclasts resorb most of the min-
eralized cartilage matrix. The bone collar holds together
the shaft, which has been weakened by disintegration of
the cartilage. Hence, more space is created for vascular
ingrowth.

Formation of periosteal bud

Periosteal capillaries accompanied by osteogenic cells
invade the calcified cartilage in the middle of the model
and supply its interior. The osteogenic cells and the ves-
sels comprise a structure called the periosteal bud. The
periosteal capillaries grow into the cartilage model and
initiate development of a primary ossification center.
Osteogenic cells in the periosteal bud give rise to osteo-
blasts that deposit bone matrix on the residual calcified
cartilage. This results in the formation of cancellous
bone that has remnants of calcified cartilage. This is the
mixed spicule. The network of mixed spicules is called
primary spongiosa. The calcified cartilage in the trabecu-
lae in hematoxylin and eosin sections stains pale blue to
mauve, whereas bone matrix appears bright pink to red.

Formation of medullary cavity

As the primary ossification center enlarges, spreading
proximally and distally, osteoclasts break down the newly
formed spongy bone and open up a medullary cavity in
the center of the shaft. Hematopoietic stem cells enter
the medullary cavity giving rise to myeloid tissue.

The two ends of the developing bone are at this stage
still composed entirely of cartilage. The midsection of the
bone becomes the diaphysis and the cartilaginous ends of
bone become the epiphysis. Hence, the primary center of
ossification is the diaphyseal center of ossification.

Formation of secondary ossification center

At birth, most of the long bones have a bony diaphysis
surrounding remnants of spongy bone, a widening med-
ullary cavity, and two cartilaginous epiphysis. Shortly be-
fore or after birth, secondary ossification centers appear in
one or both epiphysis. Initially chondrocytes in the mid-
dle of the epiphysis hypertrophy and mature, and the
matrix partitions between their lacunae calcify.

Periosteal buds carry mesenchymal cells and blood ves-
sels and process is same as that occurring in a primary
ossification center, except that the spongy bone in the
interior is retained and no medullary cavity forms in the
epiphysis. The ossification spreads from secondary cen-
ter in all directions. Eventually, the cartilage in the mid-
dle of epiphysis gradually gets replaced by cancellous
bone. When secondary ossification is complete, hyaline
cartilage remains at two places—on the articular surface
as articular cartilage and at the junction of the diaphysis
and epiphysis, where it forms the epiphyseal plates.

This plate continues to form new cartilage, which is
replaced by bone, a process that increases the length of
the bone. Long bones have one or two secondary ossifi-
cation centers. Short bones have one ossification center.
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The union of primary and secondary ossification center
is called epiphyseal line.

Long bones development depends on endochondral
bone formation, which requires balance between hyper-
trophic cartilage (HC) formation and its ossification. Dys-
regulation of this process may result in skeletal dysplasia
and heterotopic ossification. Endochondral ossification
requires the precise orchestration of HC, vascularization,
extracellular matrix remodeling, and the recruitment of
osteoclasts and osteoblasts. Matrix metalloproteinase-9
(MMP-9), vascular endothelial growth factor (VEGF) and
osteoclasts have all been shown to regulate endochondral
ossification.

Calcification is the process of deposition of insoluble
calcium salts in a tissue.

Mechanism of calcification. It is not entirely clear if
the first formed solid phase is amorphous or crystalline.
It is widely conceded that the first formed solid phase
is amorphous. This initial phase is subsequently trans-
formed to hydroxyapatite. Amorphous calcium phos-
phate appears as microscopic spheres 30-100 nm in
diameter, comprising randomly packed apatite crystals
each of about 0.95 nm diameter.

Under normal conditions, there is insufficient concen-
tration of available calcium and phosphate ions in blood
and tissue fluid, for calcium phosphate to crystallize or
precipitate spontaneously. The critical factor is the local
(Ca?") x. (Pi) ion product. Pi is the total free inorganic
orthophosphate. When factors operate locally, to raise
this ion product, calcium phosphate separates out in the
solid phase and undergoes solid phase transition to a
number of crystalline arrangements. Once the micro-
crystals have begun to form, they continue to grow and
also catalyse further crystallization of calcium phosphate
even at sites where the Ca®*. Pi product does not exceed
the plasma level (Flowchart 9.3).

Theories of calcification

Traditionally, calcification has been treated from the point
of view of precipitation dynamics, with initially the only
ions needed being calcium and phosphate. The extracel-
lular fluid is supersaturated with respect to the basic cal-
cium phosphate, yet the mineralization is not a widespread
phenomenon. Thus for precipitation to occur, the condi-
tions in the osteoid matrix must be in some way especially
favorable to this process. Interplay of various factors may
contribute to conditions that may favor calcification.

A) Nucleation theory Neumann and Neumann (1953)
put forward the theory of epitactic nucleation based on
the concept of seeding or epitaxy. A nucleus is formed,
probably in relation to collagen, effective in aggregating
calcium and phosphate ions. The hydroxyapatite crystals
then grow spontaneously by addition of these from the
saturated surrounding fluids. Acceptance of this theory
led to many attempts to determine the nature and distri-
bution of nucleation sites.

a) Ground substance. The components of ground sub-
stance, mainly sulfated glycosaminoglycans and proteo-
glycans, have been suggested for this function. Qualita-
tive and quantitative changes of proteoglycans in the
cartilaginous matrix prior to mineralization have been
reported, thus supporting this phenomenon.

b) Collagen. The initial mineral deposits in the organic
matrix of bone appear to occur at discrete sites in, or on
the collagen fibrils.

The dimensions of water filled pore space in the ma-
trix, particularly within the collagen macromolecular
structure are crucial in allowing both the ingress of ions,
the formation of ion clusters and the aggregation of such
clusters to form nuclei from which crystal growth can
continue. As mineralization progresses, axial periodicity
of the collagen is first accentuated; this suggests that
growth follows a specific fibril controlled pattern. Apart
from collagen, other tissues closely associated with col-
lagen also serve this function, e.g. phosphoproteins, in-
cluding osteonectin. Phosphoproteins induce apatite
formation, but are more involved in controlling the
shape, size and orientation of bone crystals.
¢) Mitochondria in osteoblasts play an important indirect
role in the calcification process. Mitochondria are the
earliest storage sites of calcium and phosphate in the
form of amorphous calcium phosphate. This stored min-
eral is made available extracellularly, liberated directly
due to cell destruction, or released indirectly in the form
of constituent ions. This then supports the growth of
crystals forming extracellularly, in association with ma-
trix vesicles.

B) Role of matrix vesicles The crystals have been found
to be formed in association with matrix vesicles. Matrix
vesicles are small membrane bound structures, 25 to 250
nm in diameter, lying free in the matrix, where calcifica-
tion is known to be underway. These are rounded out-
growths of cell membrane that bud from osteoblasts,
chondrocytes and odontoblasts. The vesicles are rich
in phospholipids, especially phosphatidyl serine, a lipid
with high affinity for calcium ions. Vesicles also contain
annexins. Annexins in the vesicles form a calcium
channel, thus incorporating the ion within the matrix
vesicles. Matrix vesicles accumulate Ca** and their mem-
branes furnish binding sites for the nucleation of hydroxy-
apatite crystals.

The mineralization of bone requires the presence of
extracellular matrix vesicles, since the first step of miner-
alization is initiated inside these organelles. They serve as
a site for Ca?* and Pi accumulation by creating a specific
environment where deposition of initial amorphous min-
eral complexes (nucleation) occurs and where hydroxy-
apatite (HA) is produced. The needle like crystals form
on the inner surface of vesicle membrane.

Calcification

The extracellular matrix contains sufficiently high levels
of Ca®* and Pi concentrations to sustain the nucleation
process and to propagate mineralization. Ion channels
and transporters present in vesicle membrane are re-
sponsible for Ca*" and Pi uptake into these organelles.
The hydroxyapatite crystals are released into the extra-
cellular matrix after reaching a certain thickness. The
release of the crystals is proposed to be triggered by
phospholipases leading to tissue calcification which af-
fects the membrane fluidity. The released crystals serve
as a template for the formation of crystalline arrays.

Their essential role in the initiation of calcification
remains disputed and it is difficult to exclude the prob-
lem of artifactual precipitation of crystals in vesicles
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FORMATION OF CARTILAGINOUS MODEL

avascular condition — Chondroblast lay down cartilage matrix — surrounded by

At the site where the bone will develop — condensation of mesenchymal cells — in
1 perichondrium — followed by mineralization of matrix

GROWTH OF CARTILAGE MODEL
l e ncrease in length — Interstitial growth

e Increase in thickness — Appositional growth

FORMATION OF PERIOSTEUM

1 is referred to as periosteum

e In the middle of diaphysis — capillaries grow into the perichondrium—perichondrium

FORMATION OF BONE COLLAR

e Cells in the inner layer of perichondrium (periosteum) — differentiate into
osteoblasts thin collar of bone matrix formed — around mid region of model.

CALCIFICATION OF MATRIX

of cartilage matrix

e Chondrocytes grow — secrete alkaline phosphatase — calcification of matrix —
eventually blood supply cut off — no nutrient — death of chondrocytes — cavitation

FORMATION OF PERIOSTEAL BUD

of primary ossification center

1 e Periosteal capillaries and osteogenic cells invade mid region of model — development

FORMATION OF MIXED SPICULE

1 matrix on residual calcified cartilage

e Osteogenic cells in periosteal bud — differentiate into osteoblasts — deposit bone

FORMATION OF MEDULLARY CAVITY

e Osteoclasts break down newly formed spongy bone — formation of medullary cavity
e At this stage — 2 ends of developing bone — composed of cartilage (epiphysis)

FORMATION OF SECONDARY OSSIFICATION CENTER (In one or both epiphysis)

e Formation of bone same as in primary ossification center.

¢ No medullary cavity formation in epiphysis

e Hyaline cartilage at 2 places, i.e. on articular surface (articular cartilage) and
at junction of epiphysis and diaphysis (epiphyseal plate).

Flowchart 9.3 Endochondral bone formation.

during specimen preparation for electron microscopy.
They have not always been found in mineralizing fronts
in osteoid of more mature bone and some have failed to
find calcium tightly bound to matrix vesicles when using
rapid freezing and freeze substitution of tissue to
preserve ultrastructure.

C) Alkaline phosphatase is the enzyme which participates
in the process of calcification. This enzyme hydrolyses a
broad range of organic phosphate containing substrates
and increases the local inorganic phosphate concentration.
This enzyme resides in matrix vesicles budding from cell
membranes of chondrocytes, osteoblasts and odonto-
blasts. Alkaline phosphatase hydrolyses PPi, which is an
inhibitor of hydroxyapatite formation and also provides

inorganic phosphates for the formation of hydroxyapatite
crystals. Itis used as a marker of active tissue mineralization.

Inhibitors of calcification

Collagen and other potential nucleating agents occur in
tissues that do not calcify. The probable reason is that,
the collagen molecules are packed closely together in
soft tissues than in bone, which impede phosphate ion
access to intrafibrillary nucleation sites. Pyrophosphate,
diphosphonates or adenosine triphosphate can delay or
prevent the transformation of amorphous calcium phos-
phate to hydroxyapatite. Other potential inhibitors in-
clude citrate, magnesium, and proteins like albumin.
Components of the bone matrix may act locally and in-
hibit mineralization, e.g. proteoglycans.
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BONE RESORPTION

Bone resorption is the removal of mineral and organic
components of extracellular matrix of bone under the
action of osteolytic cells, of which the most important is
the osteoclast.

Sequence of events of hone resorption

The first phase involves the formation of osteoclast pro-
genitors in the hematopoietic tissues, followed by their
vascular dissemination and the generation of resting pre-
osteoclasts and osteoclasts in the bone itself. The second
phase consists of activation of osteoclasts at the surface of
mineralized bone. Osteoblasts play a major role by retract-
ing, to expose the mineral to the osteoclast and releasing
a soluble factor that activates these cells. The third phase
involves the activated osteoclasts resorbing the bone.

Alterations in the osteoclast

Immediately before the resorption event, the osteoclasts
undergo changes by assuming a polarity of structure and
function. These changes facilitate bone resorption. The two
distinct alterations are the development of a ruffled border
and a sealing zone at the plasma membrane. These changes
occur only in the region of the cell that is next to the bone
surface. The ruffled border consists of many infoldings of
the cell membrane, resulting in finger-like projections of
the cytoplasm. Thus, an extensive surface is created well
suited for an intensive exchange between the cell and bone.

At the periphery of the ruffled border, the plasma
membrane is smooth and apposed closely to the bone
surface. The adjacent cytoplasm, devoid of cell organ-
elles contains contractile actin microfilaments, sur-
rounded by two vinculin rings. This region is called the
clear (sealing) zone. This zone serves to attach the cell
very closely to the surface of bone and creates an isolated
microenvironment, in which resorption can take place
without diffusion of the hydrolytic enzymes produced
by the cell into adjacent tissue. When osteoclasts arrive at
the resorption site, they use the sealing zone to attach
themselves to the bone surface. The attachment of the
osteoclast cell membrane to the bone matrix at the seal-
ing zone is due to the presence of cell membrane pro-
teins known as integrins, especially «VB3. Integrins are a
large family of heteromeric cell surface receptors com-
posed of noncovalently bound a and 3 subunits which
interact with extracellular matrix molecules, serum con-
stituents and adhesion molecules of immunoglobulin
family. «VB3, a vitronectin receptor, is expressed by re-
sorbing osteoclasts. These integrins bind to specific
amino acid sequences present in proteins of the bone
matrix, namely, RGD (Arg-Gly-Asp).

Removal of hydroxyapatite

The initial phase involves the dissolution of the mineral
phase by the action of hydrochloric acid (HCl). The pro-
tons for the acid arise from the activity of cytoplasmic
carbonic anhydrase II, which is synthesized in the osteo-
clast. The protons are then released across the ruffled
border into the resorption zone by an ATP consuming
proton pump. This leads to a fall in pH to 2.5-3.0 in the
osteoclast resorption space. The proton pump is an absolute
requirement for normal bone resorption to take place.

Degradation of organic matrix

Organic constituents of bone tissue remain after the dis-
solution of mineralized component. Next step involves
the digestion of organic components of matrix. Proteo-
Iytic enzymes are synthesized by osteoclasts, namely, ca-
thepsin-K and MMP-9 (matrix metalloproteinase). The
enzymes are synthesized in rough endoplasmic reticu-
lum, transported to Golgi complexes and moved to the
ruffled border in transport vesicles, and the contents of
the same are released into sealed compartment, creating
extracellular lysosomes. As a result, a visible depression
or Howship’s lacunae is excavated into the bone.

Cathepsin-K is the most important enzyme in bone
resorption. It is a collagenolytic papain like cysteine pro-
tease expressed in osteoclasts. In vivo studies, have shown
that, activation of cathepsin-K occurs intracellularly be-
fore secretion into lacunae and onset of bone resorption.
The processing of procathepsin-K to mature cathepsin-K
occurs as osteoclast approaches bone. Cathepsin-K de-
grades major amount of type I collagen and other non-
collagenous proteins, which have been demineralized by
the acidic environment of the resorptive zone.

MMP-9 (collagenase B) is believed to be required for
osteoclast migration. MMP-13 is proposed to be involved
in bone resorption and osteoclast differentiation.

Removal of degradation products from lacunae

Once liberated from bone, the free organic and nonor-
ganic particles of bone matrix are taken in or endocytosed
from the resorption lacunae, across the ruffled border,
into the osteoclast. These are then packed in membrane
bound vesicles within cytoplasm of osteoclast. These vesi-
cles and their contents pass across the cell and fuse with
FSD (functional secretory domain), a specialized region
of the basal membrane. Then the vesicles are released by
exocytosis. The changes in the cytoplasm framework in
the cell and presence of clusters of matrix fragments in
the region directly outside the cell next to FSD, indicate
that matrix fragments have been expelled from the cell by
exocytosis into extracellular space away from bone.

Following resorption, osteoclasts undergo apoptosis,
which provides a mechanism for limiting resorptive activ-
ity. Factors like TGF-B and estrogen promote apoptosis.
PTH and IL-1, act as suppressors prolonging osteoclast
activity (Flowchart 9.4).

Differences between the Resorbed
and Unresorbed Surfaces

The resorbing surface is scalloped and exhibits scattered
osteoclasts unlike osteoblasts, which line the bone
surface.

Osteoclasts lie in the Howship’s lacunae or resorption
bays, whereas osteoblasts are present on the bone surface
(Fig. 9.6).

The side of the osteoclast cell adjacent to bone con-
tains few nuclei than the opposite side. Osteoblast is a
mononucleated cell on the bone surface.

Role of TRAP in Bone Resorption

Tartrate resistant acid phosphatase (TRAP) is synthe-
sized as a latent inactive proenzyme. The molecule is
cleaved by an enzyme—cysteine proteinases converting it
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A) Formation of osteoclast progenitors in hematopoietic tissues — vascular dissemination — generation
of resting preosteoclasts and osteoclasts in bone — activation of osteoclast (interaction of RANKL
and RANK) — migration of osteclasts to resorption site. MMP-9 helps in migration.
(RANKL:OPG reaction) RANKL increases osteoclast formation

\L

B) Formation of ruffled border and sealing zone — Attachment of plasma membrane of osteoclasts
to bone matrix through Integrin o VB3. MMP 13 (secreted by osteoblast) degrade osteoid
and expose sites for osteoclast attachment

A

C) Osteoclasts synthesize — Cytoplasmic carbonic anhydrase Il — protons (ATP dependent)
released in ruffled border — low pH (secretory activity of HCl) — dissolution of hydroxyapatite

A

D) Enzymes (Cathepsin K and MMP-9) synthesized in RER — Transported to Golgi complex — Moved to
ruffled border in vesicles — Contents released into extracellular lysosomes — degradation of
organic matrix

A

E) Removal of degradation products — Free organic and inorganic particles endocytosed from lacunae
across ruffled border into osteoclasts.— Packed in membrane bound vesicles — Released by
exocytosis. TRAP (tartrate resistant acid phosphatase) helps in migration of osteoclast to adjacent site

F) Apoptosis of osteoclasts

Flowchart 9.4 Bone resorption—sequence of events.
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into an active form. This active enzyme plays a role in
bone resorption inside and outside the osteoclast cell.

Extracellular role of TRAP

TRAP accumulates extracellularly in bone matrix, imme-
diately adjacent to ruffled border of resorbing osteo-
clasts. Osteopontin, bone sialoprotein and osteonectin
act as substrates for TRAP. Osteopontin is highly ex-
pressed at the bone surface, opposite sealing zone of
resorbing osteoclasts, and is essential for resorption to
take place. Osteopontin enables osteoclasts to adhere to
bone surface by binding with integrin VB33, which are
abundantly present at the sealing zone. TRAP can re-
move phosphate groups from osteopontin, an event that
consequently disrupts adhesion of osteoclasts to the
bone. This suggests that the enzyme might regulate os-
teoclast adhesion to the bone and also enable migration
of osteoclasts to adjacent sites of resorption. The ability
of TRAP to degrade phosphoproteins in bone by dephos-
phorylation may illustrate a preliminary stage in the
degradation of the bone matrix. TRAP can hydrolyse and
liberate pyrophosphate from bone matrix which is an
inhibitor of resorption. This hydrolysis event would en-
able osteoclasts to begin bone resorption activity.

Intracellular role of TRAP

Intracellularly TRAP has been found to be co-localized with
organic products of bone degradation released from bone

matrix during resorption and endocytosed into osteoclasts.
It has been put forward that TRAP containing vesicles fuse
with transcytotic vesicles transporting the matrix degrada-
tion products from ruffled border to FSD (functional secre-
tory domain) of osteoclasts. In this location, TRAP is secreted
out of cells together with matrix degradation products. Af-
ter this stage, both entities leak into the circulation at a rate
that corresponds to the amount of resorption activity being
undertaken by the osteoclast.

The enzyme is synthesized to help dispose of the prod-
ucts of bone breakdown within transcytotic vesicles.
Along with fragments of bone matrix, it is released into
the extracellular environment as an active enzyme by
exocytosis at the FSD. TRAP then subsequently leaks into
the circulation through the interstitial fluid.

Extracellular fate of TRAP

Once secreted TRAP is exposed to physiological influ-
ences present in body fluids. It binds to 2 macroglobu-
lin, a high molecular weight molecule in serum. It has
been proposed that, 2 macroglobulin may be a carrier
molecule for TRAP, that mediates clearance of enzyme
from areas of bone resorption and then the circulation.
Ultimately, TRAP has the fate of all circulating enzymes.
Its structure becomes compromised, leading to its inac-
tivation as a catalyst. It loses its binuclear iron center,
which is then recycled, and the iron free enzyme
protein is broken down by proteases in the plasma and
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the liver. The fragments that result from these events
are eventually metabolized by the liver and/or removed
in the urine.

The concentration of osteoclast derived TRAP in
serum can be assessed by immunoassay, and has a quan-
titative and dynamic relation to amount of resorption
taking place on a day by day basis.

The immunoassay would provide additional informa-
tion in the hospital’s clinical laboratory for diagnosis and
monitoring of bone resorption conditions.

BONE REMODELING

Bone remodeling is performed by clusters of bone re-
sorbing osteoclasts and bone forming osteoblasts ar-
ranged within temporary anatomical structures known as
basic multicellular units (BMUs). Traversing and encas-
ing the BMU is a canopy of cells that creates a bone-
remodeling compartment (BRC).

An active BMU consists of a leading front of bone re-
sorbing osteoclasts. Reversal cells of unclear phenotype
follow the osteoclasts, covering the newly exposed bone
surface and prepare it for deposition of replacement
bone. Osteoblasts occupy the tail portion of the BMU
and secrete and deposit unmineralized bone matrix
known as osteoid and direct its formation and mineral-
ization into mature lamellar bone. At any given time, the
process of bone synthesis and bone breakdown go on
simultaneously (Fig. 9.7) and the status of the bone
represents the net result of a balance between the two
processes. This phenomenon is called ‘coupling’ of bone
resorption and formation.

Cementum

Bundle bone

Periodontal
ligament

o VABIA RS : ,
Figure 9.7 Alveolar bone showing remodeling with (A) Apposition of bundle bone on distal alveolar wall and (B) Resorption of
bone on mesial alveolar wall. Mesial drift indicated by arrow (From Weinmann JP: Angle Orthod 11:83, 1941).

The main functions of remodeling are to prevent the
accumulation of damaged and fatigued bone by regener-
ating new bone, allow the bone to respond to changes in
mechanical forces and to facilitate mineral homeostasis.

Sequence of Events in Bone
Remodeling

Bone turnover rates of 30 to 100% per year are common
in rapidly growing children. In adulthood, the rate is
slow. The turnover rate of trabecular bone and endosteal
surface of cortical bone is more than cortical bone turn-
over. The sequence of events is as follows:

Activation stage. The cells of the osteoblast lineage in-
teract with hematopoietic cells to initiate osteoclast for-
mation. This stage of bone remodeling involves detection
of an initiating remodeling signal. This signal can take
several forms, like direct mechanical strain on the bone
that results in structural damage or hormonal action on
bone cells in response to more systemic changes in ho-
meostasis. Daily activity also places mechanical strain on
the skeleton and osteocytes probably sense changes in
these physical forces and translate them into biological
signals that initiate bone remodeling.

Resorption stage. In this stage, osteoblasts respond to
signals generated by osteocytes and recruit osteoclast pre-
cursors to the remodeling site. In addition to recruitment
of osteoclast precursors, osteoblast expression of the mas-
ter osteoclastogenesis cytokines, M-CSF, RANKL and os-
teoprotegerin (OPG) is also modulated in response to
PTH. OPG expression is reduced and M-CSF and RANKL
production increased to promote osteoclast formation
and subsequent activity. M-CSF promotes proliferation

Cementum

Resorption

Lamellated
bone

Periodontal
ligament

Resorption

4



and survival of osteoclast precursors and directs spread-
ing, motility and cytoskeletal organization in mature cells.
RANKL also promotes proliferation of osteoclast precur-
sors and additionally coordinates the differentiation of
osteoclast precursors to multinucleated osteoclasts, pro-
motes resorption activity and prolongs the life of the ma-
ture cells. Matrix metalloproteinases (MMPs), including
MMP-13, are also secreted from osteoblasts in response to
mechanical and endocrine remodeling signals. MMPs
degrade the unmineralized osteoid that lines the bone
surface and expose RGD adhesion sites within mineral-
ized bone, that are necessary for osteoclast attachment.

The osteoclasts tunnel into surface of bone, which
lasts for three weeks. In haversian canals, closest to the
surface, osteoclasts travel along a vessel, resorb the haver-
sian lamellae, and a part of circumferential lamellae, and
form a resorption tunnel or cutting cone. Resorption
tunnels can be distinguished from Haversian canals or
Volkmann’s canals as they have irregular etched outlines
and presence of osteoclasts along the border.

Reversal stage. Resorption phase is followed by the re-
versal phase, comprising the differentiation of osteoblast
precursors and discontinuation of bone resorption with
osteoclast apoptosis. Following osteoclast-mediated re-
sorption, the Howship’s lacunae remain covered with
undigested demineralized collagen matrix. A mononu-
clear cell of undetermined lineage removes these colla-
gen remnants and prepares the bone surface for subse-
quent osteoblast-mediated bone formation. This reversal
cell is from the osteoblast lineage, based on cell morphol-
ogy and the positive expression for alkaline phosphatase.

However, the mesenchymal bone lining cells are more
ideally equipped to deposit the collagenous matrix that
forms along osteopontin-rich cement lines within How-
ship’s lacunae. The final role of the reversal cells may be to
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receive or produce coupling signals that allow transition
from bone resorption to bone formation within the BMU.

In the next stage, activated osteoblasts lay down new
bone material, until the resorbed bone is entirely re-
placed by new one. Once mesenchymal stem cells or
early osteoblast progenitors have returned to the resorp-
tion lacunae, they differentiate and secrete molecules
that ultimately form replacement bone.

Collagen type I is the primary organic component of
bone. Noncollagenous proteins, including proteoglycans,
Gla-containing proteins (matrix Gla protein and osteocal-
cin) and lipids comprise the remaining organic material.

These osteoblasts lay down a new set of haversian la-
mellae, encircling a vessel upon a reversal line. This ce-
ment line is a thin layer of glycoproteins comprising
bone sialoprotein and osteopontin, that acts as a cohe-
sive mineralized layer between the old bone and new
bone to be secreted. The entire area of osteon, where
active formation occurs is termed the filling cone. Frag-
ments of lamellae from old bone haversian systems are
left behind as interstitial lamellae (Fig. 9.4).

For bone to assume its final form, hydroxyapatite is
incorporated into this newly deposited osteoid.

Osteoblasts that become encased in the new bone are
transformed into osteocytes. The osteoblasts become
quiescent at the end of bone remodeling and form
flattened lining cells on the bone surface until a new
remodeling cycle is triggered (Flowchart 9.5).

Mediators of Bone Remodeling

Hormones

Parathyroid hormone (PTH) is produced in the parathy-
roid glands in response to hypocalcemia, stimulating
bone resorption. A stimulating role in bone formation

A) Quiescent phase (Rest)

!

B) Activation phase — ( Detection of signal in form of mechanical
strain/hormonal action) — Recruitment of monocyte-macrophage
osteoclast precursor — Interaction of osteoclast and osteoblast precursor
cells (RANKL on osteoblasts and RANK on osteoclasts) — Differentiation,
migration and fusion of large multinucleated osteoclasts

!

remove collagen remnants)

C) Resorption phase — Osteoclasts dissolve minerals followed by release
of TGF, PDGF, IGF (I and Il) = Scalloped Howship’s lacunae formed
(Resorption tunnel/cutting cone) — Mononuclear cells (macrophages

|

D) Reversal phase — resorption cavities contain preosteoblasts — Apoptosis
of osteoclasts — New bone formation on reversal line under influence
of released TGF, PDGF, IGF | and Il in resorption phase

!

E) Mineralization phase (Incorporation of hydroxyapatite)

!

F) Quiescent phase

Flowchart 9.5 Bone remodeling—sequence of events.
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has also been established through the synthesis of IGF
1 and TGF B. This dual effect of resorption and forma-
tion is explained by the fact that the continuous supply
of PTH stimulates bone resorption through the synthe-
sis of RANKL on the part of the osteoblastic cells, while
at intermittent doses, it would stimulate the formation
of bone, associated with an increase of the growth fac-
tors and with a decrease in the apoptosis of osteoblasts.

Calcitonin is secreted when blood calcium levels rise.
It inhibits bone resorption and promotes calcium salt
deposition in bone matrix, effectively reducing blood
calcium levels. As blood calcium levels fall, calcitonin
release wanes as well. Calcitonin also reduces the number
and activity of osteoclasts.

Vitamin D metabolites

The major active metabolite of vitamin D is 1, 25-
dihydroxycholecalciferol. This has been shown to affect
bone formation and also to cause bone resorption. Its
effect on bone resorption appears to be by the differen-
tiation of committed progenitor cells into mature cells.
It favors the intestinal absorption of calcium and phos-
phate and therefore bone mineralization. It is necessary
for normal growth of the skeleton.

Estrogen receptors are present on osteoblasts, osteocytes
and osteoclasts. They favor bone formation, increasing
the number and function of osteoblasts. It has also been
proposed that these hormones are believed to increase
the levels of OPG, which inhibits resorption.

Growth hormones act directly on the osteoblasts stimulat-
ing their activity and increasing the synthesis of collagen,
osteocalcin and alkaline phosphatase. Indirect action is
produced through an increase in the synthesis of IGF-I
and II by osteoblasts, which stimulate the proliferation
and differentiation of osteoblasts.

Glucocorticoids at high doses inhibit the synthesis of
IGF-1 by osteoblasts and suppress BMP-2 and Cbfa-1
which are essential for the formation of osteoblasts. But,
at physiological doses they are believed to have osteo-
genic capacity favoring osteoblastic differentiation.

Local Factors

IL-1 does not have direct action on the osteoclast, but like
PTH acts via the osteoblast. It has a direct promotional effect
on osteoclast formation. It inhibits the apoptosis of osteoclasts.

TNF-o and TNF-B stimulate bone resorption in vitro. The
bone resorbing effect is mediated through osteoblasts.
TNF is also believed to inhibit bone collagen and noncol-
lagenous protein synthesis.

Prostaglandins are local pathological mediators of bone
destruction, in particular, where there is inflammation.

IGF-Iand IT increase the number and function of osteoblasts
stimulating collagen synthesis. They mediate osteoblast—
osteoclast interaction and participate in bone remodeling.
BMPs are highly abundant in bone tissue and partici-
pate in the formation of bone and cartilage. They are the
most important factors for osteoblast differentiation.

Other growth factors like PDGF, FGF and EGF may also
play an important role in physiologic remodeling and an
even more important role in remodeling associated with
skeletal repair. PDGF stimulates protein synthesis by
osteoblasts and also favors bone resorption. FGF is a
mitogen for osteoblasts. In bone, EGF has both, a forma-
tive and destructive function.

Bacterial products such as lipopolysaccharide, capsular
material, lipoteichoic acids and peptidoglycans may act
as foreign antigens and induce monocytes, macrophages
and then bone cells to produce prostaglandins and
cytokines such as IL-1, leading to bone resorption.

Mechanical factors Under muscular action, tension is
transmitted to the bone, which is detected by osteocyte
network. These osteocytes produce prostaglandins and
IGF-1 which stimulate osteoblast activity leading to
increased bone formation. Absence of muscular activity
accelerates resorption (Table 9.5).

Markers of Bone Turnover
The markers of bone formation are (Serum markers)

— alkaline phosphatase (total)

— alkaline phosphatase (skeletal isoenzymes)
— osteocalcin

— procollagen I extension peptide

The markers of bone resorption are (Urinary markers)

— urine calcium

— urinary hydroxy proline

— collagen crosslink fragments (first to be hydrolysed)
— urine N-telopeptide (N terminus of collagen fibrils)
— urine C-telopeptide (C terminus of collagen fibrils)
— urine total pyridinoline

— urine free deoxypyridinoline

Serum markers

— Serum TRAP

— Serum B2 macroglobulin is a marker for high bone
remodeling. It plays a role as bone derived growth fac-
tor regulating osteoblasts and osteoclasts. It has been
proposed as a bone remodeling biological marker in

Table 9.5 Regulatory Factors in Bone Remodeling

SYSTEMIC FACTORS
1.) HORMONES

LOCAL FACTORS
a.) Growth Factors

a.) Decrease bone resorption IGF I &I
Calcitonin TGF b
Estrogen FGF

b.) Increase bone resorption PGDF
PTH b.) Cytokines
Glucocorticoids IL- 1, IL- 6,IL- 11
Vitamin D(high doses) PGE,

c.) Increase bone formation
Growth hormone
Vitamin D
Insulin
Low dose PTH

d.) Decrease bone formation
Glucocorticoids



high bone turnover conditions, especially vitamin D
deficiency and secondary hyperparathyroidism.

Pathologies caused by improper control of remodeling
are: osteoporosis, osteopetrosis, malignant bone tumors
inflammatory joint diseases, hyperparathyroidism, Paget’s
disease and hyperthyroidism.

ALVEOLAR BONE

The alveolar process is defined as that part of the maxilla and
the mandible that forms and supports the sockets of the teeth.

Functions of alveolar bone are:

— Houses the roots of teeth.

— Anchors the roots of teeth to the alveoli, which is achieved
by the insertion of Sharpey’s fibers into the alveolar bone
proper.

— Helps to move the teeth for better occlusion.

— Helps to absorb and distribute occlusal forces gener-
ated during tooth contact.

— Supplies vessels to periodontal ligament.

— Houses and protects developing permanent teeth,
while supporting primary teeth.

— Organizes eruption of primary and permanent teeth.

DEVELOPMENT OF ALVEOLAR PROCESS

Near the end of the second month of fetal life, the maxilla
as well as the mandible form a groove that is open towards
the surface of the oral cavity (Figs 9.8, 9.9).
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Development of mandible as intramembranous bone lateral to Meckel’s cartilage (human embryo 45 mm in length).
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Tooth germs develop within the bony structures at
late bell stage. Bony septa and bony bridge begin to
form and separate the individual tooth germs from one
another, keeping individual tooth germs in clearly out-
lined bony compartments. Along with tooth germs, al-
veolar nerves and vessels are also present. At this stage,
dental follicle surrounds each tooth germ, which is lo-
cated between tooth germs and its bony compartment.
Even prior to root formation, tooth germs within bony
compartments show bodily movement in various direc-
tions to adjust to growing jaws. This movement causes
bony remodeling of bony compartment through bone
resorption and bone deposition. The major changes in
the alveolar process begin to occur with development of
roots and tooth eruption. As roots develop, the alveolar
process increases in height. Also, the cells in the dental
follicle start to differentiate into periodontal ligament
and cementum. At the same time, some cells in the
dental follicle differentiate into osteoblasts and form
alveolar bone proper.

Hence, an alveolar process in the strict sense of the
word develops only during the eruption of the teeth. It is
important to realize that, during growth, part of the al-
veolar process is gradually incorporated into the maxil-
lary or mandibular body while it grows at a fairly rapid
rate at its free borders. During the period of rapid
growth, a tissue may develop at the alveolar crest that
combines characteristics of cartilage and bone. It is
called chondroid bone (Fig. 9.10). The alveolar process
forms with the development and the eruption of teeth,
and conversely, it gradually diminishes in height after the
loss of teeth.

Developing
tooth

Meckel’s
cartilage
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Connective —
tissue
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Cartilage

Figure 9.9 Development of mandibular symphysis and for-
mation of bony septa between developing teeth. (A) Newborn
infant. Symphysis wide open. Mental ossicle (radiograph).
(B) Child 9 months of age. Symphysis partly closed. Mental
ossicles fused to mandible and bony septa between develop-
ing teeth seen (radiograph). (C) Frontal section through man-
dibular symphysis of newborn infant. Connective tissue in
midline connects plates of cartilage on either side. Cartilage
is later replaced by bone.

STRUCTURE OF THE ALVEOLAR BONE

Anatomically, no distinct boundary exists between the
body of the maxilla or the mandible and their respective
alveolar processes. In some places, the alveolar process is
fused with and partly masked by, bone that is not func-
tionally related to the teeth. In the anterior part of the
maxilla, the palatine process fuses with the oral plate of
the alveolar process. In the posterior part of the mandi-
ble, the oblique line is superimposed laterally on the
bone of the alveolar process. As a result of its adaptation
to function, two parts of the alveolar process can be dis-
tinguished, the alveolar bone proper and the supporting
alveolar bone.

Alveolar bone proper

The alveolar bone proper consists partly of lamellated and
partly of bundle bone and is about 0.1-0.4 mm thick. It
surrounds the root of the tooth and gives attachment to
principal fibers of the periodontal ligament.

Lamellated bone

The lamellar bone contains osteons each of which has a
blood vessel in a haversian canal. Blood vessel is sur-
rounded by concentric lamellae to form osteon. Some
lamellae of the lamellated bone are arranged roughly
parallel to the surface of the adjacent marrow spaces,
whereas others form haversian systems.

Bundle bone

Bundle bone is that bone in which the principal fibers of
the periodontal ligament are anchored. The term bundle’
was chosen, because, the bundles of the principal fibers
continue into the bone as Sharpey’s fibers (Fig. 9.11). The
bundle bone is characterized by the scarcity of the fibrils
in the intercellular substance. These fibrils, more over, are
all arranged at right angles to Sharpey’s fibers. The bun-
dle bone contains fewer fibrils than does lamellated bone,
and therefore it appears dark in routine hematoxylin and
eosin stained sections and much lighter in preparations
stained with silver than does lamellated bone. These fibers
are mineralized at the periphery and have a larger diam-
eter. These fibers are less numerous than the correspond-
ing fiber bundles in the cementum on the opposite side of
the periodontal ligament. The collagen adjacent to bone
is always less mature than that adjacent to cementum. In
some areas, the alveolar bone proper consists mainly of
bundle bone. Bundle bone is formed in areas of recent
bone apposition. Lines of rest are seen in bundle bone.

Radiographically, it is also referred to as the lamina dura,
because, of increased radiopacity, which is due to the pres-
ence of thick bone without trabeculations, that X-rays
must penetrate and not to any increased mineral content.

The alveolar bone proper, which forms the inner wall of the
socket is perforated by many openings that carry branches
of the interalveolar nerves and blood vessels into the peri-
odontal ligament, and it is therefore called the cribriform
plate (Fig. 9.12). Bone between the teeth is called interdental
septum and is composed entirely of cribriform plate. The
interdental and interradicular septa contain the perforat-
ing canals of Zuckerkandl and Hirschfeld (nutrient canals)
which house the interdental and interradicular arteries,
veins, lymph vessels and nerves (Fig. 9.13).

The supporting alveolar bone consists of two parts:

(a) Cortical plates
(b) Spongy bone

Cortical plates

Cortical plates consist of compact bone and form the
outer and inner plates of the alveolar processes. The
cortical plates, continuous with the compact layers of the
maxillary and mandibular body, are generally much thin-
ner in the maxilla, than in the mandible. They are thick-
est in the premolar and molar region of the lower jaw,
especially on the buccal side. In the maxilla, the outer
cortical plate is perforated by many small openings
through which blood and lymph vessels pass.
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Figure 9.11 Histologic section showing Sharpey’s fibers in al-
veolar bone proper (From Bhaskar SN: Synopsis of oral histology,
St Louis, 1962, The CV Mosby Co).

In the region of the anterior teeth of both jaws, the
supporting bone usually is very thin. No spongy bone
is found here, and the cortical plate is fused with the
alveolar bone proper (Fig. 9.14). In such areas, notably
in the premolar and molar regions of the maxilla, defects
of the outer alveolar wall are fairly common. Such
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bone proper (cribriform plate) (From Bhaskar SN: Synopsis of
oral histology, St Louis, 1962, The CV Mosby Co).

defects, where periodontal tissues and covering mucosa
fuse, do not impair the firm attachment and function of
the tooth.

Bone underlying the gingiva is the cortical plate. Both
cribriform plate and cortical plate are compact bone sepa-
rated by spongy bone.



186 Orban’s Oral Histology and Embryology

Interdental septum

Alveolar
bone proper

Tooth

Supporting
bone

Nutrient

canal

(Canal of
Zuckerkandl
and Hirschfeld)

:
e ’
d ; L
¥
& 4 .
3 . ]

Figure 9.13 Section through jaw showing nutrient canal of
Zuckerkand!| and Hirschfeld in interdental bony septum (From
Bhaskar SN: Synopsis of oral histology, St Louis, 1962, The CV
Mosby Co).

Histologically, the cortical plates consist of longitudinal
lamellae and haversian systems (Fig. 9.4). In the lower
jaw, circumferential or basic lamellae reach from the
body of the mandible into the cortical plates.

Spongy bone

Spongy bone fills the area between the cortical plates
and the alveolar bone proper. It contains trabeculae of
lamellar bone. These are surrounded by marrow that is
rich in adipocytes and pluripotent mesenchymal cells.

The trabeculae contain osteocytes in the interior and
osteoblasts or osteoclasts on the surface. These trabecu-
lae of the spongy bone buttress the functional forces to
which alveolar bone proper is exposed. The cancellous
component in maxilla is more than in the mandible. The
study of radiographs permits the classification of the
spongiosa of the alveolar process into two main types.

In type I the interdental and interradicular trabeculae
are regular and horizontal in a ladder like arrangement
(Fig. 9.15).

Type II shows irregularly arranged, numerous, delicate
interdental and interradicular trabeculae. Both types show
a variation in thickness of trabeculae and size of marrow
spaces. The architecture of type I'is seen most often in the
mandible and fits well into the general idea of a trajectory
pattern of spongy bone. Type II, although evidently func-
tionally satisfactory, lacks a distinct trajectory pattern,
which seems to be compensated for by the greater num-
ber of trabeculae in any given area. This arrangement is

¥
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Figure 9.14 Gross relations of alveolar processes. (A) Horizontal section through upper alveolar process. (B) Labiolingual section
through upper lateral incisor. (C) Labiolingual section through lower canine. (D) Labiolingual section through lower second molar.
(E) Labiolingual section through lower third molar (From Sicher H and Tandler J: Anatomie flr Zahnarzte [Anatomy for dentists],

Vienna, 1928, Julius Springer Verlag).
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Figure 9.15 Radiograph of the mandible showing types of supporting alveolar bone (spongiosa). (A) Type | alveolar spongiosa
showing ladder-like arrangement of the trabeculae. (B) Type Il alveolar spongiosa showing irregularly arranged trabeculae
(Courtesy Department of Oral Medicine and Radiology, KSR Institute of Dental Science and Research).

Figure 9.16 Diagram showing relation between cementoenamel junction of adjacent teeth and shape of crests of alveolar septa

(From Ritchey B and Orban B: J Periodontol 24:75, 1953).

more common in the maxilla. From the apical part of the
socket of lower molars, trabeculae are sometimes seen ra-
diating in a slightly distal direction.

These trabeculae are less prominent in the upper jaw,
because of the proximity of the nasal cavity and the max-
illary sinus. In the condylar process, in the angle of the
mandible, in the maxillary tuberosity, and in other iso-
lated foci, hematopoietic cellular marrow is found.

Crest of the alveolar septa The shape of the outlines of
the crest of the alveolar septa in the radiograph is depen-
dent on the position of the adjacent teeth. In a healthy
mouth the distance between the cementoenamel junc-
tion and the free border of the alveolar bone proper is
fairly constant. If the neighboring teeth are inclined, the
alveolar crest is oblique. In the majority of individuals the
inclination is most pronounced in the premolar and mo-
lar regions, with the teeth being tipped mesially. Then the
cementoenamel junction of the mesial tooth is situated in
a more occlusal plane than that of the distal tooth, and
the alveolar crest therefore slopes distally (Fig. 9.16). Cor-
tical bone and alveolar bone meet at the alveolar crest
usually 1.5 to 2 mm below the level of the cementoenamel
junction on the tooth it surrounds.

INTERNAL RECONSTRUCTION
OF ALVEOLAR BONE

Mesial drift and continuous tooth eruption elicit remod-
eling of alveolar bone proper. During the mesial drift of
a tooth, bone is apposed on the distal and resorbed on
the mesial alveolar wall (Fig. 9.7). The distal wall is made
up almost entirely of bundle bone. However, the osteo-
clasts in the adjacent marrow spaces remove part of the

bundle bone, when it reaches a certain thickness. In its
place, lamellated bone is deposited.

On the mesial alveolar wall of a drifting tooth, the sign
of active resorption is the presence of Howship’s lacunae
containing osteoclasts. Bundle bone, however, on this
side is always present in some areas but forms merely a
thin layer (Fig. 9.17). This is because the mesial drift of
a tooth does not occur simply as a bodily movement.
Thus resorption does not involve the entire mesial sur-
face of the alveolus at one and the same time. Moreover,
periods of resorption alternate with periods of rest and
repair. It is during these periods of repair that bundle
bone is formed, and detached periodontal fibers are
again secured. Islands of bundle bone are separated
from the lamellated bone by reversal lines that turn their
convexities towards the lamellated bone (Fig. 9.17).

During these changes, compact bone may be replaced
by spongy bone or spongy bone may change into com-
pact bone. This type of internal reconstruction of bone
can be observed in physiologic mesial drift or in orth-
odontic mesial or distal movement of teeth. In these
movements an interdental septum shows apposition on
one surface and resorption on the other. If the alveolar
bone proper is thickened by apposition of bundle bone,
the interdental marrow spaces widen and advance in the
direction of apposition. Conversely, if the plate of the
alveolar bone proper is thinned by resorption, apposi-
tion of bone occurs on those surfaces that face the mar-
row spaces. The result is a reconstructive shift of the in-
terdental septum.

Alterations in the structure of the alveolar bone are of
great importance in connection with the physiologic
eruptive movements of the teeth. These movements
are directed mesioocclusally. At the alveolar fundus the



188 Orban’s Oral Histology and Embryology
Dentin
Cementum Lamellated bone
Periodontal
ligament
(intermediate
plexus)
Reversal line
Bundle bone

Figure 9.17 Mesial alveolar wall where alveolar bone proper
consists mostly of lamellated bone and islands of bundle
bone, which anchor principal fibers of periodontal ligament.

continual apposition of bone can be recognized by rest-
ing lines separating parallel layers of bundle bone. When
the bundle bone has reached a certain thickness, it is
resorbed partly from the marrow spaces and then re-
placed by lamellated bone or spongy trabeculae. The
presence of bundle bone indicates the level at which the
alveolar fundus was situated previously.

AGE CHANGES

The age changes are described in detail in Chapter 17 on
Age Changes in Oral Tissues. However a brief mention
of the age changes is given below.

Alveolar bone loss occurs and marrow space increases.
Marrow shows more adipose tissue. There is an apparent
increase in size of the maxillary sinus.

CLINICAL CONSIDERATIONS

Bone, although one of the hardest tissues of the human
body, is biologically a highly plastic tissue. Where bone is
covered by a vascularized connective tissue, it is exceed-
ingly sensitive to pressure, whereas tension acts generally
as a stimulus to the production of new bone. It is this bio-
logic plasticity that enables the orthodontist to move teeth
without disrupting their relations to the alveolar bone.
Bone is resorbed on the side of pressure and apposed on
the side of tension; thus the entire alveolus is allowed to
shift with the tooth. It has been shown that on the pres-
sure side there is an increase in the level of cyclic adenos-
ine monophosphate (cAMP) in cells. This may play some
role in bone resorption. At sites of alveolar bone compres-
sion, osteoclasts proliferate and initial resorption of the

superficial bone takes place. It is believed that, the initial
response may involve osteoblasts which can produce col-
lagenolytic enzymes to remove a portion of unmineralized
extracellular matrix, thereby, facilitating access of osteo-
clast precursors to the bone surface. Osteoblastic cells also
produce cytokines and chemokines, which can attract
monocyte precursors and promote osteoclast differentia-
tion. In quiescent areas, retraction or apoptotic death of
bone lining cells will expose the mineralized bone surface
to osteoclasts.

At sites of tension, osteoblasts are activated to produce
osteoid that subsequently mineralizes to form new bone.

The adaptation of bone to function is quantitative as
well as qualitative. Whereas, increase in functional forces
leads to formation of new bone, decreased function
leads to a decrease in the volume of bone. This can be
observed in the supporting bone of teeth that have lost
their antagonists. Here the spongy bone around the al-
veolus shows pronounced rarefaction. The bone trabecu-
lae are less numerous and very thin (Fig. 9.18). The al-
veolar bone proper, however, is generally well preserved
because it continues to receive some stimuli from the
tension of the periodontal tissues.

During healing of fractures or extraction wounds, an
embryonic type of bone is formed, which only later is
replaced by mature bone. The embryonic bone also
called immature or coarse fibrillar bone, is character-
ized, among other aspects, by the greater number, size
and irregular arrangement of the osteocytes than are
found in mature bone (Fig. 9.3). The greater number of
cells and the reduced volume of calcified intercellular
substance render this immature bone more radiolucent
than mature bone. This explains why bony callus cannot
be seen in radiographs at a time when histologic exami-
nation of a fracture reveals a well-developed union be-
tween the fragments and why a socket after an extraction
wound appears to be empty at a time, when it is almost
filled with immature bone. The visibility in radiographs
lags 2 or 3 weeks behind actual formation of new bone.

The most frequent and harmful change in the alveolar
process is that which is associated with periodontal disease.
The bone resorption is almost universal, occurs more fre-
quently in posterior teeth, is usually symmetrical, occurs in
episodic spurts, is both of the horizontal and vertical type
(i.e. occurs from the gingival and tooth side, respectively),
and is intimately related to bacterial plaque and pocket for-
mation. It has been shown, for example, endotoxins pro-
duced by the gram-negative bacteria of the plaque lead to an
increase in cAMP, which increases the osteoclastic activity.

Resorption after tooth loss has been shown to follow a
predictable pattern. The labial aspect of the alveolar
crest is the principal site of resorption, which reduces
first in width and later in height.

The pattern of resorption is different in the maxilla and
mandible. The residual alveolar ridge resorbs downward
and outward in the mandible, whereas, in the maxilla the
resorption is upwards and inwards. Nontraumatic loss of
anterior maxillary teeth is followed by a progressive loss of
bone mainly from the labial side. In the deciduous denti-
tion, loss of a retained second deciduous molar, which has
no succedaneous permanent tooth to replace it, is also as-
sociated with bone loss. The cause for resorption of alveo-
lar bone after tooth loss has been assumed to be due to
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Figure 9.18 Osteoporosis of alveolar process caused by inactivity of tooth that has no antagonist. Labiolingual sections through
upper molars of same individual. (A) Disappearance of bony trabeculae after loss of function. Plane of mesiobuccal root. Alveo-
lar bone proper remains intact. (B) Normal spongy bone in plane of mesiobuccal root of functioning tooth (From Kellner E:

Z Stomatol 18:59, 1920).

disuse atrophy, decreased blood supply, localized inflam-
mation or unfavorable prosthesis pressure. Alveolar ridge
defects and deformities can also be the result of congenital
defects, trauma, periodontal disease or surgical ablation, as
in the case of tumor surgery.

Lamina dura is an important diagnostic landmark in
determining health of the periapical tissues. Loss of den-
sity usually means infections, inflammation and resorp-
tion of bone socket.

THERAPEUTIC CONSIDERATIONS

Traditional treatment methods for promoting bone heal-
ing primarily utilize bone grafts or synthetic materials to
fill the defects and provide structural support.

Bone grafting to stimulate bone deposition has been
used in periodontal surgery since the 1970s. It involves a
surgical procedure to place bone or bone substitute ma-
terial into a bone defect with the objective of producing
new bone and possibly the regeneration of periodontal
ligament and cementum.

Autografts utilize the patient’s bone, which can be
obtained from intraoral or extraoral sites. They are the
best materials for bone grafting, are very well accepted by
the body and may produce the fastest rate of bone
growth; however, there is the potential risk of additional
discomfort and a secondary procedure. With autografts,
the patient is assured of protection from disease trans-
mission and/or immune reaction.

Allografts are obtained from another human source, typi-
cally highly processed bone powder from human cadavers.

The age and health of the donor can affect the rate of bone
regeneration. The risk of disease transmission and/or rejec-
tion is handled by processing and quality control. The al-
lografts are freeze-dried at ultra-low temperatures and dried
under high vacuum. They are available either demineralized
or non-demineralized. Unlike synthetic bone, which only
provides scaffolding for osteoconduction, allografts include
growth factors which are also osteoinductive. Allografts in-
duce bone growth and provide an environment that in-
creases the body’s regenerative process.

Xenografts are obtained from animal sources; usually
cows and/or pigs. They include processed animal bone
or growth proteins. Again, the risk of disease transmis-
sion and/or rejection is reduced by processing.

The drawbacks of using bone grafts include a lack of
viable bone tissue available for autografts and allografts
transplantation and potential disease transmission with
allografts and xenografts.

In cases where bone grafts from human or animal
sources are not feasible, synthetic graft materials (allo-
plasts) are used.

Synthetic bone grafting materials

Examples of synthetic materials include natural and syn-
thetic hydroxyapatites, ceramics, calcium carbonate (natural
coral), silicon-containing glasses, and synthetic polymers.

Synthetic materials carry no risk of disease transmission
or immune system rejection. They help create an environ-
ment that facilitates the body’s regenerative process.

A guided tissue regeneration approach has evolved which
is an epithelial exclusionary technique. This technique fa-
cilitates the cells of the periodontal ligament to differentiate
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into osteoblasts, cementoblasts and fibroblasts resulting in
regeneration of the lost periodontium. It involves use of
membranes, nonresorbable and/or resorbable, which pre-
vent the downgrowth of the epithelium thereby promoting
regeneration. Example of a resorbable material is collagen
and nonresorbable material is ePTFE (expanded polytetra-
fluoroethylene) membrane.

Biologically mediated strategies

Biologically mediated strategies include materials, such as
enamel matrix proteins, that can be premixed with vehicle
solution. They are intended as an adjunct to periodontal
surgery for topical application onto exposed root surfaces
or bone to treat intrabony defects and furcations due to
moderate or severe periodontitis. Enamel matrix protein
leave only a resorbable protein matrix on the root surface,
which makes bone more likely to regenerate. These bone
morphogenetic proteins help to initiate a cascade of
events leading to the differentiation of progenitor cells
into phenotypes involved in periodontal regeneration.
Bone tissue engineering has emerged as a new therapeu-
tic alternative to promote bone healing. This approach
aims to regenerate or repair bone tissue with various com-
binations of polymeric scaffolds, cells and inductive factors
into a system that actively stimulates tissue formation.
Scaffolds are of two types:

— Which simply guide and support bone regeneration—
Osteoconductive

— Which actively stimulate bone regeneration via the
delivery of inductive factors—Osteoinductive.

These scaffolds are a porous composite material com-
posed mainly of hydroxyapatite in a collagen I matrix.
These materials promote osteoblasts and osteoprogeni-
tor cell attachment and differentiation to enhance bone
tissue formation.

Other materials used for bone tissue engineering
include synthetic, biocompatible and biodegradable
polymers such as poly (lactide-co-glycolide)

— For filling small defects, injectable polymers such as
alginate or poly(ethylene glycol) are preferred.

Cells. Osteoblasts and osteoprogenitor cells have been
incorporated into various scaffolds to enhance bone repair.
These cells must be obtained from patient or donor. Stem
cells derived from bone marrow periosteum, adipose tissue,
skeletal muscle or baby teeth can be induced to differenti-
ate into diverse cell types such as muscle, nerve, cartilage,
bone and fat.

Direct or gene therapy approaches to the delivery of
osteoinductive factors are also promising approaches for
bone regeneration.

Controlled release of proteins from a polymeric
scaffold allows localized sustained protein delivery
and may be a more effective means to enhance bone
formation.

Delivery of BMP-2 from absorbable collagen sponge
induces bone formation and heals bony defects. BMP-2
can also be delivered from synthetic materials such as
poly(ethylene glycol) hydrogels to promote repair of
bone defects. Other than BMP-2, sustained release of
FGF-2 and IGF-1 can also accelerate bone formation.

Bone is a mineralized connective tissue with a relatively flex-
ible character and compressive strength. The property of
plasticity allows it to be remodeled according to the func-
tional demands placed on it.

Classification of Bones

Bones are classified as long, short, flat and irregular based
on the shape. They are also termed mature, immature, com-
pact and cancellous depending on the microscopic structure.
Based on their development bones are classified as endo-
chondral and intramembranous.

Inorganic and Organic Constituents of Bone
The mineral component of bone is predominantly made up of
hydroxyapatite crystals. The organic component is predomi-
nantly made up of type | collagen followed by type V colla-
gen and noncollagenous proteins. Osteocalcin, osteopontin,
bone sialoprotein and osteonectin are the predominant non-
collagenous proteins present in the bone. The matrix also
contains proteases and a variety of cytokines.

Histology of Bone

All bones are made up of an outer compact bone and central
medullary cavity. The cavity has red or yellow bone marrow
and a network of bony trabeculae, i.e. spongy bone. The
outer part of compact bone is surrounded by periosteum. The
inner surface of compact and cancellous bone is covered by
endosteum.

Osteon is the basic metabolic unit of bone, which is made
up of a central haversian canal surrounded by concentric
lamellae. Circumferential lamellae are present at the perios-
teal and endosteal surfaces in parallel layers. Adjacent ha-
versian systems are connected by Volkmann's canals. Regu-
larly appearing resting lines, which denote the rest period,
and irregularly appearing reversal lines denoting the junction
between bone resorption and bone formation is seen.

Bone Cells
The cells in bone are the osteoblasts, osteoclasts and osteocytes.

Osteoblasts

Osteoblasts are plump cuboidal cells having all the organ-
elles for protein synthesis. Osteoblasts secrete the organic
components of bone matrix. cbfal is a transcriptional factor
essential for osteoblast differentiation. The activity of osteo-
blasts is regulated by hormones like PTH, vitamin D3, growth
hormone and insulin. The other factors are BMPs, IGF-1 and

2, FGF, TGF and PDGF.

Osteocytes

After completion of the function, osteoblasts remain on the
surface as lining cells or get entrapped within the matrix, o
become the osteocytes. Osteocytes have an interconnecting
system through canaliculi with the overlying osteoblasts and
neighboring osteocytes, thus maintaining the vitality and in-
tegrity of bone.



Osteoclasts
Osteoclasts are the bone resorbing cells derived from hemo-
poietic cells of monocyte-macrophage lineage. They appear
as multinucleated giant cells and occupy cavities on the sur-
face of bone called Howship's lacunae. They develop a ruffled
border and area devoid of organelles and containing smooth
plasma membrane called sealing zone close to the resorbing
surface of bone. RANKL and M-CSF secreted by osteoblasts
and stromal cells are required for the formation of osteoclast.
Interaction between RANKL and RANK on the surface of osteo-
clast precursors is necessary for the differentiation of the cell.
Factors regulating osteoclast activity are estrogen, PTH,
vitamin D3 and calcitonin. The other factors are interleukins,
bisphosphonates and prostaglandins.

Bone Formation

Bone formation is intramembranous or endochondral. In in-
tramembranous formation, bone is directly formed within a
vascular, fibrous membrane. Endochondral bone formation is
preceded by the formation of a hyaline cartilaginous model
that is replaced by bone.

Intramembranous Bone Formation

In the intframembranous bone formation bony spicules that
form initially grow and unite to form trabeculae, which extend
in a radial direction enclosing blood vessels. This immature
bone is called woven bone. It has intertwined collagen fibers
and a lower mineral density compared to mature bone called
lamellar bone; which has an orderly arrangement of collagen
fibers and a higher mineral content.

Endochondral Bone Formation

In the endochondral bone formation the cartilage grows by
interstitial and appositional growth. Capillaries grow into the
cartilage and the inner cellular layer of the perichondrium
differentiates into osteoblast forming bone. The bone along
with blood vessels called periosteal bud form primary ossifica-
tion center. The medullary cavity is produced by osteoclastic
resorption and secondary ossification centers containing car-
tilage remains at the growing ends of bone or the epiphyses.

Mineralization of Bone

Various factors confribute to conditions that may favor calcifica-
tion. Theories that have been put forward to explain the mecho-
nism of calcification are Nucleation theory, Matrix vesicle theory
and Alkaline phosphatase theory. Matrix vesicles, which accu-
mulate calcium, lay down apatite in relation to collagen fibrils,
phosphoproteins like osteonectin help in this process.

Bone Resorption

Bone resorption is brought about by osteoclasts and TRAP plays
an important role in the resorptive mechanism. Hydrochloric acid
released by the osteoclast dissolves the apatite and the organic
maitrix is removed by proteolytic enzymes like cathepsinK. The
free organic and inorganic particles are endocytosed by osteo-
clast packed info membrane bound vesicles and released by
exocytosis. TRAP helps in regulation of osteoclast adhesion to
bone, its migrafion to adjacent site and also fuse with the re-
sorbed material within osteoclast for its subsequent disposal.

Bone Remodeling

In order fo maintain stability and integrity of bone, it constantly
undergoes remodeling. About 10% of bone material is re-
newed each year. This process is brought about by osteoclasts

Chapter 9 — Bone 191

and osteoblasts. Osteoclasts resorb bone by tunneling through
it. These are called cutting cone. After its activity ceases, osteo-
blasts lay down bone forming new haversian systems called
filling cone. PTH, vitamin D, growth factors, bacterial products
like lipopolysaccharides are the important mediators of bone
remodeling.

Markers for Bone Turnover

The important markers for bone turnover include serum alka-
line phosphates for bone formation, urinary calcium and hy-
droxyproline for bone resorption, and serum 32 microglobu-
lin for bone remodeling

Alveolar Bone

Alveolar process is a part of the maxilla and mandible that
forms and supports the sockets of the teeth. It is classified as
alveolar bone proper and supporting alveolar bone.

Alveolar Bone Proper

The alveolar bone proper forms the inner wall of the socket.
The alveolar bone proper is made up of lamellated and
bundle bone. Into the bundle bone bundles of Sharpey’s fi-
bers are attached and continue into it. The alveolar bone
proper is also called cribriform plate because many vessels
and nerves penetrate it. Radiographically, it is also called
lamina dura because it is an area of increased radiodensity
due fo increased bone thickness.

Supporting Alveolar Bone

The supporting alveolar bone consists of cortical plates and
spongy bone. The arrangements of trabeculae in the spongy
bone are of two types: a regularly arranged type | and an
irregularly arranged type II.

Alveolar Bone Formation and Resorption

Due to continuous eruption of teeth called physiological me-
sial drift alveolar bone undergoes internal reconstruction;
bone forms on the distal side and resorbs on the mesial side.
This plasticity of bone also enables orthodontic movement
possible. Bone is resorbed on the side of pressure and depos-
ited on the side of tension. In the healing of fractures, a bony
callus is formed which is an embryonic type of bone with less
amounts of calcified intercellular substance.

Alveolar process is resorbed in periodontal disease and is
both of horizontal and vertical type. Resorption after tooth
loss is downward and outward in the mandible, but in the
maxilla it is upwards and inwards.

Alveolar bone is dependant on the presence of teeth for its
development. In the absence of teeth, alveolar bone is poorly
developed.

Therapeutic Considerations
Bone grafts or synthetic materials are used to fill the bony
defects and provide structural support.

In guided tissue regeneration, materials like collagen are
used to support natural bone formation processes. The
success of GTR technique is not always predictable and this
approach is limited in its application.

Enamel matrix proteins have been used as an adjunct to
periodontal surgery for topical application onto exposed root
surfaces or fo treat intrabony defects.

Bone tissue engineering is a multidisciplinary field with a
potential to replace tissues lost as a result of trauma, cancer
surgery or organ dysfunction.
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REVIEW QUESTIONS

. How are the bones classified?
. Which are the noncollagenous proteins in bone?
. Describe the structure of an osteon.
. Describe the structure and functions of osteoblasts.
. What are the factors regulating osteoblast and osteo-
clast formation?
How does osteoblasts influence the formation of
osteoclast?
7. Describe the structure of osteoclast.
8. How does an osteoblast get transformed into an
osteocyte?
9. What is appositional growth?
10. What is a mixed spicule?
11. How is the secondary ossification center formed in
endochondral bone formation?
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Body cavities that communicate with the external surface
are lined by mucous membranes, which are coated by
serous and mucous secretions. The surface of the oral
cavity is 2 mucous membrane. The oral mucosa is con-
tinuous with the skin of the lip through the vermilion
border. Posteriorly it is continuous with the mucosa of
the pharynx. Its structure varies in an apparent adapta-
tion to function in different regions of the oral cavity.
Areas involved in the mastication of food, such as the
gingiva and the hard palate, have a much different struc-
ture than does the floor of the mouth or the mucosa of
the cheek.
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CLASSIFICATION OF ORAL MUCOSA

The classification based on these functional criteria, divides
the oral mucosa into three major types:

1. Masticatory mucosa (gingiva and hard palate)

2. Lining or reflecting mucosa (lip, cheek, vestibular
fornix, alveolar mucosa, floor of mouth and soft
palate)

3. Specialized mucosa (dorsum of the tongue and taste
buds)



The masticatory mucosa is bound to bone and does
not stretch. It bears forces generated when food is
chewed. The lining mucosa is not equally exposed to
such forces. However, it covers the musculature and is
distensible, adapting itself to the contraction and re-
laxation of cheeks, lips, and tongue and to movements
of the mandible produced by the muscles of mastica-
tion. It makes up all the surfaces of the mouth except
for the dorsum of the tongue and the masticatory
mucosa.

The specialized (sensory) mucosa is so called because
it bears the taste buds, which have a sensory function.

These will be discussed in detail in subsequent para-
graphs. Two areas with a slightly different structure—the
dentogingival junction (the attachment of the gingiva to
the tooth) and the red zone or vermilion border of the
lips will also be discussed (Table 10.1).

FUNCTIONS OF ORAL MUCOSA

The oral mucosa has many important functions.

Defense

The integrity of the oral epithelium is an effective barrier
for the entry of the microorganisms. It should be noted
that the oral cavity being an ‘ideal incubator’, harbors a
wide variety of organisms. These commensal organisms
become pathogenic if the host defense is compromised.
Infection occurs if the epithelial integrity is broken down
resulting in bacterial invasion or if their toxins are al-
lowed to seep through the epithelium. The oral mucosa
is impermeable to bacterial toxins. It also secretes anti-
bodies and has an efficient humoral and cell mediated
immunity.

Lubrication

The secretion of salivary glands keeps the oral cavity
moist and thus prevents the mucosa from drying and
cracking thereby ensuring an intact oral epithelium. A
moist oral cavity helps in speech, mastication, swallowing
and in the perception of taste.

Sensory

The oral mucosa is sensitive to touch, pressure, pain and
temperature. The sensitivity of these sensations vary in
different regions. Generally these are better appreciated
in the anterior part of the mouth. The sensation of taste
is a unique sensation, felt only in the anterior 2/3rd of
the dorsum of the tongue. Swallowing, gagging, retching

Table 10.1 Classification of Oral Mucosa

A. BASED ON FUNCTION
1. Masticatory mucosa
2. Lining mucosa
3. Specialized mucosa
B. BASED ON TYPE OF EPITHELIUM
1. Keratinized
2. Nonkeratinized
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and salivating reflexes are initiated by receptors in the
oral mucosa. Touch sensations in the soft palate result
in gag reflex.

Protection

The oral mucosa protects the deeper tissues from me-
chanical forces resulting from mastication and from
abrasive nature of foodstuffs.

DEFINITIONS AND GENERAL
CONSIDERATIONS (Flowchart 10.1)

The oral mucosa consists of epithelium and connective
tissue termed lamina propria. The oral mucosa is at-
tached by a loose connective tissue termed submucosa to
the underlying structure which may be bone or muscle
(Fig. 10.1). The oral mucosal epithelium is of stratified
squamous type.

Comparison of Oral Mucosa with Skin
and Intestinal Mucosa

Thus, the structure of the oral mucous membrane
resembles the skin in many ways. It is also composed
of two layers, epithelium and connective tissue. These
layers are analogous to the epidermal and dermal lay-
ers of the skin. It is also similar to intestinal mucosa in
that it has an epithelium, lamina propria, and is at-
tached by the submucosa to the underlying muscles.
However, an intervening layer of smooth muscles and
elastic fibers termed muscularis mucosae is present
between lamina propria and submucosa in the intesti-
nal mucosa (Fig. 10.2). The epithelium of the skin is
always orthokeratinized, but the oral mucosal epithe-
lium depending on the region; may be nonkeratinized
and if keratinized, the keratinization may be ortho or
parakeratinized. Unlike skin, oral epithelium lacks a
layer, termed stratum lucidum. The content of dermis
and lamina propria differ considerably. Skin append-
ages; namely the hair follicles, sebaceous glands and
sweat glands are not seen in the lamina propria. Like-
wise, salivary glands are not seen in the dermis. The
two layers, epithelium and connective tissue form an
interface that is folded into corrugations. Papillae
of connective tissue protrude toward the epithelium
(Fig. 10.2) carrying blood vessels and nerves. Although
some of the nerves actually pass into it, the epithelium
does not contain blood vessels. The epithelium, in
turn, is formed into ridges that protrude toward the lam-
ina propria. These ridges interdigitate with the papillae
and are called epithelial ridges. When the tissue is sec-
tioned for microscope, these ridges look like pegs as they
alternate with the papillae, forming a serpentine inter-
face. At one time, the epithelial ridges were mistakenly
called epithelial pegs.

The two tissues are intimately connected. At their
junction there are two different structures with very
similar names, the basal lamina and the basement
membrane. The basal lamina is evident at the electron
microscopic level and is epithelial in origin (Fig. 10.3).
The basement membrane is evident at the light micro-
scopic level.
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Flowchart 10.1  Structure of oral mucosa.
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Figure 10.1 Diagram of oral mucous membrane (epithelium, lamina propria, and submucosa).

Basement Membrane with the periodic acid-Schiff method, indicating that it

The interface between the connective tissue and the  contains neutral mucopolysaccharides (glycosaminogly-
epithelium in light microscope appears thick and it in-  cans). Ultrastructurally, basement membrane is called
cludes the reticular fibers. It is a zone thatis 1 to 4 um  basal lamina, but it is not just a membrane but it is a
wide and is relatively cell free. This zone stains positively ~ basal complex consisting of lamina and fibers. The basal
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Figure 10.2 Diagrammatic representation of (A) Intestinal mucosa. (B) Oral lining mucosa. (C) Oral masticatory mucosa.

lamina is made up of a clear zone (lamina lucida) just
below the epithelial cells and a dark zone (lamina
densa) beyond the lamina lucida and adjacent to the
connective tissue (Fig. 10.3). Anchoring fibrils, which
contain type VII collagen, form loops and are inserted
into the lamina densa. Collagen fiber of type I and II
run through these loops. Lamina densa contains type IV
collagen coated with heparin sulfate in chicken wire
(net like) configuration. Lamina lucida is a 20-40 nm
wide glycoprotein layer and it contains type IV collagen
and an antigen bound by the antibody KF-1. The lamina
lucida has been shown to contain laminin and bullous
pemphigoid antigen. Laminin is a large, triple-chain
molecule (Mr = 10°). Laminin and type IV collagen
promote epithelial cell growth. Basement membranes
promote differentiation. They also promote peripheral
nerve regeneration and growth, and they tend to pre-
vent metastases.

Lamina Propria

The lamina propria may be described as a connective
tissue of variable thickness that supports the epithe-
lium. It is divided for descriptive reasons into two
parts—papillary and reticular. The papillary portion is
between the epithelial ridges and the reticular portion
is below it. The reticular layer was thought to contain
fine immature argyrophilic (silver staining) reticular
fibers. The reticular layer contains net like arrange-
ment of collagen fibers. The presence of reticular fibers
in this layer is questioned.

Since there is considerable variation in length and width
of the papillae in different areas, the papillary portion is
also of variable depth. The two portions are not separate.
They are a continuum, but the two terms are used to de-
scribe this region in different ways. The reticular zone is
always present. The papillary zone may be absent in some
areas such as the alveolar mucosa when the papillae are
either very short or lacking.

The interlocking arrangement of the connective tis-
sue papillae and the epithelial ridges and the even finer
undulations and projections found at the base of each
epithelial cell increases the area of contact between the
lamina propria and epithelium (Fig. 10.4). This addi-
tional area facilitates exchange of material between
the epithelium and the blood vessels in the connective
tissue.

In oral mucosa, the ground substance in the lamina
propria like elsewhere contains glycoproteins and proteo-
glycans. Hyaluronan, heparan sulfate, versican, decorin,
biglycan and syndecan are the important proteoglycans
present. Apart from fibroblasts, mast cells and macro-
phages are present in the lamina propria.

The collagen fibers in the lamina propria are of
types I and III. The presence of elastic fibers in the
lining mucosa helps to restore tissue form after stretch-
ing. Elastic fibers do not form bundles like collagen
fibers.

The lamina propria may attach to the periosteum of
the alveolar bone, or it may overlay the submucosa,
which varies in different regions of the mouth such as
the soft palate and floor of the mouth (Table 10.2).
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Figure 10.3 Ultrastructure of basal lamina. (A) Hemidesmosomes (arrowheads) at the plasma membrane of basal cells.

(B) Diagrammatic representation of the details of the complex.

Submucosa

The submucosa consists of connective tissue of varying
thickness and density. It attaches the mucous membrane
to the underlying structures. Whether this attachment is
loose or firm depends on the character of the submu-
cosa. Glands, blood vessels, nerves, and also adipose tis-
sue are present in this layer. Compared to skin blood
supply to the oral mucosa is profuse and among the vari-
ous regions blood flow to the gingiva is greatest.

Itis in the submucosa that the larger arteries divide into
smaller branches, which then enter the lamina propria.
Here they again divide to form a subepithelial capillary
network in the papillae. The veins originating from the
capillary network course back along the path taken by the
arteries. The blood vessels are accompanied by a rich net-
work of lymph vessels. The sensory nerves of the mucous
membrane tend to be more concentrated toward the an-
terior part of the mouth (rugae, tip of tongue, etc.). The
nerve fibers are myelinated as they traverse the submucosa
but lose their myelin sheath before splitting into their end

arborizations. Sensory nerve endings of various types are
found in the papillae (Fig. 10.5A). Specialized receptors
for cold (Krause end bulbs), touch (Meissner’s corpus-
cles) and free nerve endings (pain receptors) are found.
The organized mechanoreceptive corpuscles are present
in the mucosae of gingiva, cheek, tongue and soft and
hard palate. They are elongated or globular in shape, be-
ing located in the connective tissue papillae. The capsule
is composed of several layers of cytoplasmic extensions of
perineural cells. Numerous bundles of collagen fibers are
noted at the periphery of the corpuscle. Free nerve end-
ings are surrounded by a thin cytoplasm of Schwann cells.
Some of the fibers enter the epithelium, where they termi-
nate between the epithelial cells as free nerve endings
(Fig. 10.5B). Nerve endings in the epithelium are often
associated with Merkel cells.

The blood vessels are accompanied by nonmyelinated
visceral nerve fibers that supply their smooth muscles.
Other visceral fibers supply the glands.

In studying any mucous membrane, the following
features should be considered: (1) type of covering
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Figure 10.4 (A) Photomicrograph of human gingival epithelial cells, Ep. Pedicles, Ped, are present at base of basal cells and
extend toward connective tissue, CT. Tonofibrils, Tfb, are evident both in cells and apparently coursing across intercellular
bridges, ICB. (B) Electron micrograph of rat gingiva. Several basal cells with apparent pedicles, Ped, extending toward connec-
tive tissue, CT, but separated from it by basal lamina, BL, which is barely visible. Fibroblasts, Fi, may be noted within connective
tissue. Epithelial cells contain prominent nucleus, Nu, and are demarcated from adjacent cells by lighter appearance of intercel-
lular spaces, ICS. Small, round, light areas in epithelial cells are mitochondria, M. Pedicles, Ped, in this electron micrograph are
of a much smaller dimension than larger undulations of basal cell surface outlined by arrows at HD. These, in turn, are smaller
than ridges shown in Figure 10.4 A (A,X 1400) (From Stern IB: Periodontics 3:224, 1965).

Table 10.2 Contents of the Lamina Propria

1. Ground substance
2. Fibers
Collagen Fibers
Elastic Fibers
3. Cells
Fibroblasts
Mast cells
Macrophages
Inflammatory cells
4. Blood vessels and nerves

epithelium—the degree of keratinization and the thick-
ness of epithelium, (2) structure of the lamina propria,
its density and thickness, and the presence or lack of
elasticity, (3) the form of junction between the epithe-
lium and lamina propria, and (4) the membrane’s fixa-
tion to the underlying structures, that is, the submucous
layer. Considered as a separate and well-defined layer,
submucosa may be present or absent. Looseness or
density of its texture determines whether the mucous
membrane is movably or immovably attached to the
deeper layers. Presence or absence and location of adi-
pose tissue or glands should also be noted (Table 10.3).

STRUCTURE OF THE ORAL EPITHELIUM

The epithelium of the oral mucous membrane is of
the stratified squamous variety. It may be keratinized
(orthokeratinized or parakeratinized) or nonkeratinized,
depending on location. In humans the epithelial tissues

of the gingiva and the hard palate (masticatory mucosa)
are keratinized (Fig. 10.6A), although in many individu-
als the gingival epithelium is parakeratinized (Fig. 10.6C).
The cheek, faucial, and sublingual tissues are normally
nonkeratinized (Fig. 10.6B). Both the keratinized and
the nonkeratinized epithelium consists of two groups of
cells namely the keratinocytes and the nonkeratinocytes.
These will be dealt in detail later in this chapter.

Cytokeratins

Cytokeratins (CK) form the cytoskeleton of all epithelial
cells, along with microfilaments and microfibrils. Cyto-
keratins are seen not only within the cell but also in cell
contact areas like desmosomes. They serve to provide
mechanical linkages and distribute the forces over a wide
area. They function as stress bearing structures within
the epithelial cell and are important in maintaining cell
shape. Cytokeratins are termed intermediate filaments as
their diameter (7-11 nm) is intermediate between the
larger microtubules (25 nm) and smaller microfilaments
(4-6 nm). The molecular weights of cytokeratins how-
ever vary widely from 40 to 200 Kda than microtubules
(b5 Kda) and microfilaments (25 Kda).

About 20 types of cytokeratin are recognized. They can
be classified into two main types: type I (basic cytokeratins)
and type II (acidic cytokeratins). They have been assigned
numbers: type I (1-8) and type II (9-20). Cytokeratins
always occur in pairs of combination of type I with type II.
In the absence of its pair they are unstable and are suscep-
tible to degradation by proteases. Cytokeratin profile re-
flects both cell type and differentiation status in different
types and different layers of epithelia. For example, the
suprabasal layers of masticatory mucosa express CK1 and
10, whereas CK4 and 13 are expressed by suprabasal cells
of lining mucosa. Among the nonkeratinized epithelium,
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Figure 10.5 (A) Meissner tactile corpuscle in human gingiva (silver impregnation after Bielschowsky-Gros). (B) Intraepithelial
‘ultraterminal’ extensions and nerve endings in human gingiva (silver impregnation after Bielschowsky-Gros) (From Gairns FW

and Aitchison JA: Dent Rec 70:180, 1950).

Table 10.3 Major Contents of Submucosa

1. Salivary glands
2. Blood vessels

3. Nerves

4. Adipose tissue

Cornified _ .

layer

Granular —=—
layer

Parakeratotic
layer

Prickle
cells

regional variations in cytokeratin expression have been
observed; ventral surface of tongue express CKb, 6 and 14
but soft palate express CK7, 8 and 18.

Keratinized Epithelium

Keratinizing oral epithelium has the keratinocytes ar-
ranged in four cell layers: basal, spinous, granular, and

- %

Surface .
cell layer _ﬁ_
' ) 2

Intermediate
layer (prickle

cells) .

—_Basal
layer

Figure 10.6 Variations of gingival epithelium. (A) Keratinized. (B) Nonkeratinized. (C) Parakeratinized.



cornified. These are also referred to in Latin as stratum
basale, stratum spinosum, stratum granulosum, and stratum
corneum (Fig. 10.7). These layer stake their names from
their morphologic appearance. A single cell is, at differ-
ent times, a part of each layer. After mitosis, it may
remain in the basal layer and divide again or it may be-
come determined, during which time it migrates and is
pushed upward. During its migration as a keratinocyte it
becomes committed to biochemical and morphologic
changes. This is termed as differentiation. Differentiation
ends with the formation of a keratinized squama, a dead
cell filled with densely packed protein contained within
a toughened cell membrane. After reaching the surface
it is shed or cast off. This process of shedding of surface
epithelial cells is called desquamation. The process of cell
migration from the basal layer to the surface is called
maturation. The time taken for a cell to divide and pass
through the entire epithelium is termed turnover time or
turnover rate. The turnover time in oral mucosa is faster
than skin but slower than intestinal mucosa. Regional
differences in the turnover time do exist within oral cav-
ity. Turnover time of nonkeratinized oral epithelium is
faster than keratinized oral epithelium.

Maturing cells produce growth inhibitors that restrict
it from further cell division. There is evidence for EGF
and TGF alpha in promoting cell proliferation and dif-
ferentiation.

During migration cells increase in size and shape, more
so in nonkeratinized epithelium than in keratinized epi-
thelium. Increase in the synthesis of tonofilament occurs
much more in keratinized epithelium. The tonofilaments
are not only fewer in number but also not aggregated into
bundles in the nonkeratinized epithelium.

This whole process from the onset of determination is
called keratinization. A determined keratinocyte can no

Keratohyaline
granules

Membrane-coating
granules

Tonofibrils
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longer divide. It can only differentiate. For the tissue to
remain in a steady state, undifferentiated cells must re-
main in the basal layer and form one differentiated cell
for each cell that desquamates.

Stratum basale

The basal layer is made up of a single layer of cuboidal
cells. The basal layer is made up of cells that synthesize
DNA and undergo mitosis, thus providing new cells
(Fig. 10.8). New cells are generated in the basal layer.
However, some mitotic figures may be seen in spinous
cells just beyond the basal layer. These cells have become
determined as they leave the basal layer. The basal cells
and the parabasal spinous cells are referred to as the
stratum germinativum but only the basal cells can divide.

Basal cells show ribosomes and elements of rough-
surfaced endoplasmic reticulum, indicative of protein-
synthesizing activity. Basal cells synthesize some of the
proteins of the basal lamina. They also synthesize pro-
teins, which form the intermediate filaments of the
basal cells.

It has been proposed that the basal cells are made up
of two populations. One population is serrated and
heavily packed with tonofilaments, which are adapta-
tions for attachment, and the other is nonserrated and
is composed of slowly cycling stem cells. The stem cells
give rise to slowly dividing cells which serve to protect
the genetic information to the tissue and a large num-
ber of amplifying cells which increase the number of
cells for maturation.

The serrated basal cells are a single layer of cuboid
or high cuboid cells that have protoplasmic processes
(pedicles) projecting, from their basal surfaces toward
the connective tissue (Fig. 10.4). Specialized structures
called hemidesmosomes, which abut on the basal lamina

Keratinized
surface layer

Granular
intermediate
layer

Prickle cell
layer

Basal layer

Figure 10.7 Diagram showing details of the different cell layers of the orthokeratinized epithelium.
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Figure 10.8 (A) Arrangement of labeling in oral epithelium 30 minutes after administration of tritiated thymidine. Grains are
localized over nuclei in stratum basale. (B) Oral epithelium showing many mitotic figures (A from Anderson GS and Stern IB:

Periodontics 4:115, 1966).

(Fig. 10.3), are found on the basal surface. They consist
of a single attachment plaque, the adjacent plasma mem-
brane, and an associated extracellular structure that ap-
pears to attach the epithelium to the connective tissue.

The lateral borders of adjacent basal cells are closely
apposed and connected by desmosomes (Fig. 10.9B).
These are specializations of the cell surface, consisting of
adjacent cell membranes and a pair of denser regions
(attachment plaques) as well as intervening extracellular
structures (Fig. 10.10).

The basal cells contain tonofilaments, which course
toward, and in some way are attached to the attachment
plaques. Desmosomes consist of two principal types of
proteins—the transmembranous proteins and proteins
within the cell and related to the attachment plaque.
The transmembrane proteins, the desmogleins and des-
mocollins, are members of the cadherin family. The
desmosomal cadherins are linked to the keratin cytoskel-
eton via several cytoplasmic attachment plaque proteins,
including desmoplakin, plakoglobin (gamma-catenin),
plakophilins, envoplakin and periplakin. Desmosomal
junctions (and hemidesmosomal junctions) which pro-
vide mechanical linkages are frequently seen amongst
oral epithelial cells. Gap junctions are low resistance
junctions and it allows electrical and chemical communi-
cation; are occasionally seen. Tight junctions are not
observed amongst oral epithelial cells.

Stratum spinosum

The spinous cells which make up this layer are irregu-
larly polyhedral and larger than the basal cells. On the
basis of light microscope, it appears that the cells are
joined by ‘intercellular bridges’ (Fig. 10.9A). Tonofibrils
seem to course from cell to cell across these bridges.
Electron microscopic studies have shown that the ‘inter-
cellular bridges’ are desmosomes and the tonofibrils are
bundles of tonofilaments (Fig. 10.11). The tonofilament-
sturn or loop adjacent to the attachment plaques do not

cross over into adjacent cells. It is suspected that an ag-
glutinating material joins them to the attachment
plaques. The desmosome attachment plaques contain
the polypeptides desmoplakin and plakoglobin. Mono-
clonal antibodies to these polypeptides can be used to
detect carcinomas (an epithelial tumor) by immunofluo-
rescent microscope. The intercellular spaces contain
glycoprotein, glycosaminoglycans, and fibronectin.

The tonofilament network and the desmosomes ap-
pear to make up a tensile supporting system for the
epithelium. The percentage of cell membrane occupied
by desmosomes is higher in gingiva and palate than in
alveolar mucosa, buccal mucosa, and tongue. The inter-
cellular spaces of the spinous cells in keratinizing epithe-
lia are large or distended; thus the desmosomes are
made more prominent, and these cells are given a
prickly appearance. The spiny appearance of the spinous
layer is due to the shrinkage of cells during tissue prepa-
ration causing them to separate at points where desmo-
somes do not anchor them together.

The spinous (prickle) cells resemble a cocklebur or
sticker that has each spine ending at a desmosome. of
the four layers, the spinous cells are the most active in
protein synthesis. These cells synthesize additional
proteins that differ from those made in the basal cells.
This change indicates their biochemical commitment to
keratinization. In terms of number and length the des-
mosomes of the spinous layer occupy more of the mem-
brane in the tongue, gingiva, and palate than in either
alveolar or buccal mucosa.

Stratum granulosum

This layer contains flatter and wider cells. These cells are
larger than the spinous cells. This layer is named for the
basophilic keratohyalin granules (blue staining with he-
matoxylin and eosin) (Figs 10.12A to C) that it contains.
The nuclei show signs of degeneration and pyknosis. This
layer still synthesizes protein, but reports of synthesis rates
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Figure 10.9 (A) High magnification light micrograph showing epithelial cells with nuclei, N; intercellular spaces, ICS; tonofibrils,
T; and intercellular bridges, IB. Speckled areas are intercellular bridges (desmosomes) cut tangentially or ‘en face.’ (B) Electron
micrograph of prickle cells of human gingiva. Portions of epithelial cells, E, are evident, separated by intercellular space, ICS.
Several nuclei, N, are evident. Tonofilaments, Tf, are present in cytoplasm and extend toward desmosomes, D, located at
periphery of cells (B from Grant DA, Stern IB, and Listgarten MA: Periodontics in the tradition of Orban and Gottlieb, ed 6,
St Louis, 1988, The CV Mosby Co).

at this level differ. However, as the cell approaches the
stratum corneum, the rate diminishes. Tonofilaments are
more dense in quantity and are often seen associated with
keratohyalin granules (Figs 10.12D to F). Sometimes
dense networks of tonofilaments and keratohyalin gran-
ules are evident. Epidermal and oral keratinocytes express
additional differentiation markers, including filaggrin
and trichohyalin, that associate with the keratin cytoskel-
eton during terminal differentiation. Calcium and reti-
noids influence epithelial differentiation by altering the
transcription of target genes and by regulating activity of
enzymes critical in epithelial differentiation, such as trans-
glutaminases, proteinases, and protein kinases.

In the stratum granulosum the cell surfaces become
more regular and more closely applied to adjacent cell

surfaces. At the same time the lamellar granule, a small
organelle (also known as keratinosome, Odland body or
membrane-coating granule) forms in the upper spinous
and granular cell layers. The membrane coating gran-
ules are glycolipids. It has an internal lamellated struc-
ture (Figs 10.13A and B). Lamellar granules discharge
their contents into the intercellular space forming an
intercellular lamellar material, which contributes to the
permeability barrier (Fig. 10.13C). This barrier forms at
the junction of granular and cornified cell layers. The
intercellular space of this region has a lamellar structure
similar to that of the lamellar granule (Fig. 10.13C) and
contains glycolipid. At approximately the same time
during differentiation, the inner unit of the cell mem-
brane thickens, forming the ‘cornified cell envelope.’
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Figure 10.10 (A) Tonofilaments, Tf, extending to series of desmosomes, D. Tonofilaments are sectioned in long axis (human gin-
giva). (B) Higher magnification of two desmosomes, D, showing substructure. Tonofilaments are cross-sectioned. Intercellular
space, ICS, is bounded by adjacent cell membranes, PM, whose unit membrane is clearly evident (dashed arrow). Unit membranes
form part of substructure of desmosome. (C) Diagrammatic cross-sectioned representation of desmosome and dimensions (in

Angstrém units) of various components (From Stern IB: Periodontics 3:224, 1965).

Several proteins contribute to this structure, of which
involucrin is important. Involucrin and loricrin become
crosslinked by enzyme transglutaminase to form a thin
(10 nm) highly resistant electron dense cornified enve-
lope just beneath the plasma membrane. The orderly
crosslinking of tonofilaments starts first with the cross-
linking of involucrin, periplakin and envoplakin which
form a scaffold on which other proteins like loricrin and
small proline rich protein (SPRR) are added. Influx of
calcium and cell death are said to be the causes for this
formation. Thereafter the thickened membrane con-
tains sulfur-rich proteins stabilized by covalent crosslinks.
It forms a highly resistant structure. All the genes in-
volved in the expression of the proteins of the cornified

envelope are located in the chromosome Iq21 region
and are known as epidermal differential complex.

In nonkeratinizing oral epithelium a small organelle
similar to the lamellar granule forms. The granules dif-
fer in appearance from keratinized and nonkeratinized
epithelium; in being elongated and lamellar in keratin-
ized and circular and amorphous in nonkeratinized
epithelium.

Stratum corneum

The stratum corneum is made up of keratinized squamae,
which are larger and flatter than the granular cells. Thickness
of stratum corneum varies at different sites in the oral cavity
and is thicker than most areas of the skin. Here all of the
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Figure 10.11  Electron micrograph of prickle cell layer of hu-
man gingival epithelium showing intercellular bridges and
tonofibrils. Here desmosomes are cut tangentially or ‘en face’
as shown in light micrograph (Figure 10.9, A). Note relatively
close adaptation of cell processes ending in desmosomes,
D. These processes contain tonofilaments, T, cut on end,
which appear as fine dots. Relatively large intercellular space,
ICS, contains cell-coating material.

nuclei and other organelles such as ribosomes and mitochon-
dria have disappeared (Fig. 10.12D). The layer is acidophilic
(red staining with hematoxylin and eosin) and is histologi-
cally amorphous. The keratohyalin granules have disap-
peared. Ultrastructurally the cells of the cornified layer are
composed of densely packed filaments developed from the
tonofilaments, altered, and coated by the basic protein of the
keratohyalin granule, filaggrin.

The cells of the stratum corneum are densely packed
with filaments in this nonfibrous interfilamentous matrix
protein, filaggrin (named for its function in filament ag-
gregation). Crosslinking of tonofilaments by disulfide
bonds facilitates close packing of the filaments and gives
mechanical and chemical resistance to this layer. When
the purified solubilized matrix protein obtained from
the epithelium is combined with solubilized keratin fila-
ments in vitro, aggregates of matrix and highly oriented
filaments form instantaneously. Their ultrastructural
appearance is similar to that of the contents of the stra-
tum corneum. The active matrix protein, filaggrin, is
derived from a precursor in the keratohyalin granules.
Studies of the interaction of matrix and filaments have
been performed with filaggrin and keratin filaments ob-
tained from epidermis; however, the same proteins can
also be demonstrated in keratinizing oral epithelium.
The keratinized cell becomes compact and dehydrated
and covers a greater surface area than does the basal cell
from which it developed. It does not synthesize protein.
Itis closely applied to adjacent squamae. The cell surface
and desmosomes are altered, and the plasma membrane
is denser and thicker than in the cells of deeper layers.

In orthokeratinization, keratinized squamae form as
has been described. In parakeratinization, the cells re-
tain pyknotic and condensed nuclei and other partially
lysed cell organelles until they desquamate.
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Keratinocytes and Nonkeratinocytes

Keratinocytes

These are epidermal/epithelial cell that synthesizes keratin
and its characteristic intermediate filament protein is
cytokeratin. The above descriptions of cells are those of
keratinocytes. As described earlier, they show cell division,
undergo, maturation and finally desquamate. Keratinocytes
increase in volume in each successive layer from basal to
superficial. The cells of each successive layer cover a larger
area than do the cells of the layers immediately below.

Nonkeratinocytes

The epithelium contains a smaller population of cells that
do not possess cytokeratin filaments; hence they do not
have the ability to keratinize. These groups of cells are
termed nonkeratinocytes. Unlike keratinocytes, nonkerati-
nocytes do not show mitotic activity, undergo maturative
changes or desquamate. They are not arranged in layers
and do not form desmosomal attachments with adjacent
keratinocytes. They are usually dendritic and appear un-
stained or clear in the routine hematoxylin and eosin stains.
They are identified by special stains or by immunocyto-
chemical methods. These cells migrate to the oral epithe-
lium from neural crest or from bone marrow. Melanocytes,
Langerhans cells and Merkel cells are the nonkeratinocytes
found in the oral epithelium. Inflammatory cells often seen
especially in certain regions, like lymphocytes, are also con-
sidered as nonkeratinocytes.

Melanocytes

Melanin is elaborated by specific cells, melanocytes, resid-
ing in the basal layer. The melanocytes are derived from
the embryologic neural crest and migrate into the epithe-
lium (Fig. 10.14). Each melanocyte establishes contact with
about 30—40 keratinocytes through their dendritic pro-
cesses. Melanin produced by the melanocytes are trans-
ferred through their dendritic process to the adjacent
basal cell keratinocytes which store the pigment in the
form of melanosomes. Oral pigmentation can be studied
by use of either the dopa reaction or silver-staining tech-
niques. In the dopa reaction the cells containing tyrosinase
enzyme appear dark. Therefore the melanin-producing
cells, which contain tyrosinase (dopa oxidase), are demon-
strated. Silver stains also dye the melanin pigment. They
are also stained by Mason- Fontana stain. Melanin pigment
dispersed in the connective tissue will be phagocytosed by
the macrophages. These macrophages termed melano-
phages, also stain positively for dopa. Melanocytes appear
as clear cells in hematoxylin sections. Silver stains reveal a
spider like (dendritic) appearance. Thus melanocytes are
referred to as clear cells or dendritic cells.

Keratinocytes release mediators essential for normal
melanocyte function. Melanocytes vary in number in dif-
ferent regions but variation in the degree of pigmentation
(gingivae is highly pigmented), is not related to the num-
bers but is due to their activity, i.e. number, size and dis-
persal of melanosomes, the quantity of melanin within the
melanosomes and the rate of degradation of the pigment.

Langerhans cell

The Langerhans cell is another clear cell or dendritic
cell found in the upper layers of the skin and the mucosal
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Figure 10.12 (A) Light micrograph of newborn rat skin showing basal cells, B, spinous cells, S, granular cells with numerous
dense granules, G, and C, cornified (keratinized) components. (B) and (C) Keratohyalin is formed as discrete spherical granules
in some tissues or is formed as angular amorphous material in other tissues. (D) and (E) Angular form is associated with tono-
filaments primarily (arrow); (F) whereas spherical form is surrounded by ribosomes (arrow) and may contain more than one

material (small arrows).

epithelium. There is a correlation in the occurrence of stra-
tum granulosum and Langerhans cells. The cell has a con-
voluted nucleus and characteristic rod-like granules in the
cytoplasm, termed Birbeck granules. This cell is free of
melanin and does not give a dopa reaction. It stains with
gold chloride, ATPase, and immunofluorescent markers.
The Langerhans cell is a cell of hematopoietic origin. Lang-
erhans cells penetrate the epithelium from lamina propria.

It has vimentin-type intermediate filaments. Langerhans
cells are involved in the immune response. In the presence
of antigenic challenge by bacterial plaque Langerhans cells
migrate into the gingiva. They also migrate into the epithe-
lium in response to chemotactic factors released by the ke-
ratinocytes to the surface receptors of Langerhans cells.
They contain la antigens, which they present to primed T
cells (thymocytes). They may function, as do macrophages,
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Figure 10.13 (A) Lamellar granules, O, are found close to cell membrane (arrows) and desmosomes in granular cells. (B) Lamel-
lar granules, O, lying close to plasma membrane (arrows) and in cells containing ribosome-associated keratohyalin granules.
Note that some of keratohyalin granules have two densities and perhaps two components. Lamellar granules contain an internal
lamellar structure. (C) Lamellar structure in intercellular space (arrows). It is presumed that these lamellae are derived from lamel-

lar granules that are no longer present.

by picking up antigen and presenting it to lymphocytes, ei-
ther locally or at lymph nodes. Langerhans cells with HLA-
DR and T6 antigens also interact with lymphocytes but do so
differently from keratinocytes. Langerhans cells present the
antigen to specific helper T cells. The interleukin-1 secreted
by the keratinocytes induces the T cells to produce interleu-
kin-2, which binds to responsive T cells, causing them to

proliferate. Another factor with common biochemical and
biophysical properties to interleukin-1 is epidermal cell-
derived thyrocyte-activating factor (ETAF), which appar-
ently is produced by a subset of keratinocytes. It plays impor-
tant role in contact hypersensitivity, in anti-tumor immunity
and in graft rejection. They shuttle between epithelium and
regional lymph nodes.
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appearance of melanocyte in light microscope.

The importance of these observations is that the skin
and presumably the oral mucosa have an epithelial im-
munologic function, and through this function the epi-
thelium of the skin and oral mucosa interacts with the
entire lymphoid system in concert with the Langerhans
cells to help mount an immune response.

Merkel cells

Merkel cells are found among the basal cells. It has nerve
tissue immediately subjacent and is presumed to be a spe-
cialized neural pressure-sensitive receptor cell. It responds
to touch sensation. They are commonly seen in masticatory
mucosa, but are usually absent in lining mucosa. Merkel
cells differ from other nonkeratinocyte in that they are not
dendritic. Ultrastructurally, the nucleus shows a deep in-
vagination and characteristic rodlet. They contain numer-
ous characteristic electron-dense granules that are located
almost exclusively at the side of cytoplasm in contact with
axon terminals. Intermediate-type junctions are noted be-
tween axon terminals and Merkel cells. The function of
these granules are not known. Merkel cells migrate from
the neural crest. They are stained by PAS stain.

Other cells, such as lymphocytes and polymorphonu-
clear leukocytes, are also found at various levels of
the epithelium. These cells are transient and can pass
through the epithelium to the surface.

Keratinocytes and lymphocytes interact. Keratino-
cytes can activate lymphocytes through the production
of interleukin-1, but they may also inhibit lymphocyte
proliferation. Stimulated lymphocytes produce gamma-
interferon, which can stimulate keratinocytes to express
HLA-DR antigen (Table 10.4).

Nonkeratinized Epithelium

Nonkeratinizing epithelia differ from keratinizing epithe-
lia primarily because they do not produce a cornified sur-
face layer, but there are other differences as well. The lay-
ers in nonkeratinizing epithelium are referred to as basal,
intermediate, and superficial (stratum basale, stratum
intermedium, stratum superficiale) (Figs 10.15, 10.6B).
Thus there are only three layers in the nonkeratinized
epithelium. The basal cells of both types are similar. The

Table 10.4 Nonkeratinocytes and its Functions

Cells Location Function

1. Melanocytes Basal layer Melanin synthesis

2. Langerhans cells Upper layer Involved in immune
response

3. Merkel cells Basal cells Specialized neural

Receptor sensitive
cells
Defense

4. Inflammatory Transits and

cells like lym- passes through
phocytes & the epithelium to
neutrophils the surface

cells of the stratum intermedium are larger than cells of the
stratum spinosum. The intercellular space is not obvious or
distended and hence the cells do not have a prickly appear-
ance. These cells do contain some intermediate keratin
filaments, but they differ biochemically from those in kera-
tinizing epithelia and are sparsely distributed within the cells.
The cells of the stratum intermedium are attached by desmo-
somes and other junctions, and their cell surfaces are more
closely applied than are spinous cells. There is no stratum
granulosum (although incomplete or vestigial granules may
form), nor is there a stratum corneum. Stratum superficiale
contains nucleated cells. They contain less number of tono-
filaments and lack keratohyaline granules (Fig. 10.16). These
cells ultimately desquamate, as do the cornified squamae. In
general, nonkeratinizing oral mucosa have higher rates of
mitoses than do the keratinizing oral mucosa.

Tissues that are not keratinized at one stage of develop-
ment may keratinize at another (Fig. 10.13). Similarly, tissues
may be modulated from keratinized-parakeratinized and
nonkeratinized variants in pathologic states. Although the
terms ‘keratinized” and ‘parakeratinized’ may be used inter-
changeably with the terms ‘parakeratosis’ and ‘keratosis,” the
former terms refer to physiologic and the latter terms refer to
pathologic stages. When keratinization occurs in a normally
nonkeratinized tissue, it is referred to as keratosis. When nor-
mally keratinizing tissue such as the epidermis becomes para-
keratinized, it is referred to as parakeratosis (Table 10.5).
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Figure 10.15 Diagram showing details of the different cell layers of the nonkeratinized epithelium.

Table 10.5 Keratinized and Nonkeratinized
Mucosal Regions

Areas with Keratinized Mucosa

Masticatory mucosa
1. Gingiva

2. Hard palate
Specialized mucosa
3. Dorsum of tongue
Vermilion zone

Areas with Nonkeratinized Mucosa

Lining mucosa

. Labial and buccal mucosa

. Soft palate

. Alveolar mucosa and vestibular fornix

. Mucosa of ventral aspect of the tongue
. Mucosa of the floor of the mouth
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SUBDIVISIONS OF ORAL MUCOSA

For descriptive purposes the oral mucosa may be divided
into the following areas:

Keratinized areas
Masticatory mucosa
Vermilion border of lip

Nonkeratinized areas
Lining mucosa
Specialized mucosa

Keratinized Areas

Masticatory mucosa (gingiva and hard palate)

The masticatory mucosa is keratinized and is made up of the
gingiva and the hard palate. They have similarities in thick-
ness and keratinization of epithelium; in thickness, density,
and firmness of lamina propria; and in being immovably at-
tached. However, there are differences in their submucosa.

Hard palate

The mucous membrane of the hard palate is tightly fixed
to the underlying periosteum and therefore immovable.
Like the gingiva it is pink. The epithelium is uniform in
form with a rather well-keratinized surface. The cells of
the stratum corneum exhibit stacking, and in the rat
there are complementary grooves and ridges between
the apposing surfaces of the cells. The pedicles, the in-
crease in number and length of desmosomes, the density
of the tonofilaments, and the complementary grooves
and ridges all appear to be adaptations of keratinizing
epithelium to resist forces and to bind the epithelium to
the connective tissue. The lamina propria, a layer of



210 Orban’s Oral Histology and Embryology

wr Bl \

wi Y ‘-»

- -

Figure 10.16 Section of human fetal tongue showing three cell strata of nonkeratinized epithelium.
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Figure 10.17 Surface view of hard and soft palates. The different zones of palatine mucosa are outlined.

dense connective tissue, is thicker in the anterior than in
the posterior parts of the palate and has numerous long
papillae. Various regions in the hard palate differ be-
cause of the varying structure of the submucous layer.
The following zones can be distinguished (Fig. 10.17):

1. Gingival region, adjacent to the teeth

2. Palatine raphe, also known as the median area, extend-
ing from the incisive or palatine papilla posteriorly

3. Anterolateral area or fatty zone between the raphe
and gingiva

4. Posterolateral area or glandular zone between the raphe
and gingiva.

Except for narrow and specific zones, the palate has a
distinct submucous layer. The zones that do not have a
submucous layer occur peripherally where the palatine

tissue is identical with the gingiva and along the midline
for the entire length of the hard palate—the palatine ra-
phe (Fig. 10.17). The marginal area shows the same struc-
ture as the other regions of the gingiva. Only the lamina
propria and periosteum are present below the epithelium
(Fig. 10.18). Similarly, a submucosa is not found below
the palatine raphe or median area (Fig. 10.19). The
lamina propria blends with the periosteum.

The submucous layer occurs in wide regions extending
between the palatine gingiva and palatine raphe. Despite
this extensive submucosa, the mucous membrane is im-
movably attached to the periosteum of the maxillary and
palatine bones. This attachment is formed by dense
bands and trabeculae of fibrous connective tissue that
join the lamina propria of the mucous membrane to the
periosteum. The submucous space is thus subdivided into
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Figure 10.19 Transverse section through hard palate. Palatine raphe. Fibrous bands connecting mucosa and periosteum in lateral
areas. Palatine vessels (From Pendleton EC: J Am Dent Assoc 21:488, 1934).

irregular intercommunicating compartments of various
sizes. These are filled with adipose tissue in the anterior
part and with glands in the posterior part of the hard pal-
ate. The presence of fat or glands in the submucous layer
acting as a cushion is comparable to the subcutaneous
tissue of the palm of the hand and the sole of the foot.
When the submucosa of hard palate and that of gingiva
are compared, there are pronounced differences. The
dense connective tissue that makes up the lamina propria
of gingiva is bound to the periosteum of the alveolar pro-
cess or to the cervical region of the tooth. A submucous
layer, as such, cannot generally be recognized. In the lat-
eral areas of the hard palate (Fig. 10.19), in both fatty and
glandular zones, the lamina propria is fixed to the perios-
teum by bands of dense fibrous connective tissue. These
bands are arranged at right angles to the surface and di-
vide the submucous layer into irregularly shaped spaces.

The distance between lamina propria and periosteum is
smaller in the anterior than in the posterior parts. In the
anterior zone the connective tissue contains fat (Fig.
10.20), whereas in the posterior part it contains mucous
glands (Fig. 10.18). The glandular layers of the hard pal-
ate and of the soft palate are continuous.

At the junction of the alveolar process and the hori-
zontal plate of the hard palate the anterior palatine ves-
sels and nerves course, surrounded by loose connective
tissue. This wedge-shaped area (Fig. 10.21) is large in the
posterior part of the palate and smaller in the anterior
part. It is important for oral surgeons and periodontists
to know the distribution of these vessels.

Incisive papilla. The oral incisive (palatine) papilla is
formed of dense connective tissue. It contains the oral
parts of the vestigial nasopalatine ducts. They are blind
ducts of varying length lined by simple or pseudostratified
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Figure 10.20 Longitudinal section through hard and soft palates lateral to midline. Fatty and glandular zones of hard palate.
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Figure 10.21 Transverse section through posterior part of hard palate, region of second molar. Loose connective tissue in groove
between alveolar process and hard palate around palatine vessels and nerves.

columnar epithelium, rich in goblet cells. Small mucous
glands open into the lumen of the ducts. These ducts
sometimes become cystic in humans. Frequently the ducts
are surrounded by small, irregular islands of hyaline carti-
lage, which are the vestigial extensions of the paraseptal
cartilages. In most mammals the nasopalatine ducts are
patent and, together with Jacobson’s organ, are considered
as auxiliary olfactory sense organs. Jacobson’s organ (the
vomeronasal organ) is a small ellipsoid (cigarshaped)
structure lined with olfactory epithelium that extends from
the nose to the oral cavity. In humans, Jacobson’s organ is
apparent in the twelfth to fifteenth fetal week, after which
it undergoes involution. In humans, cartilage is sometimes
found in the anterior parts of the papilla. In this location it
bears no relation to the nasopalatine ducts (Fig. 10.22).

Palatine rugae (transverse palatine ridges). The palatine
rugae, irregular and often asymmetric in humans, are
ridges of mucous membrane extending laterally from
the incisive papilla and the anterior part of the raphe.
Their core is made of a dense connective tissue layer with
fine interwoven fibers.

Epithelial pearls. In the midline, especially in the region
of the incisive papilla, epithelial pearls may be found in
the lamina propria. They consist of concentrically ar-
ranged epithelial cells that are frequently keratinized.
They are remnants of the epithelium formed in the line
of fusion between the palatine processes (see Chapter 2).
Gingiva
The gingiva extends from the dentogingival junction to
the alveolar mucosa. Itis subject to the friction and pressure
of mastication. The morphology of both epithelium and
connective tissues indicates the adaptation to these forces.
The stratified squamous epithelium may be keratinized
or nonkeratinized but most often is parakeratinized. The
underlying lamina propria is dense. The collagen fibers of
the lamina propria may either insert into the alveolar bone
and the cementum or blend with the periosteum.

The gingiva is limited on the outer surface of both jaws
by the mucogingival junction, which separates it from
the alveolar mucosa (Fig. 10.23). The alveolar mucosa is
red and contains numerous small vessels coursing close
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Figure 10.22 Sagittal section through palatine papilla and anterior palatine canal. Note cartilage in papilla.
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Figure 10.23 Vestibular surface of gingiva of young adult.

to the surface. Clinically the mucogingival junction is
identified as the junction between bright pink alveolar
mucosa and pale pink gingiva. On the inner surface of
the lower jaw, a line of demarcation is found between the
gingiva and the mucosa on the floor of the mouth. On
the palate, the distinction between the gingiva and the
peripheral palatal mucosa is not so sharp.

The gingiva is normally pink but may sometimes have
a grayish tint. The color depends in part on the surface
(keratinized or not) and thickness and in part on pig-
mentation. The surface may be translucent or transpar-
ent, permitting the color of the underlying tissues to be
seen. The reddish or pinkish tint is attributable to the

color given to the underlying tissue by the blood vessels
and the circulating blood.

The gingiva can be divided into the free gingiva, the
‘attached’ gingiva! (Fig. 10.24), and the interdental
papilla. The dividing line between the free gingiva and
the (attached) gingiva is the free gingival groove, which
runs parallel to the margin of the gingiva at a distance
of 0.5 to 1.5 mm. The free gingival groove, not always
visible microscopically, appears in histologic sections

At the International Conference on Research in the Biology of Peri-
odontal Disease, Chicago, June 12-15, 1977, it was voted to drop
the use of ‘attached’ and simply refer to gingiva.
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Figure 10.24 Diagrammatic illustration of surface characteris-
tics of the clinically normal gingiva. IR, Interdental papilla; IDG,
interdental groove; F, frenum; MG, marginal gingiva; FGG, free
gingival groove; G, gingiva; MGJ, mucogingival junction; AM,
alveolar mucosa; VF, vestibular fornix (From Grant DA, Stem
IB, and Listgarten MA: Periodontics in the tradition of Orban and
Gottlieb, ed 6, St Louis, 1988, The CV Mosby Co).

(Fig. 10.25A) as a shallow V-shaped notch at a heavy
epithelial ridge. The free gingival groove develops at
the level of, or somewhat apical to, the bottom of the
gingival sulcus. In some cases the free gingival groove
is not so well defined as in others, and then the division
between the free gingiva and the gingiva is not clear.
The free gingival groove and the epithelial ridge are

probably caused by functional impacts on the free gin-
giva. In the absence of a sulcus there is no free gingiva.

The attached gingiva is about 4-6 mm. The mucogin-
gival junction is 3-5 mm below the level of the crest of
the alveolar bone.

The gingiva is characterized by a surface that appears
stippled (Fig. 10.25B). Portions at the epithelium ap-
pear to be elevated, and between the elevations there
are shallow depressions, the net result of which is stip-
pling. The depressions correspond to the center of
heavier epithelial ridges. There may be protuberances
of the epithelium as well as stippling. They probably are
functional adaptations to mechanical impacts. The dis-
appearance of stippling is an indication of edema, an
expression of an involvement of the gingiva in a pro-
gressing gingivitis.

Although the degree of stippling (Fig. 10.23) and the
texture of the collagenous fibers vary with different indi-
viduals, there are also differences according to age and
sex. In younger females the connective tissue is more
finely textured than in the male. However, with increas-
ing age the collagenous fiber bundles become more
coarse in both sexes. Males tend to have more heavily
stippled gingivae than do females. Like the human epi-
dermis, the cells of the oral epithelium show another
sex difference. In females the majority of the nuclei
contain a large chromatin particle adjacent to the nu-
clear membrane.

The gingiva appears slightly depressed between adja-
cent teeth, corresponding to the depression on the

»

Figure 10.25 (A) Biopsy specimen of gingiva showing free gingival groove, a, and corresponding heavy epithelial ridge; b, free
gingiva; c, gingiva. (B) Gingival specimen showing stippling. Note relation of connective tissue fiber bundles to stippled surface
(Mallory stain) (From Grant DA, Stern IB, and Listgarten MA: Periodontics in the tradition of Orban and Gottlieb, ed 6, St Louis, 1988,

The CV Moshy Co).



alveolar process between eminences of the sockets. In
these depressions the gingiva sometimes forms slight
vertical folds called interdental grooves.

The interdental papilla is that part of the gingiva that
fills the space between two adjacent teeth. When viewed
from the oral or vestibular aspect, the surface of the in-
terdental papilla is triangular. In a three-dimensional
view, the interdental papilla of the posterior teeth is tent
shaped, whereas it is pyramidal between the anterior
teeth. When the interdental papilla is tent shaped, the
oral and the vestibular corners are high, whereas the
central part is like a valley. The central concave area fits
below the contact point, and this depressed part of the
interdental papilla is called the col. The col is covered by
thin nonkeratinized epithelium, and it has been sug-
gested that the col (the nonkeratinized epithelium) is
more vulnerable to periodontal disease.

The gingiva is parakeratinized in 75%, keratinized in
15%, and nonkeratinized in 10% of the population. It
has been suggested that inflammation, which is seen in
almost all gingival specimens, interferes with keratiniza-
tion. The more highly keratinized the tissue, the whiter
and less translucent is the tissue.

The presence of melanin pigment in the epithelium
may give it a brown to black coloration. Pigmentation is
most abundant at the base of the interdental papilla. It can
be increased considerably in a number of pathologic states.

The lamina propria of the gingiva consists of a dense
connective tissue that does not contain large vessels.
Small numbers of lymphocytes, plasma cells, and macro-
phages are present in the connective tissue of normal
gingiva subjacent to the sulcus and are involved in de-
fense and repair. The papillae of the connective tissue are
characteristically long, slender, and numerous. The pres-
ence of these high papillae makes for ease in the histo-
logic differentiation of gingiva and alveolar mucosa, in
which the papillae are quite low (Fig. 10.26). The tissue
of the lamina propria contains only few elastic fibers,
and for the most part they are confined to the walls of
the blood vessels. Other elastic fibers known as oxytalan
fibers (because of special staining qualities) are also pres-
ent. On the other hand, the alveolar mucosa and the
submucosa contain numerous elastic fibers. These fibers
are thickest in the submucosa.

The gingival fibers of the periodontal ligament enter
into the lamina propria, attaching the gingiva firmly to
the teeth (see Chapter 8). The gingiva is also immovably
and firmly attached to the periosteum of the alveolar
bone. Because of this arrangement it is often referred to
as mucoperiosteum. Here a dense connective tissue, con-
sisting of coarse collagen bundles (Fig. 10.27A), extends
from the bone to the lamina propria. In contrast, the
submucosa underlying the alveolar mucous membrane is
loosely textured (Fig. 10.27B). The fiber bundles of the
lamina propria of the alveolar mucosa are thin and regu-
larly interwoven.

The collagen fibers in the lamina propria of the gin-
giva are arranged in various groups, sometimes referred
to as the gingival ligament. They serve to support the
free gingiva, bind attached gingiva to the alveolar bone
and tooth, link one teeth with the other. They are di-
vided into the following groups:
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Figure 10.26 Structural differences between gingiva and
alveolar mucosa. Upper premolar.

1. Dentogingival. Extends from the cervical cementum
into the lamina propria of the gingiva. The fibers of
the gingival ligament constitute the most numerous
group of gingival fibers.

2. Alveologingival. The fibers arise from the alveolar
crest and extend into the lamina propria.

3. Circular. A small group of fibers that circle the tooth
and interlase with the other fibers.

4. Dentoperiosteal. These fibers can be followed from
the cementum into the periosteum of the alveolar
crest and of the vestibular and oral surfaces of the al-
veolar bone.

There are also accessory fibers that extend interproxi-
mally between adjacent teeth and are also referred to as
transseptal fibers. These fibers make up the interdental
ligament.

Apart from dentogingival, dentoperiosteal, alveolog-
ingival and circular fibers, interdental, semicircular,
longitudinal fibers, vertical and transgingival fiber
groups are described (Figs 10.28A-D). The interdental
fibers connect the buccal and lingual papillae and the
vertical fibers run coronally from alveolar mucosa or at-
tached gingiva to the marginal gingiva or interdental
papillae. The semicircular fibers connect the cementum
on one side of the tooth to the opposite side after cours-
ing through the free gingiva. The transgingival fibers
pass from cementum of one tooth to the marginal gin-
giva of the adjacent tooth merging with circular and
semicircular fibers.

The lamina propria of gingiva differs from other re-
gions not only in the arrangement of collagen fiber but
also in the composition and response of its matrix to
certain stimuli and in the nature of the fibroblast. The
fibroblast has less contractile protein and also lacks alka-
line phosphatase. The matrix contains less of type III
collagen, more of hyaluron and has a lower turnover
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Figure 10.27 Differences between (A) gingiva, and (B) alveolar mucosa. Silver impregnation of collagenous fibers. Note coarse

bundles of fibers in gingiva and finer fibers in alveolar mucosa.

rate. They release more prostaglandin in response to
histamine (Table 10.6).

Blood and nerve supply

The blood supply of the gingiva is derived chiefly from
the branches of the alveolar arteries that pass upward
through the interdental septa. The interdental alveolar
arteries perforate the alveolar crest in the interdental
space and end in the interdental papilla, supplying it and
the adjacent areas of the buccal and lingual gingiva. In
the gingiva these branches anastomose with superficial
branches of arteries that supply the oral and vestibular
mucosa and marginal gingiva, for instance, with branches
of the lingual, buccal, mental, and palatine arteries. The
numerous lymph vessels of the gingiva lead to submental
and submandibular lymph nodes.

The gingiva is well innervated. Different types of nerve
endings can be observed, such as the Meissner or Krause
corpuscles, end bulbs, loops, or fine fibers that enter the
epithelium as ‘ultraterminal’ fibers (Fig. 10.5).

Vermilion zone

The transitional zone between the skin of the lip and
the mucous membrane of the lip is the red zone, or the

vermilion zone. The line that separates the skin from
the vermilion zone is termed the vermilion border. It is
found only in humans (Fig. 10.29). The skin on the
outer surface of the lip is covered by a moderately
thick, keratinized epithelium with a rather thick stra-
tum corneum. The papillae of the connective tissue are
few and short. Many sebaceous glands are found in
connection with the hair follicles. Sweat glands occur
between them.

The transitional region is characterized by a thicker
but mildly keratinized epithelium and numerous,
densely arranged, long papillae of the lamina propria,
reaching deep into the epithelium and carrying large
capillary loops close to the surface. Thus blood is visible
through the thin parts of the translucent epithelium
and gives the red color to the lips. The keratinization
decreases towards the lip, but the thickness of the epi-
thelium increases. The inner aspect of the lip is the
thicker nonkeratinized labial mucosa. Like the skin, the
transitional zone is exposed to the atmosphere, but un-
like it there are no glands to keep it moist or prevent it
from drying.

It is for this reason lips become dry easily and we lick
our lips to moisten it.
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Figure 10.28 Diagrammatic representation of different fiber groups within gingiva. (A) buccolingual section, (B) mesiodistal section,
(C) horizontal section, (D) buccolingual section along interdental col. A-dentogingival fibers, B-longitudinal fibers, C—circular fibers,
D-alveologingival fibers, E-dentoperiosteal fibers, F-transseptal fibers, G-semicircular fibers, H-transgingival fibers, I-interdental

fibers, J-vertical fibers.

Table 10.6 Various Groups of Fibers in Gingiva

. Dentogingival

. Alveologingival

. Circular

4. Dentoperiosteal

5. Transseptal fibers (accessory fibers)

w N =

Nonkeratinized Areas

Lining mucosa

Lining mucosa is found on the lip, cheek, vestibular fornix,
and alveolar mucosa. All the zones of the lining mucosa are
characterized by a relatively thick nonkeratinized epithe-
lium and a thin lamina propria. Different zones of lining
mucosa vary from one another in the structure of their
submucosa. Where the lining mucosa reflects from the
movable lips, cheeks, and tongue to the alveolar bone, the

submucosa is loosely textured. The reflectory mucosa
found in the fornix vestibuli and in the sublingual sulcus at
the floor of the oral cavity has a submucosa that is loose
and of considerable volume. The mucous membrane is
movably attached to the deep structures and does not re-
strict the movement of lips, cheeks and the tongue.

Where lining mucosa covers muscle, as on the lips,
cheeks, and underside of the tongue, the mucosa is
fixed to the epimysium or fascia. In these regions the
mucosa is also highly elastic. These two characteristics
permit the mucosa to maintain a relatively smooth
surface during muscular movement. Thus heavy fold-
ing, which could lead to injury during chewing if such
folds were caught between the teeth, does not occur.

The mucosa of the soft palate is intermediate between
this type of lining mucosa and the reflecting mucosa: the
mucosa is flexible but not very much mobile.

Lip and cheek

The epithelium of the mucosa of the lips (Fig. 10.29) and of
the cheek (Fig. 10.30) is stratified squamous nonkeratinized
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epithelium. The lamina propria of the labial and buccal
mucosa consists of dense connective tissue and has short,
irregular papillae.

The submucous layer connects the lamina propria to
the thin fascia of the muscles and consists of strands of

densely grouped collagen fibers. There is loose connec-
tive tissue containing fat and small mixed glands be-
tween these strands. The strands of dense connective
tissue limit the mobility of the mucous membrane, hold-
ing it to the musculature and preventing its elevation
into folds. This prevents the mucous membrane of the
lips and cheeks from lodging between the biting surfaces
of the teeth during mastication. The mixed minor sali-
vary glands of the lips are situated in the submucosa,
whereas in the cheek the glands are larger and are usu-
ally found between the bundles of the buccinator muscle
and sometimes on its outer surface. The cheek, lateral to
the corner of the mouth, may contain isolated sebaceous
glands called Fordyce spots (Fig. 10.31). These may oc-
cur lateral to the corner of the mouth and are often seen
opposite the molars.

A comparison of masticatory and buccal mucosa shows
that in the keratinized tissue the epithelium is thinner. It
has a granular layer, the basal cells are larger, but the
average cell size is smaller, and the cells have an angular
shape. Furthermore, it is characterized by having many
tonofibrils, wider intercellular spaces, and ‘prickles’ that
form ‘intercellular bridges.” The cells of both tissues are
joined by desmosomes. The appearance of the two dif-
fers by the heightened prominence of the ‘prickles’ in
the keratinized tissues, brought about by the increased
width of the intercellular space and the greater density of
the tonofibrils. Even the lamina propria of the two differ.
In masticatory mucosa the basement membrane contains
more reticular fibers, and its papillae are high and more
closely spaced.

Vestibular fornix and alveolar mucosa

The mucosa of the lips and cheeks reflects from the ves-
tibular fornix to the alveolar mucosa covering the bone.
The mucous membrane of the cheeks and lips is at-
tached firmly to the buccinator muscle in the cheeks and
orbicularis oris muscle in the lips. In the fornix the mu-
cosa is loosely connected to the underlying structures,
and so the necessary movements of the lips and cheeks
are permitted. The mucous membrane covering the
outer surface of the alveolar process (alveolar mucosa) is
attached loosely to the periosteum. It is continuous with,
but different from, the gingiva, which is firmly attached
to the periosteum of the alveolar crest and to the teeth.

The median and lateral labial frenula are folds of the
mucous membrane containing loose connective tissue.
No muscle fibers are found in these folds.

i T

Figure 10.31 Sebaceous gland in cheek (Fordyce spot).



Gingiva and alveolar mucosa are separated by the
mucogingival junction. The gingiva is stippled, firm, and
thick, lacks a separate submucous layer, is immovably
attached to bone and teeth by coarse collagen fibers, and
has no glands. The gingival epithelium is thick and
mostly parakeratinized or keratinized. The epithelial
ridges and the papillae of the lamina propria are high.

The alveolar mucosa is thin and loosely attached to the
periosteum by a well-defined submucous layer of loose
connective tissue (Fig. 10.27B), and it may contain small
mixed glands. The epithelium is thin and nonkera-
tinized, and the epithelial ridges and papillae are low
and often entirely missing. These differences cause the
variation in color between the pale pink gingiva and the
red lining mucosa.

Inferior surface of tongue and floor of oral cavity

The mucous membrane on the floor of the oral cavity is
thin and loosely attached to the underlying structures to
allow for the free mobility of the tongue. The epithelium
is nonkeratinized, and the papillae of the lamina propria
are short (Fig. 10.32). The submucosa contains adipose
tissue. The sublingual glands lie close to the covering
mucosa in the sublingual fold. The sublingual mucosa
and the lingual gingiva have a junction corresponding to
the mucogingival junction on the vestibular surface. The
sublingual mucosa reflects onto the lower surface of the
tongue and continues as the ventrolingual mucosa.

The mucous membrane of the inferior surface of the
tongue is smooth and relatively thin (Fig. 10.33). The epi-
thelium is nonkeratinized. The papillae of the connective
tissue are numerous but short. Here the submucosa can-
not be identified as a separate layer. It binds the mucous
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Figure 10.32 Mucous membrane from floor of mouth.
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membrane tightly to the connective tissue surrounding
the bundles of the muscles of the tongue.

Soft palate

The mucous membrane on the oral surface of the soft
palate is highly vascularized and reddish in color, notice-
ably differing from the pale color of the hard palate.
The papillae of the connective tissue are few and short.
The stratified squamous epithelium is nonkeratinized
(Fig. 10.34). The lamina propria shows a distinct layer of
elastic fibers separating it from the submucosa. The lat-
ter is relatively loose and contains an almost continuous
layer of mucous glands. It also contains taste buds. Typi-
cal oral mucosa continues around the free border of the
soft palate for a variable distance and is then replaced by
nasal mucosa with its pseudostratified, ciliated columnar
epithelium.

Specialized Mucosa

Dorsal lingual mucosa

The superior surface of the tongue is rough and irregu-
lar (Fig. 10.35). A V-shaped line divides it into an ante-
rior part, or body, and a posterior part, or base.

The former comprises about two thirds of the length
of the organ, and the latter forms the posterior one
third. The fact that these two parts develop embryologi-
cally from different visceral arches (see Chapter 2)
accounts for the different source of nerves of the general
senses: the anterior two thirds are supplied by the
trigeminal nerve through its lingual branch and the pos-
terior one third by the glossopharyngeal nerve.

The body and the base of the tongue differ widely in
the structure of the mucous membrane. The anterior
part can be termed the ‘papillary’ and the posterior part
the ‘lymphatic’ portion of the dorsolingual mucosa. On
the anterior part are found numerous fine-pointed,
cone-shaped papillae that give it velvet like appearance.
These projections, the filiform (thread-shaped) papillae,
are epithelial structures containing a core of connective
tissue from which secondary papillae protrude toward
the epithelium (Fig. 10.36A). The covering epithelium is
keratinized and forms tufts at the apex of the dermal
papilla. The filiform papillae do not contain taste buds.

Interspersed between the filiform papillae are the iso-
lated fungiform (mushroom-shaped) papillae (Fig. 10.36B),
which are round, reddish prominences. Their color is
derived from a rich capillary network visible through the
relatively thin epithelium. Fungiform papillae contain a
few (one to three) taste buds found only on their dorsal
surface.

In front of the dividing V=shaped terminal sulcus, be-
tween the body and the base of the tongue, are eight to
ten vallate (walled) papillae or circumvallate papillae
(Fig. 10.37). They do not protrude above the surface of
the tongue but are bounded by a deep circular furrow so
that their only connection to the substance of the tongue
is at their narrow base. Their free surface shows numer-
ous secondary papillae that are covered by a thin, smooth
epithelium. On the lateral surface of the vallate papillae,
the epithelium contains numerous taste buds. The ducts
of small serous glands called von Ebner’s glands open
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into the trough. They may serve to wash out the soluble
elements of food and are the main source of salivary
lipase.

On the lateral border of the posterior parts of the
tongue, sharp parallel clefts of varying length can of-
ten be observed. They bound narrow folds of the mu-
cous membrane and are the vestige of the large foliate
papillae found in many mammals. They contain taste
buds.

Taste buds

Taste buds are small ovoid or barrel-shaped intraepithe-
lial organs about 80 wm high and 40 pm thick (Fig. 10.38).
They extend from the basal lamina to the surface of the
epithelium. Their outer surface is almost covered by a
few flat epithelial cells, which surround a small opening,
the taste pore (a taste bud may have more than one taste

Mucous membrane on inferior surface of tongue.

pore). It leads into a narrow space lined by the support-
ing cells of the taste bud. The outer supporting cells are
arranged like the staves of a barrel. The inner and
shorter ones are spindle shaped. Between the latter are
arranged 10 to 12 neuroepithelial cells, the receptors of
taste stimuli. They are slender, dark-staining cells that
carry finger like processes at their superficial end. The
fingers like processes are visible at the ultrastructural
level and resemble hairs at the light microscope level.
The hairs reach into the space beneath the taste pore.

A rich plexus of nerves is found below the taste buds.
Some fibers enter the epithelium and end in contact
with the sensory cells of the taste bud.

Taste buds are numerous on the inner wall of the
trough surrounding the vallate papillae, in the folds of
the foliate papillae, on the posterior surface of the
epiglottis, and on some of the fungiform papillae at the
tip and the lateral borders of the tongue (Fig. 10.39).

The classic view maintains that the primary taste sensa-
tions, that is, sweet, salty, bitter, and sour, are perceived
in different regions of the tongue and palate (sweet at
the tip, salty at the lateral border of the tongue, bitter
and sour on the palate and also in the posterior part of
the tongue—bitter in the middle and sour in the lateral
areas of the tongue). The classic view also diagrammati-
cally and arbitrarily correlates the distribution of the re-
ceptors for primary taste qualities with the different types
of papillae (vallate papillae with bitter, foliate papillae
with sour, taste buds of the fungiform papillae at the tip
of the tongue with sweet and at the borders with salty
taste). Bitter and sour taste sensations are mediated by
the glossopharyngeal nerve, and sweet and salty taste are
mediated by the intermediofacial nerve by the chorda
tympani.

On the other hand, many authorities believe that taste
cannot be broken down into these four primaries, sweet,
sour, salty, and bitter, but that it consists of a range of
stimuli that form a spectrum of sensations making up all
taste senses. Taste occurs when a chemical substance con-
tacts a receptor cell in the taste bud. Each taste bud is
innervated by many fibers. The reception of a chemical
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substance fires the nerve fiber. Thus taste may be a con-
tinuum or a composite of the firing of many fibers.

At the angle of the Vshaped terminal groove on the
tongue is located the foramen cecum, which represents
the remnant of the thyroglossal duct (see Chapter 2).
Posterior to the terminal sulcus, the surface of the tongue
is irregularly studded with round or oval prominences,
the lingual follicles. Fach of these shows one or more

lymph nodules, sometimes containing a germinal center
(Fig. 10.40). Most of these prominences have a small pit
at the center, the lingual crypt, which is lined with strati-
fied squamous epithelium. Innumerable lymphocytes mi-
grate into the crypts through the epithelium. Ducts of the
small posterior lingual mucous glands open into the
crypts. Together the lingual follicles form the lingual tonsil
(Table 10.7).
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GINGIVAL SULCUS AND
DENTOGINGIVAL JUNCTION

Gingival Sulcus

The gingival sulcus or crevice is the space between the
inner aspect of gingiva and the tooth. It is a continuous

Stratified
sguamous
epithelium

space present all around the tooth. The sulcus extends
from the free gingival margin to the dentogingival junc-
tion. In healthy state its depth is at the approximate level
of the free gingival groove on the outer surface of the
gingiva. The sulcus may be responsible for the formation
of the groove since it leaves the gingival margin without
firm support. The groove is believed to be formed by the
functional folding of the free gingival margin during
mastication. The sulcular (crevicular) epithelium is non-
keratinized in humans. It lacks epithelial ridges and so
forms a smooth interface with the lamina propria. It is
thinner than the epithelium of the gingiva. The sulcular
epithelium expresses CK4, which is typical of lining epi-
thelium. The sulcular epithelium is continuous with the
gingival epithelium and the attachment epithelium.
These three epithelia have a continuous and co-extensive
basal lamina. Under normal conditions the depth of the
sulcus is variable; 45% of all measured sulci are below
0.5 mm. The average sulcus is 1.8 mm. The normal gin-
gival sulcus depth is generally tak