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Preface 

Dental treatment and treatment planning hinge 
upon a thorough understanding of the underlying 
physiological processes and principles. It is there-
fore unfortunate that undergraduate and graduate 
dental training is not more successful in bridging the 
hiatus between the basic sciences and clinical 
dentistry; yet, with the changing patterns of 
dental practice consequent upon the declining 
prevalence of dental caries, the more complex needs 
and expectations of the patient will hinge upon a 
much greater knowledge of oral physiology. 

Dentistry is changing at an alarming rate, 
primarily driven by the results of modern research. 
Only by constantly updating our data base will we be 
able to keep pace with current trends. This work has 
been compiled after a rigorous scrutiny of the 
literature, and only those subjects with an adequate 
scientific base are included. The topics selected have 
a direct bearing upon oral diagnosis and treatment 
planning. The references, quoted at the end of each 
chapter, are selected to provide a basis for future 
in-depth topic evaluation rather than as a compre-
hensive literature compendium. 
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Introduction 
Dentistry owes its very beginnings to the quest for 
pain relief, and the identification, diagnosis and 
early elimination of pain remain important founda-
tions to the dental profession. 

Pain is a symptom in the completely subjective 
sense. It is a complex experience that includes a 
sensory-discriminatory component. Pain also in-
cludes the accompanying responses or reactions 
elicited by the stimulus. For instance, some of the 
reactions to a noxious stimulus include pain, startled 
response, muscle reflex, vocalization, sweating, 

Orofacial pain 
Secondary effects of pain 
Pain aetiology (causes) 

Inflammation 
Muscle pain 
Vascular pain 
Neural pain 
Other causes of pain 

Categories of facial pain 
Somatic pain 
Neurogenous pain 
Psychogenic pain 

Odontogenic pain (toothache) 
Pain control 
Conclusions 
Review questions 
References 

increase in heart rate, in addition to blood pressure 
and behavioural changes. Such reactions will in turn 
be modified by a number of factors, including the 
emotional status of the patient, past experience and 
memories of pain, magnitude of tissue damage or 
stimulus, other concomitant sensory experiences, 
ability to comprehend the causes (aetiology) and 
consequences (pathogenesis) of the pain, and ethnic 
group and culture. Thus pain is both complex and 
multidimensional, with the result that accurate 
diagnosis and appropriate treatment is often 
difficult. 

1 
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2 Pain 

What is pain? 

Neuroscience is characterized by two major rules: 

(1) The more sensory nerves that supply a region of 
the body, the more acute the sensibility in the 
area. 

(2) The higher the ratio of motor nerves to muscles, 
the greater the possible control finesse. 

On both accounts, the oral cavity and face exceed 
most other bodily regions. The number of patients 
who have orofacial discomfort and pain is therefore 
not surprising. Unlike other sensations, however, 
pain is an experience that cannot be shared: it is 
wholly personal, belonging to the sufferer alone. 
Different individuals therefore feel and react to pain 
and suffering in different ways. One person cannot 
possibly sense exactly the feelings of another. 
Patients in pain therefore require individualized 
treatment. 

The ability to diagnose and treat a patient 
suffering from pain depends largely on an intimate 
knowledge of the mechanisms and behavioural 
characteristics of pain. But here there is a problem, 
since much of our knowledge concerning the 
physiology of pain is largely conjectural. Neverthe-
less, acute pains are generally associated with tissue 
damage or threat of damage. By contrast, chronic 
pains may persist for long periods of time, and are 
often associated with a variety of factors, including: 

(1) Some definite past event (e.g. accident, infec-
tion). 

(2) Some ongoing disease process (e.g. rheumatoid 
arthritis, temporomandibular dysfunction). 

(3) An unknown cause in many cases. 

In contrast to acute pain, chronic pain, character-
istically, serves no useful purpose in providing a 
warning of impending pathology. Rather the sever-
ity of chronic pain is more of a measure of the 
suffering it induces rather than the actual perception 
of noxious stimulation. For instance, low intensity 
pain may result from very serious causes, whereas 
excruciating pain may arise from some impercept-
ible cause, e.g. tic douloureux. Pain intensity may, 
therefore, provide an index of the urgency of 
treatment rather than the severity of its cause. Pain 
intensity is, however, directly correlated with 
duration. The higher the intensity, the shorter the 
period of tolerance: low-intensity pain can be 
sustained for several hours, whereas maximum-
intensity pain can be tolerated for only a few 
seconds. Also, the higher the intensity of a pain, the 
more likely is the pain to be intermittent. In fact, 
intractable pain may not be pain in the true sense of 
the word but simply an unpleasant or unwanted 
sensation.1 

The onset of pain may be described by different 

characteristics. For instance, spontaneous pain 
occurs without provocation, whereas some provoca-
tive factor can usually be identified with induced 
pain. Alternatively, a pain may be triggered out of 
proportion to the actual stimulus. A single painful 
experience may last either for a few seconds or many 
months, during which time the pain may recur with 
sufficient frequency to establish a temporal rela-
tionship. Pains of short duration, separated by 
wholly pain-free periods, are defined as intermit-
tent; pains of longer duration, even though variable 
in intensity, are termed continuous. A painful 
episode that lasts for several days is described as 
protracted, whereas intractable pain signifies that 
the symptoms do not respond to therapy. Two or 
more similar painful episodes signify recurrent pain, 
with intermittent pain-free intervals being termed 
remissions. Periodic pain is characterized by reg-
ularly recurring episodes. 

A steady pain describes an unpleasant sensation, 
whereas paroxysmal pain comprises a volley of jabs. 
Bright pain has a stimulating quality, whereas dull 
pain is depressing. Both may be punctuated by sharp 
or radiating exacerbations. Pain may also be 
described as a function of the area where the 
symptom is felt, i.e. localized, spreading, migrating 
of referred. 

Terms used to describe pain 

The characteristics of a pain are difficult to define, 
although an 'ache' is the term most frequently used. 
Other terms include: 

(1) Burning pain: a connotation of warmth. 
(2) Deep pain: from deep visceral or somatic 

structures, with the symptoms being generally 
diffuse, often associated with symptom referral 
to other regions and/or muscle spasms. 

(3) Itch: a subthreshold pain, which may have a 
warm or burning quality, but may become 
intractable. 

(4) Pricking pain: a sharp intermittent character of 
short duration. 

(5) Stinging pain: a more or less continuous 
high-intensity characteristic. 

(6) Superficial pain: usually precisely localizable to 
a superficial lesion, with the timing, location 
and intensity of symptoms often being accur-
ately described by the patient. 

(7) Throbbing or pulsatile pain: an intermittent 
quality coincident with cardiac systoles. 

(8) Tickle: a sensation induced by light superficial 
movement. 

The level of suffering may increase with the duration 
of pain, even though the input intensity remains 
either the same or actually decreases. All pains, 
regardless of initial type or aetiology, appear to take 
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Pain receptors 3 

on the clinical characteristics of psychogenic intensi-
fication with time, e.g. chronic orofacial pain 
syndromes are ultimately associated with chronic 
depression. 

Somatic pain often reflects a pathological lesion in 
a specific organ or tissue, whereas neurogenous pain 
may indicate a disease process affecting a particular 
nerve fibre. The site where pain is felt, however, 
may or may not identify the location of the pain 
source. A primary nociceptive input characterizes 
pain emanating from the structures that hurt, 
whereas secondary pain may comprise pain felt 
some distance from the actual lesion, e.g. deep 
somatic pain input. All deep somatic pains are not 
alike, however, in that pain emanating from bones, 
joints, ligaments, muscles, soft connective tissues 
and tendons may be closely related to biomechanical 
functional demands. By contrast, high-threshold 
receptors innervate visceral structures so that pain is 
not usually felt until a certain threshold level is 
reached. Tissue injury (and healing) is generally 
associated with an inflammatory reaction that 
includes pain, although the symptoms depend on the 
location, type and phase of the inflammatory 
process. Most pains result from stimulation of 
nerves that innervate the site although some pains 
occur spontaneously apparently without stimula-
tion. Pain is therefore a complex series of phe-
nomena that may be described as unpleasant 
emotional and sensory experiences, associated with 
either actual or potential tissue damage or described 
in terms of such tissue damage. 

Neural pain mechanisms 

Classically, pain was considered a specific sensation 
with its own anatomically distinct receptors, primary 
afferent fibres, nerve tracts, relay systems and 
cortical reception areas. This theory contended that 
only free unmyelinated nerve endings in the 
orofacial area were activated by noxious stimuli. 
More recently, the anatomical specificity of recep-
tors. has been discarded, as most receptors, if 
sufficiently stimulated, can respond to noxious 
irritation. 

An alternative theory postulates that pain does 
not depend on specific pathways but on excessive 
stimulation involving all types of receptors, with the 
resultant central neural summation and/or converg-
ence of activity. This summation theory was 
subsequently replaced by the pattern theory where-
by the pattern of neural impulses set up by the 
noxious stimuli were considered important. Another 
theory (sensory interaction theory) contended that 
pain resulted from the interaction of both nocicep-
tive and non-nociceptive afferent fibres on central 
neurones, the resulting excitatory or inhibitory 
interactions determining whether or not pain was 

perceived. Such a plethora of theories serves to 
emphasize the complexity of the neuronal compo-
nents of pain sensation. 

In fact, the central and peripheral mechanisms for 
pain (nociception) are both extremely complex and 
only partially understood. In fact, approximately 
50% of sensory fibres and up to 20% of the spinal 
motor roots can transmit pain. Also, most pain 
receptors are poly- rather than unimodal. There is 
no central pain centre in the central nervous system 
analogous to the respiratory or vasomotor centres. 
This adds to the complexity of the nervous pathways 
serving pain. 

The sensory (pain) receptors serving nociception 
may be divided into three main groups, although 
there is a considerable degree of functional overlap. 

Pain receptors 
Exteroceptors 

These receptors are stimulated by the immediate 
external environment, with most of the impulses 
being sensed at conscious levels. Such receptors 
include: 

(1) Free nerve endings: tactile and superficial pain. 
(2) Krause's corpuscles: cold receptors. 
(3) Meissner's corpuscles: tactile skin receptors. 
(4) Merkels corpuscles: tactile receptors in the oral 

mucosa and submucosa of the tongue. 
(5) Ruffini's corpuscles: pressure and warmth 

receptors. 

Interoceptors 

Located in the body cavities, these serve involuntary 
bodily functions below conscious levels. These 
receptors include: 

(1) Free nerve endings: perception of visceral pain 
and other sensations. 

(2) Pacinian corpuscles: perception of pressure. 

Proprioceptors 

These receptors are chiefly involved in automatic 
functioning, and perceive movement, pressure and 
position. They include: 

(1) Free nerve endings: perception of deep somatic 
pain and other sensations. 

(2) Golgi tendon organs: mechanoreceptors in mus-
cle tendons relaying data concerning muscle 
length and tension. 

(3) Muscle spindles: mechanoreceptors between 
muscle fibres responsive to passive muscle 
stretch. 

(4) Pacinian corpuscles: perception of pressure. 
(5) Periodontal receptors: perception of tooth 

movement. 
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4 Pain 

Free (unencapsulated) receptors 

Free unencapsulated nerve endings are therefore 
the predominant form of nociceptor, especially in 
the cutaneous tissues, oral mucosa and periodontal 
tissues. But although these free nerve endings are 
associated with pain sensation, similar responses can 
also be elicited from other specialized nerve 
endings. 

Central connections for pain 

Oral or facial pain sensation is mediated centrally by 
afferent primary neurones that pass through the 
following: 

(1) The posterior roots of the Vth (trigeminal), 
Vllth (facial), IXth (glossopharyngeal) and Xth 
(vagus) cranial nerves. 

(2) The first, second and third cervical spinal 
nerves. 

(3) The visceral afférents that descend through the 
cervical sympathetic chain to pass through the 
posterior roots of the upper thoracic spinal 
nerves. 

The nerve cell bodies of the primary sensory 
neurones are located in the posterior root ganglion 
of the respective nerves through which they pass 
(with the exception of the proprioceptive fibres of 
the trigeminal, which are located in the mesenceph-
alic nucleus in the midbrain).2 

Subsequently, the pain fibres from the maxillofa-
cial region terminate in the nucleus caudalis. This is 
the lower portion of the trigeminal spinal-tract 
nucleus. 

The second order trigeminal neurones begin in 
the substantia gelatinosa of the nucleus caudalis and 
project to the thalamus. Third order neurones then 
project from the thalamus to the cerebral cortex. 
During this transition from first to second and from 
second to third-order neurones, considerable neural 
convergence occurs. 

During the transmission of nerve impulses 
through these tracts, however, they are subjected to 
numerous inhibitory and facilitatory impulses from 
the higher cerebral centres. This is illustrated by the 
fact that the general intensity of suffering relates to a 
number of factors, including attention, attitude, 
preconditioning experience and temperament, all of 
which exert presynaptic inhibitory influences on the 
painful stimuli reaching the nucleus caudalis.3 Thus, 
pain transmission from the face and mouth is not 
just a simple neural pathway: a variety of intermedi-
ate influences may be exerted on the neural 
transmission. Such a modulating system may involve 
the following: 

(1) A change in the character of the evoked 
discharge. 

(2) Alteration of the modalities to which the 
neurone responds. 

(3) Alteration of the characteristics of its receptive 
field.4 

There appears to be a general relationship 
between nerve fibre diameter and conduction 
velocity:5 large fibres conduct impulses more rapidly 
than small ones. There also appears to be some 
relationship between fibre size and the type of 
impulse transmitted, in that Αδ and C fibres appear 
to convey pain impulses, in addition to other sensory 
modalities, whereas the fast conducting Αα, β and γ 
fibres primarily convey tactile and propioceptive 
impulses but not pain. Αδ fibres also conduct 
warmth, touch and cold, whereas C fibres conduct 
itch, warmth and cold.6 It seems therefore that the 
larger peripheral nerve fibres have functional 
specificity that excludes pain, whereas pain sensa-
tions are predominantly carried by small fibres in 
addition to other sensations.7 

Sensory information may be rapidly conducted to 
the CNS by transmission of nerve impulses, or more 
slowly by means of neurochemical substances 
passing through the axonal transport system.8 

Nociceptive neurones range from high-threshold 
mechanosensitive and mechanothermoreceptive 
afférents to slowly adapting low-threshold polymod-
al afférents. Although a significant proportion of 
afferent fibres enter the central nervous system via 
the dorsal root ganglion and brain stem, a number 
also travel in the ventral root. For instance, 
approximately 20% of the fibres in the motor root of 
the trigeminal may be sensory and related to 
nociception.4 

Chemical mediators (transmitters) 
A number of biochemical factors are also associated 
with the transmission of pain, some act as algogenic 
agents, some as neurotransmitters and some in both 
capacities. 

Bradykinin 

Bradykinin is an endogenous polypeptide released 
from the inflammatory reaction or from ischaemic 
tissues. This serves as a powerful vasodilator in 
addition to increasing vascular permeability. Brady-
kinin also excites all types of receptors, sensitizing 
some high-threshold receptors to respond to other-
wise innocuous stimuli.9 Bradykinin acts only in the 
presence of prostaglandins.10 

Histamine 

Histamine is a vasoactive amine that not only acts as 
a vasodilator but also increases small vessel per-
meability. Conceivably, histamine also functions as 
a central nervous system neurotransmitter. 

https://t.me/DentalBooksWorld



Mechanics of pain 5 

Prostaglandins 

Prostaglandins sensitize nociceptors to different 
types of stimuli, thus lowering their pain thresholds 
to all types of stimulation.11 Prostaglandins are also 
required for the action of bradykinin;10 bradykinin 
also stimulates the release of prostaglandins.12 In 
addition, prostaglandin E increases the response of 
slowly adapting Αδ mechanoreceptors to non-
noxious stimuli.13 

Serotonin 

Peripherally, serotonin is associated with vascular 
pain syndromes as an algogenic agent.14 Centrally 
this monoamine appears to be an important 
endogenous antinociceptive mechanism.15 

Substance P 

This polypeptide acts centrally as an excitatory 
neurotransmitter for nociceptive impulses.16 It is 
also released from spinal cord cells by Αδ and C 
fibre afferent stimulation and excites dorsal horn 
neurones that are activated by noxious stimuli.17 

Substance P modulating action on pain is both rapid 
and short-lived.18 

Other agents 

Acetylcholine4, potassium19 and a variety of endo-
genous toxic substances20 serve as algogenic agents. 

Mechanics of pain 

At one time pain was considered to be evoked by 
noxious stimulation of neural structures, with the 
pain reaction involving a cerebral level modified by 
prior conditioning, memory, emotional response 
and evaluative significance of the pain. Pain is now 
considered to be a much more complex process, 
with neural impulses being altered, changed and 
modulated on passing to the higher centres, in 
addition to being affected by excitatory and 
inhibitory influences. 

Gate theory 

The gate control theory of pain is still the most 
accepted mechanistic theory of pain. It was devised 
by Melzack and Wall.21-23 It proposed that noxious 
stimulation of the substantia gelantinosa functions 
as a gate control system that modulates the afferent 
patterns before they influence the transmission cells. 
The afferent patterns in the dorsal column system 
therefore function in part as a control trigger which 
activates selective brain processes that influence the 

modulating properties of the gate control system. 
The transmission cells activate neural mechanisms 
that comprise the action system responsible for 
response and perception. 

On noxious stimulation of the skin, impulses are 
transmitted centrally by both large Αδ and small C 
fibres. The nerve impulses passing in the large Αδ 
fibres arrive at the substantia gelatinosa before 
those transmitted by the C fibres. These latter 
activate the transmission cells initially, in addition to 
activating a negative feedback mechanism which 
reduces their effect on the transmission cells. Nerve 
impulses in small C fibres therefore activate a 
positive feedback mechanism, which exaggerates 
the effect of impulses arriving on the transmission 
cells. Large-fibre impulses therefore close the gate, 
whereas small-fibre impulses open the gate. 

Continuous ongoing bombardment by afferent 
nerve impulses by C fibres serves to hold the gate in 
a relatively open position, i.e. pre-sets the gate 
before the arrival of noxious stimulation. This is a 
critical part of the gate control theory. If this activity 
is accentuated by inflammation or hyperaemia, the 
stimulus will stimulate the transmission cells more 
effectively. It will also be perceived as pain. 

On noxious stimulation, the activity of the large 
fibres increases disproportionately to that of the 
small fibres, and the stimulus is received as pain. 
Large-fibre activity also partially closes the synaptic 
gate, thus shortening the transmission cell barrage. 
The perception of, and the reaction to, the noxious 
stimulus are thereby shortened and reduced, as the 
stimulus disproportionately affects the large fibres. 
Thus the synaptic gate, which permits the nerve 
impulses of the primary afferent neurones to fire the 
secondary transmission cells, is affected or reset by 
the noxious stimulus itself. With stimulation, more 
receptor fibre units will be recruited. This results in 
both counteractive positive and negative effects, and 
the transmission cell output slowly rises. Thus as the 
noxious stimulus is increased, pain perception and 
reaction slowly increase, although other factors 
modulate the response, i.e. the response is not 
necessarily proportionate to its cause. If the 
stimulation is prolonged, the large fibres begin to 
adapt, decreasing large-fibre activity. This will result 
in a shift in the balance in favour of small fibre 
activity, allowing the gate to open more widely. 
Thus, even though the intensity of the noxious 
stimulus may not increase, the fact that it is 
continuous tends to gradually increase the percep-
tion of the reaction to the stimulus. In effect, the 
duration of pain normally increases its intensity. 

Large-fibre activity therefore modifies the degree 
of gate opening. Decreased large-fibre activity will 
result in gate opening, whereas there will be 
increased pain perception if there is disproportion-
ate small-fibre activity. A critical level of gate 
activity is therefore set by the large-fibres. When 
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6 Pain 

this critical level is set high, pain is not perceived 
until the firing level is reached, causing a delay 
between stimulus and perception, termed temporal 
summation. After reaching this critical firing level, a 
transmission cell barrage may occur explosively, 
causing pain that is wholly disproportionate to 
stimulus intensity. This is termed spatial summation. 
Deficient large-fibre activity may therefore elevate 
the critical firing level of the gate control system 
reflected by summation effects. Deficiency in 
large-fibre activity may also result in the gate being 
opened, with the effect that lower-intensity stimula-
tion is perceived as pain. Gate-setting and critical 
firing levels are therefore different facets of the pain 
mechanism, even though both affect the gate control 
system. Presetting of the gate is also determined by 
higher central nervous system centres, as illustrated 
by the following: 

(1) Past experience. 
(2) Conditioning. 
(3) Attention directed to suffering. 
(4) The emotional status of the individual at a given 

time. 

Such inputs may individually or collectively serve 
to modulate the gate. When the gate is open, the 
patient will not only suffer more from the same 
noxious stimulus but may also perceive as pain 
stimuli those that normally should not be painful. A 
calm, placid and emotionally well-adjusted indi-
vidual perceives and reacts to pain differently from a 
distraught, anxious, emotional patient. 

Presetting of the gate is also dependent on the 
stimulus. When stimulation occurs, certain extreme-
ly fast-conducting fibres bypass the substantia 
gelantinosa to synapse first in the thalamus and then 
to the sensory cortex. These very rapidly transmit-
ted impulses convey data concerning the location 
and nature of the noxious stimulus before the same 
stimulus reaches the synaptic gate. Such very rapid 
impulses have two effects: 

(1) Setting the receptivity of cortical neurones for 
the subsequent afferent impulse volley from the 
transmission cells fired from the gate control 
system. 

(2) Resetting the gate itself by nerve impulses 
transmitted by descending efferent fibres from 
the higher cortical centres to the gate control 
mechanism. 

There may therefore be central modulation of the 
gate before the noxious impulses have had time to 
reach the gate. If such central inhibitory feedback 
control on the gate is total, no pain will be felt, 
regardless of the intensity of the noxious stimulus. If 
the central inhibitory system fails, however, all 
sensation may be perceived as pain. 

Finally, the second-order neurones from the gate 
to the thalamus are another level where modulation 

may occur. These neurones may transmit data 
concerning the nature of the noxious stimulus 
resulting in activation of both motor and sensory 
cortices, i.e. leading to both reactionary and sensory 
responses to noxious stimulation. These will again 
be modulated by past experience and emotional 
states, etc. The role of the cerebral cortex in either 
sensory perception in general or pain perception in 
particular is, however, still uncertain. Undoubtedly 
the cortex and other parts of the forebrain, e.g. the 
limbic system, are implicated in motivation, emo-
tion, and pain memory, although their exact involve-
ment in pain mechanisms has yet to be defined. 

In 1975, two of the five endorphins (morphine 
receptors in the central nervous system) were noted 
to be associated with antinociceptive mechanisms.24 

These polypeptides behave like morphine by bind-
ing to morphine receptors to obtund pain. Encepha-
lin and ß-endorphin may therefore act as chemical 
neuromodulators, influencing both pain threshold 
and pain tolerance,25,26 further compounding the 
complexity of the mechanics of pain. 

Orofacial pain 

Orofacial pain may be carried by myelinated or 
unmyelinated afférents from a receptive field, with: 

(1) High-threshold mechanoreceptive (A) afferent 
fibres activated only by intense mechanical 
stimuli. 

(2) Heat nociceptive (A) afférents that respond to 
intense heat. 

(3) Strong mechanical stimuli and polymodal 
nociceptive (C) afférents that are responsive to 
intense mechanical, thermal and chemical sti-
muli. 

These afférents are conveyed to the trigeminal 
(gasserian) ganglion where their primary afferent 
cell bodies are located. They then enter the brain 
stem to traverse the trigeminal spinal tract before 
entering the trigeminal nuclear complex (primarily 
the nucleus caudalis). Within this nucleus caudalis 
there appear to be three general types of nociceptive 
neurones: 

(1) Nociceptive-specific neurones that respond ex-
clusively to noxious mechanical and thermal 
stimuli. 

(2) Wide-dynamic range neurones that respond to 
non-noxious as well as noxious stimuli. 

(3) Low-threshold mechanoreceptive neurones that 
respond to light touch, pressure or facial hair 
movement, rather than noxious mechanical or 
heat stimuli. 

Some of the neurones project to the thalamus via a 
pathway that may cross in the brain stem to the 
contralateral side. Others traverse to the reticular 
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Pain aetiology 7 

formation, cranial nerve motor nuclei (e.g. subnuc-
leus oralis and the main trigeminal sensory nucleus) 
or other subnuclei. Obviously, the somatosensory 
cerebral cortex is involved in both general sensory 
perception as well as pain perception, although the 
role of other cortical regions, e.g. limbic system, has 
yet to be defined. 

Secondary effects of pain 

There is generally a close segmental relationship 
between the primary initiating pain and secondary 
effects of the noxious stimulus. Most secondary 
symptoms occur in structures innervated by the 
same major nerve that mediates the primary pain. 
These secondary effects may include: 

(1) Sensory effects resulting in referred pains and 
secondary hyperalgesias, e.g. angina pectoris 
radiates to the top of the left shoulder, left arm 
and left side of the neck. The exact mechanism 
of referred pain is unclear but appears to 
depend on convergence of afferent inputs to 
central neurones from both the source and the 
referral sites, in addition to central summation. 
For instance, afferent inputs from facial, tooth 
pulp, pharyngeal and laryngeal sites may con-
verge on the trigeminal brain stem complex and 
underlie certain types of referred pain in the 
orofacial region. 

(2) Autonomie effects resulting in vasomotor and 
glandular symptoms, e.g. facial flushing with a 
dental abscess. 

(3) Motor effects resulting in trigger point and 
myospastic activity in segmentally related 
skeletal muscles, e.g. masseter muscle pain with 
temporomandibular joint malfunction. For inst-
ance, local occlusal interferences may trigger 
increased muscular activity, changes in jaw 
position, muscle fatigue and pain. Interestingly, 
there appear to be no significant differences 
between the occlusions of patients affected by 
this disorder and those without it, thereby 
throwing into question the over-reliance on 
occlusal rehabilitation as a treatment order of 
this condition. 

Pain aetiology (causes) 
No single noxious stimulus results specifically in 
pain. Pain is therefore stated to have a multimodal 
aetiology. Nevertheless, there are some specific 
pathological processes that are commonly associated 
with pain. A few are mentioned here, primarily to 
illustrate the complexity of pain. Much more 
information concerning these aetiologies may be 
found in standard textbooks of pathology. 

Inflammation 

Tissue injury initiates an inflammatory response. 
Such a response characteristically includes pain. 
Inflammatory pain is actually a reaction to the 
chemical inflammatory mediators of bradykinin and 
prostaglandins. These chemical mediators not only 
result in vasodilatation and increased capillary 
permeability but also alter local receptor sensitivity 
and receptivity.27-30 The pain threshold is lowered 
as a result of such mediator activity, the net result 
including increased nociceptor sensitivity to stimula-
tion. Higher-threshold mechanoreceptors may also 
become sensitized to a wider variety of stimuli. As a 
result, spontaneous primary pain and stimulation-
evoked primary hyperalgesia may occur. A prosta-
glandin-like substance may also be released in the 
central nervous system that sensitizes nociceptive 
interneurones to mechanical and chemical stimuli. 
The net result is that the neural pathways related to 
inflammatory pain become more sensitive to the 
action of opiates.31 

Pain of inflammatory origin may involve different 
kinds of tissue innervated by receptors with different 
reactive responses. Superficial pain may be in-
flammatory in origin (e.g. gingivitis), whereas 
visceral inflammatory pain may result from in-
flammatory changes in the adjacent tissues, e.g. 
arteritis or lymphadenitis. Inflammatory pain is 
therefore but a component of a symptom complex. 

Muscle pain 

Most muscle pain is noninflammatory in origin. 
Sometimes it results from muscle spasm, sometimes 
it is reactive, and sometimes it is protective. For 
example, muscle splinting is a temporary protective 
mechanism resulting in muscle pain and weakness. 
As a consequence, such muscle splinting serves to 
rest the muscle until the symptoms have 
disappeared. 

Vascular pain 

Patients with vascular pain (e.g. migraine) frequent-
ly display a characteristic emotional overlay with 
personality features of insecurity and tension. Four 
possible conditions have been associated with 
vascular pain discomfort:32 

(1) Vasodilatation and increased vascular per-
meability. 

(2) Tissue oedema at the painful site. 
(3) Oedema of the vessel wall and perivascular 

tissues. 
(4) Associated muscle pain. 

Thus, whereas vascular spasm and associated 
ischaemia contribute to the aetiology of vascular 
pain, other features may also occur. 
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Neural pain 

Cutting or crushing a peripheral nerve induces 
anaesthesia due to afferent impulse interruption. 
Other symptoms may also occur, including para-
esthesia, hyperaesthesia, hyperanalgesia or spon-
taneous pain. These symptoms may characterize the 
local area supplied by the nerve or may radiate to a 
much larger area. 

Short term neural compression is usually painless, 
and/or results in anaesthesia. Chronic neural com-
pression, however, ultimately leads to myelin nerve 
sheath degeneration. Loss of the myelin sheath may 
result in impulses travelling through the demyelin-
ated region passing (shorting) to adjacent nerve 
fibres in a random manner, often reflected as pain, 
e.g. trigeminal neuralgia.33 

Trauma, bacterial infection and inflammation 
may result in inflammatory changes of the nerve 
fibre itself.1 As a result the threshold of C fibres may 
be lowered, thus making them more sensitive to 
nociceptive stimuli and there may be partial or 
complete abolition of the reactivity of the Αδ 
fibres.34 Thus the peripheral inhibitory mechanisms 
of pain modulation may be reduced, leading to the 
net neural activity being perceived as pain.21 

Other causes of pain 

Pain may result from a variety of pathological 
events, including: 

(1) Spontaneous events, without obvious cause. 
(2) Elevation of body temperature, e.g. fever. 
(3) A general response to abnormal allergic, emo-

tional, endocrine, metabolic or toxic conditions. 
(4) Direct noxious chemical, mechanical or thermal 

insults. 

Categories of facial pain 
Pain from the face or oral cavity may be classified 
into three general categories: somatic, neurogenous 
or psychogenic. 

Somatic pain 

Somatic pain may result from stimulation of neural 
receptors or peripheral nerves. If superficial in 
origin, the clinical characteristics include: 

(1) Bright pain with a stimulating quality. 
(2) Accurate pain localization. 
(3) Accurate correlation between lesional site and 

pain source. 
(4) Temporary pain abolition by topical anaesthetic 

application to the site. 

If deep in origin, the clinical characteristics 
include: 

(1) Dull pain, depressing in quality. 
(2) Variable localization of diffuse pain. 
(3) Site of pain may/may not correlate with lesional 

site. 
(4) Frequent display of secondary central excitatory 

effects. 

Neurogenous pain 

As neurogenous pains are generated within the 
nervous system itself, nerve receptor or fibre 
stimulation is unnecessary. The clinical characteris-
tics of such neurogenous pains include: 

(1) Bright, burning pains with a stimulating quality. 
(2) Good localization. 
(3) Close correlation between site of pain and 

lesion. 
(4) Possible accompaniment by other sensory, 

motor and/or autonomie symptoms. 

Psychogenic pain 

Psychogenic pain may reflect somatic or 
neurogenous pain intensification, or may be a 
psychoneurotic manifestation. The characteristics of 
psychogenic pain include: 

(1) The site of pain often has no correlation with a 
possible cause. 

(2) The clinical behaviour and/or response to 
therapy may be non-physiological, unexpected 
or unusual. 

Odontogenic pain (toothache) 

A tooth is primarily innervated from the maxillary 
or mandibular division of the trigeminal nerve that 
pass essentially through the apical foramen. These 
nerve fibres are evident at the cap stage of 
odontogenesis.35 Whereas in the fully developed 
tooth, some nerves terminate in the pulp proper, the 
majority pass towards the coronal pulpal walls and 
roof to form the subodontoblastic nerve plexus. 
Nerve fibres from this plexus then pass into the 
overlying odontoblastic layer, and comprise both 
myelinated and unmyelinated nerve fibres (some of 
which may be autonomie in origin). Thermal, 
osmotic, electrical, therapeutic and pharmacolgical 
stimuli result in pulpal nerve excitation,36 although 
the degree of specificity remains obscure. In fact 
both myelinated (A) and unmyelinated (C) fibres 
pass through the apical foramen into the root canal 
and generally branch infrequently until the coronal 
aspect where they fan out towards the pulpal 
dentine border as Rashkow's plexus. The density of 

https://t.me/DentalBooksWorld



Review questions 9 

this plexus varies, tending to be greater at the tips of 
the coronal pulp horns. From this subodontoblastic 
nerve plexus, nerve fibres are distributed in the 
pulpodentinal border zone, with terminals showing 
a characteristic head-like structure. 

Some of the small (<1 μπι diameter) nerve fibres 
in the odontoblastic zone are closely applied to the 
odontoblasts, and others enter the predentine to pass 
in the dentinal tubules for variable distances.3739 

Some of these nerve fibres may, however, have an 
autonomie efferent rather than nociceptive afferent 
function. Also, there is little evidence that these 
fibres pass to the amelocemental junction (clinically 
the most sensitive region of the tooth). Thus, 
although these nerve fibres may be associated with 
tooth-ache, other mechanisms may also be responsi-
ble. 

The odontoblastic transduction theory contends 
that a dental stimulus excites either an odontoblast 
or its process which then transmits the excitation to 
adjacent nerve fibres. Such a view is supported by 
the close association between odontoblasts and 
subodontoblastic nerve plexus, in addition to the 
neural crest origin of the odontoblasts themselves. 
The hydrodynamic theory contends that enamel or 
dentinal stimulation causes an outward or inward 
flow of dentinal tubular contents, the resultant 
disturbances being translated as pulpal nerve 
excitation.40 Conceivably, more than one mecha-
nism may be involved. 

The innervation of the pulp includes both afferent 
neurones that conduct sensory impulses and efferent 
autonomie neurones that principally provide 
neurogenic modulation of the blood flow in the 
pulp. Myelinated axons appear mostly associated 
with pain sensory function and have the following 
properties: 

(1) Relatively fast conduction velocity. 
(2) Relatively slow stimulation threshold. 
(3) Considered to convey impulses conceived as 

sharp and penetrating. 

The pain sensory unmyelinated nerve fibres 
passing into the pulp tissue are generally considered 
to exhibit the following properties: 

(1) Relatively slow conduction velocity. 
(2) Relatively high stimulation threshold. 
(3) Considered to convey impulses conceived as 

dull and lingering. 

Pulpal (including nociceptive) stimuli result in 
neuronal activity in widely dispersed CNS regions, 
including: 

(1) Trigeminal brain stem sensory nuclei. 
(2) Cranial nerve motor nuclei. 
(3) Cerebellum. 
(4) Reticular formation. 
(5) Ventrobasal thalamus. 

(6) Hypothalamus. 
(7) Somatosensory cerebral cortex. 
(8) Orbital cerebral cortex. 

Pulpal stimulation thereby produces emotional, 
motivational and other behavioural changes, in 
addition to the appropriate reflex responses. The 
innervation of tooth pulps exhibits marked variabil-
ity, with an increase in the number of myelinated 
axons from the time of first eruption to some time 
after eruption. This correlates with newly erupted 
healthy teeth being less sensitive than older healthy 
teeth. With aging, however, the number of axons 
entering a tooth generally decreases. This again 
correlates well with clinical findings of a reduction in 
pulpal sensitivity with increasing age. 

Pain control 
Many procedures are available for the control of 
pain. These include: 

(1) Pharmacological agents: local and general 
anaesthetic agents, analgesic drugs, e.g. mor-
phine. 

(2) Therapeutic procedures: acupuncture, trans-
cutaneous electrical stimulation, audioanalge-
sia, hypnosis. 

(3) Psychiatric counselling. 
(4) Neurosurgery. 

All these methods are directed toward blocking 
pain transmission either at the periphery before the 
impulses enter the brain or within the brain. 

The reader is referred to more clinically oriented 
textbooks for a more detailed exposition of these 
topics. 

Conclusions 
Pain is a multidimensional experience involving 
both the sensation evoked by a noxious stimulus but 
also the reaction to it. The sensation of pain 
therefore depends in part on the patient's past 
experience, personality and level of anxiety. The 
neural basis for pain is, however, poorly under-
stood, with the gate theory emphasizing some of the 
polymodal interactions involved. These complex 
interactions have yet to be fully evaluated. 

Review questions 
1. Describe the various types of pain receptors 

found in the body. 
2. What are the possible causes of pain? 
3. Describe the possible mechanisms for pain from 

a grossly carious tooth using the gate theory. 
4. Compare tooth-ache with somatic facial pain. 
5. How can pain be controlled? 
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Mastication 

Introduction 

Masticatory mandibular movements 

Tooth contact 

Neural masticatory receptors 
Muscle spindles 
Goigi tendon organs 
Periodontal mechanoreceptors 
Mucous membrane receptors 
Joint receptors 

Central neural connections 

Introduction 

Masticatory movements comprise exceedingly com-
plex and co-ordinated neuromuscular events. They 
include not only mandibular elevation and depres-
sion but also opposing tooth alignment and accurate 
regulation of masticatory forces. However, whether 
mastication utilizes some of the neuromuscular 
pathways and mechanisms used in the programmed 
rhythmic motor behaviour of suckling, or whether 
the maturing nervous system develops new mechan-
isms triggered by tooth eruption, remains enigmatic. 

These masticatory activities require the co-
ordinated activity of several groups of muscles 
attached primarily to the mandible. These muscles 
appear to have shorter contraction times than most 
other body muscles. They also incorporate muscle 
spindles to monitor their activity, especially the 
elevator muscles. The masticatory muscles appear to 
have no Golgi tendon organs to monitor tension, 
although periodontal ligament and oral mucosal 
mechanoreceptors conceivably provide sufficient 

Jaw reflexes 
Jaw-closing reflex 
Jaw-opening reflex 
Tooth contact reflexes 
Jaw-unloading reflex 
Horizontal jaw reflexes 

Mastication 
Maxillomandibular relations 
Mandibular rest position 

Conclusions 
Review questions 
References 

motor neurone feedback. Masticatory muscle con-
trol and co-ordination are partly a function of brain 
stem centres. These are not only capable of 
generating oscillatory activity patterns, independent 
of feedback from the periphery, but may also 
initiate rhythmic chewing movements. In this 
respect, mastication is a rhythmical activity with 
many similarities to respiration, locomotion and 
other innate rhythms. There is, however, scant 
information concerning the roles for the brain stem 
centres, basal ganglia, cerebellum or cerebral cortex 
in masticatory control. The existence of jaw reflexes 
(jaw jerk, jaw-opening and jaw-closing) suggest that 
neural connections could provide the following: 

(1) Length servomechanisms for jaw movement 
control. 

(2) Positive feedback mechanisms to reinforce 
elevator muscular contraction forces when the 
teeth contact a bolus. 

(3) Protective mechanisms which limit the max-
imum forces developed on the teeth and mucous 
membranes. 

12 
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Masticatory mandibular movements 

Subjects with good dentitions usually have greater 
masticatory efficiency than partially dentate or 
edentulous individuals.1 These last two types of 
patient do not compensate for lack of masticatory 
efficiency by increased numbers of chews, however, 
but tend to swallow rather larger food boluses. 

The range of mandibular masticatory movements 
were first described by Ulrich2 and Bennett3 at the 
turn of the century. They showed that there was no 
fixed axis of mandibular rotation. Normal move-
ments always involve simultaneous hinge and sliding 
condylar movements. Even the small mandibular 
movements from rest to occlusion always involve 
some posterior condylar movement, in addition to 
rotation. Some individuals are capable of producing 
pure hinge movements on occlusal opening, but only 
for the initial opening phases. With maximum 
opening, the condyles move forward, beyond the 
lowest part of the articular eminence. This forward 
condylar movement is even greater when the 
mandible is protruded with the teeth in contact. 
When the mandible is moved to one side, the 
condyle on that side moves downward. A posterior 
condylar movement is also possible from centric 
occlusion. Such posterior mandibular movements 
from a centric relationship occur during swallowing, 
but not during masticatory movements.4 Thus the 
condyle may rotate and translate to allow the jaw to 
open and close during masticatory mandibular 
movements.5 The condylar head does not abut 
directly on the temporal bone, however, as there is a 
joint cavity. There is also an intervening meniscus 
that divides the joint cavity into upper and lower 
compartments. It is generally considered that hinge 
movements occur in the lower compartment and 
translational movements in the upper compartment, 
although both movements may occur in each 
compartment to a variable extent. 

During mastication, there is an opening phase, 
during which there may be some lateral deviation, 
and a closing phase which begins with a lateral 
component towards the working side. There is also a 
lateral component back towards centric occlusion in 
the final closing phase, which is often guided by 
gliding tooth contacts.6,7 In fact, the chewing cycle 
can be considered to comprise three phases: 
(1) An opening phase. 
(2) A closing phase. 
(3) An occlusal phase. 

During both the opening and beginning of the 
closing phases, the masticatory muscles undergo 
isotonic contraction or relaxation. In the latter part 
of the closing and occlusal phases, however, tension 
builds up in the elevator muscles. Elevator muscular 
contraction is strictly isometric only when the teeth 
are in contact or when there is a hard unyielding 

object in between them. During chewing, the 
change from isotonic to isometric contraction is 
usually not abrupt but rather a gradual change 
during the latter part of the closing phase. The 
opening movement appears to be only just sufficient 
for the teeth to clear the bolus; tooth contact with 
the bolus occurs soon after the beginning of the 
closing phase.7 Mastication is characterized not 
only by a simple straight opening and closing of the 
jaw but also retrusive, protrusive and lateral jaw 
movements. Bilateral chewing is far less common 
than unilateral chewing since one side of the jaw is 
usually favoured in mastication. Each chewing cycle 
lasts approximately 0.8-1.0 s.8 

During the closing phase of mastication, the 
temporalis muscle on the working side is the first to 
become active, followed by both masseters and the 
temporalis of the balancing (non-working) side.6'9 

The masseter and medial pterygoids are the first to 
become active during an incisive movement.10 The 
lateral pterygoid muscle is active during both 
mandibular protrusion and opening,11 although it is 
not strictly a mandibular depressor. The suprahyoid 
muscles (digastric, geniohyoid and mylohyoid mus-
cles) become active during jaw opening, although 
hyoid stabilization through infrahyoid and stylohy-
oid muscle contraction is a necessary prerequisite.12 

During the initial phase of isotonic closing from an 
open position, the depressor muscles are first 
activated.6 The depressor muscles then gradually 
relax to allow the mouth to be closed by the passive 
tension in the elevator muscles and ligaments. 

During opening, there is usually a lateral man-
dibular shift to the working (functional) side. The 
mandible then swings back during closure into the 
intercuspal position. Tooth contact glides (or slides) 
may occur as the opposing teeth contact one another 
during the initial phases of opening or terminal 
phases of closing. Thus both the condylar head and 
mandibular body move during mastication. The 
working-side condyle moves laterally during the 
opening phase, whereas the opposing condyle on the 
balancing side moves medially downwards and 
forwards. The working-side condyle rapidly resumes 
its position within its fossa early in the closing phase, 
whereas the balancing-side condyle moves back into 
its fossa in the later phase of closing. Such 
mandibular movement patterns are not fixed, 
however, but may be affected by a number of 
factors, including food bolus consistency, individual 
masticatory habits and the state of the dentition. 

Tooth contact 

A maximum force of about 50 kg can be developed 
between the molar teeth of a dentate patient, 
although forces of up to 150 kg have been recorded 
between the molar teeth in Eskimos.13 This 
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maximum force can be increased by exercise and 
practice.14 The maximum force occurs between the 
first molars, and falls off by about 10kg in the 
incisor region.15 It is not known whether this 
maximum biting force is limited by protective 
reflexes centring on periodontal membrane receptor 
excitation and elevator muscle inhibition, or the 
physical properties of the masticatory muscles 
themselves coupled with tooth depression within 
their periodontal membranes. In fact, both mechan-
isms may be involved. Since the maximum force 
developed by a muscle depends in part on its length, 
the biting force is maximal when the teeth are 
separated by a few millimetres.1617 In a small 
proportion of cases, the maximum biting force is 
limited by pain from the teeth18, especially in 
patients with advanced chronic periodontal disease. 
During normal function, however, a force of 
7-15 kg occurs during swallowing and chewing.19"21 

If the bite is raised on one tooth, that tooth, and 
the opposing tooth in the opposite jaw, will be 
subjected to increased masticatory stress. In such 
instances, the total tension developed by the 
elevator muscles may be reduced, presumably due 
to increased periodontal mechanoreceptor 
stimulation.22 

Thus a number of factors may influence the biting 
force including: 

(1) The particular tooth (greater forces occur 
between the molars than incisors). 

(2) Dietary consistency. 
(3) Degree of chronic periodontal disease. 
(4) Jaw separation. 
(3) Tooth-cusp configuration. 
(6) Natural or artificial teeth. 
(7) Biting practice. 

The masticatory system is relatively unique 
compared with other bodily movements in that it is 
often terminated by abrupt contact between hard 
tissues. The periodontal supporting tissues provide 
only limited cushioning.23 Such a situation places a 
significant role on the neural regulating mechanisms 
of the muscles of mastication. The original claims 
that only negligible contacts occur between the teeth 
during mastication are not true.24 In fact, the closing 
movements during chewing are all directed towards 
the position of maximal intercuspal contact, with 
tooth contact occurring in up to 100% of the strokes 
in a chewing sequence.6,25_^7 The number of tooth 
contacts may vary with food type and increases 
towards the end of a chewing cycle; this is associated 
with reduced food-particle size towards the end of 
the masticatory cycle.26 In some instances, the teeth 
contact on only one side of the jaws, due to 
displacement of the loaded teeth in their sockets28 

and mandibular bending.29 Often there appears to 
be a gliding movement between the opposing tooth 
cusps as they pass into and out of maximal contact.6 

During such gliding movements, eccentric tooth 
contacts may occur. In some patients, such gliding 
contacts cannot be detected, as vertical chopping 
movements predominate.6 In such instances, there 
is no mechanical guide to the final path of 
mandibular closure, so that mandibular movements 
must be dependent on neural mechanisms. During 
swallowing, tooth contacts occur both in the position 
of maximal intercuspation26 and with the mandible 
in a more retruded position,27 although such 
retrusive mandibular movements do not occur 
during mastication.27 

Abnormal tooth contacts have been implicated in 
the aetiology of periodontal tissue pathogenesis, in 
addition to temporomandibular joint and mastica-
tory muscle malfunction. Such abnormal tooth 
contacts may result in a dentist performing tooth 
reshaping in the form of extensive crown and bridge 
therapy or changing the normal occlusal relationship 
between the upper and lower teeth. There is, 
however, no conclusive evidence that a traumatic 
occlusion develops physiologically in the absence of 
chronic periodontal disease or that abnormal tooth 
contacts or particular jaw relationship patterns ever 
provide the primary causes of periodontal disease, 
temporomandibular joint disease or masticatory 
muscle malfunction.3 3 

The normal mechanisms which determine the 
position of a tooth in the dental arch would be 
expected to prevent the development of a traumatic 
occlusion. Also a tooth would be expected to 
maintain this position during function, since abnor-
mal forces would result in a change of tooth position 
until a new equilbrium position was achieved. Thus 
an occlusion which had developed physiologically 
would already be in optimal equilibrium; such an 
optimal equilibrium could not be improved by 
orthodontic or occlusal rehabilitative therapy. If the 
occlusion were to be changed for aesthetic or food 
stagnation reasons, then an alternative position of 
non-traumatic equilibrium would have to be 
achieved. If the functional forces were greater than 
normal, reflex changes in masticatory muscle 
activity might occur as a result of increased 
periodontal membrane mechanoreceptor activity. 
Altered tooth contacts might also lead to abnormal 
masticatory muscle activity if the normal synaptic 
events forming part of the control mechanisms 
regulating masticatory muscle activity were 
disturbed. 

Neural masticatory receptors 
The various co-ordinated masticatory activities of 
the mandible are reflected by the appropriate 
muscle function. Each mandibular skeletal muscle 
comprises an active contractile portion, comprising 
large numbers of extrafusal striated muscle fibres, 
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and a passive elastic component comprising fascia, 
ligaments and tendons. Both elements contribute to 
muscle tone at rest or in contraction, although the 
relative contribution of each appears to be a 
function of muscle length. Each muscle is innervated 
by α-efferent motor neurones that supply the 
extrafusal muscle fibres, whereas γ-efferents supply 
the intrafusal fibres of the muscle spindles. As with 
other skeletal muscles, the masticatory muscles may 
undergo isotonic contraction (shorten to produce 
jaw movement against constant load) or isometric 
contraction (produce contractile tension with no 
change in length). Each muscle comprises fibres that 
exhibit rapid twitch contraction (fast or white fibres 
that are quickly fatigable) or slow twitch contraction 
(fatigue-resistant and atuned to the maintenance of 
mandibular posture). There are also muscle fibres 
with intermediate properties. 

Contraction of individual muscle fibres is a 
function of a muscle unit. The latter comprises a 
single a motor neurones, its a-efferent nerve fibre 
and a number of muscle fibres. The size of a motor 
unit reflects the number of individual muscle fibres 
supplied. An increase in muscle tension involves the 
following: 

(1) An increase in individual motor unit discharge 
frequency. 

(2) An increase in the number of motor units 
discharging (recruitment)-the smaller motor 
units become activated first, with the larger 
units becoming activated at higher tensions. 

(3) Increased motor unit discharge synchrony. 

Sensory receptors in skeletal muscles generally 
comprise two basic groups: free and encapsulated 
nerve endings. Free nerve endings are generally 
believed to be primarily associated with pain 
perception, although some may be sensitive to 
non-noxious stimuli, e.g. muscle stretch. 

Muscle spindles 

Muscle spindles of the orofacial muscles are similar 
to those elsewhere in the body.34 They comprise 
stretch-sensitive, slowly-adapting specialized (intra-
fusal) mucscle fibres that are contained within a 
capsule lying parallel to the extrafusal muscle fibres. 
The spindle generally has a double afferent innerva-
tion: 

(1) Large (12-20 μηι diameter) group la mylinated 
afferent fibres terminate as annulo-spiral (prim-
ary) endings in the central region of each 
intrafusal fibre. 

(2) Smaller (4-12 μπι diameter) group II myelin-
ated afferent fibres ending on either side of the 
central region as spray (secondary) endings. 

The efferent (motor) supply to the intrafusal 
fibres is derived from γ motor neurones located 

within the central nervous system. Some muscles, 
e.g. mandibular elevators (masseter, medical ptery-
goid and temporalis) have large numbers of 
spindles,36 whereas the digastric, facial and lateral 
pterygoid muscles contain few, if any, muscle 
spindles.37-39 This suggests that these latter muscles 
have either alternative means of proprioceptive 
control, e.g. free nerve-endings, and/or depend on 
other stretch-sensitive afférents, e.g. receptors in 
the temporomandibular joint. The masseter, tem-
poralis and medial pterygoid muscles contain 
numerous spindles that relay information to the 
brain about muscle length.35 In fact, the number of 
spindles/g muscle is much greater in the muscles of 
mastication than in the upper limb muscles,40 

although only about 50% compared with the 
muscles that move the fingers.41-4i 

The spindle afférents from the masseter, tempor-
alis and medial pterygoid muscles appear unique, in 
that their cell bodies reside within the central 
nervous system. In fact, the axons bypass the 
trigeminal ganglion and enter the pons in the motor 
rather than the sensory root of the trigeminal nerve. 
The cell bodies of these large unipolar cells reside in 
the trigeminal mesencephalic nucleus. Collaterals 
form monosynaptic connections with elevator mus-
cle a motor neurones in the trigeminal motor 
nucleus.43 Destruction of the trigeminal ganglion or 
the trigeminal root between the ganglion and the 
pons is not followed by degeneration of synaptic 
terminals in the trigeminal motor nucleus.44 This 
confirms that the cell bodies of the spindle afférents 
are within the CNS. The mesencephalic nucleus 
contains cells of fibres which innervate muscles on 
the same side of the body,43 although input may also 
be received from nerves supplying contralateral 
muscles.45'46 Lesions in the trigeminal mesencepha-
lic tract produce no detectable degeneration of 
fibres in the nerves to the anterior belly of the 
digastric or mylohyoid muscles,44 47,48 and there do 
not appear to be afférents responding to passive 
stretch of the depressor muscles from either the 
mesencephalic nucleus4 7 or the trigeminal 
ganglion. 

There is a concept that the muscle spindles may be 
involved in correcting small errors between the 
intended and actual mandibular movements and 
maintaining a constant posture against the effects of 
gravity. Originally, the γ motor neurones were 
considered to provide the command signal for a 
movement, with the muscle spindles acting as an 
error detector in a follow-up length servomechan-
ism. The spindles are still considered as providing 
length feedback but in a system whereby muscle 
contraction is servo-assisted rather than being 
totally dependent on a follow-up length 
servomechanism.42 This is because muscle move-
ment results from central coactivation of both a and 
γ motor neurones, rather than a motor neurones 
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alone. Thus, if a nut is cracked between the teeth, 
the unloading reflex results in a sudden switching off 
of the powerful elevator muscle contraction as soon 
as the nut cracks. The sudden shortening of the 
elevator muscles will cause a decrease in the spindle 
discharge with a consequent reduction in a neurone 
activity. Throughout the bite and crack, the 
masticatory system behaves as though it were 
attempting to move the mandible so the distance 
between the teeth was slightly less than the diameter 
of the nut. Forces of up to 100 kg can be developed 
between the teeth under such conditions, but rarely 
do they crash together when the resistance suddenly 
disappears. Thus the spindles of the mandibular 
elevators may monitor individual spindle output 
without interrupting their connections with other 
neurones. 

Golgi tendon organs 

The Golgi tendon organs are receptors primarily 
located at muscle-tendon junctions (or temporo-
mandibular joint capsule). They are innervated by 
lb myelinated afferent (8-12 μπι diameter) fibres. 
There is no evidence of such units within the 
masticatory muscles, or tension receptor afférents in 
the trigeminal ganglion.49 

Periodontal mechanoreceptors 

The periodontal ligament contains mechanorecep-
tors that respond to forces applied to the teeth.50 

These mechanoreceptors have a wide range of 
properties: 
(1) Some are excited by just a few microns of tooth 

displacement.51 

(2) Some are less sensitive and respond only to 
much larger f of ces. 

(3) Some exhibit directional sensitivity, with nerve 
fibres responding maximally to forces in one 
particular direction.52 

(4) Some are slowly adapting and produce con-
tinuous discharge when a constant stimulus is 
applied. 

(5) Some adapt more rapidly, producing only a few 
impulses immediately when stimulated.5 

(6) Some are very rapidly adapting units and do not 
respond unless a very rapid stimulus is applied. 

(7) Some are very slowly adapting units and provide 
a constant discharge that can be increased or 
decreased by applying forces in specific 
directions.54 

The actual location of these various units has yet 
to be defined, however, although conceivably some 
may be associated with the surrounding soft tissues, 
rather than in the periodontal membrane itself, e.g. 
palatal mucosa51 and tongue.55 

Most single fibres respond to mechanical stimula-
tion of just one tooth, although some also respond 
to stimulation of up to three adjacent teeth.56 

Whether this results from nerve branching with a 
single nerve supplying the receptors of more than 
one tooth, or mechanical coupling between the 
teeth, remains obscure. Fibres which respond to 
mechanical stimulation of a tooth can often also be 
excited by pressure on the adjacent mucous 
membrane or gingiva. This again may reflect 
indirect periodontal membrane receptor stimula-
tion. 

The conduction velocities of the periodontal 
membrane mechanoreceptor fibres range from 25 to 
80 m/s, with the majority between 40-50 s.53'57 The 
cell bodies of some of these fibres are located in the 
trigeminal (gasserian) ganglion, with others in the 
trigeminal mesencephalic nucleus.43,58 Responses to 
mechanical stimulation of the teeth have also been 
reported from interneurones in the supratrigemi-
nal,59 main sensory and rostral part of the spinal 
trigeminal nuclei. 61 

Mucous membrane receptors 

There are some cells in the mesencephalic nucleus, 
main sensory and spinal trigeminal nuclei61 that 
respond to pressure in the palate, particularly in the 
region just distal to the central incisors.43 There is 
no evidence of specialized nerve endings in the oral 
mucosa. 

Joint receptors 

Free nerve fibres comprise the predominant recep-
tor in the temporomandibular joint capsule.62 In 
addition, a few complex receptors have been 
recorded, including Ruffini, Pacinian and Golgi 
receptors. These last appear to be confined to the 
lateral aspect of the joint capsule and lateral 
ligament and supplied by a branch of the auricu-
lotemporal nerve. The majority of myelinated nerve 
fibres innervating the temporomandibular joint are 
small in diameter (up to 2 μπι) There are some up to 
12μιη, however, which presumably innervate the 
more complex receptors. These receptors appear to 
be associated with joint location p reception. 

Central neural connections 

Muscle spindle afférents from the mandibular 
elevators (masseter, medial pterygoid and tempor-
alis) enter the mandibular division of the trigeminal. 
The cell bodies of these nerves reside in the 
trigeminal mesencephalic nucleus (not the trigemin-
al ganglion), along with some of the primary 
afférents responding to tactile stimulation of one or 
more teeth, the palatal mucosa and cutaneous 
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regions of the face. Most afferent fibres responding 
to tactile stimuli, including those from the temporo-
mandibular joint and muscle nociceptive afférents, 
have their cell bodies within the trigeminal ganglion. 
The unipolar, bipolar and multipolar cells form 
clusters within the mesencephalic nucleus. Conceiv-
ably the associated tight junctional contacts and 
synapses between these cells facilitate afferent signal 
amplification, thereby regulating the signals before 
passing to the trigeminal motor nucleus or higher 
centres of the brain. The central axonal processes of 
the masticatory muscle spindle afférents leave their 
cell bodies in the trigeminal mesencephalic nucleus 
to pass to the trigeminal motor nucleus. This forms 
the jaw-jerk reflex arc. In addition, these muscle 
afférents pass to other regions of the central nervous 
system including the cerebellum and cerebrum. 
Such muscle afferent input to the cerebral cortex 
may contribute to jaw motility control or jaw 
position sense. Interestingly, other cranial nerves, 
e.g. VII, XII, may also comprise muscle afferent 
fibres, possibly facilitating mandibular movement 
control. 

The muscle, cutaneous, temporomandibular joint 
and intraoral afférents serve as the afferent limbs of 
the many reflex activities associated with the oral 
cavity. The afferent fibres pass much of their 
sensory input via one or more synapses to the cranial 
nerve motor nuclei, which then supply the a-
efferent motor neurones that effect muscle contrac-
tion. Most of these are simple reflexes. More 
complex reflex functions are required for mastica-
tory and swallowing mandibular movements. There 
is therefore a hierarchy of reflex complexity: 

(1) Simplex reflexes, e.g. mandibular depression. 
(2) Complex reflexes, e.g. masticatory activities. 

Many of the interneurones involved in these 
various reflex activities are located within the 
sensory cranial nuclei, in the supratrigeminal 
nucleus or the diffuse reticular formation interposed 
between the sensory and motor nuclei. 

Jaw reflexes 
Jaw reflexes are roughly comparable to spinal 
reflexes although there are some fundamental 
differences. 

(1) Some primary afferent cell bodies are located 
within the trigeminal mesencephalic nucleus. 

(2) Many orofacial muscles lack Golgi tendon 
organs or muscle spindles. 

(3) The γ-efferent (fusimotor) control system is 
incomplete, due to the lack of muscle spindles in 
many muscles. 

(4) Reciprocal innervation is limited, due to the 
sparsity of muscle spindle and tendon afferent 
fibres. This may be compensated for by afferent 

inputs from receptors in the periodontal mem-
brane and temporomandibular joint. 

(5) The conduction velocity of orofacial efferent 
fibres may be slower than their spinal counter-
parts. 

The motor neurones involved in these reflexes lie 
predominantly within the trigeminal motor nucleus, 
except for those supplying the posterior belly of the 
digastric muscle which are derived from the motor 
neurones of the accessory facial nucleus. 

Jaw-closing reflex 

The simple jaw-closing (jaw-jerk) reflex has a 6 ms 
latency period between stimulus and movement. 
This monosynaptic reflex involves stretch-induced 
masseter or temporalis muscle spindle activation, 
with the afférents passing to the trigeminal motor 
nucleus via the trigeminal mesencephalic nucleus. 
Efferents then effect appropriate muscle contrac-
tion. 

Tapping on the chin initiates a jaw-jerk reflex 
analogous to the knee jerk. After a brief depression 
of the mandible, there is a reflex response in the 
masseter and temporalis muscles, following an 8 ms 
latency delay. If the jaw jerk is repeated with the 
subject voluntarily biting on a hard object, there is a 
marked increase in reflex masseter muscular activ-
ity. After this initial response, the masseter does not 
return immediately to the previous level of activity, 
but passes through a period of decreased activity, 
during which the masseter is totally inactive. This is 
termed the silent period. It is not possible to 
establish the exact duration and latency of such 
silent periods as they depend on many factors, 
including the amount of activity at the time the 
stimulus was applied and the degree of mouth 
opening. 

Activation of the elevator muscles in the jaw jerk 
involves a monosynaptic reflex with la spindle 
afférents.63 An increase in response during volun-
tary contraction of the elevator muscles64 indicates 
that the contraction is accompanied by an increase 
in γ motor neurone activity to increase elevator 
muscle spindle sensitivity. If the voluntary contrac-
tion were solely due to oc motor neurone activation, 
then the chin tap would have produced less 
spindle-stretch, resulting in a smaller monosynaptic 
reflex. If the teeth are clenched together with 
nothing between them, the jaw jerk is depressed, 
although the silent period is still present.65 Indeed, 
there is evidence that the peridontal ligament 
mechanoreceptors produce monosynaptic reflex 
inhibition on the same side.66 

There is no detectable response in either the 
elevator or depressor muscles of a relaxed subject if 
the chin is tapped from underneath, i.e. there is no 
reverse jaw jerk. There is also no response if the 
stimulus is applied while the subject contracts his 
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depressor muscles against resistance. These data 
suggest that there are few muscle spindles and no 
stretch reflex in the digastric muscle.67 

By contrast, rapid jaw closing by mandibular 
elevator muscle contraction results in an unloading 
reflex.68 The effects in the jaw muscles are those 
which would be expected if the elevator muscle 
spindles suddenly stopped firing. This would cause a 
decrease in elevator a motor neurone excitation and 
removal of some inhibition from the depressor oc 
motor neurones, assuming that there is reciprocal 
innervation. The spindles in the mandibular de-
pressors, therefore, exhibit an insignificant role. 

Jaw-opening reflex 

The jaw-opening reflex is a response to orofacial 
stimuli and involves two or more synapses and 
excitation of the motor neurones that supply the 
digastric and inferior head of the lateral pterygoid 
muscles. The interneurones, relaying the sensory 
afférents from the orofacial region to the digastric 
motor neurones, are located in the trigeminal spinal 
tract nucleus and adjacent reticular formation. The 
trigeminal spinal tract nucleus also relays afferent 
inputs from the face, oral mucosa, teeth and 
temporomandibular joints to the motor neurones. 

Electrical oral mucosal stimulation of a subject 
whose elevator and depressor muscles are relaxed 
results in now jaw muscle activity.69 When the 
elevator muscles are voluntarily contracted, how-
ever, there is masseteric inhibition, with two periods 
of inhibition with latencies of 15 and 45 ms and a 
brief interim of normal reactivity. Similar responses 
have been reported following electrical stimulation 
from several intraoral sites. 2 With reduction in 
stimulus intensity, however, only one latent period 
occurs,70 and no response at all if the intensity is 
only just above the sensory threshold.73 Electrical 
stimulation of the face, palate, gingiva, periodon-
tium, tooth pulp, laryngopharyngeal mucosa, tem-
poromandibular joint or lips produces similar 
effects.70'74 

After stimulation, a slight opening movement 
occurs71 presumably reflecting elevator muscular 
inhibition. This opening could evoke a stretch reflex 
in the elevator muscles and provide a contribution to 
the overall response, including the synchronization 
of activity between and after the two inhibitory 
phases.71 

Mechanical stimulation of the teeth causes similar 
effects to those produced by electrical stimulation. 
When the elevators of depressors are relaxed, there 
is no detectable muscular response as the teeth are 
tapped. When the elevators are contracted, how-
ever, and the tooth is tapped, then there is elevator 
muscular inhibition, although no response occurs in 
the digastric muscle.75"77 The latency and duration 
of this response depends on many factors, with the 

minimum latency of inhibition being about 13 ms. 
This inhibition of elevator activity may be entirely 
the result of periodontal mechanoreceptor activity, 
although some activity remains after neutralization 
of afferent activity by local anaesthesia.84 This latter 
may reflect the presence of a jar reflex, in which 
bone vibration causes excitation of the elevator 
spindles and transitory synchronization of elevator 
motor units. This could present as increased and 
decreased motor activity, with the decreased period 
presenting as a silent period. There is general 
agreement that stimulation of the periodontal 
mechanoreceptors causes elevator muscular inhibi-
tion, although there is no comparable change in 
digastric muscle activity when the depressors are 
relaxed or contracted. 

Just prior to the silent period produced by tapping 
a tooth, there is transient activation of the elevator 
muscles with a latency of 7 ms.77'78 This elevator 
activation has been compared in latency to the 
monosynaptic jaw jerk. Mechanical stimulation of 
the mucous membranes and lips70 also causes a short 
latency of elevator muscle activity. 

Tooth contact reflexes 

When the upper and lower teeth are snapped 
together, reflex changes occur in the elevator 
muscles, similar to those produced by mechanical 
single tooth stimulation. This transient activation is 
followed by a silent period associated with later 
phases of increased and decreased activity. There 
are no comparable effects on the depressor muscles. 
A silent period may comprise a frequent occurrence 
in normal masticatory tooth contacts79'80 reflecting 
periodontal mechanoreceptor activity, although 
muscle spindles may also be involved. If elevator 
muscle contraction resulted from co-activation of a 
and γ efferents, intrafusal fibre contraction in the 
elevator spindles would result in increased spindle 
discharge when movement was suddenly arrested. 
As a result, there would be elevator muscle 
activation by the monosynaptic reflex pathway and a 
silent period. 

Jaw-unloading reflex 

When the jaw is suddenly unloaded, a protective 
reflex immediately limits further jaw-closing muscu-
lar activity. This sudden reduction or complete 
cessation of elevator muscle activity is associated 
with reflex excitement of the jaw-depressor muscles. 
The receptors responsible for this reflex have yet to 
be discerned. 

Horizontal jaw reflexes 

Lateral, protrusive and retrusive reflex mandibular 
reflexes are important in finely controlled mastica-
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Figure 2.1 Summary of reflex arcs by 
which intra-oral stimuli result in 
changes to depressor and elevator 
muscle activity. 
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Figure 2.2 Jaw-opening reflex in 
the anterior digastric muscle 
evoked from intra-oral or 
pharyngolaryngeal stimulation. 
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Figure 2.3 Probable central reflex 
pathways from lower tooth or chin 
tap. Pathway 1 mainly excites jaw-
closing motor neurones involving 
trigeminal motor nucleus. 
Pathway 2 mainly inhibits these 
motor neurones via one or more 
synapses in the supratrigeminal 
nucleus, trigeminal brain stem 
nuclei or reticular formation. 
Some information in both 
pathways also passes to higher 
brain centres, where it may 
modulate descending motor 
neurones in the motor nucleus. 
Peripheral receptors of these 
pathways are located in skin, 
periodontal ligament, mucous 
membrane, periosteum, 
temporomandibular joint and 
muscles. 
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Figure 2.4 Jaw-changing reflex where 
muscle spindle afferent stimulation leads 
to trigeminal motor nucleus activation 
(+) relaying efferent data to the intrafusal 
fibre of the spindle and the jaw-closing 
muscle. 

Figure 2.5 Principal sensory and 
motor brain stem nuclei associated 
with cranial nerves V-XII. For 
clarity, motor nuclei are presented 
on the right and sensory nuclei on 
the left, although in fact sensory 
and motor nuclei occur bilaterally. 
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tory mandibular movements. Although lateral man-
dibular movement reflexes, resulting from lateral 
pterygoid contraction, can be elicited from tactile 
tooth or oral mucosal stimulation,81 these reflex 
pathways have been subjected to scant enquiry. 

Mastication 

The mandibular and condylar movements associated 
with mastication are the co-ordinated result of 
sequenced mandibular muscle contraction (Figures 
2.1-2.5). The muscles of the tongue, face and lips 
are also important for maintaining the food bolus 
between the teeth,82'83 as evidence in patients with 
Bell's (facial nerve) palsy. 

The muscles responsible for mandibular opening 
may be placed in the following order of activity: 

(1) Mylohyoid. 
(2) Digastric. 
(3) Lateral pterygoid. This serves to stabilize the 

mandibular condyle or move the condyle 
anteriorly or posteriorly during opening, closing 
and protrusive mandibular movements.81 

The primary muscles responsible for mandibular 
closing include: 

(1) The temporalis on the working side. 
(2) The temporalis on the balancing side and both 

masseters after a 50-100 ms delay. 
(3) Both masseter and medial pterygoid muscles; in 

some cases, these two muscle groups may be the 
first to contract. 

The cyclic nature of mastication appears to result 
from a central neural generator (chewing centre) 
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located in the brain stem reticular formation. The 
interval between masticatory strokes is often re-
markably regular during a chewing sequence, 
suggestive of some overall regulatory mechanism. 
Conceivably, such a centre generates the basic cyclic 
pattern of masticatory muscle activity, although this 
may be influenced by peripheral afférents from 
other regions including the face and mouth, in 
addition to central influences from other parts of the 
brain, e.g. emotion, stress and volition. Mastication 
is therefore not a peripherally triggered event, 
although a voluntary effort is not required for the 
continued masticatory activity once started. Volition 
may, however, be associated with masticatory 
initiation or cessation, reflecting overall cerebral 
cortical influences. Mastication can occur, however, 
in decerebrate animals and anencephalic patients, 
although the movements may be disturbed due to 
lack of higher control. Although mandibular move-
ments are not peripherally evoked, sensory inputs 
can facilitate or suppress centrally induced mandibu-
lar movements. Such sensory afférents may reflexly 
influence brain stem motor neurone activity or 
affect higher cortical centres whose descending 
pathways may also affect the chewing centre. 
Conceivably, the basic opening and closing man-
dibular movements are primarily chewing-centre 
dependent, whereas more refined muscle activities 
are probably under peripheral and central control. 

Maxillomandibular relations 
Mandibular rest position 

In the rest (postural) position, the mandible is 
generally assumed to be maintained in a fairly 
constant position relative to the maxilla, when a 
patient is relaxed with the anterior teeth being 
separated by a few millimetres. The maintenance of 
such a position is assumed to be a function of some 
postural control mechanism whereby a low level of 
elevator muscle activity opposes the effects of 
gravity.84 

This rest position has important denture construc-
tion connotations. However, experimental data 
have repeatedly shown that there is no single 
constant position of the mandible when the patient 
is at rest.85'86 Low levels of activity occur in the 
mandibular elevator and depressor muscles when a 
subject is in the rest position.87"90 Changes in this 
activity level may occur with gravitational changes, 
e.g. following tilting of the patient's head.90 Such an 
equilibrium position may result from passive forces 
of the muscles, ligaments and joint capsules,91 with 
muscle activity being required to accomodate 
mandibular positional deviations, i.e. in an manner 
analogous to erect posture maintenance by trunk 
muscle activity. 

Conclusions 

It is the main function of the dentist to ensure that 
patients can bite and masticate their food in an 
efficient manner. The problem is that there is still a 
dearth of information concerning the 'proper' 
method for the opposing teeth to meet together 
during chewing. As a result, great care has to be 
taken to ensure that the patient's masticatory ability 
is improved, rather than worsened, by dental 
treatment. 

Review questions 

1. Describe the events when you suddenly crack the 
shell of a hazel-nut between your teeth. 

2. How could 'premature' tooth contact interfere 
with normal masticatory movements? 

3. Discuss the physiological role of periodontal 
mechanoreceptors. 

4. What is the significance of the mandibular rest 
position? 

5. What central influences can affect masticatory 
movements? 
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Introduction 
The general sensory nerve fibres innervating the 
orofacial tissues provide a wealth of information on 
the tactile features, pressure, temperature and 
potentially harmful qualities of objects coming into 
contact with the oral tissues. While the total 
experience of taste represents the integration of 
information derived from olfactory qualities, as well 
as other sensory features, of the stimulus (e.g. 
temperature of soup affects the assessment of its 
saltiness), the sensation of taste is the dentist's 
primary concern. Taste receptors are localized on 
the tongue and palatal oral mucosa, where they are 
especially vulnerable to the effects of a wide variety 
of oral or systemic disorders and treatments. 
Indeed, over two million North Americans probably 
have taste problems, although the subjective nature 
of taste prohibits the collection of accurate data. 
This is partly the result of the variety of terms that 
are used to describe taste anomalies: 

1. Hypogeusia (ageusia)-reduced or total lack of 
taste. 

2. Dysgeusia (cacogeusia)-unpleasant or bad 
tastes. 

Taste bud locations 
Taste buds 
Mechanics of taste 
Taste preferences 
Pathological taste afflictions 
Conclusions 
Review questions 
References 

Disorders of taste can be physically upsetting and 
induce mental stress and worry. Indeed, symptoms 
of depression are frequently associated with taste 
dysfunctions. Disorders of taste may also be 
associated with a wide range of neurological and 
musculoskeletal disorders, including intracranial 
trauma, stroke and 'multiple sclerosis. Salivary 
gland function can also affect the sensation of taste, 
e.g. following localized injury, radiation and the 
side-effects of drugs and medications. Abnormal 
taste responses have also been associated with 
patients with diabetes mellitus, disseminated (wide-
spread) cancer, cystic fibrosis and renal dysfunction. 
Unfortunately there have been all too few investiga-
tions on this important oral sensory input. 

Taste 

Taste may be defined as the detection and 
recognition of liquid phase stimuli. Taste (or 
gustation) is a sensation that is developed well 
before birth. Initially, therefore, it may comprise 
part of the monitoring system of the amniotic 
environment. After birth, the complex process of 
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taste may be subdivided into a number of compo-
nent aspects.1 

Preneural taste events 

There is really very little data concerning the events 
immediately preceding the stimulation (depolariza-
tion) of the component taste buds. It is, however, 
assumed to be influenced by a variety of factors, 
including: 

(1) Stimulus characteristics. 
(2) Taste support systems. 
(3) General taste bud characteristics. 
(4) Specific taste bud receptor characteristics. 
(5) Mechanisms of stimulus-receptor binding. 

Neural taste events 

Similarly, the neural events following taste bud 
stimulation have been subjected to scant neurolo-
gical investigation. It is again assumed that such 
neurogenic transmission is influenced by a variety of 
factors, including: 

(1) Transduction of the chemical binding energy to 
an electrically recognizable generator potential. 

(2) Neural transmission of the generator potential. 
(3) Formation of the action potential and its axonal 

conduction. 
(4) Transmission of the action potential to those 

brain centres involved with taste detection and 
recognition. 

(5) Central nervous system integration of the 
received signals. 

Taste stimuli 

Present-day dogma contends that taste stimuli 
represent four primary qualities, salt, sweet, sour 
and bitter;2 this is in fact a condensation of previous 
views that there were ten primary qualities. The 
characteristics of taste stimuli, which are essential 
for their detection and recognition at a molecular 
level, have yet to be defined for any taste stimulus. 

The sweet taste 

The sweet taste is not caused by any single class of 
chemicals, but several, including: 

sugars 
glycols 
alcohols 
aldehydes 
ketones 
amides 

esters 
amino acids 
sulphonic acids 
halogenated acids 
inorganic salts of lead 

and beryllium 

Most of the substances that cause a sweet taste are 
therefore organic chemicals, and a slight molecular 

change can cause a change in taste from sweet to 
bitter, e.g. the addition of a simple radical. Thus the 
stimuli that produce a sweet response are diverse, so 
that the simple view that carbohydrates are equiva-
lent to sweet cannot hold.4 There is a theory that all 
stimuli that are sweet have a specific molecular 
structure, with two component functional groups 
equivalent to a strong acid and a strong base. Some 
form of complementarity may then exist with the 
taste receptor, such that hydrogen bonding or some 
other form of energy-requiring process takes place 
at a specific molecular distance of 0.3 nm between 
these two component functional groups.4 This latter 
proposition remains theoretical. 

The sour taste 

The best correlation between taste stimulus and 
taste response concerns the sour taste for the 
hydrogen ion concentration and/or the degree of 
dissociation of the acid.3 There are, however, 
exceptions to this general rule, in that all acids are 
not sour (e.g. amino acids are sweet). 

The bitter taste 

Like the sweet taste, the bitter taste is not caused by 
any single type of chemical. Bitter substances, 
represented by alkaloids (including many of the 
drugs used in medicine, e.g. quinine, caffeine, 
strychnine and nicotine), ureas, and other long-
chain organic substances containing nitrogen, repre-
sent a diversity of sensory stimuli, although many 
anomalies exist. For instance, saccharin tastes sweet 
at low concentrations but bitter at high concentra-
tions, and even at low concentrations there is a 
bitter after-taste. Some substances have a sweet 
taste on the front of the tongue, where taste buds 
with special sensitivity to the sweet taste are 
principally located, and a bitter taste on the back of 
the tongue, where taste buds more sensitive to the 
bitter taste are located. 

The bitter taste, when it occurs in high intensity, 
usually results in a patient rejecting a particular food 
or medication. This is undoubtedly an important 
function of the bitter taste sensation, since many of 
the deadly toxins found in poisonous plants are 
alkaloids, and these all cause intensely bitter tastes. 

The salt taste 

The salty taste is elicited by ionized salts. The 
quality of the taste varies between one salt and 
another because the salts also elicit other taste 
sensations besides saltiness. In general, salts are 
detected and recognized by their cation, although 
the counter ion, the molecular species of the cation 
and other factors may also be involved.3 
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Obviously, considerably more work is required to 
define taste stimulus characteristics. There are, 
however, certain thresholds for stimulation of 
various taste sensations: 

(1) The sour taste for hydrochloric acid averages 
0.9mmol/litre. 

(2) The salty taste for sodium chloride averages 
lOmmol/litre. 

(3) The sweet taste for sucrose averages lOmmol/ 
litre. 

(4) The bitter taste for quinine averages 8μπιο1/ 
litre. 

This illustrates how much more sensitive is the 
bitter taste compared with the other taste sensa-
tions: an important protective function. Many 
patients are, however, taste blind for certain 
substances, especially for different types of thiourea 
compounds. 

Taste support systems 
The major taste support systems {Figure 3.1) 
include: 
(1) Secretions of glands of the oral cavity which 

come into direct contact with the taste system. 
(2) Physical structures that house the taste buds. 

The salivary secretions are derived from both 
major and minor salivary glands and, with the 
diminution of their function, resulting either from 
radiotherapy5 or Sjögren's syndrome,6 taste acuity 
for all stimuli is either destroyed or markedly 

Figure 3.1 Diagrammatic representation of taste bud. A, 
type II cell with nerve fibres coiled around cell body; B and 
F, type I cells with nerve fibre invaginated into cell bodies; 
C and E, type III cells with synaptic nerve contacts; G, 
type IV (basal) cells. 

attentuated. Moreover, attempts to use artificial 
saliva substitutes have been universally unsuccessful 
in rectifying the abnormal taste function.7 Conceiv-
ably, therefore, saliva contains some taste bud 
stimulatory factor(s). 

Taste bud locations 

The taste bud is composed of about 40 modified 
epithelial cells: 

(1) Taste cells. 
(2) Sustentacular (supporting) cells. 

The taste cells are continually being replaced by 
mitotic division from the surrounding epithelial 
cells. The life span of each taste cell is limited and a 
taste bud actually comprises taste cells at various 
levels of maturity. The outer tips of the taste cells 
are arranged around a minute taste pore. From the 
tip of each cell several microvilli (taste hairs) 
protrude outwards into the taste pore towards the 
oral cavity. Interwoven among the taste cells is a 
branched terminal network of several taste nerve 
fibres, some of which invaginate into folds of the 
taste cell membranes. There is therefore an 
extremely intimate contact between the taste cells 
and the nerves. 

Interestingly, the taste buds degenerate when the 
taste nerve fibres are destroyed. If, subsequently, 
the taste fibres regrow to the epithelial surface of the 
mouth, the local epithelial cells reform to a new 
taste bud. Presumably, this trophic function of a 
taste nerve fibre reflects the action of some protein 
trophic factor secreted by the nerve endings. 

Taste buds in the oral cavity are present in 
papillae, e.g. the fungiform papillae. These papillae 
and buds are innervated by the chorda tympani 
branch of the lingual nerve. The papillae are red, 
circular and small, varying from 1 to 4mm in 
diameter. These papillae are slightly elevated above 
the lingual surface, and are surrounded by smaller, 
more numerous, spiny-like papillae, the filiform 
papillae, which do not contain taste buds. The taste 
buds in the fungiform papillae are usually multiple, 
varying between one and eight, and may also 
contain specialized pressure, tactile and tempera-
ture receptors. They also contain both myelinated 
and unmyelinated nerve fibres unrelated to the taste 
buds.8 

Over the posterior one-third of the tongue are the 
circumvallate papillae arranged in the V-shaped 
groove. These papillae are circular and 2-15 mm in 
diameter. These papillae are commonly elevated 
from the lingual surface, with the taste buds lying in 
the papillary and contra-papillary crypt surfaces. 
They and their buds are innervated by the 
glossopharyngeal (IXth) nerve. In addition to the 
taste buds, these papillae also contain specialized 
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pressure, tactile and temperature receptors, as well 
as myelinated and unmyelinated nerves unrelated to 
the taste buds.8 

Over the palate there are palatal papillae which 
house taste buds opening directly into the oral 
cavity. These 5-20 papillae are mainly centred at the 
hard/soft palate junction. They are innervated by 
both the glossopharyngeal and vagus nerves. The 
taste buds in these papillae are mainly single and 
surrounded by small salivary glands. 

Papillae and taste buds may occur in other oral 
and pharyngeal locations, including the lips, inner 
surface of the lingual mucosa, epiglottis, various 
pharyngeal regions and the upper one-third of the 
oesophagus as well as the pharynx.9 

Taste buds 

Although all the taste buds are capable of respond-
ing to each taste quality, their response characteris-
tics are concentration dependent. Thus, differentia-
tion of sensory discrimination may be observed. 
Taste buds in fungiform papillae appear to respond 
in a rather more uniform manner to low concentra-
tions of both sweet and salt taste substances,10 

whereas the taste buds in the vallate papillae appear 
to respond in a rather uniform manner to low 
concentrations of sweet substances and only to 
higher concentrations of salt, sour and bitter 
stimuli.11 Taste buds in the palatal papillae respond 
in a uniform manner to both sour and bitter 
substances, although they respond to salt and sweet 
at relatively high concentrations.10 Thus the greatest 
number of taste buds in the oral cavity are involved 
with the response to sweet, and fewest to sour or 
bitter substances. Thus, in taste loss secondary to 
metabolic or trace metal abnormalities,12 secondary 
to irradiation or depressed salivary flow,7 the 
sensation of sweet is least affected. By contrast, the 
bitter taste quality is usually the first taste sensation 
to be affected in pathological disturbances. 

Taste buds comprise 20-50 cells. The taste buds 
from the fungiform and palatal papillae are relative-
ly long and slender, whereas those from the vallate 
papillae are more globular. The component cells all 
comprise cell processes that extend to the pore 
region of the bud, and all the cells have desmosomal 
junctions one with another. No blood or lymphatic 
vessels are associated with any portion of the taste 
bud. Conceivably, epithelial cells adjacent to the 
outer membrane of the taste bud migrate into the 
bud and under the influence of neural and possibly 
salivary stimuli differentiate into the specialized cell 
types that comprise the taste bud. The nerve fibres 
enter and leave the taste bud at its base and these 
unmyelinated fibres generally extend only halfway 
into the bulk of the bud. Both adrenergic and 

cholinergic nerve fibres have been found in the taste 
buds. 

Within the bud, three major cell types have been 
described.13 

Type I cells (80%) 

These contain neural synapses, the direction of 
which suggests an afferent transmission from nerve 
to bud. The cells are regarded as serving a 
neurotransmitter function. 

Type II cells (15%) 

These contain neural synapses, the direction of 
which suggests an afferent transmission from nerve 
to bud, as in type I cells. They also contain 
intracellular helical bundles extending over the cell 
length and are regarded as serving a neurotransmit-
ter function, with some contractile properties. 

Type III cells (5%) 

These contain neural synapses, the direction of 
which suggests an afferent transmission from bud to 
nerve. The cells are regarded as receptor cells in the 
taste bud. 

Mechanics of taste 

The initial event in the process of taste presumably 
involves the binding of the taste stimulus to the taste 
bud receptor on the exposed receptor membrane of 
the taste bud.1,14 Such binding may be influenced by 
a variety of factors, including interaction between 
taste stimuli, hormones,15 ganglionic blocking 
agents11 and proteolytic enzymes. 

The membrane of the taste cell is negatively 
charged on the inside with respect to the outside. 
Application of a taste substance to the taste hairs 
results in partial loss of this negative potential. 
Generally, the degree of depolarization of the cell 
membrane is approximately proportional to the 
logarithm of the concentration of the stimulating 
substance. Conceivably, complex interactions be-
tween adenyl cyclase, guanyl cyclase and the taste 
stimulus-receptor complex may be important to the 
transduction of the binding energy to form the 
generator potential, although there may also be 
initiators, integrators and inhibitors. Conceivably, 
acetylcholine may play a role in some of the early 
events of the taste process which occur at or near the 
pore of the taste bud1. The function of the 
adrenergic fibres of the taste bud remain obscure. 

Once the generator potential is formed, it is 
conducted by neural or modified neural elements to 
the synapse where true depolarization occurs.16 
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Subsequently, these signals are translated along the 
Vllth, IXth and Xth cranial nerve branches to the 
ipsilateral nucleus of the tractus solitarius, with 
second-order neurones subsequently translating the 
information to the parietal and anterior opercular-
insular cortex via the ventral posterior thalamus.17 

This cursory description is necessarily simplified, 
since the detailed neuronal interactions have yet to 
be defined. Generally, the taste pathways closely 
parallel those of the somatic pathways from the 
tongue. 

From the tractus solitarius, a large number of 
impulses are transmitted directly to the superior and 
inferior salivary nuclei. These, in turn, transmit 
impulses to the major salivary glands to help to 
control the secretion of saliva during the ingestion of 
food. 

Taste preferences 
The phenomenon of taste preference almost certain-
ly results from some mechanism located in the 
central nervous system, although taste buds may 
become sensitized to the needed nutrient.18 Thus 
previous experience with unpleasant or pleasant 
tastes plays a major role in determining a patient's 
taste likes and dislikes. Such previous experience 
influences suggest that taste preference reflects a 
central rather than local (peripheral) mechanism. 

Pathological taste afflictions 
Pathological processes can affect taste at most stages 
of the taste process. For instance, miraculin pro-
duces attenuation or blocking of sour and bitter 
tastes.18 This glycoprotein binds tightly to the taste 
bud receptor. 

Abnormalities in taste support systems usually 
produce decreased taste acuity. For instance, 
xerostomia accompanying Sjögren's syndrome,7 

salivary gland tumours or irradiation19 result in both 
degenerative changes in the taste buds, as well as 
taste abnormalities. Taste abnormalities have also 
been described in cyanocobalamin and retinol 
deficiencies, and a return to normality with restitu-
tion of the vitamin deficiency. In addition to surgical 
interruption of the nerves supplying the taste buds,20 

taste changes may also be associated with a host of 
systemic and local diseases, including: 
(1) Influenza and various other infectious diseases. 
(2) Post-partum or post-general or local anaes-

thesia. 
(3) Hypothyroidism. 
(4) Cirrhosis. 
(5) Cushing's syndrome. 
(6) Zinc deficiency. 
(7) Collagen diseases. 
(8) Leukaemia. 

A number of drugs result in taste abnormalities, 
especially antibiotics, tranquillizing agents, steroids 
and anticancer drugs. 

Untreated adrenocortical insufficiency and pan-
creatic cystic fibrosis have been associated with taste 
disturbances, whereas some untreated hypertensive 
patients have a craving for sodium chloride. 
Phenylthiourea is appreciated by about 80% of the 
population as extremely bitter but has no taste at all 
for the remaining 20% of the population. This 
distribution follows a simple Mendelian pattern, 
with non-tasters exhibiting an increased prevalence 
to glaucoma.21 

Patients with craniofacial hypoplasia exhibit nor-
mal taste detection whereas taste recognition is 
grossly deficient. Although patients with congenital 
and genetic abnormalities commonly exhibit taste 
loss, taste and olfaction sensitivity are intimately 
intertwined. 

Abnormalities of olfaction may be either qualita-
tive or quantitative. These symptoms may be caused 
by local lesions in the nose, e.g. vasomotor rhinitis, 
or intracranial diseases, e.g. tumours. In both 
situations, disturbances in olfaction may be associ-
ated with taste dysfunction. 

Conclusions 
There is still much to be learned about how 
information on taste is transduced and coded in the 
nervous system. It is generally believed that cells in 
a taste bud or single peripheral taste fibre do not 
react exclusively to a single stimulus but rather to 
selected qualities of the stimulus. It is likely that 
branches of the facial, glossopharyngeal and vagus 
nerves receive input from the receptor cells in the 
taste buds, which then pass to the rostral part of the 
solitary tract, where there is a second relay to the 
parabrachial nucleus of the pons, and a third relay to 
the ventrobasal complex of the thalamus. From this 
area, sensory input then passes to the cortical taste 
area in the rhinal sulcus in addition to the lateral 
hypothalamus, amygdala and red nucleus of the stria 
terminalis. 

Review questions 

1. What disease entities are known to be associated 
with taste disturbances? 

2. Why is saliva crucial to the sensation of taste? 
3. Describe the functional morphology of a taste 

bud. 
4. What are the probable neurological pathways for 

the sensation of taste from the tongue tip to the 
central nervous system? 
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Deglutition 

Introduction 
Swallowing dynamics 
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The pharyngeal phase 
The oesophageal phase 
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Requirements for swallowing 
Bolus motion 

Nervous control of swallowing 
Initiation of swallowing 
Continuation of swallowing 
Central control 

Introduction 
To survive, we must meet the nutritional require-
ments of the physiological system by obtaining food 
and assimilating it within the body. The digestive 
system transports food internally from the environ-
ment to a tissue interface for nutrients to reach 
cellular components of the biological system. The 
passage of the bolus from the mouth to the 
oesophagus requires the interaction of both the 
respiratory and digestive tracts, with deglutition 
(swallowing) providing for the propulsion of the 
food from the oral cavity into the stomach, as well as 
providing a protective reflex for the digestive and 
upper respiratory tracts.1,2 As a protective reflex, 
deglutition has been evoked to assist in: 

(1) Removal of aspirated particles that have en-
tered the larynx and lower respiratory tract to 
be propelled by a cough, or other clearing 
gesture, back into the pharynx. 

(2) Removal of particles originally trapped in the 
nasopharynx. 

The immature swallow 
Neuromuscular control of swallowing 

Disordered swallowing 
Neurological disorders 
Mechanical disorders 
Macroglossia (tongue enlargement) 
Surgery 

Conclusions 

Review questions 
References 

(3) Returning material influxed from the stomach 
into the oesophagus and pharynx. 

Despite the fact that the processes of deglutition 
have been subjected to intense investigation,3-8 

there remain considerable voids in our present 
understanding of this complex system. 

Swallowing dynamics 

The simple constrictor arrangement of the pharynx 
is enclosed within a vertical set of muscles descend-
ing to the pharynx from the styloid process and 
basicranium.3 The superior constrictor is external to 
salpingopharyngeus, palatopharyngeus and palato-
laryngeus, and the inferior constrictor is external to 
stylopharyngeus. The tongue, hyoid bone and 
larynx comprise an intrinsically mobile column 
controlled by muscles joining it to the basicranium, 
mandible and pterygoid regions of the face. In man, 
the upper 2 cm portion of the oesophagus is striated 
muscle9 and continues the muscular pattern of the 
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pharynx as it is held in position by its continuity with 
the pharynx. In contrast, the lower two-thirds of the 
oesophagus is stabilized by its fascia and penetration 
through the diaphragm; its musculature is non-
striated. A transition zone therefore exists between 
the cervical and thoracic levels of the oesophagus 
in which striated and smooth muscle fibres 
intermingle.10 

Cinefluorographic studies have defined three 
basic phases in deglutition.11-13 

(1) There is the voluntary transfer of material from 
the mouth to the pharynx. 

(2) This is followed by an involuntary (reflex-
dependent) phase, comprising the highly co-
ordinated transport of material away from the 
mouth or buccal cavity by a contraction wave of 
the pharyngeal constrictor muscles, past a 
relaxed cricopharyngeus muscle into the upper 
oesophagus. 

(3) There is an involuntary transport phase whereby 
the food passes along the oesophagus through a 
relaxed lower oesophageal sphincter into the 
gastric cardia. 

The oral phase 

The swallowing co-ordination begins with withdraw-
al of the soft palate from its position against the 
pharyngeal portion of the tongue. After oral 
mastication of a solid food mass, or with the intake 
of a liquid, the dorsal portion of the tongue forms a 
spoon-shaped depression in the anterior midline: 
the food mass is contained anteriorly and laterally 
by the tip of the tongue interacting with the labial 
muscles. In this collection phase, the containment is 
developed anteriorly by the tip of the tongue 
positioned against the palatal mucosa adjacent to 
the maxillary teeth. Laterally, the tongue seals 
against the buccal teeth and palatal mucosa. 
Posteriorly, the pharyngeal portion of the tongue 
arches to meet the posterior portion of the palate.14 

At this time, the lips are apart and maxillary and 
mandibular incisors are not in contact. 

After the bolus is formed and is on the dorsal 
surface of the tongue, the tip of the tongue is placed 
on the anterior alveolar ridge just in front of the 
maxillary central incisors. During this anterior 
alveolar phase, the voluntary opening of the 
peripheral seal begins with the depression of the 
posterior tongue and elevation of the soft palate. 
Concurrently, the lips are closed and the maxillary 
and mandibular incisors come together. The anter-
ior half of the tongue is then pressed against the 
maxillary alveolar ridge and the anterior half of the 
hard palate in rapid sequence, moving the bolus 
posteriorly on the dorsum and root of the tongue 
towards the pillars of the fauces-the midpalatal 
phase. This movement, particularly of a liquid, is 

probably assisted by gravity. The soft palate is 
elevated to allow the bolus to pass through the 
faucial isthmus and, in its final elevation, becomes 
triangular in shape and contacts the adjacent 
pharyngeal wall to prevent penetration of the bolus 
into the nasopharynx. The posterior pharyngeal wall 
contributes to closure of the palatopharyngeal 
isthmus by a general inwards and forwards constric-
tion. Glossectomy, with or without replacement by a 
prosthetic device, destroys this propulsion action, so 
that the subject must tilt the head back for 
deglutition.15 

The pharyngeal phase 

As the bolus reaches the soft palate immediately 
prior to the pharyngeal component of deglutition, 
the hyoid bone is brought to a preparatory position 
by moderate elevation. Intra-oral manipulation and 
respiration are arrested for the duration of the 
pharyngeal phase.3 The pharyngeal phase begins as 
the bolus is carried between the tongue, the 
approximated soft palate, the constrictor wall and 
the epiglottis: the posterior compression phase. It 
has been suggested that partial leakage of the bolus 
to the receptive field innervated by the superior 
laryngeal nerve occurs prior to the main movement 
of the bolus and this accounts for the initiation of the 
pharngeal reflex.16 The tongue is the principal 
carrier of the bolus: its posterior mass is rolled back 
on the hyoid bone, while maintaining the bolus 
within the indentation of its dorsal surface.3 The 
posterior part of the tongue moves in a posterior and 
superior direction to convey the well-contained 
bolus into the pharynx. 

The pharynx then demonstrates two basic move-
ments: the elevation of the whole pharyngeal tube, 
followed by a descending peristaltic wave.13 

The pharyngeal constrictors move upwards and 
forwards and begin propelling the bolus through the 
pharynx with a sequential contraction. This engulf-
ing action of deglutition takes approximately 
100 ms. The pharynx develops considerable force as 
it ejects the food bolus into the oesophagus, with a 
velocity of 100 cm/s being reached, about half of the 
velocity at which blood is ejected into the aorta from 
the heart.17 Simultaneously, the larynx rises and is 
pulled under the root of the tongue; the epiglottis 
folds down over the laryngeal opening. During this 
phase of pharyngeal constriction, the epiglottis tips 
inferoposteriorly and the true and false vocal cords 
protect the laryngeal vestibule by constricting the 
laryngeal aperture. Thus the epiglottis facilitates 
passage of the bolus through the piriform fossae and 
into the oesophagus. This pharyngeal phase is 
completed when the soft palate returns to its original 
position and the larynx is reopened for respiration. 

The oral phase of deglutition is subjected to 
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marked individual variability, whereas the phary-
ngeal swallowing movements are generally consis-
tent. For instance, the maxillary and mandibular 
teeth usually make contact during swallowing, when 
the bolus passes from the oral cavity into the 
pharynx and while the bolus is in the pharynx. This 
tooth contact is considered to stabilize the mandible 
while the hyoid and larynx execute supero-anterior 
movements. Tooth contact, lip and tongue move-
ments, however, vary considerably between 
patients.11 For instance, in glossopharyngeal breath-
ing, the tongue, palate and upper pharynx move 
normally, whereas the inferior constrictor closes the 
lower pharynx, while the larynx opens to admit the 
bolus of air. 

The oesophageal phase 

The final stage of deglutition, the oesophageal 
phase, begins 600-900 ms after initiation of the 
pharyngeal phase, and as the food passes the 
pharyngo-oesophageal sphincter.18 The peristaltic 
contractions begin in the cervical level of the 
oesophagus and take on average 8 s to reach the 
oesophagogastric junction. This peristaltic sequence 
of the oesophagus during deglutition, termed 
primary peristalsis, is distinct from secondary 
peristalsis, which is initiated by distension as a bolus 
is placed directly within the oesophagus.19 

Muscular co-ordination 
The importance of deglutition in transport and 
protection is illustrated by the frequency: 2400 
swallows per day increasing to 300/h during eating.20 

Such activity is aided by contraction of craniofacial 
muscles in addition to those of the oesophagus and 
pharynx. For instance, swallowing involves contrac-
tion of the medial pterygoid, masseter and tempor-
alis muscles, along with the mylohyoid and anterior 
belly of the digastric. Electromyographic studies 
have shown that the suprahyoid suspensory muscles 
(affecting the position of the posterior region of the 
tongue), the muscles around the posterior pillars of 
the fauces and the muscles involved in closure of the 
palatopharyngeal isthmus are primarily involved in 
the initial swallowing stages, whereas the lower 
pharyngeal muscles, beginning with the middle 
pharyngeal constrictor, constrict within 125-135 ms 
later. The primary peristalsis of the oesophagus 
begins as the bolus enters the oesophagus in a 
continuation of the motion begun by the pharynx. 

Requirements for swallowing 

The essential physiological requirements for degluti-
tion thus comprise the following: 

(1) Development of a bolus. 
(2) Prevention of disbursal of the bolus during 

deglutition. 

Table 4.1 Muscles of the face 
Muscle 

Orbicularis oris 

Zygomaticus minor 

Levator labii 
superioris 
Levator labii 
superioris alaeque 
nasi 
Zygomaticus major 

Levator anguli oris 
(caninus) 
Depressor anguli 
oris 

Depressor labii 
inferioris 
Mentalis 

Risorius 

Buccinator 

Origin 

Neighbouring muscles, 
mostly buccinator 
Zygomatic bone 

Below infra-orbital 
foramen in maxilla 
Process of maxilla 

Zygomatic bone 

Canine fossa of maxilla 

Outer surface and 
above lower border of 
mandible 
Lower border of the 
mandible 
Incisive fossa of 
mandible 
Platysma, fascia over 
the masseter 

Alveolar process of 
maxilla, buccinator 
ridge of mandible 

Insertion 

Skin around lips and 
angles of the mouth 
Orbicularis oris in 
upper lip 
Orbicularis oris in 
upper lip 
Skin at mouth angle, 
orbicularis oris 

Fibres of the orbicularis 
oris, angle of the mouth 

Lower lip near angle of 
the mouth 
Skin of cheek,corner of 
mouth, lower border of 
mandible 
Skin of lower lip, 
orbicularis oris 
Skin of chin 

Angle of mouth, 
orbicularis oris 

Angle of mouth, 
orbicularis oris 

Nerve 

Facial 

Facial 

Facial 

Facial 

Facial 

Facial 

Facial 

Facial 

Facial 

Facial 

Facial 

Action 

Closes, opens, protrudes, 
inverts, and twists lips 
Draws upper lip upwards and 
outwards 
Pulls up or elevates upper lip 

Raises angle of mouth 

Draws upper lip upwards, draws 
angle of the mouth upwards and 
backwards: the smiling muscle 
Raises corners of mouth 

Draws lower lip down, draws 
angle of mouth downwards and 
inwards 
Depresses lower lip 

Pushes up lower lip, raises chin 

Draws corners or angle of mouth 
outwards, causes dimples, gives 
expression of strain to face 
Flattens cheek, holds food in 
contact with teeth, retracts 
angles of the mouth 
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(3) Development of differential pressures facilitat-
ing bolus propulsion. 

(4) Prevention of food or fluid entering the 
nasopharynx or larynx. 

(5) Rapid transit of the bolus through the pharynx, 
minimizing the suspension of respiration. 

(6) Prevention of gastric reflux during oesophageal 
emptying. 

(7) Clearing of residual material from the 
pharyngo-oesophageal tract. 

This is therefore a very complex process, which 
can be illustrated by consideration of some of the 
component muscles (Tables 4.1-4.5).25,26 

(1) The tongue movements that initiate deglutition 
require the concomitant contraction of the 

Table 4.2 Muscles of mastication 

Muscle Origin Insertion Nerve Action 

Temporalis 

Masseter 
Medial pterygoid 

Lateral pterygoid 

Temporal fossa of 
skull 
Zygomatic arch 
Palatine bone, lateral 
pterygoid plate, 
tuberosity of maxilla 
Greater wing of 
sphenoid and lateral 
pterygoid plate 

Ramus and coronoid 
process 
Ramus 
Ramus 

Neck of condyle 

Trigeminal 

Trigeminal 
Trigeminal 

Trigeminal 

Elevates or closes mandible, 
retracts mandible 
Elevates or closes mandible 
Elevates or closes mandible 

Depressor or opener of 
mandible, protrudes mandible, 
permits side-to-side movement 

Table 4.3 Muscles of the soft palate 

Muscle 

Levator veli palatini 

Tensor veli palatini 

Palatoglossus 

Palatopharyngeus 

Uvulae 

Origin 

Apex of temporal 
bone 
Fossa of sphenoid 
bone 
Undersurface of soft 
palate 
Soft palate 

Posterior nasal spine, 
palatine aponeurosis 

Insertion 

Palatine aponeurosis 
of soft palate 
Palatine aponeurosis 
of soft palate 
Side of tongue 

Pharyngeal wall 

Into uvula to form its 
chief bulk or content 

Nerve 

Vagus, 
accessory 
Trigeminal 

Vagus, 
accessory 
Vagus, 
accessory 
Vagus, 
accessory 

Action 

Raises soft palate 

Stretches soft palate 

Raises back of tongue during 
first stage of swallowing 
Shuts off nasopharynx during 
second stage of swallowing 
Shortens and raises uvula 

Table 4.4 Muscles of the pharynx 

Muscle 

Palatopharyngeus 

Stylopharyngeus 

Salpingopharyngeus 

Origin 

Extends from soft 
palate to pharyngeal 
wall 

Medial side of root of 
styloid process 

Pharyngeal end of 
auditory tube 

Insertion 

Posterior border of 
thyroid cartilage, 
pharyngeal 
aponeurosis 
Superior and inferior 
borders of thyroid 
cartilage 
Blends with 
palatopharyngeus 

Nerve 

Pharyngeal 
plexus, 
accessory 

Glossopha-
ryngeal 

Pharyngeal 
plexus, 
accessory 

Action 

Narrows oropharynx, elevates 
pharynx, shuts off 
nasopharynx 

Raises and dilates pharynx 

Raises nasopharynx, draws 
lateral pharyngeal walls up 
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Table 4.5 Suprahyoid muscles 

Muscle 

Mylohyoid 

Digastric (anterior 
belly) 

Geniohyoid 

Stylohyoid 

Hyoglossus 

Genioglossus 

Styloglossus 

Palatoglossus 

Origin 

Inner surface of 
mandible 

Intermediate tendon 
by loop of fascia to 
hyoid bone 
Mental spine of 
mandible 

Styloid process of 
temporal bone 
Greater cornu of 
hyoid 
Upper genial tubercle 
of mandible 
Anterior border of 
styloid process 
Anterior surface of 
soft palate 

Insertion 

Upper border of 
hyoid bone 

Lower border of 
mandible 

Hyoid bone 

Body of hyoid at 
greater cornu 
Into tongue sides 

Hyoid, inferior 
tongue, tip 
Into side of tongue 

Dorsum and side of 
tongue 

Nerve 

Trigeminal 

Trigeminal 

Cervical 
(Cl and 
C2) 
through 
hypoglossal 
Facial 

Hypo-
glossal 
Hypo-
glossal 
Hypo-
glossal 
Glossopha-
ryngeal, 
vagus, 
accessory 

Action 

Elevates tongue and floor of 
mouth, depresses jaw when 
hyoid bone is in fixed position 
Raises hyoid bone if jaw is in 
fixed position, depresses jaw if 
hyoid bone is in fixed position 
Draws hyoid bone forward, 
depresses mandible when 
hyoid bone is in fixed position 

Elevates hyoid and tongue 
base 
Tongue depression 

Protrusion, depression 

Elevates up and back 

Narrows fauces, elevates 
posterior tongue 

mylohyoid, geniohyoid and digastric muscles in 
the floor of the mouth. 

(2) The styloglossus and hyoglossus muscles force 
the root of the tongue against the soft palate and 
posterior pharyngeal wall. 

(3) The levator and tensor veli palatini muscles 
elevate the soft palate, with additional shorten-
ing and dorsal thickening until approximation 
against the posterior pharyngeal muscle pre-
vents nasopharyngeal régurgitation. 

(4) The middle and inferior pharyngeal constrictor 
muscles narrow the hypopharynx and contri-
bute to the peristaltic movements involving the 
posterior pharyngeal wall, generally between 
Passavant's ridge and the cricopharyngeal 
sphincter. 

(5) The dorsal and downward tilting of the epiglot-
tis, resulting from muscular elevation of the 
larynx, contraction of the floor of the mouth, 
along with elevation and posterior movement of 
the hyoid bone. 

Bolus motion 

The bolus is then sucked into the laryngopharynx by 
the production of a zone of negative pressure, 
resulting from the upward movement of the hyoid 

and larynx along with the forward and posterior 
motion of the latter. This creates a pulling force and 
increases the anteroposterior diameter of the 
laryngopharynx. Contraction of the intrinsic 
laryngeal muscles then shortens and widens the 
aryepiglottic, vocal and vestibular folds, producing 
an airtight soft stopper for the subepiglottic region. 
This eliminates the loss of air from the respiratory 
tract, which would oppose the sucking effect. 
Epiglottic depression does not completely close the 
laryngeal aditus, however, resulting in the frequent 
insertion of small particles of the bolus into that 
opening for a short distance. 

A liquid bolus is usually split by the epiglottis, 
travelling on each side of the larynx through the 
piriform recesses to rejoin behind the cricoid 
cartilage. The epiglottis acts as a ledge, checking the 
descent of the bolus and obviating early closure of 
the larynx. Protection of the larynx during degluti-
tion is effected in part by contraction of the 
sphincteric muscle girdle that surrounds it. This 
occurs without elevation of the larynx. In fact, the 
larynx may be closed at any stage during deglutition, 
but is always closed when the last of the bolus leaves 
the pharynx, at which point material entering the 
laryngeal vestibule is squeezed out. The cover 
provided by the epiglottis bending over the 
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laryngeal entrance prevents the deposition of 
residue, and reinflation of the airway carries any 
residue up into the vallecula. In the absence of 
epiglottic function, repeated swallowing removes 
food from the laryngeal entrance prior to airway 
reinflation. 

Passage of the bolus through the oesophagus 
requires the co-ordinated activity of the oesophageal 
inlet, the oesophageal outlet and the body of the 
oesophagus. The inlet comprises visceral striated 
muscle that maintains the lumen in a closed position 
and is integrated with the tongue and hypopharynx. 
The high-pressure zone, which is equivalent to the 
upper oesophageal sphincter, relaxes promptly on 
swallowing to coincide with pharyngeal contraction 
and movement of the bolus into the upper end of the 
oesophagus. Only in the act of deglutition does the 
pressure in the oesophagus fall, although a pressure 
gradient between the oesophagus and stomach is 
maintained, so the lumen does not open too widely. 
Deglutition initiates a moving, ring-like contraction 
that sweeps rapidly through the upper striated 
portion and less rapidly through the lower smooth 
muscle portion. The terminal outlet is located 
1-2 cm above the diaphragm, and is termed the 
gastro-oesophageal vestibule. Evacuation of this 
vestibule filled from above inhibits reflux of the 
stomach's content into the oesophagus, and it thus 
functions as a valve. Proximal to this· vestibule, there 
is a functional ampulla that serves as a collecting 
area where pressure is built by the peristaltic wave 
moving towards it. 

Nervous control of swallowing 
(Tables 4.6, 4.7) 

Deglutition is usually initiated by sensory impulses 
transmitted as a result of stimulation of receptors on 
the fauces, tonsils, soft palate, base of the tongue 

Table 4.7 Efferent controls in swallowing 

Efferent stage Innervation 

Oral 
Masticatory, buccinator, 
floor of mouth 
Lip sphincter 
Tongue 

Pharyngeal 
Constrictors and 
stylopharyngeus 
Palate, pharynx, larynx 
Tongue 

Oesophageal 
Oesophagus 

Trigeminal (V) 

Facial (VII) 
Hypoglossal (XII) 

Glossopharyngeal (IX) 

Vagus (X) 
Hypoglossal (XII) 

Vagus (X) 

and posterior pharyngeal wall. These sensory 
impulses reach the brain stem primarily through the 
Vllth, IXth and Xth cranial nerves, while the 
efferent function is mediated through the IXth, Xth, 
and Xllth cranial nerves. The cricopharyngeal 
sphincter opening is reflexive, relaxation occurring 
at the time when the bolus reaches the posterior 
pharyngeal wall prior to reaching this sphincter. 

Control of swallowing involves three phases: 

(1) The voluntary control of the oral preparatory 
phase. 

(2) The voluntary and involuntary control of the 
pharyngeal phase. 

(3) The involuntary control of the oesophageal 
phase. 

In the preparatory phase, the basic purpose of 
mastication and intraoral manipulation is to create a 
bolus of proper size and consistency for transport to 
the pharynx and oesophagus. The second and third 
phases of swallowing demonstrate involuntary 
reflexive central nervous system control, which may 
be based on a swallowing centre. 

Table 4.6 Afferent controls in swallowing 

Sensory function Innervation 

General sensation, anterior 
two-thirds of tongue 
Taste, anterior two-thirds 
of tongue 
Taste and general 
sensation, posterior one-
third of tongue 
Mucosa of vallecula 

Primary afferent 
Secondary afferent 

Tonsils, pharynx, soft 
palate 
Pharynx, larynx, viscera 

Lingual, trigeminal (V) 

Chorda tympani, facial 
(VII) 
Glossopharyngeal (IX) 

Internal branch of superior 
laryngeal, vagus (X) 
Glossopharyngeal (IX) 
Pharyngeal branch of vagus 
(X) 

Glossopharyngeal (IX) 

Vagus (X) 

Initiation of swallowing 

Although reference is often made to the 'swallowing 
centre', this is probably an oversimplification. It is 
likely that modulation of the processes of deglutition 
results from impulse activity in cranial nerves other 
than those intermittently associated with swallowing 
itself. For instance, salivatory preparation of the 
bolus cannot occur in the absence of cholinergic 
activity mediated through the peripheral and auto-
nomie nervous systems. Also, the striated muscle 
mediating deglutition in the pharynx, cricopharyn-
geal sphincter and upper one-third of the oesopha-
gus, are under the control of impulses originating in 
motor neurones of the corresponding cranial nerve 
nuclei, whereas the smooth musculatures associated 
with deglutition are innervated by cholinergic vagal 
preganglionic fibres that synapse with a plexus in the 
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muscle itself, resulting in postganglionic release of 
acetylcholine. The upper oesophageal sphincter 
adjacent to the cricopharyngeus is under control of 
the nucleus ambiguus and the dorsal motor nucleus 
of the vagus nerve (X), whereas the lower 
oesophageal sphincter is partially under vagal 
control. The extrinsic oesophageal musculature is 
under influence of the vagus nerve and the 
sympathetic nervous system (cervical and thoracic 
ganglia) with intrinsic neuro-ramifications by way of 
Auerbach and Meissner plexuses (parasympathetic 
postganglionic neurones in the gastrointestinal 
submucosal layer). 

Continuation of swallowing 

The sequence of movements comprising deglutition 
stems from a time-related (temporal) sequence of 
excitation and inhibition that occurs bilaterally in 
approximately 30 different muscles, including orbi-
cularis oris, temporalis, masseter, mylohyoid, 
geniohyoid, palatopharyngeus and superior con-
strictor. Many of these muscles are termed obligate 
deglutition muscles, in that they always participate 
in swallowing activity in a rigid temporal pattern 
relative to one another and are relatively insensitive 
to sensory feedback and modulation once the 
process of deglutition has been initiated. There are 
also facultative deglutition muscles, which may or 
may not participate and are sensitive to sensory 
modulation. These latter muscles are primarily 
involved in stabilizing the tongue and effecting an 
anterior oral seal. There are also maturational 
changes in the muscles of deglutition since, prior to 
the eruption of the teeth in infants, the facial 
muscles act as facultative muscles, whereas in the 
adult the masticatory muscles are more dominant. 
The infantile (or tooth apart) swallow is also 
characterized by an active tongue thrust. Retention 
of this immature mode of deglutition may comprise 
an aetiologic factor of anterior malocclusions, 
especially the anterior open bite. Tooth apart 
swallows are, however, normal in adults when fluids 
or soft foods are consumed. Thus during the process 
of deglutition the consistency of the food bolus 
determines whether the teeth will come into 
occlusion. 

Central control 

Although deglutition is reflexly triggered from the 
periphery, the sequence and timing of the compo-
nent movements is controlled by the central nervous 
system. In common with masticatory movements, 
deglutition is dependent upon the activity of the 
swallowing centre. In response to a peripheral 
stimulus, or central command to swallow, the 
neuronal programme of this centre exerts a sequen-
tial all-or-none pattern of excitatory and inhibitory 

effects on the various motor neurones supplying the 
muscles of deglutition. Although much of the 
detailed descriptions of the component central 
elements remain obscure, the neurones of the 
solitary tract nucleus appear to be intimately 
involved in selecting the incoming sensory inputs, 
along the Vth, Xth and Xlth cranial nerves from the 
larynx or pharynx, that are appropriate for trigger-
ing the process of deglutition. It is unclear how this 
centre can distinguish between sensory inputs 
resulting in gagging, cough or deglutition as all 
emanate from the larynx or pharynx. This degluti-
tion centre also receives input from central descend-
ing pathways from a number of cerebral cortical and 
subcortical sites, including the cerebral cortex, 
amygdala and midbrain. Such inputs can initiate or 
modify the pattern of deglutition through interac-
tion with the peripheral inputs to the brain stem. 
Thus, although not generally susceptible to central 
control, the patterned sequence of events associated 
with deglutition can be modified by learning, e.g. 
following surgery for carcinoma of the larynx. The 
deglutition centre can also function without sensory 
feedback, i.e. it only needs sensory input to trigger 
the sequence. Deglutition is therefore not very 
sensitive to sensory inputs and, once triggered, will 
proceed to completion in most instances. A small 
degree of sensory modification is, however, possi-
ble. For instance, the patterning of facultative 
muscle activities appears dependent on the type and 
consistency of the bolus being swallowed. In 
addition, silent periods can be produced in both 
obligate and facultative muscle activities by stimuli 
that may be related to the production of other 
protective reflexes of the alimentary tract or 
respiratory tract, i.e. these latter may take prece-
dence over the process of deglutition. Finally, the 
motor control of the processes of deglutition passes 
from the trigeminal (e.g. to the digastric, masseter, 
mylohyoid muscles), facial (e.g. to the orbicularis 
oris), glossopharyngeal, vagus and accessory (e.g. to 
the pharyngeal constrictors, and thyroarytenoid 
muscles, via the nucleus ambiguus) and hypoglossal 
cranial nerves (e.g. to the genioglossus and 
geniohyoid muscles). 

Thus a functional deglutition centre appears to 
exist, having selective mechanisms for activation by 
appropriate stimuli. These have a defined spatio-
temporal code, with interconnection of component 
cells resulting in a virtually invariable sequence of 
excitation and inhibition so that swallowing is the 
same regardless of its manner of initiation and with 
precision of organization resulting in control over 
relevant motor neurones. Corollaries of these 
features are that feedback regulation is not neces-
sary for swallowing to proceed, that the output of 
the centre is highly stable, and that activity in the 
centre exerts inhibition upon possibly competing 
centres. The specific motor neurone pools involved 
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in deglutition appear independent of the action of 
others in terms of the pattern of response. The 
deglutition centre, as defined by numerous studies, 
reveals that its location is in the reticular substance 
between the posterior pole of the seventh nucleus 
and the anterior pole of the inferior olive. It is of 
interest to note that unilateral destruction of this 
area by disease abolishes swallowing unilaterally. 

The immature swallow 

In the neonate, the soft palate occupies much of the 
volume of the upper pharyngeal region21 which is 
much more compact than that of the adult. The 
mouth then acts as a piston within a cylinder during 
the suckling movement.22 In the premature or small 
infant, short suckling bursts are followed by 
deglutition, whereas the normal mature infant 
swallows during prolonged suckling.22 Thus, as the 
infant develops, the pharynx elongates and enlarges, 
with the soft palate becoming more mobile. The 
facial skeleton elongates and the oral chamber 
enlarges as the tongue increases in length. The 
epiglottis descends and alters the obligate nasal 
respiration, so that the older child can use either 
oral or nasal respiration.23 

The infant swallows differently from the adult.24 

The alveolar ridges are apart (because the tongue 
protrudes between them) and the mandible is 
stabilized by the tongue and facial muscles. As the 
diet changes towards more compact, high-density 
foods, and the deciduous teeth erupt, the teeth 
come together during deglutition and the tongue 
does not protrude. Thus the tip of the tongue 
assumes a position near the incisive foramen of the 
palate and the mandible is increasingly stabilized by 
the elevator and depressor masticatory muscles. The 
labial and buccinator muscles are used less as the 
mandibular muscles become more important to 
deglutition. Infantile deglutition can, however, 
persist or recur and can be demonstrated well into 
adolescence. For instance, premature loss of the 
deciduous teeth may result in the tongue adapting to 
the surrounding space, leading to recurrence of the 
infantile swallow. Usually, the tongue retracts to the 
normal space following permanent incisor tooth 
eruption, followed by the return to a mature pattern 
of deglutition. 

Neuromuscular control of swallowing 

The highly integrated activities of deglutition 
depend on a combination of voluntary and involun-
tary control of the position of lips, teeth, jaws, 
cheeks and tongue, all partly mediated by the 
trigeminal (Vth) nerve innervated muscles that 
control the mandible and the masseter. Both of 

these muscle groups are involved in the control of 
leverage, stabilization and centring of the movable 
parts of the oral cavity. Therefore, mastication 
depends primarily on the Vth nerve, whereas the 
muscles of the lips and cheeks depend on motor 
functions of the Vllth nerve. All of the extrinsic 
muscles of the tongue depend on the motor function 
of the Xllth nerve, except for the palatoglossus 
(elevator of the tongue root) which is innervated by 
the vagus. All of the intrinsic muscles of the tongue 
are innervated by the Xllth nerve. All of the soft 
palate muscles are innervated by the vagus, except 
the tensor veli palatini, which is innervated by the 
Vth nerve. The stylopharyngeus is innervated by the 
IXth nerve and functions to widen the pharynx, 
whereas the palatopharyngeus is innervated by the 
Xth nerve. The maxillary and mandibular sensory 
divisions of the Vth nerve are primarily involved in 
providing sensation pertaining to the lips, palate, 
teeth, inner mouth and proprioceptive aspects of the 
muscles of mastication. The gag reflex, as well as 
nasal régurgitation, depends on the function or 
dysfunction of the IXth and Xth nerves. 

The voluntary components of deglutition prob-
ably have their origin in higher cerebral centres, 
which operate on striated muscles, but involve the 
development of 'automatisms' that still may be 
subject to voluntary monitoring and control, 
although they appear involuntary. These include the 
habits of mouth control and chewing. Many of the 
neuromechanisms dependent upon the combination 
of the pathways referred to above combine in com-
plex reflexes other than deglutition, e.g. cough and 
gag, and others that have variable expression at dif-
ferent stages of life, e.g. suckling of infancy and the 
biting reflexes dependent on masseteric stretch. 

At the cortical level, the inferior portion of the 
precentral gyrus of the insula produces the move-
ments of deglutition on electrical stimulation and 
these may result from efferent connections to the 
hypothalamus and then to the medulla, where the 
swallowing centre has been identified (in the region 
of the fourth ventricle and the Xth cranial nerve 
nucleus). 

The swallowing centre co-ordinates efferent im-
pulse flow by the following: 
(1) Vth and Xth nerves to the levators (soft palate). 
(2) Xth nerve to the pharyngeal constrictors, 

through the cervical and thoracic spinal nerves 
to the diaphragm and intercostals. 

(3) Vth and Xllth nerves to the extrinsic muscles of 
the larynx. 

(4) Xth nerve to the intrinsic muscles of the larynx 
and oesophagus. 

The cervical oesophagus may receive two efferent 
supplies, one from the recurrent laryngeal and 
another from the pharyngo-oesophageal nerve 
arising from proximal to the nodose ganglion or 
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from an oesophageal branch of the external 
laryngeal portion of the superior laryngeal nerve. 

Sequentially timed discharges from the medullary 
centre mediate the movement of the bolus through 
successive levels of the oesophageal musculature. 
Oesophageal distension is signalled on visceral 
efferent nerves passing in the upper five or six 
thoracic sympathetic roots, presumably to the 
thalamus and inferior postcentral gyrus where they 
give rise to symptoms of pressure, burning, gas, and 
aching. Because of the widespread ramifications and 
functional significance of the vagus nerve, lesions in 
the vagal system may have far-reaching deleterious 
effects on coughing, swallowing, breathing and 
phonation. Deglutition is a lower-level response, yet 
its afferent side can be stimulated by voluntary 
movements of the tongue and larynx. This is 
subserved by separation of corticobulbar fibres, with 
some remaining ipsilateral and others providing 
contralateral innervation to the nucleus ambiguus 
(motor nucleus of IX and X). The latter forms the 
brain stem locus from which special visceral efferent 
fibres arise. 

Fibres originating in the nucleus ambiguus in-
nervate the pharyngeal, laryngeal and upper 
oesophageal striated muscles. The vagus is formed 
from dorsal efferent and inferior salivary nuclei. It 
also innervates the heart, lungs and gastrointestinal 
smooth muscle, in addition to carrying afférents for 
taste and pharyngeal sensation. Above the nodose 
ganglion, the vagus sends branches to the pharyn-
geal plexus, which supplies the mucosa and 
musculature of the pharynx, larynx and upper 
oesophagus, where it is accompanied by branches 
from the neighbouring sympathetic ganglia. 

The superior laryngeal nerve is sensory to the 
laryngeal mucosa and motor to the cricothyroid 
muscle. The vagus terminates as the recurrent 
laryngeal nerve that supplies muscles intrinsic to the 
larynx, but not the cricopharyngeal muscle (which is 
supplied by a branch from the pharyngeal plexus). 

Disordered swallowing 

Disorders of deglutition (frequently termed dyspha-
gia) primarily result from either neurological or 
mechanical factors.27-32 They are briefly considered 
here as they shed a clinical light on to the mecha-
nisms of the various processes involved. 

Neurological disorders 

The intimate relationship of the last four cranial 
nerves (IX-XII) results in the possibility of many 
combinations of nerve lesions that have similar 
common pathways in terms of symptomatology, 
including loss of strength of the voice, hoarseness, 
nasal speech, difficulty in swallowing and nasal 

régurgitation or aspiration. Referred or directly 
mediated painful sensations in the region of the 
external ear and scalp may draw attention to the 
IXth and Xth cranial nerves, while weakness and 
wasting of the sternomastoids, trapezei and tongue 
may implicate the Xlth and Xllth nerves. A 
neurological cause of dysphagia is more likely if the 
anatomy is normal without deformity, although 
symmetry may be misleading since it may represent 
bilateral lesions. Since the larynx is innervated by 
the Xth nerve, paralysis of one or both vocal cords 
may be completely separate from neurological 
involvement of the palatopharyngeal apparatus. 
Neurological involvement of the orobuccal phase of 
deglutition is related to its volitional nature. 
Involvement of the reflexly controlled pharynx and 
the mixed functions of the larynx affect not only 
swallowing but speaking and breathing. Thus 
dysarthria, dysphagia and dysphonia may all coexist, 
as in Parkinsonism. Disorders of the basal ganglia, 
cerebellum and sensory feedback mechanisms may 
be associated with dysphagia. Pathology of the brain 
stem affecting swallowing frequently takes the form 
of bulbar palsy, poliomyelitis, trauma, vascular 
anomalies and brain stem tumours. The brain stem 
may also be involved in many congenital degenera-
tive disorders, e.g. amyotrophic lateral sclerosis. A 
key finding associated with brain stem involvement 
is failure of the cricopharyngeal muscle to relax 
during swallowing, with accompanying pharyngeal 
retention, stasis and nasal régurgitation. Neurolo-
gical causes of dysphagia are generally identified 
through such factors as the duration of the 
deglutition process, difficulties with liquids and 
solids, nasal régurgitation, and the presence or 
absence of heartburn. Hoarseness may indicate 
intrinsic laryngeal disease or relate to carcinoma, 
or it may be accompanied by recurrent laryngeal 
nerve paralysis complicating such diseases as 
poliomyelitis. 

Oropharyngeal dysphagia is frequently accompa-
nied by a decreased gag reflex, weakness of cervical 
or facial muscles and often a speech disorder. It is a 
common cause of dysphagia and, if it progresses to 
pharyngeal paralysis, it may cause sensory changes 
secondary to painful lesions of the mouth and 
tongue. Such diseases include scarlet fever, mumps, 
viral infections, monilia, peritonsillar abscess, carci-
noma and syphilis. Pharyngeal paralysis often 
results from poliomyelitis, multiple sclerosis, cere-
brovascular accident (stroke) involving the brain 
stem or diphtheria affecting the IXth and Xth 
nerves. Muscle weakness leading to pharyngeal 
involvement is found in myasthenia gravis, myotonic 
dystrophies and scleroderma. 

Movement of the bolus from the mouth to the 
stomach occurs in an organized fashion only if the 
necessary neuromuscular and neuroregulatory con-
trols are intact. The inherent complexity of the 
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processes of deglutition probably predisposes its 
delicately balanced neural control to potential 
failure from a myriad of disease enitities. Most 
disorders of deglutition are not without cause, 
however, and a few examples are considered below 
to illustrate the scope of the complex nature of 
deglutition. 

The neurogenic causes of dysphagia include: 

Acquired central disorders 

(1) Stroke syndromes and vascular disorders: 
infarction of the internal capsule; 
infarction of the brain stem; 
vasculitis. 

(2) Movement disorders: 
Parkinson's disease; 
Huntington's disease. 

(3) Poliomyelitis and other systemic infections: 
diphtheria; 
rabies; 
tetanus. 

(4) Amyotrophic lateral sclerosis. 
(5) Other causes: 

multiple sclerosis; 
tuberculosis; 
syphilis; 
neoplasms; 
degenerative disorders. 

Acquired peripheral disorders 

(1) Recurrent laryngeal neuropathy. 
(2) Cranial neuropathies: 

diabetes; 
leukaemia; 
lymphoma; 
carcinoma. 

(3) Other neuropathies. 

Neurodevelopmental disorders 

(1) Syringomyelia. 
(2) Cerebral palsy. 

Mechanical disorders 

Patients with mechanical disorders of deglutition 
evidence difficulty secondary to the loss of sensory 
guidance of the structures necessary to complete a 
normal swallow. The central, and most of the 
peripheral, neurological controls for deglutition are 
intact, although the structures needed to complete 
the act are not. Even though causes and mechanisms 

of the neurological and mechanical disorders of 
deglutition are different, some of the problems are 
shared: for example, excessive expectoration of 
fluid resembling saliva (sialorrhoea), masticatory 
difficulties, oral and pharyngeal pooling, lengthened 
swallowing transit times, difficulty in channelling 
food into the oesophagus, and aspiration. (Aspira-
tion is defined as the residual unswallowed pharyn-
geal content that is drawn into the larynx and 
trachea by inspiration following an attempt at a 
normal swallow.) 

Most of the patients with mechanical dysphagia 
have had oral, pharyngeal or laryngeal structures 
removed or reconstructed during surgery for cancer, 
although there may be other causes: 

(1) Acute inflammations: 
acute pharyngitis; 
lingual tonsilitis; 
herpes simplex; 
chemical inflammation due to corrosive fluid 
swallowing. 

(2) Trauma: 
tooth brush abrasion; 
loose-dentures. 

Macroglossia (tongue enlargement) 

Secondary to radiotherapy or surgery of the tongue. 
Hypothyroidism. 

Surgery 

Especially surgical resection for carcinoma of the 
tongue; laryngectomy; tracheotomy tubes. 

Mechanical dysfunction of deglutition is usually 
the result of oral and/or pharyngeal structures being 
surgically removed or altered, thereby impairing the 
displacement of food to the pharynx. Even though 
some patients have adequate sensory and motor 
components for oral and pharyngeal feeding post-
operatively, most have significant dysphagia. Addi-
tionally, the majority have adequate cortical skills 
needed for the rehabilitation of feeding. 

Conclusions 

The physiological mechanisms responsible for de-
glutition are exceedingly complex, even without 
considering the protective gag and cough reflexes. 
Much more information is, however, required 
before the mechanisms underlying disturbed swal-
lowing reflexes can be understood. 
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Review questions 

1. Describe the actions of the soft palate during 
swallowing. 

2. How is the musculature of the mouth co-
ordinated during swallowing? 

3. How might the central nervous system influence 
the mechanism of swallowing? 

4. Why may the immature swallow persist into 
adolescence? 

5. Discuss the mechanical disorders of swallowing. 
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Introduction 

The oral cavity is lined by a stratified squamous 
epithelium, whose functions include: 

(1) Forming a primary structural barrier between 
the internal and external environments. 

(2) Protection against mechanical damage, entry of 
noxious substances or organisms, and loss of 
fluids. 

The epithelium and the underlying connective 
tissue of the lamina propria exhibit functionally 
related regional variations in their structure, pattern 
of macromolecular synthesis and rate of regenera-
tion. The oral mucosa therefore comprises a 
complex tissue so that it would be naïve to assign its 
function to be merely a simple lining function. In 
addition, the normal structure and function of the 
oral mucosa is frequently disturbed, either tran-
sitorily or permanently, as a result of infection, 
physical or chemical injury or other disease proces-
ses. Thus a knowledge of the normal oral mucosal 

metabolism is important in understanding the many 
oral soft tissue lesions that occur in the mouth. 

The epithelial layer 

Like the skin, the oral mucosa comprises a surface 
epithelium overlying a layer of connective tissue. 
This stratified squamous epithelium undergoes 
mitosis, synthetic activity and disintegration, leaving 
the underlying cells as a cohesive tissue. Although 
the stratified squamous epithelium has a basic 
function, this is modified in certain regions of the 
mouth. Thus, on the palatal and gingival regions 
(the masticatory mucosa), it is modified by the 
deposition of keratin for protection from mastica-
tory forces, whereas the cheeks, lips, soft palate, 
floor of the mouth and ventral tongue surface 
exhibit a more simple, non-keratinized, lining 
mucosa. The oral mucosa is further modified by the 
presence or absence of a submucous layer, which 
largely determines the firmness or looseness of its 
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attachment to the underlying bones or muscles. 
There are also regional variations in the oral 
mucosa. For instance, the thickness of the oral 
mucosa is greater in the cheek than in the floor of 
the mouth, with parallel differences in the rates of 
germinal cell layer mitosis. Regional differences also 
exist in the degree of keratinization, tonofibrils and 
size and shape of the intracellular keratohyaline 
granules, in addition to cell size. Thus the oral 
mucosa is both structurally and functionally a 
complex tissue. 

There are conflicting opinions concerning the 
degree of interaction between the epithelial and 
connective tissue components of the oral mucosa. 
Some consider the epithelial phenotype to be an 
intrinsic property of the epithelial cells,1 whereas 
others contend that the subepithelial connective 
tissue continuously modulates the overlying 
epithelium.2 There is a general consensus that the 
interaction between the oral epithelium and under-
lying connective tissues are of clinical significance in 
relation to the processes such as the control of cell 
proliferation and migration in wound healing and 
the restoration of tissue morphology following 
various oral surgical procedures, e.g. grafting and 
wound healing. In a variety of diseases, epithelial 
changes may be secondary to changes in the 
subepithelial connective tissues, e.g. in lichen 
planus,3 submucous fibrosis,4 leukoplakia,5 age and 
radiation therapy.6 

Component cell layers 

Generally, the oral mucosal epithelium can be 
considered to comprise several cell layers: 

(1) Stratum germinativum: where cell division 
occurs. 

(2) Stratum spinosum: where cells with long cyto-
plasmic processes are interspersed with an 
amorphous intercellular substance comprising 
predominantly chondroitin sulphate. 

(3) Stratum granulosum: where there are flattened 
cells comprising keratohyaline granules. 

(4) Stratum corneum: a relatively structureless cell 
layer due to progressive loss of individual cell 
outlines and nuclei. This layer is predominantly 
found in the masticatory, rather than lining, 
mucosa. 

The oral mucosa, as with any other epithelial 
tissue, comprises multiple cell rows with no support-
ing stroma. In addition to the metabolic (house-
keeping) activities common to most cells, epithelial 
cells undertake a number of specialized synthetic 
activities associated with the maintenance of a 
surface barrier, including: 

(1) Synthesis of keratin. 
(2) Degradation of other intracellular organelles. 

(3) Synthesis of cell membrane and extracellular 
components associated with cell adhesion and 
barrier function. 

(4) Basement membrane synthesis to provide 
attachment to the underlying connective tissues. 

(5) Macromolecular synthesis associated with cell 
migration. 

The relatively undifferentiated basal (or germin-
al) cells of the oral epithelium contain the range of 
organelles typical of most cell types (nucleus, 
mitochondria, Golgi apparatus, endoplasmic reticu-
lum, ribosomes, etc). Such cells are already marked 
by the presence of epithelial-specific features, 
especially desmosomes and tonofilaments. With 
entry into the maturation pathway and emigration 
from the basal layer, a sequence of epithelial specific 
ultrastructural changes occurs including: 

(1) Cell flattening. 
(2) Increase in cell volume. 
(3) Formation of keratohyalin. 
(4) Appearance and discharge of membrane-

coating granules into the distal extracellular 
space. 

(5) Thickening of the plasma membrane. 

At the base of the stratum corneum, an abrupt 
transition occurs, associated with loss of cell nuclei, 
mitochondria and other basic subcellular structures, 
and the uniform tight packing of tonofilaments 
which are embedded in a matrix to produce a 
uniform cell content. 

The keratohyalin granules are irregular in shape, 
show a patchy variation in electron density and are 
intimately associated with free ribosomes.7 In the 
masticatory mucosa, the transition phase of indi-
vidual cells between the stratum granulosum and 
stratum corneum is a little less regularly sequenced 
than in the epidermis, and the keratin pattern of the 
resulting cell content differs in that it consists of a 
homogeneous electron-dense mass, often lacking 
the filament profiles typical of the epidermis and 
showing lipid droplet inclusions. Parakeratinization, 
marked by incomplete transition of cellular contents 
and only partial lysis of cell organelles, is common in 
gingival epithelium. The lining oral mucosa differ 
from epidermis and masticatory mucosae in that 
keratohyalin is rarely formed, nuclei are retained 
and condensation of the intracellular content 
comparable to that of keratinizing epithelia does not 
occur. In addition, glycogen storage granules are 
commonly found in the cells of the suprabasal strata. 
The functional activity of the majority of the 
intracellular organelles remains obscure but is 
presumably associated with intercellular cement, 
barrier substances and keratin matrix formation. 

The formation of a mechanically resistant, rel-
atively impermeable stratum corneum, comprising 
many layers of flattened anucleate cells, is common 

https://t.me/DentalBooksWorld



44 The oral mucosa 

to many stratified squamous epithelia. The pro-
teinaceous and highly cross-linked fibrous nature of 
the keratins provide the mechanical strength and 
resistance to chemical dissolution of the stratum 
corneum. The fibrous proteins of prekeratins and 
keratins form 8 nm filaments as a result of aggrega-
tion of triple-stranded helical monomers. The 
fibrous proteins of keratins comprise a heterogenous 
class of polypeptide chains (MW 45 000-70000 
daltons) showing differences in individual poly-
peptides with site and pathological involvement.8 

A wide range of antigenically distinct glycopro-
teins and glycolipids are present at the extracellular 
surface of the plasma membrane of epithelial cells, 
presumably associated with cell adhesion, cell 
recognition and cell contact phenomena. Evidence 
exists that dermal influence may be necessary for the 
appropriate epithelial synthesis of cell surface 
components,9 and alterations in cell surface compo-
nents have been reported in wound healing and 
diseases of the oral mucosa.10 

Basement membrane zone 
The epithelium of the oral mucosa is typically 
supported by a basement membrane zone, the 
papillary and reticular zones of the lamina propria, 
and beneath these the submucosa. Fibroblasts and 
fibrocytes form the principal cell population main-
taining the fibres and ground substance of the 
subepithelial connective tissues. Resident cells of 
the macrophage/histiocyte and mast cell lineages are 
present in variable numbers. The vascular system, 
comprising endothelial cells, pericytes and special-
ized fibroblasts, is well developed and neural 
elements are present in regionally varying concen-
trations. Undifferentiated mesenchymal cells of 
uncertain lineage are also present and presumably 
form the stem cells for the replacement of lost or 
damaged tissues. The fibrous component of the 
lamina propria varies in terms of fibre density and 
type, predominantly comprising collagens Types I 
and III.11 The turnover rate of oral mucosal collagen 
exhibits regional variations, and is generally faster 
than in skin. 

The extracellular matrix of the basement mem-
brane plays roles in epithelial attachment, cell 
differentiation and permeability. It often comprises 
the primary or secondary site of involvement in 
pathological conditions of the mucosa. The basal 
hemidesmosomal-bearing surface of epithelial cells 
lies adjacent to an electron-lucent zone, the lamina 
lucida. Beneath this is an electron-dense zone, the 
lamina densa, which is associated with fibres that 
anchor the basal lamina zone to the deeper 
structures. This region has been shown to comprise 
collagenous and non-collagenous glycoproteins and 

proteoglycans, whereas the lamina densa contains 
primarily Type IV (and Type V) collagen. Fib-
ronectin is also reported to be present in the dermis, 
without accentuation in the basement membrane 
zone. The epithelial basement membrane appears to 
be synthesized by the basal epithelial cells, whereas 
the complete basement membrane complex requires 
a living and viable dermal substrate. 

Epithelial-mesenchymal interactions 

There is a considerable body of evidence to indi-
cate the important role of epithelial-mesenchymal 
interactions in the development of epithelial 
structures.12 Morphogenetic epithelial-mesen-
chymal interactions can be considered either 
directive or permissive in nature, with the final adult 
form of a tissue being the terminal result of a 
cascade of prior interactions.13 There are indications 
that epithelial-mesenchymal interactions continue 
to play an important part in the maintenance of 
regionally specific differences in the structure of 
renewing epithelia during adult life.11 Thus, the oral 
mucosa represents the terminal, and normally 
stable, state resulting from prior and continuing 
epithelial-mesenchymal interactions. 

The underlying connective tissue is not essential 
for all aspects of growth and differentiation of adult 
oral mucosa, although human mucosal epithelium 
transplanted to deep connective tissue in mice fails 
to show normal maturation, unless combined with 
subepithelial connective tissue.14 Tissue culture 
studies indicate potentially important roles of the 
subepithelial connective tissues in facilitating growth 
and permitting the expression of specific epithelial 
phenotypes. Other observations suggest that the 
epithelial phenotype may be an intrinsic property of 
epithelial cells, although it is possible that the 
epithelial connective tissue continuously modulates 
the overlying epithelium.16 In other words, the 
degree of interaction between the epithelial and 
underlying connective tissues has yet to be fully 
defined, although they may be significant in the 
control of oral mucosal renewal, particularly in 
surgical wound healing. In a variety of pathological 
conditions, epithelial changes may be observed 
secondary to changes in subepithelial connective 
tissues, e.g. in lichen planus, submucous fibrosis, 
leukoplakia, and following radiotherapy.4 Thus the 
oral mucosa should be considered a functional unit 
comprising both epithelial and connective tissue 
components, rather than a mere epithelial structure. 

Epithelial functions 

In addition to the metabolic activities common to 
most cells, epithelial cells undertake a number of 
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specialized synthetic activities associated with the 
maintenance of a surface barrier: 

(1) Synthesis of keratin. 
(2) Degradation of other intracellular organelles. 
(3) Synthesis of cell surface and extracellular 

components related to cell adhesion and barrier 
function. 

(4) Synthesis of the basement membrane complex 
which provides attachment of the epithelium to 
the underlying connective tissue. 

(5) Synthesis of macromolecules associated with 
cell migration under certain circumstances, e.g. 
wound healing. 

Epithelial renewal 

The rate of epithelial replacement varies markedly 
between various regions of the oral mucosa. The 
functional significance of such differences is presum-
ably related to rates of surface wear, which are 
affected both by the degree of surface trauma at any 
particular site and by the resistance of the epithelial 
surface to abrasion. The maintenance of regionally 
specific rates of cell proliferation when transplanted 
to distant sites indicates that the mitotic activity is 
not much affected by normal function and that 
mucosal proliferation is pre-adapted to its functional 
requirement.14 Presumably this high rate of cell 
turnover provides a self-cleansing mechanism that 
prevents undue colonization or pentration of the 
epithelial surface by bacteria or fungi. The rate of 
surface replacement depends not only on the rate of 
cell proliferation per unit area of epithelial surface, 
but also on the area of the surface cells, i.e. the rate 
of oral mucosal replacement is approximately four 
times faster than that of the epidermis.17 

As the lining mucosa is functionally elastic, the 
epithelium comprises large cells with pleated cell 
walls, large amounts of intercellular glycoprotein 
and elastic fibres within a less dense lamina propria. 
By contrast, the masticatory mucosa shows a more 
massive and inflexible stratum corneum, a greater 
area of epithelial-connective tissue interface and a 
dense collagenous lamina propria with large straight 
collagen fibres which serve to bind the epithelial-
connective tissue structures together. 

Mucosal permeability 
The epithelial components of skin and oral mucosa 
form the primary barrier to permeability of water, 
electrolytes and larger molecules. No evidence 
exists for active transport of substances in relation to 
anatomical site, with passage apparently being 
confined to simple diffusion. The oral mucosa does 
not appear to be more permeable to water or ions 
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than epidermis under comparable conditions of 
hydration. The effect of hydration of the oral 
mucosa, however, may be partially offset by 
components of saliva augmenting barrier function. 
Regional variation exists in permeability to water 
but not to ions or larger molecules. It has also been 
shown that the ability of a compound to cross oral 
epithelia is highly dependent upon its lipid 
solubility.18 The role of the basement membrane in 
limiting oral mucosal permeability remains obscure, 
apart from limiting such larger molecules as immune 
complexes, inulin and dextran. 

Epithelial cells other than keratinocytes 
Melanocytes 

Within the oral mucosal epithelium, melanocytes 
serve to protect the tissues from the effects of actinic 
radiation by the production and distribution of 
melanin pigment to the adjacent keratinocytes. 
Melanocytes are derived from the neural crest 
tissues after the eleventh week of fetal life and exist 
as typically basally positioned dendritic cells. 
Melanocytes lack desmosomes and tonofilaments 
and are locally self-replicating. They are found in 
many other internal sites of the body that are 
protected from actinic radiation. Thus their function 
in all sites remains obscure. 

Langerhans' cells 

Langerhans' cells comprise dendritic, aureophilic, 
intra-epithelial cells which are the peripheral arm of 
the immune system.19 These cells have many func-
tional and cell surface features in common with mac-
rophages, including cell surface Fc-IgG and C3 
receptors. The migration of Langerhans' cells across 
the basement membrane has been observed 
together with evidence for a bone marrow origin, in 
addition to being locally proliferative.20 Langerhans' 
cells typically lie suprabasally within epithelia as 
regionally variable, regularly grouped cells. The 
exact role of Langerhans' cells in the immune system 
is obscure, although there is evidence for their role 
in contact sensitivity. 

Merkel cells 

Merkel cells are typically situated in the basal region 
of epithelia, predominantly associated with intra-
epithelial nerves. They are generally assumed to 
function as touch receptors. 

Other non-keratinocytes 

Occasional leukocytic cells have been reported 
within the epithelium in addition to mast cells, 
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polymorphonuclear leucocytes and lymphocytes. 
Conceivably these last cells may serve as precursors 
to Langerhans' cells. 

Influences of oral mucosal renewal 

In addition to comprising a renewing cellular 
population, the oral mucosa exhibits marked diurnal 
variation, albeit affected by a range of factors, 
including stress, adrenergic compounds, age, in-
flammation and trauma. 

Little is currently known about the mechanisms 
by which epithelial proliferation is controlled. One 
of the earliest formulations of a general concept of 
growth regulation centred on a negative feedback 
mechanism in which diffusion of an inhibiting 
principle from differentiated cells acted on the 
general mass of the same tissue.21 A wide range of 
factors have been formulated to suppress the rate of 
epithelial tissue proliferation, including adrenergic 
agents, prostaglandins, epidermal growth factors, 
mesenchymal factors, oestrogens and vitamin A.22 

In fact, this is currently an area of intense research 
activity, with the primary objective of determining 
the factors responsible for epithelial tumour 
formation. 

Oral mucosal maturation 

Stratified squamous epithelium can be considered to 
comprise: 

(1) A progenitor cell compartment, located in the 
basal region. 

(2) A differentiating compartment, which lies sup-
rabasally. 

(3) A functional compartment from which the cells 
are eventually shed. 

In the normal steady state, the rate of cellular 
formation per unit area of epithelium is balanced by 
their rate of loss. This concept not only applies to 
the epithelium as a whole but also to the various 
component regions. Statistically, therefore, for 
every cell formed by division, one cell emigrates 
from the basal layer and one cell is shed. However, 
each division does not always produce one cell 
committed to mature and one to remain. Emigration 
from the basal cell layer continues in the absence of 
cell proliferation. Differential changes in cellular 
adhesion probably comprise the most important 
factor in determining the rate of cell migration. 

The suprabasal strata of the epithelium have a 
highly ordered pattern of organization, with cells 
aligned to form a series of hexagonal units. Cells in 
the mitosis phase occur principally beneath the 
periphery of such units, with cell proliferation 
comprising a non-random event. Thus, continued 

renewal of the oral mucosa may be a function of 
only a small subpopulation of stem cells, which are 
the only cells capable of repeated division through-
out life. The majority of proliferative cells are 
therefore committed to differentiation, maturation 
and death after a few divisions.23 Thus the basal or 
germinative population of oral mucosal cells com-
prises a heterogeneous, rather than homogeneous, 
population. Stem cells are probably more slowly 
cycling than other proliferative cells and may have 
unusual patterns of division to reduce accumulation 
of errors associated with DNA replication. It is 
within this subpopulation that changes prior to 
carcinogenesis are thought to occur.24 

The mechanism by which cells are lost from the 
surface epithelium remains obscure. The stratum 
corneum comprises essentially a mass of flattened 
inert keratinized cells, with programmed decom-
position, or proteolytic breakdown of the extracellu-
lar cement, being the most likely cause of the loss of 
superficial cells. In both normal and pathological 
states, the desquammation process may be influ-
enced by surface environmental conditions, 
although the normal desquammation does not 
appear to depend on surface abrasion. Scanning 
electron microscopy has demonstrated that the 
surface of desquammating cells from various regions 
of the oral mucosa may be smooth, or folded into a 
honey-comb pattern of ridges.26 These surface 
specializations may comprise a precise press-stud 
mechanism related to cellular adhesion. 

The healing of oral mucosal wounds is similar to 
those of the skin. Mucosal wounds, however, heal 
more rapidly than those of other epidermal tissues.27 

The oral mucosa also responds similarly to skin to 
friction, ultraviolet light and inflammatory and 
carcinogenic factors, with a response including 
increased rates of cell proliferation and maturation 
leading to epithelial thickening. 

Mucosal protection 
Although there are general factors that influence 
host resistance to oral mucosal disease, e.g. 
heredity, race, sex, age, hormonal imbalance and 
nutrition, local factors are also involved. In addition 
to intrinsic factors, such as a continuous cellular 
desquammation and the keratin layer, saliva, due to 
mechanical lavage and antibacterial activity, deter-
mines the health of this tissue. Saliva may also 
contain specific protective factors, e.g. IgA, IgG 
and IgM immunoglobulins (antibodies). In addition, 
there is the normal battery of protective host 
defence mechanisms derived from the underlying 
connective tissue structures, e.g. macrophages, 
lymphocytes and polymorphonuclear leucocytes, in 
addition to a rich vascular and lymphatic network. 
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Keratinization 

Keratins are a group of fibrous proteins resistant to 
autolysis and enzymic digestion. This property is 
probably the result of the disulphide (S-S) linkages 
between adjacent component polypeptide chains. 
These bonds are contained in the amino acid 
cystine, and it is the high content of cystine that is 
the most characteristic feature of the keratin 
molecule. The amount of cystine varies with the 
type of keratin, in addition to exhibiting regional 
and diurnal variation. Other types of cross-linkages 
are also important in joining the polypeptide chains 
of keratin. Hydrogen bonds provide links between 
two dipoles, one a hydrogen atom and the other 
either a nitrogen or oxygen atom: these hydrogen 
bonds are primarily responsible for the stability of 
the molecular configuration of keratin, with the 
polypeptide chains having a spiral configuration 
with the hydrogen bonds not only linking between 
adjacent chains, but also preventing extension. Salt 
linkages also form a number of cross-linkages 
between polypeptide chains, but are weaker than 
disulpide bonds. 

Conclusions 

This chapter focused on the epithelial component of 
the oral mucosa, although it is well to remember 
that the underlying mesodermal tissues also have a 
key role in mucosal metabolism. It is also important 
to realize that pathological lesions of the oral 
mucosa are frequently evident at the initial stages of 
development . In this regard, it is essential to know 
the structure and function of the normal mucosa in 
order to diagnose pathological anomalies at their 
earliest development stage. 

Review questions 

1. What is the function of the basement membrane? 
2. List the functions of the non-keratinocytes in the 

oral epithelium. 
3. What factors influence the rate of oral mucosal 

renewal? 
4. How does the oral mucosa offer protection to the 

underlying tissues? 
5. What metabolic functions occur in the compo-

nent epithelial cell layers? 
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Immunology 

Introduction 
What is immunology? 
Antigens 

Antibodies 
IgG 
IgM 
IgA 
IgD 
IgE 

Cells of the immune system 
T lymphocytes 
B lymphocytes 
K lymphocytes 
NK lymphocytes 
Langerhans' and dendritic cells 
Macrophages 

Antibody-antigen reactions 
Complement 

Introduction 
The scope of the subject of immunology is vast and 
primarily related to the host defence mechanisms 
(Table 6.1). Although the immune system is vital for 
survival, an immune reaction may cause fatal 
disease, e.g. an overwhelming hypersensitivity 
reaction to a bee sting. There are, in fact, a host of 
disorders affecting all organ systems that are clearly 
attributable to immunological reactions to exoge-
nous agents, or to the abnormal development of 
immunity against the body's own tissues and cells. In 
this chapter, only the most important subject matter 
is considered, and the reader is encouraged to look 
further at the reviews listed in the reference 

Types of immunity 
Natural resistance/non-specific immunity 
Specific immunity 

Hypersensitivity reactions 
Type I (anaphylactic) hypersensitivity reactions 
Type II (cytotoxic) hypersensitivity reactions 
Type III (immune complex-mediated) 
hypersensitivity reactions 
Type IV (cell-mediated) hypersensitivity 
reactions 

Immune deficiency 
The oral cavity 

Gingival crevicular fluid 
Saliva 
Periodontal disease 
Dental caries 

Conclusions 
Review questions 
References 

section1-22 to obtain a more comprehensive appre-
ciation of immunology. Bear in mind also, that 
immunology is a subject with an intense investiga-
tive background: as such, the subject is in a constant 
state of flux and rapid change. Accordingly, only 
those aspects for which there is a firm basis are 
considered in this chapter. 

What is immunology? 

Immunology is the study of the processes by which 
the body defends and maintains the constancy of its 
internal milieu against invasion by foreign organ-
isms, or the mutation or development of unwanted 
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Table 6.1 Defence systems 

External 

Normal flora 
Anatomical barriers 
Secretions 

Acids 
Mucus 
Sweat 

Internal 

Secretions 
Complement system 
Chemotaxis 
Opsonins 
Iron proteins 

Transferrin 
Lactoferrin 

Glycoproteins 
Lysozyme 
Polyamines 

Inflammatory responses 
Oedema 
Fever 

Phagocytic cells 
Neutrophils (PMNs) 
Monocytes 
Macrophages 

cells or cell products within itself. The immune 
system comprises all the phenomena that result from 
the specific interaction between the cells of the 
immune system and antigens. If an antigen gains 
access into the body, two possible outcomes result. 

Humoral response 

This involves antibody synthesis and release within 
the blood and extracellular fluids. In this response, 
the humoral antibodies can combine with antigens 
(e.g. microbial toxins) to cause toxin neutralization, 

or they can coat the antigenic surfaces of micro-
organisms and render them susceptible to lysis by 
complement, or phagocytosis by macrophages. 

Cell-mediated response 

This is manifested by sensitized lymphocytic produc-
tion: the cells are then capable of interacting with 
antigen by means of specific cell surface receptors. 
In this response, the sensitized cells are responsible 
for such actions: a process that includes resistance 
against many intracellular micro-organisms (e.g. 
viruses, fungi, some bacteria) and foreign tissue 
graft rejection. 

The lymphocyte is the principal cellular compo-
nent in both types of response, so that the lymphoid 
tissues are the central structural components of the 
immune system {Figure 6.1). The two major types 
of lymphocytes involved are B cells and T cells. 
B cells (bursa-dependent lymphocytes) are pro-
genitors of plasma cells that secrete antibodies. 
while T cells (thymus-dependent lymphocytes) are 
the mediators of cell-mediated immunity. Mac-
rophages are also components of the immune 
system, although they do not give rise to sensitized 
cells themselves or produce antibodies {Figure 6.2). 

Antibody production leads to: 
(1) Activation (fixation) of complement compo-

nents, leading to inflammatory response en-
hancement by the production of biologically 

Yolk sac 

I 
Fetal liver 

i 
Bone marrow 

Bone marrow B-precursors 

B cells 

Peripheral lymphoid organs 
Figure 6.1 Origin of the immune system. 

Bone marrow T-precursors 

Thymus 

T cells 

Peripheral lymphoid organs 
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Antibody recognition 

T-cell activation B-cell activation 

Cell mediated responses 

Lymphotoxins 

Chemotactic factor 

Blastogenic factor 

Macrophage mobilization factors 

Figure 6.2 Major immune responses of T and B cells. 

active molecules, and complement-induced 
opsonization which facilitates phagocytosis. In 
addition, antibodies lead to complement-
mediated neutralization of certain viruses, as 
well as the lysis of cellular antigens. 

(2) Direct neutralization of certain micro-organisms 
and viruses. 

(3) Antibody-induced opsonization. 
(4) Triggering of mast cell histamine release. 
(5) Feedback regulation of antibody synthesis. 

When T cells are stimulated by antigens, lympho-
kine secretion results in delayed-hypersensitivity 
reactions, secretion of antigen-specific helper fac-
tors which influence B cell differentiation and 
antigen-specific suppressor factor secretion to influ-
ence both B and T cell function. Antigen-stimulated 
T cells also secrete non-specific helper and suppres-
sor factors that modulate lymphocyte function, in 
addition to the secretion of important growth 
factors, e.g. interleukin 2. Subsequent antigenic 
elimination depends upon the activation and ampli-
fication of non-specific effector cells or substances 
(e.g. complement activation or macrophage pha-
gocytosis) following the interaction of specific 
products of the immune response with antigen. 

Antigens 

By definition, antigens induce immune responses. In 
most cases, antigenic ingestion by macrophages 

Plasma cell 

Humoral responses 

IgM 

IgG 

igA 

igD 

igE 

appears to be an essential prelude to antibody 
production. Antigens range from relatively simple 
macromolecules (e.g. serum albumin) to complex 
infectious micro-organisms. There are different 
categories of antigen, including: 

(1) Immunogen: an antigen capable of inducing an 
immune response. 

(2) Tolerogen: a molecule that induces a specific 
state of unresponsiveness or tolerance. 

(3) Haptens: relatively small molecules that are not 
antigenic in themselves but can bind to a protein 
carrier to become antigenic. 

There are also epitopes (antigenic determinants) 
which are specific sites on antigens that elicit a 
specific response, whereas an immunodominant 
determinant is an epitope that dominates in the 
induction of an immune response. 

Antigens occur in a number of different chemical 
forms, including proteins and glycoproteins and 
polysaccharides, although nucleic acids and lipids 
are generally poor immunogens. In fact, the 
immunogenicity of an antigen depends upon its 
chemical nature, in addition to its foreignness, 
molecular size (the larger the molecule, the greater 
the immunogenicity), chemical complexity, access-
ibility of antigenic determinants, and host-related 
factors, including the health and nutritional status 
of the host. Thus antigens may induce immune 
system production of antigen-specific protein pro-
ducts which are collectively termed antibodies 
(immunoglobulins). 
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Antibodies 

Antibodies (immunoglobulins) are glycoproteins 
that possess an antigen-binding region (Fab) and an 
Fc fragment that can attach to Fc receptors present 
on most lymphocytes, polymorphonuclear leuco-
cytes and macrophages to provoke a variety of 
reactions, including complement activation. These 
biological properties depend on four distinct compo-
nent heavy and light chain classes and subclasses,2 

which in turn depend on their amino acid sequences. 
Immunoglobulins are produced by B lymphocytes 
(B cells) and their fully differentiated cell form, 
plasma cells, having the same specificity for antigen 
in their cell surface receptors. 

IgG 

IgG is, in some ways, the most important, in that it 
forms up to 80% of circulating antibodies. It is 
produced in response to most infections and often 
provides persistent protection. IgG is, therefore, the 
characteristic serum immunoglobulin of a secondary 
immune response to antigen. There are four 
subclasses of IgG (IgGb IgG2, IgG3, IgG4), with tne 
heavy chain being responsible for the differences. 
Maternal IgG is the only immunoglobulin to cross 
the placenta. IgG binds to cell surface receptors of 
polymorphonuclear leucocytes, monocytes and 
some lymphocytes via the Fc region, in addition to 
complement fixation. 

IgM 

IgM is the first antibody to appear as the primary 
response to an antigenic stimulus, e.g. an infection. 
On further exposure, however, B cells switch to 
IgG production, since IgG is the most potent 
complement-fixing antibody. IgM is active in com-
plement fixation and a potent agglutinator of 
particulate antigens and cellular antigens (e.g. bac-
teria). It also binds to surface receptors of T-helper 
cells. 

IgA 

This is the characteristic immunoglobulin of the 
secretory immune response and is also present in 
tears, saliva and colostrum. Being an agglutinator, it 
is often potent in neutralizing certain bacteria and 
viruses. It contains an additional (secretory) compo-
nent that is added to polymeric IgA by certain 
epithelial cells as it is transported from the stromal 
side to the luminal side of an epithelial gland. This 
immunoglobulin provides protection of the mucosal 
surfaces of the body (including the oral cavity) from 
microbial colonization and penetration, primarily by 
replication of IgA-secreting plasma cells lining these 
sites. 

IgD 

IgD is a cell-surface receptor on immunocompetent 
B cells; its function remains controversial. 

IgE 

This reaginic antibody is generally associated with 
allergy. Most of the IgE is bound to the surface of 
basophils and mast cells, which when stimulated 
leads to the release of histamine, leukotrienes, and 
eosinophil chemotactic factors. 

Cells of the immune system {Table 6.2) 
T lymphocytes 

T lymphocytes (T cells) are present in both the 
peripheral lymphoid tissues as well as in the 
circulating blood. In the lymph nodes they are 
located in the area between the follicles and in the 
deep cortex of the lymph nodes. T cells are also 
located in the periarteriolar sheaths of the spleen. In 
the peripheral blood, they constitute 60-70% of all 
lymphocytes. T cells are long-lived and form a large 
recirculating pool of cells. T cells have two main 
functions. 

Table 6.2 Features of immunocompetent cells 
Characteristics 

Origin 
Differentiation 
Life-span 
Lymphoid tissue localization 

Recirculation 
Functions 

Cell-mediated immunity 
Humoral immunity: 

Helper functions 
Antibody synthesis 

Memory 

Tcell 

Bone marrow 
Thymus 
months/years 
Perifollicular 
Periarteriolar 
Yes 

Yes 

Yes 
No 
Yes 

Bcell 

Bone marrow 
Bone marrow 
days/weeks 
Germinal centres 

Mainly static 

No 

No 
Yes 
Yes 

Macrophage 

Bone marrow 
Bone marrow 
7 
Diffuse 

Yes 

Yes 

Yes 
No 
No 
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Cellular immune reactions 

T cell functions include the following: 

(1) Resistance against some viral and microbial 
infections. 

(2) Delayed hypersensitivity reactions. 
(3) Rejection of solid organ transplants. 
(4) Resistance against new tumour formation. 

Regulatory functions 

T cells play important roles in modulating the 
immune response mediated by other T and B cells. 
In fact there are several subsets of T cells, each with 
specific facilitatory (T helper) or suppressive (T 
suppressor) roles. 

B lymphocytes 

B lymphocytes (B cells) are present in the blood and 
lymphoid tissue, including the bone marrow. They 
constitute 10-20% of the circulating lymphocytes 
together with the extra-oral lymph nodes and 
spleen.24 There are, in fact, several intra-oral 
lymphoid aggregations that are important in this 
regard: the palatine tonsils; the lingual tonsils and 
the nasopharyngeal tonsils (adenoids). 

B cells express surface immunoglobulin (Ig), in 
addition to two other receptors: a receptor for the 
Fc portion of the IgG (Fc receptor) and a receptor 
for the third component of complement (C3b 
receptor). 

Proteins and polysaccharides are strong im-
munogens for B cells, whereas T cells recognize 
polysaccharides poorly, if at all. Lipids, nucleic acids 
and steroids are generally weak immunogens, unless 
conjugated to immunogenic carrier molecules. B 
cells may be stimulated directly by various soluble 
antigens, while most T cells can only recognize 
soluble antigens if they have been phagocytosed and 
presented by macrophages, i.e. they can only 
recognize foreign epitopes when they are on cell 
membranes. All immunocompetent lymphocytes 
derived from lymphoid stem cells undergo an 
antigen-independent proliferation and differentia-
tion phase before they are released in the body as 
mature small lymphocytes. 

K lymphocytes 

These cells are characterized by the presence of an 
Fc receptor but they lack surface Ig and surface 
markers of T cells and are non-phagocytic. They 
therefore lack the typical markers for B cells, T cells 
or macrophages, although morphologically they 
resemble small or medium-sized lymphocytes and 
are sometimes termed 'null cells'. Due to their Fc 
receptors for IgG, these cells can lyse antibody-

coated target cells by a process termed antibody-
dependent cellular cytotoxicity. 

NK lymphocytes 

Natural killer (NK) cells are found in the peripheral 
blood and lymphoid tissues and are capable of lysing 
a variety of cells, including tumour cells, virus-
infected cells and some normal cells, without 
previous sensitization. They may therefore provide 
important first-line defences against tumour forma-
tion and virus infection. Morphologically NK cells 
resemble small lymphocytes, although they possess 
Fc receptors and share some cell surface antigens 
with T cells and macrophages. 

Langerhans' and dendritic cells 

Langerhans' cells are found in the epithelium 
whereas dendritic cells are found in the lymphoid 
tissues. Both cells are extremely efficient in 
antigenic presentation. They therefore probably 
form a vital component of the immune system. 

Macrophages (Table 63) 

Macrophages are widely distributed in the lymphoid 
tissue as well as in circulating blood (monocytes). In 
the lymph nodes they are present in the walls of 
sinuses as well as the deep cortex. Macrophages are 

Table 6.3 Macrophage functions 

Lymphocyte proliferate regulation 
Antigen uptake and processing 
Antigen transfer to lymphocytes 
Antigen-dependent T cell proliferative control 
Cell-mediated response 
Complement component production 
Micro-organism phagocytosis 
Enzyme/enzyme-inhibitor secretion 
Promotion/inhibition of cellular replication, including 
lymphocytes 
Polymorph (PMN) chemotactic factor secretion 

required to process and present the antigen to 
immunocompetent cells, in addition to acting as 
powerful effector cells in certain cell-mediated 
immune reactions resulting from the T cell secretion 
of lymphokines. Macrophages also produce a 
number of soluble factors that affect not only the 
growth and functioning of lymphocytes but also 
fibroblasts, endothelial and smooth muscle cells. 
The macrophage cell membrane also has two 
important receptors, one for the Fc portion of IgG 
and one for activated C3 (complement). Both these 
receptors facilitate phagocytosis of particulate mat-
ter. Thus macrophages not only play a crucial role in 
promoting recognition of an antigen by immuno-
competent cells but are also closely associated with 
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lymphocytes in lymphoid organs. When an antigen 
is phagocytosed by a macrophage, most of it is 
digested and destroyed, although part is processed 
and presented to the lymphocytes in an im-
munogenic fashion. Thus, when an antigen is 
processed by macrophages, their epitopes are 
presented to lymphocytes in their native and 
digested forms. Macrophages also support many 
lymphoid cell interactions, including protection of 
the immune system from being flooded by excessive 
amounts of antigens in overwhelming infections. 
This prevents the development of immunological 
tolerance. 

Antibody-antigen reactions 
Antibody-antigen reactions may have a variety of 
results, including: 

Classic 
Ag-Ab 

C3 

Activated C I 

C4a 

C4b2a 

\ (C3 convertase) 
V ► 

(1) Agglutinins, which cause microbial clumping to 
hamper their spread through the tissues. 

(2) Opsonins, which render micro-organisms and 
other particulate matter more susceptible to 
phagocytosis. 

(3) Precipitins, which precipitate soluble antigens 
out of solution, rendering them more suscepti-
ble to phagocytosis. 

(4) Neutralizing antibodies, which inactivate and/or 
render viruses non-infective. 

(5) Complement fixation (activation), that results 
from many antibody-antigen complexes, lead-
ing to lytic and bactericidal reactions. The other 
reactions mentioned above, however, are not 
complement-dependent. 

Complement (Figure 6.3) 
The complement system comprises at least 9 plasma 
proteins, most of which are produced by mac-

Alternative 
Aggregated IgG 
Endotoxin, etc. 

C3b 
B 
D 
Mg 

C3bBb 

Properdin 

C3bBb 

(C3 convertase) 
A 

C3B feedback 
pathway 

r C3a 

C5* 
(Anaphylatoxin) 

t C5a A 
Chemotaxis 

^C5b 
-►C5b67 (chemotaxis) 

C5b-9 
(membrane lysis) Figure 6.3 The complement system. 
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rophages (except Cl) . When this system is acti-
vated, a series of end-products and by-products are 
produced, most of which affect both the inflamma-
tory and immunological reactions. This complement 
cascade may be triggered by a number of stimuli, 
including: 

(1) Antibody-antigen complexes. 
(2) Aggregated immunoglobulins. 
(3) Antibody attachment to cell membranes. 
(4) Some proteolytic enzymes, e.g. trypsin. 

Classically, the complement cascade results in 
components in the following sequence, C142356789. 
There is also an alternative pathway that can be 
activated by aggregates of IgG, Ig A or IgE, in 
addition to non-immunological mechanisms, e.g. 
endotoxin. These activators stimulate C3 convertase 
formation, causing cleavage of C3 and the remaining 
components, i.e. the remaining complement compo-
nents react in the same sequence as in the classic 
pathway. The complement system, therefore, hinges 
on C3, the complement component present in 
highest concentration in the serum. 

The effects of many of the components of 
complement include: 

(1) Chemotaxis: C3a, C5a and C5b strongly attract 
polymorphonuclear leucocytes, thereby contri-
buting to microbial phagocytosis in inflamma-
tory reactions. 

(2) Cell lysis: the culmination of the complete 
complement cascade results in microbial mem-
brane damage and lysis. 

(3) Anaphylotoxis: fragments of C3a and C5a (C3 
and C5 fragments) lead to type 1 hypersensitiv-
ity reactions. 

(4) Kinin production: this leads to increased vascu-
lar permeability associated with inflammation. 

Types of immunity (Figure 6.4) 

In order to understand this biological system, a few 
fundamental concepts are required. 

Immunity is a term that refers to the resistance of 
a host organism to invasive pathogens or their toxic 
products. Immunity can be divided into two main 
types - non-specific and specific. 

Natural resistance/non-specific immunity 

This system does not involve specific recognition of 
a foreign agent and operates through various 
factors, including genetic control, physical and 
mechanical factors, biochemical, cellular and other 
factors. For instance: 

(1) The oral mucosa provides a mechanical barrier 
that prevents irritation of the underlying con-
nective tissues. 

(2) The hydrochloric acid of gastric secretions, 
together with lysozyme in sweat, tears and 
saliva, exhibit antibacterial activity. 

(3) Interferons comprise a family of glycoproteins 
that are produced within a few hours to every 
nucleated cell in response to a wide range of 
viral infections. 

(4) A component of the blood, complement, 
comprises over 18 distinct serum protein factors 
that interact to contribute to the normal body 
defences potentiating phagocytosis of various 
microbes and parasites. Complement also 

Natural = non-specific 

Phagocytosis (PMNs, Macrophages) 

> * Natural Killer (NK) cells 

Tissue secretions and complement 

Acquired = specific 

Previous contact or infection 

Vaccination 

Maternal antibodies via placenta 

njection of immune serum/cells Figure 6.4 Types of immunity. 
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stimulates the inflammatory host defence 
mechanism. 

Phagocytosis is a major component of the 
non-specific immune system. It is the process 
whereby a single phagocytic cell engulfs unwanted 
or mutated cells or invading infectious micro-
organisms. Effective phagocytosis by polymorpho-
nuclear leucocytes and monocytic macrophages 
early in the course of microbial invasion may readily 
render the invading organism non-pathogenic. 
Phagocytes also interact and co-operate with the 
complement and specific immune systems to po-
tentiate their defensive action. Phagocytosis (a 
function of the reticulo-endothelial system) is a 
complex process that involves chemotaxis, attach-
ment, ingestion, intracellular killing and digestion. 

Intracellular killing is dependent upon powerful 
antimicrobial substances in the lysosomes - lyso-
zyme, hydrogen peroxide and myeloperoxidase. 

Macrophages also secrete lysozyme, complement 
factors and interferon, which all contribute to 
natural resistance (see Figure 6.2). 

Specific immunity 

This is a specific reaction of the body against 
non-self foreign agents, in which its immune 
products react specifically with the stimulating 
agent. Conventionally, specific immunity is divided 
into passive and active immunity. 

Passive immunity involves either the transfer of 
antibodies or, in some diseases, of sensitized white 
blood cells from an immune to a non-immune 
person. Natural passive immunity is transferred 
across the placenta, whereas artificial transfer is the 
therapeutic use of various antitoxins or gammaglo-
bulins, as in the treatment of tetanus or diphtheria. 
In certain diseases, e.g. tuberculosis, passive immun-
ity can only be transferred by white blood cells from 

an immune person, not by antibodies. In both cases, 
passive immunity is short-lived, depending on the 
life-span of the antibody or the transferred cells in 
the recipient. Once they disappear, the host is again 
susceptible to the disease. 

Active immunity occurs when a foreign (i.e. 
non-self) substance is encountered. An active 
immune response, with the production of specific 
antibodies and sensitized cells, may occur, although 
infrequently an antigen-specific unresponsiveness 
may result. This latter is termed immunological 
tolerance. An active immune response can follow 
natural clinical or subclinical infection, or be 
induced artificially by vaccination. Active immunity 
involves three essential characteristics - recogni-
tion, specificity and memory. 

Hypersensitivity reactions (Table 6.4) 

Contact with antigen not only results in the 
induction of protective immune responses but also 
reactions that may be damaging to the host. For 
instance, the immune reactions that occur in 
response to contact with exogenous antigens (e.g. 
drugs, foods, chemicals, dust, pollens and microbial 
agents) may result in a range of responses including 
skin itchiness (urticaria) to bronchial asthma. These 
reactions are termed hypersensitivity reactions, 
which may be initiated by either interaction with 
antigen and humoral antibody or cell-mediated 
immune mechanisms. 

Type 1 (anaphylactic) hypersensitivity reactions 

Anaphylaxis may be defined as a rapidly developing 
immunological reaction occurring within minutes 
after the combination of an antigen with antibody 
bound to mast cells or basophils in individuals pre-
viously sensitized to the antigen. The systemic 

Table 6.4 Hypersensitivity states 

Type Mediator Mechanism Disease example Effect 

I Anaphylactic IgE 

II Cytotoxic killer Complement, killer 
lymphocytes 

III Immune complex Antibody/antigen/ 
complement 

IV Cell-mediated Lymphokines, 
sensitized T cells 

IgE binds to mast cells 
releasing histamines, 
SHT, SRS-A 

Anaphylactic 
reactions, atopic 
allergy 

Lysis of cells with surface Haemolytic anaemia, 
antigens thrombocytopenic 

purpura 
Immune-complex 
formation, lysosomal 
enzyme release 
Cytotoxic action by 
lymphocytes or 
lymphokines 

Serum sickness 

Bronchoconstriction, 
vasodilatation, 
increased vascular 
permeability 
Cell death 

Blood vessel wall 
damage 

Contact dermatitis Target cell death 
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response usually follows an intravenous injection of 
an antigen to which the host has already become 
sensitized, with a state of shock occurring within 
minutes. In the local reaction, localized skin 
responses, nasal and conjunctival discharge, hay 
fever, bronchial asthma or allergic gastrointestinal 
disturbances develop depending on the portal of 
entry of the allergen. 

Type I reactions are mediated by IgE antibodies. 
An allergen stimulates IgE production by lympho-
cytes and plasma cells mainly in the tonsils, Peyer's 
patches and the lamina propria of the gastrointestin-
al and other mucosal surfaces, assisted by T-helper 
cells. Once the IgE antibodies are formed in 
response to the allergen, they have a strong 
tendency to become attached to mast cells through 
cell surface receptors. When mast cells or basophils, 
armed with cytophilic IgE antibodies, are re-
exposed to the specific allergen, a series of reactions 
occurs leading to the release of powerful preformed 
vasoactive mediators (e.g. histamine, eosinophil 
chemotactic factor of anaphylaxis and neutrophil 
chemotactic factor), and the release of secondary 
mediators including leukotrienes (e.g. arachidonic 
acid metabolites and platelet activating factors). 

Type II (cytotoxic) hypersensitivity reactions 

This form of hypersensitivity is mediated by 
antibodies directed towards antigens present on the 
surfaces of cells or other tissue components. The 
resultant hypersensitivity reaction results from the 
binding of antibodies to normal or altered cell 
surface antigens. 

In complement-mediated cytotoxicity, antibody 
(IgG or IgM) reacts with an antigen present on the 
cell surface, resulting in complement activation with 
direct cell membrane damage or lysis. The antibody-
coated cells also become susceptible to phagocyto-
sis. This type of reaction most commonly involves 
blood cells, e.g. in blood transfusion reactions, 
certain drug reactions. 

Antibody-dependent cell-mediated cytotoxicity re-
sults from target cells being coated with low 
concentrations of IgG antibody and being killed (but 
not phagocytosed) by a variety of non-sensitized 
cells that have Fc receptors. Eosinophils, polymor-
phonuclear leucocytes, monocytes and K cells are 
included in these reactions. 

Type III (immune complex-mediated) 
hypersensitivity reactions 

This type of hypersensitivity reaction is induced by 
antigen-antibody complexes that produce tissue 
damage as a result of their capacity to activate a 
variety of serum factors, including the complement 
system, when antigen combines with antibody, 
either within the circulation or at extravascular sites 

where antigen may have been deposited. The mere 
formation of antigen-antibody complexes in the 
circulation does not lead to disease processes and 
may in fact represent the normal method of antigen 
removal. The factors that determine whether the 
immune complexes formed in the circulation will be 
pathogenic remain largely obscure. Wherever com-
plexes deposit, there is activation of the complement 
cascade and the elaboration of biologically active 
components: 

(1) The release of C3b results in opsonization 
(coating) of particles and micro-organisms facili-
tating their phagocytosis. 

(2) C5 and C5b67 are chemotactic for polymorpho-
nuclear leucocytes and monocytes. 

(3) C3a and C5a increase vascular permeability and 
smooth muscle contraction. 

(4) C5-9 cause cell membrane damage and 
cytolysis. 

Phagocytosis of antigen-antibody complexes by 
polymorphonuclear leucocytes result in the genera-
tion and/or release of a variety of substances 
including: 

(1) Prostaglandins. 
(2) Vasodilator substances. 
(3) Chemotactic substances. 
(4) Lysosomal enzymes, including proteases. 
(5) Free-oxygen radicals. 

Antibody-antigen complexes also cause platelet 
aggregation and Hageman factor activation. 

Type IV (cell-mediated) hypersensitivity 
reactions 

Type IV hypersensitivity reactions are mediated by 
specifically sensitized T cells and include both 
delayed-type hypersensitivity and cell-mediated 
cytotoxic reactions. 

Cell-mediated cytotoxicity 

In response to certain antigens, e.g. tumour cells, 
virus-infected cells and incompatible cells, the 
immune system responds by the generation of 
cytotoxic T cells. The cytotoxic T cell binds 
specifically to its target cell (not innocent bystander 
cells) leading to cell membrane lysis and rupture. 
The cytotoxic T cell survives and is then recycled to 
kill other target cells. 

Delayed-type hypersensitivity 

Delayed hypersensitivity reactions are initiated by 
specifically sensitized T lymphocytes, generated 
during initial contact with the antigen. When the 
individual is re-exposed to the specific antigen, 
memory T cells are stimulated to divide and release 
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Table 6.5 Lymphokines 

Lymphokine Function 

Blastogenic factor 
Chemotactic factor 
Interferon 

Interleukin 1 
Interleukin 2 

Lymphotoxin 
Macrophage-activating 
factor 
Macrophage-aggregation 
factor 
Migration inhibition factor 

Initiates cell growth 
Attracts macrophages 
Confers host cell protection 
from viruses 
Initiates T cell proliferation 
Promotes continuing T cell 
proliferation 
Destroys target cells 
Chemotaxis and/or activates 
macrophages 
Agglutinates macrophages 

Prevents macrophage 
migration 

a variety of biologically active molecules, termed 
lymphokines. The function of the lymphokines is to 
amplify the inflammatory response by recruiting 
inflammatory cells, activating them and maintaining 
them localized to the site. The lymphokines (Table 
6.5) include: 

(1) Macrophage migration inhibition factor, which 
maintains macrophages localized to the site. 

(2) Interferons, which enhance macrophage cellular 
activity. 

(3) Polymorphonuclear leucocytic, eosinophilic, 
basophilic, monocytic and lymphocytic chemo-
attractive substances, which attract these cells to 
the particular site. 

(4) Interleukin 2, which causes T cell proliferation 
at the site. 

Immune deficiency 
Immunodeficiency diseases are characterized by 
chronic or recurrent infections, or the incomplete 
response to treatment of the infection. Immunodefi-
ciency diseases are rare, and can generally be 
divided into: 

(1) Primary immunodeficiency disorders, which are 
almost always genetically generated. 

(2) Secondary immunodeficiencies, which arise 
from complications of infections, malnutrition, 
ageing, immunosuppression, irradiation, che-
motherapy or autoimmune diseases. 

In primary immunodeficiency states, either speci-
fic immunity (humoral and cell-mediated immunity) 
or non-specific host defence mechanisms mediated 
by complement proteins, phagocytes and NK cells 
are affected. Thus primary immunodeficiencies 
reflect defects in the differentiation, maturation and 
function of B, T, K and/or NK lymphocytes, mac-
rophages and polymorphonuclear leucocytes, in 
addition to defects in the synthesis and function of 
complement and complement control proteins. 

Most primary immunodeficiencies manifest them-
selves in infancy and are characterized by increased 
susceptibility to infections. 

Secondary immunodeficiencies include acquired 
immune deficiency syndrome (AIDS), and are again 
characterized by increased susceptibility to infec-
tions. These deficiencies accompany a variety of 
conditions that eventually involve the immune 
system, including malignancy, overwhelming infec-
tion, infection with immunosuppressive viruses, 
chemotherapy, malnutrition, ageing, autoimmune 
diseases and AIDS. 

The oral cavity 

The health of the oral cavity primarily depends on 
the integrity of the oral mucosa. Provided this 
mucosa remains intact, few micro-organisms can 
penetrate the underlying tissues. This partly reflects 
the function of the keratin barrier.23 In addition, the 
basement membrane between the epithelium and 
connective tissue provides another barrier. In the 
lamina propria adjacent to the basement membrane 
there are a few lymphoid cells which may combat 
micro-organisms that penetrate to this depth. These 
intra-oral lymphoid aggregations function, together 
with the extra-oral lymph nodes, for the protection 
of the oral cavity as a whole.24 

There are, in fact, several intra-oral lymphoid 
aggregations. 

(1) The palatine tonsils comprise paired lymphoid 
masses, between the glossopalatine and pharyn-
gopalatine arches, covered by squamous 
epithelium. The component lymphoid tissue 
contains both B and T cells. In fact, these tonsils 
resemble lymph nodes, having T and B depen-
dent areas, with IgG-producing cells being the 
most prominent. There may also be IgA-
containing cells in the sub-epithelial location. 

(2) The lingual tonsils are much less prominent, 
lying on each side of the tongue just distal to the 
circumvallate papillae. They comprise lymphoid 
nodules, some of which have germinal centres, 
in addition to perifollicular diffuse lymphoid 
cells. 

(3) The pharyngeal tonsils comprise a simple mass 
of lymphoid tissue under the nasopharyngeal 
mucosa. 

There are also scattered collections of lymphoid 
tissue in other regions of the oral cavity. Lympho-
cytes and plasma cells are found in small clusters in 
both major and minor salivary glands. Most of the 
plasma cells secrete Ig A, although a few secrete IgM 
or IgG. Most of the salivary Ig A is probably derived 
from these plasma cells, with the IgA being dimeric, 
rather than the serum IgA, which is monomeric. 
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A few lymphocytes may be found in the normal 
gingiva although with increasing plaque accumula-
tion the number of B-cell derived plasma cells 
increases significantly. Clusters of plasma cells are 
found initially adjacent to the junctional epithelium 
and near the blood vessels, although the gingival 
connective tissues subsequently become diffusely 
infiltrated by these cells. IgG-producing cells 
predominate, albeit with a few IgA-producing cells 
and occasional IgM-producing cells. Conceivably, 
the plasma cell infiltration of the gingiva may be the 
end-result of a number of complex immune re-
sponses, with the immunoglobulins formed by these 
cells being to a large extent non-specific. It may be 
that the spread of micro-organisms from the gingival 
surface may be prevented by coating them with 
antibodies, immune-complex formation, phagocyto-
sis and bacteriolysis by antibodies and complement. 
These immune responses, in turn, may elicit host 
inflammatory reactions through complement activa-
tion, phagocytic lysosomal enzyme release and 
endotoxin release from lysed micro-organisms. In 
other words, local gingival inflammatory reactions 
comprise side-reactions to the immune prevention 
of systemic microbial infections. 

Gingival crevicular fluid 

With continued plaque accumulation at the cervical 
surface of the tooth, there is a corresponding 
increase in crevicular fluid formation. This fluid 
contains immunoglobulins IgG, IgA and IgM in 
addition to complement components C3, C4, C5 and 
C3 pro-activator. Thus the crevicular fluid contains 
most of the humoral and cellular immune compo-
nents found in the blood, although salivary slgA is 
the predominant component. There are also a 
number of other components of crevicular fluid, 
including: 
albumin lysosomal enzymes (derived 
transferrin from phagocytic cells) 
haptoglobulins proteases (formed by 
glycoproteins bacteria) 
lipoproteins lysozyme 

hyaluronidase and 
collagenase. 

These enzymes not only affect specific tissues, 
e.g. collagen, but also selective IgA inactivation 
results from specific protease activity. In addition to 
the predominant polymorphonuclear cell content, 
crevicular fluid also contains macrophages and T 
and B cells which migrate from the underlying blood 
vessels. 

Saliva 

In addition to mechanical lavage, the saliva func-
tions as a component of the oral immune system. 

Saliva combines both non-specific and specific 
immune components. 

Nonspecific components 

Lysozyme (muramidase) 

This is a bactericidal enzyme that splits the bond 
between N-acetyl glucosamine and N-acetyl mura-
mic acid in the mucopeptide components of 
microbial cell walls. Apart from Streptococcus 
mutans, the oral flora is generally resistant to 
lysozyme. 

Peroxidase 

In the presence of thiocyanate ions and hydrogen 
peroxide, peroxidase kills Lactobacillus acidophilus 
by inhibiting lysine uptake and may inhibit some 
streptococci by limiting the action of their glycolytic 
enzymes. 

Lactoferrin 

This has a bacteriostatic effect on a wide microbial 
spectrum, possibly by depleting local environmental 
iron required for microbial growth. 

Specific components 

Secretory IgA 

IgA is quantitatively the most important immuno-
globulin present in saliva, mainly derived locally from 
plasma cells. These plasma cells produce not only 
heavy and light chains of the IgA, but also the J 
chains which are polypeptides combining the Fc part 
of the IgA to produce dimeric IgA. The dimeric IgA 
complexes with SC, the latter being synthesized by 
the secretory epithelial cells of salivary acini, where 
complexing of dimeric IgA with SC occurs. The 
assembled secretory IgA (slgA) is then transported 
to the duct lumen and excreted into the oral cavity. 
slgA is more resistant to microbial and proteolytic 
breakdown than other immunoglobulins, so it is 
particularly suited to saliva, which then functions as 
an antiseptic paint for the various oral surfaces. 
slgA also appears to limit microbial adherence to 
the mucosal surfaces. 

Periodontal disease 

The effects of dental plaque on the immune 
response are both complex and varied.25'26 This is 
not surprising in view of the complexity of the 
plaque itself. The components of dental plaque 
result in the activation of both complement path-
ways, lymphocytic stimulation, lymphokine release 
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and macrophage activation.27 These potent reac-
tions are probably modulated by the immunosup-
pressive and immunopotentiating effects of the 
dental plaque components resulting primarily in a 
localized chronic inflammatory response in the 
gingiva. This localized gingival inflammatory re-
sponse may be further exacerbated by the direct 
toxic effects of the various dental plaque 
components. ' 

Unless meticulous oral hygiene is maintained, 
dental plaque accumulation ultimately leads to 
chronic periodontal disease. For ease of description, 
this disease has been subdivided into four stages. 
Each stage may be associated with certain immune 
reactions: 

(1) In the initial lesion, there is a localized 
inflammatory reaction at the base of the gingival 
sulcus. This correlates with a localized in-
flammatory response of polymorphonuclear 
leucocytes, reflecting chemotactic action of 
plaque antigens, and complement activation. 

(2) The subsequent early lesion involves the local 
gingival tissue infiltration of predominantly T 
cells with a few B cells. In the circulation, 
lymphocytes are sensitized, as shown by their 
ability to release lymphokines. 

(3) In the established lesion, there is a characteristic 
localized plasma cell infiltration of the gingival 
tissues. Up to this stage, the re-establishment of 
good oral hygiene measures is still compatible 
with the restoration of normal gingival health, 
i.e. the lesions are reversible. 

(4) The advanced lesion marks the transition to an 
advanced irreversible destructive process lead-
ing to tooth loss due to periodontal ligament 
destruction and alveolar bone loss. This phase is 
characterized by Types I, II, III and IV 
hypersensitivity reactions, associated with the 
protective-destructive mechanisms of lym-
phocytic and macrophagic function, coupled 
with complement activation. These reactions 
are associated with immunosuppressive and 
immunopotentiating forces that serve to prevent 
the immune reactions from getting out of 
control.29 

Periodontal lesions are infections of the support-
ing tissues of the teeth. It is well established that 
supragingival plaque causes gingival inflammation.35 

The role of specific Gram-negative micro-organisms 
in the aetiology and pathogenesis of destructive 
forms of periodontal diseases is well established.36 

For example: 

(1) Bacteroides gingivalis has been implicated as a 
major pathogen in severe adult periodontitis.37 

(2) Actinobacillus actinomyecetemcomitans is a 
major pathogen in localized juvenile peri-
odontitis.38 

(3) Bacteroides intermedius and intermediate-sized 
spirochaetes have been implicated in acute 
necrotizing ulcerative gingivitis.39 

(4) Bacteroides intermedius has been implicated in 
pregnancy gingivitis.40 

Many pathogenic micro-organisms e.g. Bacter-
oides gingivalis and Bacteroides intermedius, are 
capable of causing serious and sometimes fatal 
infections, either systemic or localized to certain 
organs. Fortunately, such serious extra-oral infec-
tions due to periodontopathic organisms occur 
infrequently, in spite of the fact that infection of the 
periodontal tissues by these micro-organisms is a 
common event. It is therefore clear that there are 
protective mechanisms operating to prevent the 
spread of pathogenic micro-organisms to extra-oral 
sites in most individuals. These protective mechan-
isms effectively localize the infection to the 
periodontal tissues. In addition, they contribute to 
the loss of the integrity of periodontal tissues, a loss 
that characterized periodontal disease. 

Either secretory or serum-derived antibodies may 
impede microbial adherence and so colonization in 
the initial stages of dental plaque accumulation. 
Also, in the initial stages of microbial tissue 
invasion, phagocytes, especially polymorphonuclear 
leucocytes, acting in concert with opsonic antibody 
and complement, may play a role in limiting their 
pathological effects. Invasion of the periodontal 
tissues by microbial products may also be controlled 
by complexing with antibody, resulting in the 
formation of antibody-antigen complexes, which 
are subsequently ingested by phagocytic cells. In the 
destructive phases of periodontal disease, it is likely 
that lymphocytes can lead to tissue destruction, 
either through direct cytotoxicity or through the 
elaboration of chemical mediators. Macrophages, 
collagenase and reactive oxygen species can also 
effect local tissue destruction. Microbial toxins or 
enzymes can also lead to direct tissue destruction, 
although these may be controlled by the production 
of antitoxic or enzyme-neutralizing antibodies. 
Finally, it is likely that lymphocytes and mac-
rophages affect the healing and fibrosis phases of 
periodontal disease, since both lymphocytes and 
macrophages can stimulate fibroblastic activity. 
Thus the immune system is directly involved in all 
phases of the aetiology and pathogenesis of 
periodontal disease.41 

Dental caries 

Dental caries results from acidic enamel deminer-
alization, primarily caused by microbial (especially 
Streptococcus mutans) utilization of dietary 
sugars.30,31 Certainly serum IgA, IgG and IgM 
antibodies, in addition to slgA antibodies, as well as 
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cell-mediated immunity, appear to be highly corre-
lated with a patient dental caries experience.3 2 But 
although there is the potential to develop both 
humoral and cell-mediated immune responses to 
most carioeenic micro-organisms, they are largely 
ineffect ive/3 ' 3 4 

Conclusions 

The subject of immunology is vast, with the majority 
of research being focused on the systemic rather 
than the oral immune system. The reader is urged to 
visit the nearest library in order to keep abreast of 
the latest, updated information which is changing 
our current concepts at an alarming rate. 

Review questions 

1. Contrast the functions of the various component 
cells of the immune system. 

2. Describe the cellular events of the humoral 
immune system. 

3. Differentiate between Type I and Type IV 
hypersensitivity reactions. 

4. What are the immunological propert ies of saliva? 
5. How does the body reject foreign bodies? 
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Introduction 

The blood and lymph vessels that permeate most 
oral tissues provide essential component homeosta-
tic mechanisms. Most of the gaseous, nutrient and 
metabolic waste product exchange occurs at the 
microcirculatory level, in addition to host defence 
mechanisms. Knowledge of the structure and 
function of the microcirculatory system is therefore 
important for the subsequent understanding of the 
physiology and pathology of the oral tissues. 
Unfortunately, much of the information concerning 
the circulation in the oral tissues has to be inferred 
from data concerning other body tissues, i.e. the 
circulation of the oral tissues has been subjected to 
scant investigation. 

Microcirculatory system 

The microcirculatory system comprises the terminal 
portions of the vessels between arterioles and 
venules.1 This is the key area of the circulatory 

system. It includes not only the true capillaries, but 
also the smallest divisions of the arterioles and 
venules, all components being less than 100 μπι in 
diameter. The blood flow through this microcircula-
tory system undergoes continuous variation in rate, 
volume and direction, i.e. the blood flow to the oral 
tissues is characterized by marked variability. 

Based on light2 and electron3 microscopic studies, 
the component microcirculatory unit can be sub-
divided into a number of endothelial-lined units. 

Arteriole 

(1) 50-100 μηι in diameter. 
(2) Subendothelial walls comprising both smooth 

muscle and elastic tissue. 

The basic arteriolar structure comprises a single 
flattened endothelial cell layer adjacent to an elastic 
membrane, with an intervening basement mem-
brane. The medial layer comprises up to three 
smooth muscle coats, arranged in a helical manner, 
with a few intervening elastic fibres. This layer is 
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then surrounded by an external elastic membrane 
adjacent to the adventitial connective tissue layer. 

Terminal arteriole 

(1) Short vessels. 
(2) Internal diameter less than 50μιη. 
(3) An extensive smooth muscle subendothelial 

layer indicative of the potential for these vessels 
to influence blood flow to the peripheral 
circulation. 

The structure of these vessels is similar to that of 
the arterioles described above, apart from only a 
single smooth muscle layer in the media and the 
absence of the internal elastic membrane. 

Metartenole 

(1) Small side branch of terminal arteriole. 
(2) Discontinuous (incomplete) segmental suben-

dothelial smooth muscle coat. 
(3) 5-10 μπι lumen, whose diameter may be varied 

to accommodate functional tissue requirements. 
(4) Contributes to vascular resistance by influencing 

perivascular flow. 

True capillary 

(1) Endothelial tubes connecting smallest arteriolar 
and venular segments. 

(2) Comprise flattened endothelial cells with a 
delicate connective tissue framework. 

(3) Component endothelial cells are capable of 
contracting when irritated. 

(4) No smooth muscle in these vessel walls, 
indicative of their being generally passive. 

(5) Individual capillaries are small: collectively they 
form vast networks for transcapillary exchange. 

(6) Some are specialized as arteriovenous anasto-
moses which function to conduct blood from the 
arterial directly to the venous side of the 
circulation. 

A typical capillary comprises a single layer of 
flattened endothelial cells, although this layer may 
be continuous, fenestrated (pores) or dis-
continuous.5 This endothelial lining is not a static 
structure and may be altered by complex local, 
humoral, extracellular and intracellular factors, 
depending on the varied functional tissue require-
ments. These endothelial cells rest on a basement 
membrane that also exhibits marked variability 
depending on the tissue's functional requirements. 
It appears that this basement membrane (basal 
lamina) may have filtration and storage functions. 

Venous capillary 

(1) Larger than a true capillary (7-10μιη). 
(2) Formed by the union of several true capillaries. 

Postcapillary venule 

(1) 8-30 μιη diameter. 
(2) There are a significant number of pericytes on 

the walls of these vessels (see below). 

Collecting venule 

(1) Formed by the union of venous capillaries. 
(2) 30-50 μπι diameter. 
(3) Complete layer of pericytes on walls in addition 

to few smooth muscle cells. 

Muscular venule 

(1) 50-100 μιη diameter. 
(2) Distinct subendothelial smooth muscle layer. 
(3) Unite to form small collecting veins. 

The postcapillary venules, muscular venules and 
small collecting veins are sequentially associated 
with an increase in luminal diameter, an increase in 
component pericytes that are gradually replaced by 
smooth muscle cells, and a number of other detailed 
changes whose significance has yet to be discerned. 

Precapillary sphincter 

(1) Short vessels which are analogous in size and 
structure to arterioles. 

(2) Located proximal to a true capillary. 
(3) Influence blood flow into capillary networks by 

their extensive smooth muscle components. 

Preferential channel 

The terminal portion of a metarteriole that passes 
directly to the venous side of the microcirculation. 

These various components of the microcirculatory 
unit cannot be detected in all tissues, although 
many of the components may in fact be potential 
to accommodate sudden increased functional 
demands.4 The flow of blood through a microcir-
culatory unit appears to be controlled primarily 
through the arteriole and the arteriovenous anasto-
moses, with the precapillary sphincters controlling 
the flow of blood in a particular microcirculatory 
capillary bed. By contrast, the venules and small 
veins are concerned primarily with the regulation of 
vascular capacitance, i.e. the amount of blood 
stored in the venous system. Precapillary sphincters 
appear to be most sensitive to changes in the local 
environment, whereas arterioles are primarily under 
neural control. In time of acute or overwhelming 
functional demand, however, the component sys-
tems of the microcirculatory unit appear to function 
in unison. 
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Vascular microstructure 

The endothelial monolayer of all vessels serves three 
important functions (Table 7.1): 

(1) It is a selective permeability barrier. 
(2) It is a non-thrombogenic surface that insulates 

circulating blood from highly thrombogenic 
subendothelial connective tissues. 

(3) It is an active synthetic-metabolic-secretory 
tissue that in the normal state inhibits haemosta-
sis and thrombosis but promotes these two 
processes when injured.22 

Table 7.1 Endothelial cell functions 

Opposing blood clotting Predisposing to blood 
clotting 

Intact monolayer is barrier 
between blood and 
subendothelial 
thrombogenic elements 
Glycocalyx contains: 

Anticoagulant heparan 
sulphate 
oc2 macroglobulin (an 
antiprotease) 

Synthesizes: 
Plasminogen activators 
Anti-aggregating and 
vasodilating prostacyclin 
(PGI2), antithrombin III 

Converts pro-aggregating 
ADP into anti-aggregating 
adenine nucleotides 

With injury, subendothelial 
elements exposed; initiates 
clotting and activates 
platelets 
With injury, tissue factor 
released; initiates extrinsic 
pathway clotting 
Synthesizes: 

Factor VIII (von 
Willebrand protein) 
involved in platelet 
aggregation 

The normal fluid balance between the circulation 
and the adjacent tissues is maintained by two 
opposing forces. Those that cause fluid to move out 
of the circulation are the osmotic pressure of the 
interstitial fluid and the intravascular hydrostatic 
pressure; those that cause fluid to move in are the 
hydrostatic pressure of plasma proteins and the 
tissue hydrostatic pressure. The balance of these 
forces is such that there is a net small movement of 
fluid outward but this fluid normally drains into the 
lymphatics and no oedema occurs. 

Normal fluid exchange is critically dependent on 
an intact endothelium. Normal endothelium is a thin 
simple squamous epithelium (endothelium), 
adapted to permit free rapid exchange of water and 
small molecules between plasma and interstitium 
but limit the passage of plasma proteins with 
increased restriction as the size of the protein 
increases. The endothelial lining of all arterioles and 
venules and most capillaries is of the continuous 
type, having an unbroken cytoplasmic layer with 
closely apposed intercellular junctions. Fenestrated 
endothelium is characterized by small pores or slits 

6-8 nm wide and large pores up to 25 nm radius, 
whereas discontinuous endothelial linings charac-
terize the vessels of the spleen, liver and bone 
marrow.2 3 Whereas micropinocytotic vesicles 
appear to represent the large pores, the morpholo-
gical form of small pores remains uncertain. One 
view holds that the small-pore system is represented 
by continuous transendothelial channels formed by 
fusing pinocytotic vesicles,24 whereas a second view 
contends that the intercellular junctions form the 
transfer site of molecules up to 40000 daltons.25 

Whichever the route in capillaries, it is clear that 
intercellular junctions are less structurally complex 
and more permeable in small venules.26 Furth-
ermore, the endothelial junctions are labile rather 
than static structures and are susceptible to being 
widened by a variety of physical and chemical 
factors, e.g. the chemical mediators of inflammation 
cause increased vascular permeability by opening 
gaps in intercellular junctions. 

There is also evidence that various polyanionic 
molecules, e.g. sialoglycoproteins and heparan 
sulphate, are localized in specific domains on the 
luminal surface of the endothelium (e.g. vesicles, 
fenestrae and intercellular junctions).27 These 
anionic sites may play a role in normal and increased 
vascular permeability by repelling anionic molecules 
and facilitating the transport of cationic proteins. 

The thromboresistance is pivotal to the initiation 
and prevention of clotting and thrombosis. The 
luminal surface of the endothelium is covered by an 
endocapillary layer representing the glycocalyx. 
Biochemically, the glycocalyx is a composite of 
intrinsic membrane glycoproteins and glycolipids, as 
well as membrane-associated polysaccharides and 
glycosaminoglycans, among which are sialic acid 
residues and heparan sulphate. This endothelial 
layer has a strong net negative charge, which at one 
time was thought to contribute to thromboresistance 
by repelling negatively charged elements, although 
the reduction of the negative charge by sialic acid 
residues does not alter endothelial blood compatibil-
ity. Heparan sulphate in the glycocalyx in concert 
with antithrombin III synthesized by endothelial 
cells may in fact inhibit blood clotting. 8 In addition, 
an oc2 macroglobulin constituting a potent antipro-
tease is associated with the vascular lining and serves 
to inhibit the activation of clotting factors in the 
coagulation sequence. Endothelial cells also inhibit 
platelet aggregation by several mechanisms. They 
have the capacity to convert the strongly pro-
aggregating adenosine diphosphate (ADP) released 
from platelets to the potent adenine nucleotide 
platelet inhibitors.28 They also have the ability to 
elaborate anti-aggregating prostacyclin (PGI2), a 
prostaglandin that is also a strong vasodilator. If the 
endothelial cell is injured, the coagulation sequence 
is activated, resulting in the formation of thrombin 
at the site of injury. This in turn results in more 
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active synthesis of PGI2 in the adjacent endothehal 
cells. Thus, the endothehal cells serve in insulating 
the blood from highly thrombogenic subendothelial 
elements. In addition, endothehal cells react against 
blood clots and thrombi by synthesizing plasmi-
nogen activators and inhibitors, which, on balance, 
promote fibrinolytic activity in the blood, clear 
fibrin deposits from the endothehal surface and 
participate in the resolution of intravascular 
thrombi. 

The endothehal cells can also promote haemosta-
sis and thrombosis by their synthetic-metabolic-
secretory activities. Their pro-haemostatic functions 
are mediated by the synthesis and release of 
substances that act both on the coagulation sequ-
ence and on platelets. The extrinsic clotting pathway 
can be activated by tissue factor (thromboplastin) 
present in latent form in the endothelium and 
released by certain pharmacological stimuli, endo-
toxin and by injury (even if sublethal). Endothehal 
cells also synthesize and secrete von Willebrand's 
factor, which is a component of factor VIII coagu-
lant factor.29 This product is a necessary cofactor for 
the adherence of platelets to subendothelial com-
ponents. 

The subendothelial connective tissues not only 
support the endothehal monolayer but are also 
thrombogenic. Subendothelial cells produce base-
ment membrane collagen, fibrillar collagen, elastin, 
glycosaminoglycans and fibronectin. Although other 
components, e.g. basement membrane and elastin, 
promote platelet adherence, the most potent stimu-
lus is the fibrillar collagen which provides a substrate 
for attachment and activation of platelets and 
activation of clotting factors. Fibronectin serves to 
stabilize cell-to-cell and cell-to-substrate attach-
ments in the normal endothehal lining. It also 
becomes cross-linked to fibrin and facilitates 
anchorage of homeostatic plugs.30 Thus, damage to 
the endothehal cell barrier exposes the highly 
thrombogenic subendothelium, initiating thrombo-
sis and haemostasis. Thus, rather than comprising 
simple cells, the vascular endothehal cells are 
functionally and metabolically complex, being able 
to synthesize hormones (prostaglandins), procoagu-
lant (factor VIII), anticoagulant (plasminogen 
activator) factors, and connective tissue proteins 
(e.g. fibronectin).31-33 

Microcirculatory control 

The flow of blood to a tissue varies depending 
primarily upon its functional requirements: lack of 
blood flow to a tissue, depending upon its duration, 
may result in ischaemia leading to necrosis. In fact, 
the flow of blood through a microcirculatory unit 
depends upon a number of factors. 

Vascular geometry 

The lumen of any vessel is affected by a number of 
factors, including circulating hormones and vasoac-
tive substances. The diameter of a vessel is 
correlated with blood viscosity, i.e. the viscosity of 
the blood decreases with reduction in vascular 
lumen. The direction of vascular branching and 
tortuosity of vascular morphology also affects the 
flow of blood,6 so that blood flow through 
microvascular units exhibits non-Newtonian flow 
characteristics. 

Tissue functional requirements 

The precapillary vessels and sphincters, in addition 
to the capillaries themselves, appear to be sensitive 
to the metabolic requirements of a particular tissue 
or organ. Thus the accumulation of many tissue 
metabolites and ions, especially carbon dioxide, 
potassium and lactic acid, is reflected by venular 
dilatation in an attempt to rectify the problem. 

Neural control 

Neural input to the arterioles, precapillary vessels 
and precapillary sphincters regulates the flow of 
blood into the microcirculatory unit (and so the 
pressure of blood in the unit), whereas neural 
control to the venular aspect influences the rate of 
blood flow away from the unit. Under normal 
resting conditions, there is a basal control of the 
microcirculatory unit. Such vasomotor control is 
primarily dependent on the activity of the vasomo-
tor centre in the medulla, although this in turn 
may be influenced by other higher centres. 
L-norepinephrine (noradrenaline) appears to be the 
catecholamine neurotransmitter released from the 
sympathetic nerve terminals in the microcirculation. 
This then reacts with specific receptor sites (a 
receptors) on the vascular smooth muscles, leading 
to vasoconstriction. There is also experimental 
evidence that a and ß receptors may be stimulated in 
some instances, leading to a balance between 
vasoconstriction and vasodilatation following sym-
pathetic stimulation. In addition, there may also be 
histamine-mediated vasodilatation and purine-
mediated vasodilatation. Thus, sympathetic control 
of the vascular system is far more complex than 
traditionally envisaged. 

Chemical vasoactive substances 

The catecholamines, epinephrine and norepi-
nephrine, released from the adrenal medulla, bind 
to specific oc receptors in the microcirculatory unit, 
leading to vasoconstriction. Certain vascular beds 
also contain ß-adrenergic receptors, so that when 
bound to epinephrine, vasodilatation is the net 
result. 
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Another extremely active vasoconstrictive subst-
ance is angiotensin II. This octapeptide is released 
from angiotensin I in the bloodstream, the latter 
being derived from circulating angiotensinogen 
following renin cleavage (renin is an enzyme 
produced by the kidneys). Angiotensin II is part of 
the homeostatic mechanism for the maintenance of 
extracellular fluid volume and local regulation of 
blood flow; its production is increased in response to 
a drop in blood pressure or a reduction in the 
extracellular fluid volume. 

Other vasoactive substances include histamine, 
prostaglandins, serotonin and the kinins, all of 
which primarily function on the vascular smooth 
muscle. 

Autoregulation 

The smooth muscle of a blood vessel can react to 
distension caused by increased intravascular press-
ure by contraction. When there is a reduction in 
blood flow there will be accumulation of the local 
metabolic products, leading to vasodilatation, and 
vice versa. It appears that this process of autoregula-
tion occurs independently of neural or chemical 
influences and is considered not insignificant in the 
maintenance of homeostasis of an organ or tissue. 

Vascular components of host defence 
mechanisms 
Endothelial changes (see Table 7.1) 

The initial vascular response to tissue injury 
comprises a rapid transient arteriolar vasoconstric-
tion. This is an inconstant finding: with mild injury it 
disappears in 3-5 s whereas with severe injury it may 
last for a few minutes. The method of vasoconstric-
tion is unknown: it may be neurogenic, although 
chemical vasoconstrictors may also be implicated. 

This is then followed by vasodilatation, which first 
involves the arterioles and then results in opening of 
new vascular beds in the area. At this stage, the 
resultant increased blood volume in the vasodilated 
vessels may result in sufficient increases in local 
hydrostatic pressure to cause fleeting transudation 
of protein-poor fluid into the extravascular space. 

Slowing of the circulation follows, brought about 
by increased permeability of the microvasculature, 
with outpouring of protein-rich fluid into the 
extravascular tissues. This results in concentration 
of the red blood corpuscles in small vessels and 
increased blood viscosity, termed stasis. 

As stasis develops, the leucocytes (mainly poly-
morphonuclear leucocytes) move from the central to 
the peripheral aspect of the blood flow. This process 
is termed leucocytic margination. The polymorphs 
then begin to stick to the endothelium, transiently at 

first and then more avidly. Soon after, they migrate 
through the vascular wall into the interstitial tissues. 

This process is characterized by changes in 
vascular permeability. There appear to be a 
number of processes involved. The first is an 
immediate-transient response which appears to be 
primarily dependent on the release of histamine and 
bradykinin. The venous aspect of the microcircula-
tory unit appears to be primarily involved in this 
process, presumably reflecting a higher concentra-
tion of high-affinity binding receptors for histamine 
than the remainder of the circulation.34,35 The 
increased vascular permeability in this instance 
appears to reflect endothelial cell contraction. 

Immediate-sustained increased vascular per-
meability occurs with more severe injury, and 
appears to be associated with endothelial cell 
necrosis. Leakage starts immediately after injury 
and continues for a variable time period, affecting 
all levels of the microcirculatory unit. In this 
instance, the mechanism of increased permeability 
appears to be direct damage by the injurious 
stimulus. 

Delayed-prolonged leakage begins after a delay 
and lasts for several hours or days. In this instance, 
there again appears to be direct cellular damage, 
except that the intercellular junctions of venules and 
capillaries appear primarily involved.37 

Cellular changes (Tables 72, 73) 

As a result of loss of fluid, increased viscosity and 
slowing of blood flow, there is a change in the 
pattern of blood flowing through the affected 
tissues. Thus, the white blood cells tend to migrate 

Table 7.2 Mediators of inflammation 

Vasodilatation 
Prostaglandins 

Increased vascular permeability 
Vasoactive amines 
C3a and C5a (complement components) 
Bradykinin 
Leukotriene C,D,E 

Chemotaxis 
C5a 
Leukotriene B4 
Other chemotactic lipids 
Neutrophil cationic proteins 

Fever 
Endogenous pyrogen 
Prostaglandins 

Pain 
Prostaglandins 
Bradykinin 

Tissue damage 
Neutrophil and macrophage lysosomal enzymes 
Oxygen metabolites 
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Table 7.3 Actions of inflammatory mediators 

Mediator 

Histamine and 
Serotonin 

Kinins 
Bradykinin 
Kallikrein 

Complement 
C3a 
C5a 

Prostaglandins 

Leukotrienes 
B4 
C4D4E4 

Lysosomal components 
Cationic proteins 

Neutral proteases 
Oxygen metabolites 

AGEPC 

Source 

Mast cells, basophils, 
and platelets 

Plasma substrate 

Plasma protein via 
liver macrophages 

Most cells, from 
membrane 
phospholipids 

Leucocytes 
Leucocytes, mast cells 

Leucocytes 

Leucocytes 

Leucocytes 

Mast cells 

Vascular leakage 

+ 

+ 

+ 
+ 
Potentiate other 
mediators 

+ 

+ 

+ 
+ 

+ 

Action 

Chemotaxis 

Neutrophils Monocytes 

- — 

+ + 

+ + 
± -

+ + 

-

+ ? 

Other 

Pain 

Opsonic fragment 
(C3b) 
Vasodilatation, 
pain, fever 

Bronchoconstric-
tion, vasoconstric-
tion 
Immobilization of 
neutrophils 
Tissue damage 
Endothelial 
damage, tissue 
damage 

Bronchoconstric-
tion 

from a central location in the vascular stream to a 
more peripheral location. At the same time, the 
endothelial cells appear to become sticky. Several 
mechanisms have been postulated for the increased 
endothelial adhesiveness.38 

(1) Both the endothelium and white blood cells are 
covered with negatively charged cell coats and 
are thus believed to repel one another. It is 
possible that injury neutralizes these negative 
charges causing adhesion. 

(2) Divalent ions, e.g. calcium, magnesium and 
manganese, may serve as bridges between the 
negative charges on endothelium and white 
blood cells or as cofactors in some other enzyme 
reactions or protein interactions necessary for 
adhesion.39 

(3) Chemical mediators may not only result in 
emigration of white blood cells to the site of 
tissue injury but may also cause increased 
endothelial adhesiveness.38 

(4) Arachidonic acid metabolites may also be 
involved.40 

The net result is that the polymorphonuclear 
leucocytes actively migrate through the endothelial 
lining and basement membrane to the site of tissue 
injury. This movement of blood cells to the site of 

tissue injury is the result of chemical inflamma-
tory mediators released from damaged host cells 
including damaged polymorphonuclear leucocytes. 
Polymorphonuclear leucocytes have only a short 
half-life. Thus although they are capable of phago-
cytosis, their function is subsequently overtaken by 
the phagocytic activity of macrophages that subse-
quently migrate through the vascular endothelium 
and also as a result of mitosis of macrophages native 
to the host tissues themselves. 

If the initial tissue injury resulted from antigenic 
substances, then the immune system also becomes 
involved. For instance, if an antigen binds to a B 
lymphocyte, the B cell will be stimulated to mitosis 
and the resulting plasma cells release large quanti-
ties of humoral antibody, primarily resulting in: 

(1) Antigen binding and neutralization. 
(2) Promotion of phagocytosis (opsonization). 
(3) Complement activation resulting in cellular 

lysis, leucocyte attraction, bacterial opsoniza-
tion, histamine release. (Complement is a series 
of plasma proteins that are activated in sequ-
ence when antigen combines with circulating 
antibody.) 

If T lymphocytes are activated by antigens, 
lymphokines are released resulting in: 
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(1) Chemotaxis of white cells. 
(2) Osteoclastic bone résorption. 
(3) Macrophage activation. 
(4) Facilitation of B cell activity. 

Haemostasis 

When a vessel is damaged or cut, there is immediate 
transient arteriolar vasoconstriction that serves to 
reduce blood loss. Injury to endothelial cells 
exposes highly thrombogenic subendothelial con-
nective tissue, to which the platelets adhere and 
undergo contact activation involving shape change, 
a release reaction and further aggregation of more 
platelets. Simultaneously, tissue factors released at 
the site of injury in combination with platelet factors 
activate the plasma coagulation sequence. Prosta-
glandins and derivatives arte synthesized at the site 
of injury by endothelial cells and platelets modula-
ting the haemostatic response. Ultimately, a perma-
nent haemostatic plug is produced by the combined 
activities of endothelial cells, platelets and the 
coagulation sequence, primarily the result of 
platelet serotonin release. 

The initial platelet plug is therefore subsequently 
replaced by a blood clot and fibrin plug formation. 
The blood clotting sequence, together with the 
vessel wall and platelets, is an important homeosta-
tic mechanism. The coagulation sequence essentially 
involves a cascade in which inactive blood 
zymogens, the blood clotting factors, are activated 
into proteolytic enzymes that selectively attack the 
next zymogen in sequence, converting it into an 
active enzyme. At each step, there is amplification, 
so that a small initial stimulus ultimately evokes a 
significant amount of solid fibrin polymer. The 
cascade begins as two separate pathways that 
ultimately converge. One is intrinsic to the blood 
and probably plays a major role in haemostasis 
following an injury. The other is extrinsic and 
triggered by the introduction into the blood of tissue 
factors containing thromboplastin. 

A pivotal reaction is the conversion of prothrom-
bin (factor II) to thrombin (factor lia), which then 
activates platelets and contributes to the generation 
of the definitive secondary aggregation of platelets. 
Simultaneously, it converts fibrinogen to fibrin. 
Both pathways lead to the generation of thrombin. 
In the intrinsic pathway, there is first activation of 
factor XII (Hageman factor), converting it into a 
proteolytic enzyme (factor Xlla). Activation of 
factor XII occurs when fluid blood contacts an 
abnormal surface (e.g. injured endothelium, col-
lagen). There is also an interaction with high 
molecular weight kininogen and conversion of 
prekallikrein into kallikrein. Kallikrein, once 
formed, activates more factor XII in a positive 
feedback loop. Factor Xlla can also activate the 
complement system. The kallikrein likewise con-

verts kininogen precursor into the vasoactive 
inflammatory mediator bradykinin. Thus, three 
separate but interrelated systems are triggered into 
action with the conversion of factor XII to its 
activated form. 

The extrinsic pathway is triggered by a lipoprotein 
tissue factor (also termed thromboplastin). This 
substance is present on the surface of virtually all 
cells, including endothelial cells. Tissue factor 
complexes with factor VII to activate it, either by a 
change in shape or proteolytic cleavage, and the 
complex then interacts with factor X to form Xa. 
Thereafter, with facilitation of calcium ions and 
phospholipid, prothrombin is converted to thrombin 
as the two separate pathways of blood clotting 
converge.31 Thus the formation of an insoluble 
fibrin plug from its soluble plasma protein fibri-
nogen predecessor involves 12 factors. The principal 
features of this process include: 
(1) Intrinsic and extrinsic thromboplastin forma-

tion. 
(2) Generat ion of thrombin from inactive 

prothrombin, via thromboplastin. 
(3) Thrombin catalysed conversion of fibrinogen to 

fibrin. 

The initial loose fibrin network subsequently 
matures into a dense feltwork with covalent 
cross-linkage formation. 

Lymphatic system 

The lymphatic system primarily comprises blind-
ended, endothelial-lined tubes which lie in the tissue 
spaces and fuse into capillaries and ultimately to 
lymph vessels. These eventually drain into the major 
veins in the thorax. Unlike blood capillaries, the 
smaller lymphatic capillaries comprise an endothe-
lial lining with no underlying basement membrane. 
This endothelial lining is capable of intrinsic 
contraction and relaxation, thereby signifying an 
intrinsic luminal control mechanism. The endothe-
lial lining is also virtually continuous, with no 
fenestrations or pores, although the gap between 
adjacent endothelial cells increases or decreases 
with the rhythmic contractions and relaxation of the 
vascular walls. Finally, the lymphatic capillaries 
usually have a larger lumen than the corresponding 
blood capillaries. In addition to smooth muscle in 
medial lymphatic vessel walls, there are also a series 
of endothelial valves that ensure a one-way direc-
tional flow of lymph fluid. The flow of lymph fluid 
through the lymph system to the veins in the thorax 
is primarily the result of rhythmic contraction and 
relaxation of the vessel walls, with the rate of this 
contraction increasing with the volume of lymph 
fluid to be returned to the blood circulation. 
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In the pulp, the lymphatics appear to originate as 
blind-ended tubules near the pulpo-odontoblastic 
border and the odontoblastic zone.7 These vessels 
drain into irregular large diameter vessels containing 
valves that run parallel to the nerves and veins in the 
centre of the pulp tissue to pass as multiple vessels 
through the apical foramen. 

In the gingival tissues, the lymphatics originate 
from the connective tissue papillae and connective 
tissue adjacent to the junctional epithelium.8 These 
thin irregular valved vessels then pass through the 
periodontal membrane towards the tooth apex, 
communicating freely with those of the periosteum 
and alveolar bone.9 

Microcirculation in dental tissues 
Dental p u l p 1 0 1 6 

The dental pulp is a very vascular tissue, with 
approximately 5% of pulp volume being occupied 
by vessels, with the drainage vessels outstripping the 
supplying vessels by about 3:1. The majority (90%) 
of the capillaries are located close to the odonto-
blasts in two distinct populations located approx-
imately 50 μιτι and 200 μηι from the predentine, 
whereas the central pulp tissue contains few 
capillaries.47 

Branches of the maxillary artery supply the tooth 
pulps: 

(1) The inferior dental (alveolar) branch enters the 
mandibular foramen and runs along the inferior 
dental canal to send branches to the mandibular 
teeth. 

(2) The posterior superior dental artery supplies the 
maxillary molar and bicuspid (premolar) teeth. 

(3) The infraorbital branch runs from the pterygo-
palatine fossa to the orbital floor via the inferior 
orbital fissure, subsequently sending an anterior 
superior dental branch to supply the maxillary 
incisors and cuspids (canines). 

There may be varying degrees of anastomosis 
between the arteries supplying the maxillary teeth. 

The pulp tissue is predominantly supplied by one 
or two small arteries passing through the apical 
foramina of the teeth, although in a few instances, 
tributaries may also pass through accessory fora-
mina, lateral root canals and even in the furcation 
area of multirooted teeth. 

Having passed into the pulp tissue, the arteries 
pass towards the coronal aspect following a more 
peripheral path than the venules and lymphatic 
vessels. The vessels divide into a series of arterioles 
that subsequently branch to supply the subodonto-
blastic capillary plexus just beneath the odontoblas-
tic cell layer. These small arteries (less than 150μηι 
diameter) and arterioles (less than 100 μπι diameter) 
have a thin coat of smooth muscle, with an 

intervening basement membrane from the endothe-
lial layer. These vessels appear to be surrounded by 
a dense matrix of collagen fibres interspersed with 
mucopolysaccharide ground substances. The sub-
odontoblastic capillary plexus subsequently drains 
to a network of venules and veins passing down the 
centre of the tooth pulp. These venules and veins 
tend to have thinner walls and a wider lumen than 
analogous vessels elsewhere in the body. Arteriove-
nous anastomoses have also been described in the 
pulp. Venous blood leaves the apical foramen to 
drain into the pterygoid venous plexus surrounding 
the lateral pterygoid muscle, and subsequently 
passes to the maxillary vein, posterior facial vein 
and ultimately both internal and external jugular 
veins. 

The subodontoblastic capillary plexus remains 
predominantly empty at rest, and appears to be 
arranged in two distinct bands, located 50 μπι and 
200 μπι respectively from the predentine. The 
central region of the pulp, by contrast, appears to 
contain scant capillary vessels. These capillaries 
range from 7 μπι to 10 μπι in diameter and predomi-
nantly comprise an intact endothelial lining resting 
on a basement membrane. Varying types of 
fenestrations or pore have been described in the 
endothelial lining of these capillaries.17 

Sympathetic nerves innervate the vascular smooth 
muscle of the pulp,44 with the receptors being 
predominantly a- rather than ß-adrenergic.41 By 
contrast, there is no evidence for parasympathetic 
pulp vessel innervation. Conceivably, therefore, 
vasodilatation primarily results from humoral 
agents, e.g. acetylcholine, bradykinin and hista-
mine, although recent evidence has implicated an 
important role for the powerful vasodilator 
polypeptide present at primary afferent neurones, 
substance P. Axon reflexes may also be involved in 
vasodilatation. 

Pulpal vasodilatation commonly occurs as a result 
of thermal tooth injury, e.g. during cavity prepara-
tion without adequate coolant, or following the 
placement of a metallic restoration with insufficient 
lining. The resultant pulpal vasodilatation may not 
only be associated with increased endothelial 
permeability, but also the accumulation of intersti-
tial fluid in the pulp, leading to increased intrapulpal 
pressure, venular and lymphatic collapse and pulpal 
necrosis. The vasodynamics in the pulp are influ-
enced by the fact that this tissue is surrounded by a 
rigid layer of dentine with both venous and 
lymphatic drainage passing through restricted 
exits.42 In addition, the non-vascular matrix of the 
pulp is of a viscous gel-like consistency due to high 
molecular weight polymers associated with collagen 
fibres. This relatively immobile matrix serves to 
localize the accumulation of interstitial fluid associ-
ated with increased vascular permeability, i.e. it is 
possible that only a region of the pulp may be 
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affected by thermal injury or inflammation, the 
remainder of the pulp remaining normal, viable and 
healthy. Unfortunately, unless there is prompt 
remedial treatment, such localized necrosis and 
inflammation causes tissue breakdown and in-
creased vascularity in the adjacent regions of the 
pulp,45 so unless the causative agent is removed, the 
whole of the pulp often undergoes necrotic changes. 

Gingiva and periodontal ligament18 

The periodontal membrane and gingiva are pre-
dominantly supplied by branches of the posterior 
superior and inferior dental (alveolar) arteries, 
which are in turn branches of the maxillary artery. 
Thus, inter-radicular and interseptal branches then 
enter the radicular and septal bony plates near the 
tooth apices. As they pass coronally, the branches 
then pass through the cortical plates to supply the 
periodontal membrane and both attached and 
marginal gingivae. Other sources of blood supply 
include: 

(1) Periodontal ligament branches that ascend 
through the periodontal ligament to supply the 
marginal gingiva. 

(2) Buccinator, lingual, mental and palatine bran-
ches that supply the maxillary and mandibular 
periosteum and adjacent gingival tissues. 

(3) The greater palatine artery supplies the palatal 
gingiva and mucosa. 

In fact, there is a marked degree of anastomosis 
between these arterial branches, although for the 
most part the gingival arterial blood supply is 
functionally distinct from that of the periodontal 
ligament, except in times of functional need.45,46 

The vasculature of the gingival tissues is especially 
complex, comprising networks of anastomosing 
capillaries with both fenestrated and continuous 
endothelial lining being apparent, and a basement 
membrane.19'20 The blood supply of the gingival 
tissues is primarily derived from the supraperiosteal 
vessels, whereas vessels penetrating the alveolar 
bone itself form the principal blood supply to the 
periodontal ligament. The veins and venules of the 
gingival and periodontal tissues run approximately 
parallel to the arterial supply. 

There is little evidence that the parasympathetic 
nerves control the diameter of the gingival and 
periodontal ligament blood vessels, the predomi-
nant control being dependent on the sympathetic 
innervations.12 

With the accumulation of dental plaque and the 
onset of gingival inflammation (gingivitis), a number 
of changes to the gingival vasculature occur.21 

(1) The gingival vessels become increasingly perme-
able. 

(2) The vessels of the gingiva become increasingly 
engorged and dilated. 

(3) The formed vascular elements migrate through 
the vessel walls to the adjacent host tissue. 

(4) There is a marked increase in the adjacent 
interstitial fluid, resulting in both gingival 
swelling (oedema) and increased gingival cre-
vicular fluid flow. 

As a result, the gingival tissues become distended, 
and bleed easily on gentle probing. In addition, the 
gingival tissues change from the normal pink to a 
purple colour. This area of inflammatory change 
increases with the continued accumulation of dental 
plaque, although this initial inflammation may 
undergo complete resolution with the removal of 
plaque and the restoration of correct dental hygiene 
procedures. 

Conclusions 

The circulatory system is of paramount importance 
to the dental tissues and their vitality. Ischaemia is 
the name given to an inadequate blood supply to the 
tissues, and results in hypoxia (lack of tissue 
oxygénation) and/or the accumulation of metabo-
lites. The effects depend on the severity of the 
reduction in blood supply, the sensitivity of the 
tissue concerned, the activity of the tissue and its 
oxygen needs, and the rapidity with which ischaemia 
develops. Knowledge of such pathological changes 
hinges on the detailed understanding of the micro-
cirulatory system and its control. 

Review questions 

1. What factors influence the blood supply to the 
periodontal ligament? 

2. What is the physiological role of the endothelial 
lining of blood vessels? 

3. Contrast the microcirculation of the dental pulp 
and periodontal tissues. 

4. What changes in the microcirculatory system of 
the dental pulp might be expected with increasing 
age? 

5. What effects do chemical mediators have on the 
microcirculatory unit? 
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Introduction 
Any break in the continuity of the oral mucosa must 
be followed by healing to prevent the egress of 
irritants into the underlying tissues. Such irritants 
may result in continued tissue disruption and/or 
infection. Wound healing therefore comprises a 
fundamental biological activity that involves both 
regenerative and replacement activities. 

The ideal function of the reparative process is to 
restore disrupted or dead tissue to its normal state. 
The ideal can be achieved in tissues undergoing 
constant renewal but is least effective in nerve and 
muscle tissue. Even in severed nerves, however, 
attempts will be made to restore their continuity if 
their cell bodies are intact; whereas muscle, 
including cardiac muscle, is generally repaired by 
fibrous connective scar tissue, with permanent loss 
of function. 

Wound healing 

There are two types of wound healing: primary 
union (healing by first intention) and secondary 

Factors affecting wound healing 
Infection 
Foreign bodies 
Old age 
Nutritional status 
Concurrent disease 

Conclusions 

Review questions 

References 

union (healing by secondary intention). In effect, 
the same mechanisms are used for each form of 
wound healing; they are just subdivided for ease of 
description. 

Primary union 

The narrow space between the two cut surfaces of a 
wound initially undergoes haemorrhage prior to 
clotting. The margins of the wound subsequently 
undergo mild acute inflammatory reactions releas-
ing plasma and polymorphonuclear leucocytes into 
the incised space. After approximately 24h, capil-
lary blood vessels from the wound margins begin to 
bud into the wound space and these are followed by 
both macrophages and fibroblasts. The mac-
rophages are primarily associated with the phagocy-
tosis of the wound debris and haemosiderin from 
haemoglobin breakdown, whereas the fibroblasts 
begin to form ground substance. At the same time, 
or a little earlier, the epithelial cells from the wound 
margins undergo mitosis and migrate toward the 
centre of the wound, thereby forming a complete, 
but thin, epithelial covering. Subsequently, the 
epithelium undergoes progressive maturation to 

74 
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regain its full thickness, whereas the underlying 
connective scar tissue becomes increasingly fibrous 
and relatively avascular. Healing is usually complete 
by 2-3 weeks, although a longer period may be 
required before there is complete restoration of the 
tissue architecture. 

Secondary union 

In secondary union, the two cut surfaces cannot be 
approximated so that there are large gaps in the 
tissue to be repaired. There is initially a degree of 
haemorrhage, followed by blood clot formation. At 
this time, mild short-lived acute inflammatory 
reactions occur in the wound margins. Granulation 
tissue subsequently begins to move into the wound 
base and sides, this tissue comprising capillary buds, 
fibroblasts, macrophages, plasma cells and lympho-
cytes. The component cells ensure the removal of 
tissue debris; these cells include macrophages, 
fibroblasts and polymorphonuclear leucocytes. As 
fibrous tissue is laid down in the deeper layers of the 
wound, this granulation tissue tends to heal the 
wound from the base up. 

As successive layers of collagen are formed in the 
granulation tissue, the wound undergoes contrac-
tion, primarily reflecting fibroblastic activity. Thus 
the space between the two edges of the wound is 
closed by granulation tissue and wound contraction, 
thereby facilitating the closure of the wound by 
epithelial migration and mitosis. Initially, however, 
excessive granulation tissue is formed, so that the 
recently healed wound may appear proud of the 
adjacent tissue; usually this is resolved in a few 
weeks. It appears that during such wound healing 
complex interactions occur between the epithelial 
and connective tissues, since initially connective 
tissue formation is essential for the restoration of 
normal epithelial continuity, although, subsequent-
ly, epithelial factors may be responsible for the 
termination of connective tissue scar growth. 

Dynamic events of wound healing 

In general, a wound of the oral mucosa involves the 
epithelium, basement membrane and underlying 
connective tissue. Depending on the agent causing 
the wound, and the manner in which it is inflicted, 
the wound may take the form of an incisional space 
or a cavity, both of which are lined by damaged 
tissue undergoing necrosis. Immediately following 
wound formation, an initial and unstable wound 
cover is obtained by filling the lesion with blood, 
which eventually clots. The fibrin clot, including 
entrapped blood cells, forms a scab and provides a 
preliminary seal. Within the first 24 h after wound-
ing, invading phagocytic cells herald the start of an 
acute inflammatory response in the margins of the 

lesion. These phagocytes serve to resorb necrotic 
tissue and most of the clot. At the same time, 
migration and mitotic activity by the basal epithelial 
cells occur, leading to the re-establishment of 
epithelial continuity. After approximately 48 h, the 
fundamental processes of wound repair and regen-
eration begin with the formation of granulation 

Table 8.1 Role of platelets in wound repair 

Haemostasis 
Aggregation 
Coagulation 

Substance secretion 
Vasoactive mediators 
Chemotactic factors 
Growth factors 
Proteases 

Table 8.2 Role of endothelial cells in wound repair 
Participation in blood flow regulation 
Modulation of solute and cell transfer between blood and 
tissue 
Maintenance of non-thrombogenic vascular surface 
Angiogenesis 
Secretion 

Prostacyclin 
Growth factors 
Proteases and other enzymes 
Structural macromolecules 

Table 8.3 Role of macrophages in wound repair 
Scavenging 

Pathogenic micro-organisms 
Tissue debris 

Secretion of biologically active substances 
Vasoactive mediators 
Chemotactic factors 
Growth factors 
Proteases 

Table 8.4 Role of epithelial cells in wound repair 
Formation of new epithelium 

Phenotypic alteration 
Retraction of tonofilaments 

Dissolution of desmosomes 
Formation of peripheral actin bundles 
Migration over viable wound surface 
Dissection under non-viable wound material 
Removal of debris 
Reformation of normal phenotype 

Restoration of permeability barrier 
Restoration of tensile strength 
Restoration of basement membrane 

Secretion 
Vasoactive mediators 
Growth factors 
Proteases and other enzymes 
Structural macromolecules 
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Table 8.5 Role of fibroblasts in wound repair 

Wound contraction 
Phenotypic alteration 
Migration to wound defect 
Deposition of fibronectin and Types I and III collagen 
Formation of fibronexus 
Contraction 

Matrix formation and remodelling 
Fibronectin 
Hyaluronic acid 
Types I and III collagen 
Proteoglycans 
Proteases and other enzymes 

tissue that includes the budding proliferation of 
capillary blood vessels. This is followed by fibroblas-
tic proliferation and the formation of collagen 
leading to the restoration of the tensile strength of 
the wound area. Subsequently, this scar tissue is 
replaced by normal differentiated epithelial and 
connective tissues leading to the restoration of 
normal tissue continuity (Tables 8.1-8.5) 

Inflammatory stage 

During the early inflammatory stage that follows a 
wound, blood vessel disruption leads to the extra-
vasation of blood constituents (bleeding) and 
concomitant platelet aggregation, blood coagulation 
(blood clotting), and generation of bradykinin and 
complement-derived anaphylatoxins. Activated 
platelets not only aggregate and trigger blood 
coagulation to effect haemostasis in disrupted blood 
vessels, but also release an array of biologically 
active molecules that promote cell migration and 
growth into the site of injury. The blood vessel 
endothelium also exhibits several intrinsic activities 
that limit the extent of platelet aggregation and 
blood coagulation to the wounded area. 

Although polymorphonuclear leucocytes (PMNs) 
are considered to be the first leucocytes to infiltrate 
an area of inflammation and injury, monocytes 
begin to emigrate at the same time. Both cell types 
are attracted to the area of tissue injury by a variety 
of chemotactic factors. The main function of PMNs 
during this early inflammatory phase of tissue injury 
is to rid the site of contaminating bacteria, whereas 
the influx of monocytes and their conversion to 
macrophages appear critical to the initiation of 
tissue repair. Macrophages, like PMNs, phagocy-
tose and digest pathogenic organisms, in addition to 
scavenging tissue debris. Macrophages also release a 
variety of active substances, whose functions include 
recruitment of additional inflammatory cells and 
facilitation of tissue decontamination and débride-
ment, and growth factors for the initiation of wound 
repair and regeneration. Subsequently, the wound is 
invaded by granulation tissue, comprising a dense 

population of macrophages, fibroblasts and neovas-
culature embedded in a loose collagen, fibronectin 
and hyaluronic acid matrix. As fibroblasts prolifer-
ate and migrate into the wound space, they are 
aligned along the radial area of the wound and form 
cell-cell and cell-matrix links (fibronexus) leading 
to wound contraction. At the same time, blood 
vessel growth (angiogenesis) into the wound occurs. 

Healing stage 

When the oral epithelial barrier is disrupted 
following tissue injury, re-epithelialization must 
occur as rapidly as possible to re-establish its 
continuity. This process begins within hours of the 
injury, resulting in the migration of the free 
epithelial edges of the wound. If the basement 
membrane is destroyed, the cells move over a 
provisional fibronectin and fibrin matrix, gradually 
reforming the basement membrane. If the basement 
membrane has not been destroyed, then the 
hemidesmosomes are disrupted during re-
epithelialization. In both cases, the absence of 
tenacious binding at the epithelial-connective tissue 
boundary is a prerequisite for epithelial mobility. If 
large objects or non-viable tissue lie within the 
wound space, the epithelium will dissect under these 
structures. Once re-epithelialization is complete, the 
cells revert to their normal phenotype and firmly 
attach to the basement membrane through 
hemidesmosomes. 

The final stage of wound healing comprises matrix 
formation and remodelling. In fact, this stage starts 
at the same time as the initial reparative phase, 
although it is a very slow process that involves the 
accumulation of large fibrous bundles of Type I 
collagen which provide the residual scar with 
increasing tensile strength. 

Inflammation 

The functions of the inflammatory component of 
wound healing may be considered to include: 

(1) The clinical and morphological manifestation of 
haemostasis and tissue débridement. 

(2) The initiation of initial reparative mechanisms. 
(3) The delay of wound healing in the case of 

persistent irritation, especially in the presence 
of bacteria. 

Tissue injury and blood vessel disruption lead to 
extravasation of blood constituents and concomitant 
platelet aggregation, blood coagulation, and genera-
tion of bradykinin and complement-derived anaphy-
latoxins. Bradykinin and the anaphylatoxins (C5a 
and C3a) increase the permeability of undamaged 
vessels adjacent to the injured area1 resulting in 
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leakage of plasma proteins2 and interstitial clot 
formation in the surrounding tissue. This extra-
vascular gel is an important early component of 
wound repair. Activated platelets not only aggre-
gate and trigger blood coagulation to effect haemos-
tasis in disrupted blood vessels but also release an 
array of substances that promote cell migration and 
ingrowth to the site of injury. Several intrinsic 
activities of the blood vessel endothelium limit the 
extent of platelet aggregation and blood coagulation 
to the wounded area, including: 

(1) Prostacyclin production which inhibits platelet 
aggregation.3 

(2) Inactivation of thrombin.4 

(3) Plasminogen activator release, which initiates 
clot lysis. 

Blood clotting factors 

The leakage of plasma and formed blood elements 
from damaged blood vessels results in blood clotting 
by three major routes: 

(1) Hageman factor, activated by adsorption on to 
fibrillar collagen or other suitable surfaces, 
together with its co-activators prekallikrein and 
kininogen induces the intrinsic coagulation 
system.6 

(2) Factor VII, activated by tissue procoagulant 
factor found in the interstitium7 and released 
from damaged cells,8 induces the extrinsic 
coagulation system.9 

(3) Platelets, activated by contact with fibrillar 
collagen or low levels of thrombin, express 
coagulation factors10 and phospholipids that 
include clotting at the levels of factors V and 
X.11 

The inciting event in each of these three roles of 
blood clot formation is the expression of a surface 
that promotes adsorption and activation of specific 
coagulation pro-enzymes. Surface adsorption is a 
prerequisite for pro-enzyme activation, since these 
proteins are otherwise afloat in a sea of enzyme 
inhibitors. Although small amounts of pro-enzymes 
are activated under normal circumstances, the 
enzymes, once activated, are almost immediately 
quenched by plasma protease inhibitors. When the 
pro-enzymes have been adsorbed on to a surface in a 
micro-environment relatively free of protease in-
hibitors, however, minute amounts of spontaneous 
activation are quickly amplified into the physiolo-
gical response of blood clotting. 

Blood clotting can be considered part of the 
inflammatory response, since Hageman factor 
activation leads to bradykinin generation,12 to the 
initiation of the classic complement cascade,13 and 
possibly to the generation of the anaphylatoxins C3a 
and C5a.14 The anaphylatoxins, in turn, not only 

increase blood vessel permeability directly1 and 
attract PMNs and monocytes to the sites of tissue 
injury,15 but also stimulate the release of vasoactive 
mediators, histamine16 and leukotriene C4 and D4,17 

from mast cells, as well as the release of granule 
constituents and biologically active oxygen products 
from neutrophils16 and macrophages. 

Cellular factors 

Both PMNs and macrophages are attracted to sites 
of tissue injury by a variety of chemotactic factors, 
including: 

(1) Kallikrein from the activated Hageman factor 
pathway.19 

(2) Fibrinopeptides generated from fibrin clot 
formation.20 

(3) Fibrin lysis products.21 

(4) C5a from complement activation.22 

(5) Leukotriene B4 released by activated PMNs.23 

(6) Microbial generated formyl methionyl pep-
tides.24 

(7) Substances released from platelets.25 

The monocyte influx is also stimulated by 
fragments of collagen,26 elastin,27 fibronectin28 and 
thrombin.29 During this early stage of inflammation, 
the major function of PMNs centres on the 
elimination of bacterial contamination, whereas 
monocytes and their conversion to macrophages 
mainly serve in the initiation of tissue repair.30 

If no wound contamination has occurred, the 
PMN infiltration will resolve after the first few days 
of tissue injury. By contrast, if wound contamina-
tion has occurred, then this acute inflammatory 
phase will persist and interfere with the next phase 
of wound healing. In fact, further inflammation and 
tissue destruction are side-effects of the attempt to 
rid the injured area of bacteria and other foreign 
material. As the PMN infiltrate resolves and 
macrophage accumulation continues, the late phase 
of wound healing, which primarily centres on 
macrophage activity, occurs. These cells not only 
phagocytose and digest pathogenic micro-
organisms31 but also scavenge tissue debris, includ-
ing effete PMNs.32 Macrophages also release a 
number of metabolically active substances, e.g. 
vasoactive mediators,33 chemotactic and growth 
factors,34 and enzymes,35 including proteases.36 

Thus macrophages are pivotal to the repair phase of 
wound healing. 

Granulation tissue 

Granulation tissue comprises a dense population of 
macrophages, fibroblasts and newly forming blood 
vessels in a loose matrix of collagen, fibronectin and 
hyaluronic acid. Re-epithelialization of an oral 
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epithelial wound begins within the first 24 h after 
injury, i.e. several days prior to granulation tissue 
formation, although in fact both are intimately 
associated with one another. 

Re-epithelialization of a mucosal wound begins 
within hours of injury by epithelial cell movement 
from the free edge of the tissue across the defect.37 

Such epithelial cell movement occurs following the 
metamorphosis associated with loss of apical-basal 
polarity and extension of pseudopodia from the free 
basolateral side into the wound. Such epithelial cell 
migration does not depend on mitosis38 but is pro-
bably associated with chemotactic factors and active 
contact guidance, although other factors may also be 
involved. Within a short period of time the epithelial 
cells remaining at the edge of the wound begin to 
proliferate in order to generate an additional 
population of migrating cells,39 although whether 
this is associated with chalones or other local growth 
factors remains obscure. During re-epithelialization 
of a wound in which the basement membrane has 
been disrupted, the basement membrane does not 
reform until after epithelial migration ceases.40 As 
the epithelial cells cease to migrate, type IV collagen 
and then laminin41 are produced, beginning at the 
wound margin, progressing inwards, simulating a 
zipper mechanism that interlocks the new epithelial 
and new connective tissue structures. Subsequently, 
the epithelial cells become firmly attached to the 
basement membrane by hemidesmosomal forma-
tion. 

Although the chemical mediators remain obscure, 
the local proliferation and invasion of fibroblasts 
into the wound is crucial for healing. Such invasion 
is predicated on the prior metamorphosis of the 
fibroblasts to myofibroblasts, where the cells gain 
motile and contractile properties in addition to their 
secretory and synthetic capacities. As these myofib-
roblasts migrate into the wound defect, they 
concomitantly deposit a loose extracellular matrix 
comprising predominantly fibronectin.42 This fib-
ronectin matrix not only appears to be associated 
with fibroblastic adhesion and growth but is also 
associated with initial wound contraction and 
orientation of subsequently produced collagen 
fibrils. 

The invasion of newly formed blood vessels into 
the site of a wound occurs simultaneously with 
fibroblastic proliferation, conceivably under the 
direction of chemical mediators derived from the 
oral epithelium and underlying connective tissue, in 
addition to low oxygen tension,43 lactic acid44 and 
biogenic enzymes. Furthermore, whether this 
vascular invasion centres on mitogenic or migratory 
cellular activity remains obscure. 

The third and final stage of wound healing centres 
on matrix formation and remodelling. In fact, 
matrix formation begins at the time of granulation 
tissue formation, although the matrix is then 

constantly altered to accommodate functional de-
mands. Such changes involve fibronectin replace-
ment with large fibrous bundles of type I collagen 
that provide the residual scar with increasing tensile 
strength. 

The initial deposits of extracellular matrix contain 
predominantly fibronectin, which may serve as a 
template for collagen deposition.46 In fact, the 
fibronectin matrix is replaced by type III and then 
type I collagen.47 Although collagen provides a less 
adherent surface for fibroblasts compared with 
fibronectin,48 these types of collagen ultimately 
form fibrous bundles that greatly enhance the tensile 
strength. 

Hyaluronic acid is another component of granula-
tion tissue that is critical in early fibroblastic 
proliferation. As granulation tissue matures, howev-
er, hyaluronic acid is decreased by tissue 
hyaluronidase49 and replaced by proteoglycans.50 

This latter is not so conducive to cell migration but 
serves to increase tensile strength and resilience. 
The enormous molecular versatility permits pro-
teoglycans to have many diverse structural and 
functional tissue activities. These substances prom-
ote fibrogenesis by fibroblasts51 and mediate cellular 
adhesion and influence the budding of new blood 
vessels. 

At least three classes of collagens occur in 
connective tissue: fibrillar collagens (types I, II and 
III); basement membrane collagen (type IV) and 
pericellular collagens (type V). In addition to 
providing tensile wound strength, these collagens 
influence cell activity. 

Factors affecting wound healing 

Wound healing is a complex process which may be 
disturbed by malfunctioning of a variety of compo-
nent events. 

Infection 

Infection is a major obstacle to wound healing since 
it not only promotes further inflammation but also 
tissue destruction (Table 8.6). 

Table 8.6 Sequence of microbial decontamination of 
wounds 
1. Opsonization of micro-organisms by complement 
2. Generation of chemotactic factors 
3. Adhesion of polymorphonuclear leucocytes (PMNs) to 

endothelial cells 
4. Emigration of PMNs through biood vessels 
5. Attachment of opsonized micro-organisms to PMNs 
6. Phagocytosis of micro-organisms 
7. Killing and digestion of micro-organisms 
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Foreign bodies 

Foreign bodies within wounds frequently stimulate 
inflammation, thereby impeding the process of 
healing. The presence of foreign bodies causes 
persistent tissue invasion by macrophages and 
polymorphonuclear leucocytes; this invasion con-
tinuing as long as the foreign body remains. The 
presence of foreign bodies and infection often occur 
together to delay wound healing {Table 8.7). 

Table 8.7 Causes of modified host response to 
micro-organisms 

Deficiency Causes 

Complement Hereditary 
Systemic lupus erythematosus 
Rheumatoid arthritis 
Malnutrition 

Chemotaxis Complement deficiency 
Chediak-Higashi syndrome 
Diabetes mellitus 
Cushing's syndrome 

Opsonization Complement deficiency 
Immunoglobulin deficiency 
Sickle cell anaemia 
Diabetes mellitus 
Severe, prolonged microbial infection 
Severe viral infection 

Phagocytosis- Chronic granulomatous disease 
killing Myeloperoxidase deficiency 

G6PD deficiency 
Chediak-Higashi syndrome 
Leukaemia 
Diabetes mellitus 
Severe, prolonged microbial infection 

Old age 

Although, clinically, the healing of wounds is more 
rapid in the young than the elderly, there have been 
scant investigations of this problem. It may, in fact, 
reflect concurrent nutritional and vascular deficien-
cies, although there is evidence for the efficacy of 
the immune system deteriorating with age (Table 
8.8). 

Nutritional status 

Vitamin C deficiency in addition to many other 
nutritional deficiencies have been associated with 
impaired healing, although again there is scant 
scientific evidence in this regard. 

Concurrent disease 

Vascular disease 

Any disturbance to the blood supply of a tissue will 
result in delayed or impaired wound healing. 

Diabetes mellitus 

In poorly controlled diabetic patients the disturb-
ances in wound healing reflect a variety of factors, 
including impaired blood supply, impaired polymor-
phonuclear leucocyte function and increased suscep-
tibility to microbial infections. 

Uraemia 

In patients with persistent high levels of blood urea, 
wound healing is delayed primarily because of 
disturbances in the inflammatory response, i.e. 
diminished polymorphonuclear leucocytic chemota-
xis to the site of injury, decreased number of 
circulating lymphocytes and suppression of delayed 
hypersensitivity. 

Blood diseases 

Haemorrhagic diseases are associated with excessive 
haemorrhage at the site of tissue damage, resulting 
in large haematomas that predispose to secondary 
microbial infection. In aplastic anaemia or agranu-
locytosis, the associated reduction of the number of 
circulating polymorphonuclear leucocytes and lym-
phocytes, in addition to the deficiency in red blood 
corpuscles, contribute to disturbed wound healing. 
Similarly, while patients with leukaemias may have 
sufficient numbers of white blood cells, a number of 
these may in fact be neoplastic and therefore not 
function effectively in wound healing. 

Immunosuppressive drugs 

In general, hydrocortisone and prednisone suppress 
inflammation as a result of: 

(1) Inhibited increased vascular permeability and 
polymorphonuclear leucocyte emigration 
associated with inflammation. 

(2) Stabilized membranes restricting enzymic re-
lease from lysosomes. 

Table 8.8 Systemic factors associated with delayed wound 
healing 

Endogenous Exogenous 

Deficiency states 
Protein 
Vitamin A, C, K 
Zinc 

Impaired oxygénation 
Low levels of inspired oxygen 
Pulmonary insufficiency 
Decreased red cell capacity 
Hypovolaemia 
Heart failure 
Fever 
Malignancy 
Thyrotoxicosis 

Corticosteroids 
Anticoagulants 
Antimetabolites 

https://t.me/DentalBooksWorld



80 Wound healing 

(3) Inhibited collagen formation due to suppression 
of protein synthesis. 

(4) Impaired polymorphonuclear leucocyte func-
tion. 

There is increasing awareness of the importance 
of polymorphonuclear leucocyte function in wound 
healing, not only for the phagocytosis of microbial 
and other debris, but also as a component of the 
immune host defense systems. There are, in fact, a 
number of defects that may occur with these cells 
including: 
(1) Decreased numbers, e.g. leukaemia, neut-

ropenia. 
(2) Disordered microbial killing mechanisms, e.g. 

impaired hydrogen peroxide production, 
myeloperoxidase deficiency. 

Table 8.9 Genetically distinct vertebrate collagens 

(3) Disorders of phagocytosis, e.g. opsonin or 
complement deficiencies, impaired degranula-
tion and liberation of lysosomal contents into 
phagosomes. 

(4) Disordered chemotaxis and migration, e.g. 
deficiencies in chemotactic factors or comple-
ment, intrinsic cellular dysfunctions. 

Conclusions 
Wound healing is a complex process, especially 
when compromised by local and systemic factors 
(Tables 8.6-8.8). Wound healing is associated with 
different forms of collagen (Table 8.9) and different 
components of complement (Table 8.10). The 
immune system is also involved (Table 8.11). 

Type Native polymer Tissue distribution Distinctive features 

I 

II 

III 

IV 

V 

Fibril 

Fibril 

Fibril 

Basement lamina 

Unknown 

Skin, tendon, bone, dentine, fascia, 
widespread 

Cartilage, nucleus pulposus, notochord, 
vitreous body 

Skin, uterus, blood vessels, reticulin fibres 
generally 

Kidney glomeruli, lens capsule, basement 
laminae of all epithelial and endothelial 
cells 

Widespread in small amounts. Basement 
laminae of smooth and striated muscle 
cells? Exoskeleton of fibroblasts and other 
mesenchymal cells? 

Low content of hydroxylysine, broad fibrils 

High content of hydroxylysine, heavily 
glycosylated 

High content of hydroxyproline, low content 
of hydroxylysine, few sites of hydroxylysine 
glycosylation 

Very high content of hydroxylysine, almost 
fully glycosylated, retains procollagen 
extension pieces 

High content of hydroxylysine, heavily 
glycosylated, fails to form native fibrils in 
vitro 

Table 8.10 Biological effects of complement components 

Component Effect(s) 
Table 8.11 Possible relationships between immune system 
component areas 

Cl 

C4b 

C2b 

C3a 

C3b 

Initiation of classic pathway 
Increase in affinity of some antibodies 
Promotion antigen-antibody complexes 
aggregation 

Amplification of complement system 
Virus neutralization 
Immune adherence (opsonin) 

Kinin activity 
Anaphylatoxin 
Chemotactic activity 
Leucocyte mobilization 
Amplification of complement system 

Immune adherence (opsonin) 
Activation of alternate pathway 

Type of immune system Components 

C5a 
C5b67 

C8 
C9 

Same effects as C3a 
Chemotactic activity 
Initiation of reactive lysis 

Slow membrane damage 
Rapid membrane damage 

Humoral immunity: 
Anaphylactic Type I 
hypersensitivity 

Immune complex-
mediated Type III 
hypersensitivity 

Cell-mediated immunity: 
Delayed Type IV 
hypersensitivity 

Plasma cells 
IgE 
Mast cells 
Histamine and other 
vasoactive amines 

Plasma cells 
Antigen-antibody 
complexes 
Complement 
Polymorphonuclear 
leucocytes 
Macrophages 
Extracellular lysosomes 

Plaque antigens 
Lymphocytes 
Lymphokines 
Macrophages 
Immunological memory 
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Review questions 
1. What might be the consequences of inadequate 

haemorrhage following a wound? 
2. What is the role of granulation tissue in wound 

healing? 
3. Why are blood platelets so important in wound 

healing? 
4. Why would you expect a foreign body to delay 

wound healing? 
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Introduction 
In 1971, an estimated 23 million North Americans 
were endentulous. This endentulous condition 
increases dramatically with age, affecting approx-
imately one-third of the population up to 45 years of 
age but 50% by 65 years of age. The primary cause 
of tooth loss, over 35 years of age, is an insidious 
destruction of the gingiva and periodontal support-
ing teeth structures termed periodontal disease. The 
most common destructive periodontal disease is a 
progressive disorder (chronic periodontitis) that 
begins with gingivitis (inflammation of the gingival 
tissues). This inflammation is the body's response to 
bacterial infection harboured in the dental plaque. 
This thin film coats the exposed tooth surfaces and 
predominantly comprises bacteria. If unchecked, 
these micro-organisms proliferate, with their pro-
ducts eroding healthy tissue, creating periodontal 
pockets and separating the tooth from its supporting 
structures. At the same time, the body's immune 
defence system rallies to combat the infecting 
bacteria and their products. Unfortunately, the 
interaction between the bacteria and their products 
with the white blood cells and antibodies attracted 

Gingival morphology 
Cementum 
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Periodontal assessment 
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to the area may exacerbate the problem. Indeed, 
unless the plaque is removed, the defending cells 
accumulate at the site, creating a state of chronic 
inflammation. They may even become subverted to 
attack the body's own periodontal tissues. In time, 
the destructive process may spread from the gingiva 
to the periodontal tissues. The result may be tooth 
mobility, painful abscesses, ulcers and eventual 
tooth loss. 

While all patients with periodontitis have had 
earlier signs of gingivitis, not all patients with 
untreated gingivitis develop periodontitis. Gingivitis 
can exist as a chronic disorder in some people, 
reversible if treated. Gingivitis can also develop in 
association with changes in hormones, diet or in 
reactions to drugs. Presumably such changes alter 
the host's immune system, or affect local conditions 
in the mouth in other ways. 

In North America, gingivitis and periodontitis are 
endemic, affecting 75% of adults, 68% of youths 
and 39% of children. Typically, the younger age 
groups have milder reversible disease affecting one 
or several teeth, whereas both the incidence and 
severity of periodontal disease increase with age, 
paralleling the rise in edentulousness. In addition to 
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pain, bleeding, loss of function and diminished 
appearance that accompany advanced disease and 
tooth loss, periodontal disease is responsible for bad 
breath (halitosis). Thus, knowledge of the periodon-
tal supporting tissues is crucial to understanding and 
preventing this endemic problem. 

Gingiva 

The gingiva is the part of the oral mucosa that covers 
the alveolar processes and surrounds the cervical 
(neck) region of the teeth. The gingiva may be 
anatomically divided into three regions: the margin-
al, attached and interdental regions. 

Marginal (unattached) gingiva 

The marginal (unattached) gingiva is the border (or 
terminal edge) of the gingiva surrounding the teeth 
in a collar fashion. In about 50% of cases, it is 
demarcated from the adjacent attached gingiva by a 
shallow linear depression, the free gingival groove.1 

It forms the soft tissue wall of the gingival sulcus that 
may be separated from the tooth surface by a 
periodontal probe. 

Gingival sulcus 

The gingival sulcus is the shallow crevice around the 
tooth, bounded by the surface of the tooth on one 
side and the epithelium lining the free margin of the 
gingiva on the other. The clinical determination of 
the depth of this groove provides an important index 
of periodontal health. Under normal healthy condi-
tions, the depth of this sulcus is up to 2mm,2 

although depths of 1.5-1.8 mm are clinically regar-
ded as healthy.3,4 

Attached gingiva 

The attached gingiva is continuous with the marginal 
gingiva. It is firm, resilient and tightly bound to 
the underlying alveolar periosteum, i.e. it is a 
mucoperiosteum. The facial aspect of this gingiva 
extends to the relatively loose and movable alveolar 
mucosa, from which it is demarcated by the 
mucogingival junction. 

The width of the attached gingiva provides an 
important clinical parameter. It is defined as the 
distance between the mucogingival junction and the 
projection of the bottom of the gingival sulcus (or 
the periodontal pocket) on the external tooth 
surface. The width of the attached gingiva on the 
facial aspect differs between different regions of the 
mouth,5 being 3.5-4.5mm in the maxilla and 
3.3-3.9 mm in the mandible. It is less in the 
posterior (molar) than anterior (incisor) regions of 
the mouth and least in the premolar region (1.9 mm 
in the maxilla and 1.8mm in the mandible).1 

The mucogingival junction remains in a standard 
location throughout adult life.6 Thus any changes in 
the width of the attached gingiva are due to 
modifications in the position of its coronal end. The 
width of the attached gingiva increases with age7 and 
in supererupted teeth.8 On the lingual aspect of the 
mandible the attached gingiva terminates at the 
junction with the lingual alveolar mucosa, which is 
continuous with the mucosa of the mouth floor. The 
palatal surface of the attached gingiva in the maxilla 
blends imperceptibly with the equally firm and 
resilient palatal mucoperiosteum. 

Interdental gingiva 

The interproximal space between the areas of 
adjacent tooth contact, the gingival embrasure, is 
occupied by the interdental gingiva. In the healthy 
mouth it comprises two papillae separated by a 
central col. The latter comprises a valley-like 
depression that conforms to the shape of the 
interproximal tooth contact. When teeth are not in 
contact the col is often absent, although it may also 
be absent even when teeth are in contact in some 
individuals. Each interdental papilla is pyramidal in 
shape, with the facial and lingual surfaces tapered 
towards the interproximal col area. The lateral 
borders and tip of the interdental papillae are 
formed by continuation of the marginal gingiva from 
the adjacent teeth. In the absence of proximal tooth 
contact the gingiva is firmly bound over the 
interdental bone and forms a smooth, rounded 
surface without interdental papillae or col. 

Microscopic anatomy of the gingiva 

The gingiva comprises a central connective tissue 
core covered by stratified squamous epithelium, the 
latter being subdivided into a number of different 
regions. 

Oral epithelium 

The oral (outer) epithelium covers the crest and 
outer surface of the marginal gingiva and the surface 
of the attached gingiva. It comprises a keratinized or 
parakeratinized stratified squamous epithelium, 
which may be subdivided into a number of different 
layers. 

(1) A cuboidal or columnar basal layer. 
(2) A spinous polygonal cell layer 
(3) A granular cell layer comprising flattened cells 

with basophilic keratohyaline granules and a 
shrunken hyperchromic nucleus; this cell layer is 
not always present. 

(4) A superficial keratinized or parakeratinized cell 
layer. 
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The cells of the oral epithelium are connected by 
desmosomes,9 comprising two dense attachment 
plaques into which tonofilaments insert, radiating 
from the cellular cytoplasm and an intermediate 
electron-dense line in the extracellular space. The 
outline of each cell membrane is highly irregular, 
forming projections that either extend into the 
intercellular space or interdigitate with those of the 
adjacent cells. 

The epithelium is joined to the underlying 
connective tissue by a basal lamina comprising a 
lamina lucida adjacent to the basal epithelial cells 
and a largely glycoprotein lamina densa.10,11 The 
basal lamina may be synthesized in part by the basal 
epithelial cells and may be permeable to fluids but 
not particulate matter. 

Sulcular epithelium 

The sulcular epithelium lines the gingival sulcus. 
This is a thin layer of non-keratinized squamous 
epithelium that extends from the coronal limit of the 
junctional epithelium to the crest of the gingival 
margin. Although non-keratinized under normal 
conditions, it may become keratinized following 
intensive antibacterial therapy.12 It is through this 
semipermeable layer that bacterial irritants pass to 
the underlying tissues.13 

Junctional epithelium 

The junctional epithelium comprises a collar-like 
band of non-keratinized squamous epithelium 3-20 
cells thick and 0.25-1.35 long. The attachment of 
this epithelial layer to the underlying connective 
tissue comprises a lamina densa adjacent to the 
enamel or cementum and a lamina lucida into which 
hemidesmosomes are attached. This junctional 
epithelium has been divided into three zones: 

(1) The apical zone, comprising basal germinal 
cells. 

(2) The middle zone, which has predominantly 
adhesive properties. 

(3) The coronal zone, which is quite permeable.14 

The attachment of the junctional epithelium to 
the tooth is reinforced by the gingival fibres that 
brace the marginal gingiva against the tooth surface. 
The junctional epithelium and gingival fibres of the 
periodontal ligament are therefore referred to as the 
dentogingival unit. 

Gingival sulcular development 

After the completion of amelogenesis the enamel is 
covered by the reduced enamel epithelium, which is 
attached to the tooth by a basal lamina.15 When the 

tooth erupts through the oral mucosa, the reduced 
epithelium unites with the oral epithelium to form 
the epithelial attachment.16 During this process, the 
cells of the reduced enamel epithelium are gradually 
replaced by squamous epithelial cells. The junction-
al epithelium is, however, undergoing continuing 
renewal, with mitoses occurring in all cell layers. 
The regenerating epithelial cells move towards the 
tooth surface in a coronal direction to the gingival 
sulcus, where they are shed.18 The gingival sulcus is 
then formed when the tooth erupts into the oral 
cavity. 

The gingival epithelium also differentiates to form 
two epithelial types: 

(1) The epithelium which covers the outer surface 
of the marginal gingiva and the attached gingiva 
and comprises keratinized and/or parakerati-
nized layers.19 

(2) The gingival sulcular epithelium which is usually 
non-keratinized, although keratinization may 
occur when it is experimentally reflected and 
exposed to the oral cavity.8 

The oral epithelium undergoes continuous renew-
al, with the cells lost due to attrition and abrasion 
being balanced by mitosis at the basal layer. The 
mitotic rate varies not only with a diurnal cycle 
(being greater in the morning and evening) but also 
with the region of the mouth (being greater in the 
palatal mucoperiosteal region than in the sulcular, 
junctional epithelium or attached gingiva).20,21 The 
mitotic rate also appears to be greater in the 
non-keratinized than keratinized mucosa and in-
creases with gingivitis. 

Gingival fluid 
The gingival sulcus contains a fluid which seeps 
through the thin sulcular epithelium.22 There is still 
debate as to whether this is a continuous transudate 
or an inflammatory exudate. Certainly not only does 
the amount of gingival (crevicular) fluid increase 
with inflammation but also with the eating of 
coarse foods, tooth brushing, ovulation and the 
consumption of hormonal oral contraceptives.24,25 

In addition to desquammated epithelial cells, 
polymorphonuclear leucocytes, lymphocytes and 
monocytes may be found in this fluid, together with 
potassium, sodium and chloride ions. The total 
protein content of this fluid is much lower than that 
of serum.26 IgG, Ig A, IgM, complement compo-
nents C3 and C4, in addition to plasma proteins 
albumin and fibrinogen, have been detected. A 
number of other substances have been found in this 
gingival fluid; these include: 

(1) Lactic acid. 
(2) Urea. 
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(3) Hydroxyproline. 
(4) Hydrogen sulphide. 
(5) Acid phosphatase. 
(6) Lysozyme. 
(7) Alkaline phosphatase. 
(8) Lactic dehydrogenase. 
(9) Proteases. 

A number of functions have been assigned to this 
crevicular fluid, including: 

(1) Lavage of material from the gingival sulcus. 
(2) Antibacterial, based on the presence of anti-

bodies against plaque bacteria, in addition to 
viable leucocytes. 

(3) Adhesive, based on the presence of sticky 
plasma proteins that may augment adhesion 
between junctional epithelium and tooth 
surface. 

Gingival connective tissue 

The connective tissue of the gingiva is termed the 
lamina propria. It is densely collagenous, compris-
ing two layers: 

(1) A papillary layer subjacent to the epithelium 
consisting of papillary projections between the 
epithelial rete pegs. 

(2) A reticular layer contiguous with the periosteum 
of the alveolar bone. 

The connective tissue of the marginal gingiva 
contains prominent collagenous bundles, the gingiv-
al fibres, which serve the following functions: 

(1) To brace the marginal gingiva firmly against the 
tooth. 

(2) To provide rigidity necessary to withstand 
displacement of the gingiva from the tooth 
surface during mastication. 

(3) To unite the free marginal gingiva with the 
cémentai tooth surface and the adjacent 
attached gingiva. 

These gingival fibres are arranged in three groups: 

(1) The gingivodental group is embedded into the 
cementum just beneath the epithelium at the 
base of the gingival sulcus. The fibres then 
spread in fan-like fashion into the periosteum of 
the facial and lingual alveolar periosteum, crest 
of the interdental gingiva and attached gingiva. 

(2) The circular group courses through the marginal 
and interdental gingival connective tissue to 
encircle the tooth in a ring-like fashion. 

(3) The trans-septal group of fibres forms horizontal 
bundles between the cementum of approximat-
ing teeth into which they are embedded. They 
lie in the area between the epithelium at the 
base of the gingival sulcus and the crest of the 

interdental bone. They are sometimes classified 
as one of the principal groups of fibres of the 
periodontal ligament. 

In addition to fibroblasts and occasional mac-
rophages, the gingival connective tissue often 
contains polymorphonuclear leucocytes, lympho-
cytes and plasma cells. These latter, however, 
cannot be detected if gingival normalcy is judged by 
very strict clinical criteria.27 These cells are then 
embedded in a non-collagenous ground substance 
comprising predominantly glycoproteins and glyco-
saminoglycans. 

Gingival vascular supply 

There are three sources of blood supply to the 
gingiva: 

(1) The supraperiosteal arterioles along the facial 
and lingual alveolar bone surfaces, from which 
capillaries extend along the sulcular epithelium 
and between the epithelial rete pegs. 

(2) The vessels of the periodontal ligament, which 
extend into the gingiva to anastomose with 
capillaries in the sulcus area. 

(3) Arterioles emerging from the crest of the 
interdental septa to anastomose with capillar-
ies of the periodontal ligament, gingival crevicu-
lar areas and vessels that run over the alveolar 
crest. 

Beneath the epithelium, on the outer gingival 
surface, the capillaries extend into the papillary 
connective tissue between the epithelial rete pegs in 
the form of terminal anastomosing hairpin loops,29 

some of which lie dormant unless irritated. Along 
the sulcular epithelium, the capillaries are arranged 
in a flat anastomosing plexus extending from the 
base of the sulcus to the gingival margin,30 parallel 
to the enamel. 

The lymphatic drainage of the gingiva progresses 
into the collecting network external to the alveolar 
periosteum and then to the regional (especially 
sublingual) lymph nodes.31 The lymphatic vessels 
just beneath the junctional epithelium extend into 
the periodontal ligament along with the blood 
vessels. 

Gingival innervation 
The gingival tissues are innervated by fibres arising 
from the periodontal ligament, as well as those from 
the labial, buccal and lingual nerves. In addition to 
unspecialized nerve endings, Meissner-type and 
Krause-type specialized nerve endings have been 
reported (see Chapters 1 and 2). 
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Gingival morphology 
Colour 

The coral pink colour of the marginal and attached 
gingivae is generally a reflection of a rich blood 
supply, a degree of epithelial pigmentation and 
keratinization. The attached gingiva is demarcated 
from the adjacent alveolar mucosa by a clearly 
defined mucogingival line, with the alveolar mucosa 
being red, smooth and shiny as opposed to the pink 
and stippled gingiva. 

Pigmentation 

The melanin pigmentation of the gingiva is derived 
from the activity of the neural-crest derived 
melanocytes in the basal and spinous layers of the 
epithelium. This pigment is synthesized by the 
intracellular premelanosomes or melanosomes32 

containing tyrosinase, which hydrolyses tyrosine to 
hydroxyphenylalanine (dopa), that is then progres-
sively converted to melanin. Melanin granules are 
phagocytosed by adjacent epithelial and connective 
tissue cells (termed melanophages or melano-
phores). Gingival pigmentation occurs as a diffuse 
deep purple discoloration, or irregular brown pig-
mented areas. 

Contour 

The contour of the gingiva depends on the shape of 
the teeth, the alignment of the teeth within the arch, 
the location and size of the proximal contact 
between adjacent teeth and the dimensions of the 
facial and lingual gingival embrasures. The marginal 
gingiva follows a scalloped line on the facial and 
lingual surfaces of the teeth, although where there is 
a pronounced mesiodistal concavity (e.g. the maxil-
lary canines), this contour is greatly exaggerated. By 
contrast, the marginal gingiva follows a relatively 
straight line where the tooth surface is flat. 

Consistency 

The gingiva is generally firm and resilient and 
attached to the underlying periosteum, except in the 
region of the free gingival margin. In cases of 
gingivitis, the gingiva may be swollen, oedematous 
and soft, reflecting the underlying inflammatory 
process. 

Surface texture 

The surface of the gingiva is said to be stippled, a 
feature that applies to the attached rather than 
marginal gingiva. The pattern and extent of the 
stippling depends on the region of the mouth,33 

being less prominent on the lingual than facial 

surfaces, although there may be no stippling in some 
mouths. Microscopic examination reveals that stip-
pling is reflected by alternate rounded protuber-
ances and depressions in the gingival surface in 
concert with undulations in the underlying connec-
tive tissue. One of the earliest signs of gingivitis is 
that this stippling is lost and replaced by a smooth 
shiny surface. 

Location 

When the tooth erupts into the oral cavity, the 
margin and sulcus are at the tip of the crown 
although, with eruption, the level of the free 
gingival margin migrates cervically along the tooth 
surface. Thus, the free gingival margin in the 
healthy mouth is said to be at the level of the 
amelocemental junction, although with chronic 
periodontitis the free gingival margin may descend 
down the cementum, resulting in the affected teeth 
being sensitive to thermal (especially cold) changes. 

Cementum 

Cementum is the calcified mesenchymal tissue that 
covers the dentine surface of the tooth root. 
Acellular (or primary) cementum and cellular (or 
secondary) cementum are the two component types 
found around human tooth roots, although the 
distinction between the two is frequently not readily 
apparent. The coronal part of the root is usually 
covered by acellular cementum whereas the apical 
portion is usually covered by cellular cementum. 
With advancing age, the amount of cellular cemen-
tum tends to increase, especially when there is 
exposure of root furcations following chronic 
periodontitis. Cellular cementum, however, con-
tains cementocytes which communicate with one 
another by anastomosing canaliculi. Both acellular 
and cellular cementum are arranged in lamellae 
separated by incremental lines parallel to the long 
axis of the tooth. These lamellae represent periods 
of cémentai formation and are more highly calcified 
than the adjacent cementum.34 Cementoblasts not 
only form a glycoprotein ground substance but also 
part of the collagenous framework of the cementum 
itself.35 In addition, cementum, especially the 
acellular layer, contains the embedded portions of 
the principal fibres of the periodontal ligament, 
Sharpey's fibres.36 Sharpey's fibres are the predomi-
nant inclusion of acellular cementum, with most 
being at right angles to the tooth surface, although 
others appear to enter at diverse angles. The size, 
number and distribution of these fibres varies with 
tooth function.37 By contrast, Sharpey's fibres 
occupy a smaller portion of cellular cementum. In 
acellular cementum, the Sharpey's fibres are com-
pletely calcified, except in a 10-50 μιη wide zone 
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near the cementodentinary junction, where they are 
only partly calcified.38 By contrast, some of the 
Sharpey's fibres are completely calcified in cellular 
cementum, others are partly calcified and in some 
there is a central uncalcified core surrounded by a 
calcified border.38 The cellular remnants of Hert-
wig's epithelial root sheath may sometimes be seen 
on microscopic examination of the cementodentin-
ary junction of some teeth. 

The inorganic portion of cementum in the form of 
hydroxyapatite (45-50%) is less than that of bone 
(65%), dentine (70%) and enamel (97%).39 There 
are also many detailed differences in the composi-
tion of cementum matrix compared with that of 
bone.40 

At the coronal portion of the tooth root, the 
cementum is 16-60 μπι thick, whereas this may be 
150-200μπι thick at the apical portion.41 Moreover, 
the cementum increases in thickness with advancing 
age,42 although there have been scant investigations 
to determine the forensic significance of this fact. 

Amelocemental junction 

Three types of relationships between enamel and 
cementum have been described at the cervical 
margin of a tooth: 

(1) Cementum overlaps the enamel in 60-65% of 
cases. 

(2) There is a butt joint between cementum and 
enamel in 30% of cases. 

(3) Cementum and enamel do not meet in 5-10% 
of cases, leaving exposed root dentine, a feature 
that may cause unpleasant symptoms with the 
apical migration of the free gingiva in chronic 
periodontal disease. 

Cementogenesis 

Cementoblasts are of mesenchymal origin in the 
tooth germ. As with bone, cementogenesis starts 
with the deposition of an irregular collagenous 
matrix with an interfibrillar matrix, termed cemen-
toid. Progressive mineralization of the matrix begins 
at the cementodentinary junction, and is associated 
with the inclusion of the principal periodontal fibres 
as Sharpey's fibres. Also, with progressive cemen-
tum formation, some of the cementoblasts become 
incorporated in a manner analogous to osteocytes. 

Cementogenesis does not cease with tooth erup-
tion but may continue throughout life, although 
often at miniscule rates. Interestingly, certain 
people, especially female Negroes, have a genetic 
predisposition to hypercementosis.43 Although all 
the teeth may be affected, usually the mandibular 
incisors are predominantly involved, leading to 
ankylosis between tooth roots and adjacent alveolar 
bone. There may also be attempted hypercemento-

sis in areas of root fracture, although there is little 
documentation in this regard. 

Cementum may also undergo résorption, e.g. in 
occlusal trauma, orthodontic therapy,45 pressure 
from adjacent teeth, cysts or tumours, teeth 
without functional antagonists, transplanted or 
replanted teeth, periodontal disease and low-grade 
periapical inflammation. A number of systemic 
factors have also been associated with cémentai 
résorption, including deficiencies of calcium, vita-
min D and vitamin A,47 ,48 in addition to 
hypothyroidism49 and Paget's disease.50 

Periodontal ligament 

The periodontal ligament is the connective tissue 
that connects the tooth root to the adjacent alveolar 
bone. The most important elements are the 
principal periodontal fibres, which comprise col-
lagen bundles arranged in specific groups. The 
terminal portions are inserted into cementum and 
alveolar bone as Sharpey's fibres. 

Principal periodontal fibre groups 

Transeptal fibres 

These fibres are embedded into the cementum of 
adjacent teeth and extend interproximally over the 
alveolar crest. 

Alveolar crest fibres 

These fibres extend obliquely from the cementum 
beneath the junctional epithelium to the alveolar 
crest. 

Horizontal fibres 

These fibres extend at right angles to the long axis of 
the tooth between cementum and alveolar bone. 

Oblique fibres 

This is the largest group of principal periodontal 
fibres, extending from the cementum obliquely to 
the alveolar bone. 

Apical fibres 

The apical group of fibres radiates from the apical 
cementum to the alveolar bone at the base of the 
socket. 

In addition, there are numerous smaller groups of 
collagen fibres that contain blood vessels, nerves 
and lymphatics, as well as elastin51 and oxytalan52 

fibres. 
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Cells of the periodontal ligament 

In addition to fibroblasts, numerous other cell types 
may occur in the periodontal tissues, including 
cementoblasts, osteoblasts, osteoclasts, macro-
phages and strands of epithelial cells termed 
'epithelial rests of Malassez'. These latter form a 
lattice or network and are considered to be derived 
from Hertwig's epithelial root sheath which disinte-
grates during development. These cells remain 
viable and capable of undergoing mitosis if 
irritated.53 In addition to procollagen synthesis,54 

the periodontal ligament fibroblasts have been 
shown to undertake a phagocytic function,55 so that 
these cells may be responsible for the formation and 
replacement of periodontal fibres. 

Periodontal organogenesis 

The periodontal ligament develops from the circular 
connective tissue surrounding the tooth bud.56 This 
dental follicle is continuous with the ectomesen-
chyme of the dental papilla and comprises: 

(1) Undifferentiated fibroblastic cells that give rise 
to fibroblasts, cementoblasts and osteoblasts. 

(2) Undifferentiated perivascular mesenchymal 
cells that also give rise to fibroblasts. 

During tooth eruption and function, the principal 
fibres of the periodontal ligament become more 
regularly arranged and thicker. 

Periodontal vascular supply 

The blood supply of the periodontal ligament is 
derived from: 

(1) Apical vessels entering the periodontal ligament 
at the apical region and extending to the 
gingiva, giving branches to the cementum and 
bone; within the periodontal ligament, this 
vascular network runs closer to the bone than 
cementum. 

(2) Penetrating vessels from the alveolar bone, an 
important contribution to this tissue. 

(3) Anastomosing vessels from the gingiva, derived 
from branches of deep vessels in the lamina 
propria. 

Venous drainage follows a similar course. 
The lymphatic drainage supplements the venous 

drainage system. The lymphatic drainage just 
beneath the junctional epithelium passes into the 
periodontal ligament, to accompany the blood 
vessels to the root apex. From there it passes 
through the alveolar bone, mainly to the subman-
dibular lymph nodes. 

Periodontal innervation 

The periodontal ligament has an abundant sensory 
innervation, particularly touch, pressure, prop-
rioception and pain, via the trigeminal nerve57 as 
both specialized and unspecialized nerve endings. 
The nerves pass into the periodontal ligament from 
the periapical region and through channels in the 
alveolar bone. The nerves generally follow the 
course of the blood vessels. 

Periodontal functions 

Formative 

The periodontal ligament serves as the periosteum 
for cementum and alveolar bone in that the 
component cells participate in the formation and 
résorption of these tissues with orthodontic tooth 
movement, repair following injury and the accom-
modation of occlusal forces. Collagen turnover in 
the periodontal ligament is greatest at the apical and 
crestal regions of the periodontal ligament, whereas 
fibroblastic activity is greatest adjacent to the 
alveolar bone and least at the cémentai aspect.58 

Physical 

The physical functions of the periodontal ligament 
include: 

(1) Transmission of occlusal forces to the alveolar 
bone. 

(2) Attachment of teeth to the jaws. 
(3) Maintenance of gingival tissue location to the 

teeth. 
(4) Shock absorption for occlusal forces. 
(5) Protection of vessels and nerves from mechanic-

al injury during function. 

The tensional theory of tooth support contends 
that the principal periodontal ligament fibres 
primarily function for tooth support and transmis-
sion of forces to the alveolar bone. Certainly, the 
principal periodontal ligament fibres change from a 
wavy to a straight form when forces are applied to 
the tooth crown, and revert to a wavy form when the 
tooth is at rest. An alternative view contends that 
the displacement of a tooth in the alveolar socket is 
controlled by movement of the extracellular fluid, 
with the principal periodontal fibres having but a 
secondary role. A third theory contends that the 
periodontal ligament exhibits the rheological be-
haviour of a thixotropic gel.60 

When a horizontal or tipping force is applied to a 
tooth, the tooth will tend to rotate within the 
confines of the periodontal ligament, with the apical 
region of the root tending to move in an opposite 
direction to the coronal portion.61 In single rooted 
teeth, the axis of rotation is slightly apical to the 
middle one third of the root, which corresponds to 
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the morphology of the periodontal ligament, with its 
narrowest portion in the region of the axis of 
rotation.62 In multirooted teeth, the axis of rotation 
is located in the bone between the roots. Conceiv-
ably, therefore, there are two characteristic phases 
of tooth movement, the first embracing the confines 
of the periodontal ligament and the second resulting 
in displacement of the alveolar bone with increasing 
rotation.63 

Just as the tooth depends on the periodontal 
ligament for support during function, the periodon-
tal ligament depends on stimulation from occlusal 
forces to maintain its structure. Within physiological 
limits, increased function is accommodated by 
increased principal fibre size, Sharpey's fibre 
thickness and number, in addition to increased 
width of the periodontal ligament as a whole. 
Necrosis of the periodontal ligament occurs when 
these forces are exceeded, whereas when function is 
diminished or absent, the periodontal ligament is 
thinned and the component principal fibres become 
disorganized.64 

Sensory and nutritional 

The innervation of the periodontal ligament, in the 
form of proprioception and tactile sensitivity, is 
crucial to the neuromuscular control of masticatory 
function.65,66 In addition, the periodontal ligament 
provides nutrients for the cementum, alveolar bone 
and gingiva by its component blood vessels as well as 
lymphatic drainage. 

Alveolar bone 

The alveolar bone forms and supports the tooth 
sockets. It comprises a thin inner socket wall of 
compact bone, termed the cribriform plate or 
lamina dura, surrounded by cancellous bone and the 
facial and lingual plates of compact bone. The 
cancellous portion of the alveolar bone comprises 
trabeculae, whose form and direction are deter-
mined by occlusal forces.67 The cribriform plate, 
however, contains numerous Sharpey's fibres, again 
their number, size and location being dependent 
upon functional forces. Thus the alveolar bone is a 
dynamic structure, whose detailed morphology is 
largely governed by function. Thus the height and 
thickness of the facial and lingual cortical plates are 
affected by tooth alignment, root angulation and 
occlusal forces. Alveolar bone undergoes constant 
remodelling activity, with bone removed where it is 
no longer needed and added to regions with 
increased demand. Within physiological limits, 
increased tooth function results in forces being 
transmitted via the periodontal ligament to the 
alveolar bone, leading to its increased bone mass. 
By contrast, decreased function, in the form of tooth 

extraction, is associated with progressive alveolar 
bone résorption. 

Periodontal assessment 

The evaluation of clinical signs and dental radio-
graphs are the principal clues for the assessment of 
the periodontal health of an individual. 

Gingival inflammation 

A reddening of the gingivae and bleeding upon 
gentle probing both provide an index of gingival 
inflammation. The assessment of colour is, howev-
er, rather subjective, whereas the degree of bleeding 
on probing is partly dependent upon probing force. 

Soft tissue destruction 

The periodontal probe is the primary tool for 
measuring the depth of the gingival sulcus, although 
variation in the probing force and angulation may 
compromise such assessments. 

Bone destruction 

Dental radiographs are frequently used to assess the 
degree of periodontal support for a tooth, in 
addition to the status of the alveolar bone. Variation 
in angulation, ray direction and film processing may 
compromise their evaluation. 

Crevicular fluid assessment 

Gingival crevicular fluid correlates well with the 
clinical and microscopic assessment of gingivitis, 
although the problems of such fluid collection have 
so far hampered its evaluative potential. 

Plaque analysis 

While micro-organisms in dental plaque are the 
acknowledged culprits in gingivitis and periodontal 
disease, the organisms responsible for the initiation 
or promotion of the disease have yet to be 
discerned. Thus the diagnosis of gingivitis and 
chronic periodontal disease is hampered by a dearth 
of objective assessment criteria. 

Plaque control is not only essential for the patient 
who has had periodontal disease; it is the corner-
stone of all programmes aimed at preventing gum 
disease in the first instance. Mechanical means of 
plaque control are the most common approach, 
aimed at the non-selective removal of plaque from 
all tooth surfaces. Such measures include the use of 
the tooth brush, tooth pick, dental floss and 
irrigational devices, although chemical agents in the 
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form of antibiotics and antimicrobials (e.g. chlorhe-
xidine, cetylpyridinium chloride (CPC) , domiphen 
bromide (DB) and cetyl t r imethylammonium chlor-
ide (CTAB)) have proved effective in some 
instances. Dietary substitutes and additives (e.g. 
xylitol and sorbitol in place of sucrose) can reduce 
plaque activity. However , effective prevention and 
t rea tment of per iodontal and gingival disease is 
presently curtailed, not only by the lack of 
understanding of the basic physiology of the 
supporting tissues as a whole , but also of the 
causative factors of these diseases and the resulting 
host responses. 

Conclusions 

As will be evident from Chapte r 10, the periodontal 
ligament is a complex entity, which is intimately 
associated with the health of the gingival and 
alveolar bone support ing tissues. Fur ther informa-
tion on the structure and function of the normal 
supporting tissues is, however, required before we 
can fully unders tand the disease processes. 

Review questions 

1. How do the vascular systems of the gingiva, 
per iodontal l igament and alveolar bone com-
municate with one another? 

2. Describe the clinical methods for the assessment 
of the periodontal health of a tooth . 

3. Why do gingivitis and periodontal disease start in 
the gingival sulcus? 

4. What is the role of the various component 
periodontal l igament fibres in the support of the 
tooth in the alveolar socket? 

5. What is the origin of gingival fluid? 
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Introduction 

The oral cavity harbours a large diverse microbial 
population. This population originates from micro-
organisms in the air, water, food and other 
environmental segments that regularly come into 
contact with the oral cavity. The majority of these 
micro-organisms are rapidly eliminated by the host 
defence mechanisms. Alternatively, they may not 
survive the hostile oral environment. Some species 
colonize one or more regions of the oral cavity 
(econiches), however, to become established as the 
oral flora. Most of the micro-organisms that 
successfully colonize the mouth are acquired directly 
from other individuals, rather than the environment 
as a whole. 

The oral environment is unique, comprising both 
mineralized and epithelial tissues. These tissues, 
together with a constant salivary flow, provide a 
variety of econiches for microbial colonization. This 
diverse and dynamic oral flora comprises species 
(opportunistic pathogens) that are also capable of 
causing disease if the host defence mechanisms 
become impaired. For instance, dental caries and 
periodontal disease are infectious diseases that 
result from excessive normal oral microbial accu-
mulation exceeding the capacity of the host defence 
mechanisms to cope with the insult. Alternatively, 

Stages of periodontal disease 
Host defence mechanisms 
Calculus 
Conclusions 
Review questions 
References 

endogenous infections may arise when component 
members of the normal oral flora are introduced 
into tissues to which they normally have no access, 
e.g. subacute bacterial endocarditis may result from 
an oral flora bacteraemia leading to permanent 
heart valve impairment and sometimes death. 

Oral microflora 

The cheeks, lips, palate and tongue comprise 
relatively aerobic epithelial surfaces, bathed in 
saliva and exposed intermittently to dietary nut-
rients. Similarly, the buccal and lingual tooth 
surfaces are also relatively smooth aerobic surfaces 
bathed in saliva. The interproximal tooth surfaces, 
along with the occlusal pits and fissures, exhibit 
similar environments, apart from the absence of the 
natural salivary cleansing activities, i.e. micro-
organisms tend to accumulate at these sites. The 
gingival sulcus presents a rather unique environ-
ment: 

(1) The tissues are bathed by gingival (crevicular) 
fluid whose composition differs from that of 
saliva. 

(2) The micro-organisms of the gingival sulcus are 
not subjected to salivary lavage. 

93 
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Interestingly, the saliva itself may comprise an 
intraoral econiche, although its constituent micro-
bial population generally originates from other oral 
surfaces (econiches). 

Oral bacterial colonization begins at, or shortly 
after, birth, and proceeds discontinuously until 5-6 
years of age. The composition then generally 
remains relatively stable until adulthood, except for 
a few nutritionally fastidious anaerobes, e.g. spir-
ochaetes, Bacteroides melaninogenicus. The varia-
tion in number and species of micro-organisms that 
can be isolated from analogous sites at different time 
periods,1 however, attests to the dynamic nature of 
the oral environment. Such environmental varia-
tions, in part, reflect: 

(1) Changes in the host (e.g. tooth eruption or 
exfoliation, dietary or nutritional changes, 
dental treatment or xerostomia). 

(2) Metabolic activity of the established oral flora. 
For example: 
(a) toxic microbial metabolic end-product pro-
duction and removal; 
(b) depletion of nutrients essential for microbial 
retention; 
(c) biosynthesis of substances required for the 
growth of other species. 

The oral econiches therefore undergo constant 
flux which is reflected in their variable microbial 
composition.2 There are, however, some general 
overall trends. For instance, Streptococcus salivarius 
tends to predominate on the dorsal surface of the 
tongue, whereas S. sanguis, and S. mutans accumu-
late on the occlusal tooth surfaces.3 Gram-positive 
filamentous bacteria tend to be distributed through-
out the mouth, but are especially numerous on the 
tooth surfaces. Bacteroides melaninogenicus, vibrios 
and spirochaetes are most frequently isolated from 
the gingival sulcus. The gingival sulcus comprises a 
unique environment that is not only protected from 
the normal oral cleansing mechanisms but also 
contains gingival fluid with a high protein 
concentration.4'5 The relatively low gingival fluid 
oxygen concentration6 and oxidation-reduction 
potential7 facilitates anaerobic microbial growth.7'8 

Effect of oral flora on the host 
The presence, growth and reproduction of the 
normal oral microflora have both beneficial and 
detrimental effects. These interactions reflect, in 
part, functional host defence activity and the oral 
microbial burden. 

The normal oral microflora comprise opportunists 
exhibiting three types of host parasite interaction. 

Mutualism 

Mutualism occurs when the host provides a suitable 
environment for microbial growth and reproduc-
tion, and the host receives some beneficial pro-
duces) in exchange. For example, vitamin K is 
synthesized by the coliform gastrointestinal bacter-
ia, so in return the host receives a vitamin for 
prothrombin formation which would otherwise have 
been entirely dietary in origin. 

Commensualism 

Commensualism is a relationship in which neither 
host nor parasite is harmed, although either the 
parasite or host generally receives most benefit. 

Parasitism 

Parasitism is a host-parasite relationship detrimen-
tal to the host in the form of a disease. 

The normal oral microbial flora has both detri-
mental and beneficial effects on the host, and these 
may vary depending on the microbial burden and 
functional host defence activity. The detrimental 
effects of the normal oral microflora on the host may 
be summarized as follows: 

(1) Provide a source of endogenous infection when 
the host defence mechanisms are impaired, e.g. 
when poor oral hygiene results in excessive 
microbial overload. 

(2) Predispose the host to an infection by an 
exogenous pathogen that could not itself other-
wise have become established in the normal oral 
flora, e.g. by changing the local physical 
environment to facilitate exogenous microbial 
survival.9 

(3) Host sensitization to oral microbial antigens, 
leading to an accentuated response to subse-
quent specific antigenic encounters. 

The beneficial effects of the normal oral flora on 
the host include: 

(1) Disease prevention by bacterial antagonism, 
nutrient competition, and/or inhibitory sub-
stance production, e.g. mucosal candidal 
overgrowth is often associated with antibiotic 
therapy-induced reduced oral microbial species. 

(2) Host immune response stimulation. 
(3) Essential nutrients provision required by the 

host, e.g. biotin, pathonate, pyridoxine, ribofla-
vin and vitamin K, may be partly microbial in 
origin. 

(4) Enhancement of renewal and maturation rates 
of host gastrointestinal epithelium. 

The variability of the oral microflora is partly a 
reflection of the plethora of oral econiches. The 
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intraoral temperature and pH are relatively stable at 
37°C and 7 respectively, along with the general 
physical and nutritional environment. There are, 
however, detailed environmental differences be-
tween the component econiches of the oral cavity. 
These are associated with qualitative and quantita-
tive variations in their respective resident micro-
floras. 

When exogenous micro-organisms enter the oral 
cavity, they first make contact with saliva and then 
colonize the various oral surfaces (Table 10.1). If 

Table 10.1 Colonization criteria 

Criterion Factors 

Adherence Adsorption 
Contact 
Dose 
Frequency of exposure 

Retention Accumulation 
Adaptation 
Growth 
Reproduction 

one of these surfaces cannot be colonized, then the 
particular micro-organism will be eliminated by 
swallowing. Adherence is therefore the first neces-
sary prerequisite for microbial colonization. Adher-
ence depends on a number of factors: 

(1) Contact: contact between host and micro-
organism must be sufficiently close for interac-
tions to occur. 

(2) Dose: a certain number of micro-organisms are 
required for colonization, e.g. Streptococcus 
mutatis requires more cells to become adsorbed 
onto enamel than S. sanguis.10 

(3) Frequency of exposure: this may influence the 
initial or subsequent colonization of certain 
microbial species. 

(4) Adsorption: bacteria adsorb directly on the 
acquired pellicle, comprising salivary glycopro-
tein, rather than the actual surface of enamel.11 

Subsequent microbial survival then depends on 
their adaptive capacity to both the particular 
econiche and to changes in such a niche. Changes in 
such econiches may result from a variety of factors 
including host defence products, microbial competi-
tion and changes resulting from their component 
microbial growth. Microbial succession is the term 
used to describe new microbial species superseding 
others, reflecting adaptive failure of the original 
flora. Subsequent oral microbial retention then 
depends on four intimately related factors: adapta-
tion; growth; reproduction and accumulation. 

The different intra-oral distributions of the 
various microbial genera suggest that microbial 
adsorption to the various oral surfaces (econiches) 
involve one of two specific mechanisms:2 

(1) Oral micro-organisms may possess specific 
receptor sites on their cell surfaces or on their 
fibrillar appendages extending from the cell 
surfaces. These must then match up to com-
plementary receptor sites on the colonized 
surface.13 Such microbial receptor sites appear 
to be sensitive to proteolytic enzymatic degrada-
tion, whereas the complementary host receptor 
sites appear to be sensitive to Upases.14 Whether 
these latter occur on both oral mucosal cells 
and/or acquired pellicle has yet to be 
confirmed.1*'16 

(2) There may be electrostatic interactions between 
the oral microflora and host tissues,17 possibly 
involving calcium ions or hydrogen bonds 
bridging between negative charges on the 
acquired pellicle and microbial lipoteichoic 
acids. 

These two theories may not be mutually exclu-
sive, however, in that electrostatic attraction may be 
responsible for initial colonization, with specific 
receptor sites being involved in mature colonization. 

The oral micro-organisms do not occur as discrete 
isolated entities but tend to aggregate together in 
varying clusters or colonies. Such microbial aggrega-
tion is mediated by a number of factors, including: 

(1) Salivary components, e.g. oral streptococci 
agglutinate in the presence of secretory im-
munoglobulin A (slgA) and high-molecular 
weight salivary mucoproteins.18 

(2) Associations between specific receptor sites on 
oral microbial surfaces.19,20 

(3) Microbial polymers, e.g. glucan-induced S. 
mutans agglutination. 

There may also be other symbiotic and antagonis-
tic associations between the constituent oral micro-
bial flora, although such relationships have yet to be 
fully determined. As a result, the dental plaque is 
very complex and contains a wide variety of 
micro-organisms, including those with little or no 
specific affinity for the true host oral surfaces but 
colonizing on the pre-existing flora. 

Following adsorption on to either an oral surface 
or other micro-organisms, their subsequent reten-
tion depends on continued metabolic and biosynthe-
tic activity.13 Only those species that can adjust their 
growth requirements to changing environmental 
conditions in a particular oral econiche are retained. 
Thus, the vast majority are quickly desorbed and 
eliminated by salivary lavage or epithelial cell 
desquammation.13 Subsequent microbial growth will 
also depend on a variety of other factors, including: 

(1) The diet of the host providing sufficient 
microbial nutrients.3 

(2) Host-derived nutrients present in desquam-
mated epithelial cells, gingival fluid and 
saliva.4'5 

https://t.me/DentalBooksWorld



96 Dental plaque 

(3) Microbial interaction whereby the nutritional 
requirements of one microbial species are 
partially satisfied by metabolites and end-
products of other oral species. 

Each micro-organism colonizing a specific oral 
econiche alters the immediate chemical and physical 
environment by its own metabolism. The particular 
econiche may also be altered by the temperature, 
pH, oxidation-reduction potential and quality and 
quantity of gases. For example, a low pH caused by 
high acid concentrations may result in microbial 
shifts from an acidogenic to an aciduric flora, e.g. 
from streptococci to lactobacilli. 

The environment of a particular econiche may 
also be affected by host-derived factors. For 
instance, acquired pellicle salivary glycoproteins16 

and salivary immunoglobulins (especially slgA) may 
inhibit initial microbial colonization of specific oral 
econiches. For example, slgA may combine with 
receptor sites on microbial surfaces, although the 
oral flora may circumvent such host defence 
mechanisms by altering their antigenic composition. 
Colonization may also be impeded by continual 
epithelial desquammation, in addition to the saliv-
ary lysozyme and lactoperoxidase-thiocyanate-
hydrogen peroxide system.3 Also, hydrogen perox-
ide, volatile fatty acids and protein toxins (bacter-
iocins) from other micro-organisms may inhibit 
microbial growth. The role of auto-inhibition 
wherein the oral floras liberate substances that 
control their own growth and survival has yet to be 
fully investigated. 

The plaque microbial composition therefore 
undergoes constant flux, although there are some 
more retentive areas than others, e.g. occlusal 
fissures and pits, interproximal areas and the 
gingival sulcus. A more stable oral flora is 
established in such retentive areas. 

Dental plaque 

Dental plaque comprises a soft non-mineralized 
deposit of micro-organisms embedded in an adhe-
sive glycoprotein and extracellular microbial polym-
er matrix. It is deposited on both the surface of the 
teeth and intra-oral prostheses. Dental caries and 
periodontal disease follow dental plaque accumula-
tion, although both diseases are preventable by 
thorough and meticulous oral hygiene. 

On initial eruption, the teeth are plaque free. 
Subsequently a salivary-derived glycoprotein film is 
deposited on their exposed surfaces. This is 
subsequently colonized by the oral flora. As more 
micro-organisms are adsorbed and retained on the 
tooth surface, the microbial colonies fuse together 
to form mature plaque. Muture dental plaque 
comprises approximately 80% water and 20% 

solids.21 The major organic components comprise 
proteins (40-50%), carbohydrates (13-18%) and 
lipids (10-14%).22 

The protein is both microbial and host in origin, 
the former comprising hyaluronidase and proteases, 
whereas host-derived salivary and gingival fluid 
proteins include slgA, IgG, albumin, amylase and 
lysozyme. Plaque carbohydrates are mostly of 
microbial origin, including glucans produced by 
Streptococcus mutans. With patients consuming 
diets containing large quantities of sucrose, this 
facilitates microbial aggregation and surface col-
onization. In addition to such adhesive polymers, 
some oral micro-organisms synthesize extracellular 
levans. These may furnish sources of fermentable 
carbohydrates for micro-organisms embedded deep 
within the plaque.23 Plaque microbial nutrition may 
also be augmented by salivary glycoprotein degrada-
tion. 

The pathogenicity of dental plaque is dependent 
upon both the quality and quantity of its component 
microbial flora.24 Early plaque comprises mainly 
Gram-positive cocci but this gradually gives way to a 
more filamentous Gram-positive flora. Subsequent-
ly plaque matures to contain a very complex 
microflora comprising a high proportion of Gram-
negative micro-organisms. Once this climax com-
munity is established, it remains relatively stable 
unless there is a sudden environmental change. 

The plaque microflora may elaborate a series of 
carbohydrate and protein catabolic products that 
can directly or indirectly cause dental carious or 
periodontal lesions to develop. For instance, 
plaque-derived lactic acid may result in enamel 
dissolution and cavity formation. Alternatively, the 
host defence mechanisms may be stimulated by 
plaque-derived products which indirectly result in 
periodontal disease. 

Dental caries 

Dental plaque develops on the tooth surface as the 
result of the succession of microbial populations 
which leads to a microbial community. The com-
position of this community will depend on two main 
factors: 

(1) The ability of micro-organisms to colonize 
either the acquired pellicle covering enamel 
surfaces or other micro-organisms that have 
previously colonized the tooth surfaces. 

(2) The ability of micro-organisms to grow on the 
surface in competition with the other members 
of the community. 

Micro-organisms can be successful within the 
dental plaque community when they have special 
characteristics which either enable them to suppress 
their competitors, e.g. bacteriocins, or allow them 
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to take advantage of an environmental feature, e.g. 
acidogenicity. In some situations one species may 
have such an advantage that it becomes a major 
component of the community in an econiche. This is 
termed dominance of one microbial species over 
others. The pathogenic potential of a species may be 
more obviously expressed when it is dominant than 
when it comprises a minor component of the 
community. In achieving dominance, the species 
may cause a reduction of, or even eliminate, other 
members of the community. 

The species (or group of species) Streptococcus 
mutatis is undoubtedly the most significant carioge-
nic micro-organism in the mouth. The genus 
Lactobacillus also has a significant cariogenic role, 
together with other micro-organisms to a lesser 
extent. Microbial dominance by itself may not 
necessarily be sufficient to cause a carious lesion; 
environmental factors also play a major role in the 
carious process, independent of micro-organisms. 

Thus dental caries appears to be initiated by acid 
fermentation products, formed by plaque micro-
organisms from dietary carbohydrates. The resul-
tant acid demineralization of the enamel leads to the 
characteristic 'white spot' formation on the outer 
enamel surface. Such a spot frequently occurs on the 
approximal tooth surface. The subsequent fate of 
such an enamel white spot is that it may subsequent-
ly lead to cavity formation on the enamel surface, or 
it may be remineralized following plaque removal, 
rather than lead to cavity formation. The carious 
process is in fact very complex, being also influenced 
by two groups of host-associated factors: artificial 
and genetic. 

Artificial factors 

(1) Oral hygiene practice. 
(2) Dietary consistency and composition (diets 

containing organically-bound or inorganic phos-
phates may reduce the incidence of caries, along 
with trace dietary molybdenum and vanadium) ; 
increasing the proportion of dietary fat may 
reduce the cariogenic effect of sugars, possibly 
by physical effect. 

(3) Mouth breathing. 
(4) Antibiotic therapy. 
(5) Xerostomia. 

Genetic factors 

(1) Tooth morphology, including enamel composi-
tion, solubility and enamel fluoride composi-
tion; enamel hypoplasia or hypomineralization; 
deep occlusal fissures, pits. 

(2) Dental overcrowding within the arch predispos-
ing to plaque accumulation or inhibiting effec-
tive oral hygiene measures. 

(3) Salivary composition including the presence of 
antimicrobial agents such as urea and lysozy-
mes, buffering capacity, viscosity and flow rate. 

(4) Immune host defence mechanisms. 

The phenomena of microbial adherence and 
retention are important to dental caries, with some 
micro-organisms contributing to the retention of 
other non-adherent species or strains.25 A pH lower 
than 5.5 at the tooth surface will result in enamel 
demineralization and such a critical pH may occur 
within 5 minutes following glucose exposure.26 In 
the presence of dental plaque, acids formed by 
microbial carbohydrate metabolism accumulate 
more rapidly than they can be neutralized, further 
metabolized or removed by diffusion. In addition to 
causing enamel demineralization, acids may also 
facilitate further microbial adhesion to the tooth 
surface.27 In fact, the acidogenic capacity of the 
dental plaque varies, depending on the component 
microbial flora in addition to dietary composition. 

The plaque microflora varies between different 
sites of the mouth and even between different 
locations on a tooth. This suggests that a degree of 
microbial specificity may be involved in the aetiolo-
gy of different forms of carious lesions. For instance, 
root surface caries is predominantly associated with 
Actinomyces,28 whereas deep dentinal caries shows 
a predominance of Lactobacillus organisms, along 
with several other species of Gram-positive rods and 
filaments and sometimes Gram-positive cocci.29 The 
extent of the microbial aetiology of carious lesions 
is, however, beyond the scope of this chapter, and 
the reader is referred to Nolte,30 Newbrun31 and 
Menaker.32 It is sufficient to state that the carious 
lesions may be classified by site of attack into: 

(1) Pit or fissure caries that primarily affects the 
occlusal surfaces of molar and bicuspid teeth 
and the lingual surface of the maxillary incisors. 

(2) Smooth surface caries that occurs on the 
proximal surfaces and gingival third of the 
buccal and lingual surfaces. 

(3) Cémentai (root) caries that occurs following 
cémentai exposure associated with chronic 
periodontal disease. 

(4) Recurrent caries that occurs at the margin or 
base of previously existing restorations. 

Alternatively, carious lesions may be classified by 
the rate of progression into the following: 

(1) Acute (rampant) caries, whereby there is rapid 
caries even on those tooth surfaces that are 
normally immune to such lesions: the rapid 
coronal destruction leads to early pulp involve-
ment. 

(2) Chronic (slowly progressive) caries: this slow 
carious progression allows time for dentinal 
sclerosis and secondary dentine formation. 
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(3) Arrested caries, whereby enamel or dentinal 
caries shows little or no tendency for progres-
sion. 

The concentrated localization of micro-organisms 
on the tooth surface results in the placement of a 
large amount of metabolic potential at sites where 
interactions with ingested substrates can readily 
occur. In the anaerobic environment of plaque, the 
fermentative capacity of the micro-organisms is not 
only localized but very efficient in converting dietary 
carbohydrates to acidic metabolic end-products. 
Thus, plaque has the capacity to convert carbohy-
drates to acids very rapidly. This leads to a sudden 
drop in pH. As the plaque pH falls, a concentration 
of acid will eventually be reached that will cause 
demineralization of enamel adjacent to the plaque. 
This critical pH is somewhere in the range of pH 
6.0-5.0, although this value may vary between 
different tooth surfaces depending on the complex-
ity of local factors. The production of acid by dental 
plaque favours the survival of certain oral microflora 
and the elimination of others. With the passage of 
time and repeated rounds of acid production, a 
highly acidogenic and aciduric microbial population 
is selected. This may dominate the mature plaque 
microbial community in some patients. Thus Strep-
tococcus mutans and Lactobacillus have been 
implicated as the predominant cariogenic micro-
organisms, and assays of these micro-organisms may 
soon be used to indicate the future caries potential 
of a particular patient. 

The reader is referred to standard textbooks of 
oral pathology for the pathology of the carious 
process in enamel, dentine and cementum. 

Periodontal disease 

Table 10.3 Specific bacteria associated with various forms 
of periodontal disease 

Periodontal disease Micro-organism (s) 

Adult periodontitis 
Localized juvenile 
periodontitis 
(periodontosis) 
Periodontitis in juvenile 
diabetics 

Periodontitis in granulo-
cytopenic hosts 
Gingivitis in pregnancy 
Acute necrotizing 
ulcerative gingivitis 

Bacteroides gingivalis 
Actinobacillus 
actinomycetemcomitans, 
Capnocytophaga 
Capnocytophaga, 
Actinobacillus 
actinomycetemcomitans 
Capnocytophaga 

Bacteroides intermedius 
Bacteroides intermedius, 
intermediate-sized 
spirochaetes 

loosening and exfoliation. There are therefore many 
forms of periodontal disease, although there is much 
confusion caused by their varying forms of classifica-
tion (Table 10.3). These classifications are beyond 
the scope of this book. From an oral physiological 
viewpoint, periodontal diseases may be categorized 
thus: 

(1) Acute and chronic gingivitis. 
(2) Acute necrotizing ulcerative gingivitis 

(ANUG). 
(3) Adult chronic or rapidly destructive periodon-

titis. 
(4) Adult generalized and localized juvenile 

periodontitis (periodontosis). 

It is firmly established that supragingival plaque 
causes gingivitis and that the active pathogenic agent 
in dental plaque is microbial in origin (Tables 
10.4-10.6). Although plaque formation in man is 

Periodontal disease is a collective term. It embraces 
a number of pathological (mainly inflammatory) 
states of the cementum, gingiva, periodontal liga-
ment and alveolar bone (Table 10.2). Inflammatory 
destruction of these tissues ultimately leads to tooth 

Table 10.2 Classification of periodontal inflammatory 
lesions 

Lesion Classification 

Gingivitis Acute 
Chronic 
Acute necrotizing ulcerative 

Periodontitis Adult 
Chronic 
Rapidly destructive 

Adolescent 
Generalized 
Localized juvenile (periodontosis) 

Table 10.4 Characteristics of subgingival plaque 

Sub gingival plaque Characteristics 

Attached zone Gram-positive microflora 
Not extended to junctional 
epithelium 
Not in contact with gingival sulcular 
epithelium 
Periodontopathic microbial content 
Associated with calculus formation 
areas 
Root surface caries 
Continuous with supragingival 
plaque 

Unattached zone Gram-negative microflora 
In contact with gingival sulcular and 
junctional epithelia 
Periodontopathic microbial content 
The 'advancing front' of the 
periodontal lesion 
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Table 10.5 Effect of subgingival products 

Microbial product Effect 

Hydrolytic enzymes 
Collagenase 
Proteases 
Hyaluronidase 
Fibrinolysin 
Chondroitin 
sulphatase 

Pathological alterations of 
periodontal tissues 

Bacterial envelope components 
Endotoxin Complement activation, 

inflammation 
Mucopeptides 

Lipoteichoic acids 

Capsules 

Metabolic end-produ 
Organic acids 
Hydrogen 
sulphide 
Indole 
Ammonia 

Toxins 
Leucotoxin 

Antineutrophil 
factor 

Complement activation, 
inflammation hypersensitivity 
Hypersensitivity, stimulation of 
bone résorption, inflammation 
Inhibition of phagocytosis, 
facilitation of adherence 

cts 

• Toxic to gingival tissue cells 

Cytolytic for neutrophils and 
monocytes 
Dysfunctions in neutrophil 
chemotaxis 

ubiquitous, there are strong indications that micro-
bial colonization of teeth and gingivae is characte-
rized by a certain degree of selectivity, and the 
establishment of particular microbial species is 
associated with different periodontal disease states. 
Thus, the microflora of subgingival plaque associ-
ated with chronic gingivitis differs from the micro-
bial composition of plaque associated with gingiva in 
health. The supragingival plaques associated with 
slow-developing loss of periodontal attachment and 
periodontal pocket formation are significantly diffe-
rent from the supragingival varieties of plaque. All 
supragingival plaques have been found to elicit 
inflammatory reactions in the gingiva. There is, 
however, ample evidence to show that absence of 
plaque is consistent with gingival health and a 
reduction of dental plaque may be associated with a 
reduction of gingivitis. Thus good oral care, 

combined with professional cleaning and/or the use 
of antimicrobial compounds, can control dental 
plaque and therefore prevent periodontal disease. 

Generally, the initial gingival lesion is confined to 
the tissues of the marginal gingiva and does not 
involve the periodontal ligament or alveolar bone. 
Gingivitis, therefore, represents the initial (and 
often reversible) clinical stage in the development of 
a periodontal lesion. Progressive destruction of 
connective tissue and alveolar bone only occurs in 
areas exhibiting overt gingivitis. This does not 
suggest that all gingivitis proceeds to periodontitis. 
In fact, in some cases, long-standing inflamed 
gingiva may be quite compatible with the normal 
maintenance of periodontal attachment and alveolar 
bone levels. The questions to be asked therefore 
include: 

(1) Why do some gingival lesions progress to 
advanced lesions, and others do not? 

(2) What are the microbial and/or host mechanisms 
responsible for the progression of the periodon-
tal lesion during adult life? 

(3) What factors determine the progression and 
remission of gingivitis and periodontal disease? 

The multifactorial aetiology of periodontal dis-
ease involves an interaction between the periodontal 
microflora and the defence mechanisms of the host, 
albeit modified by certain predisposing conditions. 
The primary aetiological agent for all forms of 
periodontal disease centres on the subgingival 
microflora, which is derived from the dental plaque. 
These micro-organisms produce lytic enzymes, 
metabolic end-products and antigenic components 
that are either potentially harmful or initiate 
damage to the periodontium.33 Thus micro-
organisms in the dental plaque, which accumulate at 
the gingival margin, cause the early forms of 
gingivitis and also possibly slow-moving periodonti-
tis, although unusual forms of gingivitis and rapidly 
advancing forms of periodontal disease are probably 
associated with specific micro-organisms (or com-
binations of micro-organisms) found mainly in the 
subgingival microflora. In fact, a number of diseases 
of the periodontium have been associated with a 
specific microbial aetiology.34'35 Many of the speci-
fic micro-organisms associated with periodontal 
disease are Gram-negative anaerobes, which cause 

Table 10.6 Contrasts between subgingival and supragingival plaques 

Property Subgingival plaque Supragingival plaque 

Cleansing 
Retention 
Metabolism 
Environment 
Motile micro-organisms 
Host defences 

None 
Mechanical 
Carbohydrate and protein 
Facultative and anaerobic 
Many 
Crevicular fluid 

Saliva and abrasion 
Attachment 
Mostly carbohydrate 
Aerobic and facultative 
Few 
Saliva 
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periodontal destruction. These micro-organisms are 
also virulent when they enter the body and affect 
tissues other than the periodontal tissues, e.g. 
Actinobacillus actinomycetemcomitans has been 
associated with subacute bacterial endocarditis and 

Table 10.7 Host responses operative in the pathogenesis of 
periodontal diseases 

Disease stage Host factors 

Colonization Antibody-mediated inhibition of 
adherence; slgA, and gingival fluid 
antibodies prevent adherence and co-
adherence 

Invasion Neutrophil chemotaxis, phagocytosis, 
and bactericidal activity, with opsonic 
effects of antibody protect against 
periodontal infections. Macrophage 
bactericidal activity and extracellular 
killing may also be protective 

Destruction (1) Toxic effects on tissues of 
lymphocytes and macrophages 
exerted via lymphokines and toxic 
macrophage products such as 
collagenase and reactive oxygen 
species 

(2) Direct toxic effects of bacteria 
controlled by antibodies which 
neutralize toxins and enzymes 

Healing (1) Lymphocytes and macrophages 
produce fibroblast chemotactic 
factors and fibroblast activating 
factors which result in repair of 
connective tissue and epithelium 

(2) Bacteria and bacterial products 
removed by phagocytes 

brain abscesses; Bacteroides gingivalis may cause 
brain and lung abscesses in addition to dissecting 
infections of the head and neck. This means that the 
host defence mechanisms must usually be very 
effective in localizing and confining these potentially 
serious pathogens to the periodontal tissues, pre-
venting their spreading to other areas of the body 
where they may cause fulminating and possibly fatal 
infections. The result of these host responses is often 
the localized destruction of the gingiva and alveolar 
bone support, which together are termed periodon-
tal disease. The net effect of such host responses to 
the organisms causing periodontal infections is, 
however, protection from serious systemic infection 
with these organisms. 

Stages of periodontal disease 

Recent research data and investigation has led to the 
categorization of several stages of periodontal 
disease.34'35 These stages are, however, not discrete 
entities but merge one with another. Also the time 
sequence of each of these stages is complex. 
Microbial colonization must precede all other stages 
but microbial tissue invasion and tissue destruction 
may occur together. Microbial tissue invasion may 
be transient, immediately preceding the tissue 
destructive phase. Alternatively, tissue invasion 
may be continuous, resulting in progressive 
periodontal destruction. The healing stage is, 
however, distinct from microbial colonization and 
tissue invasion, and terminates tissue destruction. 
Such complex changes may be occurring at different 
stages, even in the periodontium of a single tooth 
{Tables 10.7,10.8). 

Table 10.8 Components of the immune system affecting periodontal infections 

System Main function(s) in 
periodontal diseases 

Cells Humoral 
components 

Mediators 

Secretory immune 

Neutrophil-
antibody-
complement 

Lymphocyte-
macrophage-
lymphokine 

Reduce bacterial 
colonization of 
mucosal surfaces 

Bacterial, also 
secretory, producing 
extracellular 
enzymes and 
reactive oxygen 
species 
Tissue destruction 

Mucosal-associated 
lymphoid tissues 
(eg. Peyer's Patch) 
and local IgA-
plasma cells 
Neutrophils 

T and B effector 
cells, macrophages 
and monocytes 

Secretory 
antibodies, mainly 
slgA 

IgG antibodies, 
complement, 
especially C3 

Bactericidal activity, 
mediated by reactive 
oxygen species, and 
granule components 

Lymphokines (LT, OAF, 
11,12), macrophage 
enzymes (eg. 
collagenase), and reactive 
oxygen species 
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Colonization 
A salivary pellicle is initially deposited on to the 
enamel or cémentai surface, which soon becomes 
colonized by micro-organisms, e.g. Streptococcus 
sanguis binds both specifically and non-specifically 
to the pellicle-coated surface by adherence. Also, 
other micro-organisms bind to these initial plaque 
forms by co-adherence. Co-adherence may be: 
(1) Intergenic, in which cells of different microbial 

species bind to one another. 
(2) Intragenic, in which cells of the same genus or 

species bind to each other. 
Once attached to the tooth surface, organisms 

proliferate apically, reflecting both microbial growth 
and apical migration. The gingival fluid contains 
growth factors, which: 
(1) Facilitate microbial development and chemotac-

tic factors. 
(2) Direct micro-organisms to migrate into the 

gingival crevice or periodontal pocket, e.g. 
spirochaetes. 

The micro-organisms' motility also contributes to 
their migration down the side of the tooth, e.g. 
gliding action of Capnocytophaga or the flagella of 
anaerobic vibrios. 

Invasion 

In this stage, either the whole organism and/or its 
products invade the gingiva through the sulcus or 
periodontal pocket epithelium and pass to the 
adjacent connective tissues, including alveolar 
bone.36,37 Such invasion implies that microbial 
antigens must penetrate or adhere to the tissues, 
thereby stimulating an immune response. Indeed, 
the connective tissues underlying the gingival 
crevice and pocket epithelium exhibit a marked 
inflammatory cell migration, further disrupting their 
normal histological appearance. Since these micro-
bial antigens penetrate the tissue, it is likely that 
other molecules, e.g. collagenase and endotoxins, 
also penetrate the gingival and pocket epithelium, 
conceivably as a consequence of epithelial disrup-
tion and ulcération. 

Destruction 

Once the micro-organisms and/or their products 
have penetrated the gingival crevicular epithelium, 
further tissue destruction occurs. Such tissue des-
truction may result from: 
(1) Direct microbial toxic effects due to: 

(a) exotoxins; 
(b) endotoxins; 
(c) histolytic enzymes, e.g. collagenase. 

(2) Indirect (host-mediated) effects due to: 
(a) endotoxin-triggering of macrophages to 
produce collagenases; 
(b) endotoxin-triggering of cellular immune 
responses to release lymphokines, e.g. lympho-
toxin kills fibroblasts. 

Healing 

At the same time that tissue destruction is occurring 
in the subepithelial gingival crevicular tissues, there 
is also inflammatory resolution and periodontal 
tissue healing. 

Characteristically, healing and destruction occur 
simultaneously. This is reflected by periodontal 
disease being characterized by periods of remission 
and exacerbation. Periods of remission are characte-
rized by the reduction of inflammation, the restora-
tion of gingival collagenous tissues and fibrosis 
(scarring) of the subepithelial tissues. These periods 
of exacerbation and remission reflect the dynamic 
balance between the microbial burden and the host 
defence mechanisms. 

Host defence mechanisms 

One of the major components of the host defence 
mechanisms in periodontal disease centres on the 
immune system. In fact, the following components 
of the immune system are implicated. 

Secretory immune system 

The secretory immune system comprises mucosal 
associated lymphoid tissues (e.g. local IgA-
containing tissue, Peyer's patches), with the Ig A 
antibodies comprising prominent antibodies in the 
secretions which bathe the mucosal surfaces. 

In the microbial colonization stage, antibody-
mediated inhibition of adherence may play a role in 
influencing the microbial content of both dental 
plaque and the subgingival microflora. Initially, 
such defence mechanisms may centre around slgA 
antibodies from saliva, although serum-derived and 
gingival crevicular fluid antibodies may subsequent-
ly influence the gingival microflora. Such antibody 
activity may include disruption of colonization, 
microbial aggregation or enhancement of microbial 
phagocytosis. 

Neutrophil-antibody-complement system 

The neutrophil-antibody-complement system com-
prises phagocytic blood and tissue polymorphonuc-
lear leucocytes (PMNs) which are not only highly 
motile but also migrate in large numbers from the 
gingival blood vessels, through the gingival connec-
tive tissues and epithelium into the gingival crevice 
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or periodontal pockets, and so to the oral cavity. In 
fact, the majority of the cells of crevicular fluid 
comprise PMNs and these serve as powerful host 
defence mechanisms to combat the colonization and 
invasion by the oral microbial flora. The PMNs do 
not work in isolation, however, but in concert with 
IgG or IgM antibodies and complement. The IgG 
antibody coats the micro-organism, and the IgG-
coated micro-organism then binds to PMN surface 
receptors for the Fc portion of the IgG to enhance 
phagocytosis. IgM, and to some extent IgG, 
antibodies may also coat the micro-organisms. 
When this occurs, the coated micro-organisms bind 
components of the complement system, particularly 
the third component. The result is enhanced 
phagocytosis of the complement-coated micro-
organism, compared with phagocytosis of the 
non-coated micro-organism. Once the micro-
organism has been phagocytosed by the PMN it can 
be killed by: 

(1) Oxidative mechanisms: these involve reactive 
oxygen species, e.g. hydrogen peroxide, super-
oxide ion, hydroxyl radicals. (Catalase pro-
duced by either the micro-organisms or PMNs 
inhibit the peroxide effects, whereas myelopero-
xidase may enhance hydrogen peroxide micro-
bial lysis in the presence of chloride.) 

(2) Non-oxidative mechanisms: these important 
mechanisms result from PMN-derived lysozy-
me, lactoferrin and cathepsins which kill micro-
organisms directly in the absence of oxygen, i.e. 
under anaerobic conditions which typify the 
gingival crevice and particularly the periodontal 
pocket. 

The neutrophil-antibody-complement axis 
appears to function primarily to limit microbial 
tissue invasion,38'39 although the virulence of the 
oral microflora may result in their evasion of such 
defence mechanisms. 

Lymphocyte-macrophage-lymphokine 
system 

The lymphocyte-macrophage-lymphokine axis 
mainly comprises effector T lymphocytes, whose 
functions include the following: 

(1) T helper and T suppressor lymphocytes regulate 
T effector cell activity and antibody production 
by B lymphocytes. 

(2) T lymphocyte modulation of macrophage 
activity. 

(3) Specific lymphocyte stimulation by antigens 
or non-specific lymphocyte stimulation by 
mitogens. This results in lymphokine production 
{Table 10.9), which includes: 
(a) osteoclast activating factor (OAF); lympho-
toxin (LT) which results in fibroblastic necrosis; 

Table 10.9 Lymphokines and periodontal disease 

Lymphokine Action 

Mononuclear phagocyte 
chemotactic factor (CF) 
Migration inhibition factor 
(MIF) 
Macrophage activation 
factor (MAF) 
Lymphotoxin 

Lymphocyte inhibitory 
factor 
Osteoclast activating factor 
(OAF) 
Interferon 

Macrophage localization 

Macrophage localization 

Increased macrophage 
aggression 
Cytotoxic for gingival 
fibroblasts 
T cell suppression 

Osteoclastic bone 
résorption 
Inhibition of viral 
replication 

(b) macrophage activating factor (MAF) which 
not only enhances macrophagic phagocytosis 
function but also the release of interleukin 1 and 
macrophagic enzymes and reactive-oxygen spe-
cies which cause tissue destruction. 

The lymphocyte-macrophage-lymphokine axis 
has a potential to exert marked pathological effects 
on the host tissues. For instance, antigenic or 
mitogenic lymphocytic stimulation may result in the 
release of lymphotoxin to kill fibroblasts, and 
osteoclast activating factor to result in alveolar bone 
résorption.35 Microbial or lymphokine (interleukin 
2) macrophagic stimulation may result in the release 
of collagenase and reactive-oxygen species, both 
capable of resulting in marked tissue destruction. 

The healing stage of periodontal disease may be 
associated with macrophagic phagocytosis of micro-
organisms and tissue debris, whereas there are also 
lymphokines, e.g. fibroblast activating factor, that 
stimulate both fibroblastic proliferation and col-
lagen formation. 

The reader is referred to standard textbooks of 
periodontology and oral pathology for the pathology 
of periodontal disease and gingivitis. 

Calculus 

Calculus is mineralization of the dental plaque. It is 
a facet of the complex regulatory systems involved 
in maintaining oral calcium and phosphorus 
homeostasis. Such homeostatic mechanisms centre 
on the encouragement of remineralization rather 
than demineralization. Usually, this is achieved 
without provoking an undue deposition of calculus 
on the tooth crowns. In the main, this mission is 
carried out effectively, which may also be a 
reflection of efficient oral hygiene limiting dental 
plaque formation. In some individuals, particularly 
where oral hygiene measures are less than adequate, 
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the plaque deposits become calcified. Thus, calcu-
lus tends to accumulate on those tooth surfaces 
opposite the salivary glands, i.e. the lingual aspect 
of the mandibular incisors and the buccal aspect of 
the maxillary molars. It has, however, still to be 
unequivocally determined that the presence of such 
mineralized calculus deposits results in a greater 
degree of gingivitis compared with other regions of 
the same patient's mouth.4 0 Calculus may affect the 
supra- and subgingival plaque. Further, it is 
generally held that supragingival calculus leads to 
exacerbation of periodontal disease by the retention 
of new plaque accumulations. Certainly the general-
ly porous nature of calculus deposits tends to favour 
microbial toxic product retention. This suggests that 
calculus has an active, rather than a passive, 
aetiologic role in periodontal disease.41 In addition, 
supra- and subgingival calculus tend to limit 
natural self-cleansing mechanisms, to make oral 
hygiene more difficult and to impede crevicular 
drainage. 

Professional calculus removal may be required to 
remove both the increased microbial burden of 
supra- and subgingival calculus and the source of 
mechanical irritation to facilitate the return and/or 
maintenance of gingival health. Supra- and subging-
ival calculus deposits may also result in mechanical 
displacement of the adjacent junctional epithelium. 
Moreover, since the toxic stimulators of bone 
résorption produced by microbial plaque have a 
finite radius of function,42 mineralization of dental 
plaque may serve to extend the radius of alveolar 
bone destruction from the overlying dental plaque. 

Conclusions 

Dental plaque is detrimental to the health of the 
host, not only in the initiation of dental caries and 
periodontal diseases, but also in providing the 
potential for serious systemic and local infections. 
Obviously, the principal actions of the immune 
system function to protect the host tissues, although 
these defence mechanisms are also responsible for 
periodontal destruction. 

Review questions 

1. Why might the accumulation of calculus be 
associated with severe periodontal tissue destruc-
tion in some patients and not in others? 

2. What is the evidence for periodontal disease 
being of infective aetiology? 

3. Describe the host defence mechanisms against 
the oral microflora. 

4. What are the differences between the dental 
plaque in different sites of the same oral cavity? 

5. What is calculus? 
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Nutrition 

Introduction 
Protein-energy malnutrition 

Marasmus/Kwashiorkor 
Vitamins 

Water-soluble vitamins 
Fat-soluble vitamins 

Introduction 

In this world, avoidance or reduction of calorie 
consumption is the focus for vast segments of 
society, while many less fortunate populations are 
dying from lack of food.1 Half of all deaths in these 
starving populations occur in children under five 
years of age. For optimal health, 45-48 dietary 
nutrients are currently considered essential, in-
cluding: 

(1) Vitamins. 
(2) Nine amino acids - lysine, threonine, leucine, 

isoleucine, methionine, tryptophan, valine, 
phenylalanine, and histidine. 

(3) Two polyunsaturated fatty acids - linoleic and 
arachidonic acid. 

(4) A large number of elements, including sodium, 
potassium, calcium, magnesium, phosphorus, 
chlorine, sulphur, carbon, hydrogen, oxygen, 
iron and nitrogen. 

(5) A number of trace elements, including zinc, 
copper, iodine, cobalt, molybdenum, selenium, 
vanadium, nickel, silicon, fluorine, tin and 
arsenic.2 

Nutritional diseases may be primary or secondary 
in origin (Table 11.1). Primary malnutrition is 
caused by lack of a reasonably balanced diet, and is 
largely a socio-economic problem that tends to be 

Minerals 
Obesity 
Conclusions 
Review questions 
References 

endemic in the underprivileged and war-torn regions 
of the world, e.g. Africa, Asia, Central and South 
America. Even in Western societies, however, 
primary malnutrition may occur in poverty-stricken 
families. Secondary, or conditioned, malnutrition is 
usually a sporadic condition that arises in the midst 
of dietary plenty. In fact, secondary malnutrition 
may reflect a number of factors, including: 

(1) Aberrant or fad diets (e.g. chronic alcoholism). 
(2) Increased metabolic requirements (e.g. during 

puberty, pregnancy). 
(3) Inability to ingest or absorb diet (e.g. inadequ-

ate dentition, severe gastrointestinal disease). 
(4) Impaired utilization (e.g. uncontrolled diabetes 

mellitus). 
(5) Excessive losses (e.g. profuse sweating, diar-

rhoea). 
(6) Drug therapy (e.g. oral contraceptive medica-

tion may result in increased vitamin B6 require-
ments and folic acid metabolic impairment). 

Protein-energy malnutrition 
Marasmus/Kwashiorkor 

Protein-energy malnutrition is a global problem of 
staggering dimensions. Although all ages may be 
affected, infants and children exhibit the major 
manifestations. Two forms are manifested. 

105 
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Table 11.1 Effects of nutritional deficiencies 

Deficiency Effect 

Calories 
Protein 
Fat 
Water 
Inorganic 

Iron 
Iodine 
Fluorine 
Calcium 

Magnesium 
Potassium 
Salt (NaCl) 

Vitamins 
Vitamin A 

Vitamin D 
Vitamin K 

Thiamine 

Riboflavin 
Niacin 

Pyridoxine 
Pantothenic acid 
Folic acid 

Vitamin B12 

Biotin 
Choline, inositol and carnitine 
Ascorbic acid 

Underweight, underheight, weight loss, lethargy, anaemia, oedema, marasmus 
As above; fatty liver, kwashiorkor 
Dermatoses in infants, deficiencies of the fat soluble vitamins, A, D, E, and K 
Thirst, dehydration, oliguria, mental changes progressing to coma 

Anaemia, achlorhydria, glossitis 
Simple goitre 
Dental caries 
Osteomalacia; a role in the production of senile osteoporosis has been suggested 
but not proved 
Neuromuscular irritability, tetany 
Alkalosis, muscle weakness and paralysis, cardiac disturbances 
Anorexia, nausea, vomiting, lassitude, asthenia, muscle cramps,lcirculatory|collapse 

Growth failure, follicular hyperkeratosis, night blindness, xerophthalmia, 
keratomalacia 
Rickets, tetany, osteomalacia 
Decreased plasma prothrombin activity with prolonged coagulation time and 
haemorrhages 
Anorexia, beriberi, polyneuropathy, toxic amblyopia, heart disease, the 
ophthalmoplegia of Wernicke's syndrome 
Photophobia, corneal vascularization, angular stomatitis, glossitis, dermatitis 
Pellagra, dermatitis, glossitis, diarrhoea, mental confusion and deterioration, 
encephalopathy 
Anaemia, convulsions, polyneuropathy, seborrhoeic eczema 
Nutritional melalgia 
Glossitis, achrestic anaemia, megaloblastic anaemia of infancy, megaloblastic 
anaemia of pregnancy, nutritional macrocytic anaemia, sprue 
Glossitis, macrocytic anaemia, peripheral neuropathy, combined system disease -
mental changes and deterioration 
Seborrhoeic dermatitis 
Unknown 
Scurvy, gingivitis, subperiosteal haemorrhages, petechial haemorrhages, anaemia, 
impaired wound healing 

Marasmus 

Marasmus is the consequence of a deficiency in total 
calories and is encountered in mild-to-severe starva-
tion. Adipose tissue and muscle are lost in a 
graduated fashion. The marasmic child is obviously 
wasted, with the face wizened, imparting a pre-
maturely aged appearance. In contrast to kwashior-
kor, the children remain alert and hungry, and will 
eat ravenously if given food. 

Kwashiorkor 

Kwashiorkor is the consequence of a relative or 
absolute protein deficiency, despite sometimes 
adequate total calories. The clinical manifestations 
vary, but include growth failure, oedema, liver 
enlargement due to the fat accumulation, anaemia, 
hair changes and dermatoses. The child is often 
apathetic and anorexic, withdrawn and irritable. 

The oedema may be generalized or localized to the 
upper or lower extremities. There is always hypoal-
buminaemia, and a reduction in total serum protein. 
It has been suggested that along with the loss of 
serum albumin, there is a concomitant loss of trace 
elements, of which vanadium may be involved in the 
regulation of water and sodium metabolism.3 A 
change in skin pigmentation, in addition to scaling, 
may occur, although the associated anaemia (nor-
mocytic, normochromic type) may be particularly 
important. 

Controvesy persists as to whether clinical and 
anatomical changes induced by protein-energy 
malnutrition are totally reversible with the restora-
tion of a normal diet. There is a general consensus 
that dietary impairment in infancy or early child-
hood may result in irreversible impairment in the 
level of intellectual performance and attainment,4 

i.e. protein-energy malnutrition during the early 
growth phases may have long-lasting consequences. 
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Vitamins 
Water-soluble vitamins 
Thiamine 

Thiamine deficiency principally damages the ner-
vous system (dry beriberi) and the cardiovascular 
system (wet beriberi). The vitamin is a highly water 
soluble nutrient, comprising a substituted pyrimi-
dine linked to a substituted thiazole by a méthylène 
bridge. It is widely distributed in the cells, where it 
undergoes phosphorylation into the co-enzyme 
thiamine pyrophosphate, also known as co-
carboxylase. In this form, it participates in the 
oxidative decarboxylation of α-keto acids. The 
pyrophosphate is also a cofactor for the enzyme 
transketolase, which is the key component of the 
pentose pathway of carbohydrate metabolism. In 
addition, thiamine, or its derivatives, may partici-
pate in neural conduction by mechanisms indepen-
dent of its enzymatic functions. The vitamin or its 
esters can be found in axonal membranes of nerves. 

Thiamine is widely available in a variety of foods, 
with absorption mainly occurring through the upper 
intestinal tract. Absorption is unaffected by most 
intestinal disorders, except those that produce 
severe anorexia and vomiting or marked gastrointes-
tinal hypermobility. A primary deficiency state of 
thiamine is mainly encountered where populations 
subsist largely on polished rice or milled grains from 
which the vitamin has been depleted by removal of 
the outer husks. In addition, thiamine deficiency is 
encountered in alcoholics, and in renal dialysis 
patients. In thiamine deficiency, pyruvic acid tends 
to accumulate, which may itself be toxic and damage 
neurones and nerve trunks. Alternatively, nervous 
tissues are heavily dependent on carbohydrate for 
energy requirements, and so may suffer because of 
the important role of thiamine pyrophosphate in 
carbohydrate metabolism. The basis of the associ-
ated myocardial injuries are obscure. 

Beriberi may occur in a chronic or subacute form, 
usually dominated by involvement of the nervous 
system or in an acute, virtually fulminating, form, 
dominated by cardiovascular manifestations. Neuro-
logical manifestations without cardiac decompensa-
tion and peripheral oedema constitute dry beriberi. 
This syndrome is manifested by numbness and 
tingling of the legs, sensory disturbances in the 
affected parts, atrophy and weakness of the muscles 
of the extremities, depression and loss of reflexes. 
Such neuropathy is most often encountered in 
malnourished chronic alcoholics. Cardiovascular 
involvement of thiamine deficiency may lead to 
peripheral vasodilatation, which, in some cases, is 
followed by myocardial failure and peripheral 
oedema (wet beriberi). The peripheral oedema is 
usually striking, especially in the lower extremities, 
although the trunk, face and body cavities may also 
be involved. 

Riboflavin 

Riboflavin is widely distributed in both plant and 
animal foods as riboflavin, riboflavin phosphate or 
as a constituent of the flavoproteins. Ariboflavinosis 
occurs in economically deprived developing coun-
tries and is frequently accompanied by other vitamin 
and protein deficiencies. In industrialized countries, 
a deficiency is most likely to occur in alcoholics, and 
individuals with chronic infections, advanced cancer 
and other debilitating diseases. Riboflavin is critical 
to the function of cytochrome c reductase, succinate 
dehydrogenase, monoamine oxidase and other 
enzymes, with deficiencies resulting in the following 
signs: 
(1) Angular cheilosis (pallor followed by fissures at 

the angles of the mouth tending to become 
secondarily infected and macerated). 

(2) Glossitis (resulting from atrophy of the lingual 
mucosa). 

(3) Dermatitis (greasy, scaling of the skin occurring 
in a generalized fashion or in the nasal fold, 
cheeks or ears). 

(4) Ocular lesions (characterized by corneal opaci-
ties and ulcération in addition to conjunctivitis). 

(5) Bone marrow suppression. 
None of these findings is specific for riboflavin 

deficiency, since similar lesions are encountered, for 
instance, with pyridoxine deficiency.5 

Niacin 

Niacin is the generic term for nicotinic acid and its 
derivatives, having the functional activity of nicoti-
nic acid. Unlike the other B vitamins, niacin can be 
endogenously synthesized from dietary tryptophan. 
Niacin is a component of the two important 
co-enzymes nicotinamide adenine dinucleotide 
(NAD) and nicotinamide adenine dinucleotide 
phosphate (NADP), which are involved in a great 
variety of oxidation-reduction reactions, especially 
the electron transport of cellular respiratory reac-
tions. It is widely distributed in most foods, although 
deficiencies are encountered in alcoholics and those 
suffering from chronic debilitating diseases, e.g. 
cirrhosis of the liver and advanced cancer. Persistent 
fatigue and weakness are the dominant complaints 
of patients who are niacin deficient, although 
dementia (resulting from central nervous system 
degeneration), diarrhoea (due to desquammation of 
the gastric mucosa) and dermatitis (symmetrical 
scaling, desquammation and inflammation of the 
skin) may also occur. 

Vitamin B6 

Whereas a primary, clinically overt, vitamin B6 
deficiency is rare, subclinical conditioned deficien-
cies are thought to be common. The components of 
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vitamin B6 are converted in the tissues to the 
co-enzyme form, pyridoxal 5-phosphate, which 
participates as a cofactor in a number of enzymes 
involved in transaminations, carboxylations, and 
deaminations involving lipids, amino acids, nucleic 
acid and glycogen in the brain.6 Clinical manifesta-
tions of pyridoxine deficiency include seborrheic 
dermatitis, cheilosis, glossitis, angular stomatitis, 
peripheral neuropathy and sometimes convulsions. 
The vitamin is, however, abundantly available in the 
usual diet, although secondary hypovitaminosis B6 
may be precipitated during pregnancy, hyperthyr-
oidism and with high-protein diets. 

Folic acid 

A deficiency of this nutrient induces a megaloblastic 
anaemia, although lack of vitamin B12 produces an 
analogous haematological picture. A deficiency of 
vitamin B12, however, also leads to neurological 
damage, i.e. anaemia and neurological disease. 
Folic acid is the common name for pteroylmonoglu-
tamic acid, with the term folic acid and folates being 
used for all derivatives of folic acid. They essentially 
serve as co-enzymes in a wide variety of intracellular 
metabolic processes. Largely in the form of polyglu-
tamate conjugates, folates are abundant in virtual-
ly all raw foods, particularly vegetables and fruits. 
Despite the abundance of folates in raw foods, 
however, cooking may deplete their content, 
especially when coupled with a marginal diet such as 
may be encountered in many chronic alcoholics and 
the single elderly. Inadequate absorption may also 
occur, especially in patients with disease of the 
gastrointestinal tract, e.g. after gut resection for 
carcinoma.7 Many drugs, e.g. some anticonvulsants 
(phenytoin), oestrogens and antineoplastic che-
motherapeutic agents, may also serve as folate 
antagonists. Folate deficiency impairs purine and 
thus DNA synthesis. As a consequence, rapidly 
dividing cells, e.g. red cell precursors in the bone 
marrow, suffer from retarded DNA synthesis 
relative to the cytoplasm (asynchrony). Thus the 
cells become large but cannot undergo mitosis. Such 
cellular asynchrony may also be detected in the 
rapidly dividing population of the oral mucosal 
epithelium, resulting in large atypical cells. 

Vitamin B12 

A lack of vitamin B12 results in megaloblastic 
anaemia. Vitamin B12 or cobalamin, is a complex 
metallo-organic compound synthesized only by a 
variety of micro-organisms, including some found in 
the intestinal flora of humans. A deficiency of 
cobalamin, whether primary or conditioned, leads 
to megaloblastic anaemia, characterized by haema-
tological anomalies and changes in the rapidly 
dividing cells of the gastrointestinal tract, and 

damage to the nervous system. This is frequently 
termed 'combined systems disease'. A lack of 
vitamin B12 inhibits DNA synthesis and concom-
itantly deranges lipid metabolism, with the forma-
tion of abnormal fatty acids. Incorporation of these 
fatty acids into myelin may underlie the neurological 
abnormalities of vitamin B12 deficiency. 

In industrialized countries, vitamin B12 deficiency 
is generally a conditioned deficiency resulting from 
cobalamin malabsorption.8 This may result from 
lack of intrinsic factor (mainly due to a genetic 
defect of the gastric mucosa), chronic pancreatitis, 
small intestine bacterial overgrowth and ileal 
disorders, such as Crohn's disease or ileal resec-
tions. Whatever the basis, the lack of B12 is 
manifested by a megaloblastic anaemia, alteration 
of the mucosal cells (identical to those produced by 
folate deficiency) and notably by demyelination 
followed by axonal degeneration and possibly 
neuronal death. Peripheral neuropathy and degen-
eration of the posterior and lateral spinal columns 
are the typical sites of involvement. Only rarely is 
the cerebrum involved.9 

Vitamin C 

Vitamin C is richly abundant in many foodstuffs and 
is quite resistant to most methods of food proces-
sing. Vitamin C deficiency is, however, encountered 
endemically among the grossly malnourished poor 
of developing countries. The function of vitamin C 
(ascorbic acid) and ascorbates involves the synthesis 
of collagen.10 Specifically, ascorbate is required for: 

(1) Activation of prolyl and lysyl hydroxylase from 
inactive precursors. 

(2) Hydroxylation of proline and lysine residues in 
already synthesized collagen polypeptides. 

(3) Aggregation of hydroxylated polypeptide chains 
into the triple helix of collagen, prior to its 
secretion from the cell. 

With a deficiency of ascorbate and failure of 
hydroxylation, there is incomplete intra- and inter-
molecular cross-linkage, yielding collagen fibrils 
that lack tensile strength, have increased solubility 
and are more vulnerable to enzymatic degrada-
tion.11 The collagen in blood vessel adventitia, 
media and basal laminae are primarily affected, 
due to their high hydroxyproline content. A number 
of other functions have been ascribed to ascorbic 
acid, including interaction with folate metabolism12 

along with neutrophil and macrophage mobility and 
activity.13 Ascorbic acid also appears to play a role 
in iron metabolism, including iron storage and 
absorption. 

Scorbutic adults typically manifest hyperkeratotic 
and perifollicular skin lesions. They also have a 
haemorrhagic diathesis and often develop a skin 
purpura or ecchymoses. There is poor wound 
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healing and dehiscence of recently healed wounds. 
The teeth may become loosened, accompanied by 
gingivitis and bleeding into the gingiva. The healing 
of bone fractures may be impaired, with the primary 
deficiency being in the formation of the osteoid 
matrix rather than in the mineralization or calcifica-
tion as in rickets. Thus fibroblasts proliferate into 
the defect to produce a loose, disorganized connec-
tion, but this tissue is weakened by the lack of a 
mature collagen matrix. Finally, the gingival in-
flammation and tooth loosening in scorbutic patients 
is associated with host defence mechanism impair-
ment, i.e. PMN and macrophage activity, in 
addition to disturbed collagen metabolism. 

Fat-soluble vitamins 

Avitaminoses of the fat-soluble vitamins, A, D, E 
and K, may occur as primary deficiency states or as 
secondary conditioned deficiencies, including biliary 
and pancreatic dysfunction, malabsorption syn-
dromes and liver diseases. The normal reserves of 
fat-soluble vitamins are, however, considerable, so 
deficiency states develop only after protracted 
negative balances. 

Vitamin A 

Vitamin A deficiency results in blindness, conjunc-
tival keratinization, corneal conjunctival opacity, 
follicular (papular) hyperkeratosis of the skin, 
metaplasia of the mucosal linings of the respiratory, 
gastrointestinal and genito-urinary tracts and of the 
ducts of glands. In addition to predisposition to 
epithelial cancers of the skin, lungs, bladder and 
colorectum, avitaminosis A may lead to retarded 
skeletal growth in infancy and childhood anaemia. 

Vitamin A is essential for the maturation and 
differentiation of specialized epithelial surfaces of 
the body, e.g. the oral and respiratory mucosae, 
although the reasons are obscure. Thus, specialized 
keratinized epithelial surfaces become excessively 
keratinized, whereas non-keratinized surfaces be-
come keratinized in vitamin A deficiency. Also, the 
ducts of glands may become plugged by keratin 
debris, which may also contribute to the formation 
of stones either in the salivary glands or, particular-
ly, in the kidneys. There is some evidence that 
vitamin A deficiency may contribute to the aetiology 
of lung cancer,14 and even more uncertain is the 
suggestion that vitamin A deficiency may result in 
retarded skeletal growth and anaemia.15 

The detailed metabolic interactions of this vitamin 
remain obscure, although it is known to be involved 
in intracellular glycosylation reactions that help to 
maintain the integrity of mucus secreting cells. 
Other functions include vitamin A in the mainte-
nance of intracellular organelles and the regulation 
of prostaglandin synthesis and a regulatory role of 
the immune system. 

Vitamin D 
A deficiency of vitamin D, if sufficiently protracted, 
leads to two classic skeletal disorders: 

(1) Rickets in growing infants and children whose 
epiphyses have not yet fused. 

(2) Osteomalacia in adults. 

Both conditions are characterized by inadequate 
or delayed mineralization of newly laid-down 
osteoid and therefore an excess of osteoid. In rickets 
there is also defective mineralization of epiphyseal 
cartilage. Since vitamin D plays a critical role in the 
maintenance of normal calcium metabolism, vitamin 
D deficiency will induce hyperfunction of the 
parathyroid glands, and the excess of parathyroid 
hormone causes a skeletal disorder, osteitis fibrosa 
cystica. Thus a deficiency of vitamin D induces not 
only abnormal serum levels of calcium and phos-
phate, but also secondary hyperparathyroidism and 
so skeletal morphological changes that constitute a 
combination of rickets (or osteomalacia) and osteitis 
fibrosa cystica. In fact, there are two generic causes 
of rickets and osteomalacia: 

(1) Vitamin D deficiency or abnormal metabolism 
of the vitamin. 

(2) A deficiency or deranged utilization of inorganic 
phosporus. 

Both aetiologies are associated with deranged 
skeletal calcification. 

There are two native forms of the vitamin, 
vitamin D3 (cholecalciferol) and vitamin D2 (ergo-
calciferol). Both are essentially steroids. Vitamin 
D3 may be endogenously derived from 7-
dehydrocholesterol, an intermediate in cholesterol 
biosynthesis. Upon exposure to sunlight (ultraviolet 
light), 7-dehydrocholesterol (provitamin D3) in the 
skin is transformed first into previtamin D3, which, 
without further exposure to light, slowly equilibrates 
into vitamin D3. Vitamin D3 may also be derived 
from a variety of animal products, especially liver, 
although with sufficient exposure to sunlight, no 
dietary source of vitamin D is required. 

Vitamin D3 is absorbed in the small intestine, 
requiring normal biliary function, as with other fats. 
After absorption or endogenous synthesis, it is 
transported and stored in the liver before passing to 
the kidney where it undergoes final evolution to 
vitamin D hormone or calciferol. As with all steroid 
hormones, cellular receptors appear to mediate the 
intracellular function of calciferol.18 High-affinity 
receptors have been located in the nuclei of the 
villus cells of the small intestine, osteoblasts, 
osteocytes, chondrocytes, parathyroid glands, distal 
kidney tubules, podocytes of the glomerulus, basal 
cells of the skin, endocrine cells of the stomach and 
the TSH-producing cells of the pituitary.19 In the 
intestinal mucosal cells, the hormone calciferol 
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stimulates the synthesis of a calcium-binding pro-
tein, although whether this protein facilitates 
calcium transport across the cell membrane or 
initiates absorption remains obscure. Once within 
the mucosal cells, the calcium is transferred across 
the cell to the blood. The hormone participates in 
the active transport of phosphate by a process that is 
independent of calcium transport. In this manner, 
calciferol serves to elevate the plasma calcium and 
phosphorus concentrations to supersaturated levels 
required for mineralization of newly formed bone. 
Whether the hormone is also directly involved in the 
mineralization of osteoid is surprisingly uncertain. 
Normal calcium levels in the blood are also 
necessary for the normal functioning of nerve and 
muscle (including the myocardium) and normal 
membrane permeability and blood clotting. Cal-
ciferol is also involved in the mobilization of calcium 
and phosphate from the blood-fluid interface, 
together with parathormone. 

There are many disturbances in vitamin D, 
calcium or phosporus metabolism that may lead to 
defective skeletal mineralization:20 

(1) Vitamin D deficiency resulting from insufficient 
endogenous synthesis; primary dietary deficien-
cy; secondary deficiency due to malabsorption 
of the lipid-soluble vitamin. Collectively, such 
deficiencies occur in economically-deprived 
populations: the elderly who live on restricted 
diets and shun sunlight, and patients with 
defective absorption syndromes, including pan-
creatic and biliary diseases and following gas-
trectomy. 

(2) Chronic renal failure, with the associated 
acidosis also contributing to the disturbance in 
mineral metabolism. 

(3) Hypophosphataemia, due to primary dietary 
deficiency and also secondary to long-term 
antacid medication for peptic ulcers, in addition 
to renal tubular diseases, e.g. Fanconi syn-
drome. 

(4) Hereditary diseases, e.g. X-linked hypophos-
phataemia (also known as vitamin D-resistant 
rickets) - an autosomal dominant disorder, and 
vitamin D-dependent rickets - an autosomal re-
cessive disorder. 

(5) Drug-induced rickets and osteomalacia, result-
ing from a variety of drugs including anticonvul-
sive agents. 

The basic derangement is the same in osteomala-
cia and rickets, i.e. delayed and/or inadequate 
mineralization and hence excessive osteoid. Basical-
ly osteomalacia comprises a subtle loss of skeleton 
and is one of a group of metabolic bone diseases 
including osteopenia. In rickets, there is failure of 
mineral deposition into the mature cartilagenous 
spicules at the metaphyseal interface; failure of the 
cartilage cells to mature and disintegrate with the 

resultant overgrowth of cartilage; persistence of 
distorted irregular masses of unmineralized cartil-
age, many of which project into the marrow cavity; 
deposition of unmineralized osteoid matrix on 
cartilagenous remnants with the formation of a 
disorderly, totally disrupted osteochondral junction; 
abnormal overgrowth of capillaries and fibroblasts 
into the disorganized zone; bending, compression 
and microfracture of the weakly supported osteoid 
and cartilaginous tissue, with the resultant skeletal 
deformities. The degree of the skeletal deformity 
depends on the severity of the disorder, but the 
cranial disturbances may lead to frontal bossing, in 
addition to cranial base and mid-face deformity. 

Vitamin E 

Vitamin E plays an important role as an anti-oxidant 
in that it protects labile vitamin A from oxidation, 
DNA from denaturation by free radicals and the 
phospholipids within cellular and organelle mem-
branes against peroxidative attack by free radicals. 
Vitamin E may thus control the amounts of 
lipofuschin and ceroid (both peroxidation products 
of membrane lipids) which accumulate within cells 
with ageing, injury and atrophy.21 The requirement 
for the anti-oxidant activity of vitamin E depends to 
an extent on the level of easily peroxidized 
polyunsaturated fatty acids in the diet, i.e. the 
greater the intake of polyunsaturated fatty acids in 
the diet, the greater the need for vitamin E. 
Absorption of vitamin E is essentially dependent on 
normal biliary, pancreatic and intestinal function, so 
that a deficiency of this vitamin is frequently a 
sequel of gastrointestinal disorders. 

Vitamin K 

The fat-soluble vitamin K is necessary for the 
synthesis of the functionally active clotting factors II 
(prothrombin), VII, X and XI. In vitamin K 
deficiency, therefore, there may be persistent 
haemorrhage following tooth extraction, nose-
bleeds, haematuria, melaena, and intracranial 
haemorrhage. Such haemorrhagic disorders can, 
however, be quickly rectified by intravenous vitamin 
K injections. 

Three closely related compounds all possess 
vitamin K activity: 

(1) Ki (phylloquinone) widely distributed in leafy 
green vegetables; 

(2) K2 (menaquinone) synthesized by micro-
organisms including the intestinal flora; 

(3) K3 (menadione) a synthetic product. 

Prolonged administration of antibiotics, which 
may destroy the intestinal flora, in association with a 
marginal dietary intake or malabsorption syndrome, 
is a frequent cause of vitamin K deficiency. 
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Minerals 
A number of minerals are no less essential for health 
than the vitamins. Some are required in large 
amounts, e.g. iron, whereas others are required as 
trace elements. 

Iron 

As a global cause of deficiency disease, iron is 
probably no less important a nutrient than protein. 
In the USA, iron deficiency anaemia related 
principally to inadequate intake is said to be present 
in 25% of infants, 15-20% of menstruating women, 
and 30-40% of pregnant women. Less severe levels 
of iron lack, insufficient to produce anaemia, may 
be present in 50% of all infants, menstruating 
women and pregnant women. In contrast, only 
about 3% of adult males are similarly affected.23 

The possible origins of an iron deficiency state 
include: 

(1) An inadequate diet, especially when associated 
with chronic alcoholism or food faddism. 

(2) Impaired adsorption, e.g. gastrointestinal 
malabsorption syndromes. 

(3) Increased requirement, e.g. during adolescence 
or pregnancy. 

(4) Loss of blood, especially following major 
surgery. 

In practical terms, an iron deficiency in adult 
males and postmenopausal females in the Western 
world should be considered to be caused by 
gastrointestinal blood loss. 

Trace elements 

Trace elements play critical roles in many vital 
homeostatic functions. For instance, copper, man-
ganese, selenium and zinc are crucial components of 
a variety of enzymes ranging from oxidase and 
dehydrogenases to DNA and RNA polymerases. 
Other trace elements, e.g. iodine, are essential for 
the synthesis of thyroid hormone. 

A deficiency of a trace element may have the 
same origins as a lack of a vitamin. Alternatively, 
dietary, parenteral, nutritional and gastrointestinal 
malabsorptional deficiencies are the principal 
aetiological factors. 

Zinc is an essential component of one or more of 
the 20 metallo-enzymes, including DNA and RNA 
polymerases, carbonic anhydrase, alcohol dehyd-
rogenase and alkaline phosphatase. With children 
and adults, chronic zinc deficiency may be associ-
ated with anaemia, retarded growth and sexual 
maturation. In adults, retarded growth, poor wound 
healing, testicular atrophy with hypogonadism, 
anaemia and skin lesions have been attributed to 

zinc deficiency, together with diarrhoea, mental 
lethargy and depression. 

Copper in appropriate amounts is critical to 
health, although excess copper may lead to a genetic 
disease, Wilson's disease. Copper deficiency has 
been associated with anaemia, neutropenia and 
osteoporosis, in addition to mental disturbances 
resulting from malfunctioning of intraneuronal 
enzymes. 

Selenium deficiency has been incriminated as a 
cause of cardiomyopathy. Certainly selenium is a 
component of glutathione peroxidase, an enzyme 
that plays a role in scavenging free oxygen radicals, 
although the reason for targeting cardiac muscle 
remains obscure. 

Obesity 
Obesity is the result of the intake of calories in 
excess of utilization; in essence, the storage of 
unneeded energy in fat cells. Obesity is defined as a 
body weight 20% or more above the norm, and by 
these standards, 20% of middle-aged males and 
40% of middle-aged females in the USA are obese. 
Although mild obesity may not be harmful to 
health, marked obesity predisposes to hyper-
tension,24 adult onset (non-insulin-dependent) 
diabetes, hyperlipoproteinaemia, cholelithiasis 
(gallstones), hypoventilation, strokes, osteoarthritis 
and other forms of skeletal degeneration. In 
addition, in many instances of marked obesity, 
dental treatment may be compromised by the lack of 
space in the oral cavity. 

Conclusions 

The mouth mirrors general ill-health in many 
nutritional deficiencies. For instance, the tongue 
becomes pale in iron deficiency, the corners of the 
lips develop painful ulcers in riboflavin deficiency 
and taste may be affected by lack of zinc. The mouth 
also mirrors good health, so that determination of 
the quality and quantity of nutrients appropriate for 
good health can be aided by observing the effects of 
particular nutrients on the oral tissues. In effect, the 
mouth is a sensitive barometer, reacting to nutri-
tional imbalances as well as reflecting a diet 
conducive to the health and well-being of the 
individual. If imposed early in life, protein-calorie 
malnutrition may not only lead to changes in the size 
and composition of the brain but can also affect any 
developing tissue, e.g. the tooth germ. Inadequate 
vitamin A has been associated with craniofacial 
abnormalities, including cleft lip and palate in 
addition to increased dental caries susceptibility. 
Vitamin D deficiency may lead to enamel hypopla-
sia due to disturbances in enamel mineralization and 
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maturation, whereas zinc deficiency has been 
associated with micrognathia and hydrocephalus. 
Nutrients may also affect the course of disease by 
exacerbating or antagonizing pathological proces-
ses. For instance, gingival enlargement and in-
flammation frequently accompany oral contracep-
tive usage, although significant improvement is 
obtained with folic acid supplementation. Excessive 
use of alcohol has been associated with oral, 
oesophageal, heart, liver and neurological diseases. 
Nutritionally related ill-effects of chronic excessive 
alcohol intake may occur because of the effect of 
ethanol on appetite or because it displaces or 
interferes with food in the diet. Ethanol may also 
strip protective barrier proteins from the oral 
mucosal surface. Epidemiological and experimental 
studies support the hypothesis that infectious 
diseases and nutritional deficiencies during tooth 
development increase susceptibility to dental caries. 
Pre-eruptive protein-calorie malnutrition and vita-
min A deficiency have each been shown to increase 
the susceptibility to caries. Post-eruptive provision 
of foods high in refined sugar can enhance the 
establishment, colonization and metabolic activity 
of cariogenic micro-organisms in dental plaque, 
despite the beneficial effects that may have been 
contributed pre-emptively by a healthy diet. Pro-
teins can also affect plaque by providing basic amino 
acids that can neutralize the products of bacterial 
metabolism of sugars and also stimulate the rate of 
salivary flow. Saliva, in turn, can buffer acids 
produced by plaque bacteria or reduce the residence 
time of foods in the mouth and thus limit the 
availability of fermentable substrate to the plaque. 
Overall, nutritional deficiencies affect the severity 
and extent of periodontal diseases by modulating 
the response and repair properties of the tissues. 
Inadequate nutrient intake could also affect the 
metabolism of plaque flora in the gingival crevice as 
well as systemic responses to microbial antigens. 
The periodontal tissues may also be subject to local 
end-organ nutritional influences, e.g. the ability of 
foods to stimulate salivary flow and the effects of 
masticatory action as a stimulant to periodontal 
tissue and alveolar bone. Antigens in food may also 
elicit local immunological responses in periodontal 
tissues. Nutritional deficiency also affects cell-
mediated immunity, metabolic and bactericidal 
functions of polymorphonuclear leucocytes and 
macrophages, and the function of the complement 
and secretory antibody system. Oral mucosal 
diseases, e.g. herpes infections and aphthous 
ulcération, poor-fitting dentures and oral surgical 
problems may also interfere with eating and 
compromise the general health and nutritional 
status of a patient. Salivary gland disease can affect 
the nutritional status of a patient by altering salivary 
composition and flow, which may affect taste, 
digestion and influence food preference. Thus, 

nutrition is intimately associated with oral health 
and disease. 

Review questions 

1. What minerals are essential, and why? 
2. What are the manifestations of obesity? 
3. What is the evidence for Vitamin D being 

considered a hormone? 
4. What deficiencies are likely to be prevalent in a 

refugee camp? 
5. Is Vitamin C essential for life? 
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Introduction 

It is a well known fact that the percentage of 
edentulous patients increases with age, with caries 
being the principal cause of tooth loss in the earlier 
age groups, whereas periodontal disease accounts 
for the majority of tooth loss over 35 years of age. In 
the Western world, the percentage of old people in 
the population as a whole is beginning to show 
progressive increases, reflecting a reduction in 
family size and an increase in life-expectancy; both, 
in part, consequences of the advances in modern 
medicine. The question is, to what extent are the 
deleterious changes in the oral cavity related to true 
age changes, rather than the ravages reflecting years 
of chronic irritation, including dental plaque accu-
mulation? The problem is that, although the number 
of elderly in the population is increasing, knowledge 
of the cause(s) of age changes remains obscure. 
Currently, age changes are generally considered to 
reflect one or more of the following: 

(1) Decline in efficacy of the immune host defence 
system. 

(2) Malfunctioning of the neuro-endocrine system. 
(3) Genetic determination of life span of both cells 

and tissues. 
(4) Metabolic error accumulation. 
(5) Effects of free radicals, cross-linking or molecu-

lar instability. 
(6) Changes in entropy. 
(7) Lipofuscin accumulation. 
(8) Cell loss exceeding cellular renewal. 

In fact, there may not be a single cause, since, as 
with so many other biological phenomena, the 
ageing process is almost certainly multifactorial in 
nature. Moreover, any therapy current today is 
likely to be overtaken by more plausible theories 
developed in the light of future research data. Only 
when the causes of ageing are well delineated will it 
be possible to prevent or minimize some of the 
associated signs and symptoms. 

In this chapter the current theories of ageing are 
briefly considered, followed by a short summary of 
the current data related to the age changes seen in 
the oral cavity. 

114 
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Theories of ageing 

The ageing of a person may be regarded as the 
composite effect of ageing of cells. As a result, most 
of the theories as to the cause of ageing centre on 
cellular ageing. 

Organ theories 

The organ theories are based on the contention that 
increments or decrements occur in organ function-
ing with increasing age. This theory contends that 
the immune system, brain and neuro-endocrine 
system are the organs principally affected. 

Immunological theory 

The immune theory1'2 hinges on two main findings. 
Firstly, the functioning of the immune system 
declines qualitatively and quantitatively with age, 
with the thymus-dependent component (T lympho-
cytes) showing the greatest deterioration. This 
implies that the immune defence mechanisms will 
deteriorate with age, especially with regards to 
microbial pathogens. 

Secondly, with the decline of the normal immune 
system, it becomes less able to discriminate between 
self and non-self, resulting in an increase in 
autoimmune diseases. This results in an increased 
incidence of chronic autoimmune diseases that are 
characteristically associated with ageing. The con-
sequences of both manifestations include an in-
creased vulnerability to disease and pathology with 
increasing age. 

The efficacy of the immune system peaks at about 
puberty and then declines in old age to about 5-10% 
of its youthful value.3 Such immune dysfunction 
with increasing age is generally manifested by a 
decline in the response of lymphoid cells to 
immunological stimuli.1 This decline is primarily 
mediated by an age-associated deficit in the T cell 
arm of the immune system,4 so that thymic 
involution may act as the master chronometer of the 
body.1 Thus, there is increasing incidence of a 
number of diseases including cancer, maturity-onset 
diabetes and vascular disease. These may all reflect 
diminished immune capability. 

This immune theory may however be criticized on 
a number of facets: 
(1) The immune system as a cause of all age changes 

lacks universality, i.e. there are primitive 
organisms that lack an immune system, yet they 
still age.5 

(2) The immune system is regulated by a variety of 
factors, especially the endocrine system,6 i.e. 
the decline in the immune system may reflect 
neuro-endocrine malfunction. 

(3) All cells probably undergo age changes that are 
genetically based, so that it is difficult to discern 
why the immune system should be more 
affected compared with other systems. The 
increased incidence of autoimmune diseases 
may in fact reflect antigenic changes in the 
target cells themselves as they age, rather than a 
decline in immune efficacy. 

Thus, although the immune system decreases in 
efficacy with increasing age, there may also be other 
changes responsible for ageing. 

Neuro-endocrine system theories 

The neurological and endocrine systems influence 
all the tissues of the body. For instance, a 
disturbance in hypothalamic function may result in 
pituitary malfunction, the ramifications of which 
would affect all the major endocrine glands, e.g. 
menopausal steroid loss may lead to conditions 
necessary for osteoporosis. Certainly neuronal and 
endocrine cell loss with increasing age have been 
noted for many years but the effects of such losses 
on the ageing process remain controversial. Neuro-
nal loss occurs selectively in the brain.7 As a result, 
motor or sensory loss could reflect neuronal loss in a 
variety of regions, including cerebral cortex, cauda-
ta putamen, hippocampus, substantia nigra, etc. 
There only appears to be a 10% decrease in total 
brain weight with age,7 and such a loss may not only 
reflect neuronal loss, but also fluid and/or ground 
substance loss. In addition, age related changes 
purported to reflect hormonal decline may in fact 
reflect changes in receptor concentrations8 and 
end-organ functioning.9 

As with the immune theory of ageing, the 
neuro-endocrine theory may be criticized on the 
basis that not all organisms that age have a complex 
neuro-endocrine system, and that the age related 
deficits in the neuro-endocrine system may reflect 
basic changes occurring in the genome of all cells as 
they age. 

Physiological theories 

Free radical theory 

Free radicals are atoms or molecules bearing an 
unpaired electron. They are ordinarily very reactive 
due to the tendency for electrons to pair. Because 
the reaction of a free radical with a stable molecule 
produces another radical, chain reactions often 
result in which a single free radical initiates a process 
that consumes many stable molecules. The oxida-
tion of polyunsaturated fatty acids, for example, 
readily occurs by a free radical chain reaction, giving 
rise to a host of aldehyde and hydrocarbon 
products.10 Free radical reactions arise from: 
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(1) Exposure of cells and their organelles to 
ionizing radiation. 

(2) Non-enzymatic reactions. 
(3) Enzymatic reactions and oxygen reduction. 

Because free radicals are highly reactive, all cells 
are susceptible to random damage caused by them. 
Such damage may include: 

(1) Cumulative oxidative alterations in DNA, col-
lagen and elastin. 

(2) Oxidative mucopolysaccharide breakdown. 
(3) Accumulation of metabolically inert substances 

by oxidative polymerization reactions. 
(4) Changes in mitochondrial and lysosomal mem-

brane characteristics. 
(5) Capillary and arteriolar fibrosis, secondary to 

vessel injury by peroxidation products derived 
from serum and vessel-wall components.11 

Free radical damage may be prevented by 
anti-oxidants, e.g. haem-containing peroxidases, 
Superoxide transmutases and DNA repair mechan-
isms. 

It is possible that ageing reflects the sum total of 
the deleterious free radical reactions proceeding 
continuously throughout the cells and tissues. 
Indeed, free radicals have been included in the 
aetiology of a number of diseases including cancer, 
cardiovascular disease, immune depression and 
neuronal degenerative diseases11 but since the role 
of anti-oxidants has yet to be fully formulated, the 
free-radical theory of ageing has yet to achieve 
universal acceptance. 

Cross-linkage theory 

This theory hinges on molecular changes in subst-
ances within the extracellular and intracellular 
compartments with age.12 The theory holds that 
when two or more macromolecules become linked 
covalently or by a hydrogen bond, such linkages are 
said to be reversible and accumulate over time. 
Molecular aggregation and immobilization increases 
and the resulting inert or malfunctioning molecules 
accumulate and become increasingly inert, or 
malfunctioning molecules accumulate and become 
increasingly resistant to catabolic processes. For 
instance, DNA may become damaged, leading to 
mutation or cell death. Non-removable cross-linked 
aggregates may clog glandular processes, impeding 
the production or release of hormones and other 
cellular secretions. Cross-linking agents include 
aldehydes, alkylating agents, free radicals, anti-
bodies and polyvalent metals.13 

This theory may be criticized on the basis that 
many of the vital molecules that may be cross-linked 
undergo metabolic turnover, implying that only 
non-renewable cellular populations exhibit age 
changes. In addition, the factors resulting in 
cross-linkages have yet to be fully discerned. 

Waste-product accumulation theory 

A number of pigmented inclusion bodies, represent-
ing aggregated waste products that may impede cell 
function and cause age changes, have been noted in 
a variety of tissues, especially neurones.14 The 
significance of such inclusions has yet to be 
discerned, although they may represent degenerated 
mitochondria15 and lysosomal products.16 These 
age-associated pigments are more frequently termed 
lipofuscin and probably result from auto-oxidative 
reactions of lipid components of lysosomes and 
other membranous intracellular organelles.17 Lipo-
fuscin granules contain a variety of substances, 
including: 

(1) Proteins. 
(2) Lipids. 
(3) Carbohydrates. 
(4) Cathepsin. 
(5) Various enzymes, including alkaline phospha-

tase. 
(6) Chromophores.18 

Vitamin E deficiency increases lipofuscin depo-
sition without accelerating other age changes; 
in addition, vitamin E administration does not 
prolong cell or tissue life or reduce lipofuscin 
accumulation.19'20 Thus lipofuscin accumulation 
may play only a minor role in the mechanism of 
ageing. It is also unclear whether lipofuscin granules 
actually damage cells by impeding function. 

Genome-based theories 

There is a general belief that longevity is largely 
determined by genetic mechanisms:21 in particular, 
a phenomenon, known as the Lansing effect, 
suggests that the progeny of older mothers have a 
shorter life expectation; an effect that may extend 
for several generations.22 

Somatic mutation theory 

This theory contends that the accumulation of a 
sufficient level of mutations in somatic cells will 
produce physiological decrements characteristic of 
ageing.23 Surprisingly, few studies have been under-
taken to confirm this widespread belief. 

Error theory 

This theory is really an extension of the somatic 
mutation theory, except that it contends that ageing 
reflects the accumulation of errors in DNA 
replication.24 This theory again lacks basic support. 

Programme theory 

This theory contends that the life-span of a cell or 
tissue is programmed into the genome. It is 
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supported by the fact that fibroblasts, grown in 
culture, can only undergo mitosis a finite number of 
times.25 This theory assumes that initially well-
ordered genetic programmes become progressively 
disordered, resulting in those changes recognized as 
ageing. This remains a theory; but there appears to 
be more widespread evidence in its favour compared 
with the other ageing theories.26 

Oral tissues 

The oral cavity is no different from the body as a 
whole, in that age changes reflect a gradual 
deterioration in oral health and well-being, albeit 
with great variability, both between individuals and 
between the different tissues (Figures 12.1,12.2). 

Age 

Figure 12.1 Effect of age on homeostatic efficiency. 

Epithelium 

Thinning and diminished keratinization are the two 
principal characteristics associated with advancing 
age in the oral epithelium.27'28 In addition, a 
reduction in rete peg dimensions has been noted, 
presumably reflecting changes in the intervening 
basement membrane. Whereas the oral epithelium 
shows an increase in cell density with increasing 
age,30 whether this reflects an increase in mitotic 
activity,31 no change in renewal time30 or a 
reduction in the rate of renewal32 has yet to be 
confirmed. There are no component blood vessels 
or lymphatics in epithelial tissues. These tissues are, 
however, metabolically active. Conceivably, there-
fore, some of the changes associated with age reflect 
disturbances in the underlying connective tissue 
reflected in the metabolism of the overlying 
epithelium. 

Connective tissue 

The increase in skin wrinkling with increasing age 
mainly reflects a loss of subcutaneous fat.33 This 
does not apply to the gingiva, however, as there is 
no underlying subgingival adipose tissue. The 
underlying connective tissues do become coarser 
with increasing age34 and this is associated with a 
reduction in the collagen turnover rate.35 

In the periodontal ligament, a reduction in 
component cell number and degree of component 
collagenous fibre organization has been noted with 
increasing age,36 together with a net loss of acid 
mucopolysaccharides.37 In addition, a reduction in 
soluble collagen in the periodontal ligament has 
been noted, but whether this reflects increased 
collagen cross-linking has yet to be discerned. It may 
reflect the fact that the periodontal fibroblasts 

Figure 12.2 Change in mandibular form in young (a) and 
old (b) edentulous subjects. 

synthesize type I, rather than type II collagen, with 
increasing age.39 Other reported age changes 
include an increase in component elastic fibres40 and 
a reduction in the number of epithelial rests of 
Malassez,41 although the possible functional signifi-
cance of such changes has yet to be investigated. 

Cementum 

Although there is continuous cementogenesis 
throughout life, the apical region of the root is 
primarily affected.42 This may partly reflect con-
tinued passive eruption and migration of the teeth 
associated with continuous periodontal reattach-
ment. Unlike bone, cementum undergoes only 
minor remodelling.43 With increasing age, however, 
the cémentai layer becomes not only increasingly 
acellular44 but also increasingly irregular in surface 
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outline. Furthermore, continued cémentai deposi-
tion results in slowly progressive reduction in the 
lumen of the apical foramina of tooth roots. The 
resultant progressive relative hypoxia of the pulp 
tissue is generally associated with a reduction in the 
pulpal cellular content. Again, to say that this is a 
natural consequence of advancing age presupposes 
that the factors influencing cementogenesis are well 
delineated. 

Dentine-pulpal complex 

With advancing age, the volume of the dentine 
increases at the expense of pulpal tissue. This may 
not be a reflection of age changes per se but the 
result of continued irritation of the dentine. 
Environmental stimuli that occur slowly, e.g. 
abrasion or attrition, are associated with an 
organized pulpal response that includes secondary 
dentine formation on the pulpal surface of dentine. 
This is associated with a reduction in the volume of 
the pulpal tissue and a diminution in the number of 
odontoblasts. With such changes, the reparative 
processes of the pulp tissue may become impaired. 
This reduction in the size of the pulp space results in 
odontoblastic overcrowding. As a result, some of 
the dentinal tubules lose their component odonto-
blastic processes. In addition, some of these dentinal 
tubules become obliterated, i.e. there may be 
dentinal tubular sclerosis. The net result is that the 
vitality of the dentine is reduced, but whether this 
reflects age changes per se, or the consequences of 
long-term low-grade irritation, remains conjectural. 

Bone 

With increasing age the lamina dura, the thin layer 
of cortical bone lining the alveolar socket, becomes 
thicker but more irregular.37 In addition, there is an 
increase in the component number of interstitial 
lamellae.36 Such changes are difficult to interpret, 
however, since the alveolar bone, in common with 
bone in other skeletal regions, constantly adapts to 
accommodate functional demands. If, with increas-
ing age, less teeth are present in the oral cavity, then 
the occlusal forces acting on the remaining teeth 
may increase. This will be reflected by changes in 
alveolar bone morphology, i.e. the alveolar bone 
remodels to accommodate changes in function. On 
the other hand, masticatory forces probably decline 
with age,45 which again would be expected to be 
associated with changes in alveolar bone 
morphology. 

Junctional epithelium 

In the healthy periodontium, the junctional epithe-
lium is located close to the amelo-cemental junction, 
whereas with increasing age, the location of this 

epithelium migrates down the side of the tooth root. 
This may merely reflect the effects of continued 
periodontal breakdown associated with chronic 
periodontal disease,46 but apical migration of the 
junctional epithelium with increasing age has been 
noted in the absence of plaque and gingival 
inflammation.47 Other facts may therefore be 
associated with gingival recession, including con-
tinuous passive eruption48 and mechanical trauma.46 

There is, however, a general consensus that 
continued periodontal destruction, consequent upon 
plaque accumulation, is the predominant aetiologic 
factor associated with continued gingival recession 
with advancing age. 

Plaque 

In the absence of efficient oral hygiene, dental 
plaque accumulates on the exposed tooth surfaces. 
If these exposed areas are enlarged due to gingival 
recession, then the potential surface for plaque 
accumulation will be increased.49 In a study of 
plaque from young (20-24 years) and old (65-81 
years) patients, no difference in dextran hydrolase, 
sucrase or amylase was noted between the two 
patient groups, although levan hydrolase activity 
was markedly higher in the younger age-group. This 
suggests a lower streptococcal plaque count in the 
older age-group.49 In another study, the concentra-
tions of Ig A, IgM, and C3 (specific immune factors) 
and lactoferrin lysozyme and lactoperoxidase (non-
specific immune factors), were all higher in the 
plaque of the older, compared with younger, 
age-groups of patients.50 Although there are 
both quantitative and qualitative changes in the 
plaque with increasing age, their biological signifi-
cance remains obscure. 

Host response 

Dental plaque accumulation in some patients may 
be associated with only mild gingivitis, but with 
severe periodontal recession in others, i.e. the 
response to plaque-derived irritants is a function of 
the host immune defence response. A number of 
studies have shown the efficacy of the host defence 
response in the oral cavity decreases with age.51 

Thus the susceptibility to periodontal disease is 
probably more important for the rate of periodontal 
destruction than the length of time the plaque is 
present (the age effect). 

Wound healing 

The rate of skin wound healing decreases with age.49 

This effect appears to be more pronounced in the 
connective than epithelial tissues.44 
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Conclusions 

The ageing of a patient , or any part or region of a 
patient , may be regarded as the composite effect of 
ageing on the cells. It is, however, unreasonable to 
anticipate that all cells age in unison {Figure 12.3). 
Thus , some tissues age preferentially relative to 
others . For instance, the enamel is a relatively inert 
tissue, so that changes other than abrasion and 

Figure 12.3 Growth changes in component body tissues. 

attrition are unlikely with increasing age. By 
contrast , the oral mucosa may exhibit a variety of 
pathological changes reflecting continued t rauma, in 
addition to infective and carcinogenic irritants. 
Detai led considerations of these facets are more 
appropriately contained in a pathology text. The 
main theme of this chapter is primarily to underl ine 
the paucity of knowledge concerning the t rue ageing 
changes in the oral cavity. 

Interestingly, although life expectancy has in-
creased in the past century, such achievements as 
have been made simply allow more people to reach 
the limit of what appears to be a fixed life-span. If 
the three major causes of death in North Amer ica 
were eliminated, e.g. cancer, heart disease and 
stroke, only 10-20 years of additional life could be 
expected. 

Review questions 
1. Give an account of the theory of ageing that best 

fits the oral mucosa. 
2. Contrast the age changes of bone with epithe-

lium. 
3. How does age affect wound healing? 
4. Identify the genome-based theories of ageing. 
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Introduction 

An all too small segment of the population visits the 
dentist regularly for routine dental assessment and 
treatment. The remainder, unfortunately, regard 
the dentist as a necessary evil, evoked only when the 
need becomes imperative. One study revealed that 
only 33% of the population attend a dentist 
regularly,1 the remainder attending casually as only a 
last resort. Of the many factors associated with this 
apparent unconcern about regular dental care, 
dental fear and/or anxiety remain predominant.2 In 
a study of the fears and anxieties that people hold in 
regard to illness, 89% of a sample were specifically 
fearful of dental treatment: a fear unrelated to 
educational level or general illness anxiety.3 Thus 
many patients who attend a dentist are frankly 
afraid; this fear may manifest itself physiologically in 
a number of ways. More often than not, the patient 
will attempt to mask this anxiety, although occasion-
al bouts of fainting provide the most blatant signs of 
fear. Anxiety may also be manifest by a host of 
other signs including: 

(1) Sleep loss. 
(2) Hunger. 
(3) Pain. 
(4) Excessive analgesic consumption. 
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(5) Sweating. 
(6) Palpitations. 
(7) Talkativeness, etc. 

Often the treatment of such anxious patients also 
results in stress for the dentist and the dental team. 

Physiology of stress 

The body reacts in a number of ways when placed in 
a situation interpreted as adverse or threatening,4 

including anorexia,5 over-eating,6 gonadal function-
al disturbance,7 disease,8 decreased host defence 
reactions9 and altered pain sensitivity.10 The type of 
change that develops is related to both significance 
of the specific threatening situation to the individual 
and the individual's more general pattern of 
adaptation to day-to-day problems. This, in turn, is 
related to a patient's fears and phobias, developed 
mainly as a result of childhood experiences.11 

The physiological responses to emotional stimula-
tion are autonomie and controlled by a complex 
system involving the limbic structures, especially the 
amygdala, hypothalamus and reticular formation. 
Stimulation of the reticular formation induces 
cerebral arousal, alerting reactions,12 panic and fear 
responses.13 In such stressful situations there are 
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increased systemic circulatory catecholamine levels, 
derived from increased sympathetic tone augmented 
by increased adrenal medullary secretion. This is the 
traditional 'fight or flight' reflex.14 The results 
include: 

(1) Vasodilatation of the skeletal muscle arterioles 
and coronary arteries. 

(2) Increased cardiac output, associated with a 
raised blood pressure. 

(3) Raised cerebral blood flow. 
(4) Mobilization of sugar from hepatic glycogen 

stores. 
(5) Increased cellular metabolism. 
(6) Increased susceptibility of the cardiac ventricu-

lar muscle to extrasystole or ventricular fibrilla-
tion. 

Such fight or flight reflexes also result in 
pituitary-adrenocortical activation, associated with 
increased 17-hydroxycorticosteroid output.15 The 
results of increased glucocorticosteroid secretion 
include increased glucose production and utiliza-
tion, mobilization of fat from storage depots and 
increased muscular efficiency. 

Patients taking steroids, or whose adrenal cortices 
are either dormant or have undergone atrophy as a 
result of disease or therapy, are extremely suscepti-
ble to the damaging effects of a wide variety of stim-
uli that demand compensatory responses, including 
trauma, haemorrhage, fasting, anaesthetics and 
changes in environmental temperature. When such 
patients require dental treatment, it is important to 
ensure prior consultation with a physician. 

The physical and emotional trauma associated 
with dental treatment primarily impinges upon 
hypothalamo-pituitary activity. In particular, 
trauma initiates the release of corticotrophin 
(ACTH), which enhances the production of adreno-
cortical hormones essential for accommodation to 
stressful situations. The secretion of ACTH is, 
however, dependent on a neurohormonal subst-
ance, corticotrophin-releasing factor (CRF), pro-
duced by the hypothalamus. This 41-amino-acid 
peptide stimulates the release of both ACTH and 
cortisol. It is believed that the episodes of ACTH 
secretion are preceded by hypothalamic CRF 
release, reaching the anterior hypophysis by the 
portal veins. While each ACTH secretory event 
causes discrete release of cortisol, because of 
cortisol's longer half-life and the increasing numbers 
of secretory episodes in the early morning hours, a 
diurnal pattern is present. CRF secretion appears to 
be primarily controlled by excitatory and inhibitory 
pathways originating in other areas of the central 
nervous system and, to a lesser extent, by the 
glucocorticoids. 

The secretory responses are, however, complex 
and vary depending upon the nature of the 
stimulus.16-18 Generally, acute trauma stimulates 

the secretion of corticotrophin (ACTH), B-
endorphin/B-lipotrophin (B-LPH), prolactin and 
vasopressin.19-21 The production of other pituitary 
hormones (e.g. growth hormone, thyrotrophin, the 
gonadotrophins and oxytocin) may be enhanced, 
depressed or unaffected.22'2* Such pituitary re-
sponses to physical and emotional trauma occur as a 
result of changes in hypothalamic activity. In this 
regard, the hypothalamic connections with other 
parts of the central nervous system are of crucial 
importance.24,25 

Classically, prolactin, vasopressin and ACTH are 
regarded as the stress hormones. The function of 
prolactin in this regard is obscure, although stimuli 
that raise the osmolarity of the extracellular fluids or 
reduce the blood pressure or volume (e.g. haemor-
rhage) result in vasopressin secretion. The regula-
tion of osmolarity is very tightly controlled, with 
increases of as little as 1 % being sufficient to cause 
vasopressin release and initiate antidiuresis. Hypo-
volaemia is also a potent stimulus of vasopressin 
release, in common with both nausea and hypoxia. 
Catecholamines and alcohol inhibit vasopressin 
secretion. Changes in osmolarity are detected by 
osmoreceptors, or possibly sodium ion receptors, in 
the hypothalamus. Reductions in blood volume or 
pressure are recognized by volume and stretch 
receptors in the atria and carotid sinuses and relayed 
by afferent neurones, via the brain stem nucleus 
tractus solitarium, to the hypothalamus.26'27 Emo-
tional trauma is also a powerful stimulus of 
vasopressin production, in addition to non-specific 
stimuli, e.g. pain and various drugs, especially 
anaesthetic agents. By contrast, ACTH is released 
in response to all noxious stimuli, with its secretion 
being the essential for adrenocortical steroid pro-
duction. Thus physical and emotional stress of 
dental treatment may be reflected in the varied 
release of the different stress hormones. 

Hypothalamo-pituitary-
adrenocortical response 

Physical stress results in increased ACTH, growth 
hormone and prolactin secretions coupled with 
inhibition of thyroid stimulating hormone, luteiniz-
ing hormone and follicular stimulating hormone. 
These hormonal changes may be considered as 
being beneficial to the organism, in that they: 

(1) Increase vascular tone. 
(2) Provide increased energy substrate. 
(3) Slow down the basal metabolic rate. 
(4) Shunt energy away from temporarily unneeded 

activities. 

These changes in hormone secretion are probably 
due to alterations in the hypothalamo-pituitary-
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adrenocortical axis. It is more likely, however, that 
the basic mechanisms are far more complex than the 
end-result of pituitary hormone secretion. 

ACTH is formed in the adenohypophysis from a 
biologically inactive precursor molecule, pro-
opiomelanocortin (POMC). This is then released 
into the bloodstream in response to corticotrophin-
releasing factor(s) (CRF). CRF is produced in the 
hypothalamus and transported to the adenohypo-
physis via the hypothalamo-hypophyseal portal 
vessels.28 The actual composition of CRF has yet to 
be defined, but probably comprises CRF-41 (a 
41-residue peptide and vasopressin which act 
synergistically). The importance of vasopressin in 
the regulation of ACTH secretion has been empha-
sized repeatedly, and the general consensus con-
tends that CRF activity is potentiated by 
vasopressin,29,30 although adrenaline (epinephrine) 
may also be involved. In addition, stress-induced 
release of ACTH may be partially effected by 
inhibition of the secretion of corticotrophin-release-
inhibiting factor(s).32 Substance P, which is present 
in the hypothalamus in large quantities, may inhibit 
spontaneous ACTH release.33 

CRF secretion appears to be controlled primarily 
by excitatory and inhibitory nervous pathways ori-
ginating from other parts of the CNS. These neur-
onal influences may be important not only in the 
regulation of the basal CRF secretion, but also in 
the initiation of the trauma-induced hypothalamo-
pituitary-adrenocortical (HP A) function. The 
several regions of the brain involved include the 
amygdala, the hippocampus, the thalamus and the 
reticular formation.34 

Other systems involved in the regulation of CRF 
secretion include: 

(1) A central cholinergic pathway that stimulates 
CRF secretion.35 

(2) Two distinct 5-hydroxytryptamine (5-HT) sys-
tems, one stimulatory and the other inhibitory 
of hypothalamo-pi tu i tary-adrenocor t ica l 
activity. 

(3) Catecholamines. 
(4) Opioid substances. 

HPA activity is controlled to some extent by 
negative feedback mechanisms involving both 
ACTH and corticosteroids. Under non-stress condi-
tions, the blood corticosteroids probably play an 
important part in the regulation of ACTH release. 
Corticosteroids inhibit ACTH secretion, probably 
by acting on specific receptors in the adenohypo-
physis, hypothalamus and other CNS sites. During 
stress, the corticosteroids appear to play an essential 
causal role in substrate mobilization required for 
hepatic glucogenesis (e.g. amino acids, glycerol, 
lactate), in addition to the compensatory responses 
to fluid loss caused by haemorrhage.36 Glucocorti-
coids, at concentrations attained in the peripheral 

blood after trauma, exhibit marked immunosup-
pressive and anti-inflammatory properties. They 
inhibit the production or activity of numerous 
mediators involved in the physiological responses to 
anxiety, infection and metabolic disturbance, in-
cluding prostaglandins and related compounds, 
kinins, histamine and lymphokines. 

Thus corticosteroids suppress the body's normal 
defence mechanisms, conceivably preventing 
the normal responses to trauma proceeding to a 
stage of producing tissue damage and threatening 
homeostasis. 

Haemostatic response 
Acute stress, quite independently of trauma, pro-
duces a transient change in the haemostatic mechan-
ism, which may be mediated by neurohumoral 
messages. These changes include thrombocytosis,37 

increased clotting activity38 and increased plasmi-
nogen activator activity.3 

It is not yet established whether the rise in these 
agents in the blood is the result of an active process 
or reflects passive circulatory changes which sweep 
platelets or plasminogen activator from the endothe-
lium, to which they were loosely attached. The 
physiological benefit of these changes is not 
apparent, as normal individuals appear well equip-
ped to confront most haemostatic challenges with-
out such defence reinforcement. Possibly they 
reflect primitive responses to danger in anticipation 
of injury. It is clear, however, that all the arms of 
the haemostatic mechanism are acutely modified as 
a result of various kinds of stress, and these changes 
may be mediated by adrenergic pathways and/or the 
pituitary. None of these changes imply that platelet 
plug or fibrin formation or dissolution is actually 
occurring, just that the groundwork is laid down to 
allow these processes to occur should the appropri-
ate stimulus appear. Trauma is associated with stress 
and these stress-induced changes will appear after 
injury. They will be superimposed on, and will often 
obscure, any platelet or clotting factor consumption 
resulting from local haemostatic mechanisms. These 
changes are, however, generally transient, lasting 
only hours. 

In the days following many different types of 
injury, the haemostatic mechanism slowly evolves 
towards haemostatic security. The platelet count is 
raised to a variable, sometimes striking, degree40 

and platelet adhesiveness41^3 and sensitivity to cer-
tain aggregating agents are also increased.44 This 
implies that the platelets are therefore readied for 
any subsequent acute haemostatic emergency. Trau-
ma is also followed by a period of sustained and 
striking increase in plasma fibrinogen level.45 Al-
though these changes do not indicate that the system 
is active, there is some indirect evidence that throm-
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bin and fibrin formation are actually occurring at this 
time. Concurrent with these changes, the activity of 
the fibrinolytic system is also reduced. Such changes 
in the haemostatic mechanism towards security also 
increase the undesirable risk of thrombus and 
embolus formation. 

Stress studies 

An elevation of the heart rate is generally associated 
with anxiety states.46 The blood pressure also tends 
to be raised but this is not necessarily a 
corollary.47'48 Large increases in forearm blood flow 
accompany emotional stress,49 in addition to in-
creased palmar sweating and decreased salivary 
secretion.50 In one study, increased salivary secre-
tion was noted during dental treatment of aggressive 
patients, but significant reductions in defensive 
subjects.51 

Anxiety, associated with anger and aggression, is 
usually linked with raised noradrenaline and adrena-
line production52 and free fatty acid mobilization.15 

This latter has been associated with increased 
coronary artery narrowing, reflecting atheromatous 
plaque deposition.15 Anxiety, without fear or 
aggression, mainly causes raised adrenaline levels53 

which do not appear to be associated with patholo-
gical vascular changes. 

In a number of heightened emotional states, 
e.g. hostility, apprehension and agitation, there 
is an associated increased plasma 17-
hydroxycorticosteroid level.54 A similar increase in 
corticosteroid levels has been noted in patients 
awaiting oral surgery.55 Thus the stress produced by 
routine oral surgery or other forms of dentistry may 
not be insignificant. Patients who have undergone 
even quite minor oral or periodontal surgery may 
complain of feeling lifeless or fatigued the following 
day. It is not only the procedure that presents the 
challenge but the whole aura associated with the 
occasion. Often fear of the clinical environment, 
and even more the fear engendered by the 
imagination, results in many of the untoward 
reactions occurring in the dental surgery. Such 
effects may be augmented or exaggerated by others, 
including pain, stuffy rooms, concurrent illness, 
drugs and medications, and poor patient handling. 

Subjective feelings of anxiety may often be 
translated to physiological manifestations, in-
cluding: 
(1) Changes in facial expression. 
(2) Trembling. 
(3) Palmar sweating. 
(4) Cold extremities. 
(5) Pallor. 
(6) Nausea. 
(7) Diarrhoea. 

(8) Micturition frequency. 
(9) Breathlessness. 
(10) Palpitations. 

Vasovagal reactions 

A vasovagal reaction may be defined as 'the 
development of hypotension and brachycardia 
associated with the typical clinical manifestations of 
pallor, sweating and weakness'. 

The most profound degree of vasovagal reaction 
results in fainting or syncope. The result is cerebral 
ischaemia and loss of consciousness due to an abrupt 
severe fall in blood pressure. Such episodes 
frequently affect young males,56 especially when 
predisposed by a warm environment, anxiety, fear 
and pain. Whilst the upright position of the dental 
chair may be a contributory factor, syncope may still 
occur in the supine position.57 

Physiologically, syncope is associated with an 
initial sudden increase in the blood pressure, 
probably associated with apprehension. This then 
stimulates the baroreceptors of the aortic arch and 
carotid sinuses to produce generalized inhibition of 
sympathetic tone. This leads to brachycardia and 
arteriolar dilatation, especially in the skeletal 
muscle. Such changes result in the following: 

(1) Reduced cardiac output. 
(2) Fall in total peripheral resistance. 
(3) Hypotension. 
(4) Syncope.53 

Thus there is a generalized inhibition of sym-
pathetic tone with a relative increase in vagal 
activity. Such a reaction is probably influenced by 
the cortical limbic system, which may be more 
sensitive in some patients than others.58 

Arteriolar dilatation, resulting in systemic 
hypotension, may be associated with reduced 
cardiac filling.59 The combined diminution in 
ventricular volume and increased ventricular wall 
tension may then trigger a depressor reflex initiated 
by intracardiac baroreceptors.60 

Other forms of syncope may also occur in the 
dental chair. One is carotid sinus syncope induced 
by pressure over the carotid sinus in the neck.61 This 
probably results from vagal inhibition and conse-
quent fall in arterial pressure. The other, cough 
syncope, occurs during a spell of violent coughing, 
where high intrathoracic pressures are developed, 
associated with a reduction in the venous return to 
the heart.62 

Hyperventilation 
Overbreathing in anxious individuals usually starts 
insidiously but, as the rate and depth increases, 
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increasing volumes of carbon dioxide are expired 
through the lungs. There is a consequent fall in the 
partial pressure of arterial carbon dioxide and a rise 
in blood pH, resulting in respiratory alkalosis which 
induces progressive cerebral arteriolar 
vasoconstriction.44 Heart rate and cardiac output 
rise and there is a marked fall in peripheral vascular 
resistance. These effects occur in patients who have 
undergone sympathectomies or who have had 
brachial plexus blocks with local anaesthesia.63 

These reactions are therefore probably not medi-
ated by the central nervous system but are the result 
of direct local vascular effects. During these 
episodes tetany often develops, with facial and lip 
stiffness, spasm of the hands and feet and increased 
motor nerve excitability. The effects appear to be 
associated with increased blood and tissue fluid 
calcium ion concentrations. Numbness and tingling 
of the extremities, together with the tetanic spasm, 
may further increase patient anxiety levels. Treat-
ment requires increased carbon dioxide inhalation, 
usually by breathing into a bag or paper cup. 

Arrhythmias 

Many patients exhibit cardiac abnormalities when 
emotionally stressed, including extraventricular 
systoles.64 In patients in the dental chair, most of 
such anomalies are nodal or mitral in origin and are 
of no clinical significance. More serious arrhythmias 
are more likely to occur in patients with pre-existing 
cardiac disease. The possible causative factors 
include: 
(1) Excess carbon dioxide in the blood. 
(2) Oxygen deficiency. 
(3) Reflex sympathetic stimulation. 
(4) Increased endogenous catecholamine secretion, 

rendering the myocardium more excitable. 
(5) Atropine premedication to decrease saliva 

production. 
(6) Vasoconstrictor components of local anaesthetic 

solutions, especially if injected directly into a 
vein. 

Nausea and vomiting 
Nausea is a subjective phenomenon, comprising a 
desire to vomit without attempted expulsive move-
ments. Nausea may often be associated with a 
variety of signs and symptoms, including: 
(1) Excessive saliva production. 
(2) Sweating. 
(3) Increase in heart rate. 
(4) Variations in the rate, depth and regulation of 

respiration. 

These symptoms are sometimes manifest in the 
anxious patient in addition to fear, pain, drugs or 
hypoxia. Nausea may also result from stimulation of 
the afferent nerves of the soft palate and pharynx, 
especially during dental impression taking. Vomit-
ing may occur in association with general anaesthe-
sia, resulting from drug reactions, respiratory 
obstruction, hypoxia and postoperative blood swal-
lowing. If there is depression of the level of 
consciousness, such vomiting may result in laryngeal 
spasm. Alternatively, vomitus may enter the lungs 
to result in severe exudative oedema and broncho-
spasm, a condition termed Mendelson's syndrome. 
Bronchopneumonia or lung abscess may then 
follow. 

Conclusions 

The physiological processes underlying anxiety are 
exceedingly complex. In this short chapter, only a 
cursory overview has therefore been provided. The 
development of shock initiates a cascade of re-
sponses in an effort to re-establish homeostasis. 
Three of the most important hormonal and neuro-
hormonal changes are the secretion of glucocorti-
coids, catecholamines and vasopressin. Regulation 
of adrenal function is more complex than originally 
thought. Haemorrhage is a potent stimulus for 
cortisol release, and both ACTH and ACTH-
independent mechanisms have been described. The 
ACTH response to its releasing hormone, cortico-
trophin-releasing factor (CRF), is itself amplified by 
vasopressin, which appears to have intrinsic CRF 
properties. Nor-adrenaline and adrenaline levels 
increase many times above baseline within minutes 
of the onset of haemorrhagic shock; the enkephalins 
are co-released with the catecholamines, modifying 
their cardiovascular effects and producing analgesia. 
Hypovolaemia is also a potent stimulus for vasopres-
sin secretion. Vasopressin is also released by pain, 
nausea and hypoxia, all of which are likely to be 
present in a patient with shock. Thus, the hormonal 
responses to shock are complex, often interacting 
with one another to stimulate or partially counteract 
their individual actions. 

Review questions 

1. Identify the main manifestations of stress to-
wards dental treatment. 

2. What is the haemostatic response to stress, and 
what is the physiological benefit to a patient? 

3. Describe the physiological manifestations of a 
vasovagal attack. 

4. How do the higher centres of the central nervous 
system influence a patient's reactions to stress? 

5. What are the manifestations of cardiac 
arrhythmias? 
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Introduction 
The saliva circulating in the mouth at any given time 
is termed whole saliva and comprises a mixture of 
secretions from the major and minor salivary glands. 
Each gland contributes unique ingredients that 
interact with the other oral contents. Some salivary 
components immediately attach to tooth surfaces, 
whereas others interact with the oral soft tissues, 
bacteria and food.23 Over a 24 h period more than a 
litre of saliva is secreted, although both quantity and 
quality depend upon a variety of factors, including 
the time of day. For instance, very little saliva is 
secreted during sleep, whereas abundant saliva 
flows at mealtimes, stimulated by sight and smell as 
well as taste. While the salivary digestive activities 
have long been known, the protective functions 
have greater dental significance. Thus, patients with 
decreased salivary flow exhibit rampant caries in 
addition to oral inflammatory lesions and infections. 

Salivary enzymes 
Mucoproteins and glycoproteins 
Blood group substances 
Hormones 
Carbohydrates 
Lipids 
Nitrogen-containing compounds 
Lactoferrin 
Inorganic substances 

Factors affecting salivary flow rate 
Functions of saliva 
Conclusions 
Review questions 
References 

The salivary components may be of value 
diagnostically in that they may be used to assay a 
variety of agents and drugs, including: 

(1) Anti-epileptic drugs. 
(2) Phénobarbital. 
(3) Digoxin. 
(4) Methadone. 
(5) Pyschoactive drugs, e.g. diazepam, lithium 

carbonate. 
(6) Amitriptyline. 
(7) Steroids and other hormones, e.g. aldosterone 

and oestrogens. 

In addition to the autonomie nervous system, a 
number of other factors can stimulate salivary 
secretion, e.g. insulin, thyroid hormone and miner-
alocorticosteroids. The salivary glands also produce 
traces of hormones that affect tissue growth and 
repair, i.e. salivary glands exhibit both exocrine and 
endocrine functions. Thus salivary glands represent 

128 
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complex organs producing a complex solution, 
saliva. 

There is a widespread belief that salivary flow 
diminishes with age: this may hold true for only a 
portion of the population. Elderly people are, 
however, likely to be taking one or more daily 
medications, and since neural salivary control 
ultimately depends on neurotransmitters in contact 
with gland cells, saliva production can be affected by 
neuro-active drugs. For instance, atropine, certain 
tranquillizing and antidepressant drugs. Such long-
term prescriptions that adversely affect saliva 
production may lead to a diminished ability to taste 
and enjoy food, difficulties in speech, mastication 
and swallowing and a significantly increased oral 
tissue vulnerability to injury or disease. Thus 
knowledge of the physiology of salivary secretion 
has both pathological and diagnostic significance. 

Salivary glands 
Gross morphology 

There are three major salivary glands, which 
produce about 95% of total salivary volume, and 
numerous minor (accessory) salivary glands produc-
ing relatively miniscule amounts of saliva. 

Parotid gland (Figure 14.1) 

The parotid (literally 'next to the ears') glands 
provide 60-65% of total salivary volume. The 
glands are pyramidal in shape and engulfed by a 
dense fibrous capsule. This capsule may limit 
glandular expansion during inflammatory and other 
pathological changes, resulting in intense pain and 

Figure 14.1 Major salivary glands. The parotid is located 
close to the posterior border of the mandibular ascending 
ramus, whereas the submandibular is located close to the 
mandibular inferior border. 

discomfort. The capsule, together with the connec-
tive tissue septa that pass into the gland substance, 
provides support, augmented by a connective tissue 
matrix. The salivary glands therefore comprise both 
mesodermal (connective tissue) and epithelial 
(glandular cells) tissues, either of which may be 
subjected to pathological change. 

The superficial surface of the parotid gland (the 
base of the pyramid) is defined by the zygomatic 
arch, the external auditory meatus, and just behind 
and below the angle of the mandible. The gland 
extends into the groove between the mandibular 
ramus and sternocleidomastoid muscle to reach the 
styloid process and associated muscles which sepa-
rate the gland from the internal carotid artery and 
jugular vein. The external carotid artery enters the 
gland and divides into its terminal branches. The 
facial nerve also passes through the gland, dividing 
close to the anterior border. The main parotid duct 
(Stensen's duct) leaves the mesial angle of the gland 
to traverse over the masseter muscle and turn 
abruptly to enter the buccinator muscle prior to 
opening into the oral cavity in a small papilla close 
to the buccal surface of the maxillary first molar 
tooth. The duct is about 5 cm long and 3 mm in 
internal diameter, its walls comprising smooth 
muscle and fibrous tissue with an epithelial lining. 

Submandibular gland 

The submandibular glands produce about 20-30% 
of total salivary volume. The glands are irregular, 
walnut in shape, with a superficial inferior portion in 
contact with the skin and platysma muscle. Lateral-
ly, the gland is in contact with the mandibular body 
and medially with the extrinsic tongue and mylohy-
oid muscles. There may also be a small, deeper 
portion of the gland between the mylohyoid, hyo-
glossus and styloglossus muscles. This part of the 
gland extends forwards and inwards above the duct 
of the superficial portion to reach the posterior 
edge of the sublingual gland. After leaving the 
superficial part of the gland, the duct (Wharton's 
duct) passes beneath the deep part, between the 
mylohyoid and hyoglossus muscles, and between the 
sublingual gland and the genioglossus muscle to end 
at the summit of the sublingual papilla at the side of 
the lingual frenulum. This tortuous duct is approx-
imately 5cm long. 

Sublingual gland 

The sublingual glands produce 2 -5% of total 
salivary volume. The glands lie immediately beneath 
the oral mucosal lining of the mouth floor, raising a 
small fold on either side of the tongue. The glands 
rest on the mylohyoid muscle, with the mandible 
lateral and the genioglossus muscle medial. This 
smallest of the major salivary glands has a series of 
small ducts (Bartholin's ducts) that open on to the 
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surface of the sublingual folds on either side of the 
tongue. 

Minor glands 

Serous glands of von Ebner 

These are small glands whose ducts open into the 
sulci of the circumvallate papillae. 

Anterior lingual glands 

These two irregular glandular groups lie on either 
side of the frenulum on the under-surface of the 
tongue, with several ducts piercing the overlying 
mucosa. 

Lingual, buccal, labial and palatal glands 

These glandular aggregates are scattered over the 
tongue surface, inside of the lips and cheeks, and 
palatal mucosa. 

Blood supply 

The blood supply to the parotid is derived from the 
facial and external carotid arteries, with a richer 
vascular supply to the ductal than acinar systems. In 
fact the blood flow is parallel, but in the opposite 
direction, to the salivary flow,2 running along the 
glandular connective tissue septa. The facial and 
lingual arteries supply the submandibular gland, 
whereas the submental and sublingual arteries 
supply the sublingual gland. Venous drainage of all 
the glands is mainly through the external jugular 
vein. It appears that a portal vascular system exists 
within the gland with arterial blood flowing first to 
the ducts and then through capillaries which 
subsequently rejoin to form a portal vessel. This 
again splits to form capillaries around the acini. 

Microscopic structure 

Acinar region (Figure 14.2) 

The structure of salivary glands is similar to other 
exocrine glands,24,25 comprising a series of secretory 

units (acinar cells) clustered around a central 
lumen. These acini comprise the terminal or 
secretory end-piece of the gland, situated farthest 
from the oral cavity. They are supported by 
myoepithelial cells and a basement membrane. 
From each acinus the secretions pass to a series of 
interconnected ducts before passing out through the 
major salivary duct into the oral cavity. 

Each acinus comprises a series of polygonal cells 
on a basement membrane centred around a central 
ductal lumen. The acinar cells of the sublingual and 
submandibular glands (and occasionally in the 
parotid) are said to comprise mucous cells. These 
cells contain large secretory vacuoles and areas of 
smooth parallel cisternae. Otherwise they have a 
similar form and appearance to serous cells. Serous 
cells comprise the majority of the acinar cells of the 
parotid and glands of von Ebner. Serous cells also 
occur in the anterior lingual and submandibular 
glands where they are located on the outer surface 
of mucous cell acini. Where serous cells predomin-
ate in an acinus, they are large, polygonal in shape, 
although when a gland is predominantly mucous, 
the serous cells have a crescent (demilune) or 
flattened shape. These serous cells are characterized 
by a nucleus lying towards the base membrane; this 
cellular region also contains an extensive endoplas-
mic reticulum. In the luminal region of the cell there 
are numerous granules and vacuoles whose size is 
determined by the functional cellular activity. The 
luminal region of the cell also appears to contain a 
few villi, whereas the lateral cell walls are interdigi-
tated with those of adjacent cells, there being some 
intervening tight junctions in the apical regions. 

It is generally believed that protein secretion 
starts with the synthesis of exportable protein at the 
attached ribosomes of the rough endoplasmic 
reticulum.4 The protein is subsequently passed into 
a cisternal cavity of the reticulum, where it moves 
into the transitional zone. The elements then bud off 
to become Golgi vesicles. These vesicles transmit 
their contents to condensing vacuoles, which prog-
ressively fill and concentrate their content. The 
Golgi complex also processes the polysaccharide 
moieties into the forming secretory granules. Gra-
dually, the immature granules become mature 

Acinus Intercalated 
duct 

Striated 
duct 

; Lobar or 
excretory 
duct 

Figure 14.2 Diagrammatic illustration 
of a component of a major salivary 
gland. M, myoepithelial cell. 
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granules and reach an apical cellular location. The 
actual secretory mechanism, however, remains 
obscure. In mucous cells, masses of fused granules 
and mucus are discharged into the acinar lumen 
through breaks in the apical membrane. This 
apocrine process may be so extensive that the whole 
of the cellular contents are discharged.5 Other 
studies have shown that the zymogen granules may 
fuse with the luminal membrane and discharge their 
contents, followed by luminal membranous with-
drawal in the form of small smooth vesicles into the 
cellular cytoplasm.6 

Ducts (Figure 14.3) 

The secretions pass from the acinus to a short 
intercalated duct, whose lining cuboidal cells have a 
large central nucleus and many mitochondria but 
little endoplasmic reticulum. The cells have small 
cytoplasmic villi extending in towards the lumen. 
The duct lining cells are closely interdigitated one 
with another, but lack sufficient structural organiza-
tion for electrolyte transport. They do, however, 
contain zymogen granules, which may contribute to 
subtle changes in salivary composition. 

The intercalated ducts then pass abruptly into 
another short, but wide, striated duct. These latter 
are lined by columnar cells with marked cellular 

Extracellular fluid 

Figure 14.3 Diagrammatic illustration of ionic movements 
in salivary ducts. 

membrane interdigitations projecting towards the 
lumen. The cytoplasm in this region contains 
numerous linearly arranged mitochondria providing 
the striated appearance. The striated ducts actively 
resorb sodium ions from the primary acinar 
secretion, with the associated capillaries then 
transporting the ions away from the glands into the 
systemic circulation. 

These striated ducts then pass abruptly into 
two-epithelial-cell-layered excretory ducts and, 
finally, to a stratified squamous epithelial-cell-lined 
terminal duct. Although these latter excretory ducts 
resorb electrolytes from the primary secretion, they 
are probably less efficient than the striated duct 
lining cells. 

Myoepithelial cells 

These cells constrict the acini and ducts to facilitate 
salivary secretory flow. These stellate cells have long 
thin cytoplasmic processes that interdigitate around 
the acini and ducts. They generally contain longitu-
dinally arranged myofibrils that immunochemically 
cross-react with antibodies to smooth muscle 
actomyosin.26 They therefore resemble smooth 
muscle cells. 

Mechanisms of salivary secretion 
Acinar fluid formation 

The acinar fluid consists of water, ions, small 
molecules and secretory products synthesized by the 
cells. This fluid is derived from the interstitial fluid, 
which in turn is derived from the blood in the 
adjacent capillaries. Molecules such as glucose, urea 
and amino acids diffuse freely through the capillary 
wall. As secretion is stimulated, however, the blood 
flow to the acinar region is increased, with the 
pressure gradient towards the acinus facilitating 
primary acinar fluid formation. Although the acinar 
cells are freely permeable to lipid-soluble substances 
and water, they are much less permeable to other 
substances, e.g. glucose. Thus, there must also be a 
form of active cellular transport for some subst-
ances, e.g. sodium and chloride ions. The acinar 
cells also synthesize salivary proteins, probably at 
the ribosomes. The proteins then pass into the 
cisternae of the endoplasmic reticulum, to be 
secreted from the cell surface by exocytosis. 
Stimulation of the salivary glands does not change 
the rate of protein synthesis, only the acinar cell 
discharge rate. 

The role of the ducts 

On passing through the ducts, the acinar fluid is 
transformed from an isotonic (or slightly hyperto-
nic) fluid with analogous ionic concentrations to 
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plasma, to a hypotonie fluid with low chloride and 
sodium ion concentrations. This function is essen-
tially confined to the striated duct, facilitated by the 
marked interdigitations of the luminal cellular walls. 
Thus, there is active transport of sodium out of the 
fluid with active potassium transport in the opposite 
direction, passive chloride diffusion maintaining an 
electrochemical balance. Bicarbonate is also actively 
secreted into the fluid at this time. Partial salivary 
equilibration with plasma occurs in the excretory 
ducts, with the ion concentrations returning closer 
to those of plasma. 

Salivary gland innervation 

Salivary secretion results from neural, rather than 
hormonal, stimulation. Neural section not only 
results in the cessation of secretion but, ultimately, 
glandular atrophy. The liberal sympathetic innerva-
tion is derived from the superior cervical ganglion 
and follows the blood vessels into all the glands. 
They are then distributed to the acini and interca-
lated and striated ducts, but not the excretory ducts. 

The parasympathetic secretomotor innervation to 
the parotid gland travels in a branch of the 
glossopharyngeal nerve which synapses in the otic 
ganglion. It subsequently passes with the auricu-
lotemporal nerve to the gland. Both submandibular 
and sublingual glands derive their secretomotor 
innervation from the facial nerve, with the chorda 
tympani branch leaving the middle ear and passing 
as the chorda tympani to join the lingual nerve and 
synapse in the submandibular ganglion. Post-
ganglionic branches then pass from this ganglion to 
the two glands. There are also other secretomotor 
pathways.3 For example, section of the glossophary-
ngeal nerve decreases submandibular, sublingual 
and parotid secretions, while section of the chorda 
tympani results in parotid gland secretory depress-
ion. Secretomotor nerves to the submandibular and 
sublingual glands have also been found in the 
hypoglossal nerve and cervical branch of the facial 
nerve. The main parasympathetic nerve trunks pass 
to the main ducts and blood vessels, with small fibre 
plexuses forming around the striated and interca-
lated ducts and acinar surfaces, but not around the 
excretory ducts. 

General sensory fibres appear to be carried to the 
parotid via the glossopharyngeal nerve and to the 
sublingual and sdubmandibular glands via the 
chorda tympani. Conceivably, these fibres comprise 
part of a feedback mechanism responding to 
glandular distension. 

There appear to be no specialized sensory or 
secretomotor nerve endings within the glands, 
although there may be separation between acinar 
and myoepithelial innervations. Salivary secretory 
stimulation occurs primarily through cholinergic 

agents, although α-adrenergic agents may also be 
involved, together with calcium ions. Salivary 
stimulation appears to be mediated by an increase in 
the intracellular concentration of cyclic guanosine 
3',5'-monophosphate (cGMP). ß-adrenergic agents 
also cause salivary stimulation which is mediated by 
an increase in intracellular cyclic adenosine 3',5'-
monophosphate (cAMP), although this does not 
require calcium ions. The secretion of electrolytes, 
water and proteinaceous substances (zymogen gra-
nules) is the net cyclic nucleotide effect on the acinar 
cells. The basal and luminal acinar membranes also 
become more permeable to sodium and potassium 
ions. In addition, stimulation results in a transient 
potassium ion efflux from the acinar cells to the 
lumen and interstitial fluid. This is associated with a 
net influx of sodium ions passively followed by water 
and chloride ions. Cholinergic or adrenergic sti-
mulation also activates the sodium pump located 
near the tight junction between the acinar cells. 
Both cAMP and cGMP are also involved with 
protein secretion, with cAMP activating a protein 
kinase in the acinar cell, resulting in phosphoryla-
tion of another protein to effect zymogen granule 
membrane changes. 

Salivary control 
Afferent pathways 

The rate of salivary gland secretion may be affected 
by three principal factors. 

Local factors 

Whenever the sensation of taste is stimulated, the 
salivary flow rate increases. The fibres carrying taste 
sensation pass along the chorda tympani in the 
lingual nerve (originating in the facial nerve) and the 
glossopharyngeal nerve. Glossopharyngeal nerve 
stimulation (supplying the posterior one-third of the 
tongue) results mainly in increased parotid salivary 
flow. Chorda tympani inputs and outputs appear 
similarly related.2 Acid stimuli are the most 
effective salivary flow stimulants, salt and sweet less 
so, and bitter the least effective. 

Olfactory irritants similarly cause increased saliv-
ary flow rates. There is, however, uncertainty as to 
whether non-irritating olfactory stimuli also have a 
similar effect or whether the salivary response is a 
conditioned reflex. Irritation (or touching) of the 
oral mucosa can also result in increased salivation; 
this feature is most pronounced following new 
denture or orthodontic appliance insertion. In these 
latter instances, increased salivation is usually 
temporary, although it may initially alarm the 
patient. Unilateral proprioceptive stimulation in the 
periodontal ligament, muscles of mastication or 
temporomandibular joint predominantly leads to 
ipsilateral increased salivary secretion.2 
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Emotional (psychic) stimuli 

The sight of food, talking about food, or the noise of 
food preparation are sufficient to activate the 
condit ioned reflexes leading to increased 
salivation.1 By contrast, discussion or thought about 
disliked foods may result in diminished salivary 
secretion. This indicates that salivation can be 
influenced by the higher centres, e.g. fear or rage, 
although the details of such controls have yet to be 
defined. 

Stimulation from other organs 

Oesophageal irritation causes reflex salivation, 
although gastric irritation leads to increased saliva-
tion as a component of the nausea/vomiting reflex. 
Thus, oesophageal carcinoma may be associated 
with marked salivation, whose subsequent swallow-
ing may induce severe pain. 

Central control 

The afferent stimuli are finally integrated in the cell 
bodies of preganglionic secretomotor neurones. The 
cell bodies of the sympathetic nervous system 
appear to lie in the lateral columns of the first five 
thoracic nerves, with the salivary spinal reflex 
centres being influenced by the medulla and higher 
centres, e.g. hypothalamus. The nuclei of the facial 
and glossopharyngeal nerves contain the cell bodies 
of the parasympathetic system. This area, the 
nucleus salivatorius, comprises a neuronal cluster 
in the reticular formation extending from the facial 
nucleus to the nucleus ambiguus. The nucleus 
salivatorius has been subdivided into two compo-
nents: 

(1) Nucleus salivatorius superior: stimulation 
causes secretion from the ipsilateral subman-
dibular gland. 

(2) Nucleus salivatorius inferior: stimulation causes 
secretion from the ipsilateral parotid gland. 

This functional delineation is not discrete, howev-
er, in that stimulation of any area may result in 
secretion of all the glands from both sides. 

Other higher centres also influence salivary 
secretion (e.g. sleep, rage, fear and conditioned 
reflexes). For instance, stimuli from the cerebral 
cortical area at the lower end of the fissure of 
Rolando, the junction of the frontal and anterior 
sigmoidal gyri and the amygdaloid nuclei influence 
the rate of salivary secretion. 

Efferent pathway 

The control of salivation is mainly under parasym-
pathetic control, although there may also be a 
sympathetic component.9 

Passing through the facial nerve, parasympathetic 
fibres pass via the chorda tympani to reach the 
lingual nerve and then, synapsing in the small 
ganglia around the submandibular and sublingual 
nerves, short postganglionic fibres pass into the 
glands. 

The glossopharyngeal fibres pass through the 
tympanic and lesser superficial petrosal nerves to 
reach the otic ganglion where they synapse with the 
postganglionic fibres of the auriculotemporal nerve 
which supplies the parotid gland. 

Autonomie control 

The sympathetic fibres synapse in the superior 
cervical ganglion, with postganglionic fibres then 
passing to all the salivary glands. 

The parasympathetic postganglionic neurotrans-
mitter is acetylcholine, whereas that of the sym-
pathetic postganglionic terminals is norepinephrine 
(noradrenaline). In addition to salivary secretion, 
the autonomie nervous system also exerts control 
over the glandular vasculature, excretory duct 
activity and myoepithelial cells. Neural control of 
salivary gland function is therefore complex. 

Salivary composition7,8 

Although saliva in the acini is isotonic or slightly 
hypotonie, it is always hypotonie after passage 
through the duct system. The duct cells are active in 
the reabsorption of sodium (followed passively by 
chloride ions) as well as potassium and bicarbonate 
secretion. Some water may be added to the 
secretions by the duct cells, although they are 
relatively impermeable to water. In fact, more than 
99% of saliva is water, so that it is not surprising that 
saliva is a water metabolic cycle component. 

Proteins 

Although plasma cells and duct cells may provide a 
minor contribution to the salivary protein content, 
the acinar cells are primarily responsible. The 
quantity of salivary protein increases with the flow 
rate: the average for the parotid being 2.3 ± 
1.7g/litre, submandibular 1.2 ± 0.8g/litre and 
sublingual 2.6 ± 0.70g/litre. 

Serum proteins 

The serum proteins present in saliva may amount to 
20% including IgG, IgM, Ig A in addition to albumin 
and some a- and ß-globulins.27-30 Although serum 
albumin estimations range from 1-10% of total 
protein, the concentrations decrease with increased 
flow rates. The salivary γ-globulins are in different 
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forms and concentrations from those in the blood. 
In fact, these γ-globulins are probably synthesized 
within the glands themselves; a feature that may also 
apply to some of the salivary albumin. 

Secretory IgA is synthesized by plasma cells 
within the glands in addition to the mucosal 
epithelial cells. Secretory IgA is therefore different 
from plasma IgA, due to a non-lymphoid-derived 
glycoprotein designated as the secretory compo-
nent. This makes the secretory IgA more resistant to 
enzymic proteolysis. Secretory IgA comprises 90% 
of the total parotid IgA and 85% of whole saliva 
IgA, 30-35% of which is derived from the minor 
glands. This secretory IgA exhibits three possible 
functions: 
(1) Inhibition of bacterial colonization, probably by 

agglutination. 
(2) Binding to specific bacterial antigens involved 

with adherence. 
(3) Affecting specific enzymes essential for bacte-

rial metabolism. 

Proteins synthesized within the glands 

A number of proteins analogous to those found in 
blood may be detected in saliva, including: 
(1) Factor VII (pro-activator). 
(2) Factor IX (Christmas factor). 
(3) Factor VIII (antihaemophiliac globulin). 
(4) A platelet factor. 

Salivary enzymes 
Amy läse 

Approximately 30% of the protein found in saliva is 
α-amylase, with submandibular amylase activity 
being only about 20% of that in the parotid; there is 
very little amylase activity in the sublingual and 
minor glandular secretions.31 a-Amylase (ptyalin) is 
calcium-dependent and is activated by chloride ions. 
This enzyme hydrolyses cooked starch to maltose, 
the primary action being the disruption of the a 1,4 
glycosidic linkages. The enzymic activity is, howev-
er, limited since the enzyme is readily inactivated by 
a pH of 4 or less. Amylase activity may still continue 
in the centre of a bolus if protected from the acidic 
gastric environment, a-Amylase is probably synthe-
sized as the glycosylated form and modified by the 
removal of carbohydrate or sequential deamination 
after transcription or secretion. The concentration 
of α-amylase increases with the rate of salivary 
secretion. 

Lysozyme 

Lysozyme is present in all major body fluids but 
occurs at high concentrations in saliva, in addition to 

lacrimal fluid and nasal and bronchial secretions.16 

The concentration of lysozyme is greater in subman-
dibular saliva than that of the parotid.32 Lysozyme 
acts on the B(l-4) bond between N-acetyl-muramic 
acid and N-acetyl-glucosamine in the Gram-positive 
bacterial cell wall component peptidoglycan17 lead-
ing to its subsequent disruption and microbial death. 
Lysozyme may in fact be lytic only in environments 
which flux in pH and ionic strength.18 Lysozyme 
may also be bactericidal in the absence of lysis, in 
addition to inhibiting mucosal colonization by 
microbial aggregation. 

Acid phosphatase, cholinesterase, ribonuclease 

These enzymes are present in similar concentrations 
in parotid and submandibular saliva, with phospha-
tase having an optimum pH of 4.0. 

Lipase 

A specific lipase occurs in parotid saliva. 

Peroxidase 

An antibacterial peroxidase system occurs in parotid 
saliva, in addition to milk and tears, and comprises 
lactoperoxidase, thiocyanate and hydrogen perox-
ide. This system inhibits growth and acid production 
of a variety of micro-organisms, including strepto-
cocci, lactobacilli, fungi and enteric bacteria. 
Although lactoperoxidase and thiocyanate are nor-
mal salivary constituents,21 hydrogen peroxidase is 
generated by a number of oral micro-organisms.22 

Lactoperoxidase catalyses thiocyanate oxidation by 
hydrogen peroxide, resulting in the formation of a 
number of substances, including hypothiocyanite 
which oxidizes bacterial enzymes containing sensi-
tive thiol groups. Lactoperoxidase also retains 
activity when adsorbed on hydroxyapatite and 
salivary sediment, thereby protecting the enamel 
surface. 

Kallikrein 

Kallikrein splits serum ß-globulin into bradykinin, 
which then passes back into the gland and into the 
blood vessels. Kallikrein may therefore cause 
functional vasodilatation to supply an actively 
secreting gland. 
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Miscellaneous enzymes 

A vast enzymic array has been detected in saliva, 
including: 
proteases 
amino-peptidases 
carboxypeptidases 
lipases 
urease 
glucuronidase 
hyaluronidase 
neuraminidase 
esterases 
cholinesterase 

phosphatases 
sulphatase 
acid and alkaline ribonucleases 
glycolytic pathway enzymes: 
succinic dehydrogenase 
malate dehydrogenase 
lactate dehydrogenase 
glutamate dehydrogenase 
ß-hydroxybutyrate 

dehydrogenase. 

Mucoproteins and glycoproteins 

The majority of salivary proteins contain a large 
proportion of carbohydrate in their molecules, 
including galactose, mannose, hexosamine and 
fucose.33 Proline, glycine and glutamic acid com-
prise the major amino acid components. These 
negatively charged proteins probably interact with 
the positively charged calcium on hydroxyapatite 
surfaces. They also probably contribute to the 
enamel pellicle, in addition to contributing to 
enamel remineralization and preventing tooth sur-
face bacterial colonization. 

Blood group substances 

The carbohydrate-protein complexes present on the 
cell-membranes of red blood corpuscles are char-
acterized by the presence or absence of two antigens 
A and B that differ in their terminal sugar chains. 
Approximately 80% of the population exhibit the 
antigens corresponding to their blood groups 
(Α,Β,ΑΒ) or the glyoprotein H substance, which 
lacks the terminal polysaccharide chains. Other 
blood group antigens (e.g. the Lewis antigen family) 
have also been described in saliva. In fact, the Lewis 
antigen is found in body fluids and adsorbs to the 
surface of red blood corpuscles; its presence in saliva 
does not necessarily indicate a salivary origin. 
'Non-secretors' may have Lewis (a) antigen in their 
saliva, whereas 'secretors' have either Lewis (a) or 
Lewis (b) antigens. 

Hormones 

Two hormone-like substances have been described 
in saliva: parotin, which facilitates calcification and 
helps to maintain serum calcium levels, and a nerve 
growth factor that affects growth and development 
of sympathetic nerve fibres. 

Carbohydrates 

In addition to carbohydrates bound to proteins, 
parotid saliva also contains glucose at a similar 

concentration to blood. In addition to glucose, 
submandibular saliva also contains hexose and 
fucose, with small amounts of hexosamine and sialic 
acid. 

Lipids 

Saliva contains small quantities of diglycerides, 
triglycérides, cholesterol and cholesterol esters and 
phospholipids, in addition to corticosteroids (mainly 
cortisone). These lipids may play a role in salivary 
protein binding, bacterial adsorption to apatite and 
plaque microbial aggregation. 

Nitrogen-containing compounds 

Nine different amino acids have been found in 
parotid saliva, 12 in submandibular and 18 in whole 
saliva. Many of these are probably derived from 
microbial protein degradation. Salivary urea and 
uric acid concentrations appear directly correlated 
with those of the blood. Citrate and lactate arise 
from carbohydrate metabolism, with lactate in 
particular increasing after food intake. Most of the 
water-soluble vitamins have been found in saliva. 

Lactoferrin 

Lactoferrin is an iron-binding protein synthesized by 
glandular epithelial cells and polymorphonuclear 
leucocytes. The bactericidal effect of lactoferrin is 
blocked by secretory IgA and by prior saturation 
with iron. Conceivably, lactoferrin functions with 
other antimicrobial agents, e.g. lysozyme and 
lactoperoxidase to monitor the oral microbial flora. 

Inorganic substances 
The ions found in all physiological fluids are also 
present in saliva, albeit at concentrations modified 
by salivary secretion.34'35 

Sodium 

Sodium ions are present in acinar fluid at similar 
concentrations to extracellular fluid, although there 
is some résorption in the striated ducts. Resting 
saliva contains only traces of sodium ions, although 
the concentration increases with salivary secretion 
(i.e. there is less time available for reabsorption in 
rapid salivary secretion). 

Potassium 

Except for the terminal duct, potassium is pumped 
into salivary secretions, so that the concentration is 
partly dependent upon the secretion rate. 
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Chloride 

The chloride concentration in acinar secretions 
mirrors that of plasma, whereas subsequently 
chloride is passively reabsorbed along with sodium 
in the striated duct. Also, as the salivary flow rate 
increases, bicarbonate is produced and actively 
transported into saliva: this also leads to increased 
chloride reabsorption. 

Bicarbonate 

The level of bicarbonate in resting saliva is low but 
markedly increases with glandular metabolic activ-
ity. Bicarbonate is the principal salivary buffer. The 
efficacy of this buffer on dental plaque may be 
compromised by its thickness and composition. 

Hydrogen ion 

Salivary pH is low in resting secretions, but rises 
up to pH 8.0 in fast-flowing saliva, largely reflecting 
the bicarbonate content. 

Iodine 

Salivary glands actively transport iodine into saliva, 
so the concentration is generally higher than that of 
plasma. Interestingly, salivary glands also tend to 
concentrate radio-active iodine used for thyroid 
assays. 

Fluoride 

The fluoride content of saliva is less than that of 
serum, and is directly correlated with dietary 
intake.36 The fluoride concentration of dental 
plaque, however, is much greater than that of saliva, 
the additional fluoride probably being derived from 
the enamel surface. 

Thiocyanate 

The thiocyanate is present in saliva at higher 
concentrations than in serum, and may complex 
with the bacteriostatic lactoperoxidase system. 

Calcium 

The calcium content of submandibular saliva is 
approximately double that of parotid saliva. This 
probably contributes to the marked prevalence of 
calculus on the lingual aspect of the mandibular 
incisors. The concentration of calcium in whole 
saliva decreases with increasing salivary flow. This 
probably results from the increased parotid con-
tribution in rapid salivary flow rates. 

The principal salivary calcium phosphate salts 
include dicalcium phosphate dihydrate, octacalcium 

phosphate, tricalcium phosphate and hydroxyapa-
tite. Homeostasis between these various salts is 
assisted by two salivary acidic peptides (one rich in 
tyrosine and another rich in proline). These acidic 
peptides maintain saliva as a supersaturated calcium 
and phosphate solution, tending to prevent enamel 
demineralization in addition to facilitating enamel 
remineralization. Calculus formation probably re-
flects interference with this process. 

Phosphate 

Almost all salivary phosphate is inorganic; the 
concentration decreases with increased flow rates. 

In general: 

(1) Total protein, amylase and sodium bicarbonate 
concentrations increase with increasing salivary 
flow rates. 

(2) Potassium and, possibly, fluoride concentra-
tions do not change with increasing salivary flow 
rates. 

(3) Phosphate, urea, amino acids, uric acid, ammo-
nia, serum albumin and magnesium concentra-
tions decrease with increasing salivary flow 
rates. 

(4) Chloride, calcium and protein-bound carbohy-
drate concentrations fall at first and then slowly 
increase with increasing salivary flow rates. 

Factors affecting salivary flow rate 

Diurnal variation 

As with many bodily functions, salivary flow rates 
exhibit diurnal variations.9 In general, protein 
concentrations tend to be high in the afternoon. By 
contrast, sodium and chloride concentrations are 
high in the early hours of the morning, while 
potassium is high in the early afternoon. Whereas 
calcium and phosphate concentrations appear to 
remain stable during the day, the calcium concentra-
tion increases at night. 

Duration of stimulus 

If the salivary glands are stimulated for longer than 
three minutes, the concentration of many compo-
nents is reduced, although after a short period, 
bicarbonate, calcium and protein concentrations 
begin to rise again. Magnesium, phosphate and 
potassium concentrations, however, plateau after an 
initial fall. Chloride concentrations fall during 
periods of stimulation, whereas sodium and iodide 
concentrations are unaffected by the duration of 
stimulation after the first few minutes. 
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Nature of the stimulus 

Variations in salivary composition may reflect 
differing proportions of the major secretions (e.g. 
larger parotid contributions) or differences in 
stimulus-susceptibility of the various glands. 

Dietary factors 

Functional salivary glandular activity is influenced 
by mechanical and/or gustatory factors, e.g. copious 
salivary flow results from the smell of food or new 
denture insertion. 

Plasma concentrations 

Amino acid, calcium, glucose, potassium, urea and 
uric acid salivary concentrations are correlated with 
those in plasma, along with those of chloride and 
sodium, in addition to those of sex hormones and 
cortisol. 

Hormonal influences10 

Aldosterone 

Aldosterone results in increased sodium reabsorp-
tion in the striated ducts. 

Antidiuretic hormone 

Antidiuretic hormone facilitates water reabsorption 
by the striated duct cells. 

Other hormones 

Both testosterone and thyroxine result in increased 
salivary secretion. 

Salivary secretion increases during pregnancy, but 
is reduced at menopause resulting in a dry mouth 
(xerostomia). 

Local hormones 

Bradykinin, and its predecessor kallidin, result in 
increased salivary secretion reflecting increased 
acinar vasodilatation. 

Functions of saliva 

Digestive functions 

Amylase is the main digestive enzyme of saliva, with 
a critical pH of 6.8, i.e. close to oral pH. When food 
passes to the stomach, with pH below 4.0, 
continued, albeit temporary, amylase activity may 
still occur in the food bolus prior to its gastric juice 
penetration. Amylase activity may also provide a 

useful function by digesting starch from the inter-
proximal tooth contact areas. 

Water balance 

Vomiting or hyperpnoea (panting) may result in 
dehydration with loss of water through the oral 
cavity. As saliva is derived from extracellular fluid, 
factors that influence extracellular fluid will also 
affect salivary volume. Thus, vasopressin (antidiure-
tic hormone) secretion will result in increased water 
résorption through the striated salivary duct walls. 

Xerostomia (dry mouth) is the principal man-
ifestation of salivary deficiency, and may result from 
a variety of factors, including old age, and the 
administration of many drugs, especially tranquilliz-
ers, mood-elevators, amphetamines, antihistamines, 
in addition to cardiac and antihypertensive medica-
tions (Table 14.1). 

Salivary gland diseases 

Salivary glands may be affected by the whole range 
of disease processes, including inflammatory, infec-
tive and neoplastic diseases. In addition, some 
specific disease processes affect the salivary glands, 
e.g. Mikulicz's disease. Sjögren's syndrome. 

Systemic disease 

Salivary glands do not function in isolation from the 
remainder of the body but are affected by a whole 
host of systemic diseases, including hyperthyroid-
ism, pernicious anaemia, multiple sclerosis, vitamin 
deficiencies and poorly controlled diabetes mellitus. 

Emotional states 

Emotional states, e.g. anxiety and depression, are 
known to affect salivary gland function. These 
effects illustrate the overriding control of the higher 
central nervous system centres on salivary function. 

When xerostomia is present, the mouth feels dry, 
the tongue may stick to the palatal mucosa, teeth or 
buccal mucosa. The patient may also complain 
about a painful tongue (glossitis), in addition to 
altered taste and loose dentures. Without meticu-
lous oral hygiene, patients often develop rapid 
cervical carious lesions and acute periodontal 
infections. 

Sialorrhoea (ptyalism) is excessive salivary flow, 
most commonly seen following the insertion of new 
prosthodontic or orthodontic applicances. Increased 
salivary flow rates may also occur during the first 
trimester of pregnancy, during orgasm, as well as in 
some disease states, including Parkinson's disease, 
cerebral palsy and epilepsy, and in some psycholo-
gical disorders. Excessive salivation may be one of 
the manifestations of primary herpetic and other 
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Table 14.1 Medications associated with xerostomia (dry mouth) 

Medicament(s) Use(s) 

Acetazolamide 
Amitriptyline 
Amphetamines 
Atropine and diphenoxylate 
Belladonna 
Chlordiazepoxide and clindinium bromide 
Chlorisondamine 
Chlorothiazide 
Chlorpromazine 
Clidinium bromide and chlordiazepoxide 
Clonidine 
Desipramine 
Dicyclomine 
Diphenoxylate and atropine 
Doxepin 
Ephedrine (in various combinations) 
Ethacrynic acid 
Fenfluramine 
Fluphenazine 
Furosemide 
Glycopyrrolate 
Guanethidine and hydrochlorothizide 
Haloperidol 
Hexocyclium 
Hydrochlorothiazide 
Hydrochlorothiazide and guanethidine 
Hydrochlorothiazide and triamterene 
Imipramine 
Isocarboxazid 
Isopropamide 
Mazindol 
Methadone 
Methyclothiazide 
Methyldopa 
Methylphenidate 
Nortriptyline 
Pargyline 
Perphenazine 
Phenelzine 
Phenmetrazine 
Phentermine 
Prochlorperazine 
Promazine 
Propantheline 
Protriptyline 
Pseudoepehedrine (in various combinations) 
Spironolactone 
Tetracyclines 
Thioridazine 
Thiothixene 
Tranylcypromine 
Triamterene and hydrochlorothiazide 
Trifluoperazine 
Triflupromazine 

Diuretic 
Tricyclic antidepressant 
CNS stimulant 
Antidiarrhoeal 
Anticholinergic, antispasmodic 
Antidiarrhoeal 
Antihypertensive 
Diuretic 
Antipsychotic 
Antidiarrhoeal 
Antihypertensive 
Tricyclic antidepressant 
Anticholinergic, antispasmodic 
Antidiarrhoeal 
Tricyclic antidepressant 
Bronchodilator 
Diuretic 
Anorexic 
Antipsychotic 
Diuretic 
Anticholinergic 
Antihypertensive 
Antipsychotic 
Peptic ulcer 
Diuretic 
Antihypertensive 
Antihypertensive 
Tricyclic antidepressant 
Antidepressant 
Peptic ulcer 
Anorexic 
Analgesic 
Diuretic 
Antihypertensive 
CNS stimulant 
Tricyclic antidepressant 
Antidepressant 
Antipsychotic 
Antidepressant 
CNS stimulant 
Anorexic 
Antipsychotic 
Antipsychotic 
Anticholinergic, antispasmodic 
Tricyclic antidepressant 
Bronchodilator 
Diuretic 
Antibiotic 
Antipsychotic 
Antipsychotic 
Antidepressant 
Antihypertensive 
Antipsychotic 
Antipsychotic 
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infections, but usually disappears on resolution of 
the problem. 

Excretory functions 

Saliva provides an important excretory route for 
several blood components, including urea, uric acid, 
ammonia and thiocyanate, the majority being 
subsequently reabsorbed in the gut. Toxic blood 
levels of heavy metals may also reflect salivary lead, 
mercury and bismuth secretion, subsequently lead-
ing to characteristic oral soft tissue deposits. 

Solvent function 

By facilitating comminution and digestion, the 
dissolution of foodstuffs is probably one of the 
major salivary functions. 

Protective functions 

In addition to protecting the oral tissues from 
dehydration, saliva has a major function in mecha-
nical food and microbial debris lavage. Salivary 
mucus tends to take a relatively constant course 
along specific routes to the oesophagus,11,12 with the 
salivary flow rate, tongue movements and swallow-
ing reflexes all involved in this mechanism. Based on 
studies of patients with xerostomia (dry mouth), it 
has been shown that this process of mechanical 
lavage is probably responsible for the low incidence 
of primary oral infections and inflammatory lesions 
in normal patients. 

The lubricating role of glycoprotein and mucopro-
teins not only facilitates food bolus deglutination, 
but also facilitates tongue movements in speech, i.e. 
xerostomia may be associated with choking. 

Several component compounds provide specific 
defence mechanisms of saliva, including: 

(1) Salivary lysozyme which acts by breaking the 
1-4 link between N-acetyl-muramic acid and 
N-acetyl-glucosamine, two of the main bacterial 
cell wall mucopeptides. Salivary lysozyme en-
ters the mouth from a number of sources, 
including the major and minor salivary glands,13 

the tissue exudate that flows from the gingival 
crevice14 and from leucocytes within saliva. The 
commensal oral flora appears to be unaffected 
by high lysozyme concentrations.15 Thus, apart 
from preventing non-commensal micro-
organisms colonizing the mouth, the role of 
salivary lysozyme remains obscure. 

(2) Human saliva contains secretory Ig A, with small 
amounts of IgG and IgM. Most of the IgM and 
secretory Ig A are of salivary gland origin, 
whereas IgG and a small proportion of IgA and 
IgM are derived from the gingival exudate. IgA 
probably facilitates microbial aggregation, 

thereby facilitating salivary mechanical lavage. 
IgA may also complex with protein covering the 
oral epithelium to provide a protective im-
munoglobulin coating. Certainly, oral bacteria 
coated with IgA are more easily phagocytosed 
by leucocytes than bacteria coated with IgG or 
IgM. IgA cannot fix complement, however, so 
there is no evidence for a direct bacteriolytic 
effect. 

(3) Peroxidases which act as antibacterial enzymes. 
(4) Globulin and thiocyanate which exhibit anti-

bacterial properties. 
(5) Component salivary leucocytes which exhibit 

antibacterial properties. 
(6) The component supersaturation with calcium 

apatite which in addition to the bicarbonate 
buffer inhibits enamel décalcification. 

Salivary anti-caries activity 

There is general agreement that saliva may be one of 
the innate mechanisms against dental caries, 
although the detailed mechanics of such activity has 
yet to be elucidated. At present, a number of 
potential mechanisms appear to be involved: 

(1) Increased salivary flow could increase carbohy-
drate clearance from the oral cavity. 

(2) Salivary components could reduce the acid 
formed by carbohydrate fermentation in the 
dental plaque, either by promotion of less 
acidogenic plaque micro-organisms, or micro-
organisms that form weaker acids on carbohy-
drate fermentation. 

(3) Salivary bicarbonate could buffer acids formed 
during carbohydrate fermentation in the dental 
plaque. 

(4) The rate of glycolysis could be increased by 
salivary urea, bicarbonate or sialin, so that 
plaque carbohydrate would be metabolized 
faster, thereby reducing the duration of enamel 
exposure to critical pH levels. 

(5) Salivary components could increase enamel 
resistance to acid décalcification, due to its 
component fluoride activity. 

(6) Salivary components could diffuse into plaque, 
resulting in increased plaque fluid saturation 
with respect to hydroxyapatite or fluorapatite. 

(7) Salivary components (e.g. calcium, phosphate, 
hydroxyl and fluoride ions) could promote 
subsurface remineralization of carious lesions. 

(8) Saliva could promote microbial clearance from 
the oral cavity, thereby decreasing plaque for-
mation. 

(9) Salivary components might increase acquired 
pellicle thickness prior to plaque microbial 
colonization. 
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Conclusions 

The secretion of saliva not only varies in rate 
between different individuals but also in its composi-
tion. Rather than providing just lubrication for the 
oral tissues, it is important for the metabolic health 
of the mouth as a whole. The significance of the 
various salivary components, however, has yet to be 
fully defined, although it is known to be intimately 
involved in the host defence mechanisms of the oral 
cavity. 

Review questions 
1. What is the location of the minor salivary glands? 
2. How is saliva initially formed? 
3. What are the principal functions of saliva? 
4. What are the main types of enzymes in saliva? 
5. How is the flow of saliva controlled? 
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Introduction 

Bone is a highly organized complex tissue. It is 
characterized by abundant extracellular matrix in 
which three principal bone cell families are found, 
each existing at a number of different stages of 
development and maturation. Each of these cellular 
families exist in a delicate state of equilibrium with 
each other, although external factors, e.g. hor-
mones, drugs and mechanical forces, may disturb or 
change these cellular equilibria.1 The extracellular 
matrix contains collagen and other proteins, pro-
teoglycans and mineral. The metabolic activity of 
bone matrix and its component cells resides in a 
constant state of flux, controlled by a large number 
of humoral and other agents.2 In the adult, bone 
removal and replacement occur continuously but 
these processes are tightly controlled, so that in fact 
there is remarkable constancy in the total bone 
present throughout the majority of adult life. Bone 
loss, associated with ageing or with disease, leads to 
osteoporosis and fractures and reflects disturbances 
in the maintenance of skeletal balance.3 

bone 
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Bone mineral 

Bone mineral accounts for approximately 70% of 
the dry weight of cortical bone.4 This proportion is 
higher in calcified cartilage and much higher in 
enamel but lower in trabecular bone. In fully 
mineralized bone, the calcium content is about 
0.6g/cm3. The mineral in bone, calcified cartilage, 
dentine, enamel and ectopic calcific deposits mainly 
comprises very small hydroxyapatite crystals, 
although the crystals are much larger in enamel. In 
addition, a small amount may occur in the 
amorphous phase and other crystal forms. In 
lamellar bone, at least 80% of the mineral lies within 
the collagen fibres, with the crystals orientated with 
their long axis roughly parallel to the fibrils. In 
incompletely calcified bone, the mineral shows a 
periodicity of 70 nm, similar to that of collagen. This 
may reflect the initial mineral deposition occurring 
in the holes between the heads and tails of adjacent 
collagen molecules. In more heavily calcified 
collagen, this periodicity becomes obscured as the 
mineral is deposited in other sites close to and 
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Bone cells 143 

outside the fibrils. In woven bone, calcified cartilage 
and ectopic calcification, most of the crystals lie 
outside the fibrils in a more disordered manner. 

Hydroxyapatite forms the major mineral phase 
and comprises part of the family of apatite minerals 
characterized by specific X-ray diffraction patterns 
and very small crystal sizes. Biological minerals are 
not pure hydroxyapatite, however, as the mineral 
may contain many other constituents, including 
carbonate, citrate, sodium and magnesium. Thus, 
70% of the body's citrate, 60% of the magnesium 
and 50% of the sodium reside in the skeleton and 
many other elements are present in trace quantities. 
The significance of these trace elements has yet to 
be firmly established. 

Calcium salt heterogeneity 

The low Ca/P ratio in biological minerals may reflect 
the presence of calcium salts other than hydroxyapa-
tite. These include tricalcium phosphate hydrate, 
octocalcium phosphate, dicalcium phosphate dihy-
drate (brushite) and amorphous calcium phosphate. 

Ion substitution 

Ions in the apatite can undergo substitution, either 
within the lattice or on the surface. In view of the 
complexity of the fluid surrounding these crystals, 
this process of substitution may involve a number of 
substances. For instance, calcium may be replaced 
by hydrogen or sodium ions, strontium, radium, 
magnesium or lead cations. Phosphate may be 
substituted by carbonate, and hydroxyl ions by 
fluoride. This latter results in the formation of 
fluorapatite which has a lower solubility than 
hydroxyapatite. This is the basis for the dental use of 
fluoride for caries prevention. 

Surface binding 

The small size of biological apatite crystals results in 
a large crystal surface per unit volume. This surface 
is able to bind charged materials by surface 
adsorption and by inclusion in the hydration shell 
(aqueous layer) around the crystals. 

The materials that bind in this way include 
bicarbonate, calcium, citrate, magnesium, phos-
phate, potassium, proteins (e.g. osteocalcin, 
osteonectin), pyrophosphate and sodium. Even if 
only a small portion of the crystal surface is exposed 
to extracellular fluid, the total area involved is still 
very large. This accounts for the rapid uptake and 
release of many compounds to the plasma. These 
absorption reactions occur very quickly when the 
hydration layer of the crystal surface is involved, 
although slower exchange reactions reflect the role 
of bone as an ion bank. 

Since bone mineral is in close contact with 
extracellular fluid, the clacium and phosphate 
concentration of the latter should be related to bone 
mineral solubility.5 The plasma calcium and phos-
phate ion concentrations are, in fact, far higher than 
expected from the solubility of pure hydroxyapa-
tites. This may reflect: 
(1) The higher solubility associated with small 

crystal size. 
(2) The presence of more soluble calcium salts. 
(3) Altered surface properties due to other ions, 

e.g. carbonate. 
(4) More soluble salts (e.g. amorphous calcium 

phosphate) which may persist if their conversion 
to less soluble crystalline forms is retarded by 
other bone substances, e.g. albumin citrate, 
glycosaminoglycans, magnesium, osteocalcin, 
pyrophosphate. 

(5) Effective separation of the mineral phase from 
extracellular fluid by living cells generating ionic 
gradients. 

Bone cells6 

Osteoblasts 

Osteoblasts synthesize the extracellular matrix 
components and prime the matrix for its subsequent 
mineralization. These appear to be derived from 
two main sources:7 the periosteal lining cells in 
cortical bones and the stromal cells in the bone 
marrow in trabecular bone. 

The major type of protein synthesized by osteo-
blasts is Type I collagen. This undergoes its final 
stages of maturation to produce fibrils in the 
extracellular compartments, with the release of 
procollagen peptides into the circulation. Osteo-
blasts also produce glycosaminoglycans (mainly 
chondroitin 4-sulphate) and specific proteoglycans. 
Other osteoblastic products include the glycosami-
noglycans, proteoglycans, osteocalcin, osteonectin 
and sialoproteins. Proteins (e.g. albumin) may also 
enter bone from plasma. Analogous cell types (e.g. 
ameloblasts) produce specific enamel proteins, e.g. 
the amelogenins, whereas the odontoblasts produce 
collagen, proteoglycans, glycoproteins and specific 
phosphoproteins.9 

Osteocytes 

Osteocytes are derived from osteoblasts and lie in 
concentric layers in bone matrix. These cells are in 
contact with each other through a network of 
canaliculi which also connect them to osteoblasts on 
the bone surface. Such intimate intercommunica-
tions facilitate osteocytic control of mineral ex-
change between bone and plasma. 
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Osteoclasts 

Osteoclasts are large multinucleated cells lying on 
the surface of bone in varyingly shaped Howship's 
lacunae. They are probably only responsible for 
résorption of calcified bone or cartilage; this 
résorption occurring on their ruffled surfaces. 
Osteoclasts appear to be derived from macrophage-
like bone marrow stem cells with a different lineage 
from osteoblasts.10,11 The mechanisms by which 
osteoclasts resorb bone have yet to be determined 
but may include the following processes: 

(1) Secretion of calcium-chelating organic anions 
(e.g. citrate) facilitating solubilization of the 
mineral phase. 

(2) Local lactate and/or acid production. 
(3) Specific transport mechanisms, e.g. sodium and 

hydrogen ion exchange. 
(4) Transcellular calcium transport. 

Bone matrix components are probably degraded 
by extracellular proteinases, e.g. collagenase, pro-
teoglycanase and lysosomal acid hydrolases, includ-
ing proteolytic cathepsins. 

Bone calcification2'41213 

Calcium may be deposited both inside cells and in 
the extracellular compartment. Within the cells, the 
calcific deposits are initially in the form of 
amorphous granules in the mitochondria. These 
calcium phosphate packets may then be translocated 
from the mitochondrial sites to the extracellular 
mineralization zone. In the extracellular matrix, 
precipitation is first seen in association with matrix 
vesicles. It appears to begin on the membrane and 
extend to extravesicular clusters. These then 
coalesce into a continuous extracellular mass of 
heavily calcified tissue within and around the 
collagen fibrils. Where precipitation first begins on 
the collagen fibrils, specific sites corresponding to 
the 'hole' regions are initially involved. As miner-
alization progresses, axial periodicity of the collagen 
is first accentuated. This suggests that growth 
follows a specific fibril controlled pattern. Conceiv-
ably, the matrix vesicle mechanism of mineralization 
may predominate in woven bone and cartilage. By 
contrast, collagenous mineralization induction may 
be more important in lamellar bone. 

Mineralization does not begin until several days 
following matrix formation. Once started, it pro-
ceeds rapidly, with about 66% of the final amount of 
mineral being deposited within a few hours. This 
primary mineralization process reflects increasing 
numbers of crystals. The subsequent secondary 
mineralization phase occurs over longer periods of 
months. The entire mineralization process is accom-
panied by water and non-collagenous protein loss. 

In pure solutions, increasing the ionic concentra-
tion to a critical point will result in the induction of 
homogeneous nuclei formation; these are large 
enough to grow spontaneously and will not subse-
quently dissolve. In biological conditions, however, 
heterogeneous nucleation occurs on the surface of 
foreign particles. This facilitates spontaneous crystal 
growth at lower supersaturation levels. The best 
nucleating agents are the crystals of the precipitated 
compound itself. These include new crystal forma-
tion by secondary nucleation. After nucleation, the 
crystals grow until a critical size is reached. Thus a 
relatively high degree of supersaturation is neces-
sary to initiate precipitation in the absence of 
nucleating agents. Solutions of lower ionic concen-
tration can, however, remain in a supersaturated, 
metastable state for long periods of time, without 
precipitation. Once the crystallization has started, 
metastable solutions will sustain crystal growth. As 
crystallization progresses, crystals will mature to the 
thermodynamically most stable form. This may 
involve: 

(1) Filling in the lattice structure. 
(2) Transformation to other crystal forms. 
(3) Crystal aggregation, modulated by local en-

vironmental inhibitors and promotors. 

Calcification theories 

The mechanisms of calcification have yet to be 
defined although a number of theories have been 
formulated. In fact, there may be no one mechanism 
of calcification. 

Nucleation theory 

This proposes that organic matrix components 
facilitate precipitation by acting as heterogenous 
nucleating agents. Glycosaminoglycans were once 
thought to be such nuclei but collagen is now 
considered to be a more likely candidate. Conceiv-
ably, this may include specific phosphorylation sites, 
or other bone specific proteins, which can bind to 
both collagen and mineral, e.g. the phosphoproteins 
including osteonectin.814 Phospholipids may also 
act as nucleating agents, e.g. acidic phospholipids 
(phosphatidylserine, phosphatidylinositol) are 
usually present in calcified tissues and can 
form calcium-acidic-phospholipid-phosphate 
complexes.4,1516 The nucleating effect of matrix 
vesicles may also depend on their phospholipid 
membrane complexes. In addition, phosphoproteins 
may serve as potential nucleating proteins. 

Booster theory 

This theory proposes the existence of a mechanism 
to boost the local calcium and phosphate ion 
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product to a point where precipitation occurs. 
Conceivably, this might involve alkaline phospha-
tase catalysis of phosphate ester hydrolysis, thereby 
increasing the local inorganic phosphate concentra-
tion. Alkaline phosphatase, however, occurs in 
many tissues that do not calcify. Alternatively, 
calcium or phosphate concentrations may be in-
creased locally by a membrane transport system. 
Certainly, mitochondria can accumulate calcium 
against concentration gradients. Conceivably, mat-
rix vesicles might also act in this way, although 
whether they are capable of concentrating calcium 
or phosphate against concentration gradients re-
mains obscure. 

Matrix vesicles12 

Small round vesicular extracellular matrix vesicles 
about 100 nm diameter are involved in the initiation 
of calcification.1218 They are probably derived from 
cell processes originating from the plasma mem-
brane. These vesicles comprise the major sites for 
extracellular alkaline phosphatase, in addition to 
nucleoside triphosphate pyrophosphatase.19,20 The 
lipid components of matrix vesicles could also be 
important for facilitating transmembrane calcium 
and phosphate transport. 

What actually triggers matrix vesicle formation 
remains obscure.12 Intracellular calcium phosphate 
deposits close to the plasma membrane occur at 
times of vesiculation. Such precipitates may prom-
ote plasma membrane shedding. Alternatively, 
matrix vesicle formation may be linked to an 
increase in the production of Superoxide radicals 
and lipid peroxidation products in mineralization.21 

Since matrix vesicles appear to be associated with 
hydroxyapatite deposits, they may comprise a 
mechanism for initial hydroxyapatite deposition, 
although further research is required to confirm this 
supposition. 

Mechanisms of calcification 
The first mineral phase to form is probably 
amorphous calcium phosphate, octocalcium phos-
phate or brushite,4 depending upon local environ-
mental conditions, e.g. pH, other ions, the degree of 
supersaturation. This initial phase is probably 
subsequently transformed to hydroxyapatite. 
Pyrophosphate may play an important role in these 
initial stages of calcification. The first steps may 
involve the production of an amorphous phase of 
calcium pyrophosphate in addition to calcium 
phosphate, with inorganic pyrophosphate promot-
ing initial amorphous calcium phosphate precipita-
tion but inhibiting its subsequent transformation to 
crystalline hydroxyapatite.22 In the presence of low 

nucleoside triphosphate concentrations, matrix vesi-
cles can generate inorganic pyrophosphate very 
efficiently. The associated matrix vesicle alkaline 
phosphatase probably functions as the major en-
zyme for destroying inorganic pyrophosphate. Thus 
the balance between these two enzyme systems 
may regulate local inorganic pyrophosphate 
concentrations. 

Mineralization inhibitors 
Collagens and other potential nucleating agents 
occur in tissues that do not calcify. Thus there may 
be some mechanism that inhibits tissue mineraliza-
tion. Collagen molecules may be packed more 
closely together in soft tissues than they are in bone: 
this may impede phosphate ion access to intrafibril-
lar nucleation sites. Soft tissues may be protected by 
inhibitors which are selectively removed at calcifica-
tion sites. 

Pyrophosphate, and other compounds with P - O -
P bonds, can inhibit crystallization, even at low 
concentrations. Alkaline phosphatase may therefore 
serve to destroy pyrophosphate, and related inhibi-
tors, to allow mineralization to occur. Other 
potential inhibitors include citrate, magnesium, 
proteins (e.g. albumin) and polyanions (e.g. glyco-
saminoglycans), although there is scant information 
regarding their metabolic role. Some of the inhibi-
tors may be matrix components produced and acting 
locally, e.g. proteoglycans in varying aggregated 
forms. These mechanisms require much further 
evaluation before definitive statements may be 
made regarding their efficacy. 

Disordered skeletal mineralization 
(Table 15.1) 
Numerous disorders affect bone,3,23 with hypo-
mineralization of bone, cartilage and teeth predomi-
nating. In addition, calcification may also occur in 
sites outside the usual skeleton: 

(1) Dystrophie calcification (where there is a 
pathological change in the tissue itself). 

(2) Metastatic calcification (where calcification is 
secondary to an increase in the concentration of 
the precipitating ions in tissue fluids, e.g. 
hypercalcaemia). 

The mineral phases in all types of ectopic 
calcification are calcium phosphate, although cal-
cium carbonate may occur as well as mixed salts 
containing calcium, magnesium, phosphate and 
carbonate. Such ectopic calcifications tend to occur 
at certain select sites13 (e.g. calcification of the 
basal ganglia in hypoparathyroidism), although the 
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Table 15.1 Sites of pathological calcification 

Muscle and related tissues 
Periarticular 
Haematomas 
Paraspinal ligaments 
Dystrophie calcification 

Costal cartilage, arteries and veins in ageing 
Blood vessels in specific disorders, e.g. Monkeberg's 
medial calcinosis 
Heart valves after rheumatic fever 
Bursae and tendons 
Skin - scleroderma 
Around joints, e.g. in renal failure with secondary 
hyperparathyroidism 
Kidney 
Lymph nodes, e.g. tuberculosis lesions 

Metastatic calcification due to hypercalcaemia (e.g. in 
primary hyperparathyroidism) or hyperphosphataemia 
(e.g. chronic renal failure) 

Blood vessels (especially arteries) 
Kidney 
Cornea 
Brain 
Gastric mucosa 
Lungs 

Other metabolic disorders 
Oxalosis 
Renal tubular acidosis 

Joint disease 
Chondrocalcinosis 
Hydroxyapatite deposition in osteoarthrosis 

Urinary tract stones 
Calcium oxalate, calcium phosphate or a mixture 

reasons remain obscure. Most body tissue fluids are 
in a metastable state and require only a nucleating 
agent for the initiation of mineralization. Since the 
relevant ion concentrations are generally above the 
solubility product for most calcium salts, reverse 
calcification does not usually occur after removal of 
the primary causative agent. 

Hormonal control of extracellular 
calcium (Table 15.2) 
Plasma calcium is maintained with remarkable 
constancy despite wide calcium intake differences. 
Approximately half this total is ionized, the 
remainder being mainly bound to blood albumin. 
Since this concentration is much greater than the 
critical intracellular concentration, any major ex-
tracellular fluid concentration change would be 
associated with gross metabolic disturbances that 
would eventually lead to death. Thus a redundant 
set of interlocking mechanisms has evolved to allow 
man to survive major dietary calcium intake 
fluctuations. These mechanisms mainly centre on 
the endocrine system. 

Parathyroid hormone24 

Parathyroid hormone functions to conserve calcium 
and eliminate phosphorus. The main factor control-
ling parathyroid hormone secretion is plasma 

Table 15.2 Agents that act on osteoblasts or osteoclasts 

Hormones Agents 

Activators of bone résorption 
Parathyroid hormone 
l,25(OH)2 vitamin D 
Thyroxine 

Inhibitors of bone résorption 
Calcitonins 
Oestrogens 

Activators of bone formation 
Vitamin D metabolites 
Insulin 
Insuline-like growth factors 
Oestrogens (?) 
Anabolic steroids 
Thyroxine 

Inhibitors of bone formation 
or mineralization 

Glucocorticoids 

Prostaglandins e.g. PGE2 
Interleukin 1 
Transforming growth factors 
Colony stimulating factors 
Tumour necrosis factor 
Lymphotoxin 
Epidermal growth factor 

Gamma-interferon 

Insulin-like growth factors 
Various growth factors not yet fully characterized 
Prostaglandins 

Transforming growth factors 
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calcium.25 This hinges on an exquisitely calcium-
sensitive adenylate-cyclase, with hypercalcaemia 
stimulating the cyclase, followed by cyclic AMP 
generation, protein phosphorylation and peptide 
parathyroid hormone secretion. 

Parathyroid hormone adenylate cyclase requires 
magnesium, as severe hypomagnesaemia grossly 
impairs parathyroid hormone secretion. There 
are receptors in the parathyroid glands for the 
active hormonal form of vitamin D (1,25-
dihydroxycholecalciferol). 

Thyroid-derived calcitonin also stimulates the 
secretion of parathyroid hormone. When calcitonin 
secretion is grossly elevated, as in medullary thyroid 
carcinoma, further elevation of calcitonin secretion 
may be accompanied by an increased plasma 
parathyroid hormonal level. Such a physiological 
increase in parathyroid hormone secretion appears 
to depend in the short term on liberation of the very 
limited peptide parathyroid hormone stores. There 
appear to be two major mechanisms in the control of 
parathyroid hormonal secretion: in the long term, 
parathyroid glandular hyperplasia or atrophy; in the 
short term, calcium-dependent intracellular hor-
monal degradation. 

These mechanisms operate by enhancement or 
inhibition of the degradative pathways by hypercal-
caemia or hypocalcaemia respectively. Chronic 
hypocalcaemia leads to hyperplasia of the parathyr-
oid glands. By contrast, acute hypocalcaemia is 
followed by an immediate secretion increase due to 
stored hormone liberation, combined with inhibi-
tion of intracellular peptide degradation. Once the 
parathyroid glands have greatly enlarged, an ele-
vated parathyroid hormone secretion will persist, 
even in the presence of marked hypocalcaemia. 

There are three main sites of parathyroid hor-
mone activity. 

Kidney 

The action of parathyroid hormone on the kidney 
includes: 

(1) Marked enhancement of phosphate excretion. 
(2) Increased calcium résorption. 
(3) Acceleration of the conversion of 25-

hydroxycholecalciferol to its active metabolic 
form 1,25-dihydroxycholecalciferol.26 

The combination of these effects on the kidney 
leads to enhancement of plasma calcium, and 
reflects the activity of two second messengers, cyclic 
AMP and intracellular calcium.27'28 

Bone 

Parathyroid hormone indirectly enhances osteoclas-
tic activity in the skeleton. In fact, parathyroid 
hormone stimulates osteoblasts, which then secrete 

a local osteoclastic activator factor, probably pros-
taglandins, interleukin 1 and leukotrienes. This then 
results in increased osteoclastic activity. In addition, 
parathyroid hormone may have an anabolic effect 
on bone, so that the net bone mass is increased.29 

The cellular mechanisms involved presumably re-
semble those in the kidney, with the increase in 
cyclic AMP acting as a second messenger, perhaps 
associated with an increase in intracellular calcium. 

Intestinal tract30 

Enhancement of calcium and phosphorus absorp-
tion, associated with parathyroid hormone, is 
probably indirectly associated with the increased 
renal production of 1,25-dihydroxycholecalciferol 
(calcitriol). 

Parathyroid hormonal pathophysiology 

Primary hyperparathyroidism is a fairly common 
disorder. It is reflected as an increased number of 
parathyroid gland cells occurring in one or several 
glands. These cells are, however, not less responsive 
than normal cells to the inhibitory effects of 
hypercalcaemia. Rather, the increased cell number 
produces an excessive total secretion of parathyroid 
hormone since there is an irreducible minimum of 
parathyroid hormone secretion by each cell, regard-
less of plasma calcium level. In hyperparathyroid-
ism, there is: 

(1) Hypercalcaemia. 
(2) Hypophosphataemia. 
(3) Hyperphosphaturia. 
(4) Increased urinary cyclic AMP levels. 

Thus, it is the increased number of parathyroid 
gland cells that are responsible for the changes in 
plasma calcium concentration, rather than any 
qualitative change in their calcium sensitivity. By 
contrast, the hypercalcaemia of malignant disease 
results from direct skeletal destruction by malignant 
cells or osteoclastic activation by factors liberated 
from tumour cells. 

Chronic renal failure is almost always associated 
with some degree of parathyroid hyperplasia. This is 
due to the hyperplastic drive directed at the glands 
by the combination of low plasma calcium with low 
plasma calcitriol. 

Vitamin D 

In normal conditions, the inclusion of Vitamin D in 
the diet is not required for full health: rather, 
Vitamin D is synthesized in the skin and functions as 
a precursor to an extremely potent seco-steroid 
calcium-regulating hormone. Vitamin D3 (cholecal-
ciferol) is a steroid derivative, whereas 7-
dehydrocholesterol is the immediate precursor 
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present in the skin. Vitamin D3 is inactive by itself. 
Before it can produce its characteristic effects on 
calcium metabolism, therefore, Vitamin D3 must 
undergo two successive hydroxylations. The first 
stage is 25-hydroxylation (in the liver and other 
tissues) to produce the major circulating form. The 
critical hydroxylation in the production of biological 
activity takes place in the kidney. This compound is 
much more potent than its precursor and is 
responsible for all the biological effects of Vitamin 
D3 on calcium metabolism. A second, poorly 
active renal steroid is also formed, 24,25-
dihydroxycholecalciferol, but this may be an escape 
route, when further 1,25-dihydroxycholecalciferol 
production is not required. 

The most active metabolite of Vitamin D3 
(1,25-dihydroxycholecalciferol or calcitriol) is 
formed in the distal part of the convoluted tubule. 
The secretion of this metabolite is affected by a 
number of mineral and hormonal factors. 

Mineral 

Hypocalcaemia stimulates the production of calcit-
riol even without hormonal intervention, whereas 
hyperphosphataemia has the reverse effect.31 They 
probably play quite an important part in Vitamin D 
regulation and may sometimes override the actions 
of other regulators (e.g. parathyroid hormone). 

Hormonal 

Parathyroid hormone 

Parathyroid hormone stimulates the production of 
calcitriol in the presence of hypocalcaemia and 
serves to potentiate the action of calcium deficiency. 
When parathyroid hormone secretion coincides with 
hypercalcaemia, however, this stimulating effect of 
parathyroid hormone can be overcome. Thus, not 
all cases of hyperparathyroidism are associated with 
increased calcitriol secretion. Growth hormone and 
prolactin both have a stimulating effect on calcitriol 
production, and may in fact be the major physiolo-
gical hormonal regulators. 

Growth hormone and prolactin 

During growth, pregnancy and lactation, where 
d e m a n d s for c a l c i u m a re h i g h , 1,25-
dihydroxycholecalciferol production is increased 
and plasma levels tend to be elevated. 

Calcitonin32 

Calcitonin directly stimulates calcitriol production at 
a site in the proximal tubule adjacent to, but distinct 
from, that acted upon by parathyroid hormone.34 

Whereas such an action may not have physiological 

significance, the elevated calcitonin levels associated 
with growth, pregnancy and lactation may have 
some role, together with growth hormone and 
prolactin. 

Vitamin D metabolites 

Vitamin D metabolites, especially calcitriol, exert a 
direct inhibitory effect on calcitriol production. 
They represent an important regulatory control 
mechanism minimizing excess, unwanted calcitriol 
production and maximizing its production when the 
circulating levels of Vitamin D metabolites are low. 

Vitamin D action 

Calcitriol passes through the cell membranes to bind 
with high affinity nuclear receptors, which then 
associate with specific chromatin regions to induce 
many other actions. Such receptors may be found in 
the gut, kidney, bone and lactating breast, in 
addition to immune cells and nerve cells. In some of 
the immune system cells, calcitriol induces dif-
ferentiation. It is therefore possible that calcitriol 
has two types of effect: 

(1) Increasing calcium transport in the calcium-
transporting organs, especially the gut. 

(2) Multiple permissive effects on a wide range of 
body cells. 

Another class of high affinity receptor also occurs 
within the glands producing the peptides that 
regulate Vitamin D3 metabolism. Such receptors are 
found in the parathyroid gland, thyroid C cells and 
the pituitary and presumably represent part of 
feedback loops. As a result, occupation of calcitriol 
receptors in the parathyroid glands inhibits para-
thyroid hyperplasia, diminishing parathyroid pro-
duction in the long term. Similarly, occupation of 
the receptors in the C cells stimulates calcitonin 
production, minimizing the hypercalcaemia conse-
quent upon the actions of 1,25-dihydroxychole-
calciferol on the skeleton. 

Classically, Vitamin D deficiency leads to rickets 
in children or osteomalacia in adults (under-
mineralization of the protein bone matrix). The 
major action of Vitamin D in enhancing mineraliza-
tion is indirect, since mineralization of rachitic or 
osteomalacic bone can occur in the absence of 
Vitamin D, e.g. by infusion or provision of adequate 
dietary calcium. Rickets is healed by enhancing 
calcium absorption from the gut rather than by a 
direct action on bone. 

There is no doubt also that Vitamin D enhances 
bone osteoclastic activity and this activity is 
responsible for the hypercalcaemia induced by toxic 
doses of Vitamin D or its metabolites. Thus rickets 
and osteomalacia are the consequences of inadequ-
ate supplies of the active Vitamin D component, 
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calcitriol. These diseases are characterized by 
impairment of bone matrix mineralization. 

The common cause of rickets is dietary deficiency 
due to insufficient exposure of the skin to sunlight. 
Familial forms of rickets may also occur, due to : 
renal defects involving phosphorus loss; lack of 
renal calcitriol production with low plasma levels; 

Table 15.3 Agents affecting skeletal mineralization 

Agent Mode of action 

Vitamin D deficiency 
Dietary deficiency 
Deficient endogenous synthesis due to insufficient 
ultraviolet irradiation 
Gastrointestinal disorders with malabsorption 

Disorders of vitamin D metabolism 
Hereditary 'pseudo vitamin D deficiency' or 'vitamin D 
dependency' 

Type I due to renal 1 hydroxylase deficiency 
Type II due to steroid receptor defect for 
l,25(OH)2D3 

Other 
Anticonvulsants (phenytoin) 
Hepatobiliary diseases 
Lead intoxication 
Renal insufficiency 
Acidosis 
Hypoparathyroidism 
Parenteral alimentation 

Acidosis 
Distal renal tubular acidosis (classic or Type II) 

Primary 
Secondary 
Ureterosigmoidostomy 
Drug-induced 

deficiency or lack of receptors, so that rickets occurs 
despite high plasma calcitriol levels. 

In renal osteodystrophy, inadequate production 
of calcitriol by damaged kidneys results in bone 
disease, calcium malabsorption and parathyroid 
hyperplasia. 

Phosphate depletion 
Dietary 
Impaired renal tubular phosphate reabsorption 

Hereditary 
Acquired 

Generalized renal tubular disorders (Fanconi syndrome) 
Primary renal 
Associated with systemic metabolic abnormality 
Systemic disorder with associated renal disease 

Hereditary, e.g. Wilson's disease 
Acquired, e.g. neurofibromatosis, multiple myeloma 

Intoxications 
Lead 
Outdated tetracycline 

Primary mineralization defects 
Hereditary 

Hypophosphatasia 
Acquired 

Fluoride treatment 
Calcium deficiency 

Extreme dietary deficiency 
States of rapid bone formation with or without a relative 
defect in bone résorption 

Osteopetrosis 
Defective matrix synthesis Chronic renal failure 

l,25(OH)2 vitamin D3 deficiency 
Uraemia 

Promoters 
Vitamin D metabolites 
(e.g. l,25(OH)2 Vitamin D3) 
Fluoride 

Inhibitors 
Bisphosphonates 

Aluminium salts 

Strontium 

Others 
Lead 
Tetracyclines 

Promote mineralization of cartilage bone as a result of increased intestinal absorption; 
also have direct effect on skeletal cell proliferation and differentiation 
Fluoride may activate osteoblastic activity as well as affect the composition of mineral 
phase by producing fluoropatite. Large oral doses of fluoride lead to poorly mineralized 
bone 

Bisphosphonates (diphosphonates) impair bone mineralization at high doses, probably 
by directly interfering with crystal growth 
Oral ingestion of aluminium salts, e.g. Al(OH)2 or A12(C02)2, binds to dietary 
phosphate leading to impaired bone mineralization 
Inhibits production of active vitamin D metabolites (l,25(OH)2D2) 

Lead (Pb) ions deposit with bone mineral 
Tetracycline antibiotics have a high affinity for calcium ions and bone mineral. They 
deposit in developing teeth leading to discoloration in bone 

Table 15.4 Examples of major causes of defective skeletal mineralization producing rickets and/or osteomalacia 
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Calcitonin 

Essentially calcitonin is a hormone produced by the 
C cells of the thyroid gland, although precursors 
may also occur in the central nervous system and 
peri vascular nerves.34 The major factor controlling 
calcitonin secretion is the plasma calcium level. 
Specific receptors are present in C cells.35 This 
suggests that the action of calcitriol in elevating 
calcitonin secretion involves a direct action of the 
seco-steroid on the C cells. It is suggested that 
gastrin and cholecystokinin produce an acute 
increase in calcitonin secretion after a meal, thus 
conserving skeletal calcium. 

Calcitonin acts in a variety of ways. 

(1) Calcitonin acts directly on the osteoclast pro-
ducing an immediate inhibition of bone resorb-
ing activity.36'37 

(2) When given therapeutically, calcitonin also 
results in a reduction in osteoclastic cell number 
over a long time. 

(3) Calcitonin acts on the kidney, enhancing 1,25-
dihydroxycholecalciferol production and in-
creasing mineral excretion.33 

(4) Calcitonin possesses a central analgesic action.38 

It seems that calcitonin is the treatment of choice 
in Paget's disease and can result in healing of 
advancing osteolytic lesions. Calcitonin may also 
provide temporary effective treatment of hypercal-
caemia associated with advanced malignancy. 

Thus the mechanism of bone mineralization and 
calcium metabolism are both complex and interre-
lated. This is illustrated by the variety of factors that 
influence skeletal mineralization (Tables 15.3,15.4). 
A great deal more research is, however, required 
before these mechanisms are fully comprehended. 
As a result, the descriptions provided by this chapter 
may be rejected at some time in the future. 

Conclusions 
It is difficult to discuss calcium and bone metabolism 
as distinct entities. This only goes to emphasize the 
marked degree of interaction between bone as a 
skeletal unit and bone as a reservoir of calcium: it is 
impossible to separate the two features. The reader 
is therefore encouraged to read this chapter and the 
next (Chapter 16) together. 

Review questions 
1. What features prevent calcification in non-

skeletal tissues? 
2. Contrast the activity of calcitonin with vitamin D. 
3. How do osteoclasts and osteoblasts contribute to 

calcium metabolism? 
4. What theory of calcification can you support? 
5. What forms of disordered calcification can you 

describe? 
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Introduction 
Bone is of vital importance to the dentist. For 
instance, orthodontics involves tooth movement 
within the jaw, orthognathic surgery centres on the 
modification of craniofacial morphology and 
periodontal disease essentially comprises local 
pathological alveolar bone changes. In addition to 
trauma, the jaws are frequently involved in local 
infections, e.g. periapical abscesses, whereas 
tumours and cystic lesions may also occur within the 
craniofacial tissues. 

What is bone? 
Functions 

Bone is essentially a specialized form of connective 
tissue1-7 exhibiting a variety of functions: 

(1) Protection. 
(2) Site of muscle origin and insertion. 
(3) Rigidity. 
(4) Haemopoiesis. 
(5) Labile mineral pool 

Bone dynamics 
Periosteum 
Bone mineral 
Organic phase 
Osteogenesis 
Mineralization 

Mechanical properties of bone 
Conclusions 
Review questions 
References 

Thus, as well as providing skeletal units, bones 
and bone tissues are intimately associated with the 
maintenance of homeostasis of the body as a whole. 

Bone morphology 

Morphologically, bones may be categorized into a 
number of groups. 

(1) Tubular, e.g. the femur. 
(2) Cuboidal, e.g. the carpus. 
(3) Flat, e.g. the frontal bone. 
(4) Irregular, e.g. the vertebrae. 

Each bone generally comprises a delimiting shell 
(or cortex) whose thickness varies not only from 
bone to bone but also from region to region within a 
given bone. The interior of the bone is occupied by 
varying amounts of cancellous tissue whose compo-
nent trabeculae, as well as the proportion of 
cancellous to cortical bone, vary, primarily depend-
ing upon the mechanical requirements of the bone 
as a whole. In the spaces between the cancellous 
trabecular bone (the medullary spaces), there are 
blood vessels, nerves, fat and haemopoietic tissue. 

152 
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In the adult, most of the haemopoietic function is 
confined to the axial skeleton and proximal part of 
the appendicular skeleton, although this may change 
with profound blood loss, e.g. persistent severe 
menstrual loss. The entire skeleton serves the 
haemopoietic function in the infant, however, 
although the extent is slowly reduced during the 
completion of growth and development. Thus, at 
the macroscopic level, the bones of the skeleton 
demonstrate a marked degree of heterogeneity. 

Except at the musculotendinous insertions and at 
their articular surfaces, the bones are covered by a 
thin tough fibrous membrane (the periosteum) 
whereas at the articular and musculotendinous 
insertion regions, this tissue imperceptibly blends 
with the surface fibres of those tissues. The inner 
layer of the periosteum, the cambium layer, has 
bone-forming potential. This layer provides a source 
of new bone during growth and functions in both a 
resorptive and additive capacity during remodelling. 
In the adult, the bone-forming potential of the 
periosteum may be reactivated in trauma, infection 
or in association with tumours, although at all times 
there is a fine balance between bone formation and 
résorption for the maintenance of skeletal integrity. 
In the child, the periosteum is only loosely attached 
to the underlying bone, whereas in the adult, it is 
firmly attached, especially in the region of the 
palatal mucosa. Numerous capillary blood vessels 
penetrate the periosteum to augment the vascular-
ization of bone, in addition to providing nutrients to 
this vital tissue. On disruption of this tissue as a 
result of inflammatory exudate accumulation, e.g. a 
dental abscess, the viability of both periosteum and 
bone may be compromised. 

The macro- and microstructure of the bony 
skeleton in the adult exhibits a close correlation 
between morphology and mechanical needs, in 
addition to metabolic functions associated with 
calcium, phosphorus and magnesium metabolism. 
The component osteons (haversian systems) of 
cortical bone are, from a mechanical viewpoint, 
more compacted than those in trabeculae, i.e. in 
cancellous bone the trabeculae are arranged so as to 
resist the mechanical forces and these mechanical 
factors are mirrored by the structures at a microsco-
pic level. Thus, bones reflect the intricate interac-
tions between metabolic and mechanical forces. 

The jaws 

In the jaws, there is also a distinction between basal 
and alveolar bone. For instance, the mandibular 
body or ramus grows and develops in conjunction 
with the inferior alveolar nerves and vessels, 
whereas the alveolar bone grows in response to 
tooth eruption, adapts and remodels according to 
the dental needs, and undergoes résorption follow-
ing tooth loss. Thus in ectodermal dysplasia, a group 

of genetic disorders associated with deciduous and 
permanent tooth anodontia, the alveolar bone fails 
to develop, despite normal basal jaw growth. Such 
dissociation between alveolar and basal bone has 
implications in the orthodontic treatment of cra-
niofacial disproportion. 

The alveolar bone may be considered the region 
of the jaws that forms and supports the tooth 
sockets. This comprises a thin cortical plate, termed 
the lamina dura, in which the principal periodontal 
fibres are inserted. In addition, the supporting 
alveolar bone invests the alveolus proper and 
comprises trabeculae that support the alveoli with a 
surrounding cortical layer. This is much thinner in 
the maxilla than the mandible. In some regions of 
the jaws, e.g. the mandibular incisor region, the 
trabecular region of the alveolus may in fact be very 
thin. In such regions, one or more tooth roots may 
be partially or totally denuded of bone (fenestra-
tions or dehiscences) and these may have signifi-
cance if associated with alveolar bone loss due to 
chronic periodontal disease or if they occur in an 
area in which fixed bridge or denture abutments are 
contemplated. 

The visible differences between bone, cartilage 
and tendons depend on the variable composition of 
their matrices. Dense fibrous connective tissue 
comprising tendons is formed from well-orientated 
collagen bundles that function in tension. Bone and 
cartilage, by contrast, have to resist compression 
and shearing forces as well as tension and are 
therefore composed of a composite of different 
materials. These composites comprise mineral and 
proteoglycan to resist compressive forces and 
collagen for strength in tension and bending 
movements. Thus, variations in the type of collagen 
or state of aggregation of the proteoglycans will also 
affect the mechanical properties of a bone. Bone is 
therefore heterogeneous at all levels of structure. 

Microscopic structure 

Cancellous (spongy bone) essentially comprises 
trabeculae containing osteocytes located within 
intercommunicating lacunae. The basic structure of 
cortical (compact) bone is the haversian system, 
consisting of a central vascular canal surrounded by 
8-10 concentric lamellae or layers, each demarcated 
by modified matrix termed cement lines. Each 
lamella contains a number of osteocytes that 
communicate with the vasculature of the haversian 
canals by a number of perpendicularly orientated 
canaliculi. These Volkmann's canals then connect 
the central vascular canals with the endosteal and 
periosteal surfaces. The haversian systems comprise 
dynamic structures, with old haversian systems 
being continually resorbed and replaced by new 
ones. The remnants of the old haversian system, 
located between the adjacent haversian systems, 
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remain as interstitial lamellae. The first-formed 
lamellae are those on the periphery of the haversian 
system. They are generally more highly calcified 
than those of more recent origin. 

Bone therefore comprises two phases: the osseous 
matrix, consisting of both organic and inorganic 
components, and the cellular component, essentially 
comprising osteoblasts, osteocytes and osteoclasts. 

Bone cells 
The skeleton is not merely a collection of inanimate 
mechanical structures but is constantly undergoing 
remodelling and growth, primarily resulting from 
osteoblast, osteocyte and osteoclast cellular activity. 

Osteoblasts8 

The osteoblasts are the cells responsible for the 
synthesis of the bone matrix, comprising both 
collagen fibres and ground substance. They form a 
continuous layer over the bone surface, which, if 
disrupted, may be associated with bone necrosis. 
Active osteoblasts are plump and cuboidal with a 
marked basophilic cytoplasm, whereas inactive cells 
appear flat and inconspicuous. There is general 
agreement that proteins synthesized by the ribo-
somes of the rough endoplasmic reticulum of the 
osteoblasts are released into the cisternae and then 
packaged into secretory granules by the Golgi 
apparatus. The limiting membranes of these 
organelles then fuse with the plasmalemma of the 
osteoblast, thereby discharging their contents into 
the extracellular milieu. The resulting organic 
matrix (osteoid) then undergoes mineralization to 
form bone. Where bone is actively forming, the cells 
are seen to line a thin layer of unmineralized bone 
matrix-the osteoid seam. This osteoid seam results 
from mineralization, following the formation of 
organic bone matrix; these two processes do not 
occur simultaneously. 

Osteoblasts have a high alkaline phosphatase 
content which is considered to function in the 
process of calcification; their activity in protein 
synthesis is correlated with the prominent rough 
endoplasmic reticulum and Golgi apparatus. The 
surface of osteoblasts, especially that adjacent to the 
bone matrix, exhibits numerous fine cytoplasmic 
processes which make contact with the processes of 
the osteocytes. The functional activity of these cells 
is influenced by a variety of factors, including 
parathyroid hormone (which decreases collagen 
synthesis) and cortisol (which inhibits the matura-
tion of pre-osteoblasts to osteoblasts). In fact, many 
factors decrease osteoblastic activity, whereas there 
are very few stimulatory factors. 

Osteocytes 
Generally, osteocytes are considered to comprise 
osteoblasts that have become incorporated within 
bone matrix. Using radioactive tracers, osteocytes 
have been shown to become incorporated within 
bone matrix in a few days in areas of active bone 
formation, whereas in other areas 2-3 months may 
elapse prior to incorporation. In immature woven 
bone, these cells are large, plump, closely packed 
together and exhibit rudimentary cytoplasmic pro-
cesses. In mature lamellar bone, they are flattened 
and widely separated with fine cytoplasmic intercon-
necting processes connecting with both adjacent 
osteocytes and the central haversian canals. Rather 
than comprising a quiescent cellular population, the 
osteocytes are believed to be intimately associated 
with the rapid adjustment of serum calcium ions, in 
addition to possessing osteolytic capabilities associ-
ated with local bone remodelling. Osteocytic 
osteolysis may be responsible for short-term remod-
elling activity, whereas osteoclastic résorption is 
more closely associated with long-term bone remod-
elling. Upon résorption of mature lamellar bone by 
osteoclastic activity, the osteocytes may be released 
from their bony lacunae. Whether they subsequent-
ly undergo necrosis or transformation into primitive 
osteoprogenitor cells remains unclear. 

Osteoclasts910 

The osteoclasts are typically large, multinucleated 
cells lying in shallow crypts (Howship's lacunae) on 
the bone surface. In addition to a high acid 
phosphatase content, the cells contain many lyso-
somal dense bodies, a well developed Golgi 
apparatus and many mitochondria. The mitochon-
dria contain electron-dense matrix vesicles, com-
posed of calcium phosphate, which are considered 
to be associated with the regulation of intracellular 
calcium. 

Adjacent to the bone, osteoclasts have a brush 
border formed by multiple infoldings of the plasma 
membrane. The bone in juxtaposition to the brush 
border is in a state of partial demineralization in 
which collagen fibres and free, randomly arranged, 
crystals of hydroxyapatite may be detected. The 
prominence of this osteoclastic brush border seems 
to be related to the degree of active bone résorption 
that is occurring. Calcitonin has been associated 
with involution of this osteoclastic region, whereas 
thyroid hormone has been associated with its 
increased prominence. In addition, there is evidence 
that monocytes may also be capable of resorbing 
bone, again with a brush border characteristic of 
resorbing cells. 

The process of bone résorption is considered to 
involve a number of mechanisms: 
(1) Release of lysosomal hydrolytic enzymes, re-

sulting from the fusion of lysosomal membranes 
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with the plasmalemma of the brush border, 
leading to enzymic release into the extracellular 
milieu. 

(2) Action of endocytosis, whereby pinocytotic 
vesicles traverse the brush border to fuse with 
the primary lysosomes to form secondary 
lysosomes. 

(3) Release of acids of metabolic origin into the 
microcompartment delineated by the resorbing 
bone. 

Lowering of the pH, enzymatic attack and 
endocytosis therefore appear to be involved in 
demineralization and osteolysis. 

The relationship between osteoblasts and osteo-
clasts remains enigmatic. One theory contends that 
there is a common stem cell that can differentiate 
into an osteoblast or an osteoclast. Another theory 
holds that the mesenchymal cell can differentiate 
into a pre-osteoclast; later the osteoclast can 
differentiate into pre-osteoblasts and then osteo-
blasts and finally osteocytes. A third view is that the 
osteoblasts and osteoclasts are two distinct cell lines. 
The osteoblast has a common stem cell with other 
collagen-producing cells (fibroblasts and chondro-
blasts) and arise locally from fixed non-migratory 
mesenchymal cells. The osteoclast is closely related 
to the macrophage and blood monocyte, possibly 
being associated with a common local stem cell. 

Bone dynamics 
In normal bone there is a balance between bone 
formation and résorption, with little change in total 
mass except for the almost imperceptible decrease 
that occurs with age. On the other hand, the bones 
are in a constant state of flux, with bone trabeculae 
being constantly formed and modified in response to 
changing mechanical requirements. Remodelling of 
cortical bone involves the formation of new osteonal 
systems. Conceivably, a résorption cavity is pro-
duced by an osteoclastic front, the cutting zone, 
which advances into the existing cortical bone. The 
cutting zone is followed by proliferating mesen-
chymal cells which differentiate into connective 
tissue and blood vessels; this, in turn, is followed by 
the production of lamellar bone to fill the cavity with 
new concentric lamellae. The remains of the old 
osteonal system then become interstitial lamellae. 

Bone not only arranges its trabecular pattern but 
also gains or loses tissue as a whole in response to 
stress. The mechanism(s) responsible for bone 
formation or résorption in response to mechanical 
stimuli remain obscure but may be correlated with 
chemical and/or electromagnetic forces. 

Periosteum 

The periosteum comprises a dense sheath of 
connective tissue that invests bone, with the 

exception of the articular cartilage. Of the two 
component layers, the outermost comprises dense 
fibrous connective tissue containing a number of 
blood vessels, whereas the inner cambium layer has 
a looser consistency containing collagen fibres that 
enter the osseous tissue as Sharpey's fibres. These 
serve to anchor the periosteum on to the bone 
surface. 

The endosteum comprises a layer of delicate 
reticular tissue that lines the medullary cavity. 
Whereas the periosteum contains progenitor cells 
important for bone remodelling and résorption, the 
endosteal layer contains progenitor cells that sub-
serve both haemopoietic and osteogenic functions. 
In addition, both periosteal and endosteal layers 
may provide a limiting membrane controlling the 
egress and ingress of ions.11 

Bone mineral 

Bone mineral resembles chemically precipitated 
hydroxyapatites. As in synthetic systems, an unst-
able amorphous precursor is the first bone mineral 
to be deposited, but this is quickly converted to a 
poorly crystallized hydroxyapatite form. The most 
distinctive features of bone apatite are small crystal 
size, lack of chemical perfection and internal 
chemical disorder. These properties result in bone 
mineral being insoluble enough for stability, yet 
reactive enough for mineral homeostasis and normal 
bone résorption. Above a certain minimal crystal 
size, the solubility of the mineral is independent of 
size. Below this critical size, the crystal is so small 
that the weaker bonding of the surface ions to the 
total crystal becomes important. 

The inorganic phase of bone occupies approx-
imately 70% by weight. Although the percentage by 
weight of collagen decreases as osteoid materializes, 
volumetrically the amount of collagen in osteoid is 
analogous to that in mature bone. The mineral 
phase of bone consists largely of calcium, phos-
phate, carbonate and citrate ions, with 80-90% 
being located within the collagen fibrils. The basic 
crystalline unit of bone is the hydroxyapatite crystal. 

Hydroxyapatite is a basic calcium phosphate, 
found in both bone and tooth mineral. The simplest 
grouping of atoms which can define the mineral 
hydroxyapatite is Ca10 (P04)6 (OH)6. The ions in 
this hydroxyapatite structure may be replaced by a 
variety of similar ions from solution under physiolo-
gical conditions. For instance, Sr2+ and Pb2+ may 
substitute for Ca2+ or F" for OH". The ability of 
bone to remove lead from body fluids is an asset, 
although the long term storage of radioactive 
strontium is cause for worry. When F~ substitutes 
for OH~, the solubility of an apatite is lowered, with 
an increase in average crystal size. About one part 
per million of fluorine in drinking water stabilizes 
tooth apatite against caries, and oral doses of 
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fluorine, in conjunction with calcium and vitamin 
D, have been used in the treatment of osteoporosis. 

Hydroxyapatite, precipitated from solution under 
conditions similar to the physiological state, results 
in needle-like crystals that can be detected only by 
electron microscopy. Such crystals are carbonate-
containing and characterized by internal disorder. 
High pressure and/or temperature is required to 
obtain large pure apatite crystals. When hydroxy-
apatite is precipitated from supersaturated calcium 
phosphate solutions at or above pH 7, an unstable 
amorphous calcium phosphate precursor results. 
Amorphous calcium phosphate appears as microsco-
pic spheres 30-100 nm diameter, comprising ran-
domly packed apatite clusters each of about 0.95 nm 
diameter. In water, the amorphous calcium phos-
phate dissolves and renucleates as hydroxyapatite 
crystals. Pyrophosphate, diphosphonates or adeno-
sine triphosphate can delay or prevent the trans-
formation of amorphous calcium phosphate to 
hydroxyapatite. The earliest bone mineral deposited 
is an amorphous calcium phosphate, whereas stable 
amorphous calcium phosphate granules may also be 
found in the mitochondria of certain cells, especially 
those involved in tissue mineralization. 

Thus bone mineral resembles chemically precipi-
tated hydroxyapatites. Bone crystals never exceed 
40-50nm in their largest dimension and, although 
small on first formation, they increase with maturity 
associated with increased chemical homogeneity. 
With ripening, the bone crystal approaches, but 
never reaches, the perfect hydroxyapatite formula. 
Bone mineral has a high surface area per unit weight 
and the surface is chemically reactive with its 
environment. Studies of surface bonding suggest 
that a chemical linkage probably exists between the 
mineral in bone and certain free polar groups of 
collagen.12 The average size of crystals in bone 
affected by pathological processes, e.g. Paget's 
disease, is associated with smaller bone crystals than 
in the nearby unaffected bone, reflecting the high 
résorption and redeposition of Pagetic bone. Also 
fluorine stabilizes bone crystals by reducing their 
solubility and increasing the average crystal size. 

At one time, a large proportion of mature bone 
was considered to comprise amorphous calcium 
phosphate but more recent studies have shown that 
initial bone deposition occurs in the amorphous 
phase. Mature bone actually comprises a poorly 
crystallized, carbonate-containing, highly dis-
ordered hydroxyapatite, which contains trace ele-
ments of other metals, e.g. zinc and magnesium. 

Organic phase13 

The organic matrix of bone is first deposited as 
osteoid by osteoblasts, and only later becomes 
calcified. Collagen is the basic constituent of the 

organic phase of bone (95%), the remainder 
comprising mucopolysaccharides containing chon-
droitin 4- and 6-sulphates. These chondroitin 
sulphates primarily comprise alternating residues of 
glucuronic acid and yV-acetylgalactosamine. The 
basic unit of collagen is the tropocollagen molecule, 
an oligomeric protein comprising three left-handed 
helices twisted around each other to form a 
right-handed super-helix. Each tropocollagen mole-
cules has a diameter of 1.5 nm and a length of 
280nm. The 64 nm periodicity seen in collagen fibres 
results from a quarter-length overlap of the compo-
nent tropocollagen molecules. The amino acid 
sequence of the individual subunits of the tropocol-
lagen molecule is often Gly-X-Y, indicating that a 
glycinyl residue occupies every third position in the 
chain. Nearly every fourth of the residues are amino 
acids proline and hydroxyproline, although hyd-
roxylysine may also be present. The hydroxylysine 
residues are important for their cross-linkages 
between adjacent tropocollagen molecules. The 
collagen of bone is Type I, i.e. similar to that of 
dentine, skin and tendons, although these last 
generally fail to calcify under physiological 
conditions. 

Osteogenesis14 22 

The production of osteoid, the non-mineralized 
phase of bone matrix, consists predominantly of 
collagen together with a ground substance of acidic 
mucopolysaccharides. The osteoblasts are primarily 
thought to be involved in this function. The mRNA 
coding for the procollagen molecules is transferred 
by ribosomes of the rough endoplasmic reticulum. 
The resulting procollagen is segregated in the 
cisternae of the rough endoplasmic reticulum and 
then packaged into secretory vesicles by the Golgi 
apparatus. These vesicles then make their way to the 
proximal region of the osteoblast by means of 
microtubules. Subsequently, the limiting membrane 
of the secretory vesicle fuses with the plasmalemma 
so that the vesicular contents are discharged into the 
extracellular milieu. 

The procollagen molecules first formed in the 
osteoblasts have a high molecular weight, due to the 
presence of non-helical telopeptides at the amino 
and carboxyl terminals: these are termed registra-
tion peptides, since their presence facilitates the 
registration of the tropocollagen molecules to form 
the precise quarter-staggered array that yields the 
characteristic 64 nm periodicity. Either preceding or 
concomitant with registration of the tropocollagen 
molecules, the non-helical and non-enzymatically 
protected telopeptides are cleaved by procollagen 
peptidases. 

Maturation of the resultant collagen fibres essen-
tially entails the formation of cross-links between 
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adjacent peptide chains of the same tropocollagen 
molecule and between adjacent tropocollagen mole-
cules. This involves oxidation of specific lysine or 
hydroxylysine residues by the copper-requiring 
system, lysyl oxidase. The aldehyde derivatives of 
lysine and hydroxylysine so formed may then react 
spontaneously in one of three ways: 

(1) A hydroxylysine and histidine residue may be 
added to an aldol condensation product to form 
a histidino-hydroxymerodesmosine. 

(2) An aldehyde derivative may react with an 
unmodified lysine or hydroxylysine residue to 
form a Schiff base. 

(3) An aldehyde derivative may react with a second 
aldehyde derivative to form an aldol condensa-
tion product. 

Mineralization 

There is no unified theory of bone mineralization. 
Any mineralization theory must account for several 
factors. Firstly, the calcium and phosphate ion 
concentration of serum and extracellular fluid 
exists in a metastable solution. Thus any mineraliza-
tion model must allow for a local increase in the 
concentration of these ions resulting from a cellular 
process, e.g. the release of amorphous calcium 
phosphate from osteoclasts or nucleating sites, 
effecting an increase in the local concentrations of 
calcium and phosphate ions by their binding in close 
proximity. 

Secondly, Type I collagen of bone is similar to 
that of skin and tendon, yet the last two tissues only 
infrequently undergo calcification. Conceivably, this 
is a reflection of alterations in the physical 
parameters of various forms of type I collagen, e.g. 
solubility. 

Thirdly, certain substances present in extracellu-
lar fluid and serum are capable of inhibiting 
apatite crystal formation in vitro. For instance, 
pyrophosphate forms complexes with calcium ions, 
thereby lowering the available ion concentration. 
Although once considered to play an active role in 
calcification, the acidic mucopolysaccharides of 
bone matrix (chondroitin 4- and 6-sulphates) may 
form inhibitors in normal and ectopic calcification. 

The theories of intra- or intercellular tissue 
mineralization fall into three main categories. 

(1) Mechanisms that would locally raise the calcium 
and phosphate solution ion product to levels at 
which mineral would precipitate spontaneously. 

(2) Mechanisms or substances that would create 
nucleating sites or remove barriers to these 
sites. 

(3) Mechanisms or substances that prevent mineral 
formation and must be removed or rendered 
inactive to permit calcification. 

The initial mineral deposits in the organic matrix 
of bone appear to occur at discrete sites in, or on, 
the collagen fibrils.34 It is currently thought that 
collagen itself is not an apatite nucleator but that 
other tissues closely associated with collagen serve 
this function, e.g. phosphoproteins.35 The phos-
phoproteins may play a structural and/or regulatory 
role in the calcifying organic matrix by providing an 
epitaxial substrate for apatite nucleation. Although 
phosphoproteins may induce apatite formation, they 
are probably more involved in controlling the size, 
shape and orientation of the bone crystals. In fact, a 
number of proteins have been suggested as nuc-
leators in the initiation of bone apatite, including 
γ-carboxyglutamic acid (GLA)-containing proteins 
and lipids. 

In 1923, the enzyme alkaline phosphatase was 
considered to hydrolyze phosphate esters to produce 
an excess of free inorganic phosphate, elevating the 
calcium and phosphate ion product at specific 
calcification centres to the degree necessary to 
produce apatite precipitation. Alkaline phosphatase 
has been shown to be present in mineralizing 
extracellular vesicles and is used as a marker of 
active tissue mineralization.2 

There are also calcium-binding proteins in areas 
of tissue mineralization. Such compounds may be 
associated with raising the solution calcium phos-
phate product or acting as a nucleating centre where 
phosphates can bind to the calcium and produce a 
mineral deposit. Phosphoproteins and those con-
taining a large amount of γ-carboxyglutamate are 
the principal calcium-binding proteins, although 
certain lipid complexes and proteolipids (e.g. 
phosphatidylserine and phosphatidylinositol) may 
act as transporters of calcium and/or nucleators of 
apatite. The overall concentration of lipid in the 
metaphysis of a long bone increases sharply from the 
zone of calcification, decreasing rapidly after 
calcification.23 

Collagen is considered to be the principal 
nucleator of bone mineral. In vitro experiments 
have shown that only native collagen exhibiting the 
64 nm periodicity in the long fibril axis direction will 
act as a nucleator of hydroxyapatite.24 X-ray 
diffraction studies have shown that bone mineral is 
first deposited in holes distributed along the 
collagen fibrils and subsequently followed by bone 
apatite deposition on or near these fibrils. There is 
strong in vitro evidence that collagen can nucleate 
hydroxyapatite from metastable calcium phosphate 
solution and the close association of mineral and 
collagen during osteogenesis suggests a positive role 
for this fibrous protein. Conceivably, the galactose 
groups in the collagen molecule act as the nucleating 
centres. 

It has been noted that the phosphate ion appears 
prior to the requirement for calcium. Conceivably, 
the phosphorylated groups that are actually attached 
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to negatively charged peptides of bone collagen bind 
the newly formed apatite crystals to the organic 
matrix. 

Calcium-phospholipid-phosphate complexes 
occur in mineralizing as opposed to non-
mineralizing areas of bone. Such substances may 
originate from cell membranes and/or extracellular 
matrix vesicle membranes and provide efficient 
nucleators of hydroxyapatite. 

Mineralized tissues are, therefore, not simply the 
end-product of precipitations of inorganic crystals 
from supersaturated solution in micro-environments 
that happen to be composed of organic molecules. 
They are in fact organic, matrix-induced processes27 

under the constant control of viable cells. The 
hallmarks of biomineralization processes are the 
precise timing, localization and at times orientation 
of mineral deposition within a given tissue. In 
general, cells first produce the biosynthetic precur-
sors to their extracellular organic matrix, then 
assemble and probably modify the composite matrix 
for subsequent mineralization. A variety of non-
collagenous proteins may therefore be critical to the 
ultimate biomineralized state before the appearance 
of the mineralized phase. Because many of these 
proteins bind to hydroxyapatite, their final location 
in the mineralized matrix is usually associated with 
crystal surfaces, even though their real biological 
function may well have been executed earlier within 
the cells or in the non-mineralized matrix. The 
amorphous mineral precursor is generally nucleated 
heterogeneously, possibly on adjacent sequences of 
carboxyl, sulphate or phosphate groups associated 
with proteins. After a crystal has been nucleated, 
other proteins may bind stereospecifically to certain 
crystal planes or surfaces and limit growth on that 
face while allowing others to grow at a rate limited 
only by the solution activity of the precipitating ions. 
This process regulates the final shape and/or 
orientation of the crystal relative to those made in 
free solution.28 Alternatively, non-collagenous pro-
teins may bind preferentially to a growing amor-
phous precursor precipitate or other intermediate 
mineral form, thereby altering the chemical poten-
tial of the surfaces of the early forms.29 Then, as this 
early mineral is changed to a more thermodynami-
cally stable form, the proteins may no longer 
interact stereospecifically with the new mineral 
surface and would be chemically inert or simply 
diffuse away. The new stable crystal could then grow 
and replicate at the free solution rate. Thus, a cell 
may use an intrinsic crystal property of an early 
metastable mineral to direct the character, location 
and shape of its final, stable mineral product. 
Alternatively, non-collagenous proteins may be 
associated with secondary crystal growth. A princip-
al corollary of such stereospecific protein control of 
mineral nucleation is that accidental mineral deposi-
tion becomes extremely improbable. Also, control-

led mineralization involving non-collagenous pro-
tein assemblies is unlikely to be duplicated by 
random associations of the constituent proteins at 
other sites in the body. 

Subsequent growth of a bone crystal may involve 
cellular control of the local environment to help or 
hinder the diffusion of ions at certain crystal faces.30 

Such matrix-associated changes in diffusional rates 
or local ion activity is most likely to occur during 
slow growth of large biocrystals, e.g. enamel. 

Other calcium-binding proteins, including those 
found in serum, may affect biomineralization by 
competing with solution ions for the crystal surfaces, 
even if only in a non-specific manner. Alkaline 
phosphatase is capable of inactivating the inhibitory 
action of diphosphometabolites previously bound to 
amorphous calcium phosphate,3 so that this enzyme 
may be important in the removal of low molecular 
weight crystal growth inhibitors in some types of 
mineralization. 

The cessation of crystal growth and replication in 
the presence of an extracellular fluid metastable in 
calcium and phosphate occurs at the periosteal and 
endosteal bone surfaces and locally around each 
living cell adjacent to or within the mineralized 
matrix, e.g. trabecular lining cells. The mineral 
phase in bone is always kept several micrometres 
distant from living cells. With cell death, the mineral 
often invades the cellular space. Such control may 
be associated with poisoning of the growth surface 
with inhibitors, or modification of the crystal 
surface. 

Phosphate-containing proteins have been known 
to be present in bone for a number of years,32 with 
the acidic glycoprotein osteonectin being the best 
known.33 Osteonectin binds strongly to hydroxyapa-
tite and denatured collagen. Osteonectin has both 
high- and low-affinity binding sites for calcium and 
appears to be produced by osteoblasts for nucleating 
and orientating apatite crystal growth along collagen 
fibrils. 

Conceivably, cell mitochondria store bone miner-
al in a reactive amorphous state for passage to the 
matrix vesicles, the latter's membranes subsequently 
providing nucleators for mineralization.25 Thus, 
although calcium phosphate solution may be super-
saturated with hydroxyapatite, the presence of 
proteoglycan aggregate molecules may delay and/or 
prevent apatite precipitation. Indeed, the enormous 
proteoglycan aggregate molecules may be enzymati-
cally cleaved to produce much smaller subunits as 
the calcification region is approached, i.e. it appears 
that the proteoglycan inhibitor is probably cleaved 
enzymatically and removed prior to mineralization. 
Thus alkaline phosphatase, in addition to other 
enzymes, calcium-binding protein, collagen, lipids, 
cellular mitochondria, extracellular vesicles and the 
proteoglycans are probably all involved in miner-
alization of bone, although whether they act 
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co-operatively or independently has yet to be 
elucidated. 

Non-collagenous proteins undergo degradation at 
the time when the mineral content of bone rises 
from an initial 70% to 95% of its adult values.18 At 
present, there is debate as to whether the surfaces of 
the crystallites in bone must be cleaned of all bind-
ing proteins before the final mineral content of bone 
can be reached, or whether the early rapid 70% of 
final mineralization in bone may reflect mineraliza-
tion of one micro-environment (e.g. the collagen 
fibrils) while the later, more complete mineraliza-
tion may reflect mineral deposition of a second 
independent environment. 

Mechanical properties of bone26 

As previously emphasized, bone is not a 
homogeneous tissue, but varies at both the macro-
and microscopic level. This is reflected in the 
physical properties of bone which vary both between 
and within different skeletal units. The tensile 
strengths of haversian systems depend upon a 
number of factors. For instance, the tensile prop-
erties are superior when the collagen fibres are 
predominantly arranged parallel to the axis of 
tension compared with other collagenous orienta-
tions. Haversian systems with a high level of 
calcification are stiffer than those with a low level of 
calcification, although there are scant differences in 
tensile strength. This suggests that the tensile 
strength of a bone is dependent on the orientation 
and number of component collagen fibres. The 
compressive properties of haversian systems are also 
dependent on the arrangement of the component 
collagen fibres. For instance, maximum compressive 
strength and stiffness occur with circumferential 
collagenous arrangements relative to the haversian 
system and least with a longitudinal collagenous 
orientation. Thus, circumferential collagenous fibre 
arrangement results in superior compressive but 
inferior tensile properties, whereas longitudinal 
collagen fibres impart superior tensile but inferior 
compressive properties to a bone. Fully calcified 
haversian systems have a greater compressive 
strength and elastic modulus than those with a 
minimal degree of calcification. 

Conclusions 

The physiological mechanisms underlying both bone 
formation and résorption are changing very rapidly, 
reflecting the remarkable advances in research. 
There is, however, scant information concerning the 
interaction between osteoblasts and osteoclasts, or 
between osteocytes and osteoblasts. As a result, the 
detailed mechanisms for the control of bone cell 

functions have yet to be formulated. Unfortunately, 
alveolar bone has yet to be targeted for detailed 
research investigation, so it is not known whether it 
shares the structures and functions of the skeleton as 
a whole or is unique. 

Review questions 

1. What is the physiological relationship between 
osteoblasts and osteocytes? 

2. Are osteoblasts derived from the same stem cell 
as osteoclasts? 

3. What are the primary functions of bone? 
4. What are the principal mechanisms for bone 

mineralization? 
5. How might the arrangement of bone trabeculae 

accomodate changes in functional demands? 
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Introduction 
Approximately 7% of all live births in the United 
States have some mental or physical defect evident 
at birth or later. Craniofacial defects are among the 
most common, e.g. cleft lip and cleft palate which 
affect 1:600 white infants. The incidence is higher 
among orientals, native Americans and Eskimos but 
lower among blacks. Other craniofacial malforma-
tions include jaw deformities, dental anomalies, 
ossification defects of the facial and cranial bones, 
too wide or narrow spacing between the eyes, facial 
asymmetry and fetal alcohol syndrome. Indeed, 
congenital malformations now loom as significant 
causes of infant mortality and morbidity, partly 
reflecting the declining incidence of infections 
compared with previous decades, as well as more 
accurate birth defect detection. High percentages of 
malformations also occur among embryos or fetuses 
lost in the first trimester or in later miscarriages and 
stillbirths. A small proportion of craniofacial mal-
formations can be traced to specific genetic or 
chromosomal disorders, and others to potent 
environmental factors, e.g. malnutrition, exposure 

Factors influencing craniofacial development 
Genetic versus environmental factors 

Control of skull growth 
Role of growth sites 
Sutures 
Condylar cartilage 
Functional matrix theory 

Conclusions 
Review questions 
References 

to radiation, alcohol or drugs (Table 17.1), and 
problems in pregnancy and/or delivery. For the most 
part, the causes of craniofacial malformations 
remain obscure, although their effects may be 
profound for the patient, family and society. 

Pregnant women are increasingly aware of the 
need to maintain healthy diets, avoid unnecessary 
medications and seek medical care throughout 
pregnancy. They know of the risk to the fetus of 
certain diseases and infections and are alerted to the 
latest findings of toxicologists and scientists studying 
environmental factors. In the past decade, the 
dangers to fetuses of certain anti-epileptic drugs and 
alcohol have been identified, e.g. fetal alcohol 
syndrome is characterized by wide spacing of the 
eyes, microcephaly and lower-than-normal intelli-
gence. In addition, the importance of proper 
nutrition has been emphasized by studies that have 
suggested that vitamin supplementation may de-
crease the risk of malformation in some pregnan-
cies. For instance, the outbreak of rubella (German 
measles) infection in 1964 resulted in 20 000 children 
developing severe congenital malformations, where-
as the rate of rubella-caused malformations has 
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Accutane 13-cw-retinoic acid 
Aminopterin 
Aspirin 
Cigarette smoke (hypoxia) 
Cytomegalovirus 
Dilantin 
Ethyl alcohol 
6-Mercaptopurine 
Rubella virus 
Thalidomide 
Toxoplasma 
Valium 
Vitamin D excess 
X-radiation 

Hemifacial microsomia, Treacher Collins syndrome 
Anencephaly 
Cleft lip and palate 
Cleft lip and palate 
Microcephaly, hydrocephaly, microphthalmia 
Cleft lip and palate 
Central mid-face discrepancy 
Cleft palate 
Microphthalmia, cataracts, deafness 
Hemifacial microsomia 
Microcephaly, hydrocephaly, microphthalmia 
Cleft lip and palate 
Premature suture closure 
Microcephaly 
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Table 17.1 Teratogens and dentofacial development 

Teratogen Effect 

dropped to a little over 1:100000 live births since the 
development of the rubella vaccine. 

Genetic factors obviously contribute to the 
shaping of the face and oral structures. Although 
evolutionary forces are said to be responsible for the 
high frequency of malocclusion observed in many 
populations, changes with respect to dental occlu-
sion appear to have occurred too rapidly to be 
explained by evolutionary changes alone. Environ-
mental factors have therefore been implicated as 
important influences, including nutritional deficien-
cies, teratogens and other prenatal exogenous 
factors. Postnatally, dietary factors, facial trauma, 
abnormal breathing patterns and postural or oral 
habits (e.g. thumb sucking) are just a few of the 
myriad factors linked with craniofacial malforma-
tions. 

Undoubtedly, skull development and growth 
hinges on the interaction between genetic and 
environmental factors. Research into the mechan-
isms of craniofacial anomalies has focused on the 
period of gestation, since at this period genetic 
misinformation is first expressed and/or the effect of 
teratogenic agents occurs. The embryonic period 
(2-8 weeks gestation) is characterized by cell, tissue 
and organ differentiation and this is then followed 
by the fetal growth period (3-10 lunar months). 
While congenital anomalies commonly arise during 
the fetal period, in fact they are the progressive 
expression of a disorder in the zygote or embryo. 
Postnatally, further growth and development may 
result in the exacerbation of such disorders or, less 
commonly, their masking due to compensatory 
growth changes. 

Craniofacial form 

Comparison of neonate and adult skulls demons-
trates the differential effects of development and 
growth. The cranial vault dominates fetal, neonatal 

and early childhood skulls. Cranial development, in 
fact, peaks early, with 65% of its ultimate growth 
present at birth and 95% by 10 years of age. By 
contrast, facial growth begins more slowly and 
continues longer, with 40-50% present at birth and 
only 65% by 10 years of age. 

The head is divisible into three regions.1 

(1) The upper face is primarily derived from the 
frontonasal process and follows the neural 
growth pattern. 

(2) The mid-face comprises the orbits, nose and 
maxilla, and so follows neural (ocular globes), 
cranial base (nasal capsule) and branchial arch 
(maxillary processes) growth patterns. 

(3) The lower face essentially comprises the mandi-
ble, which follows the somatic growth pattern. 

Although these three cranial regions follow 
different growth patterns, they are not discrete 
entities. Thus maldevelopment of one region 
variably affects that of others. This hinders evalua-
tion of the factors influencing craniofacial form. 
Indeed, craniofacial development and growth is 
exceedingly complex and only a few of the 
underlying mechanisms are just beginning to be 
resolved. In general, the braincase (calvarium) and 
facial skeleton (viscerocranium) tend to grow more 
in anteroposterior length than height or width: a 
feature that accounts for the value of lateral 
cephalographs for the evaluation of cranial form. 

The growth mechanisms by which the changes in 
skull proportions are achieved are essentially similar 
to those of the skeleton as a whole. Because of its 
rigidly mineralized matrix, bone can only grow by 
surface accretion. The osteocytes, trapped within 
their lacunae, cannot divide and form additional 
matrix. This inability to grow interstitially sets bone 
clearly apart from cartilage and other connective 
tissues. As bone can only grow by surface addition, 
there must also be surface résorption. Without such 
a mechanism, bones would become progressively 
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distorted with growth. The combined processes of 
surface addition and résorption are termed remod-
elling. Generally, when the external surface of a 
region of bone is depository, its internal surface will 
be resorptive, and vice versa.2 In addition to the 
cranial remodelling changes at the surface, there is 
another portion of the skull, the chondrocranium 
(comprising the cranial base, otic and nasal cap-
sules), where cartilaginous growth occurs, subse-
quently to be replaced by bone. As will be evident 
later, the chondrocranium plays an important role in 
craniofacial development and growth. 

Facial embryology3'4 

There is a ten-fold increase in head size between the 
fourth to eighth week of gestation. This illustrates 
both the rapidity of cranial development at this 
period and accounts for the catastrophic consequ-
ences of maldevelopment that may be apparent at 
later stages of development. 

The process of overt facial differentiation begins 
during the 3-4th week of gestation with dorsal 
neural crest tissue migration into the adjacent 
mesenchyme. The neural crest cells stream around 
the developing eyes to enter the anterior frontonasal 
process and posterior branchial arches. This neural 
crest mesenchymal invasion produces five 
embryonic facial processes:5 the frontonasal pro-
cess; bilateral maxillary processes and bilateral 
mandibular processes. 

The ectodermal furrows between these processes 
are obliterated as they fill with proliferating 
mesenchyme and neural crest tissue. Impairment of 
neural crest cell migration, and/or mesenchymal 
growth, results in craniofacial anomalies associated 
with facial clefts.5 Thus at the completion of neural 
crest cell migration in the fourth week of embryonic 
life, the cells contribute to almost all of the loose 
mesenchymal tissue in the facial region that later 
differentiates into skeletal and connective tissues, 
including the jaws and teeth (Figure 17.1). Severe 

facial asymmetry in some patients may be related to 
unequal neural crest migration to each side of the 
face. Certainly diminished neural crest migration 
has been implicated in Treacher Collins syndrome 
(mandibulofacial dysostosis), where both maxilla 
and mandible are underdeveloped due to a general-
ized lack of mesenchymal tissue. It appears that the 
neural crest cells with the longest migration path are 
most susceptible to maldevelopment, whereas those 
going to the central area tend to complete their 
migratory movement. At this time, the main 
divisions of the central nervous system are estab-
lished: the forebrain; the midbrain; the hindbrain 
and the spinal cord. 

Invagination of the nasal placodes surrounded by 
the elevated medial and lateral nasal swellings 
dominates the face of the 5-week-old fetus. The eyes 
appear as elevations on the lateral face and the 
furrow between the two mandibular processes fills 
with mesenchyme, unifying the lower jaw and lip. 
Mandibular symphyseal clefts result from failure of 
this migratory proliferation. The first branchial 
groove, below the mandibular processes, also fills 
centrally with mesenchyme, the most lateral aspect 
becoming the external auditory meatus. In this 
regard, malformation or mal-location of the external 
auditory meatus often serves as a marker for 
craniofacial anomalies. At this time, the develop-
ment of the nervous system proceeds with trifurca-
tion of the forebrain into the median diencephalon 
and the paired hemispheres, as well as hindbrain 
segmentation into the myelencephalon and 
metencephalon. 

In the sixth week, the oropharynx is opened with 
the rupture of the stomodeum. The medial nasal 
swellings merge into a single globular process, which 
in turn differentiates into the soft tissue nose, 
central upper lip and premaxilla. These structures 
comprise the primary palate, with cleft lip and/or 
palate reflecting their maldevelopment. The maxil-
lary processes continue to enlarge and approach 
both medial and lateral nasal processes, with the 
furrow between the maxillary and nasal processes 

Cartilage 
Figure 17.1 The layers of a cranial suture. 1, middle (cellular) zone; 2, capsular zone; 
3, cambial zone; 4, edge of cranial bone 
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deepening to form the naso-optic groove and 
subsequent nasolacrimal duct. The relative mesial 
migration of the eyes and nares results from a 
reduced growth rate in the frontonasal process 
coupled with increased lateral head expansion. If 
these differential growth rates are disturbed, orbital 
hypertelorism (increased spacing between the eyes) 
may result. Facial clef ting may reflect disordered 
medial and lateral nasal process fusion, mesencymal 
proliferation superficial to the nasolacrimal canal 
and lateral maxillary and mandibular process fusion. 
At this time, there is rapid expansion of the oral 
cavity, with the external auditory meatus assuming a 
posterolateral location. 

By the eighth week of gestation, the face assumes 
more human characteristics. Subsequent changes 
include relative mesial migration of the eyes, 
formation of the eyelids, continued reduction of the 
oral opening, formation of the lips, enlargement of 
the cheeks and definition of the auricle and external 
auditory meatus. The eyelids fuse at 9-10 fetal 
weeks and reopen at 25-26 weeks. The nasal bridge 
develops at 8-12 weeks. From the end of the first 
trimester until term there is an absolute increase in 
the size of all body parts. There is, however, a 
general reduction in head prominence, with a 
reduction in the forehead/face ratio and a broaden-
ing of the middle and lower portions of the face. 
Craniofacial development is therefore complex, so 
that it is a marvel that craniofacial anomalies are not 
more frequent. 

Cranial growth 

The skull comprises two main components: 

(1) The neurocranium (braincase) that includes the 
desmocranium, formed by intramembranous 
ossification, and the cranial base, formed 
predominantly by endochondral ossification. 

(2) The viscerocranium (facial skeleton). 

The dominance of the neurocranium over the 
facial skeleton at birth and early childhood reflects 
early brain development. The accelerated neural 
growth rate slows after the second year, when the 
viscerocranium commences its major development. 

Neurocranium 

Neurocranial ossification begins in the 7-8th week 
of gestation and continues until childhood. This 
process begins as discrete ossification centres within 
the most superficial aspect of the ectomeninx (the 
outer layer encasing the embryonic brain). Prior to 
ossification, collagen fibres in the dura mater 
organize into discrete bundles that prefigure the 
cranial suture system and adhere to the sutures as 

they develop. The braincase contours are influenced 
by this durai fibre system, with premature suturai 
fusion (craniosynostosis) being a manifestation of 
disordered durai collagen. A particular form of 
craniosynostosis, termed Cruzon's syndrome, arises 
due to prenatal fusion of the superior and posterior 
sutures of the maxilla along the wall of the orbit. 
Such premature suturai fusion prevents the maxilla 
from translating downwards and forwards resulting 
in midface underdevelopment. 

With calverial ossification, syndesmotic articula-
tions develop from the mesenchyme between the 
ossification centres, while the periosteum develops 
from the superficial mesenchyme. The non-ossified 
intrabony articulations, present at birth, are termed 
sutures when small and fontanelles when large. 

During the early stages of development, the 
margins of the component cranial vault dermal 
bones grow towards one another through the 
ectomeninx covering the brain. Two zones can be 
distinguished in each approaching bone territory: 

(1) A cambial zone comprised of fine, radially 
arranged collagen bundles, numerous osteo-
progenitor cells and a layer of osteoblasts. 

(2) A woven bone zone produced by the activity of 
the osteoblastic layer. 

Between the approaching bone territories, the 
fibres of the ectomeninx run at right angles to the 
advancing plates of woven bone. As the bone 
margins advance, they split the ectomeninx into 
outer pericranial and inner durai layers. Just before 
the cambial layer of the two approaching territories 
meet, a third capsular layer becomes defined at the 
leading edge of each territory. The adjacent 
territories then unite with each other to form the 
definitive sutures. These layers persist for some time 
after the bone territories have met, during which 
time the cells of the cambial layer undergo frequent 
mitosis and woven bone trabeculae are rapidly 
formed at the bone edges, the rate of bone 
formation greatly exceeding that on the non-sutural 
surfaces. Later, the cambial zones are much reduced 
in thickness with a reduction in osteoblastic cell 
layer activity. The cambial layers are progressively 
reduced during adulthood, with bone uniting the 
adjacent bony surfaces. The essential growth sites in 
a suture are therefore the two cambial layers (see 
Figure 17.1).6 The fontanelles usually close shortly 
after birth. 

(1) The posterior fontanelle closes at 2 months. 
(2) The anterolateral fontanelle closes at 3 months. 
(3) The posterolateral fontanelle closes at 12 

months. 
(4) The anterior fontanelle closes at 24 months. 

Premature fusion of either sutures or fontanelles 
is significant, not only for normal brain growth and 
development, but for the development of the 
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midface and lower face. The suturai system is 
arranged in the three planes of space. 

(1) The coronal plane: the frontoparietal and 
occipitoparietal sutures. 

(2) The sagittal plane: the interparietal and inter-
frontal sutures. 

(3) The transverse plane: the squamoparietal, 
squamo-occipital, sphenoparietal and spheno-
frontal sutures. 

The greatest growth increments are generally in 
the sutures of the coronal plane. 

Intracranial hydrostatic pressure appears to be the 
major stimulus for neurocranial growth (Figure 
17.2). The expanding cranial volume (due to 

the sutures.2 Remodelling is not limited to the ecto-
and endocranial surfaces but also occurs on the 
internal surfaces, e.g. those facing the marrow 
spaces, where the reverse depository and resorptive 
activities occur. 

Overall calvarial morphological developmental 
changes may be summarized as follows: 

(1) By 26-28 weeks of gestation the calvarium has 
significant ossification of the frontal and parietal 
bones, although the anterior fontanelle, meto-
pic, coronal and sagittal sutures remain open. 

(2) Compared with the second trimester, a 60% 
increase in calvarial length and 70% increase in 
width has occurred by birth, with the rate of 

Periosteal deposition 

Endocranial 
periosteal résorption 

Suturai deposition Figure 17.2 Cranial vault remodelling 

increasing volume of the brain and associated 
intracranial fluid) displaces the neurocranial plates 
outward. The calvarium therefore grows by bone 
deposition at the sutures in response to increased 
tension, i.e. suturai growth occurs in response to 
osseous displacement rather than causes it. Whereas 
suturai growth predominates up to four years of age, 
surface apposition and résorption accounts for 
subsequent neurocranial growth and contour 
changes. Subsequently, the development of the two 
cranial vault surfaces diverge. 

(1) The inner calvarial table reflects the growth of 
the intracranial contents, and is generally 
resorptive in nature. 

(2) The outer table is progressively deformed by 
muscular attachments and is generally deposi-
tory in nature, apart from the pneumatization of 
the paranasal sinuses. 

In fact the endocranial calvarial surface is 
principally depository, with such résorption as does 
occur being limited to areas immediately adjacent to 

increase in biparietal width exceeding that of the 
anterior cranial fossa. Again, the anterior 
fontanelle remains open, along with the meto-
pic, coronal and sagittal sutures. 

(3) By 15-18 months of age the calvarium is 10% 
longer than that of the neonate, although 
biparietal width is approximately the same: this 
reflects delayed growth of the frontal relative to 
the temporal lobes of the brain. The posterior 
fontanelle has become closed at this phase and 
the anterior fontanelle has also begun to ossify. 
The metopic suture is fused, whereas the 
coronal and sagittal sutures remain patent. 

(4) At 30-36 months of age the parietal eminences 
are rounding, the anterior fontanelle is com-
pletely ossified, the metopic suture obliterated, 
and the coronal and sagittal sutures are not only 
narrowing but are becoming more interdigi-
tated. 

(5) Subsequently, the calvarium develops a more 
rectangular configuration, with the adult form 
being only slightly larger than that of the 
adolescent. 
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Thus, although the proportion of the total body 
mass represented by the head decreases from the 
fourth month of gestation onwards, at birth the head 
is still nearly half the total mass. This presents an 
impediment to the passage through the birth canal. 
At birth, therefore, there is literal distortion of the 
head, facilitated by the relatively large unossified 
fontanelles between the flat calvarial bones. With 
compression during delivery, the calvarium can 
increase in length and decrease in width to ease its 
passage through the birth canal. The relative lack of 
mandibular prenatal growth also makes delivery 
easier, since a prominent chin would impede 
passage through the birth canal. 

Birth is, however, still a major physiological 
problem, associated with a temporary interruption 
of physical growth for the following 1-2 weeks, as 
epitomized by the incremental lines in the skeleton 
and teeth. 

Growth and development of component 
cranial regions 
Cranial base 

The cranial base consists (in the median plane) of a 
segment, termed the basicranial axis, stretching 
from the pituitary region to the anterior border of 
the foramen magnum; an anterior extension from 
the pituitary region to the junction of the frontal and 
nasal bones and a posterior extension from the 
anterior to posterior border of the foramen mag-
num. The cranial base interconnects the neuro- and 
viscerocranium, so that its maldevelopment may be 
reflected by anomalous viscerocranial development 
and location and/or disturbed neurocranial growth. 
The cranial base develops partly by intramembra-
nous ossification and partly by endochondral ossi-
fication. The bones of the cranial base are preceded 
by discrete chondrification centres, which coalesce 
into a single basal cartilaginous plate, perforated by 
vascular and neural structures that subsequently 
become the cranial foramina after the completion of 
endochondral ossification. Enlargement of the 
cranial base thus results from proliferative cartilagi-
nous growth between ossified areas (synchondroses) 
and suturai displacement secondary to increased 
intracranial volume. 

The principal zone of cranial base growth is the 
spheno-occipital synchondrosis which persists until 
adulthood. Growth changes at this region are 
primarily related to nasopharyngeal and maxillary 
expansion throughout childhood and puberty. In-
deed, growth changes in this region are partly 
responsible for the forwards and downwards dis-
placement of the viscerocranium during develop-
ment. The ossified basicranial areas increase by 
surface apposition and résorption, with significant 
résorption on the endocranial aspect to allow cranial 

fossa deepening associated with neural develop-
ment. 

Progressive cranial base flexion begins in the 
embryonic period and continues until adulthood. 
Such flexion is associated with neurocranial expan-
sion, caudal redirection of the foramen magnum and 
movement of the face from beneath the anterior 
cranium. At birth, the cranial base is grossly 
flattened, whereas by six years of age, both occipital 
and sphenoid bones are angled with respect to their 
synchondrosis. Such cranial base flexion may be 
associated with laryngeal descent and the capacity 
for speech,2 upright posture and/or enlarged 
brain/'8 

As growth changes in the cranial base are 
important to understanding the development of the 
skull as a whole, it will now be considered from two 
vantage points. 

Extracranial aspect 

At birth, the basilar bones are still separated by 
synchondroses. While the majority of these ossify 
during childhood, the spheno-occipital synchondro-
sis remains patent throughout adolescence to form 
the sole medial cartilaginous growth site. The 
sphenoethmoidal joint, despite the replacement of 
cartilage by fibrous tissue, probably remains another 
growth site until about 6-8 years. 

The typical synchondrosis comprises a central 
reserve zone flanked on either side by zones in 
which hyaline cartilage proliferate interstitially, 
undergoes cellular hypertrophy and then degener-
ates to be replaced by bone. In the two hyaline 
cartilage regions, the following sequence of events 
may be identified: 
(1) Mitosis of chondrocytes. 
(2) Daughter chondrocytes form into regular col-

umns. 
(3) Chondrocytic hypertrophy and mineralization, 

followed by necrosis. 
(4) Invasion by osteogenic tissue with true bone 

formation. 
(5) Replacement of this primitive bone by mature 

organized bone. 
Growth at the spheno-occipital synchondrosis is 

the principal contributor to cranial base enlarge-
ment, although substantial contributions may also 
be made at the midsphenoidal synchrondrosis. The 
spheno-ethmoidal synchondrosis, when present, is 
the main site at which the anterior extension 
increases in length.9 Further increments are re-
ceived from bone deposition at the anterior border 
of the foramen magnum10 and local remodelling in 
the region of the pituitary fossa. Growth in length of 
the posterior extension of the cranial base results 
from bone résorption on the posterior border of the 
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foramen magnum being greater than bone deposi-
tion on its anterior margin. 

A further mechanism involved in producing 
overall cranial enlargement is surface remodelling. 
At its simplest, the cranial floor consists of two 
cortical plates separated from each other by 
cancellous bone, although in some regions other 
structures intervene (e.g. the paranasal air sinuses in 
the body of the sphenoid bone). The predominant 
remodelling pattern consists of bone deposition on 
the periosteal surface of the ectocranial cortical 
plate and résorption from the corresponding surface 
of the endocranial plate. The endosteal surfaces of 
the plates undergo remodelling activities the con-
verse of those taking place periosteally. In this way, 
the whole cranial floor is moved relatively down-
wards. This type of growth, cortical drift, helps to 
produce the requisite amount of braincase enlarge-
ment with less disruption of the spatial relationships 
of the structures associated with the cranial base 
than could be achieved by growth solely at the 
joints. Thus, encircling the endocranial surface of 
the braincase is a complete circumcranial reversal 
line of bone growth, below the line the endocranial 
surface is resorptive and above the line the surface is 
depository. Extending medially from the reversal 
line to the midline of the cranial base are reciprocal 
gradients between the amount of growth taking 
place due to cortical drift and that due to deposition 
at the joints. In general, the remodelling processes 
producing the cortical drift progressively increase as 
the midline is approached, while growth at the joints 
diminishes. 

A number of regional variations are superim-
posed upon the overall pattern of cortical drift. For 
example, the endocranial surfaces of the petrous 
temporal bone form isolated regions of deposition in 
the generally resorptive cranial floor so that their 
relative degree of prominence is maintained. Simi-
larly, the endocranial walls of the sella turcica are 
areas of bone deposition, although the floor is 
generally resorptive. Since the endocranial surface 
of the remainder of the sphenoidal body and wings 
are resorptive, the sella turcica increases its relative 
prominence within the cranial cavity. The maxilla 
moves progressively closer to the foramen magnum 
as a result of the increasingly acute cranial base 
angulation at the spheno-occipital synchondrosis. 
Growth of the cranial base therefore undergoes 
rapid development in the first three years of life and 
subsequently slows down. 

lntracranial aspect 

From late second trimester to adulthood, the 
intracranial cranial base shows progressive elonga-
tion and anterior fossa expansion. By the 26-28th 
week of gestation, the intracranial base is dominated 
by the posterior cranial fossa, although occipital 

ossification is incomplete and the posterolateral 
fontanelles patent. During the first 18 months of 
life, the intracranial base increases 25% in antero-
posterior length, 20% on maximum width and 15% 
in interpterion width. Between 15 and 30 months of 
age, there is a 25% increase in anterior clinoid to 
frontal bone length, whereas no significant change 
occurs in the anterior clinoid to posterior skull 
length. By four years of age, the intracranial base 
assumes adult characteristics, with marked anterior 
and middle cranial fossa development. Compared 
with the morphology at birth, there has been a 50% 
increase in total skull length, 40% resulting from 
anterior fossa elongation. By contrast, there has 
been a 35% increase in skull width and 30% increase 
in interpterion width. The dimensions of the 
intracranial base increase slightly throughout child-
hood and adolescence, without significant shape 
change. Compared with the neonate, however, the 
adult intracranial base lengthens 40%, with a 25% 
increase in maximum width, primarily reflecting 
significant postnatal expansion of the anterior 
cranial fossa. 

Mid-face 

Growth of the mid-face embraces orbital, nasal, 
paranasal and maxillary development. Whereas 
orbital expansion occurs predominantly before 
birth, following the neural growth pattern, growth 
of the maxilla,, nasal and paranasal cavities follows 
the somatic growth pattern. Most of the bones of the 
mid-face are of dermal origin with intervening 
sutures. 

Suturai growth 

The facial sutures provide a group of principal 
growth sites within the upper facial skeleton in the 
three planes of space.11 

(1) The çircummaxillary group: between the maxilla 
and the frontal, nasal, lacrimal, ethmoid, 
palatine, vomer and zygomatic bones in addi-
tion to the pterygoid processes of the sphenoid. 

(2) The craniofacial group: separating the nasal, 
lacrimal, facial part of the ethmoid, palatine, 
vomer and zygomatic bones from the frontal, 
perpendicular plate of the ethmoid, temporal 
and sphenoid bones. 

(3) The sagittal group: comprising the medial 
palatal, internasal and intermaxillary sutures 
and the mandibular symphysis. 

Growth at the first two groups contribute to 
anteroposterior and vertical craniofacial enlarge-
ment, with increase in facial width occurring at the 
sagittal group. 
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Nasal region 

In the nasal region, there is an extensive area of 
cartilage, representing the original nasal capsule, 
which plays an important role in facial growth.12,13 

The vomer ossifies in the mucoperichondrium from 
two centres that develop about the eighth week of 
gestation. The centres extend and unite beneath the 
lower margin of the cartilage to form the vomerine 
groove into which the inferior margin of the 
cartilage is received. The ossification centre for the 
mesoethmoid appears about the time of birth in the 
midline of the cartilage of the prechordal part of the 
cranial base and extends into the septal cartilage to 
form the perpendicular ethmoid plate. The 
mesoethmoid remains separated from the vomer by 
the sphenoidal tail of the septal cartilage for the first 
two years of life. During the third year, ossification 
extends into the sphenoidal tail with the formation 
of the definitive septovomerine joint. As a result, 
the piriform aperture relocates from between the 
orbits to below them, primarily as a result of the 
increased size of the nasal cavity. Lateral nasal 
cavity expansion has little effect on the superior 
portion of the osseous nose, whereas the nasal 
bridge widens, resulting in the more vertical 
configuration of the orbital rim. 

The anterior walls of the nasal cavity are formed 
by the frontal processes of the maxillae. The 
external (cutaneous) periosteal surfaces of these 
processes are depository, whereas the internal 
mucosal surfaces are resorptive. The nasal bones 
undergo similar remodelling changes. The result is a 
widening of the anterior nasal aperture and an 
increasing protrusion of the nasal bridge. Within the 
nasal cavity, the mucosal surfaces of the lateral walls 
are generally resorptive, with bone deposition 
occurring on the opposing periosteal surfaces of the 
medial orbital walls and medial walls of the 
maxillary sinuses. The height of the nasal cavity is 
increased by résorption from the upper surface of 
the palate. 

Facial development 

By 26-28 weeks gestation, the anterolateral and 
posterolateral fontanelles are patent, together with 
the coronal, squamosal, lambdoid, occipitomastoid, 
temporosphenoidal, frontosphenoidal, zygomatico-
frontal, zygomaticosphenoidal and zygomatico-
temporal sutures. At this stage, the mid-face lies 
beneath the cranial base. 

By birth, cranial length has increased by 50%, and 
30% in height, although the mid-face still lies 
beneath the cranial base. With advancing age, the 
facial skeleton gradually moves forwards and 
downwards, possibly reflecting continued cartilagi-
nous nasal septal growth.14 

The growth increments at the sutures and nasal 
septum are associated with extensive remodelling of 
the external and internal surfaces of the bones of the 
facial skeleton.10 A large area over the anterior 
external surface of the facial skeleton is resorptive in 
nature. The buccal surface of the root of the 
maxillary zygomatic processes is resorptive. Where-
as the lingual periosteal surface of the maxillary arch 
is entirely depository, the posterior region of the 
maxillary tuberosity is a site of rapid bone 
deposition. If the maxillary arch is viewed from 
below, then there is bone deposition on the inner 
aspect and bone résorption on the outer aspect. 
These changes are associated with complementary 
remodelling changes on the internal endosteal 
surfaces and the surfaces lining the tooth sockets. In 
coronal section, the palate and upper arch may be 
described by another V-shape, except the V is 
inverted and truncated. The outer aspect of this V, 
formed by the floor of the nasal cavity and paranasal 
sinuses and the buccal periosteal surfaces of the 
dental arch, is resorptive, while the inner aspect (the 
downward-facing periosteal surface of the palate) is 
depository. Thus, there are two overlapping V-
shaped systems in the midface: the dental arch, 
where the V is horizontal, and the palate, where the 
V is coronal. Together, these contribute to growth 
in dental arch length, width and height, and nasal 
cavity height. Growth of the vertically orientated V 
reduces the downward facial growth contributed by 
increments at the sutures and nasal septum, while 
growth in the horizontally orientated V reduces the 
forward growth component produced at these sites. 
As a result, the downward growth of the facial 
skeleton is accentuated but its forward growth is 
reduced. 

Within the body of the maxilla, the paranasal 
sinuses are enlarged by résorption from the internal 
surfaces of their floors and walls, except medially 
where deposition takes place, complementing the 
résorption on the opposing inner-facing surfaces of 
the lateral walls of the nasal cavity. 

The maxillary zygomatic process has a cutaneous, 
anterolaterally facing surface which is an area of 
bone résorption, as opposed to the temporal surface 
which undergoes deposition. The net result is that 
the zygomatic process is moved posteriorly relative 
to the body of the maxilla. 

Detailed growth changes in the mid-face have 
been studied by the use of implants and serial 
cephalographs.1 16 These have shown that the 
maxilla undergoes a small and variable degree of 
rotation during growth. At the same time, there are 
varying degrees of bone résorption on th ; nasal 
aspect of the maxilla and apposition on the palatal 
aspect (Figures 17.3, 17.4). In most patients, the net 
effect is little change in upper jaw orientation during 
growth, i.e. the palatal plane remains stable.17 In 
individuals with a short face (short anterior face 
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Figure 17.3 Growth changes in the nasal cavity (N) and 
maxillary sinus (M). In this coronal section through the 
facial skeleton, (+) indicates net bone deposition and (-) 
net bone résorption. 

Figure 17.4 Remodelling in the maxillary arch viewed from 
the mouth; (+) indicates net bone deposition and (-) net 
bone résorption. 

height), however, there is excessive forward rota-
tion of the mandible during growth, resulting in a 
square mandibular outline, deep bite occlusion and 
crowded lower incisors. In long face individuals 
(excessive anterior face height), on the otherhand, 
the palatal plane rotates downwards and posteriorly, 
the net result often being an anterior open bite 
occlusion associated with mandibular deficiency. 

This rotational maxillary movement influences 
the tooth eruption paths. The path of maxillary tooth 
eruption is downwards and somewhat forwards. In 
normal growth, the maxilla may rotate a few degrees 
forward but frequently rotates slightly backward. 
The forward rotation would tend to tip the incisors 
forwards, increasing their prominence, while back-
ward rotation directs the anterior teeth more 
posteriorly than would have been the case without 
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the rotation, relatively uprighting them and decreas-
ing their prominence. Thus craniofacial growth 
changes are intimately associated with those of the 
dentition. 

The face is generally vertically orientated, with 
three processes being involved: 

(1) Retention of a small anterior basicranial angle 
into adult life. 

(2) Resorption from the anterior surface of the 
facial skeleton. 

(3) Limited forward growth component at the 
sutures and nasal septum. 

It is assumed that the limited anterior facial 
growth is related to the general hominid evolution-
ary trend towards head balance on the vertebral 
column, a component adaptation to the upright 
posture and bipedal locomotion.18 

Mandible 

In order to achieve the correct occlusal relationships 
between the upper and lower teeth, the growth rates 
of the maxilla and mandible must be highly 
correlated (Figure 17.5). Both adhere to the somatic 
growth pattern with an adolescent growth spurt. The 
mandible, however, lacks the complex suturai and 
endochondral systems which are so important to 
mid-face growth. The mandible articulates with the 
glenoid fossa of the temporal bone via the 

Buccal aspect 

Figure 17.5 Mandibular growth changes with bone 
résorption predominating in the shaded areas. 

Lingual aspect 
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temporomandibular joint. Thus, the location of the 
mandible relative to the skull is partly dependent 
upon mid-face and cranial base growth changes. 
Mandibular arch widening therefore cannot signifi-
cantly exceed the bicondylar width, which in turn is 
dependent on the width of the glenoid fossae and 
lateral expansion of the cranial base. Whereas the 
mandibular condyle was considered the primary 
feature of mandibular growth, more recent evidence 
has identified a number of other variables, including 
depository-resorptive activity on the mandibular 
body and ramus, with endochondral ossification in 
the condylar region allowing for multidirectional 
growth and remodelling capacity in response to 
compressive forces. 

During mandibular development, several secon-
dary cartilages appear. The principal mandibular 
secondary cartilages are found in the coronoid, 
angular and condylar processes. The coronoid and 
angular cartilages are active growth centres during 
the early stages of development but have dis-
appeared at or shortly after birth.19 By contrast, the 
condylar cartilage persists throughout the growth 
period and even beyond. The fact that other 
secondary cartilages develop in close proximity to 
dermal bones suggests that chondrogenic and 
osteogenic cells arise from the same undifferentiated 
cell pool.20 

Damage to the condyle during childhood leads to 
a severe reduction in mandibular growth, while 
condylar hyperplasia is associated with an enlarged 
mandible.21'22 There are, however, differences 
between growth changes at the condylar head of the 
mandible and primary cartilaginous sites, e.g. 
epiphyseal cartilages of long bones. 

(1) The condylar head grows by apposition to its 
superior surface of cells produced in the 
intermediate layer. 

(2) The chondrocytes in the condylar head do not 
divide or form into columns and emerge still 
viable at the ossification face. 

(3) Removal of cartilage at the ossification face may 
result from chondroclastic activities. 

In general, the condyle projects posterosuperiorly 
from the mandible, so that bone increments at the 
cartilage increase both the vertical height of the 
ramus and the anteroposterior depth of the whole 
bone: the actual proportion of each depends upon 
the condylar orientation on the mandible. In fact, as 
the condylar head projects laterally as well as 
posterosuperiorly, increments at the condylar cartil-
ages also increase the bilateral mandibular width 
(Figures 17.6-17.9). 

Initially, the mandible has a short ramus relative 
to a long body whereas, by term, the height of the 
body has increased, reflecting the development of 
the primary tooth buds. At this stage, the mandibu-
lar symphysis is still patent but both sides fuse within 

the first two years of life. Subsequently, the 
mandibular body increases in size to accommodate 
the eruption of both deciduous and permanent 
dentitions. A number of studies have shown that the 
posterior ramal border is one of the sites of most 
rapid bone deposition, whereas the anterior ramal 
border (coronoid process) is predominantly 
resorptive.15 As a result, a powerful posteriorly 
directed component is added to the intrinsic growth 
of the mandible, yet the anteroposterior dimensions 
of the body and ramus maintain their relative 

Figure 17.6 Growth changes in the mandibular condylar 
region. Arrow indicates direction of condylar cartilaginous 
growth changes, with net bone deposition (+) and net 
bone résorption (-) on the buccal and lingual cortical 
plates. 
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Figure 17.7 The zones of the condylar cartilage. Arrows 
represent the direction of relative chondrocyte movement 
in the intermediate zone. A, articular fibrocartilage; I, 
intermediate zone; C, condylar cartilage; O, zone of 
ossification 
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proportions. In fact, the mandibular ramus under-
goes complex remodelling changes in addition to 
those occurring on the anterior and posterior 
borders.23 The buccal periosteal surface of the 
coronoid process and the adjacent area extending 
below the sigmoid notch on to the lateral surface of 
the condylar process is resorptive, while the lingual 
periosteal surface of the process, posterior to the 
temporal crest, is depository. Since the lingual 
surface faces upwards and inwards, and the buccal 
surfaces downwards and outwards, these remodel-
ling changes result in the two coronoid processes 
growing upwards, with their apices moving apart. 

Figure 17.8 Bone growth. Differential patterns of net bone 
appositon (+) and résorption (-) lead to changes in 
overall form. 

Figure 17.9 Bone growth. Differential patterns of net bone 
appositon (+) and résorption (-) lead to shifts in local 
bone contours. 

The lingual surface of the coronoid process faces 
upwards, inwards and posteriorly, so that additions 
on this surface, coupled with résorption on the 
buccal and anterior surfaces, result in the coronoid 
process moving posteriorly with concomitant 
elongation of the mandibular corpus. As the ramus 
grows by bone deposition along the posterior 
border, the regions that previously lay at its border 
become progressively incorporated into the ramus. 
In other words, growth of the mandible, like that of 
the mid-face, is a complex process, requiring 
detailed mechanisms for control. 

During postnatal development, growth in man-
dibular width is completed first, followed by growth 
in length and then growth in height. In fact, growth 
in width of both jaws, including the width of the 
dental arches, tends to be completed before the 
adolescent growth spurt. As the jaws (both maxilla 
and mandible) grow in length posteriorly with 
permanent tooth eruption, both molar and bicondy-
lar widths show small increases, with the anterior 
width dimensions stabilizing earlier. Growth in 
mandibular length, however, continues through 
puberty, being completed by 14-15 years in girls 
(2-3 years after first menstruation) and 18 years in 
boys (4 years after sexual maturity). Growth 
changes in mandibular height and concomitant tooth 
eruption continues to 17-18 years in girls and 20-25 
years in males. 

With the use of metallic implants,16 serial 
radiographie analyses have indicated that rather 
complex growth changes occur in the mandible. 
Rather than comprising a single bone, the mandible 
may in fact be considered to comprise: 

(1) The alveolar processes, whose growth and 
development are dependent upon tooth func-
tion. 

(2) The coronoid processes and mandibular angle, 
whose growth and development are dependent 
on the activity of the muscles of mastication. 

(3) The condylar process, whose growth and de-
velopment is associated with the glenoid fossa. 

(4) The mandibular core, whose growth and de-
velopment may be associated with the inferior 
alveolar nerve. 

In the core area (body) of the mandible, growth 
changes include rotation, which comprises upward 
movement anteriorly and downward movement 
posteriorly. In fact, this rotation may involve two 
mechanisms: rotation around the condyle and 
rotation around the mandibular body.16 

Between four years of age and adulthood, the 
mandible may rotate up to 15°, 25% of which occurs 
at the condyle and 75% within the mandibular body. 
During the time the mandibular body rotates for-
wards an average 15°, the mandibular plane angle 
(representing the orientation of the jaw viewed from 
the outside) decreases approximately 2-4°. In other 
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words, mandibular rotation is masked to a certain 
extent by surface deposition and résorption. Thus, 
the posterior part of the lower border of the 
mandible must be an area of résorption, while the 
anterior aspect of the lower border is either 
unchanged or undergoes slight apposition. The 
postnatal mandibular growth changes are therefore 
far more complex than traditionally envisaged, 
although much more data are required for a 
complete definition of mandibular variability. 

Factors influencing craniofacial 
development 

Craniofacial development is characterized by the 
occlusal relationships between the maxillary and 
mandibular teeth. Epidemiological studies, howev-
er, indicate that the prevalence of malocclusion is 
much greater in modern times compared with 1000 
years ago.24 For instance, tooth crowding and 
malalignment was unusual until recently, although 
mild jaw discrepancies may have been common in 
some primitive populations. Skeletal studies have 
also suggested that in some isolated populations 
there may have been prevalence for prognathic 
mandibles (e.g. in South Pacific Islanders)25 or mild 
buccal (molar) cross-bites (e.g. in Australian 
aborigines).26 There is also evidence for a reduction 
in tooth size, tooth number and jaw size during 
evolution, although changes occurring over the past 
1000 years cannot be considered evolutionary in 
nature. Certainly, a progressive reduction in jaw 
size, if not well matched with a decrease in tooth size 
and number, could contribute to tooth crowding and 
malalignment. Such gradual changes could not have 
accounted for the sudden increase in dental 
malocclusions and overcrowding within the past 
1000 years. 

Conceivably, the present marked prevalence in 
tooth malalignment may reflect a more marked 
reduction in jaw size in modern times as a result of a 
reduction in dietary consistency,27 although other 
factors may also be involved. 

As previously stated, the jaws can be considered 
to comprise a core of bone to which the functional 
processes are attached. The functional processes will 
be altered if the function is lost or changes. For 
instance: 
(1) Alveolar bone exists only to support the teeth. 

If a tooth fails to erupt, then the alveolar bone 
will not form in that area, whereas if a tooth is 
extracted, there will be alveolar bone résorption 
in the area. 

(2) The muscular processes, e.g. the coronoid 
process, primarily function for muscle attach-
ment. Increased masticatory activity with a 
coarse diet will therefore be associated with 

increased mass of such muscular processes and 
vice versa. 

Craniofacial development and growth is also 
influenced by a number of functional patterns and 
habits. 

Sucking habits 

As a general rule, sucking habits during the primary 
dentition years have little, if any, long-term effects. 
If these habits persist beyond the time that the 
permanent teeth begin to erupt, however, malocclu-
sion is likely, characterized by the following: 

(1) Flared and spaced maxillary incisors. 
(2) Lingually positioned lower incisors. 
(3) Anterior open bite. 
(4) Narrow upper arch. 

This characteristic malocclusion associated with 
sucking arises from direct pressure on the teeth by 
persistent thumb pressure and alteration in the 
resting cheek and lip pressure patterns. 

Tongue thrusting 

Individuals with an anterior open bite malocclusion 
place their tongue between their incisors when they 
swallow, while those who have a normal incisor 
relationship do not. The general consensus now 
holds that tongue thrusting does not in fact cause 
such an anterior open bite28 but comprises a 
physiological adaptive mechanism to seal the front 
of the mouth during deglutition. 

Mouth breathing 

Because respiratory needs are the primary determi-
nant of jaw and tongue posture, and to a lesser 
extent that of the head, it is reasonable to suppose 
that mouth breathing could result in different head, 
jaw and tongue postures. Such postural changes 
might affect the equilibrium that governs jaw growth 
and tooth position. To breathe through the mouth, 
as opposed to through the nose, three postural 
changes are required: lowering the mandible; 
positioning of the tongue downwards and forwards, 
and extending the head. 

Such postural changes may indeed be associated 
with the so-called long face syndrome, comprising 
downwards and backwards mandibular growth 
rotation, excessive posterior tooth eruption, a 
tendency for maxillary constriction, excessive over-
jet and anterior open bite.29'30'31 More recent 
studies suggest that other factors may also be 
involved, although mouth breathing may be a 
contributory factor. 

Such complex functional changes that may affect 
craniofacial development complicate evaluation of 
the genetic and environmental contributions. 
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Genetic versus environmental factors 

Craniofacial maldevelopment could be produced by 
inherited (genetic) characteristics. For instance: 
there may be an inherited disproportion between 
tooth size and jaw size resulting in crowding or 
spacing; there may be an inherited disproportion 
between the size and shape of the upper and lower 
jaws resulting in improper occlusal relationships. 

Primitive populations, in which malocclusion is 
less frequent than in modern groups, are characte-
rized by genetic isolation and uniformity. If 
everyone in a group carried the same genetic 
information for tooth and jaw size, there would be 
no possibility of an offspring developing a maloc-
clusion. Genetic factors that introduced disturb-
ances into the masticatory system would tend to be 
eliminated, since malocclusions associated with a 
primitive diet might result in death due to malnutri-
tion. 

One of the characteristics of modern Western 
civilization is large population migrations into urban 
centres, with associated increased opportunities for 
intermarriage. More recent research based on 
Hawaiian populations32 and twins,33 however, sug-
gests that only a proportion of malocclusion traits 
can be attributed to hereditary factors. Also, 
although tooth crowding is undoubtedly related in 
part to the continued reduction in jaw size during 
human evolution, it seems unlikely that there are 
specific genes for dental occlusion. Thus, although 
genetic influences are obviously important for 
masticatory development, environmental factors 
must also play a role. There is, however, no 
theoretical explanation of how a coarser diet and 
more powerful masticatory function could signifi-
cantly alter dental arch size. 

Cross-bites and individual tooth malalignments 
appear to arise from the interaction between the 
initial position of the tooth buds and the pressure 
environment that guides their eruptive path. Cer-
tainly, forces from the lips, cheeks, tongue and 
fingers can influence the vertical and horizontal 
tooth positions. Minor malalignments may therefore 
be primarily of functional origin, whereas major 
problems may have additional genetic or develop-
mental components. 

Jaw malpositions or malformations may therefore 
reflect a variety of factors, including: inherited 
patterns; defects in embryonic development; trauma 
and functional influences. The fact that ideal 
occlusion does not occur in all primitive populations 
suggests that variations are compatible with normal 
function. Conceivably, with a modern diet, greater 
variations in jaw morphology and location can be 
tolerated, whereas they were previously incompati-
ble with long-term survival and reproductive success 
in more primitive societies. Recent research there-
fore indicates that genetic factors may be more 

important than traditionally envisaged, although the 
role of both genetic and environmental interactions 
on craniofacial growth and development have yet to 
be apportioned. 

Control of skull growth 

This brings us to consider the various mechanisms 
that control skull growth. 

Role of growth sites 

Because of their structural similarity to the postcra-
nial epiphyseal cartilages, the view is frequently 
expressed that the primary cartilaginous growth sites 
of the skull play a major role in determining the 
enlargement of the cranial base and mid-face.34,35 

There is, however, clinical evidence that the septal 
cartilage of the nasal cavity is not indispensable for 
facial growth.36'37 

Sutures 

There is general agreement that sutures respond to 
growth changes in the calvarium, rather than 
providing the motive force for calvarial growth.38 

Condylar cartilage 

Although growth changes have been noted at the 
condylar cartilage, the general consensus holds that 
this is a responsive rather than motive change.39 

Functional matrix theory 

The head may be composed of a number of distinct 
regions, termed functional components, each re-
sponsible for a particular function or set of 
functions. Each component may itself be composed 
of a functional matrix, made up of the structures 
performing the function, and a skeletal unit which 
supports and protects the functional matrix. In fact, 
two types of functional matrix may exist. 
(1) Capsular matrices in the form of the soft tissues 

surrounding the brain and around functional 
spaces, e.g. the mouth, pharynx. 

(2) Periosteal matrices, e.g. skeletal muscle, which 
is attached to its skeletal unit through the 
periosteum. 

The essential part of this functional matrix 
theory40 is the notion that the growth and function 
of the functional matrix play a major determining 
role in the differentiation, development and growth 
of the associated skeletal unit. Certainly soft tissues, 
especially skeletal muscles, affect craniofacial 
growth and morphology. There is, however, no 
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general agreement that the response to soft tissues is 
as dominating as proponents of functional cranial 
analysis believe. The mechanisms by which mecha-
nical stresses in the soft tissues might affect bone 
remain obscure . 

Conclusions 

Rather than comprising a single bone , the craniofa-
cial skeleton comprises a number of component 
regions, not only exhibiting different growth rates, 
but also influencing the growth of other regions. 
There cannot therefore be one mechanism for the 
control of skull growth and development: this 
indicates the need for further research in at tempting 
to define the obvious multifactorial controlling 
factor(s). 

Review questions 

1. What is the role for sutures in craniofacial 
growth? 

2. What factors favour the functional matrix theory 
for the control of skull growth? 

3. Describe the changes that occur during the 
development of the cranial base. 

4. Contrast the growth pat terns of the neurocra-
nium and mandible . 

5. Briefly list the growth changes that occur in the 
mid-facial region. 
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Introduction 

A quarter of a million babies (approximately 7% of 
all live births in the United States) have some 
mental or physical defect. These are usually either 
present at birth or become apparent sometime after 
birth. Craniofacial malformations are common 
among these defects, which may include structural, 
functional or biochemical abnormalities. Cleft lip 
and/or cleft palate is the most prevalent of such 
defects, affecting approximately 1:600 white infants. 
The incidence of cleft palate and/or cleft lip is higher 
among orientals, native Americans and Eskimos, 
but lower among blacks. Other craniofacial mal-
formations include the following: 

(1) Jaw deformities. 
(2) Dental anomalies. 
(3) Defects in cranial or facial ossification. 
(4) Excessive spacing or narrowing between the 

eyes. 
(5) Facial asymmetries, e.g. disproportionate 

faciès. 
(6) Craniofacial defects comprising parts of certain 

syndromes, e.g. fetal alcohol syndrome. 

Causes of craniofacial deformity 

Congenital malformations now loom large as 
significant causes of infant mortality and morbidity. 
This reflects, in part, the better control of infections 
and other conditions that have traditionally taken 
their toll among the newborn. A high percentage of 
malformations is also observed among embryos or 
fetuses lost in the first trimester, or in later 
miscarriages and stillbirths. In the case of malforma-
tions restricted to the craniofacial area, a small 
proportion can be traced to specific genetic or 
chromosomal disorders. A slightly larger proportion 
may result from potent environmental factors, e.g. 
malnutrition, maternal disease, radiation exposure, 
alcohol or other drugs, and problems in pregnancy 
and delivery. The majority are multifactorial in 
origin, however, centring on interactive processes in 
which particular genes alter the ability of the 
developing fetus to adapt to environmental factors. 

The effects of craniofacial abnormalities may be 
profound for the patient, for the family and for 
society. The disability or disfigurement often entails 
immediate and long-term exposure to surgical, 
medical and auxiliary support services. The com-
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plications of craniofacial malformations may be 
severe, since vision, eating, hearing, breathing and 
speaking depend, in part, on an intact craniofacial 
skeleton. 

Dentofacial malrelations (i.e. discrepancies be-
tween tooth and dental arch form) occur more 
frequently, are often not so severe, and are often 
responsive to orthodontic treatment and/or ortho-
gnathic surgery. Sometimes dentofacial malrelations 
cause no major eating or breathing disturbances and 
may go uncorrected. Dentofacial malrelations, 
however, may affect chewing, swallowing, breathing 
and speech. They may also impair oral hygiene 
practices or predispose to oral habits that lead to 
muscle fatigue, pain and other symptoms. Dentofa-
cial malrelations may also diminish self-image and 
discourage social integration.' Genetic factors 
obviously contribute to the shaping of the face and 
oral structures. Environmental factors are also 
known to be significant and operate in utero and 
after birth. Deficient nutrition, teratogens and other 
prenatal exogenous factors may also lead to 
dentofacial anomalies. Postnatal diet may influence 
dentofacial development through functional and 
nutritional means. Other factors include facial 
trauma, abnormal breathing patterns and postural 
or oral habits, e.g. thumb-sucking. 

Recently, increasing evidence suggests that such 
abnormalities may, in fact, be primarily determined 
in the initial stages of craniofacial development. 

Craniofacial mesenchyme 

In addition to providing sensory and autonomie 
ganglia, the neural crest contributes connective 
tissue elements to craniofacial development. Specifi-
cally, the connective tissue of the following regions 
are known to be derived from the neural crest: 

(1*) Dermis of the face. 
(2) Lower jaw. 
(3) Tongue. 
(4) Thymus. 
(5) Thyroid gland. 
(6) Parathyroid glands.1 

Thus, failure of sufficient quantities of cephalic 
neural crest cells to translocate and interact with 
developing organs may lead to abnormal develop-
ment of the heart, thymus, parathyroids, palate, 
ears and other structures originating in the cephalic 
part of the embryo. These defects may occur singly 
or may be multiple (the latter often being denoted as 
specific syndromes). Many craniofacial malforma-
tions found in association with heart defects may 
reflect a common neural crest cell deficiency. 

Timing of craniofacial deformity 

The developmental mechanisms leading to craniofa-
cial skeletogenesis begin prior to the early stages at 
which these structures are morphologically visible. 
At such early stages, the tissues from which all 
skeletal elements will emerge are entirely mesen-
chymal.2 They comprise the following: 

(1) A population of stellate-shaped cells which 
contact one another via their cytoplasmic 
processes. 

(2) An extracellular matrix comprising collagens, 
glycosaminoglycans and glycoproteins.3'4 

Most of this mesenchyme is formed from the 
epiblast at the primitive streak during the gastrula-
tion phase of embryonic development. Following a 
period of dispersion and proliferation, this 
mesodermal mesenchyme becomes epithelial, form-
ing segmental somites, the mesomere and lateral 
plate tissues. Subsequently, most of these epithelial 
compartments become transformed again on to 
mesenchymal populations, some of which will form 
the axial and appendicular musculoskeletal tissues. 
In the head region, the metameric pattern of 
paraxial mesoderm condensation is less well de-
fined. Definitive somites can be seen as far rostrally 
as the otic region, the most cranial component 
contributing to the unsegmented occipital complex 
and hypoglossal musculature. Rostral to the first 
somite, the paraxial mesoderm forms seven com-
pletely segregated clusters (somitomeres), which 
contribute to the sphenoid and otic skeletal com-
plexes and the extrinsic ocular musculature.5'6 

There is also a second, and most important, 
source of mesenchyme, the neural crest. The neural 
crest tissue (Figure 18.1) is derived from the neural 
fold ectoderm during the process of neurulation. 

Neural crest cells 

Notochord' Endoderm 

Figure 18.1 Location of neural crest cells in early 
neurogenesis. 
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The neural crest is the thickened ectoderm around 
the edge of the embryonic neural plate. As the 
neural plate closes to form the neural tube, the 
neural crest cells are released from their position in 
the neural fold.7 Although the neural fold comprises 
three different cell types, only the cells which 
emigrate are termed neural crest cells. The mechan-
ism for the release of the neural crest cells from the 
neural fold is obscure. However, the basement 
membrane underlying the neural crest cells breaks 
down and the neural crest cells extend their 
cytoplasmic processes and actively migrate away 
from the neural fold.7 Once the neural crest cells are 
free from the neural fold, they actively migrate 
away, or are passively translocated, to their final 
destination.1 

The neural crest 

The neural crest may be divided into two regions: 
the cranial neural crest and the trunk neural crest.8 

The trunk neural crest cells primarily contribute to 
the following: 

(1) Dorsal root ganglia. 
(2) Sympathetic ganglia. 
(3) Schwann and satellite cells. 
(4) Adrenal medulla. 
(5) Melanocytes. 

The cranial neural crest forms many mesenchymal 
derivatives, in addition to nervous elements and 
melanocytes.9 In contrast to the trunk neural crest 
cells, the majority of the cephalic neural crest cells 
remain superficial, dispersing between the surface 
ectoderm and either paraxial mesoderm or the 
prosencephalon, depending on their level of origin. 
Subsequently, most of these cells become located 
beside and beneath the pharynx and forebrain.10 

Such cellular migrations are facilitated by, and 
dependent upon, the appearance of hyaluronate-
rich, fibronectin-lined extracellular pathways.11 

Fate of component regions 

All superficial cephalic tissues shift from dorsolater-
al to ventrolateral locations during the same period. 
Thus the cephalic neural crest cells do not move 
alone through the extracellular matrix. Rather such 
cellular migrations comprise an integrated co-
ordinated set of tissue displacements. 

(1) The neural crest, extending from the diencepha-
lon to the midmetencephalon, participates in 
the formation of periocular tissues and deriva-
tives of the first pharyngeal (maxillomandibu-
lar) arch.8 Thus the neural crest contributes to 
the formation of the skeletal tissue and the 
connective tissues for the musculature and 

organs derived from the pharyngeal arches and 
accompanying pharyngeal pouches. (The mus-
cles of the region are derived from the 
somitomeres, i.e. cranial somite-like meso-
derm). 

(2) The neural crest, extending from the cranial 
myelencephalon to the middle of the optic 
placode, contributes to the hyoid (second) arch. 

(3) The neural crest, from the midplacode level to 
the third somite, seeds the third and fourth 
arches and the sixth arch area, in addition to the 
thymus and parathyroid gland connective tissue 
and calcitonin (C) cells of the thyroid gland.12 

(4) The neural crest cells in the third and fourth 
arches and sixth arch area migrate to the 
outflow tract of the heart- the conotruncal 
region.13 

(5) The neural crest cells of all the arches form the 
walls of the large arteries deriving from the 
pharyngeal arches, except the lining endo-
thelium.12 

There is therefore a continuum of cranial struc-
tures which are dependent on the neural crest cell 
contributions. These extend from the orbital region 
throughout the face and neck to the heart. Most of 
the cephalic neural crest forms a continuous 
mesenchymal population from the prosencephalon 
to the level immediately in front of the larynx. This 
ectomesenchyme is the source of all connective 
tissues in the regions that will form the face and 
mouth, including odontoblasts.14 In other words, 
most gross craniofacial anomalies may be traced 
back to some disturbance in neural crest cells per se, 
or their migration. 

Mechanisms of craniofacial 
development 

During the initial stages of craniofacial develop-
ment, two overlapping processes occur, mor-
phogenesis and cytodifferentiation. 

The morphogenetic phase involves movement of 
appropriate numbers of mesenchymal cells from 
their sites of origin to their sites of terminal 
differentiation. This involves neural crest cell 
movement from the neural fold region to, and 
around the pharynx, optic vesicles and prosen-
cephalon. 

The cytodifferentiation phase comprises cellular 
differentiation at a given area, in addition to specific 
extracellular matrix formation. 

These two interactive processes are linked to the 
generation of craniofacial pattern and form. 

The cephalic paraxial mesoderm forms before the 
neural crest cells emerge. The first members of this 
mesenchyme to appear are those that will form 
the most rostral somitomeres and prechordal 

https://t.me/DentalBooksWorld



Neural crest contributions to the craniofacial region 179 

mesoderm. These appear at the time of maximal 
primitive streak elongation.15 As the streak regres-
ses, additional paraxial mesoderm is formed and 
subsequently becomes organized into a series of 
seven loosely condensed somitomeres. 

The neural crest cells migrate on to this 
mesodermal fabric. Except for those members of the 
crest population which contribute to peripheral 
nervous system formation,16 the neural crest cell 
populations move laterally and ventrally over the 
outer surface of the somitomeres, beneath the 
superficial ectoderm. Prior to their advance, the 
surface ectoderm separates from the somitomeres, 
forming a transient cell-free space.11 This separation 
reflects the action of a variety of enzymes, including 
hyaluronidase, produced from both the surface 
epithelium and neural crest cells.11,17 Caudal to the 
optic vesicle, the neural crest populations migrate 
ventrally to the level of the pharynx, invading the 
regions between the pharyngeal pouches, to form 
the branchial arches. The more rostral members 
move over the prosencephalon, around the surface 
of the optic vesicles, to contribute to maxillary and 
frontonasal process formation.31 For normal cra-
niofacial development, these neural crest cell 
populations must become dispersed according to 
region-specific patterns of cellular migration.16 Just 
as neural crest cells are unique in their ability to 
respond to migration-supporting environments, 
these particular environments are unique in their 
ability to support patterned migrations. As a result 
of these initial dispersions, neural crest and mesen-
chymal cell populations subsequently occupy sepa-
rate regions of the head, with a well-defined 
interface between the two. This neural crest-
mesoderm interface is not impenetrable, as it may 
be crossed by: 
(1) Angiogenic cords, which subsequently develop 

into blood vessels. 
(2) Nerve fibres. 
(3) Prospective Schwann cells. 
(4) Voluntary skeletal muscle primordia. 

Neural crest contributions to the 
craniofacial region 

Neural crest-derived populations provide a most 
significant contribution to cranial morphogenesis. In 
addition to the primary osseous components, many 
connective tissues are neural crest in origin.12,18 

Skeletogenesis by neural crest cells is normally 
dependent upon products released by the adjacent 
epithelial tissues. This applies both to cranial bones 
formed by intramembranous and endochondral 
ossification. Such cytodifferentiation of these neural 
crest cell populations requires the interaction 
between the mesenchymal cells and the products of 

nearby tissues. In this manner, the subsequent 
cytodifferentiation of neural crest-derived tissues is 
similar to the initial stages of neural crest cell 
migration. 

The neural crest tissues therefore contribute by 
themselves, or in conjunction with mesoderm, to 
three types of cranial tissue. 

Tissues primarily of neural crest cell origin 

(1) Peripheral neurones: 
(a) sympathetic nervous system; 
(b) parasympathetic nervous system; 
(c) afferent peripheral nerves; 
(d) efferent peripheral nerves. 

(2) Schwann sheath cells: 
melanocytes. 

Tissues of mesodermal-neural crest origin 

(1) Dermis. 
(2) Cartilage. 
(3) Endochondral bone. 
(4) Intramembranous bone. 
(5) Connective tissues. 
(6) Peri vascular muscle. 
(7) Involuntary muscle. 

Tissues of mesodermal origin 

(1) Cardiac muscle. 
(2) Voluntary muscle. 
(3) Haemopoietic cells. 
(4) Angiogenic cells. 
(5) Nephrogenic cells. 

Each neural crest cell, or cell line, must therefore 
become committed or restricted in order to express 
a particular phenotype. The results of research 
based on transplanting and explanting neural crest 
tissues in embryos have shown that specific neural 
crest populations are programmed at a very early 
developmental stage, possibly during the initial 
period of neural crest cell formation.8 For instance, 
the spatial pattern of skeletogenesis within the 
branchial arch appears to be programmed in the 
neural crest population before it actually leaves the 
neuroepithelium, with differences in skeletal mor-
phology between branchial arches being based on 
the original location of the crest primordium along 
the neuroaxis. Such early establishment of regional 
differences in neural crest populations should not be 
surprising, since these cells are derived from the 
neural plate, which is the first tissue in the body to 
acquire polarity and some regional autonomy. 

https://t.me/DentalBooksWorld



180 Craniofacial morphogenesis 

Craniofacial anomalies 

In view of this influence of neural crest cells on 
subsequent cranial morphogenesis, an increasing 
number of specific craniofacial anomalies can be 
traced to very early developmental stages. By the 
completion of neural crest cell migration in the 
fourth week of intra-uterine life, neural crest cells 
have contributed to virtually all of the loose 
mesenchymal tissue in the facial region lying 
between the surface ectoderm and the underlying 
forebrain and eye. Most of the neural crest cells in 
the facial area later differentiate into skeletal and 
connective tissues, including the jaws and teeth. 

A few examples are listed to emphasize the 
importance of neural crest cells in craniofacial 
anomalies: 

(1) Extirpation of the chick forebrain neural crest 
tissue results in cleft lip and palate formation.19 

(2) Severe facial asymmetry in some patients may 
be related to unequal amounts of neural crest 
cell migration on the two sides of the face. 

(3) In the congenital Treacher Collins syndrome, 
there is underdevelopment of both maxilla and 
mandible resulting from a generalized lack of 
mesenchymal tissue. Experimentally, this syn-
drome may be produced by the administration 
of drugs which decrease cell mobility.20 Such 
experiments suggest that the neural crest cells 
with the longest migration path (i.e. those 
taking a circuitous route to the lateral and lower 
areas of the face) are most affected, whereas 
those going to the central area tend to complete 
their migratory movement. This explains why 
midline defects, including clefts, are rarely part 
of the syndrome. Some degree of asymmetry 
may be present but both sides are affected. 

(4) Many teratogenic agents, e.g. fetal alcohol 
syndrome, mimic neural crest extirpation, lead-
ing to craniofacial and heart defects. 

Mandibular morphogenesis 

Although the neural crest provides an important 
contribution to craniofacial development, the subse-
quent morphogenetic mechanisms are still largely 
unknown. This is illustrated by consideration of 
mandibular morphogenesis. The mandible is, in 
fact, a complex structure, comprising various units 
at different levels of organization. 

(1) The complete bony mandible. 
(2) The component mandibular elements: Meckel's 

cartilage; bone; muscle; condylar secondary 
cartilage; nerves; etc. 

(3) The component mandibular tissue cells: 
osteocytes; chondrocytes; myoblasts; neurones; 
etc. 

(4) The mandibular extracellular tissue compart-
ments: cartilage; bone. 

(5) The mandibular intra- and extracellular subst-
ances: collagen; glycosaminoglycans; fib-
ronectin; glycoproteins; mineral complexes, e.g. 
calcium apatite. 

All these elements may contribute to mandibular 
morphogenesis.21 22 

In general terms, mandibular morphogenesis is 
guided by growth and morphogenesis of Meckel's 
cartilage. For instance, genes or drugs which 
specifically act on chondrocytes disrupt the shape 
and form of Meckel's cartilage, leading to overall 
mandibular shape disruption. The shape of such 
primordial cartilages is, in turn, a function of their 
individual chondrocytes.24 Morphogenesis of chon-
drocytes and their extracellular matrices is depen-
dent upon correct assembly and organization of 
molecules within those matrices.21 As Meckel's 
cartilage undergoes ossification, it is acted upon by 
muscles, innervated by nerves, vascularized by 
blood vessels and covered by connective tissues. 

These represent extrinsic control mechanisms of 
mandibular morphogenesis. Such extrinsic controls 
function in addition to the intrinsic controls already 
occurring in the cells.22 In other words, both 
intrinsic and extrinsic factors influence the initial 
phases of craniofacial morphogenesis. 

As with any other craniofacial region, mandibular 
growth comprises both size and shape changes. If 
such growth results in altered shape, then that 
growth must be polarized: if equal growth occurred 
in all directions, there would be an increase in size 
but not shape; if growth predominates along one 
axis (i.e. disproportionate growth) morphological 
shape will be altered. Such shape changes are again 
influenced by both intrinsic and extrinsic factors.22 

As previously stated, cells which ultimately form 
cartilage, bone, connective tissue and tooth dentine 
arise from neural crest cells.24 Delayed migration 
may result in neural crest cells failing to reach and/or 
populate a specific craniofacial region.25 Neural 
crest cell migration may also be impaired when 
extracellular spaces fail to form, as in some genetic 
disorders.26 Interruption of neural crest cell mitosis 
can lead to excessive cell death and abnormal 
morphogenesis.27 Once the neural crest cells reach 
the facial processes, their mitotic rate is increased,28 

perhaps partly through increased interaction of 
neural crest derived cells with one another29 and 
partly through epithelial-mesenchymal interactions 
which stimulate mitosis.30 

At this early developmental stage the mandible is 
no more than a process filled with a homogeneous 
mass of mesenchyme and covered by epithelium 
(27 days of age for man). Nerves and blood vessels 
soon penetrate the mandibular processes. The 
mesodermal core begins to differentiate into 
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myotubes which arise from cranial mesoderm rather 
than the neural crest. As a result of inductive 
interactions with the mandibular epithelium, neural 
crest-derived mesenchyme begins to condense and 
differentiate as cartilage-the primordium of Meck-
el's cartilage. Such condensations involve the 
aggregation of like cells to a centre, either by 
increased local cell division or by cellular aggrega-
tion towards a centre. This phase allows like cells to 
interact. This is critical for initiation of cytodif-
ferentiation. Such cytodifferentiation may not be 
initiated if condensations are too small (as in some 
genetic defects). Subsequent condensations herald 
bone and tooth formation. Once this phase of 
cytodifferentiation has been initiated, morphogene-
sis and growth begin, with Meckel's cartilage playing 
a key role in the case of the mandible.31 

The basic form of a skeletal element is set very 
early in development, before the onset of cytodif-
ferentiation. The basic morphogenetic properties, 
which determine the shape of a particular mor-
phogenetic unit, depend either on intrinsic neural 
crest cell properties or the mesenchyme which forms 
from them. Thus processes that act later during 
craniofacial development are all important, but 
affect: subsequent differentiation; the rate of growth 
and minor architectural features, e.g. grooves and 
canals for the passage of blood vessels and nerves. 

Given the basic craniofacial form at the early 
stages of development, subsequent morphological 
changes will be affected by a number of processes. 
These processes, however, have little role in the 
initiation of craniofacial malformations, but become 
increasingly important in subsequent craniofacial 
development. They include the following: 

(1) Mitotic rate of chondroblasts, osteoblasts, 
myoblasts. 

(2) Innervation. 
(3) Vascularity. 
(4) Rate of secretion and deposition of extracellular 

matrix. 
(5) Epigenetic interaction with adjacent tissues. 
(6) Epithelial-mesenchymal interactions. 

In general, therefore, craniofacial anomalies may 
be regarded as reflecting one or more of the 
following: 

(1) Absence of the neural crest because of defective 
initial inductive interactions. 

(2) Abnormal neural crest cell migrations, either 
because the cells themselves are defective or 
because of abnormalities in the extracellular 
matrix encountered by migrating neural crest 
cells. 

(3) Defective differentiation of neural crest cells 
caused by either intrinsic defects, e.g. increased 
adhesiveness, or as a result of defective induc-
tive tissue interactions. 

(4) Abnormalities in tissues such as nerves, muscles 
or blood vessels, with which the neural crest 
cells must interact. 

As with all developmental abnormalities, the 
earlier the embryonic stage of development in which 
the defect occurs, the more major and life-
threatening will be the malformation. 

Conclusions 

It is obvious that craniofacial growth is far more 
complex than traditionally envisaged. In view of the 
powerful influences emanating from the neural 
crest, genetic factors would appear to have a 
predominant influence over craniofacial mor-
phogenesis, although their migrations and subse-
quent cytodifferentiation may be affected by both 
local and general environmental factors. Craniofa-
cial form is, however, an integrated complex, with 
growth and development of the various component 
units variably influencing those of others. Obviously 
a great deal more research is required to elucidate 
the functional activity of these factors. Such 
research will however require elucidation of the 
factors influencing craniofacial form at the cellular 
rather than the macroscopic level. 

Review questions 

1. List the various tissues of the skull derived from 
neural crest cells. 

2. With two examples, identify the causes of 
craniofacial malformation. 

3. Give an account of the embryonic development 
of the mandible. 

4. How could environmental and genetic factors 
affect craniofacial morphogenesis? 

5. Describe the embryological origin of the neural 
crest. 
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Introduction 
The complex process of tooth eruption results in the 
movement of a tooth from its developmental to its 
functional position. Since the functional position of 
a tooth is liable to undergo changes throughout life, 
e.g. due to orthodontic therapy or to compensate for 
the loss of occlusal substance due to attrition, 
human tooth eruption is a continuous rather than a 
limited process. Conventionally, the process of 
tooth eruption is divided into three phases: 

(1) Pre-eruptive phase, during which the enamel 
organ, lying within the developing jaw, reaches 
full size, along with completion of tooth crown 
calcification. 

(2) Prefunctional phase, which commences with 
root formation and is completed when the tooth 
reaches the occlusal plane (the crown penetrates 
the oral mucosa to appear in the oral cavity 
during this phase). 

(3) Functional phase, which includes the generally 
small tooth movements that occur after the 
tooth has reached the occlusal plane. 

Tooth eruption-the problem 

Rather than comprising a single process, tooth 
eruption may in fact involve a number of processes. 
The existence of a single mechanism to account for 
the complex movements of a tooth during eruption 
is therefore a naive assumption. For instance, the 
high rate of collagen turnover during tooth eruption 
may suggest that this tissue provides the major 
eruptive force. Alternatively, it may also be a 
reflection of the marked functional readjustments 
that occur within this tissue to accommodate the 
tooth movements during the process of eruption. 
Also, there is a general assumption that teeth erupt 
with a certain force. However, such an eruption 
force must be balanced by some restraining influ-
ence to prevent continued eruptive tooth move-
ments after the attainment of the correct occlusal 
location (Figure 19.1). 

Not all mammalian teeth erupt by the same 
mechanism. Although gomphosis (a ligamentous 
attachment to bone) is the only form of tooth 
attachment in mammals,1 mammalian teeth can be 
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184 Mechanisms of tooth eruption 

Figure 19.1 Diagram to illustrate the opposing occlusal and 
eruptive forces on a tooth 

subdivided into three broad categories on the basis 
of their eruptive characteristics. 

In the continuously growing tooth, there is no 
gross separation between the anatomical crown and 
the anatomical root. Continuous growth of the tooth 
at the apex and continuous eruption occur through-
out the life of the animal. The clinical crown is 
constantly replaced by a root covered with enamel in 
progressive stages of development.2 With the loss of 
tooth substance due to occlusal attrition, more tooth 
substance is extruded from the socket to maintain 
the clinical crown. This form of tooth is characteris-
tic of animals with rapid occlusal wear and eruption 
(e.g. rodent incisor teeth). 

The continuously extruding tooth has a defined 
crown and anatomical root. The tooth begins by 
partially emerging from the investing tissues, 
revealing only a fraction of the large enamel surface. 
The enamel beneath the gingiva is covered with 
cementum, enabling supra-alveolar fibres to be 
attached to the tooth. As the tooth is worn, more of 
the anatomical crown extrudes and the epithelial 
attachment migrates apically, but, since no new 
tooth structure is being formed, the continuous 
tooth eruption results in a gradual loosening and 
final exfoliation of the tooth. This form of tooth is 
characteristic of the lower incisors of sheep and 
cattle. 

Human teeth may be characterized as continuous-
ly erupting teeth with investing tissues. In the 
absence of periodontal disease, the teeth do not 

extrude if further eruption occurs. Also, eruption 
does not occur by enlargement of the clinical crown 
but rather by additions to the alveolar process.3 

Whether the basic mechanisms of tooth eruption 
in these three categories are analogous remains 
obscure. 

There are marked physiological and morphologic-
al contrasts between human teeth and rodent 
incisors, yet these latter form the predominant 
experimental model for the investigation of tooth 
eruption. Care must therefore be taken in extrapo-
lating the results from laboratory rodents to the 
human situation. Using callipers,4 enlarged 
radiographs,5 calibrated microscopes2 or variable 
capacitance displacement transducers,6 eruption 
rates of 200-1100 μπι/day have been recorded in the 
mouse, guinea pig and rabbit. In human teeth, 
eruption rates of the order of 140 μιτι/day during the 
most rapid period7 have been recorded, dropping to 
5 μπι/day as the teeth reach the occlusal plane.8 The 
greater eruption rates of rodent incisors facilitate 
their accurate measurement: a major reason for the 
use of these teeth in experimental models. 

Investigation of human tooth eruption 

There are three major categories of techniques that 
have been used to investigate human tooth 
eruption.9 

Clinical studies have been based on the mucoging-
ival junction,10 a datum line joining the incisai edges 
of the deciduous lateral incisors, average occlusal 
plane11 or ankylosed teeth,8 as fixed reference 
points from which to measure tooth eruption rates. 
Measurement of enlarged orientated photographs7 

and direct measurements on dental casts have 
provided information on the postemergent rate of 
erupting teeth. Once a tooth reaches the occlusal 
plane, further data on eruption rates are difficult to 
obtain. The eruption rates determined by use of the 
occlusal plane for reference are lower than the true 
eruptive rates, due to the vertical movement of the 
entire occlusal plane during facial growth.12 The 
points provided by the stable mucogingival junction 
and cementogingival junction provide the best 
clinical reference points from which to measure 
eruption.10 

Histological studies provide detailed pictures of 
tooth movement during eruption. Such studies have 
shown the slow drift of the tooth follicle before 
apparent eruptive movements begin, and the slow 
mesio-occlusal drift of adult teeth.13 In addition, 
vital staining techniques have been used ex-
perimentally to identify the specific tissue activities 
during tooth eruptive movement. 

Although the evaluation of radiographs has 
facilitated the analysis of human tooth eruption, the 
validity of such studies is compromised by the dearth 
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of fixed reference points. Indeed, conventional 
cephalometric datum points, e.g. lower border of 
the mandible, inferior alveolar canal, developing 
tooth follicles, ankylosed teeth, deciduous lateral 
incisors, radiographie markers placed at the muco-
gingival junction, tooth follicles prior to root 
formation, bone trabeculations in the anterior 
portion of the mandibular symphysis or palate, in 
addition to metallic implants, comprise just some of 
the reference points that have been used to measure 
tooth eruption from radiographs. It is anticipated 
that the use of image analysis and subtraction 
radiography may soon provide more detailed data in 
this regard, especially when associated with the 
application of more accurate techniques of geomet-
ric analysis.14 

Human tooth eruption 
Based on orthopantomographic studies of children 
and adolescents,7'8'9,11 six stages of tooth eruption 
have been defined (Table 19.1). 

Follicular growth 

Permanent tooth germs that bud from the deciduous 
teeth generally assume a lingual position relative to 

Table 19.1 Classifications of tooth eruption 

their precursors.1J As the deciduous teeth develop 
and erupt, the permanent tooth follicles undergo 
somewhat complex migrations from their initial to 
their pre-emptive positions.15 Once crown forma-
tion has begun, however, the follicles of the 
posterior teeth move buccally with little, or any, 
radiographie evidence of occlusal or mesiodistal 
movement. In fact, the tooth crypt is analogous to a 
cyst at this stage, symmetrically expanding vertically 
and mesiodistally. The centre of the tooth crypt, 
however, remains at the same distance from the 
inferior (alveolar) dental canal: this apparent 
immobility persists until the entire crown has 
calcified and approximately 2-4 mm of the root have 
developed. Eruptive movement of the tooth per se 
begins soon after the root begins to form. This 
supports the notion that metabolic activity within 
the periodontal ligament provides a major compo-
nent of tooth eruption. 

Pre-emergent eruptive spurt 

During the second phase, root formation continues 
as the tooth begins a period of rapid eruption in the 
occlusal direction. All points on the developing 
tooth move occlusally, including the lengthening 
tooth root. This phase of eruption describes a 

Tooth events 

Initiation of 
calcification 

Initiation of 
root 
development 

Gingival 
emergence 

First occlusal 
contact 

Occlusal plane 
Period of 
quiescence 

Pubertal 
growth 

Period of 
adulthood 

Brodie40 

Movement of 
the crypt 

Rupture of the 
crypt and 
gingival 
emergence 

stages 

Noyes and 
Schour39 

Stage I -
preparatory 
stage 

Stage I I -
migration 
toward the oral 
epithelium 

Stage I l l -
emergence of 
crown tip into 
the oral cavity 

Stage IV-first 
occlusal 
contact 

Stage V-full 
occlusal contact 

Stage VI -
continuous 

Weinmann13 

Second period. 
First phase pre-
emergence 

Second phase-
emergence 
to contact 

Third phase-
post-occlusal 
contact 

Carlson9 

Crown 
formation 

Period of 
eruption 

Movement of 
the occlusal 
plane 

Darling and 
Levers8 

Concentric 
growth of the 
tooth follicle 
Bodily 
movement of 
the tooth 
toward the 
occlusal plane 

Establishment 
of a state of 
equilibrium 

Bodily 
movement 
associated with 
the adolescent 
growth spurt 

Equilibrium 
which persists 

Steedle and 
Proffit28 

Follicular growth 

Pre-emergent 
eruptive spurt 

Post-emergent 
eruptive spurt 

Juvenile occlusal 
equilibrium 

Circumpubertal 
occlusion eruptive 

Adult occlusal 
equilibrium 

eruption into adult life 
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smooth course, although the rate increases as 
gingival emergence is approached.16 Two processes 
are therefore necessary for this eruptive phase. 

(1) There must be résorption of the overlying bone 
(and of the overlying deciduous roots in the case 
of permanent teeth). 

(2) The eruption mechanism itself must move the 
tooth in the direction where the path has been 
cleared. 

These two processes usually operate in concert, 
although this is not always the case. For instance, 
bone résorption does not occur in patients with the 
cleidocranial dysplasia syndrome, and this contri-
butes to the abnormal patterns of tooth eruption. 

Postemergent eruptive spurt 

At the time of gingival emergence, the rate of 
human tooth eruption is at its greatest.7 From this 
point, the eruption rate appears to slow as the tooth 
approaches the occlusal plane and comes under the 
influence of both masticatory and other intra-oral 
forces. 

Juvenile occlusal equilibrium 

Once the permanent teeth reach occlusion, occlusal 
movement stops or is incredibly slow for several 
years, while the occlusal plane remains at the same 
distance from the inferior alveolar canal. Whether 
the vertical drift is non-existent or minimal, this 
period of relative quiescence ends at the beginning 
of puberty, when the second active phase of 
eruption begins. 

Circumpubertal occlusal eruptive spurt 

Between 11 and 16 years of age, the teeth in 
occlusion begin a second active eruption phase 
lasting 2-3 years. This period is characterized by an 
increase in lower facial height through additions to 
the alveolar height, a feature that may not occur 
simultaneously in the maxilla and mandible. At this 
period, the facial tissues undergo a period of 
accelerated growth, with lengthening of the facial 
and masticatory muscles and lowering of the 
mandible and associated soft tissues, although 
compensatory alveolar growth maintains the free-
way space (Figure 19.2). This eruptive spurt slows as 
the face reaches maturity and a state of relative 
equilibriumis re-established by 18 years of age. 

Adult occlusal equilibrium 

Once physical maturity is reached, vertical tooth 
movement does not stop abruptly. Throughout life, 
small increases in lower facial height and continued 
eruption occur. Lower facial height increases 
0.3 mm per year in the second decade, 0.1mm per 
year in the third decade and 0.07 mm per year in the 
seventh decade. During this period, a gradually 
decreasing eruption rate continues to compensate 
for facial growth. Indeed, the general consensus 
holds that mesio-occlusal eruption continues in adult 
life, with interproximal and occlusal attrition provid-
ing the predominant aetiologic factor. In the latter 
years, however, continued tooth eruption may be 
greatly overshadowed by tooth loss, marked occlus-
al abrasion and periodontal breakdown, leading to a 
reduction in facial height. Thus during adult life, 
teeth continue to erupt at an extremely slow rate. If 
its antagonist is lost at any age, however, a tooth can 
erupt more rapidly, demonstrating that the eruption 
mechanism remains active and capable of producing 
significant tooth movement even late in life. 

Figure 19.2 Diagram to illustrate the growth changes of the 
craniofacial skeleton on the orientation of the upper 
(hatched) and lower dental arches, a, young patient; b, 
mature patient. 

(a) " " - · - . 

mm 
(b) 
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Control of tooth eruption 

Almost every structure in the vicinity of the tooth 
has, at one time, been assigned to provide the 
motive force of tooth eruption. Generally, theories 
that attribute the eruption mechanism to the basal 
area (root elongation, pulp and dentinal prolifera-
tion) have been repudiated, while those that assign 
the motive force to elements of the periodontal 
ligament are gaining adherents. 

Gubernacular cord 

It has been suggested that the gubernacular cords, 
which comprise fibrous connective tissue strands 
connecting the follicles of the permanent teeth to 
the oral mucosa, have an important role in 
controlling the movement of developing teeth 
through the growing jaws.17 During tooth eruption, 
the gubernacular cords decrease in length but 
increase in thickness and become less dense. 
Whether the gubernaculum provides a duct, a path 
of least resistance or is actively engaged in pulling 
the tooth out from the underlying tissues, has, 
however, yet to be established. This tissue certainly 
cannot be implicated once the tooth has breached 
the oral mucosa. Nevertheless, surgical removal of 
the connective tissue overlying human unerupted 
teeth may lead to their eruption. 

Alveolar bone growth 

Alternatively it has been suggested that continued 
alveolar bone deposition results in the eruption of 
teeth to their occlusal location.18 However, tooth 
eruption is frequently associated with root forma-
tion down into the underlying alveolar bone, i.e. 
associated with bone résorption rather than 
deposition. 

Root growth 

As the prefunctional phase of eruption occurs at a 
time coincident with root formation, root growth 
has been implicated as a motive force of tooth 
eruption.19 Conceivably, pressure generated from 
the growing root-end may result in the résorption at 
the base of the alveolar socket, rather than overlying 
tooth eruption. Accordingly, a connective tissue 
band at the base of the socket has been postulated to 
prevent the translation of stresses from root growth 
resulting in alveolar bone résorption rather than 
tooth eruption. Unfortunately, this tissue, the 
hammock ligament, has not been detected in all 
teeth. Also, human teeth may erupt to their final 
occlusal position prior to root formation, i.e. root 
development may proceed after the attainment of 
the occlusal location. Alternatively, impacted or 
unerupted human permanent incisors or canines, in 

which the roots have fully formed, may erupt into a 
functional position within the dental arch following 
surgical exposure. Unerupted teeth with completed 
roots sometimes drift considerable distances within 
the jaws, although the motive force for such 
movements remains obscure. 

Intrapulpal pressure 

Once a tooth has penetrated into the oral cavity, 
there must be some form of pressure gradient 
favouring eruption. Conceivably, such a pressure 
gradient may be derived from vascular pressure 
within the pulp cavity, although whether a pulpal 
pressure of 9mmHg is sufficient to result in tooth 
eruption has yet to be determined. 

Periodontal ligament 

In contrast to a tooth being pushed out of the 
socket, another group of theories contends that it 
may be pulled out by the periodontal ligament. In 
fact, the three most likely theories ascribe the 
driving force of tooth eruption to the cross-linking 
and shrinkage of collagen, the contractility and 
mobility of fibroblasts and the thixotropic gel-like 
nature of the periodontal membrane. There is no 
doubt that the predominant force of tooth eruption 
appears to reside in the periodontal ligament, 
although without isolated systems for investigation, 
causal relationships will be difficult to establish. One 
view maintains that tractional forces are generated 
within the oblique fibre system of the periodontal 
ligament due to the cross-linking and aggregation 
that occurs during collagen maturation. During 
collagen fibril formation, tension could develop due 
to: 

(1) Decrease in entropy during electrostatic attrac-
tion of disordered tropocollagen macro-
molecules and alignment along lines of stress. 

(2) Linear polymerization, producing a decrease in 
length of macromolecules. 

(3) Shrinkage associated with dehydration. 

Alternatively, the fibroblasts within the periodon-
tal ligament may generate an eruptive force either 
by their contractility or locomotor activity.21 Cer-
tainly the similarity of eruption rates in continuously 
erupting teeth of different-sized animals favours the 
theory of a periodontally induced process of tooth 
eruption. The collagen contraction theory, however, 
necessitates a continuous turnover cycle for collagen 
within the periodontal ligament to maintain erup-
tion, since contraction would occur only during the 
maturation phase. Such high turnover rates within 
the periodontal ligament may, however, indicate 
that the rate of tooth movement is not the sole factor 
which governs turnover time of components within 
the periodontal ligament. One method of assessing 
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the role of collagen in producing an eruptive force 
centres on the administration of drugs that interfere 
with its maturation process. The lathyritic agent 
aminoacetonitrile (AAN) inhibits cross-linkage 
within collagen, and when administered to labora-
tory rodents, marked reductions in tooth eruption 
rates have been noted in one study22 but not in 
others.23 

Many investigations have been concerned with 
the mechanism whereby the periodontium succeeds 
in anchoring the tooth adequately yet allows the 
tooth to move. For continuously erupting rodent 
incisors, periodontal fibres coming from the alveolar 
bone and those coming from the cementum may 
meet in an intermediate plexus. This intermediate 
plexus supposedly comprises precollagenous fibres 
which allow continuous rebuilding and rearrange-
ment of the periodontal ligament without changes in 
bone or cementum.24 However, the verification of 
the intermediate plexus as a finite periodontal 
component rather than an artefact, awaits further 
investigation. 

Periodontal ligament fibres are generally consi-
dered to be laid down at the commencement of the 
prefunctional phase of eruption, when they exhibit 
an oblique orientation suitable for the collagen 
contraction hypothesis of tooth eruption. There are, 
however, studies that indicate that a considerable 
proportion of a tooth root may be formed prior to 
oblique periodontal fibre formation.25 Furthermore, 
the finding that the teeth in irradiated laboratory 
rodents erupt into the oral cavity without tooth root 
formation suggests that periodontal ligament-
generated forces may not be solely responsible for 
tooth eruption. Similarly, teeth appear to erupt into 
the oral cavity normally in patients with hypophos-
phatasia (an autosomal recessive disorder associated 
with a gross deficiency of both cementum and 
periodontal ligament).2δ Conceivably, tooth erup-
tion comprises a complex series of processes, with 
various facets being more important than others at 
different phases. 

Physiology of tooth eruption 

Tooth eruption can be considered as a static 
equilibrium problem. At any given time, eruptive 
tooth forces are opposed by forces that inhibit 
occlusal movement. A force of 8.4 g has been shown 
to prevent human tooth eruption under controlled 
conditions,27 whereas forces less than l g may 
prevent rodent incisai tooth eruption.28 The data 
from such studies are difficult to interpret, however, 
until the exact contribution of the periodontal 
ligament to tooth eruption has been defined. 

In the early stages of tooth eruption, permanent 
tooth germs move relative to the deciduous teeth. 
Although the buds of the permanent premolars are 

at first located occlusal to the deciduous teeth, their 
migration to a cervical, and later an apical, position 
can be explained by the eruptive movements of the 
deciduous molars. Tooth follicles expand buccally, 
occlusally and apically, and at no time from the 
beginning of cusp calcification to the onset of root 
development is there evidence that significant bone 
deposition occurs apical to the follicle. With several 
millimetres of root development, occlusal move-
ment begins to occur. As the volume of the 
periodontal ligament increases with root lengthen-
ing, the rate of tooth eruption increases. When more 
than one half of root development has occurred, 
gingival emergence is accelerated by removal of 
overlying tooth and bone. If the deciduous teeth are 
extracted prior to one half of root formation, 
emergence is delayed, presumably because addition-
al bone must be resorbed. 

Bone résorption appears to occur independently 
of eruption. If dead crown shells or metal replicas 
are substituted into dental follicles just prior to 
eruption, résorption of overlying bone continues 
and eruption occurs on schedule.29 Failure of the 
tooth to keep pace with bone résorption, as in 
primary failure of eruption, may therefore be an 
important clinical sign of a problem with the 
eruption mechanism. 

Once the tooth has penetrated the bone, fibro-
blasts responsible for collagen turnover must keep 
pace with the erupting tooth or eruption may be 
slowed, even in the presence of an intact and active 
mechanism. In the pre-emergent eruptive spurt, the 
rate of movement is determined by the generative 
and adaptive capacity of elements of the dental 
follicle and by résorption, first of the overlying bone 
and then of the deciduous teeth or gingival tissues. 
Conceivably, the rate of bone résorption or gingival 
remodelling is the predominant rate-limiting factor 
of pre-emergent eruption, rather than the activity of 
the eruption mechanism. 

Post-eruptive tooth movements 
At gingival emergence, the tooth is erupting at its 
most rapid rate, still protected from the masticatory 
and soft-tissue forces by the adjacent teeth, with the 
bone and gingiva no longer limiting factors. In the 
majority of cases, the rate of eruption slows as the 
tooth approaches the occlusal plane. In fact, the 
forces of occlusion are considered to be a primary 
factor in the inhibition of tooth eruption, although 
there is no direct evidence on this point. Neverthe-
less, although human teeth achieve equilibrium 
when in occlusion, their eruption rates are renewed 
following loss of their antagonists in the opposing 
jaw, i.e. over-eruption occurs following tooth loss in 
the opposing jaw. 
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Since the intermittent forces of occlusion are 
known to vary in size, duration, frequency and 
direction, their investigation is complicated. Upon 
application of an intermittent force, initial displace-
ment in the apical direction is related exponentially 
to the magnitude of the force. Light forces displace 
the tooth easily, but as the force approaches 100 g, 
the amount of movement per increment of force 
becomes substantially less. This phenomenon has 
been attributed to a gradual displacement of 
periodontal tissue fluid until the collagen fibres 
begin to resist root displacement. At approximately 
50 g, distortion of the alveolar plates begins to occur 
as the stressed collagen fibres transfer the force to 
the alveolus, resulting in bone bending.31 With 
heavy continuous loading, the tooth moves apically 
at a constant rate after the initial intrusion until the 
limit is reached. 

Tooth recovery from axial loading occurs in two 
phases. The initial rapid linear phase is followed by 
a slower declining phase, requiring a total of 60-90 s 
to return to the preloading postion.32 Such a 
biphasic response is consistent with the recoiling of 
the bone of the socket in an elastic manner and the 
gradual reversion of the collagen fibres to the wavy 
condition as the fluid is replenished in the periodon-
tal ligament. Repeated force application every 2-5 s 
inhibits complete recovery, with a postrecovery 
extrusive effect being attributed to dilatation of the 
stressed periodontal blood vessels (inflammation of 
the periapical tissues). Periods of sleep or occlusal 
rest result in a relatively more extruded position of 
the tooth within its socket, while eating and daily 
activities produce a relatively more intruded 
position.33 

The long-term effects of intermittent axial loading 
of a tooth have not been recorded, due to difficulties 
in monitoring tooth location over long periods. 
However, patients with loss of occlusal antagonists 
or generalized muscular weakness display excessive 
eruption of the posterior teeth. By contrast, patients 
with scoliosis who have therapy involving a body 
cast with a neck brace to support the head, 
demonstrate a reduction in posterior tooth eruption 
and proclination of the anterior teeth from increased 
pressure on the inferior border of the mandible. 

Conceivably, after an erupting tooth emerges into 
the oral cavity, the mechanical forces of intermittent 
occlusal loading are capable of disturbing the 
generative or adaptive mechanisms of the periodon-
tal ligament. Although the teeth quickly return to 
their preloading position, eruption is slowed by 
intermittent occlusal forces. Return of the tooth to 
its preloading position, therefore, does not indicate 
a return to the preloading eruption rate, i.e. occlusal 
forces either mechanically set back the remodelling 
process or significantly modify the activity of the 
cells responsible for movement. In both instances, 
eruption slows and the pattern of movement 

Table 19.2 Magnitude and duration of force against the 
teeth during function 

Factor Force Force 
magnitude duration 

Tooth contacts 
Mastication Very heavy Very 

short 
Swallowing Light Very 

short 
Tissue pressures of lip, 
cheek and tongue 

Swallowing 
Speaking 

Resting 

xternal pressures 
Habits 
Orthodontic treatment 

itrinsic pressures 
Periodontal fibres 
Gingival fibres 

Moderate 
Light 

Very light 

Moderate 
Moderate 

Light 
Variable 

Short 
Very 
short 
Long 

Variable 
Variable 

Long 
Long 

changes as the initial occlusal equilibrium is 
achieved. 

The tongue, lips and cheeks are also primary 
factors which impede tooth eruption (Table 19.2). 
For instance, there is evidence that changes in 
resting tongue pressure result from changes in head 
posture,34 although such changes may be secondary 
to changes in craniofacial skeletal development. 
Although the tongue may be between the teeth at 
times during sleep, or when the mandible is in the 
rest position, it need not be interposed in order for 
tongue pressures to affect tooth eruption. Friction 
from contact of the tongue or cheek with the side of 
the tooth could potentially provide a force of a few 
grams which may be sufficient to equal the force of 
eruption, i.e. resting tongue and lip pressures are in 
the 5-15 g range.35 Jaw growth and eruptive tooth 
movements are known to interact during normal 
craniofacial development. For instance, the rotation 
of the face necessitates compensatory adaptations of 
the paths of tooth eruption during the circum-
pubertal eruptive spurt.36 By grouping these rota-
tions according to the direction of condylar growth, 
it has been shown that four-fifths of the mandibular 
rotation is masked by compensatory remodelling at 
the gonial angle. Such complex skeletal changes 
reinforce the notion that facial growth in this phase 
does not follow a specific unalterable growth 
pattern. Interactive skeletal and dental compensa-
tions maintain the pattern, but these same adapta-
tions can be affected by environmental influences to 
alter normal facial growth. Light continuous forces 
from the tongue at rest are therefore probably 
important modulators of eruptive movements, 
especially during the circumpubertal eruptive spurt. 
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These forces may be responsible for the mainte-
nance of the freeway space in the presence of rapid 
facial growth or moderate attrition, and may act as 
rate-limiting factors during these periods in com-
bination with occlusal forces. 

Once tooth eruption slows in early childhood, the 
activity of certain specific groups of periodontal 
fibres may be important for the control of tooth 
eruption. For instance, the supracrestal fibres of the 
periodontal ligament attached between tooth and 
alveolar bone have been shown to exert a force to 
return a displaced tooth to its original location.37 

The trans-septal group of periodontal fibres have 
also been shown to approximate the teeth when the 
interproximal contacts are broken, which suggests 
that these fibres may exist under tension in the 
natural state.38 The ability of the supracrestal fibres 
to resist remodelling under tension suggests how the 
erupting tooth can cause incremental addition to 
alveolar bone height. Movement of the tooth as a 
result of eruptive forces may generate tension in the 
supracrestal fibre groups of the mature periodon-
tium, which is transmitted to the periosteum, 
stimulating the osteoblasts of the alveolar crest to 
deposit bone. The overall metabolic activity of the 
gingiva and periosteum, as influenced by both 
systemic factors and the degree of tension, may then 
determine the rate by which the alveolar height 
increases: this mechanism is similar to the periosteal 
tension hypothesis postulated for other areas of the 
body. 

Such a concept of tooth-eruption control in the 
adult provides evidence for the relationship between 
severe occlusal attrition and facial height. There is a 
general consensus that tooth eruption compensates 
for only 60% of the loss of occlusal tooth substance. 
In other words, continued tooth eruption may only 
partially compensate for the loss of tooth substance 

Table 19.3 Average chronology of tooth development 

Tooth Calcification begins Cown 

Maxilla Mandible Maxilla 

Primary 
Central incisor 
Lateral incisor 
Canine (cuspid) 
1st molar 
2nd molar 

îrmanent 
Central incisor 
Lateral incisor 
Canine (cuspid) 
1st premolar (bicuspid) 
2nd premolar (bicuspid) 
1st molar 
2nd molar 
3rd molar 

14 w 
16w 
17 w 
15 w 
19 w 

3 m 
11m 
4m 
20 m 
27 m 
32 w 
27 m 
8y 

14 w 
16 w 
17 w 
15 w 
18 w 

3 m 
3 m 
4m 
22 m 
28 m 
32 w 
27 m 
9y 

IV* m 
2Vim 
9m 
6 m 
11 m 

4V*y 
5V*y 
6y 
7y 
73/4y 
VA y 
VA y 
14 y 

w = weeks in utero; m = months; y = years. 

due to attrition, so that further attrition may result 
in a loss of tooth height and consequent reduction in 
facial height. 

The inhibitory effect of the supracrestal complex, 
modified in the presence of periodontal disease, 
may also account for the variation in eruption which 
occurs with a loss of antagonist in adults. Thus 
unopposed teeth maintained in a state of periodon-
tal health may not significantly overerupt in the 
adult. Conceivably, therefore, the systemic and 
local factors that control eruptive movements in this 
adult phase differ both quantitatively and qualita-
tively from earlier stages, and are characterized by 
the addition of gingival and alveolar growth 
limitations to the rate-limiting factors. Such con-
cepts reaffirm the importance of timing in tooth 
eruption problems. The rapid compensatory adapta-
tions during several phases of tooth eruption 
provide excellent opportunities for influencing the 
development of vertical problems. It is, however, 
unfortunate that rate-limiting factors can also have a 
more dramatic effect when rapid eruption is 
occurring than during the stages of relative 
quiescence. 

Assessment of developmental age 

Dental development correlates reasonably well with 
chronological age39 but occurs as a relatively inde-
pendent process (Table 19.3). Of all the indicators 
of developmental age, dental age correlates least 
well with the other developmental indices.40 By 
contrast, skeletal age correlates well with physical 
growth status: thus, the latter is primarily used as a 
maturity index of skeletal maturation of the patient 
as a whole. 

completed Eruption Root completed 

Mandible Maxilla Mandible Maxilla Mandible 

2V*m 
3 m 
9m 
5V*m 
10 m 

3V*y 
4y 
53/4y 
63/4y 
7V*y 
VA y 
7V*y 
14 y 

10 m 
11m 
19 m 
16 m 
29 m 

VAy 
%V*y 
WViy 
10% y 
l l y 
6lA y 
121* y 
20 y 

8m 
13 m 
20 m 
21* y 
27 m 

6Vfcy 
7V*y 
10V* y 
10V*y 
HV4y 
6y 
12 y 
20 y 

IV* y 
2y 
3V4y 
2V4y 
3y 

10V*y 
l l y 
13V* y 
13V* y 
14V* y 
10V* y 
153/4 y 
22 y 

l l /2y 
IV* y 
3V4y 
2V4y 
3y 

9V*y 
10 y 
123/4 y 
13V* y 
15 y 
103/4y 
16 y 
22 y 
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Assessment of chronological age by the status of 
tooth eruption is a subject bounded more by 
subjective intuition than scientific data. 

Tooth movement 

If a tooth is moved by an extrinsic force, e.g. an 
orthodontic applicance, it will eventually be located 
in a new position in the jaw and, if stabilized there, 
will be supported in its new position by a remodelled 
periodontium with a periodontal space of normal 
width. If the tooth is considered to be moved bodily 
within the jaw, as opposed to tipping, such tooth 
movements will be accompanied by alveolar bone 
résorption on one side of the tooth socket and 
deposition on the other. Such gross changes in 
alveolar bone morphology will be accompanied by 
remodelling changes at the microscopic level, until 
the normal morphology of the tissues in the region 
are established. Such tooth movements are not only 
associated with changes in the alveolar bone but also 
with compensatory changes at the level of the 
periodontal ligament and its associated ground 
substance. 

The basic mechanics of such tooth movements 
remain obscure. For instance: 

(1) Movement of the position of a tooth within the 
alveolus may result in circulatory changes 
associated with changes in tissue oxygen ten-
sion. 

(2) Circulatory changes may be accompanied by 
changes in the pH of the local environment. 

(3) Changes in pressure or blood supply to the 
periodontal tissues may be associated with mast 
cell or macrophagic degranulation. 

(4) Whereas large pressure changes may be associ-
ated with tissue necrosis, more physiological 
forces are used for the movement of teeth in 
orthodontic therapy. 

The movement of teeth during orthodontic 
therapy may cause damage to the dental pulp. This 
may become apparent in dentinogenesis, formation 
of pulp stones, death of the pulp, internal or 
external root résorption. Interference to the blood 
supply to a tooth is the most likely pathogenesis of 
these phenomena. 

Conclusions 
Tooth eruption seems to be compensatory and is 
controlled by rate-limiting factors which vary in the 
various phases of tooth eruption. Although the force 
of eruption influences the rate of bone résorption, 
such resorptive processes occur independently of 

eruption and are rate-limiting factors in the pre-
emergent stages of tooth eruption. After emerg-
ence, intermittent occlusal loading may disrupt the 
generative or adaptive mechanisms of the periodon-
tal ligament so that eruption slows. Light continuous 
forces from the resting tongue and other soft tissues 
can also significantly limit the eruption of teeth 
during periods of rapid growth. Growth limitations 
of the alveolar bone and gingiva may play an 
important role in the control of tooth eruption in the 
adult. These factors, combined with a reduction of 
metabolic activity of elements of the periodontal 
ligament, may account for the relative stability of 
non-periodontally involved teeth. Much more re-
search is, however, required before the processes 
involved in tooth eruption are fully explained. For 
instance, there is virtually no data as to why 
premature tooth eruption occurs in patients with 
hemifacial atrophy or adrenogenital syndrome or, 
conversely, why there is delayed tooth eruption in 
such conditions as patients with large crowns, 
hypercementosis, supernumerary teeth, hypopi-
tuitarism or cleidocranial dysostosis. Even impacted 
third molars, the most common tooth eruption 
disturbance, cannot always simply be explained on 
the basis of lack of space in the dental arch. 

Review questions 
1. What mechanism of tooth eruption can you 

strongly support? 
2. List the component phases of movement from 

the follicular stage to the time the tooth attains its 
occlusal location. 

3. What factors influence tooth eruption? 
4. How can tooth movements occur in the adult? 
5. What factors determine the final position of a 

tooth in the adult dental arch? 
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Introduction 

The effect of orthodontic therapy on the supporting 
structures provides an insight into the dynamics of 
the alveolar bone and the periodontal ligament. In 
this regard, there are two basic rules: 

1. Whenever the tooth root causes compression of 
the periodontal ligament, there is alveolai bone 
résorption. 

2. Whenever the periodontal ligament is stretched, 
new alveolar bone is deposited. 

Thus, orthodontic tooth movement primarily 
involves changes in the alveolar bone as a result of 
compression or tension in the periodontal ligament. 
In the usual course of events, cementolysis on the 
root surface or root résorption rarely occur. In some 
cases, however, root résorption does occur, with 
disastrous consequences of tooth instability. The 
fact that this may occur, even with the correct use of 
orthodontic therapy, serves to emphasize the dearth 
of knowledge concerning the factors controlling root 
form. 

Tooth supporting tissues 
Periodontal ligament 
The oblique fibres of the periodontal ligament 
primarily function to transfer masticatory-generated 
pressure on the tooth to the supporting alveolar 
bone. Such pressures may result in temporary 
alveolar bone buckling, although the physiological 
significance of this has yet to be investigated. 
Superior to this the main fibre group, the supra-
alveolar fibres, may be subdivided into the following 
categories: 

(1) Dentogingival. 
(2) Dentoperiosteal. 
(3) Transseptal. 
(4) Alveologingival. 
(5) Circular group. 

In addition to being variously grouped, the 
periodontal fibres comprise several different types. 
For instance, fairly thin connective tissue fibres 
occur in the interstitial and marrow spaces, whereas 
dense fibres and fibre bundles traverse between the 
tooth root cementum, alveolar bone and gingivae. 

193 
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Such fibre bundles generally comprise closely 
packed fibrils of indefinite length.1 These collagen 
fibrils are primarily of fibroblastic origin, comprising 
aggregated peptide chains of amino acids arranged 
in the form of a helix.2 The fibrils are organized in 
an amorphous ground substance consisting of a 
variety of substances, including glycosaminoglycans, 
water and salts, in addition to capillary blood and 
lymph vessels, nerves and a variety of different cell 
types. 

Compression of the periodontal ligament in 
orthodontic tooth movement may be reflected by: 

(1) Compression of blood vessels predisposing the 
adjacent tissue to anoxic (hypoxic) necrosis. 

(2) Direct trauma to the component cells, initiating 
an inflammatory response. 

(3) Resorption of the adjacent alveolar bone, 
permitting tooth movement. 

The primary objective of orthodontic tooth 
movement is to obtain the optimum degree of 
alveolar bone résorption to facilitate the precise 
movement of the tooth (or teeth) to a new, but 
stable, location within the dental arch. There is a 
general consensus that ideal orthodontic treatment 
primarily results in a diminution of the component 
periodontal ligament tissue fluid without altering the 
component ground substance. In fact, this periodon-
tal ground substance may play a crucial role in 
binding the periodontal fibrils together and facilitat-
ing the adhesion of the component periodontal 
fibres on to the resorbed alveolar bone surfaces.3 

In fact, the events are far more complicated than 
this brief scenario, since the component periodontal 
tissue undergoes constant renewal, although 
whether this rate of renewal is changed following 
compression has yet to be determined. 

On the opposite side of the tooth root, orthodon-
tic tooth movement will result in periodontal fibre 
tension. There is even less data concerning this 
aspect of tooth movement, since such tension may 
result in: stretching of existing periodontal fibres; 
rapid fibrogenesis by periodontal fibroblasts and 
periodontal ligamentous trauma associated with 
inflammatory changes in both the membrane itself 
and in the adjacent alveolar bone. 

Alveolar bone 

The alveolar bone is not uniform in thickness 
around a tooth. Rather, there are often morpholo-
gical contrasts: 

(1) The alveolar bone walls of the middle and 
marginal regions of the tooth socket are often 
quite dense, with few marrow spaces. 

(2) The alveolar bone in the apical region on the 
lingual (or palatal) aspect of the tooth may 
incorporate large marrow spaces.4 

(3) The thin alveolar bone walls on the labial and 
lingual sides of the teeth are frequently dense 
compared with those on the mesial and distal 
aspects. (This facilitates tooth movement to 
occur preferentially in either a mesial or distal 
direction.) 

If the teeth are orthodontically displaced mesially 
or distally as soon as the lamina dura has been 
eliminated by résorption, the tooth roots may be 
rapidly displaced through the spongiosa of the 
alveolar bone.5 In addition, compared with the 
alveolar bone in the adult, there are larger marrow 
spaces in the child and adolescent, often presenting 
as a spongiosa extending into the alveolar crest. This 
morphological difference in alveolar bone form 
contributes to the relative ease of orthodontic tooth 
movement in the adolescent and/or child compared 
with the adult. In addition, since osteoclasts are 
predominantly derived from bone marrow precursor 
cells, more extensive marrow spaces may facilitate 
their rapid appearance. The method by which forces 
applied to a tooth during orthodontic treatment are 
translated to component cells of the alveolar bone 
remains, unfortunately, enigmatic. 

Orthodontic tooth movement 

Where there is compression of the periodontal 
ligament, this is always associated with increased 
alveolar bone résorption (although alveolar bone is 
not different from bone in other locations, with 
bone résorption and osteogenesis occurring simul-
taneously to varying degrees). Since the periodontal 
ligament is frequently as narrow as 0.25 mm or less, 
the component fibres will be compressed between 
the root and alveolar bone surfaces. Initially, 
therefore, further tooth movement cannot occur 
until the alveolar bone surface has undergone some 
résorption. Thus little or no tooth movement may 
occur after an initial period of 5-6 days, predomi-
nantly involving periodontal compression, although 
this duration may be significantly shortened if 
stronger orthodontic forces are used. Although 
osteoclasts appear to be the principal cells involved 
in such alveolar bone résorption, both macrophages 
and fibroblasts are capable of phagocytosis, together 
with polymorphonuclear leucocytes. In addition, the 
zone of compressed alveolar bone may be associated 
with a mild inflammatory tissue response including 
component capillary blood vessel dilatation and 
occasional disruption. Such changes are, however, 
highly variable, depending upon a variety of factors 
including magnitude and duration of the orthodontic 
force. In the case of heavy orthodontic forces, there 
may be marked changes in the compressed region of 
the periodontal membrane, including degeneration, 
degradation and necrosis of the component collagen 
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fibres and cells, primarily being phagocytosed by 
macrophages assisted by polymorphonuclear leuco-
cytes and fibroblasts.6'7 

The location of such changes will, in part, be 
determined by the dynamics of the orthodontic 
tooth forces. For instance, these changes primarily 
occur in the region of the alveolar crest when there 
is a tipping tooth movement, whereas the changes 
predominate in the mid-root region if a tooth is 
moved bodily within the arch.3 

Thus the changes on the compression side of the 
tooth may be summarized as follows: 

(1) Gradual compression of the periodontal liga-
ment, associated with degenerative changes. 

(2) Migration of osteoclasts to the region from the 
marrow spaces. 

(3) Gradual increase in the number of young 
fibroblasts and macrophages at the site of 
alveolar bone résorption. 

(4) Once started, osteoclastic bone résorption tends 
to occur for the next 10-12 days, unless there is 
a change in the forces. 

(5) Subsequently, there is widening of the 
periodontal ligament associated with further 
osteoclastic recruitment and further bone ré-
sorption occurring over a large alveolar bone 
surface. 

Whether or not these changes on the compression 
side of the periodontal membrane are precisely 
synchronized with those on the tension side has yet 
to be determined. 

Alveolar bone changes 
Bone formation 

Recruitment, differentiation, mitosis and functional 
activity of osteoblasts and fibroblasts within the 
periodontal ligament and associated alveolar bone 
predominate in the tension side of the tooth socket.8 

This js followed by the initial deposition of osteoid 
bone as bridges between the stretched periodontal 
fibres. When sufficient thickness of osteoid bone has 
formed, further mineralization occurs, along with 
subsequent replacement by organized trabecular 
and cortical alveolar bone. This also occurs, to a 
limited extent, on the alveolar bone surface where 
the resorptive changes predominate. 

Bone induction 

One of the main problems impeding our under-
standing of the mechanics of orthodontic tooth 
movement centres on the dearth of knowledge 
concerning the factors influencing local bone growth 
and development. 

Orthodontic tooth movement through alveolar 
bone depends on the precise spatial and temporal 

regulation of bone growth and differentiation. In 
this regard, bone formation may be considered to 
comprise a developmental cascade that includes the 
following: 

(1) Chemotaxis and proliferation of progenitor 
cells. 

(2) Differentiation; matrix calcification. 
(3) Vascular invasion. 
(4) Bone formation and mineralization. 

This very complex process may be influenced by a 
variety of factors at a number of different levels. 

Sources of osteoblasts and osteoclasts 
There are two main cellular systems associated with 
alveolar bone and bone marrow-the haemopoietic 
and stromal cell systems. These two systems furnish 
the cells required for the control of orthodontic 
tooth movement. 

Haemopoietic system 

The osteoclast appears to be a product of one of the 
cell lines of the haemopoietic system stem cells.9"11 

There is, however, no rigorous definition of such a 
stem cell. Undoubtedly they have a high capacity for 
cell renewal throughout life, in addition to the 
ability to differentiate into a variety of functional 
cell populations. Stem cells account for only a very 
small proportion of the haemopoietic cells and are 
not morphologically distinct. In fact the total 
population of haemopoietic cells may be divided 
into a number of compartments (colony-forming 
units). It is generally assumed that transitions 
between compartments are unidirectional from high 
self-renewal towards increasing specialization of 
differentiated functions and associated loss of 
proliferative potential.12,13 The three main colony-
forming units of the haemopoietic system ultimately 
give rise to erythroid cells, megakaryocytic cells and 
granulocytic and monocytic cells. 

Osteoclast formation is a multistep process, 
including cellular proliferation, differentiation and 
fusion. In fact, four separate classes of osteoclast 
have been described, each class representing a stage 
in their developmental process. 

Osteoclast progenitors 

Osteoclast progenitors are proliferating cells with-
out recognizable characteristics. It is not known 
whether these progenitors are identical to mac-
rophage progenitors. 

Osteoclast precursors 

Osteoclast precursors are postmitotic cells and 
generally have but one nucleus. 
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Osteoclasts 

Osteoclasts comprise fused precursor cells. Precur-
sor cells may fuse with one another or with existing 
osteoclasts. In addition, existing osteoclasts may 
fuse with each other to form even larger cells. 
Osteoclasts should not therefore be regarded as 
individual multinucleated cells but rather as the 
active stage in the lifetime of cells that participate 
in the polykaryon. 

Postosteoclasts 

Theoretically, the existence of a fourth class of cells, 
postosteoclasts, is possible, i.e. mononuclear cells 
derived from osteoclasts by fission. It is therefore 
possible that mononuclear postosteoclasts may start 
a new cycle of activity by fusion after appropriate 
stimulation, or they may simply die after fission. 

Stromal system 

The stromal system is a fibroblastic network which 
acts as a support for haemopoietic cells and is an 
important part of the environment which influences 
their proliferation and differentiation.14-16 Stromal 
cells are commonly assumed to include: 

(1) The soft connective tissue layer of pre-
osteoblasts and osteoblasts associated with bone 
surfaces. 

(2) The reticular and endothelial cells of the 
sinusoidal vessels present throughout the mar-
row cavity and spaces within bones.1718 

(3) The adipocytes of marrow, which are a subline 
of fibroblastic cells.19 

Four differentiation stages of the osteoblastic cell 
line have been defined. 

(1) Cuboidal osteoblastic cells with cell surface 
receptors for parathyroid hormone. These cells 
are capable of secreting a number of phenotype-
specific macromolecules, such a*s osteocalcin 
and Type I collagen. 

(2) In the adult, bone-lining cells occupy the 
majority of bone surfaces considered inactive or 
resting, because they are not being remodelled. 
Such lining cells are probably inactive osteo-
blasts in terms of matrix production and proba-
bly are mainly associated with the functional 
separation of the bone fluid compartment and 
the extracellular fluid compartment. These cells 
may also serve as nutritional support cells for 
osteocytes via gap junctions between cell 
processes of osteocytes and bone-lining cells. 

(3) The osteocyte is the most mature differentiation 
stage of the osteoblastic line. A certain propor-
tion of osteoblasts become incorporated into 
newly forming matrix which is first uncalcified 
osteoid and, at a later stage, calcified bone. 

(4) Pre-osteoblasts are the immediate precursors of 
osteoblasts. They are situated beyond the line of 
osteoblasts and may still be capable of mitosis. 
The osteoprogenitor cells are therefore undiffe-
rentiated mesenchymal cells, which intercon-
nect the osteogenic (osteoblastic stem) cells with 
the more differentiated osteoblasts, bone-lining 
cells, osteocytes and pre-osteoblasts. 

Thus the precursors of the osteogenic (osteoblas-
tic and chondroblastic) cells are cellular components 
of the stromal system of bone and marrow and 
appear to be derived from a stromal stem cell.20 It is 
supposed that there are stromal stem cells within the 
bone and marrow which yield committed progeni-
tors, each giving rise to a different stromal cell line. 
Stromal tissue is a heterogeneous collection of loose 
and dense connective tissue which is distributed 
throughout the organs of the body. Such stromal 
cells include the mesenchymal cells, which are 
components of the connective tissue mesh, and the 
endothelial and reticular cells of the microvascula-
ture. There is, however, scant information concern-
ing the cellular dynamics of these stromal cells in 
non-skeletal tissues. 

Types I and II collagen are the main collagenous 
components of bone, whereas non-collagenous 
molecules include osteocalcin, osteonectin, 
sialoprotein and bone proteoglycan. These subst-
ances may all be products of osteogenic cells,21 

although there may be different subpopulations of 
osteoblastic cells with varying degrees of functional 
activity. Other stromal cell lines include fibroblastic 
cells which are capable of synthesizing Type I 
collagen, which may also be precursors of some 
osteogenic cells. There are also reticular cells, 
capable of synthesizing Type III collagen.22 

Thus, stromal cell systems associated with bone 
and marrow differentiate into osteogenic, adipose, 
fibroblastic and reticular lines, but the actual 
stromal stem cell responsible has yet to be 
adequately defined. Stromal stem cells in tissues 
outside the skeleton may be induced to differentiate 
into osteogenic cells under certain environmental 
conditions. Similarly, macrophages and osteoclasts 
are essentially of haemopoietic cell origin. The 
question remains as to which factors affect the 
physiological activity of these two cell lines and the 
degree of interaction between them. 

Local environment 
The local environment of bone formation is 
probably a composite of interacting cells and the 
adjoining extracellular matrix, in which matrix-cell 
interactions are of major regulatory significance. 
Such matrix components as collagens, proteogly-
cans, fibronectin, osteonectin and other non-
collagenous proteins undoubtedly influence the 

https://t.me/DentalBooksWorld



Conclusions 197 

activities of bone cells and their precursors. Bone 
specific local growth factors of cellular and matrix 
origin may combine to modulate the differentiation 
process, along with systemic factors, e.g. growth 
hormone, insulin, parathyroid hormone, calcitonin 
and steroids. The nutritional status, physical activi-
ties and age-related tissue vitality may also play an 
important role. 

Extracellular matrix components 

The extracellular matrix of bone may have an 
important influence on bone growth and résorption. 
The principal component of extracellular bone 
matrix is collagen23 which functions as a substra-
tum for osteoprogenitor and/or osteolytic cell 
function. Most normal cells attach to surfaces such 
as collagen via the cell surface glycoprotein 
fibronectin.26'27 Fibronectin has an affinity for 
collagen, fibrin and heparin.26,27 A related form of 
fibronectin is also present in blood plasma, where it 
cross-reacts with cell surface fibronectin. In addi-
tion, the geometric arrangement of the extracellular 
bone matrix collagen may have a profound influence 
on the rate and extent of bone formation and/or 
résorption by providing osteogenic or osteolytic cell 
anchorage. 

As extracellular bone matrix is predominantly in 
the solid state, it provides an ideal medium for the 
local control of bone cell activities. Bone matrix may 
aid osteogenesis or osteolysis by regulating the 
release of chemotactic, mitogenic and differentia-
tion factors into the local milieu as needed during 
bone formation and regeneration or lysis. 

Bone cells may also elaborate factors that regulate 
their own growth and functional activity (autocrine 
factors).27 It is also known that electrical,28 

mechanical29 and gravitational30 forces influence the 
bone matrix. Although the cellular mechanisms 
underlying these effects are unclear, prostaglandins 
and/or other locally elaborated factors may function 
as the transducing agents. 

Systemic factors 

It is possible that systemically elaborated hormones 
and locally secreted factors act together to regulate 
bone cell differentiation and function.31- For 
instance, the pituitary growth hormone is the 
dominant systemic influence on three-dimensional 
skeletal growth and development.34 In addition, 
insulin appears to modulate several systemic factors 
in f luenc ing b o n e , i nc lud ing Vi tamin D 
metabolites.35 Whereas glucocorticoids have a pro-
found effect, either at the level of collagen synthesis, 
alkaline phosphatase activity36 or mineralization,37 

calcitonin38 and thyroid hormone39 also affect 
osteoblastic activity. 

The influence of dietary minerals and vitamins on 
bone mineralization is well known, although their 
detailed metabolic functioning remains obscure. For 
instance, magnesium depletion appears to retard 
bone formation and mineralization, whereas Vita-
min A appears to affect bone cell differentiation.40 

Vitamin D metabolites, on the other hand, appear 
to have a biphasic effect, with an increase in alkaline 
phosphatase activity at high local vitamin levels but 
a reduction in alkaline phosphatase activity at low 
levels.41 

Conclusions 
Orthodontic movement of teeth in the dental arch is 
obviously a complex and very imperfectly under-
stood process. Certainly osteoclasts, derived from 
marrow stem cells, are responsible for calcified bone 
résorption, although the phagocytic role of mac-
rophages, polymorphonuclear leucocytes and fib-
roblasts has received scant investigation. It is also 
unclear whether odontoclasts are unique cells 
responsible for cémentai résorption of the tooth 
root, or merely osteoclasts lying adjacent to the 
tooth root. The early steps of osteoclastic dif-
ferentiation appear to be initiated by colony-
stimulating factors, although the origin of such 
factors has yet to be defined. Possible mechanisms 
involved in bone résorption include the local 
production of lactate or of acid (hydrogen ions), 
possibly as a result of carbonic anhydrase activity 
and/or specific transport mechanisms, e.g. sodium 
and hydrogen ion exchange. Osteoclasts may also 
secrete calcium-chelating organic anions, e.g. cit-
rate, to assist in the solubilization of the mineral 
phase. Transcellular calcium transport may also be a 
necessary part of the process. Bone matrix compo-
nents are probably degraded by the action of 
extracellular proteinases, e.g. collagenase, proteo-
glycanase and other metalloproteinases whose opti-
mal activities are at physiological pH. Lysosomal 
acid hydrolases, including the proteolytic cathep-
sins, may also contribute, and osteoclasts may be 
one of the only cell types in which lysosomal 
hydrolases are involved in extracellular digestion in 
a locally acid environment. 

On the other hand, osteoblasts are known to be 
responsible for the synthesis of extracellular bone 
matrix components and for the priming of the matrix 
for its subsequent mineralization. Osteoblasts differ-
entiate from periosteal lining cells on the bone 
cortex in addition to the stromal cells of the bone 
marrow. They are therefore from a different lineage 
from osteoclasts, although this does not rule out the 
fact that factors derived from osteoblastic cells may 
regulate osteoclastic cells, and vice versa. Type I 
collagen is the major protein synthesized by 
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osteoblasts and undergoes its final stage of matura-
tion to produce fibrils in the extracellular compart-
ment with release of procollagen peptides into the 
circulation. Osteoblasts also produce glycosamino-
glycans, especially chondroitin 4-sulphate and speci-
fic proteoglycans. Osteoblasts shed small vesicles 
from their plasma membranes which appear in the 
extracellular matrix as sites of initial calcium 
phosphate crystal nucleation and growth. Other 
osteoblastic products that may regulate mineraliza-
tion include the glycosaminoglycans and proteogly-
cans as well as osteocalcin, osteonectin and sialopro-
teins. Proteins may also enter bone from plasma and 
influence subsequent pysiological activity. 

Osteocytes, derived from osteoblasts and embed-
ded in bone, may not only control mineral exchange 
between bone and plasma but, in view of their 
widespread canaliculi interconnections, may also 
have an overall modifying bone cell influence. 

Although bone cells are responsive to orthodontic 
forces, in addition to many hormones and drugs, the 
physiological processes actually involved have yet to 
be delineated. For instance, osteoclasts may be 
activated by many factors including: 

(1) Parathyroid hormone. 
(2) Vitamin D3. 
(3) Thyroxine. 
(4) Prostaglandins, e.g. PGE2. 
(5) Interleukin 1. 
(6) Transforming growth factors. 
(7) Colony-stimulating factors. 
(8) Lymphotoxin. 
(9) Epidermal growth factor. 
(10) Tumour necrosis factor. 

By contrast, only calcitonin, oestrogens and 
gamma-interferon appear to inhibit osteoclastic 
activity. Which one, or which combination, of these 
factors occurs following the orthodontic movement 
of teeth in the dental arch remains, for the present, 
obscure. 

Similarly, a variety of factors activate osteoblastic 
activity, including: 

(1) Vitamin D metabolites. 
(2) Insulin. 
(3) Insulin-like growth factors (e.g. somatomedin). 
(4) Anabolic steroids. 
(5) Thyroxine. 
(6) Prostaglandins. 
(7) Various ill-defined factors, e.g. bone-derived 

growth factors, skeletal growth factor, bone 
morphogenic protein. 

In addition, osteoblastic activity appears to be 
inhibited by glucocorticoids and possibly ß trans-
forming growth factors. 

Whether alveolar bone, in view of its close 
affiliation with neural crest cells, is unique, com-
pared with the skeleton as a whole, has yet to be 

discerned. Although many skeletal features are 
genetically determined, those upon which structural 
competence depends, e.g. cortical thickness and 
organization of the trabeculae, are influenced by 
functional forces. It seems most likely that the 
osteoblasts are more responsive to orthodontically-
induced stresses than osteoclasts, primarily reflected 
by increased prostaglandin (PGE2) induced cAMP 
and DNA synthesis.42 The alternative hypothesis, 
that mechanical forces stimulate osteoblastic activity 
through piezoelectric signals, is difficult to prove; 3 

the process is probably mediated by a different 
intracellular mechanism.44 Finally, the alveolar 
bone will be modelled after tooth movement (the 
retentive stage of orthodontic treatment). This 
regulatory mechanism is even more complex, 
involving multiple interactions between cells and 
their chemical messengers.45 Thus, the orthodontic 
movement of teeth within the dental arch may 
involve interaction between the following mecha-
nisms: 

(1) Cell-cell interaction. 
(2) Cell-matrix interaction. 
(3) Systemic hormonal and mechanical factors. 
(4) Immune processes. 

The physiological basis of orthodontic tooth 
movement has yet to fully elucidated. 

Review questions 

1. Contrast the changes in the alveolar bone on the 
compression and tension sides of the tooth 
socket. 

2. How does the origin of osteoblasts differ from 
osteoclasts? 

3. What local environmental factors influence 
orthodontic tooth movement? 

4. What systemic factors influence orthodontic 
tooth movement? 

5. What are the effects of excessive orthodontic 
forces on the tooth? 
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Mechanics of bone repair 
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Callus formation 
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The fracture cascade 

Skeletal repair 

Introduction 

A fracture occurs whenever the upper limit of bone 
strain is exceeded. In the case of the jaws, fracture 
may result from excessive force during tooth 
extraction or, more commonly, from physical 
violence resulting from an argument. The process of 
bone healing is considered here primarily to 
emphasize that bone growth and repair may occur as 
a local process, in addition to overall maturation of 
the skeleton as a whole (Table 21.1). 

The speed of healing and perfection of repair of a 
fracture depend on whether the break has occurred 
in a previously normal bone or at some site of 
pre-existent disease (pathological fracture). They 
also depend on the nature and extent of the fracture. 
Fractures may be complete or incomplete (green-
stick), closed (simple) with intact overlying tissue, 
comminuted, when the bone has been splintered, 
and compound, when the fracture site communi-
cates with the skin or mucosal surface. Incomplete 
closed fractures heal most rapidly, with almost 
complete reconstruction of the pre-existing 
architecture. Comminuted and compound fractures, 
by contrast, heal much less rapidly, often associated 

Chronological sequence of fracture site healing 
Inflammatory reaction 
Callus stage 
Remodelling phase 

Abnormalities of fracture healing 
Extraction wound healing 
Conclusions 
Review questions 
References 

with permanent post-fracture distortion or deformi-
ty. In compound fractures bone splinters comprise 
impediments to repair, whereas there is always a 
danger of infection in a comminuted fracture, 
leading to bone destruction, impairment of the 
blood supply and fibrosis: all of which interfere with 
normal bone repair. As this work is primarily 
devoted to physiology, the healing of simple bone 
fractures is the primary concern. 

Mechanics of bone repair 

The healing of a fracture represents a continuous 
process, although it is traditionally divided into 
three phases for ease of description. 

Haematoma 

Immediately after a fracture there is considerable 
haemorrhage into the fracture site from ruptured 
blood vessels within the bone, periosteum and 
adjacent soft tissues. Coagulation of this blood gives 
rise to a loose fibrin mesh that not only seals off the 
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Table 21.1 Factors affecting bone fracture healing 

Factor Effect 

Haematoma 
Plasma fibronectin 

Endothelial cell-derived growth factor 
Callus formation 

Platelet derived growth factor 

Epidermal cell growth factor 

Fibroblast growth factor 
Insulin-like growth factor 

Nerve growth factor 
Bone formation/remodelling phase 

Epidermal growth factor 
Fibroblast growth factor 
Insulin 
Interleukins (monocyte products) 

(IL1) 

(IL 2) 

Anchors cells in the ground substance 
Required for collagen formation 
Mitogenic 

Mitogenic: fibroblasts; bone cells 
Activates monocytes and promotes bone résorption 
Mitogenic: cartilage, bone 
Inhibits Type I bone collagen synthesis 
Mitogenic: cartilage, fibroblasts 
(Somatomedin C) 
Chondrocyte proliferation 
Chondrocyte proteoglycan synthesis 
Mitogenic 

Promotes bone résorption 
Promotes bone résorption 
Synergistic effect with BGP 

Fibroblast proliferation 
Collagenase production 
Prostaglandin production 
T cell growth factor (lymphokine): résorption via OAF production 

fracture site but also provides a framework for the 
subsequent ingrowth of fibroblasts and new capillary 
blood vessels. The blood clot then undergoes 
organization, eventually producing a soft tissue 
callus that provides some anchorage for the bone 
fragments but no structural rigidity. 

Callus formation 

After a few days, newly formed cartilage and bone 
matrix are evident in the fibrovascular response. 
Some of the component fibroblasts, osteoblasts and 
chondroblasts are undoubtedly derived from the 
adjacent periosteum and endosteum, although 
osteoblasts and chondroblasts may also be derived 
from primitive mesenchymal cells at the site, 
as may some of the fibroblasts. By the end of the 
first week, well-developed new bone and cartilage 
are dispersed throughout the soft tissue callus. Sub-
sequently this new calcified tissue units the two bone 
fracture surfaces, resulting in the formation of 
provisional/temporary callus. In the course of the 
ensuing weeks, this callus becomes increasingly well 
developed, although the component bone trabecu-
lae tend to be randomly arranged and unequal in 
size. 

Organization phase 

Over the ensuing weeks and months, the provisional 
callus is replaced by mature bone, with the 
component trabeculae arranged according to the 

prevailing functional demands. Provided there are 
no complications, it may be difficult to identify the 
true location of a fracture site some years after the 
event. 

The fracture cascade 

A fracture results in a well-defined cascade of tissue 
responses that include removal of tissue debris, 
re-establishment of the vascular supply and the 
production of new bone tissue. 

A fracture initially involves disruption of the local 
blood supply to the region, resulting in: 
(1) Haemorrhage. 
(2) Anoxia. 
(3) Cell death. 
(4) An aseptic inflammatory response. 
This is then followed by: 

(1) Revascularization. 
(2) Resorption of necrotic tissue. 
(3) Proliferation-differentiation of pluripotential 

osteoprogenitor cells in the periosteum, endos-
teum and narrow stroma, to functional fibro-
blastic, chondrogenic and/or osteogenic cells. 

Inflammatory stage 

This cascade of processes is believed to be initiated 
by the inflammatory reaction but can be delayed or 
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halted at any stage by infection, instability of the 
two fragments, or the interposition of soft tissues 
with no osteogenic potential between the fragments. 

The initial inflammatory response results in the 
release of vasoactive angiogenic pyrogens from the 
necrotic bone and vascular tissue. In addition, 
vasodilatation occurs in the vessels surrounding the 
fracture within hours of the injury.1 The blood clot 
(haematoma) that develops as a consequence of 
these changes is subsequently invaded by a variety 
of blood-formed elements, including: macrophages 
(for fibrin résorption); fibroblasts (for the formation 
of a fibrous tissue scar); osteoblasts and inflamma-
tory cells. 

Cellular proliferation 

Fracture healing initially requires the proliferation 
of cells with a chondrogenic potential, subsequently 
being replaced by a cellular population with 
osteogenic and osteoclastic potential. Chondrogenic 
and osteogenic cells appear to be derived from cells 
resident around the fracture site, whereas the 
primary source of osteoclastic cells appears to be 
from circulating cells of the monocytic-macrophagic 
lineage.2'3 The osteogenic cells appear to be derived 
from the cambium layer of the periosteum and the 
endosteum (including the marrow and haversian 
spaces). This phase begins 8-12h after injury and 
temporarily overlaps the hyperaemic phase. Interes-
tingly, this proliferative phase not only affects the 
regions adjacent to the fracture but also the bone as 
a whole, and even the periosteum of uninvolved 
bones. Within the affected bone, the periosteal 
proliferative activity is more marked at the fracture 
site, although if there is a degree of motion between 
the fracture surfaces, other periosteal and endosteal 
cells all differentiate to form some hyaline cartilage 
and/or fibrocartilage to brace the fracture site.4 By 
three weeks post-fracture, the callus chondrification 
is complete. It subsequently calcifies and is replaced 
endochondrally by fibre/lamellar bone in a manner 
analogous to the conversion of normal epiphyseal 
growth cartilage tissue to metaphyseal bone 
trabeculae. 

In some instances, metal plates, particularly in 
long bone or jaw fractures, are used to approximate 
the two bone ends and limit their movement. In such 
cases, healing occurs without forming an intermedi-
ate cartilage-fibrocartilage tissue; osteoclastic cut-
ting zones traverse the fracture line, and the defect 
is bridged by newly deposited osteonal lamellar 
bone. Thus, when a narrow gap persists between the 
fragments, the space may be filled by simple 
lamellar bone orientated perpendicularly to the long 
axis. This tissue is subsequently remodelled.5 In the 
healing of linear fractures of the plate-like bones of 
the skull, new bone is generated directly by the 

modulation of periosteal osteoprogenitor cells to the 
osteoblast class.6 

Bone repair represents a response to injury that is 
classified as a regionally accelerated phenomenon 
(RAP).7 Certainly, the local changes involve in-
creased acidity, including changes in tissue Po2 and 
Pco2 due to anoxia and vascular stasis (haemato-
ma). Such changes may initiate periosteal and 
endosteal proliferative activity, although increased 
parathyroid activity may also be involved. 

Skeletal repair 

It is known that mitogenic peptides are produced by 
many of the cells that populate the fracture site. 
These regulatory chemical messengers may be 
classified into the following types: 

(1) Autocrine: when the elaborating and target cell 
is the same. 

(2) Paracrine: when the peptide produced travels to 
the target cell by diffusion. 

(3) Endocrine: when the bloodstream is required to 
transport the peptide to a distant target cell. 

These peptides can then stimulate the prolifera-
tion of mesenchymal cells to form chondroblasts and 
osteoblasts, depending upon the prevailing environ-
mental conditions. 

Chronological sequence of fracture site 
healing 

This section is included here primarily to emphasize 
the interaction between reparative and defence 
reactions of the host. 

Inflammatory reaction 

This is the initial response of the host to bone 
fracture. The inflammatory reaction involves poly-
morphonuclear leucocytes, lymphocytes and mono-
cytes, some of the last fusing to form macrophages. 
Macrophages are also present in the haematoma, 
and these cells may produce a macrophage-derived 
growth factor that is mitogenic for osteoblasts and 
chondrocytes.8 The haematoma also contains blood 
platelets which release platelet-derived growth 
factor that stimulates fibroblastic proliferation.1 The 
release of this peptide is stimulated by the arachi-
donic acid precursor of prostaglandins.9 

https://t.me/DentalBooksWorld



204 The healing of bone fractures 

Callus stage 
When periosteal and endosteal mesenchymal cells 
begin to differentiate and form the fibrocartilagi-
nous callus, the chondroblasts produce peptides 
which are not only mitogenic for chondroblasts but 
also morphogenic for the formation of type II 
collagen. , n The hyaluronic acid synthesized by 
these differentiating cells may also inhibit their 
continued proliferation, i.e. there is a feedback 
mechanism.12 The osteoprogenitor cells which diffe-
rentiate to form osteoblasts (endosteum and mar-
row) may also produce mitogenic growth factors.13 

Such growth factors are obviously important in the 
initiation of new bone formation; other factors 
released from the degradation of bone fragments 
may also be involved. Macrophages and osteoclasts 
release collagenases that facilitate the degradation 
and removal of devitalized bone, whereas mono-
cytes may interact with T lymphocytes, resulting in 
the release of a lymphokine-osteoclast activating 
factor.14 Interestingly, other lymphokines may be 
released that activate macrophages. 

Remodelling phase 

Many of the cellular mechanisms which operate to 
remove devitalized bone continue until the fracture 
is healed. Resorption liberates a collagenase-
resistant glycoprotein (BMP) that is not only 
mitogenic but also stimulates chondroblastic 
activity.15 Also, résorption of collagen may result in 
the release of factors chemotactic for fibroblasts and 
macrophages.16 Interestingly, collagen, fibrin and 
other molecules may also be chemotactic for 
fibroblasts, so that bone repair demonstrates not 
only the involvement of numerous interacting 
processes but also a degree of redundancy in the 
process as a whole. The attraction of osteoclast-
precursor cells to sites of résorption, and their 
ability to fuse and/or attach to the matrix, appears to 
depend upon cell surface and matrix surface 
oligosaccharides.17 Matrix components such as 
collagens, fibronectin, laminin, hyaluronic acid and 
proteoglycans may not only influence cellular 
biosynthetic activities, but may also be chemokinetic 
and chemotactic influences that speed cellular 
translocations.18 The activities of cells within a 
fracture therefore involve: 

(1) The production of, and responses to, mitogenic 
autocrine and paracrine growth factors. 

(2) The synthesis of matrix-bound differentiation 
factors. 

(3) The responses to the specific bone morphogene-
tic glycoprotein (mitogenic-cartilage induction) 
during early callus remodelling. 

The endocrines, vitamins and interactions be-
tween growth factor per se may also exert moderat-
ing effects. 

Abnormalities of fracture healing 

Fibrous union 

If the component units of a bone fracture cannot be 
sufficiently immobilized, then either cartilaginous or 
fibrous union may occur. Ultimately, this fibrous 
scar tissue at the fracture site may be replaced by 
bone, but this will be a very slow process. 

Non-union 

A complete lack of bony union at a fracture site 
usually reflects the fact that soft tissues are 
interposed between the two bony surfaces. 

Delayed union 

This usually reflects the following: 

(1) There is some movement between the two 
fracture surfaces or the two fracture surfaces are 
too firmly compressed one to another. 

(2) Infection, by causing persistent inflammatory 
reactions, may delay or impair the healing 
process. 

(3) Poor blood supply: a feature that probably 
accounts, in part, for the delayed healing of 
fractures in the elderly patient. 

(4) Pathological fractures: any fracture that occurs 
as a result of a pathological process, e.g. 
osteogenesis imperfecta, tumours. 

Extraction wound healing 

The healing of a socket following a tooth extraction 
is essentially the same process as the healing of a 
bone fracture. 

(1) Immediately following tooth extraction, there is 
local haemorrhage followed by blood clotting. 

(2) Tissue damage associated with the extraction is 
followed by a short-lived mild inflammatory 
reaction at the edges of the socket. 

(3) There is an ingrowth of capillary buds and 
fibroblasts from the connective tissues of the 
socket walls. 

(4) The blood clot is ultimately replaced by this 
granulation tissue. 

(5) Epithelium begins to migrate over the top of the 
socket to form an epithelial seal. 

(6) Coarse woven bone is then formed within the 
granulation tissue, subsequently filling the 
socket. 

(7) Some months later this tissue is replaced by 
mature bone whose component trabeculae are 
organized to accommodate the changed func-
tional demands. This is associated with résorp-
tion and remodelling of the existing socket so 
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that ultimately it may be difficult to determine 
radiographically the location of the original 
socket. 

Conclusions 

The question yet to be answered is whether bone 
fractures heal by creeping substitution or by 
osteo-induction. 

The term creeping substitution refers to the 
histologically observed ingrowth of new vessels, to 
the subsequent appearance of first resorptive 
osteoclasts and to the generat ion of osteoblasts from 
peri vascular connective tissue cells. Such a system 
embraces the angiogenic role of tissue degradation 
products , the mitotic effect of endothelial growth 
factor and a variety of serum-borne growth factors, 
in addition to serum and autocrine mitogenic 
factors. 

Osteo-induction is accomplished by the diffusion 
of bone morphogenet ic glycoprotein from resorbing 
bone matrix, resulting in the initial proliferation and 
differentiation of mesenchymal cells to chondro-
blasts. In fact, both processes probably occur. The 
main point is that the healing of bone fractures, as in 
the growth of bone , can no longer be considered in 
simple morphological te rms. 

Review questions 

1. What is the role of inflammation in bone healing? 
2. What factors might be expected to influence 

bone healing? 
3. What is the role of the remodell ing phase in bone 

healing? 
4. List the various phases involved in bone healing 

in chronological order . 
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Introduction 

Tissue calcification involves the deposition of a 
mineral phase in an extracellular matrix. Such 
calcification does not merely comprise mineral 
precipitation, provided adequate ions are present in 
sufficient concentration. Rather, mineralization is a 
highly cellular process, with the outcome of the 
mineralization process being determined to a large 
extent by the organic matrix. Mineralization of 
bones and teeth is a tightly controlled, highly 
regulated process dependent upon the interplay 
between a number of intra- and extracellular 
factors. Bone, dentine and cementum are of 
mesodermal origin, whereas enamel is primarily of 
ectodermal origin. The mesodermally derived tis-
sues (dentine and cementum) are similar in com-
position, comprising hydroxyapatite crystals depo-
sited in a matrix of Type I collagen and non-

collagenous components, including: phosphopro-
teins; proteoglycans; osteonectin; proteolipids and 
various glycoproteins. 

The respective tissues are formed by contiguous 
cell layers, with mineral formation occurring in the 
preformed matrix some time after its formation. The 
matrix is chemically modified and additional matrix 
components appear extracellularly at mineraliza-
tion. Simultaneously, new matrix secretion occurs 
some distance away. 

Amelogenesis is somewhat different, in that the 
enamel is initially formed in its full thickness. This 
primary enamel then becomes fully mineralized in a 
consecutive process, with selective amelogenin 
removal. Thus, within a single tooth structure, 
mineralization occurs by two distinct processes. 
Moreover, the fact that so many defects may occur 
in odontogenesis (Table 22.1) gives testimony to the 
fact that odontogenesis is a very complex process. 

206 
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Table 22.1 Defects of tooth form and number 
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Environmental 
Developmental 

Odontomes 
Hypodontia 

Microdontia 
Missing teeth 
Ankyloglossum superior syndrome 
Cyanotic heart disease 
Holoprosencephaly (cyclopia) 
Aglossia-adactyly syndrome 
Oculoauriculovertebral dysplasia (Goldenhar) 
Hemifacial microsomia 

Hyperdontia 
One large maxillary central incisor and growth 
hormone responsive dwarfism 
Molarization of pre-molars 
Supernumerary teeth 
Accessory cusps and ridges 
Accessory roots 
Enamel pearls 
Macrodontia 
Gemination 

Traumatic 
Hypodontia 

Tumours 
Radiation 

Dilaceration 
Inflammatory 

Resorption 
Chemical and metabolic 

Supravalvular aortic stenosis - infantile hypercalcaemic 
syndrome 
Maternal thalidomide 

Hereditary 
Defect primary in tooth germ 

Axial core defects 
Dens invaginatus and dens indente 

Dens evaginatus (occlusal tubercle) 
Taurodontism 

Isolated taurodontism 
With amelogenesis imperfecta 
Tricho-dento-osseous syndrome 
X-polyploidy 
Scanty hair, oligodontia and taurodontia, SOT 
syndrome 
Oral-facial-digital syndrome II (Mohr) 
Microcephalic dwarfism 
Trisomy21 (Down) 

Cynodont teeth with large pulp chambers 
Thistle-shaped pulp chambers 
Lobdontia (Keen) 

Hypodontia 
Peg or missing maxillary lateral incisors 
Missing bicuspids 
Missing third molars 
Missing mandibular lateral incisors 
Missing maxillary central incisors 
Missing 81 incisors 
Missing mandibular incisors and maxillary lateral 
incisors 
Multiple teeth 

Supernumerary teeth 
Mesodens 
Maxillary lateral incisors 
Premolars 
Cuspids 
Gemination 

Defect in teeth accompanied by generalized disorder 
Gardner's syndrome (odontomas) 
Otodental syndrome - globodontia and high frequency 
hearing loss 

Short thin dilacerated roots and short stature 
Hypodontia 

Hypodontia and nail dysgenesis 
Hypodontia, nail dysgenesis and hypotrichosis 
Hypodontia and hypotrichosis 
Hypohidrotic ectodermal dysplasia 
Chondroectodermal dysplasia (Ellis-van Creveld) 
Deafness, ectodermal dysplasia, polydactylism, 
syndactylism 
Ectodermal dysplasia, deafness and ocular anomalies 
Charlie M. syndrome (Gorlin) 
Mesoectodermal dysgenesis 
Incontinentia pigmenti 
Oculomandibulodyscephaly 
Focal dermal hypoplasia 
Lipoid proteinosis 
Hurler's syndrome (MPS I) 
Hunter's syndrome (MPS II) 
Trisomy 21 (Down) 
Cranio-oculodental syndrome 
Craniofacial dysostosis 
Cleft palate, stapes fixation, oligodontia 
Pyknodysostosis 
Orodigitofacial syndrome 
Mandibulofacial dysostosis 
Progressive hemifacial atrophy 
Poikiloderma congenita 
Otopalatodigital syndrome 
Progeria 
Cherubism 
Cleft lip/palate and cleft lip/palate syndromes 
Ehlers-Danlos syndrome 
Encephalofacial angiomatosis (Sturge-Weber) 
Osteopetrosis 
Dyskeratosis congenita, infrequent malformed teeth 
Odontotrichemolic hypohidrotic dysplasia 
Hypohidrotic ectoderma dysplasia with cleft lip/ 
palate, ocular, genital and digital anomalies 
Coffin-Siris syndrome 
Palmo-plantar keratosis, hypodontia, hypotrichosis, 
cysts of eyelids 
Premolar aplasia, hyperhidrosis and canities 
prematura (Book), missing premolars 
Ectodactyly, ectodermal dysplasia and cleft lip/palate, 
the EEC syndrome (Rudiger-Haase-Passarage 
syndrome), small and conical teeth 
Gorlin-Chaudry-Moss syndrome (hypertrichosis -
missing or bell-shaped roots, craniofacial dysostosis, 
heart, genital and eye abnormalities) 
Hypertrichosis lanuginosa 
Melanoleucoderma 
Otodental syndrome, missing premolars 

Hyperdontia 
Natal teeth 

Oculomandibulodyscephaly 
Pachyonychia congenita, Type II 
Chondroectodermal dysplasia 
Cyclopia 
Osteogenesis imperfecta 

Permanent dentition 
Cleidocranial dysostosis 
Gardner's syndrome 
Achondroplasia 
Cleft lip/palate syndromes 
Tricho-rhino-phalangeal syndrome (Giedion) 

Macrodontia 
Congenital hemihypertrophy (Curtius) 
Angiosteohypertrophy 
Taurodontism 
Otodental syndrome (Levin & Jorgenson) 
Kothmund- Thompson syndrome (anomalous 
cusps) 
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Odontogenesis 

The tooth germ consists of three parts: 

(1) The enamel organ: the formative group of 
tissues responsible for enamel formation (ame-
logenesis). 

(2) The dental papilla: the formative organ of the 
pulpo-dentine complex. 

(3) The dental follicle: the formative organ that 
differentiates into the tooth supporting tissues. 

As with so many craniofacial tissues, neural crest 
cells contribute to the tooth germ, particularly to 
preodontoblasts,1 i.e. the odontoblasts comprise 
ectomesenchymal tissue. The epithelium of the 
primitive oral cavity (stomodeum) consists of a layer 
of low columnar/cuboidal cells of ectodermal origin, 
separated by a basement membrane from the 
subjacent mesenchymal tissue. Although this latter 
comprises ectomesenchyme of neural crest cell 
origin, whether the cephalic crest cells are specified 
as dental papilla cells prior to or during their 
migration is unclear. These cells interact with the 
oral epithelium to give rise to the dental lamina. 

At six weeks of age, the first signs of odontogene-
sis occur in the form of the primary epithelial band. 
This band is the result of oral epithelial proliferation 
resulting in projections into the underlying 
ectomesenchyme. Between 6 and 8 weeks, this 
primary epithelial band gives rise to two processes: 

(1) The vestibular band: this lies buccal to the dental 
lamina and forms a trough-like vestibule be-
tween the cheeks and lips and the gingiva. 

(2) The dental lamina: a shelf-like structure that 
projects lingually into the underlying ecto-
mesenchyme. 

In the region of future deciduous tooth formation, 
this dental lamina maintains temporary contact with 
the overlying epithelium. In the posterior region, 
where the future permanent molars develop, the 
lamina projects distally into the future ascending 
ramus and maxillary tuberosity regions. In these two 
latter locations, contact between the dental lamina 
and overlying epithelium is lost. 

Tooth development occurs in a series of stages. 
These stages merely provide convenient descriptors, 
since tooth development is in fact a continuous 
process. In addition, each tooth within the dental 
arch develops at different times, i.e. within the arch 
the tooth germs will be at different stages in their 
development. 

Stages of tooth germ development 
Bud stage 

From about the seventh week of intra-uterine life, a 
series of buds begins to develop on the dental 
lamina. These buds are in fact tooth germ pri-

mordia. They comprise mainly an ectodermal 
component, albeit with a central ectomesenchyme 
condensation, which subsequently gives rise to the 
dental papilla. The dental papilla subsequently 
undergoes differentiation, resulting in superficial 
odontoblast formation. The remainder of the dental 
papilla differentiates into dental pulp tissue. This 
whole primitive tooth germ is surrounded by a 
dental sac, which not only provides nutrition and 
protection to the developing tooth, but also subse-
quently gives rise to cementum and the periodontal 
ligament. 

Cap stage 
The cap stage of tooth formation is characterized by 
invagination of the enamel organ, reflected by 
partial enclosure of the dental papilla. At this cap 
stage, three distinct cell layers may be denoted. 

The external enamel epithelium comprises a 
monolayer of cuboidal cells that is contiguous on the 
outer surface with the ectomesenchyme of the 
dental sac. On the inner aspect it is bounded by the 
stellate reticulum. Structurally, the cells of the 
external enamel epithelium are unremarkable, 
suggestive of a relatively inert biological function at 
this stage. 

The internal enamel epithelium comprises a layer 
of columnar cells bounded by the dental papilla on 
its deep surface and the stellate reticulum superior-
ly. The cells of the internal enamel epithelium are 
supported by a prominent basement membrane 
that separates them from the ectomesenchyme of 
the dental papilla. This layer forms the concave 
papillary surface of the enamel organ and condenses 
to a knot. This latter projects into the papilla at or 
near the centre of the concavity. It is a transient 
structure of no apparent significance. 

At the cervical edges of the enamel organ, the two 
layers of internal and external enamel epithelia are 
continuous and comprise a zone of active cellular 
proliferation, ultimately leading to tooth root 
formation. 

The stellate reticulum comprises the cell mass 
between the internal and external enamel epithelia. 
The tissue comprises small stellate cells with long 
thin intercommunicating cytoplasmic processes, 
engulfed in a mucoid intercellular substance rich in 
sulphated mucopolysaccharides. The charged and 
non-charged polar functional groups attract and 
bind water, which accounts for the turgidity of this 
tissue. 

During this cap stage of tooth development, the 
cells of the dental papilla become more densely 
condensed as a result of continued mitotic activity. 
In addition, the dental papilla becomes gradually 
surrounded by the enamel organ, due to continued 
proliferation at the cervical loop. During this phase, 
blood vessels and nerves begin to form in the dental 
papilla. 
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Bell stage 

The bell stage reflects the continued proliferation of 
the enamel organ, primarily at the cervical loop. In 
addition, there is local differential proliferation of 
the primordial occlusal surface. As a result, the 
occlusal morphology of the future tooth is mapped 
out. At this stage, two cell types may be discerned in 
the internal enamel epithelium. The layer nearest 
the dental papilla comprises the ameloblastic cell 
layer. These elongated columnar cells have a basal 
nucleus, opposite to which are cytoplasmic elonga-
tions in the form of Tomes' processes. Between the 
ameloblastic cell layer and stellate reticulum, 
another epithelial cell layer develops, termed the 
stratum intermedium. Just prior to and during 
amelogenesis, these cells comprise numerous free 
ribosomes, a well-developed Golgi apparatus and a 
high concentration of dehydrogenase, alkaline 
phosphatase and ATPase activity. This indicates 
that the primary function of the stratum interme-
dium is protein synthesis and energy production. 
During enamel maturation, these cells may be seen 
to contain numerous autophagosomes which pre-
sumably function to rid the cells of unwanted 
intracellular components after the completion of 
amelogenesis. 

Amelogenesis does not occur until there is an 
initial deposition of dentine, i.e. there is ectodermal/ 
ectomesenchymal interaction during all phases of 
odontogenesis. The ameloblasts develop Tomes' 
processes at the time of initial amelogenesis. These 
processes are separated from the remainder of the 
cell by a terminal bar apparatus. Hydroxyapatite 
crystallites of enamel are formed in association with 
these processes. As amelogenesis progresses, the 
ameloblasts retreat from the advancing mineraliza-
tion front. 

Subsequent to the completion of enamel forma-
tion, the stellate reticulum and stratum intermedium 
become reduced, so the external enamel epithelium 
and ameloblastic cell layers become juxtaposed. 
These cell layers remain virtually intact, thereby 
preventing the newly formed enamel contacting the 
adjacent connective tissue: such contact leads to 
either enamel résorption or the superficial cemen-
tum formation over the enamel surface. These cell 
layers of the enamel organ are then termed the 
reduced enamel epithelium and fuse with the oral 
mucosa on tooth eruption into the oral cavity. 

Enamel 
Composition 

The crowns of the teeth are invested by enamel, the 
hardest tissue of the body. Enamel is unlike other 
calcified tissues. It is of ectodermal origin, produced 
by ectodermal ameloblasts. Enamel comprises 

approximately 95% inorganic matter, 1% organic 
matter and 4% water by weight. The bulk of the 
inorganic phase comprises hydroxyapatite crystals 
which have a number of topically-incorporated ions 
on the superficial surface including fluoride, lead, 
iron and zinc.2,3 Fluoride incorporation renders the 
superficial surface of enamel more resistant to 
dissolution, whereas increased carbonate ions lead 
to increased acid solubility. Most of the enamel 
water content is present as the water of hydration 
surrounding the hydroxyapatite crystallites, the 
remainder being associated with the organic matrix, 
thereby influencing enamel permeability. 

The organic content of enamel varies with 
maturation. Proline and histidine decrease, whereas 
the relative proportions of glycine, serine, aspartic 
acid and hydroxyproline increase.4 The acid muco-
polysaccharides present in immature enamel are 
greatly diminished as enamel matures, whereas most 
of the hexoses and pentoses (galactose, glucose, 
fucose and xylose) are probably bound to protein. 
The citrate content of enamel may be important 
during mineralization in view of its capacity to 
chelate calcium ions.5 Similarly, the lipid content 
decreases with enamel maturation and may have 
significance in calcification. 

The physical properties of enamel are highly 
variable, reflecting marked variability of enamel 
thickness and composition in various regions of the 
tooth crown. Enamel is a hard substance (250-500 
Knoop hardness number) with a high modulus of 
elasticity (much higher than that of dentine). When 
stressed, enamel tends to fracture, rather than 
deform elastically. By contrast, the underlying 
dentine tends to deform and rebound, thereby 
providing some shock absorption for the brittle 
enamel. Enamel is also selectively permeable, the 
pores probably comprising the interprismatic or 
sheath region, an area rich in organic matrix, lacking 
crystallites. 

The outer surface of enamel is much less soluble 
than the bulk of enamel, probably reflecting the 
higher fluoride content and the absence of enamel 
rods characteristic of the bulk of the enamel. With 
the exception of the superficial enamel surface, 
enamel comprises a series of enamel rods (prisms) 
arranged in parallel. The keyhole appearance of 
these rods reflects the orientation of the component 
hexagonal apatite crystallites.5 In the head region of 
the rods, the crystallites are orientated parallel to 
the long axis, whereas in the tail region, the 
crystallites deviate 65-70° and then fan out in the 
terminal portion. The discrete demarcation of 
adjacent enamel rods reflects the orientation of the 
component crystallites; there is a dramatic change in 
crystallite orientation between adjacent rods. By 
contrast, the interprismatic region (prism sheath) 
comprises mainly organic matrix, lacking crystal-
lites. The component hydroxyapatite crystallites are 
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larger than the crystals found in bone or dentine, but 
are highly variable. The enamel rods are orientated 
approximately perpendicular to the dentino-enamel 
junction and traverse the whole thickness of enamel 
in an oblique wavy fashion. As the incisai or cusp tip 
is approached, the rods assume a more vertical 
orientation, whereas near the cervical margin, they 
tend to be orientated apically.6 

The brown striae of Retzius comprise incremental 
lines reflecting successive waves of enamel forma-
tion (ameloblast function). The quiescent periods of 
enamel formation result in striae formation and 
appear on histological sections as brown bands 
coursing obliquely in an occlusogingival direction. 
In both deciduous and first permanent molar teeth, 
one of these lines is more accentuated than the 
remainder, indicative of the physiological trauma 
resulting from birth (the neonatal line). 

There are also a number of imperfections in the 
enamel.7 Firstly, enamel lamellae comprise ribbon-
like cracks within the enamel. They arise at the 
surface of the tooth and traverse to the dentino-
enamel junction parallel to the long axis of the 
tooth. It is uncertain how these lamellae develop but 
they contain varied organic debris and may provide 
the line of least resistance for initial carious lesions. 

Secondly, enamel tufts may be seen arising from 
the dentino-enamel junction and pass up to one-
third the distance into the enamel substance. These 
enamel tufts comprise ribbon-like bands of hypocal-
cified enamel rods (prisms). 

Thirdly, the dentino-enamel junction forming the 
interface between enamel and dentine presents as a 
scalloped border, with the convexities facing the 
dentine. Occasionally, odontoblastic processes 
traverse into the enamel, a feature denoted by 
terminal enlargements, termed enamel tufts. 

Amelogenesis 

As an example of mineralized matrix, enamel is 
unlike dentine, bone, cartilage or cementum. These 
latter mesenchymal tissues, in the mature state, 
comprise a substantial amount of collagenous 
protein which is impregnated by the mineral phase 
comprising a poorly crystalline calcium hydroxyapa-
tite. The collagen makes its appearance at the 
earliest stages of tissue formation as the dominant 
organic component and is retained as such in the 
mature tissue. Alterations in matrix components do 
occur but the bulk of the initial collagen remains. 

Enamel presents a very different picture in that 
the enamel matrix is almost lost from the tissue 
before final mineralization. This protein loss becom-
es apparent as the enamel reaches its full thickness 
and prior to enamel maturation. The tissue at this 
stage shows a great deal of porosity as the organic 
matrix is replaced by tissue fluid. The composition 
of the enamel matrix remains largely enigmatic. 

Although 80-90% comprise amelogenins unusually 
rich in proline, they do not contain hydroxyproline 
or collagen. Minor enamel proteins comprise 
enamelins which contain less proline glutamic acid 
and histidine but more acidic amino acids. The loss 
of matrix prior to enamel maturation is accompa-
nied by a dramatic change in the amino acid 
composition, primarily indicative of selective loss of 
amelogenin, although there may also be some 
changes in the enamelin. The role of these complex 
enamel protein changes is largely speculative. Since 
the amelogenins occupy most of the tissue's volume, 
which is ultimately replaced by the mineral phase, 
they most effectively delineate space into which the 
hydroxyapatite crystals can grow. The enamelins, by 
contrast, occupy only a small volume of the tissue, 
and their more intimate association with the mineral 
phase suggests a nucleating function for the 
hydroxyapatite crystals. Dispersed in an orderly 
manner throughout the amelogenin matrix, they 
possibly serve to dictate the position and orientation 
of crystallites. Alternatively enamelins may impede 
crystal growth. Conceivably, controlled amelogenin 
removal provides a means for governing crystal 
growth so that the crystals grow simultaneously to a 
uniform size, rather than some growing at the 
expense of others. In addition, this could ensure that 
those crystals formed last, at the enamel surface, 
were also the last to grow, ensuring complete 
mineralization throughout the depth of the tissue. 

Dentine 

Composition 

Dentine is a mineralized tissue of ectomesenchyme 
origin. Coronally, dentine is invested by enamel, 
whereas cervically and apically it is covered by 
cementum. The composition of dentine is similar to 
that of bone, with 70% by weight inorganic matter, 
20% organic matter and 10% water. The inorganic 
component primarily comprises hydroxyapatite, 
with the inclusion of a number of trace elements. 
Proteins form the bulk of the organic components of 
dentine. The major protein is collagen, with minor 
amounts of phosphoproteins. The lipid component 
is more varied, comprising triglycérides; cholesterol 
esters; phosphatidylserine; phosphatidylinositol and 
phosphatidic acid. A number of hexoses, hexuronic 
acids and aminosugars are found in dentine as 
constituents of proteoglycans and glycoproteins, in 
addition to hyaluronic acid and chondroitin 6- and 
4-sulphates. 

Collagen is one of the principal components of the 
dentine matrix and appears first as large fibrils in the 
amorphous ground substance between the newly 
differentiated odontoblasts and the basement mem-
brane supporting the internal enamel epithelium. 
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Procollagen molecules are first assembled at ribo-
somal sites on the rough endoplasmic reticulum of 
odontoblasts. They are then transported to the 
Golgi complex, glycosylated, and passed in the 
secretory vesicles to the cell surface. There, they are 
released as collagen molecules into the extracellular 
compartment. In the extracellular compartment, 
they aggregate together to form the characteristic 
collagen fibrils. The large diameter collagen fibrils 
first seen in dentinogenesis are aligned at right 
angles to the basement membrane supporting the 
internal enamel epithelium, where they intermingle 
with the aperiodic fibrils hanging from it.8 These 
collagen fibrils and associated ground substances 
comprise the organic matrix of the first formed 
dentine. Subsequently, the odontoblasts continue to 
increase in size, gradually eliminating the interven-
ing ground substance between them, i.e. they form a 
continuous cell layer at the periphery of the dental 
papilla. 

Dentinogenesis 

Mineralization of the organic matrix begins with the 
formation of small membrane-bound vesicles which 
are pinched off from the odontoblastic cell 
surface.9'10 These vesicles are not only rich in 
calcium and phosphate ions but also alkaline 
phosphatase. They also contain hydroxyapatite 
crystals which subsequently burst through the 
vesicle walls to contact the extracellular collagen. 
The crystals are then aligned along these collagen 
fibrils, where they provide nucleation centres for the 
deposition of further crystallites. Thus, although 
odontoblasts are required for initial dentinal miner-
alization, further mineralization may proceed inde-
pendently. 

After the first layer of dentine has been produced, 
the collagen fibres of the organic matrix become 
smaller in diameter and arranged in a felt-like 
framework at right angles to the forming dentinal 
tubules. Mantle dentine is the term used for the first 
formed dentine, with the bulk of dentine being 
termed circumpulpal dentine. Mineralization of 
circumpulpal dentine occurs as a result of the spread 
of crystallite formation from the calcification foci in 
the mantle dentine. Matrix vesicles are not found in 
circumpulpal dentine. 

Dentine formation in the tooth root occurs in a 
similar manner, except the initial large diameter 
collagen fibres are orientated parallel, rather than at 
right angles, to the basement membrane supporting 
the epithelial root sheath. The template for root 
dentine formation is provided by the epithelial root 
sheath of Hertwig, formed by fusion of the internal 
and external enamel epithelium at the level of the 
future cemento-enamel junction. Root dentine 
forms at a slower rate than that of the coronal 
region. 

The bulk of dentine is occupied by dentinal 
tubules. Some odontoblastic processes of the 
odontoblasts traverse the length of these tubules, 
whereas others pass only a short distance in the 
tubules. Some of the dentinal tubules have numer-
ous lateral branches, leading to the supposition that 
the odontoblastic processes provide a network 
throughout the circumpulpal dentine. 

The dentine immediately surrounding the odon-
toblastic processes is more highly mineralized than 
the remainder of the dentine and is termed 
peri tubular dentine. The dentinal tubules describe a 
sigmoid curve as they traverse from the pulp to the 
amelodentinal or cementodentinal junction. At the 
amelodentinal junction some of the odontoblastic 
processes pass into the enamel, resulting in enamel 
tuft formation. Sections of dentine demonstrate two 
forms of striations, one representing slight changes 
in dentinal tubule orientation (incremental lines of 
Owen) and the other, termed incremental lines of 
von Ebner, representing incremental lines of odon-
toblastic activity (similar to the brown striae of 
Retzius). 

Microscopically, dentine is a heterogeneous tis-
sue. The interface between inter- and peritubular 
dentine is well demarcated, owing to differences in 
mineralization. Fifty per cent of intertubular dentine 
is organic, mainly comprising collagen fibres. There 
are also zones of interglobular dentine which 
comprise regions of hypocalcification formed during 
the initial stages of dentinogenesis. 

Odontoblasts 

When dentine formation begins, the odontoblasts 
are tall columnar cells with abundant cytoplasm and 
well-developed cytoplasmic organelles. During den-
tine formation, the odontoblast migrates centrally. 
As this occurs, some of the odontoblastic short 
stubby processes in the region of the basement 
membrane become accentuated and persist as major 
cellular extensions. These are termed the odonto-
blastic processes. It is at the basal end of this pro-
cess, where it joins the cell body, that many of the 
secretory products are released. With continued 
dentine deposition, this cell process becomes 
surrounded by dentine, thus forming the dentinal 
tubule. The S-shaped curvature of the dentinal 
tubules, seen in mature dentine, represents the 
fossilized course of the odontoblastic cell movement 
from the periphery to the tooth centre.11 

Recent studies have shown that the odontoblast 
process may in fact pass only to a depth of 
0.5-0.7 mm into dentine.12,13 Around the process 
and beyond it, the tubules contain a serous-like fluid 
whose movement towards and away from the pulp 
may provide one of the mechanisms of dentine 
sensitivity. 
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The dentinal tubule is lined for much of its extent 
by peritubular dentine. This dentine is different 
from the adjacent intertubular dentine in that there 
are fewer collagen fibres and a significant (9%) 
greater degree of mineralization. Due to its different 
nature, peritubular dentine is more readily des-
troyed in the initial stages of caries. With increasing 
age, the dentinal tubules may become partly or 
completely obturated by continued growth of 
peritubular dentine. In particular, precipitation of 
mineral salts within the tubules is associated with 
persistent low-grade dentinal irritation, resulting in 
dentinal hypermineralization-sclerosis.14 

Dentinal permeability 

The major channels for solute diffusion across 
dentine are the dentinal tubules. Since dentine 
permeation is proportional to the product of tubule 
number and diameter, dentinal permeability in-
creases rapidly as the pulp chamber is approached. 
The presence of a smear layer of cutting debris, on 
top of dentine cut during cavity preparation, 
decreases dentine permeability. Recent studies15 

have shown that dentine permeability is reduced 
within hours of cavity preparation and possibly 
reflects leakage of plasma proteins from the pulpal 
blood vessels. Possibly these plasma proteins 
subsequently permeate the dentinal tubules, where 
they are either adsorbed to the tubule walls or 
physically trapped in such a way as to reduce dentine 
permeability. In addition, dentine permeability may 
be reduced by mineral deposits, collagen fibrils, 
proteoglycans, bacteria, etc. 

Cementum 

Cementum is a specialized calcified connective 
tissue that covers the root surface. There have been 
few investigations into the physiology of cementum, 
possibly reflecting its close morphological and 
physical similarity to lamellar bone. 17 Cementum 
is, however, dissimilar to bone in a number of ways: 

(1) It is avascular. 
(2) It lacks nerve input. 
(3) It does not usually undergo remodelling or 

résorption. 
(4) Calcification does not usually involve extracellu-

lar mineralizing vesicles. 

The component collagen fibres of the periodontal 
ligament are attached to the dentinal root surface by 
cementum. Cementum therefore functions as a 
component tooth supporting mechanism. Cémentai 
apposition continues throughout the life of the 
tooth. In this way, the cementum provides a 
continuous site for periodontal ligament fibre 
attachment. This is an important function since the 

periodontal ligament collagen fibres undergo almost 
constant remodelling. In addition, such continuous 
cémentai apposition compensates for the loss of 
substance due to occlusal tooth attrition. Ultimate-
ly, continued cémentai apposition may lead to 
periapical foraminal obliteration. 

The thin, highly calcified, cémentai layer compris-
es two forms: acellular and cellular. 

Acellular cementum 

This comprises variable numbers of acellular layers 
separated by resting lines. It extends from the 
cemento-enamel junction, where it is thin, to the 
tooth apex, where it tends to increase in thickness. 
This tissue is produced at a very slow rate, so it is 
envisaged that the cementoblasts have time to 
migrate away before being actually incorporated 
into the matrix. This layer is also characterized by 
the incorporation of large numbers of Sharpey's 
fibres, derived from inclusion of the periodontal 
ligament fibres. 

Cellular cementum 

This is found towards the root apex, covering the 
acellular cementum and dentine. This relatively 
thick layer contains cementocytes in lacunae 
arranged in an analogous manner to osteocytes.18 

Cellular cementum is formed quite rapidly, resulting 
in the cementoblasts being incorporated into the 
matrix. 

Since all cementum is avascular, nutrition from 
the periodontal ligament is derived by diffusion. As 
a consequence, some of the cementocytes in the 
deeper aspects of cementum may undergo necrosis. 
This does not appear to be functionally significant. 

Cementogenesis occurs during root formation, 
i.e. during periodontal ligament formation. Cemen-
toblasts are of ectomesenchymal origin (derived 
from the cells of the dental sac (follicle)). In 
structure and function, cementoblasts and osteo-
blasts are very similar. Soon after root dentinogene-
sis is initiated, the epithelial root sheath of Hertwig 
undergoes progressive degeneration until its con-
tinuity is destroyed, save for the remnants, termed 
epithelial rests of Malassez. At this time, root 
dentine is exposed for the first time to the cells of 
the dental follicle. Some of these cells abutting the 
dentine surface differentiate to cementoblasts, 
leading to the formation of precementum, and 
subsequently cementum, on the root surface. Just 
prior to epithelial root sheath fragmentation, an 
enameloid material is deposited on the dentine 
surface by the inner ectodermal cell layer of the 
epithelial root sheath. This very thin layer probably 
serves to anchor the cementum on to the dentine 
surface. (This enameloid layer is also known as 
intermediate or hyaline cementum.) 
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During the subsequent cementogenesis it is not 
unusual for some of the epithelial cells of Malassez 
to be incorporated into the cémentai matrix. The 
process of cementogenesis is continuous, albeit with 
fluctuating phases of activity, i.e. cementum exhibits 
incremental lines. 

In general, the inorganic content of cementum is 
similar to that of bone, with 50-60% by weight 
comprising hydroxyapatite crystals. The organic 
component mainly comprises Type I collagen 
(40-50%). This collagen may be derived from both 
fibroblasts and cementoblasts. Conceivably, the 
cementoblasts synthesize and secrete the intrinsic 
collagenous fibres, whereas the periodontal liga-
ment fibroblasts produce the extrinsic cémentai 
collagen fibres. The larger extrinsic fibres originate 
in the periodontal ligament and become incorpo-
rated into the cementum during cementogenesis. By 
contrast, the intrinsic fibres form the felt-like matrix 
of cementum. 

Unlike bone, dentine or calcified cartilage, the 
initial calcification of cementum does not involve 
vesicle formation. In fact, the first cementum matrix 
is calcified by the spread of hydroxyapatite crystal-
lites from the root dentine. Also, unlike bone, 
cementum rarely undergoes remodelling. Conceiv-
ably, this reflects the presence of an intrinsic 
osteoclastic inhibitor substance in the cémentai 
matrix. Cementoclasts are rarely found adjacent to 
the cémentai surface, although macrophages and 
osteoclastic cells have been reported, especially in 
the presence of excessive orthodontic forces. 

Dental pulp 
Composition 

The pulp tissue is contained within the central space 
surrounded by the hard tissues of the tooth. The 
odontoblast normally lines the perimeter of this 
space. In the coronal aspect, the odontoblast is 
columnar in shape and there is marked crowding of 
the odontoblastic cell bodies. In fact, there are 
approximately 45 000 odontoblasts/mm2 in the 
crown of a tooth, with their cell bodies aligned at 
slightly different levels. There are fewer odonto-
blasts in the root portion of the tooth so that the 
odontoblasts are consequently more regularly 
aligned and rather more flattened. The cell bodies of 
the odontoblasts appear to be joined by a series of 
complex junctions (gap junctions, zonulae 
occludens and zonulae adherens) that are prominent 
in the neck of the cell, just below the odontoblastic 
process.19 

The odontoblastic process extends 0.5-0.75 mm 
into the dentine.20 It differs from the cell body in 
that it is devoid of major organelles but contains 
numerous microfilaments and microtubules. The 
process's role in dentinogenesis is in the transport of 

the secretory vesicles and their release into the 
extracellular space. The collagen precursors are 
secreted by a merocrine-type activity, in which the 
vesicle membrane fuses with the plasma membrane 
of the process. Presumably the transport system also 
operates in reverse, to recycle membrane compo-
nents and allow modification of the matrix during 
calcification. In fact, the odontoblast process 
probably plays a multiple role in the calcification of 
dentine: 

1. Initiation of mineralization. 
2. Transportation of calcium. 
3. Modification of matrix composition and in 

changes that produce peritubular and secondary 
dentine. 

Dentinal calcification is apparently not carried 
on within intracellular vesicles. A second pathway 
exists whereby calcium passes between odontoblasts 
and diffuses into the region of calcification through 
the extracellular fluid. Alternatively, the phospholi-
pids may move within the plane of the odontoblastic 
membrane, carrying calcium with them.21 The 
detailed mechanisms of dentinal calcification have, 
however, yet to be elucidated.22 

The body of the pulp tissue comprises loose 
areolar connective tissue that supports the nerves 
and blood vessels. The fibroblast is the principal 
cell: it functions primarily to form or degrade 
collagen and ground substance, although it may 
transform to an odontoblast in emergency 
situations.23 In young pulps the collagen is relatively 
sparse and appears mostly as single fibrils forming 
sheaths around the major nerve and vascular trunks. 
In addition, the pulp tissue contains undifferentiated 
mesenchymal cells. These are probably stem cells 
capable of differentiating to fibroblasts or odonto-
blasts depending upon the stimulation. These cells 
tend to occur mainly in the perivascular region and 
appear to be the first cells to undergo mitosis 
following pulpal stimulation. 

Ground substance 

The ground substance of the pulp comprises a 
number of substances including glycosaminoglycans, 
glycoproteins, glycolipids and water. 

Proteoglycans 

Proteoglycans are large macromolecules occurring 
primarily extracellularly in connective tissues. They 
comprise a central protein core to which side chains 
of glycosaminoglycan, and to a certain extent, 
oligosaccharide, are covalently linked. The high 
molecular weight and intense negative charge 
density are the primary determinants for the 
physiological properties of proteoglycans in a tissue. 
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The proteoglycans have an extended structure and 
occupy a large space in the tissue. The resilience of a 
connective tissue is therefore largely a function of its 
proteoglycans constituents, as is the diffusion and 
flow of molecules of different sizes. In a specific 
tissue, there may be several proteoglycan popula-
tions, each population being polydiverse with 
respect to protein core size and number of 
glycosaminoglycans side chains. This fact, coupled 
with the variability in degree of sulphation, causes 
both the size and charge of the molecules to vary, 
thus influencing their functional properties.24 

At the onset of mineralization, there is consider-
able loss of glycosaminoglycans from the dental 
papilla ground substance adjacent to the odonto-
blasts. During active dentinogenesis, predentine 
matrix is deposited by the odontoblasts and, after a 
certain time lag, it is mineralized to dentine. The 
composition of predentine is partly altered metabo-
lically, as well as by addition of protein constituents. 
These latter are added just in advance of the 
mineralization front.25 Predentine matrix consists of 
collagen and proteoglycans and, during the time 
period before mineralization, extracellular collagen 
fibrillogenesis occurs. It is known the proteoglycans 
and glycosaminoglycans interact with collagen and 
can influence this fibrillogenesis, thereby to some 
extent controlling the organization of the tissue. 

Fibronectin 

Fibronectin is an extracellular glycoprotein found in 
connective tissues and basement membranes. It may 
act as a mediator to cell adhesion, both to other cells 
and to extracellular components. Fibronectin 
permeates the pulp as a felt network, especially 
adjacent to blood vessels. Fibronectin is, however, 
only present in the organic matrix from which 
mantle dentine forms. 

Non-collagenous proteins 

The non-collagenous proteins of dentine include 
phosphoproteins, γ-carboxyglutaminate-containing 
proteins, proteoglycans, acidic glycoproteins and 
plasma proteins. With the exception of proteogly-
cans and plasma proteins, these non-collagenous 
proteins are not present in predentine but are 
secreted by odontoblasts just in advance of the 
mineralization front. This implies that such proteins 
are essential components in the biochemical 
mechanisms behind mineral formation in dentine. 

Collagen 

Collagen, primarily Types I and III, is a major 
organic component in the dental pulp. By contrast, 

no Type III collagen is present in dentine. The 
general consensus holds that the collagen of pulp 
connective tissue is not a precursor to dentine 
collagen. 

Reactive powers of the pulp 

The dental pulp as a tissue remains metabolically 
active.26,27 This is illustrated by the use of calcium 
hydroxide, which is a common component of 
medicaments used to cover the surface of recently 
cut dentine, particularly when a cavity is so deep 
that the underlying pulp tissue is exposed.28 The 
initial effect of calcium hydroxide applied to 
exposed pulp is the development of a superficial 
three-layer necrosis. The beneficial effect of calcium 
hydroxide is regarded as the result of the chemical 
injury caused by the hydroxyl ions, limited by a zone 
of firm necrosis against the vital tissue and the 
toleration of calcium by the tissue. The firm necrosis 
causes slight irritation and stimulates the pulp to 
defence and repair. The sequence of tissue reactions 
include: vascular and inflammatory cell migration 
and proliferation to control and eliminate the 
irritating agent; repair, including migration and 
proliferation of mesenchymal and endothelial pulp 
cells and the formation of collagen. When the pulp 
tissue is protected from irritation, odontoblasts 
differentiate and the tissue formed assumes the 
appearance of dentine, i.e. the function of the pulp 
is normalized. 

Mineralization of the collagen starts with dys-
trophic calcification of both the zone of firm necrosis 
and the degenerated cells in the adjacent tissue 
leading to mineral deposition on the newly formed 
collagen. The presence of calcium ions stimulates 
calcium carbonate precipitation in the wound area, 
thereby contributing to the initiation of mineraliza-
tion. In a few instances, internal résorption of the 
inner dentinal wall of the pulp chamber may occur, 
sometime after the application of calcium hydroxide 
on exposed pulp tissue. This appears to occur only 
when the pulp tissue is previously inflamed or when 
there is a blood clot between the wound surface and 
the calcium hydroxide. 

Review questions 
1. Contrast the composition of enamel and dentine. 
2. What are the components of the ground subst-

ance of dentine? Are they the same as those of 
the dental pulp? 

3. Contrast the physiological properties of enamel 
and cementum. 

4. Explain the changes that occur in the dental 
lamina resulting in tooth germ formation. 
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Introduction 

Hormones are secretory products of ductless (en-
docrine) glands released into the extracellular 
(interstitial) space, absorbed into the blood stream 
and transported by the circulatory system to target 
cells (organs). There, they interact with their target 
cells, via receptors, which comprise large protein 
molecules with specific binding sites. Hormones 
subserve four main functions: 

(1) Under basal conditions, they play a critical role 
in homeostasis. 

(2) They play a vital role in the body's stress 
response. 

(3) They control growth. 
(4) They are essential for reproduction. 

There are three main groups of hormones, 
proteins (peptides), steroids and amino acids. With 
the exception of dopamine, the hypothalamic and 
pituitary hormones are proteins, along with those 
from the pancreas and gut. The gonads and adrenal 
glands are the main source of steroid hormones, 
whereas dopamine, noradrenaline, adrenaline and 
thyroid hormone are amino acids. 

The biological processes leading to the formation 
of a hormone can be classified according to its 
chemical structure. 

Adrenal cortex 
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Conclusions 
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Protein and polypeptide hormones 

In this process, the DNA acts as a template for the 
specific production of messenger, ribosomal and 
transfer RNA molecules. The DNA and RNA 
transcripts contain the genetic code which deter-
mines the amino acid hormonal sequence. After 
leaving the nucleus, the messenger RNA molecules 
migrate to the ribosomes on the rough endoplasmic 
reticulum, where translation occurs leading to 
protein synthesis. The transfer RNA molecules play 
a crucial role in transporting amino acids to the 
correct position on the messenger RNA template. 
Each transfer RNA has an amino acid attachment 
site and a template recognition site. Specific 
enzymes link particular amino acids to their own 
transfer RNA. The production of factors that 
hydrolyze the bond between the polypeptide and the 
transfer RNA halt the protein synthesis. The 
completed molecule is then transported to the Golgi 
apparatus to be packaged for eventual secretion by 
exocytosis. 

Steroid hormones 

Steroid hormones are synthesized by a specific series 
of enzyme-catalysed reactions, with cholesterol as a 
substrate. This is either synthesized de novo within 
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the cell or taken up by the cell via specific low 
density lipoprotein receptors. Cholesterol is the 
precursor of the five main types of steroid hormone: 

(1) Progestogens. 
(2) Glucocorticoids. 
(3) Mineralocorticoids. 
(4) Androgens. 
(5) Oesteogens. 

The synthesis of steroid hormones is illustrated by 
ACTH. After the reaction of ACTH with a specific 
cell surface receptor, activation of adenylate cyclase 
leads to cyclic AMP production. This then activates 
a protein kinase cascade, resulting in increased 
cholesterol transport into the mitochondrion, where 
side-chain cleavage occurs leading to the formation 
of progenolone. 

After hormonal release from the endocrine cells, 
they are transported to their site of action. If this is 
to adjacent cells, e.g. a paracrine effect, transport is 
usually effected by simple diffusion. When hor-
mones are released into the blood, however, certain 
hormones have specific transport proteins.1 Such 
hormones may circulate bound to these proteins, to 
prolong their life in the circulation, and then 
dissociate to produce the free, biologically active 
hormone. The hormone-binding complex also acts 
as a reservoir of stored hormone. 

The mechanisms of hormone action can best be 
defined by classifying hormones into the following: 

(1) Water-soluble hormones: the peptide hormones 
and the catecholamines. These hormones main-
ly react with specific receptors on the cell 
surface by a series of secondary messengers 
(Table 23.1). These are generated within a cell 
(e.g. cGMP), or enter its cytosol as a result of 
the original hormone/receptor interaction, and 
then mediate the cellular response (e.g. calcium 
ions). 

(2) Lipid-soluble hormones: the steroids, thyroid 
hormone and 1,25-hydroxyvitamin D3. After 
binding to cytoplasmic receptors, these hor-

mones are translocated to the nucleus.2 The 
receptors are activated when they are bound by 
the hormone (see Table 23.1). In the nucleus, 
they bind to the nuclear acceptors on DNA. 
This leads to specific messenger RNA synthesis 
and eventual ribosomal protein synthesis. 
(Thyroid hormones differ by not having specific 
cytoplasmic receptors.) 

The endocrine system can be considered an 
effective process for small signal amplification. For 
example, neural input into the hypothalamus 
stimulates the release of small amounts of regulatory 
hormone into the pituitary portal system to reach 
the anterior pituitary cells. These then secrete larger 
amounts of a hormone to be released into the 
systemic circulation. The target gland then responds 
to the trophic hormone by producing even greater 
amounts of its secretory product. This cascade is, in 
turn, modulated by negative feedback control 
systems: the product of the pituitary can inhibit the 
release of the hypothalamic hormones (short loop 
feedback control) and the product of the target 
gland can control the secretion of the pituitary and 
hypothalamus (long-loop negative feedback control 
system). 

Most hormonal systems respond rapidly to the 
initiating stimulus. A prerequisite for such a system 
is that the hormone, once it has had its effect, should 
be inactivated and excreted. Some hormones are 
excreted as both an inactive metabolite and as the 
active hormone (e.g. cortisol). Some hormones are 
activated by target tissues, which can also serve to 
inactivate them (e.g. testosterone). The liver is the 
major organ for hormonal inactivation, although 
some are metabolized by the kidney. After the 
initial metabolic transformations, hormones, e.g. 
steroids, are frequently made water-soluble by 
conjugation with glucuronide or sulphate, so they 
can be excreted in the bile or urine. 

There are numerous types of hormone. In this 
chapter only those primarily of dental interest and 
importance are considered. 

Table 23.1 Second messengers 
Hormone 

Using cyclic AMP as second messenger: 
ACTH 
Luteinizing hormone 
TSH 
Parathyroid hormone 
Calcitonin 
Glucagon 

Using calcium as second messenger: 
Angiotensin II 
Adrenaline 
Insulin 
Hypothalamic releasing pituitary factors 

Target organ 

Adrenal cortex 
Ovary/testes 
Thyroid 
Bone 
Bone 
Liver 

Adrenal cortex/smooth muscle 
Liver 
Muscle/fat 
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Thyroid gland 

The functional unit of the thyroid gland is the follicle 
(acinus) surrounded by a rich capillary plexus. The 
follicular glandular epithelium varies with the 
degree of thyroid stimulating hormone (TSH) 
stimulation, whereas the follicular lumen is filled 
with a clear proteinaceous fluid called colloid. This 
is the major constituent of the thyroid mass. 
Microvilli extend into the colloid from the apical 
border: this is the iodination reaction site. The 
initial phase of thyroid hormone secretion (résorp-
tion of the colloid by endocytosis) also occurs at the 
apical border. The parafollicular (C) cells, which 
secrete calcitonin, do not border on the follicular 
lumen. 

The thyroid cells perform parallel functions in the 
synthesis of thyroid hormone:3'4 

(1) The synthesis of thyroglobulin substrate. This is 
a glycoprotein that serves as a matrix in which 
thyroid hormone is formed; it is also the storage 
form of thyroid hormone. 

(2) The thyroid gland secretes two iodothyronine 
hormones derived from the amino acid tyrosine. 
The major secretory product is 3,5,3',5'-
tetraiodothyronine (thyroxine; T4) and 3,5,3'-
tri-iodothyronine (T3). 

The extracellular binding proteins for thyroid 
hormone are in the plasma, while the storage form 
(thyroglobulin) is in the follicular lumen (colloid). 
Virtually all T4 is bound to plasma proteins, with 
only 0.05% unbound (free). This portion of 
unbound thyroxine represents the biologically active 
hormone. Thyroxine is mainly associated with two 
of the three binding proteins: thyroxine-binding 
globulin binds 75% of the plasma T4; thyroxine-
binding pre-albumin binds 15-20% of the circulat-
ing T4; 9% of the T4 is bound to albumin. 

Whereas 99.5% of tri-iodothyronine T3 is bound 
to thyroxine-binding globulin, 0.5% is unbound. 
The lower affinity of T3 for the plasma binding 
proteins, and so the higher concentration of 
unbound T3, contribute to the greater biological 
activity of T3. 

Control of thyroid secretion5 

Thyroid stimulating hormone stimulates the thyroid 
follicle to secrete thyroid hormone, most of which is 
bound to plasma protein carriers. Thus, thyroid 
stimulating hormone stimulates the synthesis of the 
iodothyronines. The circulating free T3 and T4 
concentrations influence TSH release by exerting a 
negative feedback at the level of the anterior lobe of 
the pituitary, and probably the hypothalamus. 
Other regulators include oestrogens and somatosta-
tin which enhance TSH secretion, whereas dopa-
mine, bromocriptine and dihydroxyphenylethyla-

mine (dopa) decrease the basal secretion of TSH. 
Thyroid function is also regulated by intrinsic 
control which maintains the concentration of thyroid 
hormone stores. 

Any enlargement of the thyroid is called a goitre. 
The antithyroid substances that cause thyroid 
enlargement (termed goitrogens) include: 

(1) Thionamides, which block the coupling of 
iodotyrosines. 

(2) Iodide excess and deficiency. 
(3) Perchlorate and thiocyanate, which block iodide 

trapping. 

Goitrogens result in increased TSH synthesis, 
resulting in thyroid gland hypertrophy. 

Metabolism of thyroid hormone6'8 

T4 is the iodothyronine found in highest concentra-
tion in the plasma and is the only one that arises 
solely from direct glandular secretion. Most of the 
T3 present in plasma is derived from peripheral 
conversion of T4 by monodeiodination, mainly in 
the liver and kidney. Thyroid hormone is metabol-
ized by deiodination, deamination and by conjuga-
tion with glucuronic acid, with the conjugate then 
being secreted via the bile duct into the intestine. In 
normal individuals, T4 and T3 are excreted mainly in 
the faeces, with a small amount appearing in the 
urine. 

Physiological effects of thyroid hormone 

Thyroid hormone increases the basal metabolic rate 
of most cells in the body, except the gonads, brain, 
lymph nodes, thymus, lung, spleen, dermis and 
some of the accessory sex organs. An increase in 
basal metabolic rate is correlated with increased 
mitochondrial number and activity, in addition to 
increased sodium and potassium ion and ATPase 
activity. The increased basal metabolic rate accounts 
for the thyroid hormone thermogenic effect. Thyr-
oid hormone is also essential for normal bone 
growth and maturation, in addition to neurological 
tissue maturation, especially the brain. Thyroid 
hormone is also necessary for lactation. Finally, 
thyroid hormone directly affects carbohydrate, 
lipid, protein and vitamin metabolism. 

Carbohydrate metabolism 

In physiological amounts, thyroid hormone potenti-
ates the action of insulin and promotes glycogenesis 
and glucose utilization. In pharmacological 
amounts, thyroid hormone is a hyperglycaemic 
agent, in that it potentiates the adrenaline gly-
cogenolytic effect, causing glycogen depletion. 
Thyroid hormone is also gluconeogenic in that it 
increases the availability of precursors (lactate and 
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glycerol), whereas, in large doses, thyroid hormone 
promotes interstitial glucose absorption. 

Protein metabolism 

In physiological amounts, thyroid hormone has a 
potent protein anabolic effect, whereas it has a 
protein catabolic effect in large doses. 

Fat metabolism 

Thyroid hormone stimulates all aspects of lipid 
metabolism, although on a net basis, the lipolytic 
effect is greater than the lipogenic effect. There is an 
inverse relationship between thyroid hormone levels 
and plasma lipids in that elevated thyroid hormone 
levels are associated with decreases in blood 
triglycérides, phospholipids and cholesterol, where-
as, at higher levels, there are increases in plasma 
free fatty acids and glycerol. 

Vitamin metabolism 

Thyroid hormone affects fat-soluble vitamins in that 
it is required for vitamin A synthesis from carotene 
and the conversion of vitamin A to retinene. As a 
result, the serum carotene is elevated and the skin 
becomes yellow in hypothyroid states. 

Pathological effects of thyroid hormone9'15 

Hypothyroidism 

Inadequate thyroid hormone production (hypothyr-
oidism) may reflect a variety of causes. 
(1) Primary pathology: 

(a) developmental; 
(b) iodine deficiency; 
(c) irradition or thyroidectomy; 
(d) antithyroid drugs; 
(e) Hashimoto's thyroiditis; 
(f) idiopathic (cause unknown). 

(2) Secondary pathology: hypopituitarism 
Simple thyroid goitre is a condition occurring at 

any age where the diet is deficient in iodine. 
Provided the enlarged thyroid gland can produce 
sufficient thyroid hormone, no ill-effects occur, 
apart from the swelling in the midline of the neck 
which may compress the adjacent structures, e.g. 
the recurrent laryngeal nerve. Moreover, if suffi-
cient iodine is administered to the patient, then the 
gland will regress. 

Cretinism is the classic congenital maldevelop-
ment condition of the thyroid. It is typified by 
delayed somatic, dental and mental development, 
dry skin and sparse hair, and a protuberant 
abdomen. The overall development of the skull is 
impaired, with relative overdevelopment of the 

maxilla compared with the mandible: this may 
reflect the lack of growth of the cranial base. There 
may also be retraction of the bridge of the nose with 
nasal flaring. The face may be very wide but fails to 
develop in a longitudinal direction. The tongue is 
enlarged and oedematous, often associated with 
protrusive malocclusion. The eruption rate of the 
teeth is delayed and the deciduous teeth are retained 
beyond the usual time of shedding. Enamel 
hypoplasia is an important sequel in this condition. 

Juvenile hypothyroidism: the signs and symptoms 
of this condition depend on when thyroid function 
deteriorates. There is retardation of the eruption 
rates and shedding rates of the teeth, in addition to a 
slowing in the rates of skeletal and developmental 
maturation. 

Adult hypothyroidism: impaired thyroid function 
results in the development of myxoedema. This is 
typified by physical and mental sluggishness, gener-
alized oedema (especially of the facial region), 
bradycardia, constipation, slow speech, hoarse voice 
and an intolerance of cold. 

Hyperthyroidism 

Hyperthyroidism is associated with a variety of 
disorders, including Grave's disease, toxic adenoma 
and toxic nodular goitre. The manifestations of 
hyperthyroidism include: 
(1) Diarrhoea and increased appetite, but associ-

ated with weight loss. 
(2) Anxiety, irritability, hyperkinesia and tiredness. 
(3) Fine intention tremor of the outstretched hands. 
(4) Cardiac arrhythmias, or cardiac failure in severe 

cases. 
(5) Exophthalmos and associated inflammation 

around the eyes. 
(6) Increased heat intolerance, due to heat produc-

tion and sweating. 
(7) Generalized osteoporosis may occur and tends 

to be associated with increased alveolar bone 
résorption. 

Endocrine pancreas 

The endocrine pancreas consists of the islets of 
Langerhans, which comprise three cell types: 
(1) a cells: comprise 25% of the islet cells and are 

the source of glucagon; 
(2) ß cells: comprise 60% of the islet cells and are 

associated with insulin synthesis; 
(3) D cells: comprise 10% of the islet cells and are 

the source of somatostatin. 
Unmyelinated postganglionic sympathetic and 

parasympathetic nerve fibres terminate close to the 
three cell types and modulate their secretions via 
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neurotransmitters. The liberation of acetylcholine 
causes insulin release only when blood glucose levels 
are elevated: noradrenaline secretion, via a receptor 
activation, leads to the inhibition of insulin release. 
Despite the dual a- and ß-adrenergic receptor 
system in the ß cells, the α-adrenergic action of 
adrenaline predominates so that insulin secretion is 
inhibited. The release of insulin is mediated via 
ß-adrenergic receptors. Acetylcholine also appears 
to inhibit somatostatin release, whereas noradrena-
line stimulates somatostatin release. 

The α, β and D cells are contiguous, one with 
another, forming a paracrine control system for the 
co-ordinated secretion of pancreatic polypeptides: 

(1) Insulin inhibits a cell (glucagon) secretion, 
which increases peripheral glucose uptake and 
opposes glucagon-mediated glucose production. 

(2) Glucagon stimulates ß cell (insulin) secretion 
and D cell (somatostatin) secretion, which 
increases hepatic glucose production and 
opposes hepatic glucose storage. 

(3) Somatostatin inhibits oc cell (glucagon) and ß 
cell (insulin) secretion, which produces hypogly-
caemia and inhibition of glucose absorption. 

The lowering of blood glucose levels (hypogly-
caemia) by somatostatin in diabetic patients is 
probably due to both inhibition of glucagon 
secretion and to reduced intestinal glucose absorp-
tion. Other factors may also be involved, since 
hyper- and hypoglycaemia are of a varied aetiology 
(Tables 23.2, 23.3). 

Table 23.2 Causes of hypercalcaemia 

Occurrence Cause 

Common Malignant states 
Primary 
hyperparathyroidism 

Uncommon Thyrotoxicosis 
Sarcoidosis 
Vitamin D poisoning 

Rare Acute renal failure 
Immobilization 
Addison's disease 

Physiological effects of insulin16'19 (Table 23.4) 

Carbohydrate metabolism 

Insulin acts on the liver to promote glucose uptake 
and inhibit glucose production and release. As the 
hepatocyte is permeable to glucose, glucose uptake 
in the liver is not rate-limiting. A control point in 
glucose metabolism occurs when metabolism is 
initiated by glucose phosphorylation to glucose 
6-phosphate, which is catabolized by hexokinase 
and glucokinase. Hexokinase is saturated at normal 

Table 23.3 Classification of Hypoglycaemia 
Inappropriate insulin secretion 

Insulin-secreting tumour 
Benign 
Malignant 

Islet hyperplasia 
Pluriglandular syndrome 
Neonatal hypoglycaemia 

Infants of diabetic mothers 
Erythroblastosis fetalis 

Counter-regulatory hormonal insufficiency 
Pituitary 
Adrenocortical 
Thyroid 
In long-standing insulin-dependent diabetics 

Hepatic disease 
Hepatocellular diseases 
Congestive cardiac failure 
Neoplasia 
Glycogen storage disease 
Defective gluconeogenesis 

Alcohol-induced 
Pyruvate carboxylase deficien 

Reactive hypoglycaemia - induced by: 
Glucose, e.g. post-gastrectomy, peptic ulcération, early 
diabetes, idiopathic (unknown cause) 
Galactose, e.g. galactosaemia 
Fructose - hereditary fructose intolerance 
Leucine - leucine hypersensitivity 

Miscellaneous 
Extra-pancreatic neoplasms 
Starvation 
Prolonged exercise 
End-stage renal disease 
Auto-immune insulin syndrome 

plasma glucose concentrations and is not regulated 
by insulin. Glucokinase is only half saturated at 
blood glucose concentrations, however, so this 
enzyme is both insulin and glucose dependent. The 
phosphorylation of fructose 6-phosphate by phos-
phofructokinase is enhanced by insulin, with a 
decrease in phosphofructokinase activity favouring 
gluconeogenesis and glucose formation. Insulin 
diminishes hepatic glucose output by activating 
glycogen synthetase and by inhibiting gluco-
neogenesis. They key intermediary reaction in 
gluconeogenesis is between pyruvate and phos-
phoenolpyruvate, which requires the enzymes pyru-
vate carboxylase and phosphoenolpyruvate carboxy-
kinase, the latter enzyme being inhibited in the 
presence of glucose and insulin. 

An insulin-dependent diffusion mechanism for 
glucose occurs in both skeletal and cardiac muscle, 
and glucose transport across muscle cell membranes 
requires insulin. Insulin also activates glycogen 
synthetase and phosphofructokinase, which respec-
tively cause glycogen synthesis and glucose utiliza-
tion. 
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Metabolism Anabolic effect (increase) Catabolic effect (decrease) 

Carbohydrate 

Lipid 

Protein 

Glucose transport 
Glucose phosphorylation 
Glycogenesis 
Glycolysis 
Pentose phosphate shunt 
Pyruvate dehydrogenase activity 
Triglycéride synthesis 
Fatty acid synthesis 
Adipose tissue activity 

Amino acid transport 
Protein synthesis 

Gluconeogenesis 
Glycogenolysis 

Lipolysis 
Lipoprotein (liver) 
Lipase (muscle) 
Ketogenesis 
Fatty acid oxidation 
Protein degradation 

Electrolytes Cellular potassium uptake 

Insulin stimulates glucose transport and activates 
glycogen synthetase and phosphofructokinase 
activity. 

Fat metabolism 

When insulin and carbohydrate are available, the 
liver is quantitatively a more important site for fat 
synthesis than is adipose tissue. In the absence of 
insulin, the liver does not actively synthesize fatty 
acids but it is capable of esterifying fatty acids with 
glycerol, which is phosphorylated by glycerokinase. 
Also, in the absence of insulin, there is an increase 
in fat oxidation and ketone production. Insulin 
therefore has a potent antiketogenic effect. Insulin 
deficiency also decreases the formation of fatty acids 
in adipose tissue. The major effect of insulin-
stimulated glucose uptake in fat cells is to provide 
a-glycerophosphate for esterification of free fatty 
acids. The lipolytic effect, in the absence of insulin, 
is due to an increase in the hormone-sensitive lipase, 
triglycéride lipase, whose activity is normally 
inhibited by insulin. 

Protein metabolism 

Insulin is an important protein anabolic hormone. In 
diabetic patients, the muscle uptake of amino acids 
is reduced and postprandial blood levels elevated. 
During severe insulin deficiency, hypoaminoacid-
aemia is present. Insulin increases amino acid 
uptake into muscle and increases amino acid 
incorporation into protein. Insulin increases body 
protein stores by increasing tissue amino acid uptake 
and protein synthesis, and decreasing protein 
catabolism and amino acid oxidation. 

Electrolyte metabolism 

Insulin lowers serum potassium ion concentration 
due to stimulation of muscle and hepatic tissue 

potassium uptake. Insulin also has an antinatriuretic 
effect. 

Pathological effects of insulin20'24 

Hyposecretion of insulin (diabetes mellitus) 

Diabetes mellitus is a complex disease which may 
reflect abnormal pancreatic or other organ malfunc-
tions (Table 23.5). The manifestations of diabetes 
may reflect abnormal ß cell secretory products, 
circulating insulin antagonists, or increased non-
hormonal insulin antagonists (Table 23.6). The 
physiological basis of diabetes includes the fol-
lowing: 

(1) Inhibition of hepatic gluconeogenesis, which 
decreases the hepatic requirement for amino 
acids. 

(2) The protein anabolic effect of insulin reduces 
the output of amino acids from muscle, thereby 
decreasing the availability of glucogenic amino 
acids for gluconeogenesis. 

Table 23.5 Classification of the various forms of diabetes 
mellitus 

Primary 
Type 1: insulin-dependent diabetes mellitus 
Type 2: non-insulin-dependent diabetes mellitus 

Secondary to other pathology 
Pancreatic pathology, e.g. pancreatitis, cystic fibrosis 
Excess endogenous hormonal insulin antagonists, e.g. 
growth hormone, glucocorticoids, catecholamines 
Liver disease 
Medication with corticosteroids, e.g. phenytoin, thiazide 
diuretics 

Associated with genetic syndromes 
Muscular dystrophies 
Down's syndrome 
Turner's syndrome 
Klinefelter's syndrome 
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Table 23.6 Causes of insulin resistance 
Abnormal ß cell secretory products 

Abnormal insulin molecule 
Incomplete proinsulin to insulin conversion 

Circulating insulin antagonists 
Insulin antibodies 
Antibodies to insulin receptor 
Increased anti-storage hormonal secretion, eg. GH, 
cortisol, glucagon, catecholamines 
Increased non-hormonal insulin antagonists, eg. ketone 
bodies 

(3) Glucose uptake by muscle is stimulated, provid-
ing an energy source to spare fatty acids, the 
release of which is inhibited by the antilipolytic 
effect of insulin. 

(4) Fat accumulation is enhanced by increased 
hepatic lipogenesis. 

(5) The antilipolytic action of insulin at the level of 
the adipose cell reinforces the insulin-mediated 
inhibition of hepatic ketogenesis and glu-
coneogenesis by depriving the liver of precursor 
substrates for ketogenesis and an energy source 
(fatty acids) and cofactors (acetyl-CoA) neces-
sary for gluconeogenesis. 

Diabetes meiiitus is a common condition that may 
occur at any age. In slowly developing diabetes 
there is progressive weakness, weight loss, increased 
thirst and the passage of large quantities of urine. 
The associated metabolic disturbances are linked 
with an increased prevalence for infections, espe-
cially periapical and periodontal infections.25 The 
impaired tissue resistance is aggravated by the 
depression of ascorbic acid (vitamin C) metabolism 
and increased vitamin B requirements. 

Table 23.7 Long-term diabetes complications 

Microangiopathy 
Increased basement membrane synthesis 
Protein glycosylation 

Neuropathy 
Protein glycosylation 
Decreased myo-inositol levels 
Increased sorbitol synthesis 

Macroangiopathy 
Hyperinsulinaemia 
Increased lipid levels/synthesis 

In the poorly controlled diabetic patient there is 
progressive xerostomia, associated with a dry 
tongue and impaired mechanical salivary lavage. 
There is often inflammation of the oral mucosa 
(glossitis and mucositis) in addition to advanced 
periodontal disease, together with other more 
general complications26 (Table23.7). 

Glucagon 

The major site of action of glucagon is in the liver. It 
has a hyperglycaemic action, resulting primarily 
from stimulation of hepatic glycogenolysis. Gluca-
gon is an important gluconeogenesis compound and 
the hyperglycaemic actions of adrenaline are ampli-
fied by its stimulation of glucagon secretion and its 
inhibition of insulin secretion. Glucagon is a 
lipolytic hormone which causes an elevation in fatty 
acid and glycerol plasma levels. Glucagon has a net 
proteolytic effect in the liver, together with many 
other functions (Table 23.8). 

Table 23.8 Main actions of glucagon 

Metabolism 

Carbohydrate 

Lipid 

Protein 

Effect 

Gluconeogenesis 
Glycogenolysis 

Ketogenesis 
Lipolysis (in absence of 
insulin) 

Amino acid transport 
Ureagenesis 

Parathyroid hormone, calcitonin and 
vitamin D27-31 

Calcium ions are necessary for many physiological 
reactions, including: 

(1) Activation of clotting enzymes in the plasma, as 
well as the enzymes involved in inflammation. 

(2) Control of membrane excitation, with calcium 
ion influx occurring during the excitatory pro-
cess of nerves and muscles. 

(3) Stabilization of cell membranes and intercellular 
adhesion. 

(4) Excitation-contraction coupling in muscular 
contraction, in addition to being essential in all 
excitation-secretion processes, e.g. hormonal 
release by endocrine cells. 

(5) Formation of bones and teeth, in addition to 
milk production. 

Calcium ions therefore function in most of the 
important physiological processes of the body, 
although there are problems when the level of 
plasma calcium is increased (hypercalcaemia) (Table 
23.9). 

Table 23.9 Symptoms of raised serum calcium 

Tiredness 
Lethargy 
Polyuria 
Nocturia 
Thirst 

Nausea 
Vomiting 
Constipation 
Mental confusion (coma when severe) 
Itching 
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More than 99% of the total body calcium is stored 
in the skeleton, with the skeleton also serving as a 
phosphorus storage depot (about 80% of the 
phosphorus is stored in the skeleton). Essentially, 
the total body calcium may be conceptualized as two 
major pools: 
(1) Ninety-nine per cent of the total calcium 

consists of stable mature bone which is not 
available for rapid mobilization and not readily 
exchangeable. 

(2) Less than 1% of the total calcium consists of 
labile bone which is readily exchangeable with 
the extracellular fluid and provides an immedi-
ate buffer to sudden changes in blood calcium 
ion concentrations. 

The plasma concentration of total calcium is 
about 2.5mmol/litre, comprising 45% ionized or 
free, 10% complexed with citrate ion, HC0 3 ~ , 
HP0 4

2 - , and 45% bound to protein (mainly 
albumin). The sum of the ionized and complexed 
calcium comprises the diffusible fraction (55%) of 
calcium, whereas the protein-bound form consti-
tutes the non-diffusible fraction (45%). Parathyroid 
hormone (parathormone), calcitonin and vitamin D 
regulate the serum-ionized calcium concentration. 

Calcium ion regulation involves: three tissues -
bone, intestine and kidney; three hormones -
parathormone, calcitonin and activated vitamin D3 
(calciferol); and three cell types - osteoblasts, 
osteoclasts and osteocytes. 

Parathormone is secreted by the parathyroid 
gland chief cells and is hypercalaemic in that it 
exerts its effects on the bone, intestine and kidney. 
When the plasma calcium ion concentration in-
creases, parathormone secretion decreases, and vice 
versa. 

Table 23.10 Causes of hypocalcaemia 

Occurrence Cause 

Common Renal failure 
Vitamin D deficiency states 

Uncommon Acute pancreatitis 
Hypomagnesaemia 
Hypoparathyroidism 

Rare Pseudohypoparathyroidism 
Aminoglycoside therapy 

Table 23.11 Sites of malignant tumours associated with 
hypercalcaemia 

Breast 
Female genital tract 
Larynx/pharynx 
Lung 
Renal tract 

Parathormone mobilizes calcium and phosphate 
from the non-readily-exchangeable bone calcium 
ion pool, although other factors result in raised 
blood calcium levels {Tables 23.10, 23.11). Thus, by 
stimulating adenyl cyclase activity, parathormone 
enhances osteoclastic and osteocytic function, 
stimulates osteoclastic cell progenitors to form 
multinucleated osteoclastic cells and causes tempor-
ary suppression of osteoblastic cell activity. 

Increased intestinal calcium absorption is 
mediated indirectly through increased 1,25-
dihydroxyvitamin D3 synthesis. Parathormone in-
creases the calcium renal threshold by promoting 
the active reabsorption of calcium by the distal 
tubules. It inhibits phosphate reabsorption in the 
proximal tubules. Thus parathormone leads to 
hypercalcaemia and hypocalciuria, in addition to 
hypophosphataemia and hyperphosphaturia. 

Calcitonin is secreted by the parafollicular cells (C 
cells) of the thyroid gland. It is the hypocalcaemic 
hormone of the body, exerting its effects on the 
bone, intestine and kidney. When the plasma 
calcium ion concentration increases, the secretion of 
calcitonin also increases, and vice versa. 

The antihypercalcaemic effect of calcitonin is 
mainly due to direct inhibition of osteoclastic 
activity: an effect independent of the kidney, 
intestine and parathyroid gland activity. Calcitonin 
also inhibits intestinal calcium and phosphate 
absorption and promotes urinary phosphate, cal-
cium, sodium and chloride ionic excretion. 

Vitamin D3 (calciferol) is the largest of the steroid 
hormones. Only the active metabolites (calcidiol 
25-hydroxycholecalciferol, and calcitriol 1,25-
dihydroxycholecalciferol) of this hormone exert 
biological activity, functioning in concert with 
parathormone on the bone, small intestine and 
kidney. Calciferol therefore acts synergistically with 
parathormone to cause bone dissolution through 
osteoclastic proliferation, i.e. increased osteoclastic 
activity by parathormone requires calciferol. 

Calciferol is the principal factor in increased small 
intestinal calcium ion absorption and, to a lesser 
extent, increased phosphorus absorption. It also 
promotes distal renal tubular calcium ion reabsorp-
tion and proximal tubular HP04

2~ reabsorption. 
Thus the renal effects of parathormone and 
calciferol are similar in that both promote calcium 
ion reabsorption but, whereas parathormone prom-
otes phosphate diuresis, calciferol promotes phos-
phate reabsorption, with a phosphaturic effect at 
pharmacological levels. 

Pathological changes 

Hyperparathyroidism 

Primary hyperparathyroidism is a disease where the 
parathyroid glands secrete excessive parathormone. 
It tends to be associated with radiological evidence 
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of areas of poorly mineralized bone, with a giant cell 
tumour or cystic lesion in the jaws often being the 
first sign of this condition. Characteristically, the 
bones show evidence of osteoporosis with abortive 
attempts at bone repair and new bone formation, 
with the effects depending on the duration and 
intensity of the condition. In addition, there may be 
associated drifting and spacing of the teeth within 
the dental arch. As shown in Table 23.12, other 
factors may also be responsible for such changes. 

Table 23.12 Causes of rickets/osteomalacia 
Vitamin D deficiency: 

Elderly 
Asians 
Liver disease 
Gastrointestinal disease 

Anticonvulsant therapy 
Vitamin D-dependent rickets 
Vitamin D-resistant rickets 
Tumoral rickets 
Hypophosphatasia 

Hypoparathyroidism commonly occurs following 
surgical therapy to the thyroid gland. There may be 
aplasia or hypoplasia of the teeth, depending on the 
time of origin. 

Adrenal medulla 
The neuroectodermal chromaffin cells of the adren-
al medulla are of neural crest origin. In effect, the 
adrenal medulla represents an enlarged and special-
ized sympathetic ganglion.32,33 It is innervated by 
long sympathetic preganglionic cholinergic neurones 
that form synaptic connections with the chromaffin 
cells. Small chromaffin cell clumps may also occur 
along the aorta and the chain of sympathetic 
ganglia. Approximately 80% of the chromaffin 
granules synthesize adrenaline; the remaining 20% 
synthesize noradrenaline. 

The adrenal medulla synthesizes and secretes 
biogenic amines. Acetyl choline, from the pregang-
lionic nerve endings of the greater splanchic nerve 
synapsing at the chromaffin cells, provides the 
major physiological stimulus for catecholamine 
secretion (adrenaline and noradrenaline). Catecho-
lamine secretion is also stimulated by angiotensin II, 
bradykinin and histamine. 

The plasma half-life of adrenaline and noradrena-
line is 1-3 min. The biological effects of these 
circulating catecholamines are terminated by the 
uptake from the circulation by sympathetic nerve 
endings, leading to non-enzymatic intraneuronal 
storage and mitochondrial monoamine oxidase 

inactivation. Catecholamines are also readily meta-
bolized in the liver, kidney, gut and lung. 

The effects of adrenomedullary and sympathetic 
nerve stimulation are generally similar. In some 
tissues, adrenaline and noradrenaline produce diffe-
rent effects, however, due to the existence of two 
types of receptors (Table 23.13): 

(1) The α-adrenergic receptors are sensitive to 
adrenaline and noradrenaline, and are associ-
ated with the excitatory functions of the body, 
except for one inhibitory function, i.e. motility 
of the gut. 

(2) The ß-adrenergic receptors respond to adrena-
line but are generally insensitive to noradrena-
line. These receptors are associated with inhibi-
tory functions, and one excitatory function, the 
myocardium. 

Table 23.13 Effects of a- and ß-adrenergic receptors 
α-receptor stimulation (mediated via altered cellular 
calcium ion concentration) 

Pupillary dilatation 
Coronary artery constriction 
Gut, kidney, muscle and skin arteriolar constriction 
Venular constriction 
Stomach, bowel, anal sphincter contraction 
Ejaculation 
Increased sweating 
Increased thickness of salivary secretion 
Decreased pancreatic function (exocrine and endocrine) 
Alterness, fear, anxiety (CNS effects) 

ß-receptor stimulation (mediated via adenyl cyclase) 
Increased cardiac output, via increased heart rate, 
increased heart contractility, decreased peripheral 
resistance 
Coronary, skeletal muscle, renal, pulmonary arterial 
and arteriolar dilatation 
Bronchial smooth muscle relaxation 
Decreased motility of gut 
Increased pancreatic endocrine and exocrine function 
Increased glucogenolysis 
Increased lipolysis with FFA release 

Catecholamine hyposecretion produces little or 
no symptoms as catecholamine production from the 
sympathetic nerve endings appears to satisfy the 
normal biological requirements. Hypersécrétion of 
catecholamines, usually due to chromaffin cell 
tumours, results in the following: 

(1) Sustained or paroxysmal headaches. 
(2) Sweating. 
(3) Palpitations. 
(4) Chest pain. 
(5) Extreme anxiety with a sense of impending 

death. 
(6) Skin pallor caused by vasoconstriction. 
(7) Blurred vision. 
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Adrenal cortex34 36 

The adrenal cortex is a mesodermal derivative and, 
therefore, as with all mesodermally derived endo-
crine glands, secretes steroid hormones. In the outer 
zona glomerulosa layer, aldosterone and corticoster-
one synthesis occurs, whereas in the two inner zona 
fasciculata and zona reticularis layers, cortisol and 
some DHEA are synthesized. The adrenal cortex 
therefore secretes the following: 

(1) Two glucocorticoids - cortisol and cortico-
sterone. 

(2) One mineralocorticoid - aldosterone. 
(3) Biosynthetic precursors of three end-products: 

(a) progesterone; 
(b) 11-deoxycorticosterone; 
(c) 11-deoxycortisol. 

(4) Androgenic substances (DHEA and its sulphate 
ester). 

The hypothalamus stimulates the anterior pituit-
ary to secrete adrenocortical trophic hormone 
(ACTH) which stimulates adrenocortical hormonal 
secretion. Only cortisol has ACTH-suppressing 
activity, the negative feedback control operating at 
the level of the ventral diencephalon and pituitary 
gland. In addition, there are diurnal variations in 
ACTH secretion, leading to diurnal variations in 
plasma cortisol and 17-hydroxycorticosteroid 
excretion levels. The normal hypothalamic-
hypophyseal-adrenocorticoid control system, 
however, can be overridden by stress, including: 

Severe trauma 
Pyrogens 
Hypoglycaemia 
Acute anxiety 
Haemorrhage 
Exercise 

Infections 
Pain 
Psychological stress 
Cold exposure 
Burns 
Histamine injection. 

In such stressful conditions, ACTH secretion is 
stimulated despite the fact that systemic levels of 
cortisol are much higher than those required to 
inhibit ACTH secretion in unstressed conditions.37 

Effects of glucocorticoids38'39 (Table 23.14) 

Of the naturally occurring steroids, only cortisol, 
cortisone, corticosterone and 11-dehydrocortisone 
have appreciable glucocorticoid activity. Full 
recovery from hypothalamic-hypophyseal-
adrenocortical suppression may take up to a year 
following cessation of all steroid activity. 

Anti-inflammatory effects 

Glucocorticoids inhibit inflammatory and allergic 
reactions by: 

(1) Stabilizing lysosomal membranes, thereby in-
hibiting proteolytic enzyme release. 

(2) Decreasing capillary permeability, thereby in-
hibiting polymorphonuclear leucocyte, mac-
rophage and lymphocyte emigration from vessel 
walls, in addition to inflammatory exudate. 

(3) Reducing the number of circulating lympho-
cytes, monocytes, basophils and eosinophils, 
primarily through redistributing these cells from 
the vascular compartment into lymphoid tissues, 
e.g. spleen, lymph nodes and bone marrow. The 
reduction in the number of circulating basophils 
accounts for the reduction in allergic responses. 
Steroids also inhibit the ability of polymorpho-
nuclear leucocytes to adhere to the vessel walls 
during inflammation. 

(4) Causing involution of the lymph nodes, thymus 
and spleen, leading to decreased antibody 
production, thereby emphasizing the need for 
antibiotic coverage to prevent secondary infec-
tions. 

(5) Causing an increase in total blood count, 
leading to polycythaemia (excessive numbers of 
circulating red blood corpuscles). 

Renal effects 

Glucocorticoids restore glomerular filtration rate 
and renal plasma flow to normal following adre-
nalectomy, in addition to facilitating free water and 
uric acid excretion. 

Gastric effects 

Cortisol increases gastric flow and gastric acid 
secretion but decreases gastric mucosal prolifera-
tion, thereby predisposing to peptic ulcération. 

Psychoneural effects 

Chronic high-dose glucocorticoids result in initial 
euphoria, followed by psychosis, paranoia and 
depression. 

Table 23.14 Main glucocorticosteroid (glucocorticoid) 
actions 
1. Maintain life 
2. Carbohydrate metabolism: raise blood glucose through 

gluconeogenesis; stimulate glycogenolysis 
3. Protein metabolism: increased breakdown/overall 

negative nitrogen balance 
4. Suppression of inflammatory response 
5. Increase in neutrophils 
6. Decrease in eosinophils 
7. Suppression of ACTH secretion 
8. Required for excretion of water overload 
9. Minor effects on sodium retention and potassium 

excretion 
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Vascular effect 

In pharmacological doses, cortisol enhances the 
pressor effect of noradrenaline on vascular smooth 
muscle. 

Antigrowth effects 

Large doses of cortisol: 

(1) Antagonize the effect of active vitamin D 
metabolites on the absorption of calcium from 
the gut. 

(2) Inhibit fibroblastic proliferation. 
(3) Cause collagenous degradation, thereby predis-

posing osteoporosis development and delayed 
wound healing. 

(4) Cause long-term muscular weakness and 
atrophy. 

(5) Suppress growth hormone secretion and inhibit 
somatic growth. 

Metabolic effects 

Cortisol is a carbohydrate-sparing hormone and 
therefore exerts an anti-insulin effect, leading to 
hyperglycaemia and insulin resistance. Glucocorti-
coids maintain blood glucose by promoting the 
conversion of amino acids to carbohydrates and the 
storage of carbohydrate as glycogen. Cortisol is 
hyperglycaemic mainly because of its gluconeogenic 
activity, which is related to its protein catabolic 
effect on extrahepatic tissues, especially muscle. 
The anti-insulin effect of cortisol results from 
blocking glucose transport in muscle and adipose 
tissue, i.e. adrenal diabetes. In addition glucocorti-
coids augment the activity of key gluconeogenic 
enzymes by the induction of hepatic enzyme 
synthesis. Cortisol also indirectly inhibits the activi-
ties of glycolytic enzymes, which accounts for its 
anti-insulin effects. 

The most important gluconeogenic substrates are 
amino acids derived from proteolysis in skeletal 
muscle and extrahepatic tissues, including the 
protein matrix of bone. Glucocorticoids also inhibit 
the de novo synthesis of protein, termed the 
anti-anabolic effect. Glucocorticoids are also lipoly-
tic hormones, reflecting in part the potentiation of 
the lipolytic effects of other hormones, including 
growth hormone, catecholamines, glucagon and 
thyroid hormone. Excessive amounts of cortisol lead 
to hyperlipaemia and hypercholesterolaemia. 

Pathological changes40'41 

Acute adrenal cortical insufficiency is relatively 
rare; it occurs in Waterhouse-Friderichsen syn-
drome. It occurs with bilateral adrenal haemorrhage 
following acute septicaemia. Chronic insufficiency 
of the adrenal cortex is termed Addison's disease 

and is associated with skin and oral mucosal 
bronzing, mucous membrane pigmentation, and 
general debility, including heart failure, vomiting, 
diarrhoea and severe anaemia. 

Hyperfunction of the adrenal cortex in the child is 
termed adrenogenital syndrome and results from 
hyperplasia or tumours of the adrenal cortex. 
Depending on the age and sex of the affected 
patient, the clinical signs include pseudohermaphro-
ditism, sexual precocity, and virilism in females and 
feminization in males. If the disease begins early, 
premature tooth eruption may occur. 

Table 23.15 Common ectopic ACTH secretion sources 

Lung 
Oat-cell tumours of bronchus 
Bronchial carcinoid tumours 

Thymus/pancreas 
Carcinoid tumours in foregut derivatives 

Neuroectodermal origin tumours 
Medullary carcinoma of thyroid 
Phaeochromocytoma 

Cushing's disease results from excess of adreno-
corticoid hormone production, reflecting anomalous 
adrenal cortical or pituitary function. It is characte-
rized by rapidly acquired adiposity of the upper 
portion of the body, including a buffalo hump at the 
back between the shoulders, facial 'mooning', a 
dusky plethoric appearance with purple striae 
formation, muscular weakness, vascular hyperten-
sion, glycosuria uncontrolled by insulin, and albumi-
nuria. In children, there may be osteoporosis and 
premature arrest of epiphyseal growth, whereas, in 
the adult, there may be marked osteoporosis. It is 
important to remember that, in addition to the 
adrenal cortex, other tissues, especially malignant 
tumours, may also secrete excessive adrenal corti-
costeroid ( Table 23.15). 

Pituitary gland 
The pituitary gland is anatomically close to the 
hypothalamus. The adenohypophysis is derived 
from the primitive gut by an upward extension of the 
stomodeum (Rathke's pouch) and is therefore of 
oral ectoderm origin. The neurohypophysis de-
velops as a downward extension of the neural tube 
at the base of the hypothalamus and is of neuro-
ectodermal origin. 

Of the many different hormones produced by the 
anterior pituitary gland {Table 23.16), only growth 
hormone is considered, reflecting its primary impor-
tance to dentistry. 
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Table 23.16 Anterior pituitary hormones 

Hormone 

GH 

ACTH 

Prolactin 
TSH 

LH 

FSH 

LPH 

Site/effects of action 

Liver 
Metabolic effects 

Adrenal effects 

Skin 
Breast 
Thyroid follicle 

Ovarian follicle 

Interstitial cells 
Ovarian follicle 
Seminiferous tubules 
7 

Action 

Somatomedin production 
Protein synthesis 
Anti-insulin effect 
Cortisol production 
Maintenance of adrenals 
Pigmentation 
Lactation 
Thyroxine production 
Tri-iodothyronine 
production 
Ovulation 
Corpus luteum 
Progesterone production 
Testosterone production 
Oestrogen production 
Spermatogenesis 
?ß-endorphin precursor 

Growth hormone42 46 

Growth hormone is synthesized by the acidophils of 
the anterior lobe of the pituitary, under the control 
of two hypothalamic hormones. 

Somatotropin releasing factor is the putative 
releasing factor for growth hormone, which may be 
stimulated by: 

(1) Adrenaline and noradrenaline. 
(2) Insulin-induced hypoglycaemia. 
(3) Increased plasma concentrations of amino acids. 
(4) Decreased free fatty acid concentrations. 
(5) Oestrogen. 
(6) Exercise. 
(7) Emotional stress. 
(8) Stress due to fever, surgery, trauma, repeated 

venepucture. 
(9) Fasting. 

Growth hormone can limit its own secretion via a 
short-loop feedback mechanism that operates be-
tween the anterior lobe of the pituitary and median 
eminence. In addition, somatostatin inhibits the 
synthesis and release of growth hormone in addition 
to blocking the secretion of insulin, glucagon and 
gastrin, and inhibiting the intestinal adsorption of 
glucose. Cortisol not only leads to a reduction in 
growth hormone secretion, but also interferes with 
the metabolic actions of growth hormone. A decline 
in growth hormone secretion is observed in late 
pregnancy, and clinical diabetes is frequently 
associated with late pregnancy. The development of 
gestational diabetes is probably due to insulin 
antagonism caused by normal plasma concentrations 
of human placental lactogen. 

Metabolic effects 

The effects of growth hormone on skeletal growth 
are mediated by a family of polypeptides called 

somatomedins, which are synthesized in the liver as 
well as the kidney and muscle tissue. Growth 
hormone, through somatomedin, stimulates the 
proliferation of chondrocytes and osteoblasts. 
Growth hormone has predominantly anabolic 
effects on skeletal and cardiac muscle, where it 
stimulates the synthesis of protein, DNA and RNA, 
in addition to promoting amino acid transport. 
Growth hormone is also a diabetogenic hormone 
and, because of its anti-insulin effect, it tends to 
cause hyperglycaemia. Growth hormone also prom-
otes urinary retention of calcium, phosphorus and 
sodium, and so has a role in mineral metabolism. 

Growth retardation can occur when growth 
hormone levels are increased and the somatomedin 
levels are depressed, e.g. kwashiorkor. Both 
growth hormone and somatomedin levels are 
normal in the African pigmy but there is a decrease 
in the cellular receptors for growth hormone. 
Over-production of growth hormone during 
adolescence results in giantism, characterized by 
excessive long bone growth. Excessive growth 
hormone production during adulthood, after 
epiphyseal plate fusion, leads to acromegaly, 
characterized by: 

(1) Mandibular prognathism. 
(2) Paranasal sinus enlargement. 
(3) Thickening and coarsening of the facial skin due 

to connective tissue proliferation and oedema. 
(4) Renewed periosteal growth of the vertebrae and 

phalanges of the hands and feet. 
(5) Soft tissue hypertrophy, leading to cardiomega-

ly, hepatomegaly, splenomegaly, renomegaly, 
etc. 

By contrast, deficient growth hormone secretion 
in immature individuals leads to: 

(1) Growth stunting (dwarfism). 
(2) Sexual immaturity. 
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(3) Hypothyroidism. 
(4) Adrenal insufficiency. 

Such growth hormonal deficiency may reflect an 
isolated entity or a component of anterior pituitary 
deficiency. 

Conclusions 

Hormones affect virtually all the body tissues, 
including those of the craniofacial skeleton. Possibly 
the corticosteriods and the catecholamines are of 
greatest dental importance: corticosteroids, since 
these comprise a component of such a large number 
of drugs frequently prescribed for long periods of 
t ime, e.g. for rheumatoid arthritis; catecholamines, 
since all too high a proport ion of our patients suffer 
from various anxiety neuroses when they sit in the 
dental chair. 

In this chapter , the references have been very 
carefully selected from a vast l i terature: in fact, only 
review references have been included, since they 
provide a key to future reading on the various 
topics. 

Review questions 

1. Describe the relationship between hormonal and 
bone metabolism. 

2. How does the administration of corticosteroids 
influence the general health of patients? 

3. Why should a poorly controlled diabetic patient 
be of concern in dental t rea tment? 

4. Why do hyperthyroid patients make poor dental 
patients? 

5. Cont ras t the functions of adrenal ine and 
noradrenal ine . 
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Arrhythmias (cardiac), during dental 
treatment, 125 
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calcification theories, 144-145 
calcium metabolism and, 142-151 
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Bradykinin 
in pain transmission, 4, 7 
in vascular tissue injury, 67 
in wound repair, 76-77 
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see also Osteomalacia; Rickets 
Calcium hydroxide, effect on dental 

pulp,214 
Calcium metabolism, 222-223 

bone and, 142-151 
Calculus, 102-103 

effects of salivary calcium on, 136 
Callus formation, 202, 204 
Capillaries, 64 
Cardiac arrhythmias, during dental 

treatment, 125 
Caries, 96-98 

immune response and, 60-61 
malnutrition and, 112 
salivary anti-caries activity, 139 

Catecholamines, 224 
effect on microcirculation, 66 

Cementum, 87-88, 212-213 
effects of ageing, 117-118 

Chewing see Mastication 
Chloride, in saliva, 136 
Cholinesterase, in saliva, 134 
Chronological age assessment, by 

tooth eruption, 190-191 
Cleft lip/palate, 176, 180 
Clefting, facial, 164 
Cleidocranial dysplasia syndrome, 

186 
Clotting see Blood clotting 
Cobalamin deficiency, 108 
Collagen, 197 

in bone synthesis, 143, 144,145, 
156-157 

in dental pulp, 213,214 
in dentine, 210-211 
effects of ageing, 117 
in enamel, 210 
as nucleator of bone mineral, 

157-158 
in osteogenesis, 156-157 
in tooth eruption, 187-188 
types, (Table 8.9) 80 
in wound healing, 78 

Commensualism, definition, 94 
Complement, 54-56 

biological effects, (Table 8.10) 80 
cytotoxicity and, 57 
in periodontal disease process, 

101-102 

Complement (cont.) 
in vascular tissue injury, 68 
in wound repair, 76-77 

Congenital malformations, 
craniofacial, 161-162,176-177 

Copper deficiency, 111 
Corticosteroids, stress and, 122-123, 

124 
Corticotrophin, 122-123 
Cortisol, 225-226 
Cough syncope, 124 
Cranial growth, 164-167 

control of, 173-174 
Craniofacial 

malformations, (Table 17.1) 
161-162, 176-181 

morphogenesis, 176-182 
skeletal development, 161-182 

Cretinism, 219 
Crevicular fluid see Gingival fluid 
Cruzon's syndrome, 164 
Cushing's disease, 226 

Deglutition, 31-41 
Dendritic cells, 53 
Dental caries see Caries 
Dental hygiene, 90-91, 97, 99 
Dental plaque, 93-104 

analysis, 90-91 
composition, 96 
effects of ageing, 118 
effects on gingival vasculature, 71 
effects on immune response, 59-60 
fluoride concentration, 136 
nutrition and, 112 
subgingival, (Table 10.4) 98 
subgingival versus supragingival, 

(Table \Q.6)99 
see also Calculus 

Dental pulp, 213-214 
composition, 213 
effects of ageing, 118 
lymph supply, 70 
microcirculation, 70-71 
nociceptive sensitivity, 9 

Dentine, 210-212 
composition, 210-211 
effects of ageing, 118 

Depression 
effect on salivary control, 137 
taste dysfunction and, 25 

Diabetes mellitus, 221-222 
wound healing and, 79 

Diet see Nutrition 
Diurnal variation, in salivary flow 

rate, 136 
Drug-induced 

folate deficiency, 108 
rickets and osteomalacia, 110 
taste abnormalities, 29 

Drugs 
effect on wound healing, 79 
effects on saliva production, (Table 

14.1)129,137 

Drugs (cont.) 
in plaque control, 91 
salivary assay of, 128 
vitamin K deficiency and, 110 

Ducts, salivary gland, 129,131-132 
Dwarf ism, 227 
Dysgeusia, 25 
Dysphagia, 39-40 

Edentulous population size, 83, 114 
Emotional stress see Stress 
Emotions, salivary control and, 133 
Enamel 

amelogenesis, 206, 209, 210 
composition, 209-210 
tufts, 210 

Encephalin, in pain mechanisms, 6 
Endocrine pancreas, 219-222 
Endorphins, in pain mechanisms, 6 
Endothelial cells, role in wound 

repair, (Table 8.2) 75-76 
Endothelium, vascular, 65-66 
Enzymes, in saliva, 134-135,137,139 
Epithelium (oral), 42-47, 84-85 

effects of ageing, 117 
role in wound repair, (Table 8.4) 

75-76 
Epitopes, 51 
Eruption mechanisms, 183-192 
Experimental 

craniofacial anomalies, 180 
model for tooth eruption, 184,188 

Extraction (tooth), socket healing 
following, 204-205 

Facial development, 167-169 
Facial embryology, 163-164 
Facial muscles, (Table 4.1) 33 
Facial pain, categories, 8-9 
Fainting, 124 
Fetal alcohol syndrome, 161 
Fibroblasts, role in wound repair, 

(Table 8.5) 75-76 
Fibronectin,66,78,197 

in dental pulp, 214 
Fibronexus, 76 
'Fight or flight' reflex, 122 
Fluorapatite, 143, (Table 15.3) 149, 

155 
Fluoride, 155-156 

in caries prevention, 143,155 
mechanism of action, (Table 15.3) 

149 
in saliva, 136 

Folic acid deficiency, 108 
Foreign bodies, within wounds, 78 
Fractures (bone), healing of, 201-205 

Gag reflex, 38 
Gate control theory of pain, 5-6 
Genetic theories of ageing, 116-117 
German measles, 161-162 
Gerontology, 114-120 
Giantism, 227 
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Gingiva, 84-87 
anatomy, 84-85 
assessment of inflammation, 90 
blood supply, 71, 86 
effects of ageing, 118 
lymph supply, 70 
morphology, 87 
nerve supply, 86 

Gingival fluid, 59, 85-86 
assessment, 90 

Gingival sulcus, microbial 
colonization, 94, 96 

Gingivitis, 71, 83-84, 98-101 
in vitamin C deficiency, 109 

Glossectomy, deglutition following, 
32 

Glossitis, 137 
in diabetes, 222 

Glucagon, 222 
Glucocorticoids, 225-226 
Glucose, in saliva, 135 
Glycoproteins, in saliva, 135 
Goitre, 218, 219 
Golgi receptors, temporomandibular, 

16 
Granulation tissue, 77-78 
Ground substance, 213 
Growth hormone, 148, 227-228 
Gubernacularcord, 187 
Gustation (taste), 25-30 

salivary control and, 132 

Haemorrhagic disorders, 110 
Haemostasis, 66, 69 

stress and, 123-124 
Hageman factor, 77 
Halitosis, 84 
Hammock ligament, 187 
Haptens, 51 
Histamine 

in pain transmission, 4 
in vascular tissue injury, 67 

Hormones, 216-229 
calcium metabolism and, (Table 

15.2)146-147,222-224 
in saliva, 135, 137 
stress, 122-123 

Hydrocortisone, effect on wound 
healing, 79 

Hydroxyapatite, 143,145 
in bone formation, 155-156 
in enamel, 209-210 
structure, 155 

Hypercalcaemia, 223 
Hyperparathyroidism, 223-224 

primary, 147 
Hypersensitivity reactions, (Table 

6.4)56-58 
Hyperthyroidism, 219 
Hyperventilation, 124-125 
Hypocalcaemia, 223 
Hypogeusia, 25 
Hypoglycaemia, calssification of, 

(Table 23.3) 220 
Hypoparathyroidism, 224 

Hypophosphatasia, 188 
Hypothyroidism, 219 

Immune system, 49-62, (Table &A\) 
80 

effect of corticosteroids on, 123 
effect of glucocorticoids on, 225 
immunological theory of ageing, 

115 
oral effects of ageing, 118 
periodontal disease and, 59-60, 

(Tables 10.7-10.9) 100-102 
role in bone healing, 202-204 
of saliva, 58, 59,133-134 
in vascular response to antigens, 

67-69 
Immunodeficiency diseases, 58 
Immunogen, 51 
Immunoglobulins, 52 

in caries production, 60-61 
in saliva, 46, 59, 133-134, 139 

Immunosuppressive drugs, wound 
healing and, 79 

Impacted teeth, 187, 191 
Infants, deglutition in, 38 
Inflammation 

in early stage of wound healing, 
76-77 

gingival, 90 
pain and, 7 
role in bone healing, 202-204 
see also Gingivitis; Periodontal 

disease 
Injury, vascular response to, 67-69 
Innervation see Nerve supply 
Inorganic substances, in saliva, 

135-136 
Insulin, 219-222 
Interferons, 55, 58 
Interleukin 2, 58 
Iodine, in saliva, 136 
Iodine deficiency, 219 
Iron deficiency, 111 

Jaw reflexes, 17-20 
Jaws 

bone morphology, 153 
factors affecting development, 172, 

Kallikrein, in saliva, 134 
Keratinization, oral mucosal, 43, 

44,45,47 
vitamin A deficiency and, 109 

Krause's corpuscles, 3 
Kwashiorkor, 105-106 

Labial gland, 130 
Lactobacillus, 97, 98 
Lactoferrin, 59 

in saliva, 135 
Lactoperoxidase, in saliva, 134 
Lamina propria, 86 
Langerhans' cells, 53 

oral mucosal, 45 
Lansing effect, 116 

Leukaemia, wound healing and, 79 
Lewis antigen, in saliva, 135 
Lingual gland, 130 
Lingual tonsils, 58 
Lipase, in saliva, 134 
Lipids, in saliva, 135 
Long face syndrome, 172 
Lymphatic system, 69-70 

of periodontal ligament, 89 
Lymphocytes, (Table 6.2) 50, 52-53 
Lymphokines, (Table 6.5) 53, 58 

in bone healing, 204 
periodontal disease and, (Table 

10.9) 102 
in vascular tissue injury, 68-69 

Lysozyme, 59 
in saliva, 134,139 

Macroglossia, 40 
Macrophage migration inhibition 

factor, 57 
Macrophages, 53-54 

in periodontal disease process, 
(Table 10.9) 102 

role in wound repair, (Table 8.3) 
74-77 

Malnutrition, 105-112 
Malocclusion, craniofacial 

development and, 172,173 
Mandible 

development of, 169-172 
mandibular rest position, 21 
morphogenesis, 180-181 

Mandibulofacial dysostosis, 163 
Marasmus, 105-106 
Mastication, 12-24, 90 

muscles, 12-13,14-21, (Table 4.2) 
34 

Maxilla, development of, 168-169 
Meckel's cartilage, morphogenesis, 

180-181 
Medications see Drugs 
Megaloblastic anaemia, 108 
Meissner's corpuscles, 3 
Melanin pigmentation, of gingiva, 87 
Melanocytes, oral mucosal, 45 
Mendelson's syndrome, 125 
Merkel's cells, 3 

oral mucosal, 45 
Micro-organisms, oral, 93-102 

effects of saliva on, 95, 96, 134, 135, 
139 

periodontal disease and, (Table 
10.3)98-101 

Microcirculatory system, 63-67 
angiogenesis in wound healing, 76, 

78 
in dental tissues, 70-71 

Mineral deficiencies, 111 
Mineralization, of teeth, 209-213 
Mineralization, of bone, (Table 15.3) 

142-143,157-159,206 
disorders, (Tables 15.1,15.4) 

145-146 
Mouth breathing, 172 
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Mucoproteins, in saliva, 135 
Mucositis, in diabetes, 222 
Muramidase, 59 
Muscle pain, 7 
Muscle spindles, orofacial, 15-16 
Muscles 

facial, (Table 4.1) 33 
of mastication, 13, 20-21, (Table 

4.2) 34 
oesophageal, 31-32 
pharyngeal, (Table 4.4) 34 
of soft palate, (Table 4.3) 34 
suprahyoid, (Table 4.5) 35 

Mutualism, definition, 94 

Nasal development, 168 
Nausea, during dental treatment, 125 
Neonates, deglutition in, 38 
Nerve fibers, nociceptive, 4, 5-6 
Nerve growth factor, in saliva, 135 
Nerve injury, pain due to, 8 
Nerve supply 

to gingiva, 86 
to periodontal ligament, 89 
to salivary glands, 132 

Neural control 
of mastication, 14-21 
of microcirculation, 66 
of salivary gland function, 133 
of swallowing, (Tables 4.6, 4.7) 

36-38 
of taste, 26 

Neural crest, 177-181 
Neuro-endocrine theory of ageing, 

115 
Neurocranium development, 164-166 
Niacin deficiency, 107 
Noradrenaline, 224 
Null cells, 53 
Nutrition, 105-113 

craniofacial development and, 172, 
173 

plaque control and, 91 
wound healing and, 79 

Obesity, 111 
Occlusion 

craniofacial development and, 169 
during mastication, 14 
during swallowing, 37 
malocclusion development, 172, 

173 
tooth eruption and occlusal 

equilibrium, 186,188 
Odontoblasts, role in tooth 

formation, 211-212, 213 
Odontogenesis, 206-214 

defects in, (Table 22.1)207 
Oesophageal irritation, salivary 

control and, 133 
Oesophageal muscles, 31-32 
Oesophageal peristalsis, 33, 36 
Olfaction 

disturbances, 29 
salivary control and, 132,137 

Opsonins, 54, 57 
Opsonization, 68 
Oral epithelium 

anatomy, 84-85 
effects of ageing, 117 

Oral hygiene, 90-91, 97 
Oral microflora see Micro-organisms 
Oral mucosa, 42-48 

immunology, 52, 58-59 
wound healing, 43, 45, 74-80 

Orbital hypertelorism, 164 
Orofacial pain, 6-7 

categories, 8-9 
Oropharyngeal dysphagia, 39 
Orthodontic tooth movement, 191, 

193-200 
Osteitis fibrosa cystica, 109 
Osteoblasts, 143,154,197-198 

differentiation stages, 196 
relationship with osteoclasts, 155 

Osteoclasts, 144,154-155,196, 
197-198 

differentiation stages, 195-196 
Osteocytes, 143,154,196 
Osteomalacia, 109-110, (Table 15.4) 

148-149, (Table 23.12) 224 
Osteonectin, 158,196 
Overbreathing, 124-125 

Pacinian corpuscles, 3 
temporomandibular, 16 

Paget's disease, 150,156 
Pain, 1-11 

control, 9 
receptors, 3-4 
toothache, 8-9 

Palatal gland, 130 
Palatine tonsils, 58 
Pancreas, endocrine, 219-222 
Parasitism, definition, 94 
Parasympathetic innervation, to 

salivary glands, 132,133 
Parathormone, 223 
Parathyroid hormone, 146-147, 

222-223 
calcitriol secretion and, 148 

Parotid gland 
blood supply, 130 
morphology, 129-131 
nerve supply, 132 

Parotin, 135 
Periodontal disease, 83-84, 98-102 

immune response and, 59-60, 
(Tables 10.7-10.9) 101-102 

Periodontal ligament, 83-92 
anatomy, 88-89 
blood supply, 89 
development, 89 
effects of ageing, 117 
mechanoreceptors, 16 
microcirculation, 71 
nerve supply, 89 
role in tooth eruption, 187-188 
role in tooth movement, 193-194 

Periodontosis, 98 
Periosteum, 155 
Peroxidase, 59 

in saliva, 134,139 
pH (oral), 97, 98,136 
Pharyngeal muscles, (Table 4.4) 34 
Pharyngeal tonsils, 58 
Phosphatase, in saliva, 134 
Phosphate, in saliva, 136 
Pigmentation, of gingiva, 87 
Pituitary gland, 226-228 
Pituitary growth hormone, 197 
Plaque see Dental plaque 
Platelets 

role in wound repair (Table 8.1) 
75-77 

stress and, 123 
Postosteoclasts, 196 
Potassium, in saliva, 135 
Precipitins, 54 
Prednisone, effect on wound healing, 

79 
Prolactin, 148 
Proprioceptors, nociceptive, 3 
Prostaglandins 

in clotting mechanism, 65-66 
in pain transmission, 5,7 

Protein secretion, mechanisms, 130, 
132 

Proteins, in saliva, 133 
Proteoglycans, 78 

in bone,143,196 
in dental pulp, 213-214 

Psychogenic pain, 8 
Ptyalin (amylase), 134,137 
Ptyalism, 137, 139 
Pulp see Dental pulp 

Radiographs 
in periodontal assessment, 90 
in tooth eruption studies, 185 

Receptors 
adrenergic, (Table 23.13) 224 
calciferol, 109 
neural masticatory, 14-16 
nociceptive, 3-4 
of tongue,27-28 
touch receptors in oral mucosa, 45 

Referred pain, 7 
Renal osteodystrophy, 149 
Riboflavin deficiency, 107 
Ribonuclease, in saliva, 134 
Rickets, 109-110, (Table 15.4) 

148-149, (7tf/>/é> 23.12) 224 
Rodent incisor eruption, 184,188 
Rubella, 161-162 
Ruffini's corpuscles, 3 

temporomandibular, 16 

Saliva, 128-141 
effect on oral flora, 95, 96,134, 

135,139 
flow rates in stress studies, 124 
immunology, 58, 59,133-134 
role in mucosal protection, 46,139 
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Saliva (cont.) 
as taste support system, 27, 29,132 

Salivary glands, 129-131 
nerve supply, 132 

Salt taste, 26-27 
salivary control and, 132 

Selenium deficiency, 111 
Serotonin, in pain transmission, 5 
Sharpey's fibres, 87, 88, 90,155, 212 
Sialorrhoea, 40,137,139 
Sjögren's syndrome, 27, 29 
Skeletogenesis, craniofacial, 161-182 
Skull growth, 164-167 

control of, 173-174 
Smell 

disturbances, 29 
salivary control and, 132,137 

Sodium, in saliva, 135 
Somatic mutation theory, 116 
Somatomedins, 227 
Somatostatin, 227 
Sour taste, 26, 27 

taste buds for, 28 
Stensen'sduct, 129 
Steroid hormones, 216-217, 225-226 
Steroid therapy, dental treatment 

and,122 
Streptococcus mutans, 94, 95, 96, 97, 

98 
Stress 

in dental treatment, 121-127 
and gate control theory of pain, 6 
hormones and, 225 

Sublingual gland 
blood supply, 130 
morphology, 129-131 
nerve supply, 132 

Submandibular gland 
blood supply, 130 
morphology, 129-131 
nerve supply, 132 

Substance P, 70 
effect on ACTH release, 123 
in pain transmission, 5 

Sucking habits, 172 
Sucrose substitutes, in plaque control, 
Surgery 

dysphagia following, 40 
oral mucosal renewal following, 43 

Swallowing (deglutition), 31-41 
Sweet taste, 26, 27 

salivary control and, 132 
taste buds for, 28 

Sympathetic innervation 
of dental tissues, 71 
of microcirculation, 66 
of microcirculation in dental 

tissues, 70, 71 
of salivary glands, 132,133 

Syncope, 124 

Taste, 25-30 
salivary control and, 132 

Teeth, 206-215 
see also Tooth 

Teratogens, 180 
dentofacial development and, 

(Table 17.1) 161-162 
Tetany, following hyperventilation, 

125 
Thiamine deficiency, 107 
Theories 

of ageing, 115-117 
of bone calcification, 144-145 
of bone mineralization, 144-145, 

157-159 
of control of skull growth, 173-174 
of pain mechanisms, 5-6 
of tooth eruption, 187-188 

Thermal tooth injury, 70-71 
Thiocyanate, in saliva, 136 
Thromboplastin, 66, 69 
Thumb sucking, 172 
Thyroid gland, 218-219 
Tolerogen, 51 
Tongue 

enlargement (macroglossia), 40 
influence on tooth eruption, 189 
taste bud location, 26, 27-28 
thrusting, 172 

Tonsils, 58 
Tooth 

crowding and craniofacial 
development, 172 

dentofacial malrelations, 177 
development and composition, 

206-214 
eruption mechanisms, 183-192 

Tooth (cont.) 
extraction wound healing, 204-205 
masticatory contacts, 14,18 
orthodontic movement, 191, 

193-200 
support mechanisms, 89-90 

Toothache, 8-9 
Trace elements, 111 

in bone,143,156 
Trauma, vascular response to, 67-69 
Treacher Collins syndrome, 163,180 
Treatment (dental), stress and anxiety 

in,121-125 
Tumours, oral mucosal, 46 

Unloading reflex, in mastication, 14, 
16,18 

Uraemia, wound healing and, 79 

Vascular pain, 7 
Venules, 64 
Viscosity of blood, 66 
Vitamin A, thyroid hormone and, 219 
Vitamin D, 147-149,223 

action, 148-149, 197 
deficiency, 109-110,148-149 

Vitamin deficiencies, (Table 11.1) 
107-110 

ageing and, 116 
oral effects, 111-112 

Vomiting, during dental treatment, 
125 

Von Ebner, serous glands of, 130 
Von Willebrand's factor, 66 

Waterhouse-Friderichsen syndrome, 
226 

Wharton'sduct, 129 
Wilson's disease, 111 
Wound healing, 43,45, 74-82 

effects of ageing, 118 

X-rays see Radiographs 
Xerostomia, 29, 137 

in diabetes, 222 
drug-induced, (Table 14.1), 137,138 

Zinc deficiency, 111 
Zymogens, 69 
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