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HEADLINES

+ External irritation may cause symptomatic or asympto-
matic pulp inflammation

» Inflammation may be spatially limited, but if the
irritation is not removed, will lead to progressing necro-
sis

« Degenerative changes occur even in healthy dental
pulp tissue with age
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Pulp biology

Leo Tjaderhane, Ellen Berggreen and Inge Fristad

Pulpal complications of caries, extensive wear or other external
irritation may result in symptomatic or asymptomatic inflammati-
on, followed by partial or progressive pulp tissue degradation and
necrosis. Appropriate treatment of the diseased pulp aims to pre-
serve the vitality of the pulp, either completely or partially, and
can thus be regarded as “preventive endodontics”. Understanding
of the physiology and pathology of the dentin-pulp complex is a
prerequisite for proper diagnosis and treatment choice. This revi-
ew describes the basic structure and physiology of the healthy
dental pulp and the principles of the initiation and progression of
inflammatory reactions in the low-compliance environment of the
pulp chamber and root canals. The mechanisms of pain and hyper-
sensitivity, as well as the means that the dentin-pulp complex may
react to a repeated or persistent pain-producing irritation, are also
discussed. The chosen treatment modalities of the vital pulp may
vary from caries excavation and cavity sealing, partial or complete
pulpotomy to pulpectomy, and will be discussed in detail in other
articles in this issue dealing with the diagnostics, vital pulp thera-

pies and emergency treatment.

Even though dentin is mineralized and the pulp a loose connective
tissue, they form a developmentally interdependent and functional-
ly integrated continuum, often referred to as the dentin-pulp
complex, where physiologic and pathologic reactions in one will
also affect the other. Whereas dentin forms the main body of the
tooth, providing support to enamel, resilience under occlusal loads,
and physical protection of the pulp against microbes and other no-
xious substances, the pulp tissue readily reacts to the external irrita-
tion, initiating and orchestrating the defensive reactions that aim to

keep the tooth functional and protect it from microbial invasion.

Dentin

Dentin is mineralized collagenous tissue, a nanocrystalline-reinfor-
ced collagen biocomposite, with 70 w-% (55 vol-%) biological hy-
droxyapatite (Cal0(PO4)6(OH)2) and 20 w-% (30 vol-%) organic
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components (1). Major part of dentin is intertubular, formed by the
dentin-forming odontoblasts at the dentin-pulp border. Tubular
density in root dentin is lower than in coronal dentin, especially in
the most apical part (2). Peritubular (intratubular) dentin forms in
a regular circular manner on the walls of the dentinal tubules.

Dentin-enamel junction (DEJ]) provides the mechanical attach-
ment of enamel to dentin. Together with the outermost mantle den-
tin with a gradual change of the mineralization rate towards the
pulp, they create a 500 pm “resilience zone” necessary to prevent
fractures under high occlusal forces (1).

Primary dentin formation (primary dentinogenesis) occurs during
the formation and growth of the bulk of the crown and root, forming
the main portion of dentin. Thereafter, dentin formation continues as
secondary dentin at much slower rate throughout life, leading to gra-
dual obliteration of the pulp chamber and root canals (1).

Tertiary dentin is formed as a response to external irritation,
including wear and erosion, trauma, caries, cavity preparation and
chemical irritation. The growth factors and other bioactive molecules
present in mineralized dentin, liberated during caries or wear, are be-
lieved to initiate and control the tertiary dentin formation (3). Terti-
ary dentin increases the mineralized barrier thickness between exter-
nal irritation and pulp tissue, aiming to retain the pulp tissue vital
and non-infected. There are two kinds of tertiary dentin, namely re-

actionary dentin, formed by original odontoblasts, and reparative

Figure 1. Macrophages in a mouse incisor identified with an antibody
against LYVE-1. Bar: 100 pm.

dentin, formed by newly differentiated replacement odontoblasts (4).
Reactionary dentin is tubular and relatively similar to secondary den-
tin in structure, while reparative dentin (also called fibrodentin or
even “calcified scar tissue” (4) is believed to be relatively impermea-

ble, forming a barrier between tubular dentin and pulp tissue.

Pulp tissue and its homeostasis

Odontoblasts are the outermost cells of the pulp, forming a barrier
between the pulp and dentin. This barrier may be disrupted as a
response to trauma, dentin preparation or caries. Odontoblasts lea-
ve behind dentinal tubules, in which highly mineralized peritubu-
lar dentin is formed, leading to tubule occlusion that may be acce-
lerated during external irritation (4).

The dental pulp tissue is a loose connective tissue well supplied
by blood vessels and nerves. The connective tissue comprises the
interstitial fluid and collagen-dominated matrix (5). Most cells in
the pulp are fibroblasts and undifferentiated cells (stem cells),
which can differentiate into fibroblasts or replacement odonto-
blasts. Macrophages (figure 1), lymphocytes and sometimes some
mast cells can also be seen. The presence of immune cells in the
normal pulp indicates that the pulp is equipped to initiate immune

responses.

Pulp tissue circulation and innervation

The highest density of vessels is in the most coronal part of the pulp.
The arteries enter the pulp through the apex and leave the pulp as
venules. A dense network of capillaries supplies the odontoblasts, as
well as all other interstitial cells, with nutrients and oxygen.

The existence of lymphatic vessels in the pulp has been debated for
many years, and such lymphatic vessels were previously thought to
contribute to fluid volume control and drainage in the tissue (6). More
recent studies shows that the dental pulp lacks lymphatic vessels (7,8).

The pulp is equipped with a high number of axons, both myelina-
ted and unmyelinated. The majority (approximately 90%) is sensory
nerve fibers and the rest is of autonomic character. The myelinated
nerve fibers are of sensory origin and separated in AP and AJ fibers.
Under normal conditions they have a lower threshold than unmyeli-
nated sensory C-fibers (table 1). The fibers are activated by different
stimuli and evoke either “prepain” or pain perception.

Both sensory and sympathetic nerve fibers accompany blood
vessels and encircle them. While the sensory nerves emit a few
branches in the radicular pulp, they branch extensively in the coro-
nal pulp and form a subodontoblastic plexus. Some branches enter
the dentinal tubules and reach the inner part of dentin (figure 2),
especially under the cusps where also the tubule density is highest

(9). This may relate to the sensing of external irritation (10). The
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Tabel 1. Classification of the sensory nerves in dental pulp.

Fiber type Diameter (pm) Conduction velocity
(m/sec)

AB (7%) 512 3070

AS (93%) 15 630

C 0,4-1 0,52

e Al

Figure 2. Section of a pulp horn from a rat molar, showing nerve fibers in
the sub-odontoblastic region (¥) with extentions crossing between the
odontoblasts (OB), penetrating the inner part of dentin (D).

nerve fibers are in intimate contact with odontoblasts and there

may exist bidirectional communication (11).

Pulp inflammation

Vascular responses and fluid transport

Inflammation in the pulp takes place in a low compliant environ-
ment, between rigid dentinal walls. The acute vascular reactions
to an inflammatory stimulus are vasodilatation and increase in
interstitial fluid volume due to increased vascular permeability,

leading to a relatively large increase in the hydrostatic pressure in
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Sensation Activation Terminal sites

Pressure, touch,
vibration

Heat, cold

Dentin, predentin,
odontoblasts, pulp

“Prepain”, sharp pain

Dentin, predentin,
odontoblasts, pulp

“Prepain”, sharp pain

Ache Heat, infl. mediators Pulp, blood vessels

the pulp (12). If the inflammatory response is spatially limited,
fluid absorption occurs into nearby blood vessels (12) or by trans-
portation toward non-inflamed lower pressure areas probably in
loose connective tissue gaps toward apex (6) (figure 3). The drai-
nage capacity can explain why an elevated tissue pressure in infla-
med pulps may persist locally for a long time (13) without exten-
sive damage to the pulp. If the inflammatory agents are removed,
a normalization of pressure can take place and healing of the tis-
sue occur (reversible pulpitis). However, a significant increase in
interstitial fluid pressure, due to a strong and widespread inflam-
matory response, may seriously impede pulpal blood flow by
compression of venules which contribute to pulp necrosis de-
velopment. Other contributing factors to necrosis development
can take place when the endothelium is exposed to bacterial en-
dotoxins. The endothelium will respond with production of
vasoconstrictors that will reduce blood flow (14) and is also
shown to participate in procoagulant reactions that promote fi-

brin clot formation (15).

Immune cells in pulp
Resident immune cells in the pulp can respond to an inflammatory
or infectious insults by innate and adaptive immune responses
(16,17). Inflammatory mediators initiating these responses can be
released from carious dentin, odontoblasts, or resident pulp cells.
Odontoblasts represent the first line of detection and defense
against external irritants and participate in the initiation of inflam-
matory and/or immune responses. They express Toll-like receptors
(TLRs), a group of transmembrane glycoproteins, that recognize
various elements of microbes, viruses, and fungi (18,19). After early
activation of the odontoblasts, innate immune responses are initia-
ted by recruitment of immune cells, production of antimicrobial
peptides, and maturation of dendritic cells (18). They secrete sever-
al products with a broad spectrum of antimicrobial and immuno-
modulatory activities (20,21), such as the induction of pro-inflam-
matory cytokine production in immune cells, chemoattraction,
dendritic cell maturation and macrophage differentiation. Protei-

nase-activated receptors (PARs) are receptors that undergo pro-
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Coronal area

Vessel in inflamed area

Interstitial space

Vessel in non-inflamed area

Apical area

Fluid transport

Figure 3. Fluid and plasma protein (dots) removal from inflamed (left) and un-inflamed (right) coronal pulp tissue. Arrows indicate relative magnitude
and direction of fluid transport (Pc, capillary blood pressure; Pt, tissue pressure; ) in interstitial fluid. cor = coronal, ap = apical. Reprinted with

permission from (6).

teolytic activation by proteases. They participate in controlling a
wide range of biological processes, such as inflammation, hemosta-
sis, thrombosis, and hard tissue formation. PAR-1 and -2 are pre-
sent in human odontoblasts (22). The expression is significantly
increased in response to caries, both in the odontoblasts (22) and in
pulp tissue, indicating a regulatory role in reparative dentin forma-
tion and/or in pulp inflammation.

Resolution or advancement of the initial inflammation is further
regulated by a complex network of inflammatory chemokines
which promote recruitment of immune cells and regulate other in-
flammatory responses. The dendritic cells migrate to regional lym-
ph nodes for antigen-presentation to naive T-cells. Activated T cells
can then enhance B-cell proliferation, followed by development of
antibody-producing plasma cell. Neutrophils and macrophages are
professional phagocytes in innate immune responses and are recru-

ited to the pulp in the initial phase of inflammation.
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Dentin-pulp nociception and hypersensitivity

The space between the odontoblast process and tubule wall is fil-
led with dentinal fluid, and the movement of this fluid is conside-
red a main factor involved in dentinal pain transmission.
Pain-producing stimuli, including heat and cold, air blasts and
probing on denuded dentin, can displace the tubular fluid (23).
This is referred to as the hydrodynamic mechanism of dentin
sensitivity, involving both fluid movement and mechanotransdu-
ction. Classical mechanoreceptors have been demonstrated on
pulpal afferent nerves innervating the inner part of dentin (24)
(figure 4) and in the odontoblasts (25,26,27,28), thus providing a
mechanistic support to the theory. Dentinal fluid movement is
translated into electric signals by activation of mechanosensitive
ion channels (29).

It is mainly the A-fibers (Table 1), located in the inner part of
dentin, that are activated during displacement of the tubular con-
tents (30) (figure 4). In other tissues, e.g. skin and gingiva, A-fi-
bers transmit un-painful stimuli like touch and tactile informati-

on. Most neurons innervating teeth have the same A-fiber
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Figure 5. During inflammatory conditions, as shown under a carious lesion, the nerve fibers

have an ability to branch and extend their receptive fields. Combined with a change in receptor
expression on their surface, the nerves become more sensitive to external stimuli.

Figure 4. Intradental myelinated A-fibers (yellow)
have their nerve terminals situated in the pulp
periphery, crossing between odontoblasts, and
innervating the inner part of dentin. A-fibers
have a relatively low threshold and give a sharp
and pricking sensation. They can be activated by
mechanical compression forces (arrows) and
external stimuli like cold and hot causing fluid
flow. Dentinal tubules (green) may be exposed in
areas not covered by cementum or enamel.
Unmyelinated C-fibers have normally a relatively
high threshold that is lowered following tissue
injury and inflammation. C-fibers give rise to the
unpleasant burning and acing sensation often
experienced following tissue injury.

characteristics typical for low threshold mechanoreceptors. The
different sensation of the mechanosensitive A-fibers in teeth may
be due to their arrangement with projections to pain sensing neu-
rons located more centrally (31). The polymodal C-fibers, on the
other hand, are the classical nociceptive fibers. Their nerve termi-
nals are located deeper in the pulp tissue and are normally silent
in the uninflamed pulp. The C-fibers have numerous receptors
that can be activated during inflammation by heat and other types
of stimuli (32). Particularly, a receptor termed the “transient re-
ceptor potential, subtype vanilloid 1” or TRPV1, responds to heat,
inflammatory mediators and acidity (pH <6) (33). Along with the
inhibition of Ca+ and K+ channels in dental afferent neurons
(34,35,36), eugenol desensitizes TRPV1 (37), an action that may

be involved in the anodyne action of zinc oxide eugenol.
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Inflammation and hypersensitivity

Hypersensitivity of dentin may also be explained by the hydrody-
namic theory. In addition to sprouting of nerve fibers during in-
flammation (figure 5), new sodium channels, capable of activating
nerves, are upregulated in the nerve fibers under inflammatory
conditions (38). An increase in the density of both nerves and so-
dium channels increases the sensitivity of dentine, thus resulting
in hypersensitivity. Hypersensitivity also typically occurs in the
cervical area where the dentin is exposed because the protective
enamel/cement is worn out or etched away (figure 4). The odonto-
blasts and/or pulp cells respond by forming intratubular deposits
or eventually tertiary dentin. This results in narrowing or closing
of the dentinal tubules. Deposition of tertiary dentin leads to de-
creased conductivity compared to the primary and secondary
dentin. This may also reduce the sensitivity, as reparative dentin is

less innervated by sensory nerve fibers.
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Age changes in the dentin-pulp complex

Structural changes

Aging results in cellular and extracellular changes of the den-
tin-pulp complex. Formation of the highly mineralized peritubular
dentin causes a reduction in tubular lumen diameter, even with
complete occlusion of the tubule. Age-related root tubular sclerosis
starts from the apical region (figure 6A) and advances coronally
(39,40), influencing root dentin permeability (41,42). This may thus
reduce bacterial penetration of dentinal tubules in elderly. Aging
odontoblasts show a reduction in cell organelles, together with re-
duced size and polarization (43). Pulp cell density is reduced, and
the number of nerves and blood vessels is decreased (44). The amo-
unt of collagen in the pulp increases, resulting in fibrotic changes,
whereas calcifications, both diffuse and localized, are more common
(figure 6B and C). Although pulp stones are considered as normal

anatomical entities (figure 6D), their size may increase during

2023

A Figure 7. The most common changes in a molar tooth will be
flattening of the pulp chamber due to dentin production in the pulp
roof and floor, combined with narrowing of the root canals. Reprinted
with permission from the Norwegian Dental Journal (46).

€ Figure 6. Age changes in the pulp. (A) Translucent dentin formation
(TD and white arrows), starting in the apical area and proceeding
coronally, causes a gradual closure of the dentinal tubules, rendering
them impermeable to bacterial colonization. Also continued
cementum formation (C) causes a change in the anatomical
landmarks. (B) Dystrophic or diffuse calcifications in an aged pulp. (C)
“Scar tissue” in the pulp, presented by tertiary dentin under a
restauration with marginal leakage. Extensive cavity preparations,
resulting in large amounts of tertiary dentin, may compromise the
pulpal circulation. (D) Denticles (DT), both embedded and free, are
relative common in the pulp tissue. They may increase in size during
aging. White arrows points at nerve fibers in the root. Figure B and C
reprinted with permission from the Norwegian Dental Journal (46).

aging. Diffuse mineralization, however, is a result of age changes or

inflammatory conditions in the dental pulp (45).

Dimensional changes

An aged pulp characterized by “restorative scar tissues”, fibrosis and
mineralization will have a reduced draining capacity, thus making it
more vulnerable to circulatory failure (6). To counteract these stru-
ctural changes, increased dentin thickness may protect the pulp
from external stimuli. Over time there will be a progressive linear
reduction in the pulp volume, due to the continued production of
dentin (46). This process can be accelerated due to irritation from
caries, restorations, or periodontal disease (figure 7). Also, cemen-
tum apposition over years may change the anatomical landmarks in

the apical region (figure 6A).
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