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ABSTRACT
There is accumulating evidence that ATP may play a role in the initiation of pain by
acting on P2X] receptors expressed on nociceptive afferent nerve terminals. The aim of
this study was to examine whether ATP and its receptors play a role in pain mechanisms
in the human dental pulp by i) immunohistochemical staining of pulp tissue with
antibodies to P2Xg receptors; and ii) by exploring whether odontoblasts release ATP.

The presence, distribution and colocalisation of P2 X 3 receptors with other neural
markers was investigated in human dental pulps. Pulps were removed from extracted
third molars and stained with human anti-P2Xs antibody. P 2 X3 -immunoreactive (-ir)
nerve fibres were detected in the main body of the pulp, in the subodontoblastic plexus
of Raschkow and on nerve fibres projecting in between odontoblasts. Double labelling
with anti-P2 X 3 and anti-neurofilament showed that the majority (but not all) fibres in
the pulp, including both myelinated and unmyelinated nerve fibres, express P 2 X 3
receptors. Double labelling with isolectin B4 (IB4) and anti-P2 X3 showed that all P2 X 3ir nerves also bind IB4. Therefore, both small and medium sized nerve fibres in the
human pulp express P 2 X3 receptors.

The possibility that odontoblasts could be potential sites for ATP release was studied
using an in-situ method of odontoblast culture in 14 freshly extracted human third molars.
Using this model, it was possible to directly stimulate the layer of odontoblasts still
attached to dentin. The amount of ATP present in the solution bathing the odontoblasts
was measured after stimulating the cells with hypo-osmotic solutions, ATP, and
mechanical stimulation. Cell lysis was measured as each data point using a

lactate

dehydrogenase assay. Active ATP release was calculated by subtracting the ATP released
as a result of cell lysis from the total bulk ATP. Between 0.5-10 nM active ATP release
was observed when odontoblasts were stimulated by a 16-18% hyposmotic solution or by
mechanical stimulation. These numbers, however, most probably under-represent the
amount o f actual ATP released during cell stimulation.

In conclusion, P2 X 3 receptors are present on both myelinated and unmyelinated nerve
fibres in human dental pulp, these receptors are probably responsive to ATP released
from odontoblasts and may play a role in dental pain mechanisms. The roles of
extracellular ATP in dental pulp are discussed.
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CHAPTER 1: INTRODUCTION
I. Brief Overview
Fain mechanisms in teeth
The dental pulp is believed to receive a purely nociceptive innervation, so anatomical
and physiological studies of the pulp have provided much information about nociceptors
and peripheral pain mechanisms (Byers 1984, Hildebrand et al. 1995). In particular, the
mechanosensory transduction mechanisms involved in dentinal sensitivity have been the
subject of much investigation. Mechanical, thermal, chemical and osmotic stimulation
of the human dentin surface causes pain. There is evidence that most of the stimuli that
cause pain when applied to the dentin surface excite nerve endings in the inner dentin or
the pulp by causing fluid movement in the dentinal tubules (Matthews & Vongsavan
1994). Odontoblast processes lie in close proximity to these nerve endings but their role
in the signal transduction of dentinal sensitivity is unknown.
Role of ATP
Early studies showed that ATP, when applied intradermally to humans, causes pain
(Bleehen & Keele 1977). Later it was fund that cells release ATP, which can function as
an extracellular signalling molecule by activating ATP receptors, or purinoceptors, on
nearby cells. One particular ATP receptor, the P2X], is selectively expressed by small
nociceptive neurons and has been implicated in the peripheral initiation as well as
central modulation of pain (Bumstock 1996, Snider & McMahon 1998). In the
periphery, it is thought that stimulated cells can activate nociceptors by releasing ATP,
which in turn activates P2Xs receptors on nociceptive neurons (Bumstock 1996, BlandWard & Humphrey 1997, Cook et al. 1997, Dowd et al. 1998).
We hypothesised that an ATP mediated mechanism of pain initiation may be present in
the dental pulp. Odontoblasts may release ATP when stimulated by hydrodynamic
forces, and the ATP may serve as a signalling molecule for nerve activation, causing
pain. The aim of this study was to investigate whether the P2X] receptor is present in
the human dental pulp, and whether odonotoblasts release ATP in response to
stimulation.
A review of our current understanding of pulpal pain mechanisms and the role of ATP
and its receptors in pain initiation and modulation follows.

II. Teeth and Dental Pain
It is the experience of man that any stimulus applied to teeth (thermal, mechanical,
electrical, osmotic or chemical) results in the subjective experience of pain (Ahlquist
1984). Anatomical and physiological observations show that dental pulp is innervated
by sensory afferent nerve fibres which are associated with nociception elsewhere in the
body (see Byers 1984, Hildebrand et al. 1995, Byers & Nârhi 1999 for review).
Therefore, the dental pulp provides a unique model for studying pain and has been the
focus of anatomical, physiological and psychological research.

A) Pulp neuroanatomy
Mature mammalian tooth pulps are densely innervated by primary sensory neurons,
comprising of C, AÔ, and Ap fibres. In addition to sensory innervation, the pulp
receives sympathetic fibres from superior cervical ganglion. A few parasympathetic
nerve fibres may also be present in the pulp (Hildebrand et al. 1995, Byers & Nârhi
1999). The sensory axons projecting to the tooth pulp have their cell bodies in the
trigeminal ganglion.

The nerve fibres enter the root through the main apical foramen and accessory foramina
in large bundles (Fig. 1.1). They travel through the root canal in fascicles near blood
vessels with little branching. As they reach the crown, they branch extensively, and
some end in the crown as free nerve endings along blood vessels. The sympathetic
axons form plexuses around pulpal blood vessels with alpha- and beta-adrenergic
receptors. Others send several branches to a complex network of axons in the peripheral
pulp “below” the odontoblasts known as the subodontoblastic plexus of Raschkow.
From here, beaded axons extend to the odontoblastic region, forming a marginal plexus
at the pulp-dentinal border. Some pulpal axons appear to form terminals in the marginal
plexus (Feamhead 1961). Other axons, known as intradental or dentinal, enter the dentin
tubules and extend up to 100-200 pm into the dentin (Gunji 1982). Thus the innervation
of dentin is restricted to its inner part (Byers 1984). The dentinal nerve endings are most
numerous in regions near the tip of the pulp horn, where more than 40% of the dentinal
tubules can be innervated (Byers 1984).

It is thought that in the main body of the pulp (i.e. the pulp chamber), the majority of the
nerves are C fibres (Hildebrand et al. 1995). But in the main nerve trunk, a substantial

share of the afferent pulpal axons are large and myelinated. This indicates that the
AÔ and C fibres predominating at pulpal levels may represent pre-terminal portions of
otherwise large myelinated axons (Hildebrand et al. 1995). Two other observations
corroborate this assumption, first is the fact that individual pulpal axons exhibit higher
conduction velocities along extra-pulpal than along intra-pulpal segments (Cadden et al.
1983), second, is that most trigeminal ganglion neurons projecting to tooth pulps are
large or medium-sized (Sugimoto et al. 1988).
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Fig. 1.1: Schematic diagram of the innervation of a mature erupted tooth.
The labelled dentinal zones (A-D) show decreasing density of innervating fibres; in
zone A 40% of dentinal tubules are innervated, in zone B 4-8% are innervated, in zone
C 0.2-1% are innervated and in zone D 0.02-0.2% of the tubules are innervated. The
higher magnification panels show differences in intradentinal nerve (N) incidence,
pulpal fibroblasts (F), odontoblast morphology (O), dentin (D), and enamel (E).
Perivascular dendritic cells (dc) and vascular (BV) innervation are shown in the root
diagram. (From Byers & Narhi 1999)
B) Relationship between odontoblasts and nerves
Odontoblasts are the cells which lay down dentin. Dentin formation begins at the
dentin-enamel junction. As the formation of dentin progresses, odontoblasts migrate
away form the enamel towards the pulp, leaving behind their processes inside dentinal
tubules. In mature teeth, their cell bodies lie in a closely packed columnar monolayer at
10

the pulp-dentinal junction and their processes extend up to half way across the dentin
(Holland 1985). Anatomical studies show that at the pulpo-dentinal junction and inside
dentinal tubules, odontoblast processes and neurons lie very close to each other (Byers
1984). In an elegant

study of well fixed specimens of human teeth, beaded nerve

endings were seen laying in grooves in the odontobalstic process, some parallel to the
process and some spiralling around the process (Frank 1966). In most cases, the
odontoblast process and nerve cells maintain a regular separation of 20-40 nm.

Despite their close proximity, the exact relationship between odontoblasts and nerves is
not clear. The nerves do not form synaptic or gap junctions with the odontoblasts
(Hildebrand et al. 1995). The numerous gap junctions in the odontoblast layer connect
odontoblasts to one another or to fibroblasts (Ushiyama 1989). However there is
evidence of axonally transported material from nerves to odontoblasts (Ibuki et al
1996). Another interesting observation is that nerves adjust their position, during pulpal
reactions to injury or ageing, to stay with the surviving coronal odontoblasts (Byers
1996). Indeed, it has been shown that the interactions between sensory neurons and pulp
tissue are important for pulp survival, for the regulation of dentin matrix production,
and for the preservation of the specialised coronal odontoblast phenotype (Byers 1996,
Byer & Narhi 1999). These studies suggest that there is still much to learn about neuralodontoblast interactions
C) Pulp neurophysiology
The nerve fibres of the pulp serve sensory, vasoactive and trophic with functions C fibre
and AS fibre groups of neurons serving different purposes.
1. Sensory function
The AS fibres have lower electrical thresholds and respond to a number of stimuli which
do not activate C fibres. (Hildebrand et al 1995). The low threshold AS, and possibly
Ap, fibres mediate acute, sharp, piercing pain induced by stimulating the dentin surface
of healthy human teeth with hot, cold, vibration (drilling) and probing (Brannstrom
1981, Narhi et al 1982a, 1996). This type of pain is knovm at dentinal pain and will be
explored in more detail in section D) below.
The C fibres, on the other hand, mediate a dull, poorly localised, burning pain induced
by intense thermal stimuli at the dentin surface, or direct stimulation of the pulp tissue
(Narhi 1985, Jyvasjarvi & Kniffki 1992, Byers & Narhi 1999). The same type of dull
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pain is typically associated with pulpal inflammation, and it may radiate to wide areas
of the face and jaws (Mumford & Bowsher 1976). C fibres are polymodal and are also
activated by histamine, bradykinin, and capsaicin but do not respond to hydrodynamic
stimulation of dentin in normal teeth (Narhi et al. 1992b, Ikeda et a l 1995),

Both C and Aô type neurons have been classified as either: a) specific high threshold
nociceptive fibres that provide warning of tissue damage, or b) polymodal receptors that
have a wide dynamic range, respond to a wide set of stimuli (mechanical, thermal,
chemical), and have numerous tissue regulatory functions such as vasoregulation,
inflammation, and facilitation of immune and healing responses via release of neuro
peptides (Narhi 1985, 1992b, 1994, Byers & Nârhi 1999).
There is controversy as to whether the pulp contains low threshold mechanoreceptors.
McGrath et a i (1983) found that human subjects reported a non-pain sensation when
their teeth were electrically stimulated at the perception threshold level or near to it.
They suggested that the non-pain sensations evoked in tooth pulp may be mediated by a
distinct population of afferents

(possibly the Ap fibres) that are mechanoreceptors.

However, studies using the single fibre recording technique found that intradental Aô
and Ap fibres respond to dentin stimulation in a similar way, indicating that both fibres
belong to the same functional group and both are involved in dentin sensitivity (Nârhi et
al 1992b). Furthermore, the pre-pain sensation changes to painful if the frequency of
the stimulating electrical current is increased, probably due to temporal summation.
This suggests that pre-pain sensations are not due to separate non-nociceptive nerve
fibre activity, but rather to low-level activity in the intradental nociceptive afferents. In
this context it should be noted that in some fibres, conduction velocities are in the Aô
range inside the tooth and then accelerate to Ap speeds outside the tooth, implying that
some pulpal Aô fibres are branches from larger main axons outside teeth (Cadden et a l
1983). The suggestion that Ap fibres may serve a mechanosensory function which may
be involved in occlusal sensitivity (Dong et a l 1985) has remained equivocal and has
not been substantiated by other studies (Nârhi et a l 1992b, Byers & Nârhi 1999). Even
so, there is one clinical study suggesting that non-vital (root canal treated) teeth respond
differently to lateral pressure as compared to vital teeth (Randow & Glantz 1986). When
cantilever pressures was applied to crowns of contra-lateral vital and non-vital teeth in 3
volunteers, the non-vital teeth tolerated much higher loading levels. The investigators
concluded that some kind of mechanoreceptor function may be present in the pulp of
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vital teeth. Clearly, more work is needed to understand the function of the largest Ap
nerve fibres in teeth.
The normal sensory properties of pulp and dentin change during inflammation.
Chemical mediators released during inflammation activate and sensitise certain
peripheral nerve terminals. They can also evoke peripheral secretion of neuropeptides
such as calcitonin gene-related peptide (CGRP), and substance P (SP) (Hargreaves et a l
1996) which themselves have pro-inflammatory effects. Sensitised nociceptors have
spontaneous activity, a decreased threshold, and prolonged responses to supra-threshold
stimuli. A “silent” groups of polymodal nociceptors can also become activated.
Therefore, the sensitivity of exposed dentin may vary considerably due to the presence
and extent of inflammatory mediators and subsequent changes in the nociceptors (Narhi
et a l 1992a, 1994, Olgart & Kerezoudis 1994). Other factors may also contribute to
inflammatory hypersensitivity, such as: a) sympathetic nerve activity (Edwall & Scott
1971, Matthews & Vongsavan 1994); b) intradentinal cytochemical changes (Olgart &
Kerezoudis 1994); c) physical distortion of the nerve endings (Nârhi et a l 1982a); d)
extension of the receptive fields of individual nerve fibres (Nârhi et a l 1996); e)
sprouting and an increase in the neuropeptide content of peripheral nerves (Taylor et
fl/. 1988); and J) central changes which take place subsequent to local nociceptive input
(Sessle 1987).
For example, a chronic exposure of dentin for 1-2 weeks in dog teeth induces an
inflammatory reaction in the pulp, as shown histologically (Hirvonen et a/. 1992).
Electrophysiological recordings from the same teeth show functional changes indicating
sensitisation of the A-flbres such as: increased sensitivity to hydrodynamic stimulation,
spontaneous firing of action potentials in some of the fibres, and an increase in the
receptive field of the fibres (Narhi et a l 1996).
When the pulp is inflamed the pain is typically described as aching, dull, prolonged, and
sometimes throbbing in character. Its characteristics are similar to inflammatory pain
elsewhere, except dental pain can be felt very intensely because the pulp tissue is
encased in a rigid case. On the other hand, it is a well known clinical finding that
despite the pulp’s dense innervation, pulpitis may proceed to total pulpal necrosis with
only minor pain symptoms or without any symptoms at all. Such an apparent lack of
afferenet nerve activity indicates that intradental nociceptor sensitisation and activation
may be controlled by strong local regulatory mechanisms (Byers & Nârhi 1999).
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2. Vasoregulation
Vasoregulatory functions of nociceptive nerve fibres have been well recognised in the
skin and the other tissues since the pioneering work of Jancso et a l (1967). No
conscious sensations emanate from the normal dental pulp, and it is thought that its
nociceptive axons serve other functions such as vesoregulation, neuroendocrine or
trophic functions until they are activated by injury (Hildebrand et a l 1995).
Nerve fibres in teeth have a varied and complex cytochemistry. Immunocytochemical
studies have shown that in cat and rat tooth pulps, both C and A $ fibres contain CGRP,
and some CGRP containing nerves also colocalise SP, neurokinin A, and neuropeptide
K (Wakisaka et a l 1987, Tayler et a l 1988, Casaco et a l 1990, Heyeraas et a/. 1993
and 1994). However, a study of human teeth did not find many fibres immunoreactive
for CGRP (Luthman et al. 1992) suggesting that human teeth may be different from
those of the cat and rat.
In dental pulps of various mammals, CGRP-immunoreactive axon terminals surround
small blood vessels (Heyeraas et a l 1993). On this basis, and since both CGRP and SP
are known to be highly vasoactive, it is suggested that A fibres responsible for dentinal
sensitivity take part in pulpal blood flow regulation through axonal reflexes (Vongsavan
& Matthews 1992). Indeed, antidromic stimulation of the rat inferior alveolar nerve and
hydrodynamic stimulation of the dentin can induce an immediate blood flow increase in
the pulp (Olgart 1992 & 1996, Matthews & Vongsavan 1994). Systemic pretreatment
with a CGRP antagonist results in significant reduction of the duration of the stimulusinduced vasodilation, and the remaining response is itself substantially reduced after
addition of a non-peptide SP antagonist (Olgrat 1996). These results strongly suggest
that SP, after nervous release, may start the reaction whereas CGRP is responsible for
the main, later part of the vasodilatory effect. Systemic pretreatment with capsaicin
abolishes the response, suggesting that the afferent nerves which induce vascular
reactions are chemosensitive and may be activated by endogenous mediators of
inflammation.
Vasodilation and plasma extravasation are considered important defence mechanisms.
In the dental pulp, the neurogenic inflammatory response may serve as a defence
mechanism against chemical irritants in the mouth. Matthews and Vongsavan (1994)
showed that hydrodynamic stimulation of exposed dentin in cat teeth evokes bursts of
nerve activity and pulpal vasodilation and enhances outward flow of dentinal fluid. In
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this way, afferent nerves can contribute to the defense of the pulp by opposing the
inward diffusion of toxins through the dentin tubules. But it must be borne in mind that
a delicate balance needs to be set up between the vasodilatory effects of sensory afferent
nerves, and various vasoconstrictor modulatory effects, because the pulp tissue is
encased in a rigid structure and has almost no capacity for expansion.
Noradrenaline released from sympathetic nerves acts to reduce the afferent nerveinduced vasodilation. In addition to direct activation of sympathetic nerves in the pulp, a
sensory-sympathetic reflex resulting from the afferent input to the central nervous
system contributes to restrict the neurogenic vesodilation, because acute cutting of the
sympathetic supply enhances the neurogenic reactions (Olgrat 1996). Other mechanisms
modulating neurogenic vasodilation include somatostatin present in pulpal nerves and
opioid peptides present in pulpal cells (Olgart 1996).
Regardless of whether sensory nerves are primarily involved in inflammation, they may
be activated at some later stage and may then contribute to the resolution or to further
development of the inflammatory reaction. Much remains to be resolved regarding the
exact role of afferent nerves in inflammatory reactions.
3. Trophic functions
Evidence of important interactions of sensory nerve fibres and pulp cells is
accumulating. Tooth pulps are known to contain extensive CGRP-immunoreactive(-ir)
nerve fibres. CGRP and SP are known to initiate or potentiate vasodilation and plasma
extravasation. They also influence the immune system by modulating cellular
inflammation, cytokine formation and stimulation of cellular growth. CGRP also
enhances would healing and stimulates endothelial cell proliferation (Kvinnsland et al.
1991). For example, SP, neurokinin A, and CGRP affect pulpal fibroblast proliferation
in vitro (Byers & Nârhi 1999). These effector roles influence inflammation and repair in
injured pulps.
Injury to the pulp causes extensive sprouting of CGRP ir nerve fibres (Taylor et a l
1988, Byers et al. 1990). In contrast, injury to gingiva does not cause extensive nerve
sprouting or inflammatory reactions, and gingiva have completely different healing
dynamics from teeth (Byers & Narhi 1999). Thus, the nerve fibres in tooth pulp behave
more like those in deep tissues such as joints and ligaments, where nerve sprouting
reactions also occur. Since CGRP is one of the major mediators of neurogenic
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inflammation, the increase in CGRP-ir nerves in response to injury may be a vehicle for
the delivery of greater amounts of these mediators to the damaged tissue through
antidromic stimulation (Taylor et al. 1988).
After extraction and replantation of teeth, observed that the nerve density in the
regenerated pulps is related to the capacity of the tissue to form odontoblast-like cells
and postoperative dentin (Kvinnsland et al. 1991). Other studies have shown that the
forms of odontoblasts and their processes are specialised in the innervated regions and
differ at reparative dentin (Byers et al. 1992). Similarly, following injury, nerve fibres
avoid the reparative dentin regions and innervate only dentinal tubules with viable
odontoblasts (Byers 1996, Byers & Nârhi 1999). In a study to determine the effect of
CGRP on dentin bridge formation during the healing process after pulpotomy, Zhang &
Fukuyama (1999) found strong evidence that the sprouting CGRP-ir nerve fibres may
be related to the proliferation, cytodifferentiation and the active function of the renewed
odontoblasts for dentin bridge formation. Conversely, CGRP-ir nerves decrease when a
loss of appetite due to dexamethasone treatment causes a reduced dental function
(Ferrari & Byers 1996). Jacobson & Heyeraas (1996) reported that a decreased sensory
innervation, either due to capsaicin treatment or an axotomy of the inferior alveolar
nerve, showed a significant reduction in dentin formation at the pulp horn, thus
suggesting that CGRP-ir nerve fibres play a role in the promotion of dentin formation.
These observations suggest a necessary partnership of nerve fibres, pulpal healing and
columnar odontoblast function in coronal dentin that needs further study.

There are important classes of immunocompetent dendritic cells in pulp whose
functions are affected by sensory innervation. In a study of the effect of sensory nerves
on the influx of immunocompetent cells after dentinal injury, Firstad et al. (1995)
showed a significant reduction in recruitment of immunocompetent cells in denervated
teeth as compared to the contralateral innervated teeth. In a subsequent study, the same
team of investigators performed a quantitative analysis of immunocompetent cells after
electrical stimulation of teeth. They found a significant increase in the number of
CD43+ cells in innervated teeth after stimulation as compared to the stimulated de
nervated and unstimulated teeth, suggesting that pulpal sensory nerves participate in and
facilitate trans-endothelial migration of immunocompetent cells during acute neurogenic
inflammation (Fristad et al. 1997). Pulpal healing is reduced in denervated teeth (Byers
& Taylor 1993), perhaps because of the altered invasion of immunocompetent cells.
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D) Dentinal pain
1. Sensory transduction mechanisms in dentinal pain
Freshly exposed dentin is extremely sensitive and dentinal pain, typified by the sharp,
piercing pain response to stimuli applied to the dentin surface, has been the subject of
much research. Still, the precise mechanism for this type of dentin sensitivity is not well
understood. Three major theories have been proposed to explain this phenomenon (Fig.
1.2 ):

a) Direct nerve activation: it was proposed that sensory nerve fibres reached the enamel
dentin junction (EDJ) and were directly excited by external stimuli. However it was
found that nerve axons within dentin advance only up to 200 pm along dentinal tubules
and do not reach the EDJ (Feamhead 1961, Byers 1984). Furthermore, the application
of neuroactive substances, such as substance P, bradykinin and noradrenaline, to dentin
surface fails to stimulate or diminish (anaesthetise) dentinal pain (Holland 1985)
negating direct involvement of axons in dentinal sensitivity (Hildebrand et al. 1995).

b) Odontoblasts as receptors: The close relationship of odontoblasts and nerves at the
pulpo-dentinal junction and in dentinal tubules prompted some investigators to propose
that odontoblasts, which derive from the neural crest, may act as mechano-sensitive
receptors and stimulate the nerve endings by electrical coupling (Matthews & Holland
1975) However, this theory has been undermined by the fact that (i) there have been
conflicting reports on whether there are membrane potential changes in odontoblasts in
response to stimuli (Narhi 1985).; (ii) the odontoblast processes do not extend more than
half way up the tubules (Byers & Sugaya 1995); and (iii) although odontoblasts and
nerves have a close relationship, typical synaptic or electronic junctions have not been
observed (Byers 1984, Holland 1985).

c) The “Hydrodynamic Theory”: This theory proposed by Brannstrom in 1963 stated
that stimuli applied to the dentin surface cause rapid movement of the fluid inside
dentinal tubules, and this in turn excites the mechanosensitive nerve endings at the base
of the tubules (Brannstrom 1981). Experiments on extracted teeth have confirmed that
all forms of stimuli that are capable of causing pain in man (heat, cold, tactile, drying,
hydrostatic pressures above or below atmospheric, and solutions of high osmotic
pressure) produce movement of dentinal contents (Brannstrom 1968, Horuichi &
Matthews 1973). Furthermore, electro-physiological experiments in cats and dogs have
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shown that individual sensory units respond to many of these pain producing stimuli
(Matthews 1977, Nârhi et al. 1982c, Nârhi 1992a), and that there is a linear relationship
between applied pressure gradients, fluid flow and activity of intradental Aô fibres
(Matthews & Vongsavan 1994). This movement depends on whether the dentin tubules
are blocked or open, linking dentin sensitivity to dentin permeability (Pashley 1996).
Removal of the occluding smear layer (a layer of debris produced whenever the dentin
surface is cut, probed or burnished) with acid etching increases dentin sensitivity (Nârhi
1985); conversely, dentin can be desensitized through occlusion of the tubules (Pashley
1990, Hirvonen et al. 1992). Finally, recordings of action potentials in dentinal cavities
drilled in human teeth have demonstrated a strong correlation between activity of
intradental Aô fibres and the subjective experience of pain (Edwall & Olgart 1977,
Ahlquist

fl/. 1984).

Currently the hydrodynamic theory is the accepted explanation for sensory transduction
of painful stimuli in dentinal pain (Andrews & Matthews 2000).

Enam el

Fig. 1.2: Diagram illustrating the three hypotheses for dentin sensitivity.
(A) odontoblast-nerve electrical or synaptic coupling, (B) hydrodynamic theory and
nerve activation via dentinal fluid movement, (C) nerves extending to the enamel-dentin
junction and being stimulated directly, (modified from Hildebrand et al. 1995)
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2. Role of odontoblasts in dentinal pain
One aspect of dental pain which has evoked much debate is the role of odontoblasts in
the generation of dentinal sensitivity. It is known that odontoblasts and sensory nerves
have a close anatomical association (see section B), but there seems to be no clear
chemical or electrical coupling between these cells. There is debate about whether the
pressure changes resulting from dentinal fluid movement activate nerve endings directly
(by acting on pressure-sensitive ion channels) or whether odontoblasts are necessary for,
or contribute to, the relay of this information (Matthews & Hughes 1988, Ushiyama
1989). It has been proposed that odontoblasts may play a role in sensory transduction in
three ways:
a) they could activate sensory nerve endings through electric coupling since the
odontoblasts themselves move when dentinal fluids move (Brannstrom 1963),
b) they may provide a framework to hold nerve endings at the correct site for optimal
transduction, which may be essential to neural reactivity. Odontoblasts might also
maintain a specific electrolyte composition of dentinal fluid upon which optimal
neural responsiveness might depend. For example, experiments have found
unusually high concentration of potassium and low concentrations of sodium in
dentinal fluid (Byers 1984).
c) they could release a particular chemical in response to fluid movement which is
detected by nerve endings.
In conformity with the last point, it is possible that ATP may be the chemical messenger
between odontoblasts and nerves. To understand why ATP is a candidate for this role, a
brief review of extracellular ATP signalling follows.
III. Extracellular ATP signalling
Diverse responses to extracellular purines [adenosine, adenosine diphosphate (ADP),
and adenosine triphosphate (ATP)] and pyrimidines [uridine diphosphate (UDP),
uridine tri-phosphate (UTP)] have now been documented in a wide range of biological
systems, from single cells to whole organisms. These include: smooth muscle
contraction, neurotransmission, exocrine and endocrine secretion, immune response,
inflammation, platelet aggregation, pain, modulation of cardiac function, and recently,
regulation of kidney function (for review see Dubyak and el-Moatassim 1993,
Abbracchio & Bumstock 1998, Ralevic & Bumstock G 1998, Schwiebert & Kishore
2001 ).
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A) Brief History
Seventy years ago, Drury & Szent-Gyorgyi (1929) were the first to recognise the potent
extracellular actions of purine nucleotides and nucleosides in the mammalian heart.
Later, it was shown that ATP was released during antidromic stimulation of sensory
neurons hinting that ATP might be a neurotransmitter (Holton & Holton 1953, Holton
1959), In 1970, Bumstock et al. proposed that ATP may be the neurotransmitter for
non-adrenergic non-cholinergic (NANC) nerves, supplying the gut and bladder, and
coined the term “purinergic” transmission. The concept of extracellular purinergic
neurotransmission was strengthened by a larger body of experimental evidence
demonstrating the role of ATP as a neurotransmitter or co-transmitter with
noradrenaline, acetylcholine, or other chemical mediators. In addition, knowledge about
specific receptors (or “purinoceptors”) that mediate physiological effects of purine
nucleotides and nucleosides began to emerge.

In 1978, Bumstock proposed the classification of purinergic receptors into PI receptors,
activated by adenosine, and P2 receptors, activated preferentially by ATP and ADP
(Bumstock 1978). Based on the rank-potency order profiles of nucleotide and
nucleoside analogues, the P2 family of receptors was divided into P2X and P2Y
receptors. (Bumstock & Kennedy 1985). Later studies revealed that P2X and P2Y
receptors also differed in their transduction mechanisms: P2X’s were found to be
ionotropic ligand gated ion channels while P2Y’s were metabotropic G-protein coupled
receptors (Abbracchio & Bumstock 1994). Four further P2 receptors were tentatively
proposed: i) P2T (on platelets) which was ADP selective, now designated as V1Y adp\ H)
P2Z (on macrophages, lymphocytes and mast cells) which appeared to be activated by
ATP"^*, now shown to be P2X?, c) P2U, where ATP and UTP were equipotent agonists,
now shown to be the same as P2Y]; and d) P2D which was selective for diadenosine
polyphosphates, but has not been cloned yet and may belong to the P2Y family (Ralevic
& Bumstock 1998).

B) P2X receptor fam ily
P2X receptors are Ca^^-permeable, non-selective cation channels gated by ATP and its
analogues. The receptors mediate the rapid (onset within 10 ms) non-selective passage
of cations (Na^, K^, Ca^^) across the membrane resulting in an increase in the
intracellular Ca^^and depolarisation (Dubyak & El-Moatassim 1993). Membrane
depolarisation leads to secondary activation of voltage-dependent Ca^^ channels, which
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further increase intracellular Ca^^. Because this transduction mechanism does not
depend on the production and diffusion of secondary messengers within the cytosol or
cell membrane, the response time is very rapid.
To date eight isoforms have been cloned: P2Xi through P2X?, and

P 2 X m,

the most

recent isoform cloned from skeletal muscle (Schwiebert & Kishore 2001). These
proteins have 379-472 amino acids and are believed to insert into the cell membrane to
form a pore comprising of two transmembrane domains and a large extracellular
hydrophobic loop (Fig. 1.3). Both NH2 and COOH termini are intracellular. The Ctemini of the isoforms are the most variable and have been used as antigens to obtain
isoform-specific antibodies. The P2X receptors can form homomultimeric (except
P2Xô) and hetero-multimeric complexes (except P2X?) and many of the naturally
occurring P2X receptors are heteromultimers of the P2X subtypes (Lewis et al. 1995,
Torres e/ a/. 1999).

s-s

s-s
H5

COOH
NH.

Fig. 1.3: Schematic diagram of a P2X (P2 X2) receptor.
Both N and C terminals are in the cytoplasm. Two putative membrane spanning
segments (Ml and M2) traverse the lipid bilayer of the plasma membrane and are
connected by a hydrophilic segment. S-S: disulfide bonds. (From Brake et al. 1994).
The P2X receptors vary in their ATP binding kinetics, conductance, and desensitisation.
They can be broadly differentiated into three groups: i) P2X| and P2X], which are
almost equally well activated by ATP and its analogue a,p methylene ATP (a,P
meATP); ii) P2X], P2 X4, P2Xg and P2Xô which are not activated, or only weakly
activated, by a,P-meATP; iii) P2X? which is distinguished by the fact that in the

21

continued presence of agonists, it forms a pore permeable to large molecules of up to
900 daltons (Ralevic & Bumstock 1998). Because few of the available agonists or
antagonists are selective between P2X and P2Y receptors, the main criteria used to
define the involvement of P2X receptors have been the time course of receptor
response, its desensitisation, and the relative agonist potency required to activate the
receptors.
P2 Xi -6 receptors are located predominantly on excitable cells, (smooth muscle cells,
neurons and glial cells), and play a role in the fast excitatory neurotransmission in both
peripheral and central nervous systems. P2X? is found in cells of the immune system
(for review see Ralevic & Bumstock 1998). In sensory neurons, P2X] is selectively
expressed in small diameter nociceptive fibres and there is evidence for a
heteromultimeric P2 X 2/3 receptor. These two receptors are reviewed in more detail in
section IV B.

C) P2Y receptor family
P2Y receptors are purine and pyrimidine nucleotide receptors which consist of 308-379
amino acids and have seven transmembrane domains, with an extracellular NH 2
terminus and an intracellular COOH terminus (Ralevich & Bumstock 1998). They are
coupled to G proteins which activate a membrane bound phosphotidylinositol-specific
phospholipase C (PLC), resulting in enhanced formation of inositol 1,4,5-triphosphate
(IP3) and mobilization of cytosolic Ca^^ (Ca^^i). These and other activated secondary
messengers lead to a variety of downstream events, depending on the type of receptor
and cell type in which the receptor is expressed, (for comprehensive reviews see Ralevic
& Bumstock 1998, Abbracchio & Bumstock 1998, Bumstock & Williams 2000).
Northem blots and in situ hybridization show a wide distribution of most P2Y receptors
(Ralevic & Bumstock 1998). Fig. 1.4 shows a schematic diagram of the receptor
subtypes and their signal transduction pathways.
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Fig. 1.4: Purinergic receptor subtypes and their signal transduction mechanisms.
PLC: phospholipase C; DAG: diacylglycerol; PKC: protein kinase C; IP3: inositol
1,4,5-triphosphate; AC: adenylate cyclase, PL: phospholipase (from Schwiebert 2001)

D) Sources o f A TP: A TP release mechanisms
All cells maintain cytosolic ATP levels in the 3-5 mM range, with minimal direct efflux
of nucleotides through the cell membrane (Dubyak & El-Moatassim

1993).

Extracellular nucleotide concentrations are generally maintained at low nanomolar
concentration by ubiquitously expressed ecto-nucleotidases that catalyse nucleotide
hydrolysis (Plesner 1995, Zimmermann 1999). Therefore, a large driving force for ATP
release is usually maintained across cellular membranes and all cells are potential
sources of released ATP.

A number of studies have shown that many cells release ATP and/or other purines in
response to a variety of stimuli. Among these cells, platelets release ADP and ATP to
promote self-aggregation (Gordon 1986); both adrenergic and cholinergic nerves
package and release ATP as a co-transmitter in certain sympathetically innervated
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smooth muscle (e.g. vas deferens and some blood vessels), in the urinary bladder, and in
skeletal muscle which receives cholinergic innervation (Bumstock 1997); sensory presynaptic nerve terminals release ATP which binds to post-synaptic terminals in sensory
ganglia of the spinal cord (Jahr & Jessell 1983, Bardoni et a l 1997); mast cells release
ATP which activates ATP receptors on adjacent mast cells causing a wave of increased
intracellular Ca^^ (Osipchuk & Cahalan 1992); endothelial cells release ATP in
response to sheer stress and other factors in order to control vascular tone (Bodin et a l
1991); and epithelial and hepatic cells release ATP as a means of ion transport and cell
volume regulation (Wang et a l 1996, Ferguson et a l 1997, Schwiebert 2001). ATP
release has also been reported from cardiac myocytes, erythrocytes, basophilic
leukocytes and fibroblasts (Dubyak & El-motassim 1993, Grierson & Meldolesi 1995b).

Various cells have been shown to release ATP in response to mechanical stress:
a)In Liver: ATP release is part of the mechanism invoked in cell volume regulation
following osmotic stimulation of liver cells (Wang et a l 1996). Hypotonicity stimulates
an ATP whole cell conductance in rat hepatocytoma cells (HTC cells) that are silent
under isotonic conditions. In a series of elegant experiments, Wang et a l showed that
this conductive release of ATP was essential for autocrine control of cell volume
regulation, because ATP scavengers and purinergic receptor antagonists blocked
regulatory volume decrease (RVD) following cell swelling (Wang et a l 1996).
Schlosser et a l (1996) showed that mechanical stimulation of isolated hepatocytes (by
microinjection) can evoke [Ca^^ji signals in the stimulated cell as well as in
neighbouring, non-contacting hepatocytes and bile duct epithelia. They showed that this
signalling is mediated by ATP release, which provides evidence for a novel paracrine
signalling pathway for epithelia which were previously thought to communicate
exclusively via gap junctions.

b) In Bladder: A study of rabbit urinary bladder epithelial cells showed ATP release as
a result of hydrostatic pressure changes across the bladder wall. (Ferguson et al 1997).
ATP release was proposed as a sensory transduction mediator for the degree of
distension of the bladder. (See section iv below for more detail)

c) In Airways: Normal airway epithelia release ATP under basal conditions, as well as
in response to hypotonicity. (Taylor et a l 1998). But this response is lost in cystic
fibrosis epithelia, suggesting that extracellular ATP may be a constant regulator of
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epithelial cell function under basal conditions, and an autocrine regulator of cell volume
under hypotonic conditions. A recent review, Schwiebert stated that hypotonicity
triggers ATP release in all epithelial, endothelial, and heterologous cells tested to date
(Schwiebert 1999), and hypothesized that facilitated ATP transport triggers extracellular
ATP signalling for autocrine “self-control” of epithelial cell volume.

d) In Kidney: There is evidence that ATP is released from renal epithelial cells, mostly
from the proximal tubule. One hypothesis assumes that once released into the tubular
lumen of the proximal nephron, ATP is carried downstream in the tubular fluid where it
could interact with any and all downstream nephron segments by acting on various P2X
and P2Y receptors found on the luminal surface of the nephron segments (Schwiebert &
Kishore 2001). It is thought that extracellular purinergic signalling modulates NaCl and
water handling along the nephron, affecting certain hypertensive states. For example,
salt and water absorption is inhibited by extracellular ATP in the tubular lumen or apical
environment. ATP may also play a part in the formation or maintenance of cysts in
polycystic kidney disease where fluid-filled structures lined by a single layer of
epithelial cells may be secreting and trapping ATP, which together with released and
trapped growth factors can create a vicious autocrine / paracrine growth loop
(Schwiebert 2001).

Currently it is thought that cells release ATP via three mechanisms:
i) Lytic release: when the integrity of the cell membrane is broken, for example when
the cell lyses or is permeabalized, and releases all its cytosolic contents, including ATP;
ii) Exocytic release: when contents of granules or secretory vesicles in neuronal and
other secretory cells such as platelets, adrenal chromaffin cells, mast cells and
basophilic leukocytes are released (Dubyak and El-Moatassim 1993).; and
Hi) Facilitated ATP transport: when ATP efflux is facilitated by integral membrane
proteins, acting either as ATP channels or transporters. Candidates for this latter
category include members of the ATP binding cassette (ABC) family of transporters
such as cystic fibrosis transmembrane conductance regulator (CFTR) and multidrug
resistance transporter (MDR) (Shewiebert 1999). (Fig. 1.5).
The role of CFTR in ATP transport, either as a direct transporter or as an indirect
regulator, is the subject of ongoing debate (Abraham et al. 1997, Reddy et al. 1997,
Grygorczyk & Hanrahan 1997b, Schwiebert 1999).
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Recently, it has been shown that ATP release can be measured under basal or
unstimulated conditions in epithelial monolayers, derived from the lung and airways,
intestine, pancreas, liver, kidney, and in endothelial monolayers (Taylor et al. 1998,
Schwiebert 1999) as well as in monocytes and macrophages (Beigi & Dubyak 2000).
This type of ATP release may be important as a normal autocrine control of the cell.

< lOnM ATP

ATP
ATP
ATP

3-5 mM ATP
Exocytosis

1: Lytic release

2: Vesicular release

A TP Channel

Transporter

3: Facilitated transport

Fig. 1.5: ATP release mechanisms

E) Fate o f extracellular A TP
Once the ATP molecule is released into the extracellular milieu it has several fates.
First, it can diffuse away in static conditions or be swept away in a circulating
environment (like blood). Second, it can be degraded into its metabolites by ectoenzymes (enzymes expressed on the cell surface whose catalytic site faces the
extracellular environment). ATP metabolites themselves are agonists for other
purinergic receptors, as well as for adenosine receptors (Fig. 1.4). Third, ATP released
under physiological and patho-physiological conditions may act on receptors on the
same cells (autocrine signalling) or neighbouring cells (paracrine signalling) (Dubyak &
El-Moatassim 1993).
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(v a s o d ila t a t io n )
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Fig 1.6: Schematic drawing of the sources of ATP acting on P2 X3 nociceptive
receptors in sensory nerve terminals. A: ATP released as a cotransmitter with
noradrenaline (NA) and neuropeptide Y (NPY) from sympathetic nerve terminal
varicosities; B: ATP released from vascular endothelial cells of microvessels during
reactive hyperaemia after local vasospasm to act both on P2 X3-purinoceptors on sensory
nerve terminals and P2Y purinoceptors on endothelial cells leading to release of nitric
oxide (NO) and subsequent vasodilation. Note that acetylcholine (Ach) and substance P
(SP) are also stored and released from endothelial cells during reactive hyperaemia; C;
ATP released from tumour cells damaged during abrasive activity. (From Bumstock
1996)
B) P2X receptors on sensory neurons
P2 X 3 receptors:
Since Bumstock’s 1996 hypothesis regarding the role of ATP in pain mediation, a
wealth of new evidence has been accumulating in this area. Cook et al. (1997)
retrogradely labelled rat tooth pulp afferents and showed that these nociceptive neurons
exhibited P2 X3 immunoreactivity and responded to purinoceptor ligands with a
pharmacological

profile

indicative

of

P2 X3

receptor

activation.

Other

immunohistochemical studies have confirmed the presence of the P2 X3 receptor in rat
sensory ganglia (Vulchanova et al. 1997 and 1998, Bradbury et al. 1998, LlewellynSmith & Bumstock 1998, Eriksson et al. 1998) and monkey dorsal root ganglia
(Vulchanova et al. 1997). In humans, the P2 X3 receptor transcript has only been found
in the heart, spinal cord, dorsal root ganglia, and tissue extracts from the intestine,
bladder and nerves (Garcia-Guzman et al. 1997, Yiangou et al. 2000). Recently, the
P2 X3 receptor has also been found in the bipolar cells of the rat retina (WheelerSchilling et al. 2000), the endothelial cells and epithelial cells of rat thymus (Glass et al.
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200 0 ), and the cloned cell line and a primary cell culture of mouse kidney collecting

duct epithelium (Schwiebert 2001).

P 2 X 2/3 receptors:
There is strong evidence that some sensory neurons have a heteromultimeric P2 X 2/3
receptor. The first evidence came in the study by Lewis et al. (1995) where some ATPgated currents at endogenous P2X receptors in rat nodose neurons were mimicked by
a,(5-meATP and did not desensitise. Such a response could only be duplicated when
P2 X 3 was co-expressed with P2Xz (but not with other subtypes) in HEK293 (H um an
Em bryonic Kidney) cells. The homomeric P2 X3 receptor is sensitive to a,p-meATP

and rapidly desensitises. P 2 X 2, on the other hand, is insensitive to a,p-meATP and
undergoes little or no desensitisation (R alevic & B u m stock 1998). So, it was
suggested that a new heteromeric P2 X 2/3 receptor, formed from the P2 X3 and P2 X 2
subunits, was responsible for the characteristics observed (Lewis et al. 1995). (Table 1.1
and Fig. 1.7)

This hypothesis is supported by the observation of a high level of co-localisation of
P2 X 2- and P2 X 3-immunoreactivity in rat nodose and dorsal root ganglia (Vulchanova et
al. 1997). Direct evidence for the formation of P2 X 2/3 heteromer comes from cells co
infected with viruses encoding P2 X2 and P2 X 3 receptors (Radford et al. 1997).
Expression of the P2 X 2/3 receptor was confirmed by cross-immunoprecipitation with
antibodies specific for either of the epitope tags introduced at the C terminal of the P2 X 2
or P 2 X 3 proteins. Furthermore, whole cell recordings of these cells showed that ATP
and a,P~meATP evoked currents with agonist sensitivity and desensitisation quite
distinct from those observed when P2 X2 or P2 X 3 receptors were expressed alone
(Radford et al. 1997). These results were confirmed when HEK293 cells expressed
P2 X 2/3 receptors upon transfection with various combinations of P2X receptor cDNA
(Torres

fl/. 1999).

Table 1.1: Pharmacological characteristics of “sensory” P2X receptors
PPADS
sensitivity
Yes

Suramin
sensitivity
Yes

Desensitization

a,p-meATP
sensitivity

P2Xz

Slow

---

P2X]

Rapid

Yes

Yes

Yes

P2X2/3

Slow

yes

ND

ND

P2X receptor

29

E. Homomeric P2Xi

A. Smooth m usde
ATP (3 nW

ATP D uM)

ca-mAT? Q uM)

0.5 nA
F. Hcmomeric P2X2

B, SCG neuron
ATP (30 ^M)

a3-fnATP (30 jiW)

c. neonatal DRG neuron
ATP (10 nM>

a(J-mAT? (10 uA<)

G. Hcmomeric P2X3
ATP (10 uM^

H. Heteromeric P2X2/P2X3

D. adult nodose neuron
ATP (10 tiM)

ATP (20 nW)

a( (V-mAT? (10^.4)

ATP (10 tiM)

|l nA
0.5 s

Fig. 1.7: Characteristics of the P 2 X3, PZXz and the P 2 X 2/3 receptors.

Rat DRG neurons express P2 X2, P2X] and P2 X2/3 either separately or together on
individual neurons (Burgard et al. 1999, Grubb & Evans 1999). Evidence has been
presented that the capsaicin-sensitive, small DRG neurons of the rat express mainly the
homomeric P2X] subunit while the capsaicin-insensitive, medium sized neurons express
the heteromeric P2 X2/3 receptor (Ueno et al. 1999). P2 X2/3 receptors have also been
reported in the trigeminal ganglion (Cook et al. 1997), in the nodose ganglion (Virginio
et al. 1998a & b), and in sympathetic neurons of rat superior cervical ganglion (Zhong
g/ a/. 2000).

In recent studies using P2 X3 knock-out mice, it was shown that homomeric P2 X3
receptor is principally responsible for rapidly desensitising ATP-activated currents in
DRG, and that P2 X2 homomers and P2 X2/3 heteromers may function in only a minority
(12%) of DRG neurons (Cockayne et al. 2000). In contrast, nodose ganglion neurons
were shown to contain significant proportions of homomeric P2 X2 and heteromeric
P2X2/3.
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C) A TP and pain
A growing body of in vivo evidence has shown that ATP can activate peripheral
nociceptors. Subpiantar injection of the agonists a,P-meATP (and to a lesser extent
ATP) results in acute nociceptive behaviour in rats (Bland-ward & Humphrey 1997). In
a similar study, Hamilton et a l (1999) showed that the observed nocifensive behaviour
was dose dependent, and that it was abolished with neonatal capsaicin treatment, which
destroys small diameter primary neurons. Parallel electrophysiological examination of
single nociceptor response to ATP analogues showed that among C-fibre nociceptors
recorded, 49% responded to either ATP or a,p-meATP (Bumstock et a l 2000).
Interestingly, most (76%) C-mechanoheat units (polymodal nociceptors) responded to a
P2X agonist, whereas significantly fewer C-mechanonociceptors (27%) responded to
the same chemical stimuli. The proportion of Aô nociceptors responding to a P2X
agonist was similar to that of C-mechanonociceptors (24%). Low threshold Aô-fibre
mechano-nociceptors and down-hair afferents did not respond to either ATP or a,p meATP. These results show that ATP can selectively activate cutaneous nociceptors and
suggest that the P2Xs receptor plays a major role in nociceptive responses to ATP
(Bumstock et a l 2000).

Dowd et a l (1998) applied ATP and a,p-meATP to peripheral terminals of primary
afferent articular nociceptors in rat knee joints and recorded neural activity from the
medial articular nerve. Rapid short-lasting excitation of a subpopulation of C and Aô
affrenets were evoked that were antagonised by pyrodoxalphosphate-6-azophenyl-2’,4’disulfonic acid (PPADS). Driessen et a l (1994) also found that a,p-meATP and 2
methylthio ATP are nociceptive and that P2 antagonists suramin, Evans blue, trypan
blue, and reactive blue 2 are antinociceptive when applied intrathecally..

In a recent study of humans, ATP was delivered iontophoretically to forearms of
volunteers while they rated the magnitude of the evoked pain on a visual analogue scale
(VAS) (Hamilton et a l 2000). ATP consistently produced a modest buming pain but no
other sensation. The pain began within 20 seconds after commencing ATP delivery and
with continuing iontophoresis was maintained for several minutes. Persistent application
of ATP led to desensitisation within 12 minutes, and recovery was almost complete 1
hour later. The average pain rating for ATP increased with increasing current. The pain
produced by ATP was dependent on capsaicin-sensitive sensory neurons as it was
virtually abolished in skin treated repeatedly with topical capsaicin.
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New insights into the role of P2X] have been gained through studies of P2 X 3 knock-out
mice (Souslova et al. 2000, Cockayne et a l 2000). In P2X] deficient mice, formalininduced pain behaviour was significantly reduced. Injection of ATP itself caused pain,
which was greatly diminished, but not fully eliminated. These data support the idea that
ATP contributes to the pain caused by tissue damage but also indicates that there might
be other nociceptive sensors for extracellular ATP besides P2X] receptors. Surprisingly,
the response of the knock-out mice to noxious mechanical stimuli (unpleasant
compression of the tail) and noxious thermal stimuli (high temperature applied to the
paw) was normal, which indicated that ATP is not a general mediator of all painful
stimuli. Two other unexpected findings were that these mice were not able to code the
intensity of non-noxious “warming” stimuli, implicating P2Xs in the coding of
innocuous warmth, and that deletion of the P2Xg receptor caused enhanced thermal
hyperalgesia in response to chronic inflammation (when induced with complete Freud’s
adjuvant but not short-term inflammatory stimuli such as carrageenan or capsaicin)
(Souslova et a l 2000).

D) A TP and mechanosensory transduction
In a new hypothesis Bumstock (1999) proposed that in tubes (including the ureter,
salivary duct, bile duct, and intestine) and sacs (such as the urinary bladder, gall
bladder, and lung) nociceptive mechanosensory transduction occurs where distension
releases ATP from the epithelial cells lining these organs, which then activate P2 X 2/3
receptors on subepithelial sensory nerve plexuses to relay messages to pain centres of
the central nervous system.

In the Ferguson et al study of the bladder, the urothelium, which acts as a sensor for the
hydrostatic pressure changes within the bladder, communicates with the underlying
sensory neurons through release of ATP from the uorothelial (epithellial) cells
(Ferguson et a l 1997). The sensory nerves in urinary bladder form a dense network
immediately under the urothelium; some of these nerves end very close to individual
epithelial cells, having penetrated the basal lamina. ATP released from such epithelial
cells is therefore a good candidate to function as a sensory mediator, presumably acting
on P2X receptors carried by the subepithelial sensory nerves. Initial transduction of
sensory information is probably through mechanosensitive ion channels in the mucosal
membrane of urothelial cells. A later study showed that nerve discharges were produced
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example after UV irradiation (to create sunburn) ATP resulted in double the pain rating
compared with the same procedure in normal skin.
P 2 X 2 receptors and the P2 X 2/3 heteromultimeric receptors are strongly pH sensitive
(King et a l 1996, Stoop et al. 1997), rendering these nociceptive P2X receptors more
sensitive under inflammatory conditions (Bumstock 2000). Acid pH has also been
shown to augment the excitatory actions of ATP on dissociated mammalian sensory
neurons (Li et a l 1996). Lastly, synergistic interactions between ATP and other known
nociceptive agents on sensory terminals in the periphery have been proposed. Potential
co-agonists include 5-hydroxytryptamine (5HT) (Bleehan & Keele 1977), bradykinin
(Green et a l 1991), Substance P (Hu & Li 1996, Wildman et a l 1997), and histamine,
since activation of ATP receptors on mast cells leads to release of histamine (Dubyak &
El-Moatassim 1993).
These results suggest that it is more likely for endogenous ATP to reach a concentration
capable of exciting nociceptors in inflamed rather than in normal skin.
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V: Statement of the problem and Aim of the study
Since ATP and P2 X 3 receptors have been linked to pain, it is logical that they may play
a role in pain production in the dental pulp. We hypothesized that if P2Xg receptors are
found in nerve terminals close to odontoblasts, it is feasible that odontoblasts may
release ATP in response to external or internal stimuli, whereby activating nearby P2X]
receptors to initiate or modify the dentinal pain response.
To investigate this hypothesis, studies were designed to answer the following questions.
I) Are P2 X3 receptors present in the human dental pulp?
a) Most studies of P2X localisation have used rat tissues. Our knowledge of the
distribution of the P2Xs receptor in the human is limited. It would be essential to
find out whether P2X] receptors are present in the human dental pulp,
b) The localisation of P2X] receptors, if present in the dental pulp, is unknown. It is
important to determine whether they are located on neurons found in close
proximity to odontoblasts or whether they lie in the bulk of the pulp tissue.
c) It is important to investigate the type of nerve fibres which express the P2 X 3
receptor. Co-localisation with other neural markers would partially answer this
question.
II) Do odontoblasts release ATP when mechanically stimulated?
Following on from studies of other cell types, ododnotblasts can be stimulated by
mechanical distortion, or by being exposed to hypoosmotic conditions, and the released
extracellular ATP can be measured. Since this would be the first such study of human
odontoblasts, a methodology had to be developed to deal with the particular problems of
studying odontoblasts, e.g. what procedure to use to study odontoblasts’ response to
stimuli in vitro; can they be isolated and cultured in a culture dish, or can a model be
developed where they are stimulated while still attached to dentin.
Chapter 2 is the report of the results of P2 X 3 staining in human dental pulp.
Chapter 3 described the development of a model to study the response of odontoblasts
to various stimuli, the results obtained and the problems encountered.
Chapter 4 summarises and offers possible roles for ATP in the dental pulp and suggests
future studies.
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CHAPTER 2: P2Xi I m m u n o h i s t o c h e m i c a l

S t u d i e s in H u m a n D e n t a l P u l p

INTRODUCTION
In accordance with human subjective experience, dentin and pulp are exquisitely
sensitive to mechanical, thermal and noxious stimuli and the pulp is believed to receive
a purely nociceptive innervation. One aspect of dental pain which has evoked much
debate is the role of odontoblasts in the generation of dentinal sensitivity. It is known
that odontoblasts and sensory nerves have a close anatomical association, but there
seems to be no clear chemical or electrical coupling between these cells (Hildebrand et
a l 1995).

Extracellular ATP can function as a signalling molecule by activating ATP receptors or
purinoceptors. Of the currently 7 cloned members of the P2X family, one receptor, the
P2 X 3, is selectively expressed in a subset of predominantly small sensory neurons in
sensory ganglia (Chen et a l 1995, Lewis et a l 1995). Earlier studies had showed that
ATP when applied intradermally to humans causes pain (Bleehen & Keele 1977). Based
on these findings, it was proposed that ATP, released from cells peripherally, can
initiate pain by acting on purinoceptors expressed by nociceptive nerve terminals
(Bumstock 1996). Since then, the presence of P2X] in sensory ganglia has been
confirmed by immunocytochemical studies (Vulchanova et a l 1997, Bradbury et a l
1998, Llewellyn-Smith & Bumstock 1998, Eriksson et a l 1998) and a growing body of
evidence has shown that ATP can activate peripheral nociceptors (Bland-Ward &
Humphrey 1997, Cook et a l 1997, Dowd et a l 1998).

P2X] receptor immunoreactivity has been shown in rat dental pulp (Cook et a l 1997),
but our knowledge of the distribution of this receptor in the human is limited to the
heart, spinal cord, dorsal root ganglia, and tissue extracts from the intestine, bladder and
nerves (Garcia-Guzman et a l 1997, Yiangou et a l 2000). The aim of this study was to
a) investigate whether P2Xg receptors are present in human dental pulp, and b) to study
the relationship between P2Xs receptors and other phenotypic neural markers. A second
aim was to elucidate the anatomical distribution of the receptors and their relationship to
odontoblasts as these latter cells have been implicated as part of the signal transduction
mechanism in dentinal pain.
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MATERIALS AND METHODS

Preliminary study using rat tissue
In preparation for carrying out immunostaining of human dental pulp samples, rat
tissues containing known P2X receptors were tested for positive immunreactivity with
antisera generated against rat P2X receptors. The anti-rat P2X antibodies had been
prepared in a similar fashion to the antibodies against human P2X receptors. The results
of these preliminary studies are reported in the Appendix.

Human Tissue preparation
Tissue samples consisted o f 11 third molars extracted from 8 healthy young adults (age
15-22) under local or general anesthesia at the Oral Surgery Department of the Royal
Free Hospital. These samples were chosen from a total of 28 teeth collected from 14
patients. Ethical approval for the study was obtained conforming to the policy of the
Research and Ethics Committee of University College London and informed consent
was obtained from all patients. All teeth were extracted for prophylactic prevention of
future problems, were free of disease -as judged by radiographic and clinical
examination- and had closed apices.
Decalcified specimens (Pilot study)
Initially 3 teeth from 3 patients were decalcified as follows: immediately after extraction
the teeth were immersed in phosphate buffered saline (PBS) and the roots were cut off
under continuous PBS flow using a diamond disc in a hand held drill (Radio Spares,
Corby, UK). The crowns were fixed in Zamboni’s fixative for 24 hours at 4°C, and
decalcified using either a solution of 10% EDTA in PBS for 5 weeks, or Plank-Rychlo’s
solution (7 g aluminium chloride, 8.5 ml hydrochloric acid and 5 ml formic acid in 100
ml distilled water, Maeda et al. 1986) for 9 days. After immersion in 30% sucrose
solution in PBS overnight, the specimens were frozen, and 30-40 pm cryosections were
cut and floated in PBS. Immunocytochemical staining of floating sections revealed no
specific staining with either anti-rat or anti-human P2X antibodies. We experienced the
same phenomenon in rat jaws decalcified in either Plank-Rychlo’s solution, 8% formic
acid, 4N formic acid in 0.05M sodium formate or 10% EDTA. Therefore, it was decided
to eliminate the décalcification step and extract the pulp tissue from the teeth.
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Extracted pulp specimens
Pulps were extracted from 8 teeth (obtained from 5 patients) immediately after the roots
were cut off as described above. The exposed pulps remaining in the crowns were
carefully removed with fine tweezers and fixed in Zamboni's fixative for 24 hours at
4°C. After the tissue specimens were rinsed in PBS containing 30% sucrose for 24
hours, they were embedded in Tissue Tek II OCT compound (BDH, Poole, UK) and
orientated in such a way that the plane of cut would be longitudinal through the pulp
horns. The specimens were frozen by immersion in isopentane cooled by liquid nitrogen
and 12 pm thick serial cryosections were cut of the entire specimen, and collected on
gelatin coated slides.

Preparation of anti-human PZXg antibody
The polyclonal rabbit anti-human P2Xs IgG was donated by Roche Bioscience, Paolo
Alto, CA. The method o f antibody production has been described elsewhere (Oglesby et
al. 1999). Briefly, polyclonal antiserum was raised in rabbits by inoculation with 15
amino acid peptides (AEKQSTDSGAFSIGH) corresponding to regions near the
carboxy terminus of the human P2Xs receptor subunit. The peptide was covalently
linked to keyhole limpet haemocyanin and rabbits were immunized with multiple
monthly injections with the conjugated peptide. IgG fractions were isolated from the
pre-immune and immune sera using chromatography on DEAE Affl-Gel Blue (Bio-Rad,
Hercules, CA) or following the method of Harboe and Inglid (1973).
Immunohistochemistry with anti-PlXg antibody
The slides were washed in PBS containing 2.5% sodium chloride for 10 min. The
increased salt concentration was used to reduce autofluorescence of the tissue. For
subsequent dilutions a working solution (WS) was made consisting of Tris buffered
saline with 2.5% NaCl and 0.2% Triton X-100. For P2X] receptor localisation, sections
were incubated with 10% normal goat serum (NGS, Gibco, Paisley, UK) diluted in WS
(1 hr), followed by anti-human P2X] antibody diluted 1:500 in WS containing 10%
o
NGS (38 hr at 4 DC) and finally with Oregon Green conjugated goat anti-rabbit IgG
(Molecular Probes, Leiden, Netherlands) diluted in WS containing 1% NGS (I hr).
Sections were washed in PBS (2x5 min) and PBS containing 0.05% Tween (1x5 min)
between primary and secondary antibody incubations.
To further reduce non-specific background staining in some sections, the primary
antibody concentration was reduced and sections were stained using the Tyramide
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intensification method as follows: after pre-incubation with 10% NGS, sections were
incubated with anti-human P 2 X 3 antibody diluted 1:2000 in WS containing 10% NGS
(38 hr at 4°C). After incubation with biotin-conjugated goat anti-rabbit IgG diluted
1:1000 in WS containing 1% NGS (1 hr), the signal was amplified by applying the
following: extravidin-peroxidase (Sigma, Poole, UK) diluted 1:1000 in PBS containing
thimerosal (30 min), followed by biotinylated tyramide (TSA-Indirect kit, NEN Life
Science Products, Boston, MA) diluted 1:50 in the amplification solutions supplied in
the kit (8 min) and FITC-conjugated Streptavidin (Sigma, Poole, UK) diluted 1:200 in
WS (120 min). Sections were washed in PBS containing 0.05% Tween after each of the
above steps except pre-incubation.

Controls included omission of the primary antibody or replacement of the primary
antibody with non-specific rabbit IgG. The specificity of the immunoreaction was
checked by pre-incubation of the primary antibody with an excess of its homologous
peptide antigen. The antigen-absorbed antibody did not stain any cellular elements. A
Western blot analysis of pulp tissue using the anti-human P2X] antibody showed a
single band at 57 KDa confirming specificity.
Double immunofluorescence staining
For co-localisation with a neurofilament marker, sections were first immunostained with
anti-human P2X] antibody (two-layer procedure) followed by pre-incubation with 10%
NGS in WS. NF200 was detected by incubation with monoclonal NF200 antibody
(clone N52; Sigma, Poole, UK) diluted 1:800 in WS (14 hr at 4°C) and TRITCconjugated goat anti-mouse (Nordic Immunological Laboratories, The Netherlands)
1:100 in WS (Ihr). For co-localisation with isolectin B4 from Griffonia simplicifolia
(IB4), sections were immunostained with anti-human P2X] (two-layer procedure), then
incubated with Ipg/ml biotin-conjugated IB4 (Sigma) and 0.1 mM of CaCb, MnCL,
and MgCb in the diluent for 14 h. This was followed by Texas Red®-conjugated
Streptavidin (Amersham Pharmacia Biotech, Buckinghamshire, UK) diluted 1:1000 in
TBS (2 h). All slides were coverslipped with Citifluor® (Citifluor Ltd. London, UK).
Immunofluorescence was observed using an Edge fluorescence microscope (Edge
Scientific Instruments Co., Santa Monica, CA) and all pictures were taken at x20
objective magnification.

39

To check for non-cross reactivity during double staining, individual staining for NF and
IB4 was performed on some sections. The localisation of each marker appeared
identical to that observed with the double staining technique, indicating negligible cross
reactivity. To calculate percentages of P2X] receptor colocalisation with other markers,
4 randomly selected sections were chosen for each pair of markers. For each section,
counts were made of the number of PlXg-immunoreactive (-ir) fibres, the number of
fibres positive for NF or IB4, and the number of fibres expressing both markers and
percentages were calculated.
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RESULTS
P2 X 3 immunoreactivity
Initially the specimens were stained using polyclonal antibodies raised against rat P 2 X 3
(also from Roche Bioscience) since there is a high (93%) amino acid sequence identity
between the rat and human P2X] receptor (Ralevic & Bumstock 1998). The same
pattern of staining was observed with either the anti-rat or anti-human antibody.
However, the anti-human P 2 X 3 antibody showed much more sensitivity and less non
specific background staining.
Intense P2 X 3 immunoreactivity was observed throughout the pulp (Fig. 2.1). P2 X 3 .ir
nerves were seen travelling in bundles throughout the bulk of the tissue, sometimes
accompanying blood vessels (Fig. 2.1a, 2.2e & f). Further peripherally, these fibres
formed a plexus in the vicinity of the cell rich zone, which corresponded to the
subodontoblastic nerve plexus of Raschkow (Fig. 2.1b, d, 2.2a). This plexus appeared to
be a continuous network in the roof of the pulp chamber and was particularly developed
in the pulp horns. Some fine varicose nerve fibres extended from the plexus and ran
radially to reach the odontoblastic layer. Two types of fibres were observed: thick
smooth or thin varicose ones. No specific immuno-fluorescence was observed in
sections incubated without primary antibody (Fig.2.1c), with non-specific rabbit IgG
(Fig.2.1e), or with the preabsorbed antibody (Fig.2.1f). Some non-specific tissue
fluorescence was observed around blood vessels (Fig.2.1c).
Relationship of PlXg-ir neurons and odontoblasts
It was not possible to stain intact crowns as décalcification procedures destroyed the
antigenic sites and so it was necessary to remove the pulp from the teeth. When the pulp
is removed in this way, odontoblasts are usually left behind, attached to the dentin
(Chadha & Bishop 1996) but the morphology of the pulp tissue after detachment from
the crown is well preserved and in most cases demonstrates intact pulp horns. To
examine the relationship between the nerve fibres and odontoblasts, particular attention
was paid to the tissue morphology at the periphery of the specimens and under the roof
of the pulp chamber. Three tissue morphologies were observed. In the first, odontoblast
nuclei were present, still attached to the pulp (Fig. 2.2a & b). In the second, the pulp
was separated at the cell rich zone below the odontoblastic layer (Fig. 2.3a & b). In the
third, encompassing most sections, the outermost area was devoid of cell nuclei and
showed discrete parallel lines, perpendicular to the tissue edge. These lines resembled a
“brush border” (Fig. 2.1b & d, 2.2b) which was only evident in the roof of the pulp
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chamber, where odontoblasts would normally be present, and was absent from its floor,
where the crown was cut from the root. This area is representative of the odontoblastic
layer because: i) such an organized structure with parallel lines is not present anywhere
else in the pulp except in the odontoblastic layer where the cells have the typical
columnar organization; ii) when odontoblast nuclei are present they occupy the same
parallel spaces (Fig. 2.2b); and iii) in other studies of tooth innervation, where the pulp
is removed from the tooth, nerve fibres in this area are assumed to be lying in the
odontoblastic layer (Maeda et al 1986, Wakisaka et a l 1987).
The odontoblast nuclei stained nonspecifically with rabbit IgG (Fig. 2.2d) so it was not
possible to determine whether they also stained with the anti-P2X3 antibody. It was seen
that some P2Xs-ir fibres run towards and into the odontoblastic layer (Fig. 2.1b & d,
2.2a, b & c). The absence of odontoblast nuclei from this area aided the visualization of
the fine nerve fibres in this region. However, in this study it was not possible to see
whether the P2 X3-ir fibbers enter dentin.
Colocalisation of P2 X3 receptors and other neural markers
The NF200 antibody stains the neuron-specific neurofilament protein. Most of the pulp
nerves were immunoreactive with anti-NF200 antibodies (Fig. 2.3a & b), including
many fine neurons running in the odontoblastic layer. Of these most (80%) also stained
for P2 X 3 (Table 2.1). It seemed that NF-ir neurons were more numerous than P2X3-ir
neurons.
IB4 has been used to mark a subset of non-peptidergic small diameter neurons. In our
study a proportion of pulpal nerves appeared to be IB4 binding (Fig. 2.3c & d). Most of
these neurons occurred in the main bulk of the pulp and not in the peripheral zones.
Approximately 40% of P2X3-ir neurons were also positive for IB4, whilst most (90%)
of IB4 positive neurons were P2 X3 -ir (Table 2.1).
Table 2.1: Colocalisation of P2 X 3-ir nerves with other nerve markers.

NF200
IB4

% P2 X3 receptor-ir nerves
containing NF/ IB4
100%

% NF / IB4 positive nerves
containing P 2 X 3 receptor
80%

40%

90%

Note: IB4=isolectin B4, NF= neurofilament protein, -ir=immunoreactive
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DISCUSSION
Four interesting results emerged from our study: i) numerous P2 X 3 immunoreactive
neurons exist in human dental pulp, ii) these P2 X 3 -ir neurons occur in close association
with odontoblasts, iii) all P2X3-ir nerve fibres in the pulp also contain neurofilament
protein, and iv) many but not all (40%) of P2 X3 -ir neurons bind IB4. The significance
of these results is discussed below.

Sample selection
It is not clear whether the innervation of unerupted third molars is representative of that
found in the fully erupted permanent dentition. The number of nerve fibres and the
expression of various receptors change after tooth eruption and increased use in the
mouth either as a result of the stage of development, or due to exposure to intraoral
conditions and response to function (Hildebrand et a l 1995, Byers 1996). However the
case of unerupted impacted third molars may be special as many of these teeth are
developmentally mature with closed apices, but are unable to erupt into occlusion. In
our study, the apices of all teeth were examined and only teeth with closed apices were
used. Also, the specimens were of the coronal pulp (mostly of the cusp tips), which
complete their innervation the earliest. Studies in the rat have shown that when dental
nerves are labelled by the axonal transport of radioactive proteins, horse radish
peroxidase or neurofilament protein antibodies (Maeda et a l 1986) the intensity of
nerve endings in young and old adult rat molars are the same. However,
immunoreactivity to CGRP can have very different intensities depending on molar age
and attrition (see Byers 1995). Whether P 2 X 3 expression also changes with maturity or
increased function remains to be investigated.

Function of P2Xa receptors
Nociceptive: Teeth are heavily innervated by unmyelinated and small myelinated
sensory axons, thought to be almost exclusively nociceptive. Classically the nerves in
the dental pulp travel up the root relatively unbranched then arborize extensively in the
crown to form a network in the peripheral pulp of the crown below the odontoblastic
layer (the plexus of Raschkow). Free sensory nerve endings are found in the peripheral
plexus of Raschkow, the odontoblastic layer, the pre-dentine, and the dentin, up to
0.2mm into dentinal tubules, (for review see Hildebrand et al 1995). We found that a
large number, but not all, of pulpal nerves were P2X3-ir. The localisation of the P 2 X 3
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receptor in these neurons suggests that these nociceptors are potentially sensitive to
ATP.

The number of PlXg-ir neurons observed in the odontoblastic layer, suggests that ATP
and its receptors are involved in signal transduction at the pulp-dentine border. It is
known that most stimuli applied to dentine surface cause pain (known as dentin
sensitivity). The current accepted theory for this phenomenon, the hydrodynamic theory
proposed by Brannstrom (1963), states that external stimuli applied to the dentin surface
cause fluid flow in dentinal tubules which in turn directly stimulate free nerve endings
at the pulp-dentinal border. The role of odontoblasts in this sequence of events has
remained unclear. It is known that odontoblasts and sensory neurons have a close
anatomical relationship (Hildebrand et a l 1995), but there seems to be no synaptic or
electrical connection between these two cell types. We hypothesize that one possible
relationship between the odontoblast and pulpal nerves is a chemical coupling, where
ATP released from distorted odontoblasts activates P2X] receptors on nearby nerves,
generating pain signals. In other words, it is not the hydrodynamic forces per-se which
activate the nerve endings, but rather the released ATP when odontoblasts are
stimulated.

This theory is consistent with the observations that: (i) any movement of the dentinal
fluid will inevitably distort the odontoblasts within the tubules; (ii) the juxtaposition of
the nerves and the odontoblasts makes it feasible for a short acting chemical such as
ATP to be effective locally; (iii) ATP can be released as a result of mechanical
stimulation of many cell types e.g.: endothelial cells (Bodin et a l 1991); and (iv) the
results of the present study show P2Xg receptors on pulpal nerves in close proximity to
odontoblasts. In addition, similar mechanisms seem to be present in other tissues. In the
urinary bladder, the urothelial (epithelial) cells act as sensor for hydrostatic pressure
changes within the bladder and communicate with the underlying sensory neurons
through release of ATP (Ferguson et a l 1997). The chemosensitivity of pulpal P2Xs-ir
neurons fits well with the findings that a population of C as well as slow and fast
conducting Aô fibres were found to be capsaicin sensitive (Ikeda et a l 1997); and that a
cloned capsaicin receptor vanilloid receptor l(V R l) and P2X] have been colocalised on
small and medium sized neurons in trigeminal and dorsal root ganglia (Guo et a l 1999).
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Vasoregulatory: Sensory neurons also play an important role in regulatory processes in
the pulp both in health and when the tissue is injured. Electrical stimulation or capsaicin
treatment of inferior alveolar nerve neurons causes vasodilation and plasma
extravasation (Gazelius et al. 1981, Olgart et al. 1991, Heyeraas et al. 1994,). These
neurogenic vasoregulatory effects have been attributed to the release of the
neuropeptides CGRP, SP, and NKA from A-fibres, and are absent or reduced when the
pulps have been denervated (Olgart 1992, Olgart & Kerezoudisl994). A neurogenic
pulpal vasodilation may also be elicited by external stimuli (Matthews & Vongsavan
1994, Olgart 1992).

The overall effect of sensory neuron involvement in vasoregulation is an important
factor in the low compliance environment of the pulp. In the pulp, which is surrounded
by rigid walls, even a small increase in volume due to vasodilation or capillary filtration
will raise the tissue pressure. Heyeraas et al. (1994) have shown that stimulation of
dental sensory fibres causes increased pulpal blood flow, despite a simultaneous rise in
tissue pressure. This effect serves to counteract the rise in net capillary filtration (which
normally causes oedema) protecting the tissue. These investigators were able to show
that although the vasodilation persisted, the tissue pressure started to fall, implying that
fluid was removed from the pulp. As well as affecting blood flow, these responses
provide the pulp with a strong protective mechanism that allows external stimuli to
initiate inflammation without directly contacting the pulp tissue.

The proximity of some P2X3-ir nerves to blood vessels, and colocalisation of P 2 X 3
receptors with the capsaicin receptor VR-1 (Guo et al. 1999) suggests that P2X3-ir
neurons may also play a role in these regulatory mechanisms. Interestingly,
pretreatment with CGRP and SP antagonists did not completely abolish the vasodilation
seen in response to electrical stimulation of the inferior alveolar nerve (Olgart 1996),
suggesting that there are other factors involved in this process. ATP released under
inflammatory conditions could originate from a number of cells (odontoblasts,
fibroblasts, or endothelial cells) following lysis or hypoxic stress, or from more discrete
stores in platelets, mast cells, or sensory or sympathetic nerves (Sawynok & Reid 1997).
It has been shown that ATP enhances the bradykinin-induced plasma extravasation seen
in arthritic rat knee joints, which in turn inhibits tissue injury (Green et al. 1991).
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Trophic: Sensory neurons also influence healing of the injured pulp by influencing the
recruitment of immunocompetent cells to the area (Fristad et a l 1995 and 1997), the
differentiation of odontoblasts and the formation of reparative dentine (Byers 1995).
ATP and its receptors may play a role in these healing processes. Extracellular ATP
levels rise where cells are damaged or dying. Furthermore, endothelial cells release ATP
when they are mechanically stimulated (Bodin et a l 1991) e.g. under conditions of
inflammation. The presence of P2Xs receptors on nerve fibres in the bulk of the pulp
tissue and in close proximity to some blood vessels prompts the hypothesis that these
receptors are also involved in the tissue’s response to injury.

Homomeric P2 X3 and heteromeric P2 X 2/3 receotprs:
It is not clear whether ATP acts on receptors formed from P2 X 3 alone or multimers of
P2 X 3 and other P2X receptors. Lewis et a l (1995) provided indirect evidence for a
heteromultimeric P 2 X 2+3 channel in sensory neurons by co-expression of P2X subunits
in Xenopus oocytes. Co-expression of P2Xi and P 2 X 3 produced a channel with
properties closely resembling those in sensory neurons. P2 X2 receptors have been
detected in central sensory ganglia and nuclei, in some areas co-localizing with P2 X 3
receptors (Vulchanova et a l 1997). They have also been located in primary auditory
neurons (Salih et a l 1998) and in taste fibres of the tongue (Bo et a l 1999). Despite
their close association with P2 X 3 receptors, less is known about their peripheral
distribution. We stained a few sections using an anti-human P2 X 2 antibody (donated by
Roche Bioscience). Preliminary results showed a large number of P 2 X 2 receptors in the
pulp, although they were less numerous that the P2 X 3 receptors and we could not
determine whether P2 X 2 and P 2 X3-ir occur on the same nerves.

In a study of nociceptive vs. non-nociceptive neurons in the rat dorsal root ganglion
(DRG), Ueno et a l (1999) found that capsaicin-sensitive (nociceptive), small sized
DRG neurons expressed mainly the homomeric P2 X 3 subunit but capsaicin-insensitive
(non-nociceptive), medium sized DRG neurons expressed the heteromultimeric P2 X 2/3
receptor. The pulp contains both capsaicin sensitive (Ikeda et a l 1997) and capsaicin
insensitive (Fried et a l 1988) neurons. It is therefore possible that both P 2 X 3 and P 2 X 2/3
receptors occur in the pulp.
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P2 X 3 colocalisation with NF
The antibody against neurofilament protein classically binds to the “large, light neurons
in the rat dorsal root ganglion” (Snider & McMahon 1998). It has been reported that
many fine fibres in the tooth pulp originate from nerves with medium or large cell
bodies in the trigeminal ganglion (Fried et a l 1989). Therefore, not surprisingly, in our
study most pulpal fibres were immunoreactive with the antibody against NF200,
including fine unmyelinated fibres in the odontoblastic layer. In agreement with our
findings, other studies have confirmed that most pulp nerve fibres are immunoreactive
to NF protein (Maeda et a/. 1986, Fried et a l 1989). NF-ir nerves in the pulp also
express S-100 (a protein marker of Schwann cells) suggesting that all NF positive fibres
possess a Schwann sheath and have myelinated parent axons.

In our study, most (80%) of the NF-ir pulp nerves were also immunoreactive for PlXg,
and all the P 2 X3 positive neurons were NF-ir, implying that pulp P2X3-ir neurons
originate from larger cells in the trigeminal ganglion. Eriksson et a l (1998) showed that
40% of NF containing cells in the rat trigeminal ganglion are P2X3-ir. These
investigators together with Cook et a l (1997) and Llewellyn-Smith and Bumstock
(1998) have shown that in the trigeminal ganglion both small and large cell bodies are
P2X3-ir. On the other hand, Bradbury et a l (1998) found that in rat DRG, only 1% of
P2X3-ir neurons also stain with NF200. This discrepancy may reflect species differences
(rat vs. human), differences between peripheral and central distribution of these
markers, or differences between dorsal root and trigeminal ganglia. Pulp is innervated
by myelinated A5 and unmyelinated C fibres. The Aô fibres respond to hydrodynamic
stimuli applied to dentin and direct mechanical stimulation of pulp whilst the C fibres
respond to intense mechanical, thermal, and chemical stimuli which cause pulpal cell
damage (Hildebrand et a l 1995). The fact that P 2 X 3 receptors are found on the NF-ir
neurons suggests that they are present on Aô fibres, adding further support to their role
in dentinal pain.

P2 X 3 colocalisation with IB4
Small diameter nociceptive neurons have been divided into two categories on the basis
of: i) the growth factors they respond to, ii) the neural markers they express, and iii)
their central projections. One group respond to nerve growth factor (NGF), have the
NGF receptor tyrosine kinase TrkA, express the neuropeptides CGRP and SP, and
terminate in laminae I and outer II of the spinal dorsal horn. The other “non-peptide”
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population responds to glial cell line-derived neurotrophic factor (GDNF), contains the
enzyme fluoride-resistant acid phosphatase (FRAP), binds the isolectin B4 of the plant
lectin Griffonia simplicifolia (IB4), and terminate in the inner part of dorsal horn lamina
II. These two groups of nociceptors are thought to play very different roles (Snider and
McMahon 1998). They may be activated by different stimuli, may be responsible for
different types of hyperalgesia (inflammatory \s. neuropathic), and may ultimately
respond to different therapeutic drugs. In our study, we found IB4 labelling occurring in
a proportion of pulpal neurons. This in itself is an interesting result as a previous study
showed that retrogradely labelled trigeminal neurons innervating dental pulp did not
contain FRAP or stain with IB4 (Fried et al. 1989). However, these investigators also
found that only 56% of the trigeminal ganglion neurons supplying the pulp were CGRPir. If small neurons are either IB4 binding or CGRP-ir, one would expect some non
CGRP-ir neurons to bind IB4.

In the rat DRG neurons, it was found that most (94%-98%) of P2X3-ir nerves are IB4binding, respond to GDNF and terminate in the inner lamina II of the spinal cord,
indicating that most P 2 X 3 containing neurons belong to the second “non-peptide”
population of nociceptors (Bradbury et al. 1998). These findings have been confirmed
in a recent study of post-mortem human DRG neurons (Yiangou et al. 2000). However,
these investigators observed a different response to GDNF in human injured nerves and
concluded that GDNF alone does not regulate P2 X 3 levels in human DRG. Other studies
have shown an overlap of up to 59% between peptidergic (CGRP-ir) and nonpeptidergic (IB4 binding) neurons (Wang et al. 1994) in the DRG, suggesting that the
separation between these two groups of nociceptors is not clear cut. Additionally, it was
recently reported that up to 30% of IB4 binding cells in the trigeminal ganglion are not
P2X3-ir, indicating that there may be differences between the trigeminal and dorsal root
ganglion neurons (Eriksson et al. 1998). In our colocalisation experiments, only 40% of
P2X3-ir neurons were IB4-binding. In addition to the above explanations, the fact that
most P2X3-ir neurons did not bind IB4 may be a feature unique to human innervation or
to pulpal nerves. Further studies of ATP and its receptors are needed to elucidate the
specific role played by these molecules in the mediation of dental pain, and to resolve
the functional roles of the two different nociceptive pathways.
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Fig 2.1: Photomicrograph of P2X3 immunoreactivity in human dental pulp and
the control sections, (a) P2X3-ir nerve bundles running in the body of the pulp tissue,
(b) P2X3 labelling in the nerves running in the body, the subodontoblastic plexus of
Raschkow and the periphery of the pulp tissue, (c) Adjacent control section, primary
antibody was omitted, (d) & (e) Consecutive sections of the pulp horn area incubated
with anti-P2X3 (d), and with non-specific rabbit IgG (e). (f) A later section of the same
specimen incubated with anti-P2X3 pre-absorbed with the cognate peptide. Arrowheads
show the same tear in (d), (e) & (f). Scale bars=100jLim.
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Fig 2.2: Photomicrograph of P2X3 -ir nerve fibres in the odontoblastic area.
(a) section showing attached odontoblast nuclei (arrows) and P2X3-ir nerves in the
odontoblastic area (arrowheads), (b) & (c) a single section of pulp horn area double
stained for P2X3 and NF. Arrowhead shows a P2X3-ir nerve fibre spiralling between
two odontoblast nuclei. In (b) the non-specific staining of the nuclei masks the P2X3
-ir fibre which can be clearly seen when the same section is stained for NF. (d) section
showing non-specific staining of odontoblast nuclei with rabbit IgG. (e) & (f) sections
showing P2X3-ir fibres accompanying blood vessels. Scale bars =100 \xm.
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Fig. 2.3: Photomicrograph showing colocalisation of P2X3 recptors with other
neural markers, (a) & (b) A single section double stained with anti-P2X3 (green),
and anti-NF200 (red). Most fibres are double stained with both markers. Arrows
show NF immunoreactive nerve fibres that are not P2X3-ir. (c) & (d) A single section
double stained with anti-P2X3 (c), and IB4 (d). Some fibres are stained with both
markers (arrowheads) whilst other fibres show P2Xs-ir only (arrows).
Scale bars = 100 |u,m.
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CHAPTER 3 : ATP R e l e a s e

S t u d ie s u s in g H u m a n O d o n t o b l a s t s

INTRODUCTION
The presence of ATP receptors on nerves close to odontoblasts suggests that
odontoblasts may serve as potential sites for ATP release. In this case, a lytic or a
stimulated release is expected from these cells. The former occurs when odontoblasts
die as a result of injury. The latter arises from mechanical distortion under
hydrodynamic pressure changes inside dentinal tubules.
There is evidence for both vesicular and non-vesicular ATP release from a number of
damaged or stimulated cell types (Dubyak & El-Moatassim 1993, Schwiebert 1999). In
particular, mechanical stimulation can result in cell membrane distortion and has been
shown to induce ATP release. ATP release studies have used a variety of mechanical
stimuli including: applying sheer stress to endothelial cells by altering the flow rate of
the perfusion buffer (Bodin et al. 1991); using a glass pipette to deform the surface of
rat basophilic cells (Osipchuk & Cahalan 1992) or prostate cancer cells (Sauer et a l
2000); exposing mouse fibroblasts to puffs of saline expelled from a nearby tube
(Grierson & Meldolesi 1995); bending the flexible substrate on which epithelial cells
were cultured (Grygorczyk & Hanrahan 1997), changing the hydrostatic pressure
gradient across an isolated bladder wall preparation (Ferguson et al. 1997), causing
swelling of hepatocytes or epithelial cells by hypoosmotic stimulation (Wang et al.
1996, Taylor et al. 1998, Hazma et al. 1999, Sauer et al. 2000); and centrifugation of
Ehrlich ascites tumour cells (Pederson et a l 1999).
In one study, stimulation was achieved by gentle pipetting (up and dovm twice with a
micropipette) of half of the volume of the medium bathing human astrocyoma cells
(Lazarowski et al. 1997). This study reported released ATP concentrations of up to 104
pmol/10^ cells when the cells were mechanically stimulated. Previous studies have
shovm that the amount of ATP released from hypotonic stimulation of epithelial cells
was 2 nM ATP per 4x10^ cells in bulk solution, and up to 13 pM at the cell surface,
enough to stimulate P2 receptors (Hazama et a l 1999, Dubyak & El-Moatassim 1993).
The aim of this part of the study was to investigate whether odontoblasts release ATP in
response to mechanical stress.
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MATERIALS AND METHODS
Materials
Dulbecco’s modified Eagle’s medium (DMEM), bovine calf serum, penicillin G,
streptomycin, amphoteracin B and trypsin were purchased from Gibco BRL (Life
Technologies Inc., Grand Island, NY, USA). ATP, firefly luciferase ATP assay mix
(FL-AMM) and ATP assay buffer (FL-AAB) were purchased from Sigma, St. Louis,
MO, USA. ATP stock solutions were calibrated by absorption spectroscopy at 259 nm.
Unless otherwise stated, all other reagents were purchased from Sigma. The solutions
were made up in sterile bidistilled water.

Preparation of Samples
Sample teeth were collected from patients undergoing routine extraction of wisdom
teeth under local anaesthesia and sedation at the Oral Surgery Department o f the Case
Western Reserve University Dental School. All patients were reportedly fit and healthy,
and between 17-25 years of age. The wisdom teeth used were free from disease. The
teeth were placed in phosphate buffered saline (PBS) and transported to the lab within
15 minutes of extraction. Tissue and debris on the surface of the teeth was cleaned with
a dental excavator; and the teeth were disinfected by a brief rinse in 70% ethanol. The
crowns were placed in a metal holder and the teeth were submerged in PBS. The roots
were cut off at the level of the floor of the pulp chamber with a diamond disk in a hand
held drill (Radio Spares, Corby, UK). All cutting was conducted with the teeth and the
diamond disk submerged under PBS (to minimise heat production). This was performed
under a custom-made glove box made of clear resin to prevent splashing. Two
approaches were used to isolate the odontoblasts: a) harvesting them from inside the cut
crowns, b) using them in situ.

1) Harvesting Odontoblasts
Attempts were made to harvest the odontoblasts from the teeth to study them in culture
dishes. While several methods were used, none resulted in a significant yield of viable
odontoblasts and this approach was abandoned.

In brief, the separated crowns were placed in a 24-well culture dish and transported to a
laminar flow tissue culture hood under sterile conditions. The pulps inside the crowns
were gently removed with a fine pair of tweezers, leaving behind a monolayer of
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odontoblasts attached to the dentine walls (Chadha & Bishop 1996, Tjâderhane et a l
1998). Either the culture dish wells containing the crowns, or the pulp chambers alone,
were filled with 0.2% Trypsin containing 0.02% EDTA in calcium free Hank’s balanced
salt solution (HESS), for 2-3 minutes. The Trypsin solution was agitated a few times
with a pipette and replaced with culture medium (DMEM supplemented with 10%
bovine calf serum and 100 I.U./mL penicillin G, 100 pg/mL streptomycin and 0.25
pg/mL amphoteracin B). After agitation to loosen cells from the dentin walls, the media
from 6 wells were collected, pooled, placed in a falcon tube and made up to 40ml using
the culture medium. The tube was centrifuged at 120g for 5 min., the pellet was resus
pended in 0.5 ml culture medium and placed in a culture dish. Cells were allowed to
grow in a 37°C incubator for 1-7 days.

2) Using Odontoblasts in situ
A model was developed to test odontoblasts in situ. In this model, also described by
Tjâderhane et a l (1998), the roots were cut off and pulp was removed from the
separated crown, leaving behind a monolayer of odontoblasts still attached to the dentin.
Culture media was placed directly inside the pulp chamber.

It was noted in pilot studies that the volume inside the pulp chamber was around 5-15
pL, which is in agreement with the finding of Tjâderhane et a l (1998). It was not
possible to remove sample fluid from such a small volume without disturbing the
odontoblast layer. This was especially so since it was necessary to take repeated
samples before and after stimulation of the odontoblasts. Additionally, removing the
total volume of fluid at each stage would result in cell desiccation and damage. To avoid
damage, only a small volume (1-2 pL) could be removed for each measurement. This
volume was too small for consistent measurement of ATP content without introducing
large errors. To avoid these problems, a “wall” was constructed around the crown to
create a reservoir that could hold a larger volume of fluid. Various dental materials were
tested for this purpose*. Quick Set™ Epoxy resin glue (Loctite Corp, Rocky Hill, CT,
USA) proved the best as it provided a watertight seal, had a fast setting time and was
chemically inert so it did not damage cells or interfere with the sample fluids.

' T etsed m aterials included A daptic chem ically cured com posite resin, Zinc P hosphate cem ent, G lass
lonom er cem ent, Cavit, IRM , Trim , D uralay, & K etac Cem
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The final preparation was able to hold 100 pL of fluid and was prepared as follows: the
separated crowns were placed in a piece of rubber tubing ( 1cm diameter) for
stabilization, and the edges of the crown were sealed using Quick Set™ Epoxy resin
glue (Fig. 3.1). The pulp inside the crown was removed with a fine pair of tweezers
leaving behind an intact monolayer of odontoblasts attached to the dentin (Chadha &
Bishop 1996, Tjâderhane et al. 1998). The pulp chamber was filled with a 100 pL of
standard buffer (SB solution containing NaCl 140mM, KCl 4mM, KH2PO4 ImM,
MgCl] 2nM, CaCl] ImM, Glucose lOmM, Hepes lOnM, buffered with NaOH to pH
7.4). To reduce the effect of ATPases in the solution, 50 pM a,(3-methylene ATP was
added to the SB. The preparation was used within
Epoxy resin

rubber
tubing

to 2 hours of specimen collection.
Pipette tip
100 pL of
Standard Buffer
solution (SB)

Crown of the tooth with a -------monolayer of retained odontoblasts
Fig 3.1: Schematic diagram of the in situ odontoblast preparation
At each experimental point two 20 pL samples were taken from the 100 pL reservoir,
one for ATP measurement and the other for a cell cytotoxicity assay. After taking the
samples, the volume was restored with 40 pL of standard buffer (Fig. 3.2). Samples
were taken gently with a P20 pipette. Every effort was made not to touch or disturb the
odontoblast layer with the pipette tip.

40 pL SB

Teeth were filled with 100 pL
standard buffer solution (SB). 40
pL samples were taken at various
time intervals before and after
stimulation of odontoblasts.
At each experimental point, the
volume inside the tooth was
restored with 40 pL buffer
solution.

Fig. 3.2 General scheme for collection of samples at each experimental point.

55

Stimulation of odontoblasts
1) Hypo-osmotic challenge
The cells were “washed” with standard buffer and several samples were removed at 1-5
minute intervals before stimulation to provide baseline measurements. The following
protocol was used in an attempt to stretch the odontoblasts by bathing them in a 16-18%
hypotonic buffer solution. First, a 40% hypotonic buffer solution (HB: composition as
standard buffer (SB) but with 84 mM NaCl instead of 140 mM NaCl) was added to the
bulk solution in the pulp chamber, to achieve a 16% hypotonic solution bathing the
cells.^ After the first sample, a 20% hypotonic solution (half SB, half HB) was used to
restore the volume inside the pulp chamber, maintaining 18% hypotonicity^ (Fig. 3.3).
Samples were taken at 3 minute intervals after the hypotonic challenge. At the end of
the experiment, cells were lysed with a 2% solution of Triton X I00 in sodium Tris
EDTA buffer (STB containing: 150 nM NaCl, 10 nM Tris HCl, 1 nM EDTA, pH 7.4)
and the final sample was evaluated for ATP and LDH levels.

2) ATP challenge
The odontoblasts were “washed” several times as above until a steady baseline ATP
level was established. Then ATP was added to the standard buffer to a final
concentration of 40 nM and samples were taken immediately and at 5, 10 and 20 minute
intervals. Each time, the volume inside the pulp chamber was restored with a solution
containing 100 nM ATP, maintaining the ATP levels at 40 nM. Finally cells were
Tritonized as above.

3) Mechanical distortion
After establishing baseline measurements, the odontoblasts were mechanically
stimulated by gentle pipetting (using a P20 pipette tip and gently pipetting up and down
three times ) and 40 pL samples were taken immediately and at specific time intervals
after stimulation of the cells. Each time a sample was taken, the volume inside the
chamber was restored with fresh standard buffer (Fig.3.2).

4) Controls
In three teeth, the sampling procedure was repeated 5-6 times to ascertain whether the
sampling itself produced ATP release or lysis of the cells.

^ N aC l content o f solution inside pulp cham ber = [(60/100) x 100%] + [(40/100) x 60% ] = 84% o f
Standard B uffer
^ N aC l content o f solution inside pulp cham ber = [(60/100) x 84% ] + [(40/100) x 80% ] = 82% o f
Standard B uffer
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Washes

40

SB

( 100 %)

40 pL
sample

cells are “washed” in SB.
no change in osmorality

60 jiL
SB

( 100%)
N aC l

First hypotonic challenge creating a 16% hypotonic environment inside the pulp
chamber
40 p L HB
(60% NaCl)

1

Hypotonic challenge by adding
40 pL of hypotonic buffer (HB)
sample
60 pL

which had a 60% NaCl content.
Final NaCl content 84% of SB

SB
( 100%)
N aC l

Subsequent samples, maintaining an 18%hypotonic environment inside the pulp
chamber
2 0 pL S B +
20 pLHB

Hypotonic challenge maintained

(80% NaCl)

sample

Final NaCl content 82% of SB

Fig. 3.3: Procedure for stimulation of odontoblasts with a hypotonic solution
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ATP measurement
The extracellular bulk ATP concentration was measured by luciferin-luciferase
luminometry. For each ATP measurement, 20 |iL of the sample solution was added to
30 pL of an optimized buffer solution (FL-AAB) and 50pL of luciferin-luciferase
solution (FL-AAM, diluted 1:25 in FL-AAB). Luminescence was measured in a TD20/20 Luminometer (Turner Designs, Sunny Vale, CA) and expressed as relative light
output (RLO).
Calibration of light output
The luminometer was calibrated before and after each experiment using standard ATP
solutions o f known concentration. Each time a standard curve was obtained by
incrementally adding 1 pf of a solution, containing 100 nM-lOOOpM concentrations of
ATP, to the vial containing 100 ml assay solution. These calibration curves were used to
a) determine the integrity of the luminometer and all solutions used; and b) to convert
the RLO measurements during experimental steps to ATP concentrations.

Lactate dehydrogenase (LDH) assay
It was necessary to determine the amount of ATP released as a result of cell death. One
method of measuring cell death is to measure the amount of released lactate
dehydrogenase (LDH) enzyme. LDH is a stable cytoplasmic enzyme present in all cells.
When cells lyse, the enzyme is rapidly released into the cell culture medium and can be
measured.

Half (20 pL) of each sample solution was used to measure the amount of LDH at each
data point using the LDH Cell Cytotoxity Detection Kit (Boehringer Mannheim,
Indianapolis, IN, USA). This assay determines LDH enzyme activity by measuring the
amount of formazan dye (light absorption spectrum = 500 nm) formed. The amount of
colour formed, as measured by a spectrophotometric microtitre plate reader (ELISA
reader), is proportional to the number of lysed cells.

The following procedure was used: In a 96 well immuno plate (Nunc-Immuno™ Plate,
Nalge Nunc International, Roskilde, Denmark): 100 pL of LDH Assay Medium (a
mixture of solution 1 & 2 according to the Kit instructions) was mixed with 90 pL
standard buffer and lOpL sample solution. Half logarithmic serial dilutions of the
sample solution were used to obtain readings in the linear range. The mixtures were
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incubated for 30 minutes in the dark. To arrest the enzymatic reaction, 50 |il of IN HCl
was added to each well, and the dish was transported to an ELISA reader (Spectra Max
340, molecular Devices, Sunnyvale, CA, USA). Only the readings in the 500-1500
range were used for calculations as the absorbance curve is linear in this range.

Negative controls consisted of water or buffer alone (no cell lysate) and were used to
measure the background activity of the assay medium.

LDH Assay standards
To get an estimate of the number of lysed cells corresponding to each reading in the
LDH assay, a confluent sample of human monocyte THP-1 cells (American Type
Culture Collection, Rockville, Maryland, USA) were counted, tritonized and spun
down. Their supernatant was used in serial dilutions to determine their LDH levels. The
assay solutions were mixed as for the test samples (10 pL cell lysate mixed with 90 pL
standard buffer and 100 Assay Medium for 30 min.). The results (in triplicate) are
represented in Table (3.1).

Table 3.1: Correlation between LDH Assay readouts and cell number
Number of cells

R eadout 1

Readout 2

Readout 3

Average
Readout

5x10*

1 .5 3 9

1 .4 8 6

1 .5 1 3

1.5

1 .6 X 10*

1 .0 3 4

0 .9 6 7

1.000

1

5x10*

0 .5 0 5

0 .4 0 9

0 .4 5 7

0 .4 6

Assuming that odontoblasts have approximately the same amount of LDH as THPl
cells, the number of odontoblasts present in an average wisdom tooth pulp chamber is
approximately 10^.
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RESULTS
ATP standard curves and calculating the total bulk ATP
Table 3.2 and Fig. 3.4 represent three typical results obtained from the ATP standard
measurements carried out before and after each experimental procedure. The standard
ATP curve obtained before and after each experiment was used to convert the
corresponding experimental RLO measurements to ATP levels.
Table 3.2: ATP standard measurements
S tan d ard 1 ( .

)

Standard 2 (

S tan d ard 3 ( — a— )
RLO

[ATP]

0.11

[ATP]
AM
BG

0.134

BG

0.14

0.001

0.507

0.02

0.41

0.01

0.6

0.01

0.73

0.2

4

0.02

1

0.1

3.124

2

30.2

0.2

3.8

1

20.41

20

231

2

23.6

10

137.3

200

1728

20

162

100

968.2

2000

9037

200

1171

1000

6059

2000

6262

RLO

[ATP]
nM
BG

RLO

[ATP]: Final concentration of ATP in a solution containing 50 pL FL-AMM, 30 pL FLAABB and 20 pL standard buffer solution. ATP was added in 1 pL increments.
RLO: relative light output, arbitrary units to measure ATP levels. BG: background
ATP standard curves
4000G-

2

0.

100

0.1

1000

10000

01

log [ATP] (nM)

Fig. 3.4: ATP standard curves.
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Calculating the released LDH and lytic ATP release
Because only 40% of the solution inside the teeth was replaced every time a sample was
taken, there remained a residual LDH level (60%) in each subsequent sample solution.
To calculate the amount of LDH freshly released as a result of cell lysis at every data
point, this residual LDH level was calculated and subtracted from subsequent sample
readouts. E.g.:
Sample 1: LDH reading of 0.5
Sample 2: LDH reading of 1 -> freshly released LDH = 1- (0.5 x 0.6) = 0.7

However, a pilot study showed that when samples were taken at 5 min. intervals, most
of the residual ATP was hydrolysed, so that each ATP measurement reflected the
freshly released ATP as a result of stimulation or lysis.

Therefore, the ATP

measurements were not “adjusted” as above.
For each sample:
ATP released due to stimulation = ATP measured - ATP released from lysed cells
(ATP released)
(Bulk ATP)
(Lytic release)
The released LDH at each data point was used to predict the amount of lytic ATP,
released as a result of cell death, at that data point. It was assumed that when the cells
were tritonized, they were mostly killed and so the measured bulk ATP would
correspond to the number of lysed cells. To simplify calculations, the ATP and LDH
measurements taken immediately after tritonization were assumed to represent 100%
cell death , resulting in 100% lytic ATP release. Thereafter, all experimental ATP and
LDH measurements were expressed as % of this “total” LDH or ATP release.

Only if stimulation of the cells resulted in ATP values greater than this calculated lytic
release was there considered to be true non-lytic release of ATP.

ATP release results
A summary of results obtained from 15 teeth is presented in Table 3.3.
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Table 3.3: Summary of results of ATP release and LDH measurements from 15
teeth.

Tooth #

Stimulant

Bulk ATP

Lytic ATP

13

Mechanical

18.2 nM

42 nM

0

Hypotonic

9.1 nM

7.5 nM

1.6 nM

14

Mechanical

1 nM

3.4 nM

0

15

Mechanical

17.4 nM

7.5 nM

9.9 uM

16

ATP

367 nM

7 nM

360 nM

(Fig. 3.5)

(10 min)

17

ATP

Inconsistent

Results

0

18

ATP

Inconsistent

Results

0

Mechanical

1.8 nM

2.6 nM

0

ATP

Inconsistent

Results

0

Mechanical

2.8 nM

0

2.8 uM

ATP

Inconsistent

Results

0

Mechanical

1.6 nM

10 nM

0

Hypotonic

1.3 nM

0.2 nM

1.1 nM

ATP

0

0

0

Mechanical

2.3 nM

6.9 nM

0

Hypotonic

4.2 nM

1.3 nM

2.9 nM

Mechanical

5.8 nM

1.9 nM

3.9 uM

26

Mechanical

18 nM

10 nM

8nM

27

Mechanical

8 nM

18 nM

0

28

Mechanical

0

0

0

29

Mechanical

19 nM

30 nM

0

31

Mechanical

2.5 nM

2.0 nM

0.5 uM

19

20

21

23

ATP Released

(Fig. 3.6)
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1) ATP release after hypo-osmotic challenge
Odontoblasts in three teeth released 1.1-2.9 nM of ATP when bathed in a hypotonic
solution (Table 3.3, Fig. 3.5). Although other teeth, not shown, also exhibited increased
ATP levels in the sample solution, the results were not consistent and could not be
duplicated.
2) A TP release after A TP challenge
Odontoblasts in one tooth (#16) released a large amount of ATP (360 nM over 10
minutes) after exposure to 40nM ATP in the bathing buffer. (Table 3.3, Fig. 3.6). The
concentration of “stimulating” ATP was maintained at 40 nM by adding ATP to the
buffer every 5 minutes. Two observations were made: a) when the ATP containing
buffer was first added, the immediate bulk ATP reading (RLO = 15.1, equivalent to
8nM ATP as calculated from the ATP standard curve), was lower than expected for a
solution containing 50nM ATP; and b) after three additions of 50nM ATP over a period
of 10 min., the bulk ATP measurement (RLO=645, equivalent to 367nM ATP) was
almost twice that expected for a solution containing even 150nM ATP, suggesting that
the cells had released a large amount (at least 210 nM) of ATP into the bulk solution."^
This result, however, could not be reproduced in subsequent experiments, i.e. there was
no excess ATP release above and beyond that due to cell lysis.
3) A TP release after mechanical stimulation
Five teeth showed stimulated release of 0.5-9.9 nM ATP in response to gentle pipetting.
(Table 3.3, 3.4 and Fig. 3.7) These results could not be duplicated in a number of other
teeth tested. Although, all other teeth showed ATP release, the amounts detected were
below or equal to that expected from cell lysis, as measured by the LDH assay, and so
could not be definitively labelled as stimulated (non-lytic) ATP release.
4) Controls
Controls showed that the sampling procedure itself produced some lysis (2%, equivalent
to 3-9 nM ATP). However, this could be kept constant and it was always accounted for
in the calculated lytic ATP release, which was subtracted from the measured total ATP
in bulk solution in order to obtain the amount of stimulated ATP release.

367nM total A T P - (7nM Lytic A T P) - (150nM added A T P ) = 210nM released A T P
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Fig 3.5: Comparison of bulk and lytic ATP release as a result of hypotonic
challenge.
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Fig. 3.6: Comparison of hulk and lytic ATP release as a result of 40nM ATP
challenge. The horizontal line represnts expected RLO reading corresponding to 40nM
added ATP.
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Table 3.4: ATP and LDH measurements after Mechanical Stimulation (Tooth
#23).
Procedure

Time

ATP
RLO

M in

TO

T1
T2
T3
T4
T5
Si
32
S3
TtO
Tt30 (final)

0
5
10
13
16
17
47

ATP % total=
Bulk ATP

3.3

4

2.7
1.7
2.6
6
2

3.3
2.1
3.2
7.3
2.4
9.3
4.6
2.2
55
100

7.6

3.8
1.8
45

LDH
Readout

Corrected
LDH

LDH %
total=
lytic ATP
release

1.5

1.7
1.8
1.2
1

0.7
0.3
5
12

0.74
0.13
0.23
0.15
0
4.8
8.6

8.6
1.5
3
1.7
0
55.5
100

M e c h a n ic a l
s ti m u la tio n

0 m in w a s h

5 min w a s h

1 0 m in

1 3 m in

1 6 m in

st im

a Bulk ATP

ATP
sta n d a rd

ATP

[ATP] nM RLO

s ta n d a rd 2
[ATP] nM RLO

BG
1
11
66
166
1166

BG
1
11
66
166
1166

0.6
1.6
9.28
94
220
988

1.3
3.6
19.4
159
414
1942

n Lytic ATP

ATP sta n d a rd
a v e rag e

Tooth #23

[ATP]nM RLO

Bulk ATP: RLO = 7.6 = 5.8 nM

BG

0.95

If 5.8 nM is 9.3% of th e final m easu rem en t,

1
11

2.6
14.34

Stimulated released ATP = 5.8-1.9=3.9nM

66
166

126.5
317

1166

1465

Lytic ATP= 3% of final ATP = 1.9 nM

Fig 3.7: Comparison of bulk vs. lytic ATP release as a result of Mechanical
Stimulation (Tooth #23).
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DISCUSSION

ATP measurement assay
The firefly-luciferase assay is highly specific and sensitive for ATP (Leach 1981). ATP
catalyses the following reaction:
luciferase
D-luciferin + ATP --------------- ► oxyluciferin + AMP + PPi +hv (562 nm)
M g, O 2

In the presence of molecular oxygen, this reaction between luciferin and ATP yields one
quantum o f 562 nm wavelength light. This assay is particularly useful because the
luminescent intensity varies linearly over a wide range of ATP concentrations from
picomolar to micromolar levels (Leah 1981). In addition, other nucleotides do not
interfere significantly with light production at physiological concentrations. Because of
its high sensitivity, the luciferase system has been used to detect ATP in samples of
extracellular media from a variety of cells (Dubyak & El-Moatassim 1993, Schwiebert
2001 ).

Light production by luciferase is strongly dependent on temperature, and the
concentration of luciferase, luciferin, MgATP, hydrogen ion, halogen ions, and
dissloved oxygen (Leach 1981). In the present study, the sources of error for this assay
were negligible because all measurements were carried out at room temperature and
calibration of luciferase luminescence before and after cell stimulation was employed
systematically. Typically, if the ATP standard measurements showed abnormal values,
the luciferin-luciferase enzyme mixture was discarded.

LDH Assay
Since ATP is present in all cells, a major source of extracellular ATP can be cytolytic
release from damaged or dying cells. Therefore, care should be taken to evaluate and
minimise cellular trauma during manipulation of cells and careful studies of ATP
release need to distinguish between non-selective ATP, released as a result of cell lysis,
and selective ATP, released actively by a functional cell with an intact membrane. For
example, Schlosser et al. (1996) performed mechanical stimulation of cells in the
presence of propidium iodide dye to monitor for cell membrane damage. Since the cells
did not take up the dye, they concluded that nucleotide release was not associated with
loss of membrane integrity.
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In this study, LDH measurements were used in parallel with ATP measurements to
account for any ATP liberated as a result of cell lysis and only ATP amounts detected
above the calculated lytic ATP were considered to be due to activated cells releasing
ATP.

Shortcomings of bulk ATP measurement
Once ATP is released into the extracellular space, it is exposed to a variety of processes
including: a) hydrolysis by ecto-nucleotidases, b) mass transport due to diffusion, and c)
re-uptake into the cells (Dubyak & El-Moatassim 1993, Gordon 1986, Plesner 1995,
Zimmermann 1999). Using bulk ATP measurements in an experimental cell culture
setting assumes that the extracellular milieu is well mixed, so that bulk solution
concentrations faithfully and instantaneously represent nucleotide concentrations equal
to the amount released by the cell. But the measured bulk ATP grossly underestimates
the local ATP transients which occur at the cells surface (Beigi et al. 1999).

First, diffusion from the cell surface, where the ATP is released, diminishes the
concentration of ATP by the time it is sampled in the bulk solution. In the present study,
the peak values for LDH released by the ododtoblasts occurred 30 minutes after the
cells were exposed to Triton. This suggests that there may be a layer of collagen or
other material covering the odontoblasts delaying their exposure to Triton. If this is the
case, it would equally be difficult for any released ATP to diffuse into the bulk solution.
This was confirmed by our bulk ATP measurements which were below that expected
from cell lysis alone.

Second, ATP is rapidly hydrolysed by cell surface and other ATP’ases to limit the
spread and diffusion of released nucleotides, so that ATP can act predominantly as an
autocrine or paracrine signalling molecule (Plesner 1995, Zimmermmann 1999, Beigi et
al. 1999). In this study, ATP was rapidly hydrolysed, so much so that samples which
were not taken immediately after cell stimulation were discarded because they were no
longer representative of the amount of ATP originally released by the cells. If
odontoblasts release ATP to act on nearby neurons, there is no need for the ATP to
travel long distances. Therefore, conditions which tend to keep the ATP molecules local
would predominate, such as lower release rates, rapid hydrolysis, and little or no
convection.
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Third, the solution inside the pulp chamber was most likely not homogenous because
the irregular concave shape of the interior of the pulp chamber tends to isolate these
cells from contact with the bathing solution. Therefore, the positioning of the sampling
pipette tip may have affected the ATP measurements.

So in most of the experiments, there was a high likelihood that the ATP measurements
underestimated the amount of released ATP. Additionally, during the time lag between
the collection of samples and the handling of the cuvette some ATP may have been lost.
All these factors tend to reduce the amount of detectable ATP in bulk solution (Beigi &
Dubyak 2000). Therefor, there is often a disparity between the amount of ATP
measured in the bulk solution, and that necessary for activation of P2 receptors.

Beigi et a l (1999) developed a cell-surface anchored, chimeric form of luciferase and
demonstrated the large difference between bulk ATP measurements and the amount of
released ATP at the cell surface. In their study, luciferase was fused to protein A, a
protein that binds to IgG antibodies. Platelets were first incubated with an IgG antibody
to an extracellular epitope of a specific cell surface protein, then with the protein Aluciferase. The cells were placed in a luminometer to collect photons as an indicator of
localised ATP release at the membrane surface. Their results showed that cell surface
ATP transients on activated platelets were undetectable by soluble luciferase in the bulk
medium, even if a much higher (x4000) concentration of luciferase was used. Their
results further highlights the discrepancy between bulk ATP measurements as compared
to active ATP concentrations at the cell surface.

The odontoblasts-in-situ model
Generally, results obtained from cell culture studies may not represent the complex
biological events that occur in the body. The greatest advantage of the in situ model
used in this study is that the odontoblasts are kept attached to dentine and in their usual
environment, therefore their reactions to stimuli are more likely to resemble those
encountered in clinical situations. However, using this model for stimulating the cells
and measuring ATP release proved to be difficult to control and keep consistent.
First, the samples and quality of the teeth obtained was variable due to the variable
nature of the patients, their teeth, and the amount of trauma sustained by the teeth
during the surgical procedure. Every pulp chamber was unique, it had an indeterminate
volume and an indeterminate number of cells, of which an indeterminate number
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remained viable. Since it was anticipated that the results obtained from different teeth
would not be comparable, each tooth had to act as its own control. Therefore, all results
were expressed as a percentages of total measurable ATP or LDH.

Second, the small volume (max. 20 pL) of fluid that could be accommodated inside the
pulp chamber was problematic. Removing samples from such a small volume would not
only have desiccated and damaged the cells, but would have introduced errors in the
measurements. Also, any manipulation of such a small volume would have caused
inadvertent mechanical stimulation of the cells. Hazama et a l (1999) found that
mechanical ATP release could be avoided if only one third to one half of the bathing
solution was replaced with new solution without touching the cells. It was essential to
develop a technique for stimulating odontoblasts without causing damage, cell lysis, or
inadvertent mechanical stimulation. Therefore the available culture medium volume was
increased by building a wall around the pulp chamber so it could accommodate lOOpL
of buffer. On the other hand, this increased volume was probably associated with less
homogeneity in ATP concentration in the buffer. Despite all efforts, due to the fragile
nature o f the in situ odontoblast preparation, some cell lysis occurred each time a
sample was taken. This emphasised the need to account for lytic ATP release at each
data point.

ATP release in response to hypo-osmotic challenge
Wang et a l (1996) demonstrated that rat hepatoma cells release ATP in response to a
40% hypotonic shock. Other cells, such as epithelial, endothelial, and other
heterologous cells, also release ATP in response to hypotonicity (Taylor et a l 1998,
Schwiebert 1999). When cells are placed in a hypotonic solution, they swell. It is
thought that in the hepatic and epithelial models, the swelling triggers ATP release as a
mechanism to self-regulate cell volume. But, the swelling itself causes stretching of the
cell membrane and is akin to mechanical stimulation. Therefore, one way of stimulating
cells mechanically would be to stretch their cell membranes by bathing them in a
hypotonic solution. The Luciferase-luciferin detection of ATP is not affected by a
reduction or an increase in NaCl concentration (Taylor et a l 1998).

Odontoblasts in three teeth released small amounts of ATP (1.1-2.9 nM) when bathed in
a hypotonic solution. The hypotonic challenge was mild since the solution used was
only 16-18% hypotonic. This was because a more severe hypotonic shock tended to kill
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many of the cells. Studies have shown that even this relatively mild alteration in
osmolality can induce ATP release. Epithelial cells demonstrated a three to six-fold
increase in basal ATP release after a 22-24% dilution of their bathing medium with
distilled water (Taylor et al. 1998). These investigators showed that the ATP release in
response to hypotonicity was dose-dependent and as little as 4% dilution of the medium
osmolality triggered ATP release. They also showed that the increased ATP release was
reversible when the medium osmolality was restored with NaCl, ruling out the
possibility that cellular lysis contributes to these biological responses. However, in their
model, reconstitution of osmolality with inert osmoles such as sucrose or mannitol
failed to attenuate hypotonicity-induced ATP release, suggesting that cell swelling was
not the only mechanism of ATP release. Rather, the cells could sense the dilution of
extracellular osmolality as a reduction in extracellular small anion concentration, (i.e.
C r or H C03“ under physiological conditions) and this sensation in turn transduces into
ATP release. Interestingly, the broad-specificity mechanosensitive ion channel blocker
GdCls inhibited as least a portion of isotonic and hypotonicity-induced ATP release.
Similar results were obtained by Sauer et al. (2000) who reported blocking of ATP
release by anion channel blockers.

In one tooth (#13), the ATP released was greater after 5 minutes, but local ATPases
hydrolyzed the ATP rapidly, so delayed measurements were inaccurate representations
of the true ATP content. If there is a slow ATP release as a result of cell swelling, it
may have a greater effect on nearby P2 X 2/3 receptors, since they do not desensitise
rapidly. The ATP release as a result of hypotonic stimulation may explain the observed
increase in intracellular [Ca^ ] in odontoblasts as a result of hypotonic stimulation
(Shibukawa & Suzuki 1997). In their study of slice preparations of rat dental pulp,
odontoblasts were stimulated with puffs of distilled water ejected at IHz intervals from
a micropipette positioned 20-30 pm away from the cells, and the [Ca^^Ji was measured
with ftira-2 microfluorometry. Further studies are needed to verily the existence of
odontoblast ATP release in response to hyposmotic stmulation.

ATP induced ATP release
One tooth showed a large amount of ATP release (360 nM over 10 minutes) after a
40nM ATP challenge. However, this result could not be reproduced in subsequent
experiments, i.e. there was no excess ATP release above and beyond that due to cell
lysis, and never the same amount of released ATP. Extracellular ATP has been shown to
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stimulate release of intracellular ATP from red blood cells (Rapaport & Fontaine 1989),
endothelial cells (Bodin & Bumstock 1996) and macrophages (Kirkpatrick & Bumstock
1987). This release occurs because a) extracellular ATP may provoke a non-lethal, selfperpetuating permeabilising effect that leads to the release of intracellular ATP
(Rapaport & Fontaine 1989); or b) ATP may act directly on specific receptors and
promote intracellular ATP release (Bodin & Bumstock 1996). In our model, it would be
interesting to find out whether extracellular ATP can cause further intracellular ATP
release. If this effect does take place, it could be hypothesized that ATP released as a
result of damage or stimulation of cells can set up a feed forward pathway magnifying
the effect of the initial stimulus. Autocrine signalling pathways for ATP have been
proposed elsewhere (Grierson & Meldolesi 1995).
ATP release after mechanical stimulation
After the subtraction of lytic ATP from the total measurable ATP, 5 teeth showed
stimulated release of 0.5-9.9 nM ATP in response to gentle pipetting. Although all other
teeth released ATP upon mechanical stimulation, the detectable amounts released were
lower than, or equal to, ATP which would have been released from damaged cells.
However, since our model of bulk ATP measurement may have grossly underestimated
the amount of local ATP release by the cells, it is possible that all the stimulated cells
had actively released ATP.
ATP released from odontoblasts stimulated by mechanical distortion can stimulate
nearby P2X]-ir neurons, initiating or contributing to the dentinal pain response elicited
after hydrodynamic stimulation of the dentin surface. Although the amount of released
ATP in this study seems insufficient to stimulate P2X] receptors, there is probably a
much greater concentration of active ATP molecules at the odontoblast surface. Also,
the proximity of odontoblasts and neurons will probably ensure high concentrations of
ATP at the neuron surface without dilution or hydrolysis of the ATP.

In conclusion, despite the difficulties encountered in the in situ model used for
measurement of released ATP from stimulated odontoblasts, there is strong indication
that these cells release ATP when stimulated by exposure to hypnotic solutions or
mechanical stimulation. The amount of released ATP ranges between 0.5 to 10 nM, but
these numbers may be underestimating the amount of locally active released ATP.
Future studies are needed to confirm these results. The role of any released ATP from
odontoblasts will be discussed in chapter 4.
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CHAPTER 4:

G e n e r a l D is c u s s io n

I. Possible Roles for P2Xi Receptors

A) Pain transmission in dentin sensitivity
Evidence is accumulating which supports a role for ATP and P2X] receptors in the
initiation of pain and mechanosensory transduction, (for review see Bumstock & Wood
1999, Bumstock et al. 2000, Bumstock 2001). In our study, P2X3-ir nerves were located
in close proximity to odontoblasts, as well as throughout the body of the pulp tissue,
suggesting that these receptors play a role in both dentinal and pulpal pain perception.
Our colocalisation studies confirmed that P2Xg receptors are present on both small
diameter C fibres (responsible for pulpal and inflammatory pain), and larger diameter
AÔ fibres (responsible for dentinal sensitivity).

Some of the neuronal purinoceptors in the pulp may be present as P2 X 2/3 heteromultimers. It has been hypothesised that these receptors are involved in mechanosensry
tmasduction in tubes (e.g. ureter, salivary duct, bile duct, vagina and intestine) and sacs
(e.g. urinary bladder, gall bladder and lung) where distension releases ATP from the
epithelial cells lining those organs (Bumsctok 1999 & 2001). It is feasible that if
odontoblasts also release ATP when they are stretched, they will activate either P2 X 3 or
P2 X 2/3 receptors, but that both signals are translated into pain centrally.

In one study of cat teeth, ATP and its analogues failed to raise a response in pulpal
afferents (Matthews et al. 1997). ATP, ATPyS or a,p-m eA TP were applied to dentin
surfaces of cats at a pressure of 30 cmH20 (to facilitate diffusion into the underlying
pulp) for 10 min and nerve activation was recorded with electrodes applied to the dentin
surface. No detectable nerve discharge was observed. However, these negative results
could have arisen either because ATP or its analogues were hydrolysed by extracellular
ATPases before they could reach pulpal nerves, especially if the delivery of ATP was
slow (Sneddon et al. 1999, Dowd et al. 1998), or because of species differences (Dowd
et al. 1998). Altematively, inflammation or low pH may be necessary for activation of
neuronal P2X receptors in the pulp (Sawynok & Reid 1997, Hamilton et al. 1999). This
last scenario suggests a nociceptive role for ATP during inflammation.
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B) Augmentation o f inflammatory pain in pulpitis
A picture is emerging regarding the role of peripheral ATP receptors in inflammatory
pain. ATP enhances the inflammatory phase o f formalin-induced pain in rat paws
(Sawynok & Ried 1997, Souslova et al. 2000), and augments inflammatory pain in both
rat and human studies (Hamilton et al. 1999, Hamilton et al. 2000). This could be
because ATP and other known nociceptive agents found in inflamed tissues act
synergistically on sensory terminals in the periphery (Bleehan & Keele 1977, Green et
a l 1991, Hu & Li 1996, Wildman et a l 1997). Another possibility is that under
inflammatory conditions, receptors (particularly the P2 X 2/3) which normally act as
mechanoreceptors, become sensitised and transmit painful stimuli (Bumstock 1998).

Since ATP can be released during tissue damage (Gordon 1986), it could play an
important role in inflammatory pain. Moreover, the augmentation of the effects of ATP
by inflammatory agents means that ATP is more likely to activate its receptors under
inflammatory conditions. It would be interesting to study the effect of ATP scavengers
or P2X antagonists on nerve impulses in response to known stimuli of dentin sensitivity
(hot, cold, pressure, etc.) under normal and inflammatory conditions to elucidate
whether ATP plays a primary role in initiating pain, or whether it plays a role in the
potentiation of other stimulants during normal physiological or pathological responses.

C) Vasoregulation
Vasoregulatory functions of nociceptive nerve fibres have been recognized in the pulp.
Stimulation o f the dentin surface or direct electrical stimulation or capsaicin treatment
of pulpal sensory neurons causes vasodilation and plasma extravasation (Gazelius et a l
1981, Olgart et a l 1991, Heyeraas et al. 1994). These neurogenic vasoregulatory effects
have been attributed to the release of the neuropeptides CGRP, SP, and NKA from A
fibres, and are absent or reduced when the pulps have been denervated (Olgart 1992,
Olgart & Kerezoudisl994). A neurogenic pulpal vasodilation may also be elicited by
external stimuli (Matthews & Vongsavan 1994, Olgart 1992).

The observation that some of the P2X]-ir nerves were seen running in close proximity to
blood vessels in the pulp poses the possibility that P2X] receptors may also play a role
in regulation of pulpal blood flow. One hypothesis for their involvement may be that
activation of P2X] receptors in response to released ATP from odontoblasts or other
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stressed cells may set up an axon reflex reaction, causing release of neuropeptides from
CGRP and SP containing neurons.

Another possible pathway may be through the release of ATP from chemosensitive C
fibres. It has already been shown that ATP is involved in NANG relaxation of the
mesenteric artery in the rabbit (Kakauyama et al. 1998). According to this hypothesis,
stimulation of capsaicin-sensitive sensory C-fibres may release ATP, which in turn acts
on P2Y receptors on endothelium causing vasodilation. The ATP (endotheliumdependent) response and the CGRP (endothelium-independent) response accounted
fully for the NANC relaxation of blood vessels.

The recent colocalization of P2X] receptors with the capsaicin receptor VR-1 (Guo et
al 1999) suggests that at least some P2X3-ir nerves are also capsaicin sensitive and may
play a role in ATP induced vasodilation. Interestingly, pre-treatment with CGRP and SP
antagonists did not completely abolish the vasodilation seen in response to electrical
stimulation of the inferior alveolar nerve (Olgart, 1996), suggesting that there are other
factors involved in this process.

Lastly, ATP and vasoactive substances may potentiate each other’s effects. Such an
augmentation has already been shown between ATP and SP centrally (Hu & Li 1996)
and it has been shown that ATP enhances the bradykinin-induced plasma extravasation
seen in arthritic rat knee joints, which in turn inhibits tissue injury (Green et a l 1991).

Tight control of pulpal blood flow is very important in the low compliance environment
of the pulp. In the pulp, which is surrounded by rigid walls, even a small increase in
volume due to vasodilation or capillary filtration will raise the tissue pressure, which
may lead to strangulation of the tissue and necrosis. The neurogenic vasodilation of
pulpal vessels may serve to counteract the effects of a rise in tissue pressure, and the
resultant rise in net capillary filtration which normally causes oedema (Heyeraas et a l
1994). The need for this tight control may explain the density of sensory neurons seen in
the pulp, which may never be called upon to signal pain sensations. In addition to
protecting the pulp against tissue oedema, the neurogenic increase in blood flow may
provide the pulp with a strong protective mechanism that allows external stimuli to
initiate inflammation without directly contacting the pulp tissue.
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D) Trophic roles: Development and Wound Healing

Tooth Development -Several studies have suggested that nerves in the vicinity of the
developing teeth could influence the surrounding tissues and initiate tooth development
(Chiego 1995). This concept seems to be substantiated in a study where development
and mineralisation of developing teeth was inhibited by denervation in Tiapia Mariae
fish, a polyphyodont species (Tuisku & Hildebrand 1994).

Other studies have suggested that the density of nerves innervating the tooth primordia
and the dental pulp are reminiscent of an older, protective phylogenetic function such as
nociception (Lumsden 1979, Northcutt & Cans 1983). The above studies suggest that
animals of earlier phylogenetic origin have retained the potential to regenerate limb
buds and fins (amphibian and fishes) and that the nervous system controls this
regenerative process. Mammalians appear to have lost this ability or have downregulated the expression to function in homeostatic maintenance and, perhaps, wound
healing.

Wound healing -The morphologic responses of CGRP-ir nerve fibres to injury and
healing have been extensively studied and include nerve sprouting and altered levels of
CGRP in response to exposing the pulp (Khayat et al. 1988), cavity preparation
(Kimberley & Byers 1988, Taylor et al. 1988), microabscess formation (Taylor & Byers
1990), and pulpotomy (Byers et al. 1990). Alongside these studies, evidence for
important interactions between sensory nerve fibres and pulp cells is accumulating. For
example SP, NKA, and CGRP have been shown to affect pulpal fibroblast proliferation
in vitro (Bongenhielm et al. 1995).

Studies of healing in denervated teeth, or teeth replantated after extraction show that
normal pulp healing and function after injury is dependent on sensory nerves
(Kvinnsland et al. 1991, Byers & Taylor 1993, Nârhi & Byers 1999). Deneravtion also
affects the differentation of cells into new odontoblasts, the function of new or old
odontoblasts and the rate of secondary dentin deposition in rat molars (Byers et al.
1992, Jacobson & Heyeraas 1996, Zhang & Fukuyama 1999).

ATP may also have an autocrine role, so that its release activates (and so) regulates Ca
uptake to be used for odonotogenesis. It is known that odontoblasts take up Ca via
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voltage-gated, as well as nonvoltage-gated, agonist sensitive Ca channels (Lundgren and
Linde, 1997). ATP can directly affect these channels, resulting in increased Ca uptake
as a preparatory step in up-regulating odontogenesis.

There are also important interactions between sensory nerves and immunocompetent
dendritic cells in the pulp (Bergenholtz et a l 1991). For example sensory nerves have a
pronounced

influence

on

the

recruitment

and

transendothelial

migration

of

immunocompetent cells during experimental inflammation in teeth (Fristad et a l 1995,
1997).

Taken together these studies suggest that interactions between sensory nerves and pulp
tissue are important for the survival of pulp, the response of pulp to injury, and the
repair of pulp and dentin (Byers 1995, Zhang & Fukuyama 1999). In this context, it
could be speculated that ATP and its receptors may also be involved in the tissue’s
response to injury and repair. ATP acts as a growth factor for many cell types, including
vascular smooth mucle cells (Wang et a l 1992, Abbracchio et a l 1995, Ehrling 1998).
In other tissues, ATP released from activated fibroblasts as a result of mechanical stress
might be important in fibroblast migration to wound areas (Grierson &

Meldolesi

(1995). Since I experiments of injujred pulp tissue nerves follow intact viable odontobalsts (Byers & Nârhi 1999), ATP released from stretched odontoblasts may play a
similar role in migration of fibroblasts or as a guide for nerve regeneration.

E) Cell-cell communication through

wave propagation

Mechanical stimulation of many cells (such as airway epithelial cells, glial cells,
endothelial cells, mast cells, liver cells and osteoblastic cell lines) have been shown to
induce Ca^^ waves which propagate from the point of stimulation and travel across cell
borders to adjacent cells (Osipchuk & Calahan 1992, Schlosser et a l 1996, Cotrina et
al 1998, Jorgensen et a l 1997). In a recent study, Sauer et a l (2000) showed that
mechanical strain applied to prostate cancer cells induced intracellular Ca

2+

wave

spreading via ATP release, to a distance of approximately 300 pm.

Such mechanically induced signalling can occur through at least two pathways, one
involves intracellular communication via gap junctions and the other is extracellular
communication via release of ATP and activation of purinoceptors (Osipchuk and
Cahalan 1992, Sauer et a l 2000).
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Gap junctions have already been shown between odontoblasts (Ushiyama 1989).
Odontoblasts may also use ATP release as a means of cell-to-cell signalling. Calcium
waves may provide a means of transducing localised strain events into extended
signalling cascades in distant cell layers that are not affected by the mechanical strain. If
odontoblasts when stretched (either mechanically or by hypotonicity) releases ATP, this
ATP can cause a Ca^^ wave propagation and activate other odontoblasts not directly
stretched by the stimulus, thereby amplifying the original stimulus. We can hypothesize,
therefore, that ATP may also play a role in intercellular signalling via a pathway
independent of gap junctions.

Fig. 4.1 summarises the hypothetical roles for ATP in human dental pulp.

II. Future Studies
Anatomical studies
a) We found indirect evidence that potent ATPases are present on or around
odontoblasts. The activity of these enzymes can be studied by measuring the
inorganic (Pj) production using ATP as a substrate (Zingashin et a l 1995).
Alternatively, these enzymes can be immunohistochemically localised. Antibodies
are available against CD39, an ecto-apyrase shown to be expressed in a variety of
tissues, and linked to sites of purinergic signalling (Wang & Guidotti 1996 & 1998,
Vlajkovic et a l 1998). The presence of these enzymes on or around odontoblasts
will provide further circumstantial evidence for the release of ATP from
odontoblasts.

b) It has been shown that CGRP-ir nerve fibres in rat molars increase in number (nerve
sprouting) in response to injury (Taylor et a l 1988). It would be interesting to
investigate if the same reaction can be observed in PlXg-ir neurons.

ATP release
c) Odontoblast cell lines provide an easier experimental model as the cells are less
fragile and can be grovm freely (McDougal et a l 1995). Mechanical or other
stimulation of odontoblast cell lines may provide useful information such as a) do
these cells react to stimuli by releasing ATP, and b) whether the cell lines retain the
same properties as adult odontoblasts in situ.

11

d) Stimuli that are present during inflammatory conditions, such as inflammatory
mediators and/or algogenic substances (e.g. capsaicin), may also induce ATP release
and could be tested using odontoblasts, either in situ or as cell lines.

e) Perfusion of in vitro preparations of pulp tissue has been used to measure
neuropeptide (CGRP) secretion from pulp afferents in response to stimuli which
cause pain when injected into humans (Hargreaves et al. 1992 & 1995). This
method can be adapted to investigate whether application of stimuli to pulp tissue
results in bulk release of ATP, e.g. from fibroblasts. It is known that direct
mechanical stimulation of the exposed pulp activates C fibres in the pulp (Narhi
1985). Alternatively, ATP itself may cause release of substances such as
inflammatory mediators from pulp. Preliminary experiments have already provided
evidence that such release takes place (Cai et al. 2000) but more controlled studies
are needed.

Functional studies
f) Functional studies are crucial in elucidating the exact role that ATP plays in dental
pain pathways. One such study can be the application of ATP and other P2Xs
agonists to dentin while recording nerve activity in normal and inflamed pulp.
Another approach would be the application of other nociceptive stimuli to dentin
while recording nerve activity in the presence of P2Xg agonists or antagonists. For
example, Sawynok & Ried (1997) reported that ATP and apmeATP augmented
pain signals produced in the formalin test.
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Fig. 4.1: Schematic summary of the hypothetical effects of ATP released from
odontoblasts.
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APPENDIX; P2X I m m u n o s t a i m n g

in

R a t T is s u e s

In preparation for carrying out immunostaining of human dental pulp samples, rat
tissues which contain known P2X receptors were tested for positive immunreactivity
with polyclonal antibodies with similar properties to the antibodies against human P2X
receptors. These pilot studies were carried out to confirm the validity of the
methodology used in Chapter 2.

One novel, previously unpublished result of the immunostaining procedures was the
confirmation of the presence of large quantities of P 2 X 3-immunoreactive nerves in the
circumvallate papillae of rat tongue. Immunostaining of these P2 X 3 receptors had been
observed in our laboratory^ using an alternative immunostaining method. The results
were confirmed by using the materials and methods described below and were
published in the following paper:
Bo X, Alavi A, Xiang Z, Oglesby I, Ford A, Bumstock G (1999). Localization of ATPgated P2 X 2 and P 2 X 3 receptor immunoreactive nerves in rat taste buds. Neuroreport
10:1107-11.

MATERIALS AND M ^ H O D S
Antibody production
Polyclonal antibodies against rat P 2 X 1.7 were kindly provided by Roche Bioscience,
Palo Alto, CA, USA. The methods used by Roche bioscience for the preparation and
verification of specificity of the antibodies are presented in appendix II and in Oglesby
et al. (1999). In brief, the immunogens were synthetic peptides corresponding to the
carboxy termini o f the cloned rat P2X receptors. The peptide sequences used are
presented in table A.I.

The polyclonal antibodies were raised by multiple monthly

injection o f New Zealand rabbits with the synthetic peptides conjugated to keyhole
limpet haemocyanin. IgG fractions were isolated from the pre-immune and immune
sera. The specificity of the antisera was verified by immunoblotting with membrane
preparations from cloned P2X 1.7 receptor expressing CHO-Kl cells.

103

Table A.1: Amino acids sequences used to raised anti-P2Xi.7 antibodies
Protein

Amino acid sequence

P2Xi

ATSSTLGLQENMRTS

P2X2

QQDSTSTDPKGLAQL

P2Xs

VEKQSTDSGAYSIGH

P2 X4

YVEDYEQGLSGEMNQ

P2Xs

RENAIVNVKQSQILH

P2X6

EAGFYWRTKYEEARA

P2X?

TWRFVSQDMADFAIL

Tissue preparation
Sprague-Dawley rats (male 200-250 g) were killed by asphyxiation with CO 2 and the
tongue, trigeminal ganglion (TG) and bladder were removed. The single circumvallate
papilla (CP) on the dorsal surface of the rat tongue was located under a dissecting
microscope and a block of tissue containing the CP was excised. The tissues were
embedded in Tissue Tek II OCT compound (BDH, Poole, UK) and rapidly frozen by
immersion in isopentane at -70°C. They were cut into 12 pm sections in a cryostat and
collected on gelatin-coated slides.

Immunostaining procedure
Sections were thawed at room temperature, air dried for 30 min and then fixed in
Zamboni’s fixative solution (containing 4% formaldehyde and 0.02% picric acid in 0.1
M phosphate buffer) for 2 min. After being washed in phosphate buffered saline (PBS)
for 20 min, endogenous peroxidase activity was blocked by treating the sections with
50% methanol containing 0.5% H2O2 for 10 min. Non-specific binding sites were
blocked by a 20 min incubation with 10% normal horse serum (NHS, Gibco, Paisely,
UK) diluted in PBS containing 0.2% Triton X I00 (PBST) for 20 min. Subsequently, the
sections were incubated at room temperature with the following:
1- Primary antibody: rabbit polyclonal affinity-purified P2Xi.? antibodies diluted
1:200-l :2000 in PBST containing 10% NHS overnight;
2- Secondary antibody: biotin-conjugated donkey anti-rabbit IgG (Jackson Immuno
Research Laboratories, West Grove, PA) diluted 1:500 in PBST containing 1% NHS
for 1 hour;
3- Extravidin-peroxide (Sigma, Poole, UK) diluted 1:1500 in PBS -merthiolate for 1
hour;
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4- Nickel-intensified diaminobenzidine (DAB) for 5-10 min.
(See appendix I for solution formulas).

The specimens were washed in PBS (3 x 5min.), dehydrated in xylene and mounted
using Eukitt (BDH, Poole, UK). Results were documented using the Edge R400 highdefinition light microscope (Edge Scientific Instrument Co., Santa Monica, CA) and
Kodak TMX 100 black and white film.

Signal amplification
Visualization of the P2Xs immunoreactivity in the tongue sections was enhanced using
the indirect tyramide signal-amplification method (TSA-Indirect kit, NEN Life Science
Products, Boston, MA). For these sections, all initial steps were as described before.
The anti-P2X] antibody was used at 1:1200 to reduce non-specific background staining.
After the application of secondary antibody, the sections were incubated with:
1- Extravidin-peroxide diluted 1:1000 in PBS-merthiolate for 30 min;
2- Biotinylated tyramide diluted 1:50 in the amplification solution supplied in the kit
for 8 min;
3- Extravidin-peroxide (diluted as before) for 30 min;
4- Nickel-intensified DAB for 5-10 min.
Sections were washed 3 x 5 min with PBS containing 0.05% Tween after each of the
above steps except pre-incubation.

Controls
The following negative controls were carried out:
a) either the primary antibody, secondary antibody or tertiary stages were omitted from
the staining procedure;
b) primary antibodies were replaced with pre-immune sera;
c) primary antibodies were pre-absorbed with an excess of peptides used to generate
the antisera.
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RESULTS
Only positive results for each antibody will be presented below. P 2 X4 and P2Xô
antibodies did not produce specific staining of any of the tissues examined.

The antisera generated against peptides corresponding to unique sequences at the C
termini of P2Xi, P2X], P2X], P2X$, and P2X? selectively and specifically
immunostained tissues based on standard histochemical criteria (Oglesby et a l 1999).
In addition, the pattern of immunorectivity described here is consistent with other
immunohistochamical reports (Cook et al. 1997, Llewellyn-Smith & Bumstock 1998,
Groschel-Stewart et al. 1999, Lee et a l 2000) and confirmed the validity of the
methodology used in this study. For each antibody, neither pre-immune sera nor any of
the antibodies raised to the other P2X receptors showed comparable staining patterns.
Antibodies pre-absorbed with the excess of the corresponding peptide used for
immunization had all lost their reactivity, or the reaction was greatly reduced.

P2Xi-ir
Bladder: There was extensive strong P2Xi immunoreactivity in the smooth muscle of
bladder (Fig. A .l). The staining pattern seemed to be diffuse and associated with the
membranes of the smooth muscle cells, leaving the cytoplasm and nuclei of the cells
unstained. There was also staining of the nuclei of the urothelium surrounding ducts

P2X2-ir
Bladder: P 2 X 2 immunoreactivity was also seen in the smooth muscle of the bladder, but
with a different pattern from that seen for P2Xi (Fig. A.2). P 2 X2 appeared to be present
in intra-celleular, rather than membranous stmctures. There was strong staining of the
nuclei and weaker but distinct staining of the cytoplasm of the smooth muscle cells.
The urothelial cell nuclei showed no staining, or much weaker staining with anti-P2 X 2,
except for a thin layer of cells, appearing as a dark band, on the luminal surface.

Tongue: P 2 X 2 immunoreactivity was observed on the smooth muscle cells of the lingual
blood vessels (Fig. A.3). Multiple layers of arteriolar smooth muscle were stained. Also,
in the vicinity of the blood vessels, a collection of neuronal fibres stained with the P 2 X2
antibody. In contrast, when the same area was reacted with the P2Xs antibody, only the
surrounding nerve bundles were immunoreactive (Fig. A.4).
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P2X3-ir;
Trigeminal ganglia: A substantial number of the neuron cell bodies in the TG were
P 2 X 3-ir. The cells stained with different intensities, from light to very dark (Fig. A.5).
The more intense staining appeared mostly in small and medium diameter cells.

Tongue taste buds: Varicose nerve fibres innervating the taste buds strongly stained
with P2 X 3 receptor antibodies (Fig A.6-A.10). Large nerve bundles in the connective
tissue in the circumvallate papillae showed P 2 X 3-ir and a dense network of P 2 X 3-ir
nerve fibres were seen at the base of the taste buds. The nerve fibres penetrated the
basal lamina of the taste buds and many varicose fibres reached the tips of the buds (Fig
A.8 ). The nerve fibres in the taste buds of the fungiform papillae and the nerves
innervating these taste buds were also strongly stained with P 2 X 3 antibody (Fig. A.9).
Some nerve fibres also appeared in the epithelium where no taste buds were seen (Fig
A. 10). The control sections, stained with antibody pre-absorbed with the P2 X 3 peptide,
or stained with rabbit IgG showed no specific staining (Fig. A.l 1 & A. 12). These results
were published in the Bo et a l (1999).

P2X5-ir:
Tongue epithelium: The epithelium on the dorsal surface of the tongue is keratinised.
Distinct P2Xs immunoreactivity was seen in the stratum spinosum and stratum
granulosum of the epithelium, with the former staining intensely (Fig. A. 13). The
staining gradually decreased in intensity as the cells approached the outer layer. The cell
membrane and cytoplasm stained, while the cell nuclei were visibly unstained. The
basal cells of the stratum germinativum were not stained. Also, the staining only
extended to the “transition zone”, the layer that separates the dead from the living
epidermal layers. The nucleated cells of the stratum comeum layer were not stained.

There was non-specific staining of the very outer layers of the epithelium. This layer
stained with both the P2Xs antibody and with rabbit IgG (when it was used instead of
the primary antibody) (Fig. A. 15). This layer most probably contained sloughed off
cells and debris. There was no staining in the controls were the primary antibody was
omitted (Fig. A. 16).
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P2X7-ir:
Tongue epithelium: P2Xy immunoreactivity was seen only in the flattened cells of the
stratum comeum (keratinised cell layers) (Fig. A. 14). The strongest immunoreactivity
was seen in the exfoliated dead cells which formed a thick dark band on top of the
epidermis. This specific staining was distinguishable from the non-specific staining of
the outer layers of the keratinised cells by IgG because the non-specifically stained
outer layers seemed detached from the rest of the epithelium and formed a distinct layer
from the P2X?-ir comified cells. Some cell nuclei in the stratum spinosum and stratum
granulosum also stained with P2X?.

DISCUSSION

P2Xi
Bladder: As expected, P2X)-ir was found in the smooth muscle cells of the bladder
associated with the cell membranes (Fig. A .l). In an early immunohistochemical study,
Vuchanove et al. (1996) reported P2Xi-ir on the plasma membrane of smooth muscle
cells of the vas deferens, intestinal submucosal arterioles, and urinary bladder. More
recently, using a similar immunostaining technique to the one used here, Lee et ah
reported similar patterned immunoreacitivity for P2Xi in the rat bladder and ureter (Lee
et a l 2000a) as well as male genital organs of the rat (Lee et a l 2000b). In contrast, the
female genital organs did not show this pattern of immunostaining (Bardini et a l 2000).
Recently, using a quantitative analysis of RNA, the P2Xi receptor was found to be the
predominant purinoceptor subtype in adult human bladders (O’Rielly et a l 2001).

P2X2
Bladder: The pattern of staining seen for P 2 X2 differed from that seen for P2Xi (Fig.
A.2) and was the same as that reported by Lee et a l (2000a). The exact targets of this
antobody is unknown and can only be discerned by immunoelectron-microscopy.

Tongue: The muscular layer of arterioles in the tongue stained distinctly with the antiP 2 X 2 antibody. The presence of P 2 X 2 mRNA, along with P2Xi and P2 X4 mRNA, have
been reported in the smooth muscle layer of rat blood vessels, including the coronary
arteries in the heart, aorta, pulmonary artery, internal and external iliac arteries, renal
artery, and femoral artery (Nori et a l 1998). In the Nori et a l study, the presence of the
receptor mRNA’s, shown by in situ hybridization, was confirmed by RT-PCR
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performed on micro-dissected samples of coronary arteries. This result was also
consistent with the vasoconstrictor response of these vessels to purinergic P2X agonists
(Kennedy et a l 1985). These receptors may be present in a heteropolymeric from in
blood vessels.

A few nerve bundles also stained with the FIX] antibody (Fig. A.3). This was not
surprising as P 2 X 2-ir has been demonstrated predominantly in neurons (Vuchanova et
a l 1996), and in particular, in the nerve fibres supplying the tongue taste buds (See
appendix II).

P 2X 3

Trigeminal ganglia: the staining of the cell bodies in the trigeminal ganglia confirms
previous reports of the presence of P2X] in these neurons (Cook et a l 1997, Xiang et a l
1998, Llewellyn-Smith & Bumstock 1998). It also demonstrates that the immuno
histochemical staining technique used with the anti-P2X] antibody was both sensitive,
and specific. The small diameter cells immunoreactive to P2X] antibody are believed to
correspond to nociceptive fibres, some of which may terminate in the dental pulp. The
possible differences between the P 2 X 3-ir fibres in the TG and those in the dorsal root
ganglion are discussed further in chapter 3.

Tongue: The presence of P2X] receptors in the neurones innervating the taste buds
suggested that ATP plays a possible role as a neurotransmitter in taste signal
transduction. Since P2Xs-ir nerves were found in the intra- and subgeminal regions, it
was thought that these receptors mainly mediate gustatory transmission in the tongue.
This hypothesis was tested in a later study, using a rat tongue-nerve preparation (Rong
et a l 2000). Whole nerve recordings were made of the trigemninal branch of the lingual
nerve, which conducts general sensory information (pain, temperature, touch, etc.), and
the chorda tympani (CT), which joins the lingual nerve and conducts taste information,
while close arterial injections of ATP and a,p-meATP were performed. It was found
that ATP and a,P-meATP preferentially activate general sensory afferent fibres of the
lingual nerve, but not the taste fibres of the chorda tympani. The investigators suggested
that the increase in whole nerve activity of the lingual nerve represented activation of
nociceptive fibres which posses P2 X 3 receptors, and that ATP and P 2 X 3 receptors may
play a role in nociception, rather than taste sensation, in the tongue. However, in
mammals, the taste sensation in the posterior third of the tongue is carried by fibres in
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the glossopharyngeal nerve (cranial nerve IX) (Kent 1987), and this could be reason for
the non-activation of the chorda tympani, which only supplies taste sensation to the
anterior 2/3 of the tongue.

P2Xs and PIX?
P2 X 5-immunoreactivity was seen in the periphery of cells in the stratum spinosum
(prickle layer) and the stratum granulosum ( granular layer) of the epithelium. The basal
calls did not react at all with the antibody, neither did the dead cell layers of the
keratinised layer. Thus P2X$-ir was restricted to the metabolically active, differentiating
cell layers o f the epithelia and was not associated with mitosis and cell death. This
pattern of staining has been described by Groschel-Stewart et a l (1999). In their report,
they speculated that P2Xs may play a role in the regulation of epithelial cell
commitment and differentiation.

P2X? immunoreactivity was clearly associated with the kératinisation process. The
P2X? receptor has been associated with lytic and apoptotic events since upon prolonged
activation, it forms a pore which is permeable to large molecules (Suprenant et a l
1996)'. The terminal differentiation of the comified epithelial layer involves
“programmed cell death”, and so the presence of the P2X? receptor came as no surprise
(Groschel-Stewart et a l 1999). The specificity of the reaction in the Groschel-Stewart
study was confirmed with pre-absorption of the antibodies with the cognate peptide,
which removed almost all of the immunostaining, and by Western blotting analyses of
cmde paw skin extracts, which showed a single band of ~52 kD as also seen with other
P2X? receptor-bearing membrane extracts.

110

%

%)

'#

Fig A.l: Immunostaining of rat bladder with anti-P2Xi antibody. (Mag. XIO)
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Fig. A.2: Immunostaining of rat bladder with anti-P2X2. antibody (Mag. XIO)
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Fig. A.3: Im m unostaining o f rat lingual blood vessels w ith anti-PZXi antibody.
(M ag. XIO)
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Fig. A.4: Immunostaining of rat lingual blood vessels with anti-PlX] antibody.
(Mag. XIO)
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Fig. A.5: Im m unostaining o f rat trigem inal ganglion w ith anti-PZX] antibody.
(M ag. X20)

Fig. A.6: Immunostaining of rat circumvallate papilla (tongue) with anti-PlXj
antibody. (Mag. XIO)
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Fig. A.7: Immunostaining of rat circumvallate papilla with anti-PZXj antibody.
(Mag. XIO)

Fig. A.8: Immunostaining of rat circumvallate papilla with anti-PZX] antibody.
(Mag. X20)
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Fig. A.9: Immunostaining of rat taste bud with anti-PlX] antibody. (Mag. XIO)
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Fig. A.IO: Immunostaining of nerve fibres in the tongue epithelium with anti-PZXj
antibody. (Mag. XIO)
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Fig. A .ll: Immunostaining of control sections: rat circumvallate papilla with antiP2X] antibody pre-absorbed with excess peptide. (Mag. XIO)

Fig. A.12: Immunostaining of control sections: circumvallate papilla with rabbit
IgG. (Mag. XIO)
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Fig. A.13: Immunostaining of rat tongue epithelium with anti-PZXg antibody.
(Mag. X20)
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Fig. A.14: Immunostaining of rat tongue epithelium with anti-P2X? antibody.
(Mag. X20)
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Fig. A.15: Immunostaining of control section: rat tongue epithelium with rabbit
IgG. (Mag. X20)
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Fig. A.16: Immunostaining of control section: rat tongue epithelium stained
without primary antibody. (Mag. XIO).
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