
Abstract It was hypothesised that P2X3 receptors, pre-
dominantly labelling spinal and cranial sensory gangli-
onic neurons, are also expressed in intrinsic sensory en-
teric neurons, although direct evidence is lacking. The
aim of this study was to localise P2X3 receptors in the
enteric nervous system of the guinea-pig ileum, and to
neurochemically identify the P2X3-expressing neurons.
In the submucous plexus, cholinergic neurons expressing
calretinin (CRT), were immunostained for P2X3. These
neurons made up about 12% of the submucous neurons.
In the myenteric plexus, approximately 36% of the neu-
rons expressed P2X3. Half of the latter neurons were im-
munoreactive for CRT, whereas about 20% were immu-
noreactive for nitric oxide synthase (NOS). Based on
earlier neurochemical analysis of enteric neurons in the
guinea-pig, the myenteric neurons exhibiting P2X3/CRT
immunoreactivity were identified as longitudinal muscle
motor neurons, and those expressing P2X3/NOS immu-
noreactivity as short inhibitory circular muscle motor
neurons. In both plexuses, no colocalisation was ob-
served between P2X3 and calbindin, a marker for intrin-
sic sensory neurons. Multiple staining with antisera
raised against somatostatin, neuropeptide Y, substance P
or neurofilament protein did not reveal any costaining. It
can be concluded that in the guinea-pig ileum, intrinsic
sensory neurons do not express P2X3 receptors. Howev-
er, this does not negate the possibility that extrinsic sen-
sory nerves expressing P2X3 are involved in a purinergic
mechanosensory transduction pathway as demonstrated
in other organs.
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Introduction

Although this topic has been a subject of much dispute
for several decades, there is nowadays overwhelming ev-
idence that purinergic signalling is widespread. Two
families of purinoceptors have been identified, a P2X
ionotropic ligand-gated ion channel family and a P2Y
metabotropic G protein-coupled family. To date, seven
mammalian P2X receptor subunits (P2X1–P2X7), which
can assemble to form homomeric and heteromeric recep-
tors, have been identified by molecular cloning (for re-
view see Burnstock 2001a; Dunn et al. 2001; Khakh et
al. 2001). The P2X3 receptors have attracted special at-
tention in that they predominantly label sensory neurons,
particularly the small nociceptive neurons in the dorsal
root, trigeminal and nodose ganglia (Vulchanova et al.
1996, 1997; Cook et al. 1997; Bradbury et al. 1998;
Llewellyn-Smith and Burnstock 1998; Burnstock 2000;
Hubscher et al. 2001).

ATP has been shown to elicit responses of neurons in
both plexuses of the enteric nervous system (ENS), indi-
cating the presence of P2X receptors (for review see
Burnstock 2001b; Dunn et al. 2001). There has been
some ambiguity about the interpretation of the electro-
physiological results regarding which subtypes of P2X
receptors are present in enteric neurons. It has been sug-
gested that enteric neurons express predominantly P2X2
receptors (Zhou and Galligan 1996; LePard et al. 1997),
while a minority heterologously expresses P2X1 and
P2X3 receptors (Zhou and Galligan 1996). Barajas-López
et al. (1996) have observed that myenteric neurons ex-
press a P2X receptor showing some pharmacological re-
semblance to P2X4 and P2X6 receptors. Moreover, they
have noted that the electrophysiological and pharmaco-
logical properties of P2X receptors are virtually identical
in both myenteric and submucous neurons, suggesting
that similar P2X receptors are present in both plexuses.
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To date, few morphological data are available on the
presence of P2X immunoreactivity (IR) in the ENS.
Most data concern the presence of P2X2 IR in the guin-
ea-pig ENS (Vulchanova et al. 1996; Hu et al. 2001;
Castelucci et al. 2002). The P2X2 receptor has been
found to be expressed by specific subtypes of enteric
neurons, including inhibitory motor neurons, non-cholin-
ergic secretomotor neurons and intrinsic primary afferent
neurons (Castelucci et al. 2002). P2X3 IR has been de-
tected in some submucous and myenteric neurons of the
human colon (Yiangou et al. 2000, 2001; Facer et al.
2001), while P2X7 IR has been found in nerve fibres and
somata in both myenteric and submucous plexuses of the
guinea-pig small intestine (Hu et al. 2001). In addition, it
has been suggested that intrinsic sensory neurons in both
ganglionic plexuses express IR for the P2X3 receptor,
implicating a possible role of these neurons in reflex
pathways (Burnstock 2001c).

Distension of bowel segments may evoke non-painful
and painful sensations, regulating reflexes (Jänig and
Koltzenburg 1988). Both intrinsic (Furness et al. 1988;
Song et al. 1991, 1992, 1994; Kirchgessner et al. 1992;
Neunlist and Schemann 1997; Meedeniya et al. 1998;
Neunlist et al. 1999; Hens et al. 2000, 2001) and extrin-
sic (for review see Grundy and Scratcherd 1989; Cervero
1994; Berthoud and Neuhuber 2000) sensory neurons
project to the mucosa. It has recently been proposed that
ATP released from mucosal epithelial cells during mod-
erate distension of the intestine acts on P2X3 receptors
present on subepithelial sensory processes of intrinsic
enteric neurons to trigger peristalsis, while severe disten-
sion acts on P2X3 receptors on subepithelial sensory pro-
cesses of extrinsic sensory neurons originating in the
dorsal root ganglia to relay to pain centres in the brain
(Burnstock 2001c). In view of the putative role of P2X3
receptors in this hypothesis of purine-mediated mecha-
nosensory transduction in the gut, the aim of the present
study was to immunocytochemically localise the P2X3
receptor in the ENS of the guinea-pig ileum, and, based
on our current extensive knowledge of their neurochemi-
cal coding (Costa et al. 1996; Brookes 2001), to identify
the functional subpopulations of enteric neurons express-
ing P2X3 receptors.

Materials and methods

Tissue preparation

Tissue was obtained from adult guinea-pigs (Iffa Credo Belgium,
Brussels, Belgium), weighing ca 350 g, of both genders, which
were stunned by a blow to the head and killed by severing the ca-
rotid arteries and spinal cord. All procedures were approved by the
local ethics committee of the University of Antwerp. Segments of
the ileum were removed and rinsed in Krebs solution (117 mM
NaCl, 5 mM KCl, 2.5 mM CaCl2·2H2O, 1.2 mM MgSO4·7H2O,
25 mM NaHCO3, 1.2 mM NaH2PO4·2H2O and 10 mM glucose,
pH 7.4). At the distal end of each ileum, a 5-mm segment was re-
moved and processed for cryosectioning (cfr. infra). The remain-
ing part of each ileum was opened along the mesenteric border
and pinned out in a Sylgard-lined Petri dish filled with fixative
(4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.0) for 3 h

at room temperature. Subsequently, they were rinsed in 0.01 M
phosphate-buffered saline (PBS; pH 7.4) and further processed to
optimise the immunocytochemical staining as previously de-
scribed (Llewellyn-Smith et al. 1985). To enhance the IR for neu-
ropeptides within the neuronal somata, some preparations were,
prior to fixation, maintained in organotypic culture in sterile Dul-
becco's modified Eagle medium (Sigma, St. Louis, Mo., USA)
supplemented with 10 mg/ml antibiotic-antimycotic (Sigma),
50 µg/ml gentamycin (Sigma), 2.5 µg/ml amphotericin B (Sigma),
10% fetal bovine serum (Sigma), 1 µM nifedipine, 2.1 mg/ml
NaHCO3 and 88 µM colchicine (Sigma), in a humidified CO2 in-
cubator (37°C, 5% CO2) for 24 h, as previously described (Fur-
ness et al. 1989).

Following fixation and clearing, the tissues were dissected into
two layers: the outer musculature with adhering serosa and the
submucosa/mucosa. The circular muscle was removed to yield
whole mounts of longitudinal muscle with the myenteric plexus
attached. In a few whole mounts, the circular muscle was only
partially removed. In the whole mounts containing the submucous
layer, the mucosa was scraped off using a blunt scalpel. Square
flat sheets of these mucosal parts were used for the examination of
the subepithelial innervation. The whole mounts were stored in
PBS containing 0.1% sodium azide.

The distal segment of each ileum was processed for cryosec-
tioning. First, these segments were immersed in the above-men-
tioned fixative for 3 h at room temperature. They were rinsed in
PBS, transferred to PBS-containing 20% sucrose and stored at 4°C
overnight. Next, they were embedded in OCT embedding medi-
um, sectioned in a Microm cryostat at 10 µm and thaw-mounted
on gelatine-coated slides.

Primary antibody directed against P2X3 receptor

The antibody directed against the P2X3 receptor, raised by Roche
Bioscience (Palo Alto, Calif., USA), has been detailed previously
(Oglesby et al. 1999). The immunogen was a synthetic peptide
representing 15 receptor-type-specific amino acids of the C-termi-
nal part of the P2X3 receptor (amino acids 383–397: VEKQSTDS-
GAYSIGH). This synthetic peptide was covalently linked to key-
hole limpet haemocyanin. Rabbits were immunised with the con-
jugated peptide in multiple monthly injections (performed by Re-
search Genetics, Huntsville, Ala., USA).

Immunoglobulin G (IgG) fractions were isolated from the pre-
immune and immune serum, according to the method of Harboe
and Ingild (1973). The protein concentration was determined at
280 nm using an extinction factor of 1.43 for 1 mg/ml.

The specificity of the P2X3 antibody was verified by immuno-
blotting with membrane preparations from cloned P2X1–7 receptor
expressing CHO-K1 cells. The antibody recognised only one pro-
tein of the expected size in the heterologous expression system
and has been shown to be receptor subtype specific (Oglesby et al.
1999). Preabsorption of the antibody with excess of the synthetic
peptide used for generation of the antibody, eliminated IR (Xiang
et al. 1998a, b; Gröschel-Stewart et al. 1999).

Immunocytochemistry

All immunocytochemical incubations were carried out at room
temperature. Unless indicated otherwise, washes with PBS were
performed between each incubation. The antisera and streptavidin
complexes used in this study as well as their respective dilutions,
are listed in Table 1. Based on the extensive knowledge of the
chemical coding of the different classes of enteric neurons in the
guinea-pig (Costa et al. 1996; Brookes 2001), we have applied
some of these neurochemical markers to further identify the P2X3-
immunoreactive enteric neurons in the present study (Table 2). 

For detection of the P2X3 receptor, the biotin-conjugated tyr-
amide signal amplification (TSA) technique was applied, albeit
slightly modified for whole-mount preparations (Brouns et al.
2000). Briefly, to minimise endogenous peroxidase activity, the
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cryosections and whole mounts were treated with 3% hydrogen
peroxide in methanol. Next, they were rinsed in PBS, and to elimi-
nate endogenous avidin/biotin activity, the cryosections were
treated with a blocking kit of Zymed Laboratories (San Francisco,
Calif., USA). Subsequently, cryosections and whole-mount prepa-
rations were immersed in PBS containing 10% normal goat serum
(NGS), 0.05% thimerosal and 1% Triton X-100, before incubation
for 18 h (cryosections) or 48 h (whole mounts) with a polyclonal
rabbit antibody directed against the P2X3 receptor (cryosections:

1:1,000 dilution; whole mounts: 1:500 dilution) diluted in PBS
containing 10% NGS, 0.05% thimerosal and 0.1% Triton X-100.
The cryosections and whole mounts were consecutively incubated
with biotinylated Fab fragments of goat anti-rabbit IgG diluted in
PBS containing 1% NGS and 0.05% thimerosal, and with ExtrAvi-
din-horseradish peroxidase diluted in PBS containing 0.05% thi-
merosal and 0.1% bovine serum albumin (PBS+). Between subse-
quent steps, the cryosections and whole mounts were washed in
PBS containing 0.05% Tween 20. Whole mounts and sections
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Table 1 List of antisera used for immunocytochemistry

Antigen Host Dilution Source

Primary antisera
P2X3 receptor Rabbit 1:500– Gift from Roche Bioscience, Palo Alto, Calif., USA

1:1,000 (Oglesby et al. 1999)
c-Kit (C-19) Rabbit 1:200 Santa Cruz Biotechnology, Santa Cruz, Calif., USA (sc-168)
Calbindin D-28 k Rabbit 1:4,000 SWant, Bellinzola, Switzerland (CB38)
Calretinin Rabbit 1:2,000 SWant
Neurofilament protein (iC8) Mouse 1:500 Prof. C. Triban
Neuronal nitric oxide synthase Rabbit 1:1,000 Euro-Diagnostica, Malmö, Sweden (B 220-1)
Neuronal nitric oxide synthase Mouse 1:1,000 Sigma, St. Louis, Mo., USA (N2280)
Neuropeptide Y Rabbit 1:100 Affiniti Research Products, Exeter, UK (NA1233)
Neuropeptide Y Rat 1:100 Affiniti Research Products (NZ1115)
Somatostatin Rabbit 1:100 Euro-Diagnostica (2263PSO)
Somatostatin Rat 1:100 Biogenesis, Poole, UK (8330-0009)
Substance P Rat 1:100 Biogenesis (8450-0505)
S100 Rabbit 1:1,000 Dako, Glostrup, Denmark (Z0311)

Secondary antisera and streptavidin complexes
FITC-conjugated goat anti-mouse IgG 1:200 Jackson Immunoresearch Laboratories, West Grove, Pa., USA
FITC-conjugated goat anti-rat IgG 1:200 Jackson Immunoresearch Laboratories
Cy3-conjugated goat anti-rabbit IgG 1:4,000 Jackson Immunoresearch Laboratories
Cy5-conjugated goat anti-rabbit IgG 1:1,000 Jackson Immunoresearch Laboratories
FITC-conjugated Fab-fragments of goat anti-rabbit IgG 1:100 Jackson Immunoresearch Laboratories
Unlabelled Fab-fragments of goat anti-rabbit IgG 1:100 Jackson Immunoresearch Laboratories
Biotinylated Fab-fragments of goat anti-rabbit IgG 1:2,000 Rockland, Gilbertsville, PA
Cy3-conjugated streptavidin 1:4,000 Jackson Immunoresearch Laboratories
FITC-conjugated streptavidin 1:1,000 Jackson Immunoresearch Laboratories
ExtrAvidin-horseradish peroxidase 1:1,000 Sigma
Biotin-conjugated tyramide signal amplification kit Perkin Elmer Life Sciences, Boston, Mass., USA

Table 2 Summary indicating
which neuronal cell types are
predominantly labelled by the
used antisera and the possible
colocalisation of the used
markers. (CB Calbindin, CM
circular muscle, CRT calretinin,
LM longitudinal muscle, MP
myenteric plexus, NFP neuro-
filament protein, NOS nitric 
oxide synthase, NPY neuropep-
tide Y, SMP submucous plexus,
SOM somatostatin, SP sub-
stance P)

Antisera raised Neuronal cell types Colocalisation with
against

CB Primary afferent neuron (SMP) SPa

Primary afferent neuron (MP) SPa

CRT Vasodilator neuron (SMP) –
Excitatory motor neuron (MP) SPa

Ascending interneuron (MP) NFP, SP
NOS Inhibitory motor neuron, LM (MP) NPYa

Short inhibitory motor neuron, CM (MP) –
Long inhibitory motor neuron, CM (MP) NFP
Descending interneuron (MP) NPYa, NFP

NFP Long inhibitory motor neuron, CM (MP) NOS
Ascending interneuron (MP) CRT, SP
Descending interneuron (MP) NPYa, NOS
Descending interneuron (MP) –

NPY Secretomotor neuron (SMP) SOM
Viscerofugal neuron (MP) SOM

SOM Secretomotor neuron (SMP) NPY
Viscerofugal neuron (MP) NPY
Descending interneuron (MP) –

SP Ascending interneuron (MP) CRT, NFP

a Some neurons of this
neuronal cell type can display
this marker



were then incubated for 20 min in biotin-conjugated tyramide di-
luted in an amplification solution. Visualisation was performed us-
ing fluorophore-conjugated streptavidin diluted in PBS+. After
washing, they were mounted in Citifluor. In double- and triple-la-
belling experiments, the P2X3 receptor was always localised using
the TSA method.

Double- and triple-labelling experiments, using primary antise-
ra raised in different species, were conducted with the indirect im-
munofluorescence method. Using two primary antisera raised in
the same species, a sequential immunostaining technique was per-
formed according to the method of Shindler and Roth (1996). In
the first step, the TSA method was used to detect P2X3 receptor,
while in the second step a conventional immunofluorescence
method was applied. For triple-labelling experiments using prima-
ry antisera raised in the same species, we performed a reliable se-
quential immunofluorescence labelling procedure developed by
Brouns et al. (2002). Briefly, the first antigen, the P2X3 receptor,
was detected with the TSA method. The second antigen was visu-
alised by means of a fluorophore-conjugated secondary monova-
lent Fab antibody. After incubation with unlabelled Fab fragments
of goat anti-rabbit IgG, the third antigen was localised with a con-
ventional immunofluorescence technique. In the sequential stain-
ings, the primary antisera of the second and third step were diluted
in PBS containing 10% NGS and 0.05% thimerosal. Secondary
antisera were diluted in PBS containing 1% NGS and 0.05% thi-
merosal, while streptavidin complexes were diluted in PBS+.

Negative controls in which one of the primary antibodies was
omitted, and interference control stainings were performed as de-
scribed by Shindler and Roth (1996) and Brouns et al. (2002). The
whole-mount preparations were evaluated with fluorescence and
confocal microscopy.

The whole-mount preparations were also used to perform a
quantitative analysis, as previously described (Van Nassauw et al.
2001). Briefly, the immunoreactive nerve cell bodies in the sub-
mucous and myenteric ganglia were counted per visual field

(0.3 mm2) in whole-mount preparations. Ten randomly chosen
fields in each whole mount were analysed, and the number of im-
munoreactive neurons was calculated.

Results

Colchicine pretreatment enhanced immunostaining for
the P2X3 receptor within the guinea-pig ENS. Without
pretreatment, IR was mainly limited to the soma, where-
as with pretreatment, the proximal parts of the neuronal
processes were also immunostained. Neurons containing
P2X3 receptors were localised in both the myenteric and
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Table 3 Results of the quanti-
tative analysis of whole-mount
preparations. n=number of
whole mounts. (IR Immunore-
activity)

Total number Mean number/
whole-mount

Submucous plexus: double staining P2X3/CRT (n=5)
Neurons expressing P2X3 IR 247 49±4
Neurons expressing CRT IR 242 48±4
Neurons expressing P2X3/CRT 236 47±4
Neurons expressing P2X3/- 11 2±1
Neurons expressing -/CRT 6 1±2

Mean percentage of P2X3-immunoreactive neurons expressing CRT IR/whole mount 95±2%

Mean percentage of CRT-immunoreactive neurons expressing P2X3 IR/whole mount 97±3%

Myenteric plexus: double staining P2X3/CRT (n=5)
Neurons expressing P2X3 IR 845 169±32
Neurons expressing CRT IR 536 107±13
Neurons expressing P2X3/CRT 417 83±14
Neurons expressing P2X3/- 428 86±26
Neurons expressing -/CRT 119 24±7

Mean percentage of P2X3-immunoreactive neurons expressing CRT IR/whole mount 50±7%

Mean percentage of CRT-immunoreactive neurons expressing P2X3 IR/whole mount 78±7%

Myenteric plexus: double staining P2X3/NOS n=5)
Neurons expressing P2X3 IR 632 126±10
Neurons expressing NOS IR 533 107±17
Neurons expressing P2X3/NOS 118 24±7
Neurons expressing P2X3/- 514 103±10
Neurons expressing -/NOS 415 83±21

Mean percentage of P2X3-immunoreactive neurons expressing NOS IR/whole mount 19±5%

Mean percentage of NOS-immunoreactive neurons expressing P2X3 IR/whole mount 23±9%

Figs. 1–4 Confocal images of whole-mount preparations of the
submucosa

Fig. 1 Double immunolabelling with antibodies directed against
the P2X3 subunit (b) and calretinin (CRT; a) revealed CRT-immu-
noreactive submucous neurons expressing P2X3 (c)

Fig. 2 Double immunolabelling with antibodies directed against
the P2X3 subunit (b) and calbindin (CB; a); no CB-immunoreac-
tive submucous neurons expressed P2X3 (c)

Fig. 3 Double immunolabelling with antibodies directed against
the P2X3 subunit (b) and somatostatin (SOM; a); no SOM-immu-
noreactive submucous neurons expressed P2X3 (c)

Fig. 4 Confocal image of a submucosal ganglion triple-stained for
P2X3 (a), CB (b) and CRT (c). One submucous neuron is shown
to display CRT and P2X3 (purple), while the CB-immunoreactive
neuron (green) is P2X3 immunonegative (d)

▲
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the submucous plexuses of the guinea-pig ileum. No
P2X3 IR could be detected in subepithelial nerve fibres.
Control immunostainings, in which the primary antibod-
ies were omitted, did not yield any immunolabelling.
Control stainings of the double- and triple-staining meth-
ods showed no linking of secondary antibodies with pri-
mary antibodies used in previous steps. The results of
the quantitative analysis of the whole mounts are shown
in Table 3.

In the submucous plexus, 95±2% of all P2X3-positive
neurons were found to display calretinin (CRT) IR, and
conversely, 97±3% of all CRT-expressing neurons ap-
peared to bear P2X3 (Table 3; Figs. 1, 4). The P2X3-ex-
pressing neurons resembled a morphology associated
with the filamentous neuron type. Colocalisation of
P2X3 receptors with calbindin (CB; Fig. 2), being a
marker for the intrinsic primary sensory neurons in the
guinea-pig ileum (Furness et al. 1988, 1998), somatosta-
tin (SOM; Fig. 3) or neuropeptide Y (NPY), was not ob-
served. Moreover, the recently reported presence of
CB IR in CRT-expressing neurons (Quinson et al. 2001)
could not be confirmed (Fig. 4).

In the myenteric plexus, the P2X3-immunopositive
neurons resembled a Dogiel type I morphology. Of all
P2X3-immunoreactive neurons, 50±7% demonstrated co-
localisation with CRT, while 78±7% of all CRT-express-
ing neurons showed immunostaining for the P2X3 recep-
tor (Table 3; Figs. 5, 12). Another part of the P2X3-im-
munoreactive neurons (19±5%) appeared to be nitrergic
in nature. Conversely, 23±9% of all nitric oxide synthase
(NOS)-immunoreactive neurons expressed the P2X3 re-
ceptor (Table 3; Fig. 6). Approximately 30% of the
P2X3-immunoreactive neurons did not show any immu-
nostaining for CRT or NOS. Colocalisation of the P2X3
receptor with CB (Figs. 7, 8), neurofilament protein
(NFP; Fig. 9), NPY, SOM (Fig. 10) or substance P (SP;
Fig. 11) was not detected in myenteric neurons either. No
colocalisation of CRT and NOS was observed in myen-
teric neurons (Fig. 12). 

Enteroglial cells, visualised with an antibody directed
against S100, and interstitial cells of Cajal, identified by
means of c-Kit labelling, did not show immunostaining
for the P2X3 receptor.

Discussion

To provide the morphological substrate supporting the
hypothesis that P2X3 IR is mainly confined to intrinsic
sensory neurons within the ENS, we aimed by means of
double and triple immunostaining to elucidate the neuro-
chemical coding of P2X3-immunoreactive enteric neu-
rons in the guinea-pig ileum. The latter part of the gas-
trointestinal (GI) tract was selected for this study be-
cause, so far, the most detailed knowledge about the neu-
rochemical coding of the diverse sets of functional enter-
ic neuron classes has been gained from this intestinal re-
gion (Costa et al. 1996; Brookes 2001).

In the submucous plexus, P2X3-immunoreactive neu-
rons were found to costain for CRT. Earlier immunocyto-
chemical studies have demonstrated that CRT IR is asso-
ciated with a population of cholinergic filamentous neu-
rons (Brookes et al. 1991; Brookes 2001). These neurons
account for about 12% of all submucous neurons (Song
et al. 1992), project to the mucosa and to the submucous
arterioles (Brookes et al. 1991), and at least part of them
are likely to be among the cholinergic vasodilator neu-
rons (Neild et al. 1990). The finding that almost all CRT-
expressing neurons contain P2X3 receptors and, con-
versely, that virtually all P2X3-immunoreactive neurons
show CRT IR, led us to conclude that ca 12% of the sub-
mucous neurons express P2X3 receptors. Although a re-
cent study (Quinson et al. 2001) reported a considerable
coexistence of CRT and CB in submucous neurons of the
guinea-pig ileum, in our study, using the same antibod-
ies, only a faint cytoplasmic and nuclear CB staining
could be observed in few of the CRT-immunoreactive
neurons provided the CB antiserum was used at a dilu-
tion lower than the optimal titer (1:4,000).

In the myenteric plexus, neurons resembling a Dogiel
type I morphology express P2X3 receptors. Almost half
of all P2X3-expressing neurons are immunoreactive for
CRT, while one-fifth are immunoreactive for NOS. No
immunostaining for other validated morphofunctional
markers such as NFP, SOM, NPY or SP could be ob-
served in the P2X3-immunoreactive neurons. According
to the chemical coding of the enteric neuron classes in the
guinea-pig small intestine (Costa et al. 1996; Brookes
2001), the neurons exhibiting P2X3/CRT IR can be iden-
tified as longitudinal muscle motor neurons, and the neu-
rons expressing P2X3/NOS IR are thought to be short in-
hibitory circular muscle motor neurons. Longitudinal
muscle motor neurons constitute approximately 24% of
the neurons in the myenteric plexus of the guinea-pig
small intestine (Brookes et al. 1992). They are nearly all
immunoreactive for choline acetyltransferase and hence
likely to be cholinergic and thus excitatory to the muscle.
Approximately 87% of these motor neurons contain CRT.
The short-projecting inhibitory circular motor neurons are
labelled by VIP, NOS or enkephalin IR, and they make up
14% of the myenteric neurons (Costa et al. 1992, 1996).
Given the fact that ca 26% of the myenteric neurons ex-
press CRT (Brookes et al. 1991), and that 20–25% are ni-
trergic (Costa et al. 1992), it can be deduced that approxi-
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Figs. 5–7 Confocal images of whole-mount preparations contain-
ing the longitudinal muscle and the myenteric plexus

Fig. 5 Some neurons co-expressed (c) P2X3 (b) and CRT (a)

Fig. 6 Some neurons co-expressed (c) P2X3 (b) and nitric oxide
synthase (NOS; a)

Fig. 7 Colocalisation of P2X3 (b) with CB (a) was not observed
(c)

Fig. 8 Cryosection of a myenteric ganglion in the guinea-pig ile-
um; double immunostaining for CB (a) and P2X3 (b) did not re-
veal any colocalisation within myenteric neurons (c)

▲
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Figs. 9–12 Confocal images of whole-mount preparations con-
taining the longitudinal muscle and the myenteric plexus

Fig. 9 No myenteric neurons were found to co-express P2X3 (b, c)
and neurofilament protein (NFP; a, c)

Fig. 10 No myenteric neurons were found to co-express P2X3 (b, c)
and SOM (a, c)

Fig. 11 No myenteric neurons were found to co-express P2X3 (b, c)
and substance P (SP; a, c)

Fig. 12 Higher magnification of a myenteric ganglion triple-
stained for P2X3 (a), NOS (b) and CRT (c). Myenteric neurons
displaying immunoreactivity for P2X3 and CRT (purple; d)



mately 36±8% of the myenteric neurons express the P2X3
receptor. The neurochemical coding of approximately
30% of the P2X3-immunoreactive myenteric neurons in
the guinea-pig ileum remains to be determined. In con-
trast to what had been put forward in view of the estab-
lished correlation between the P2X3 receptor and senso-
ry/nociceptive pathways, myenteric CB-immunoreactive
Dogiel type II neurons, which are assumed to be the main
population of intrinsic sensory neurons within the GI
tract, appeared to be immunonegative for the P2X3 recep-
tor. The low number of myenteric neurons responding to
an ATP-evoked, rapidly activating and desensitising in-
ward current which was thought to be mediated by
P2X1/P2X3 receptors (Zhou and Galligan 1996), are
probably not enteric sensory neurons.

In a recent study (Castelucci et al. 2002), strong ex-
pression of P2X2 receptors was confined to about 25% of
myenteric and 50% of submucosal neurons in the guin-
ea-pig ileum. The P2X2 receptor was shown to be ex-
pressed by specific subtypes of enteric neurons. In the
submucous plexus, all CB-immunoreactive intrinsic sen-
sory neurons and all vasoactive intestinal polypeptide-
immunoreactive non-cholinergic secretomotor neurons
were found to express P2X2 IR. In the myenteric plexus,
90% of the CB-expressing intrinsic primary afferent neu-
rons and 91% of the NOS-expressing inhibitory motor
neurons costain for P2X2. From these data and our re-
sults, it can be deduced that in the myenteric plexus of
the guinea-pig ileum, at least 14% of the NOS-express-
ing neurons, being short inhibitory muscle motor neu-
rons, contain the homomeric P2X2 and P2X3 receptors
and/or the heteromeric P2X2/3 receptor.

The P2X3 receptor was shown to be expressed pre-
dominantly on nociceptive neurons in sensory ganglia
(Vulchanova et al. 1996, 1997; Cook et al. 1997; Brad-
bury et al. 1998; Llewellyn-Smith and Burnstock 1998;
Burnstock 2000). This finding has led to the conclusion
that ATP contributes to the transduction of painful stimu-
li and the idea that blockers of P2X3 receptors may have
analgesic potency (Burnstock and Wood 1996). Howev-
er, when determining the expression of P2X1, P2X2 and
P2X3 subunits in rat primary afferents, Petruska et al.
(2000) reported the predominant presence of the P2X1
subunit in small-diameter sensory neurons, and an exten-
sive overlap of P2X1 IR with neuropeptide expression,
particularly SP and calcitonin gene-related peptide, indi-
cating a functional role of P2X1 in nociception. While
many of the P2X1 neurons lacked P2X3 IR, Petruska et
al. (2000) observed sizable populations of neurons that
either coexpressed P2X1 and P2X3, or expressed P2X3
alone. The P2X1 and P2X3 subunits share many charac-
teristics (Dunn et al. 2001; Khakh et al. 2001). These
two receptor subunits, assembled as homomers or het-
eromers with other P2X subunits, may have significant
roles in sensory functions, most particularly nociception.
These roles are likely to be varied, and each may partici-
pate in different forms of nociception (Tsuda et al.
1999). Other researchers suggested that the heteromeric
P2X2/3 receptor also contributes to nociception (Irnich et

al. 2001; Pankratov et al. 2001). Therefore, it seems
more likely that in the guinea-pig ileum, not primarily
the P2X3 receptor but also other purinergic receptors
might be involved in the intrinsic mechanosensory intes-
tinal transduction pathway.

On the other hand, Bian et al. (2000) observed in the
guinea-pig ileum that P2X receptors play a significant
role in the synaptic transmission from descending inter-
neurons to inhibitory motor neurons of the descending
inhibitory reflex pathway, but are not involved in the
transmission from distension-sensitive intrinsic sensory
neurons to inhibitory motor neurons. In addition, ascend-
ing and descending excitatory reflex pathways activated
by mechanical stimulation of the mucosa, have also been
recently reported in the guinea-pig ileum (Spencer et al.
2000), suggesting that P2 receptors are involved in the
neuro-neuronal transmission between interneurons and
from interneurons to motor neurons in these pathways.
These electrophysiological data might corroborate our
present findings favouring the hypothesis that P2X3 re-
ceptors are involved in other than viscerosensitive/noci-
ceptive pathways as previously assumed, given their ab-
sence on Dogiel type II neurons but their presence on
uniaxonal motor neurons to the muscle.

In summary, the present study reveals that the P2X3
receptor is not expressed by intrinsic primary sensory
neurons in the guinea-pig ileum. In the submucous plex-
us, the P2X3 receptor is present in putative vasodilator
neurons, while in the myenteric plexus, the receptor is lo-
calised on neurons which can be neurochemically identi-
fied as longitudinal muscle motor neurons and short in-
hibitory circular muscle motor neurons. The present data
do not point to an involvement of an intrinsic P2X3-medi-
ated mechanosensory transduction pathway in the guinea-
pig small intestine. However, this does not negate the
possibility that extrinsic sensory nerves expressing P2X3
receptors are involved in a purinergic mechanosensory
transduction pathway which was proposed for several
tube- and sac-like visceral organs (Burnstock 1999). Evi-
dence for such an involvement is already available for the
urinary bladder of rabbits (Ferguson et al. 1997), rats
(Jiang and Morrison 1996; Namasivayam et al. 1999) and
mice (Cockayne et al. 2000; Vlaskovska et al. 2001), and
for the ureter of the guinea-pig (Knight et al. 2002).
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