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Abstract The distribution of the P2Xs purinoceptor in the
enteric nervous system of the mouse was studied by
immunohistochemistry. P2Xs receptor immunoreactivity
was widely distributed in myenteric and submucosal
plexuses throughout the gastrointestinal tract. In myenteric
plexuses, immunoreactivity for the P2Xs receptor was
observed in nerve fibres that enveloped ganglion cell
bodies, and possibly on glial cell processes. P2Xs5 receptor
immunoreactivity was colocalised with vasoactive intes-
tinal peptide and surrounded ganglion cells that contained
calretinin, calbindin or nitric oxide synthase. In the
submucous plexus, P2Xs receptor immunoreactivity
occurred throughout the cytoplasm and on the surface
membranes of the nerve cells. Double-labelling studies
showed that 22%, 9%, 6% and 68% of P2Xs receptor-
immunoreactive neurones were also immunoreactive for
calretinin, calbindin, nitric oxide synthase and vasoactive
intestinal peptide, respectively. Thus, the P2Xs receptor
subunit is expressed in specific functional groups of
neurones. P2X, and P2X; receptors were also present in
the mouse enteric plexuses but no immunoreactivity for
P2X;, P2X,4 or P2X receptors was found.
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Introduction

ATP evokes responses in neuronal and non-neuronal cells
by activating various P2 receptor subtypes (Ralevic and
Burnstock 1998). ATP and related purines have been
recognised as neurotransmitters in the central, peripheral,
and enteric nervous systems (Burnstock 2003). Two
families of purinoceptors have been identified: a P2X
ionotropic ligand-gated ion channel family and a P2Y
metabotropic G-protein-coupled family (Abbracchio and
Burnstock 1994). To date, seven mammalian P2X receptor
subunits (P2X,-P2X) have been identified by molecular
cloning; these can assemble to form homomeric and
heteromeric receptors with different pharmacological
properties, including different responses to agonists and
antagonists and differences in desensitisation properties
(Khakh et al. 2001).

The P2Xs5 receptor was first cloned from rat coeliac
ganglia (Collo et al. 1996). It has been cloned and
expressed in heart, brain, spinal cord, peripheral ganglia,
retina, endocrine and epithelial cells, adrenal gland, skin,
gut and bladder (Collo et al. 1996; Brandle et al. 1998;
Groschel-Stewart et al. 1999a, 1999b; Lee et al. 2000;
Dunn et al. 2001; Glass and Burnstock 2001; Greig et al.
2003). Recently, the receptor has been implicated in the
differentiation of satellite cells into mature multinucleated
muscle fibres (Ryten et al. 2001, 2002). Less is known
about the neurobiology of P2Xs receptors in the enteric
nervous system (ENS). The homomeric P2X5 receptor is
recognised as a slowly desensitising receptor sensitive to
ATP and 2-methylthio ATP but insensitive to o,f3-
methylene ATP.

ATP has been shown to elicit responses of neurones in
both plexuses of the ENS, indicating the presence of P2X
receptors (for reviews, see Burnstock 2001; Dunn et al.
2001). Application of ATP to enteric neurones evokes a
fast-activating depolarisation that is reminiscent of the
depolarising action of acetylcholine at nicotinic receptors
(Galligan and Bertrand 1994; Barajas-Lopez et al. 1996;
Zhou and Galligan 1996). Furthermore, comparisons of
agonist potencies and susceptibility to antagonists confirm
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that effects on both myenteric and submucosal neurones
are mediated through P2X receptors (Barajas-Lopez et al.
1996, 2000). This finding has led to the hypothesis that
P2X receptors are one of the mediators of fast excitatory
post-synaptic potentials (EPSPs) in the ENS (Galligan and
Bertrand 1994; LePard and Galligan 1999; Galligan et al.
2000). However, at present, few selective agonists and
antagonists discriminate clearly between subtypes of P2X
receptors family. In both myenteric and submucosal
neurones, the electrophysiology and pharmacology is
ambiguous as to which type of the seven known subtypes
of P2X receptor (Ralevic and Burnstock 1998) is activated
(Glushakov et al. 1998; Barajas-Lopez et al. 2000).

The presence of P2X immunoreactivity in the ENS has
recently been reported but most data has been concerned
with the presence of immunoreactivity to P2X, and P2X;
receptors in guinea-pig, mouse and human ENS (Vulcha-
nova et al. 1996; Facer et al. 2001; Hu et al. 2001;
Yiangou et al. 2001; Castelucci et al. 2002; Giaroni et al.
2002; Poole et al. 2002; Van Nassauw et al. 2002; Bian et
al. 2003; De Man et al. 2003; Ren et al. 2003). The P2X,
receptor is expressed by specific subtypes of enteric
neurones, including inhibitory motor neurones, non-cho-
linergic secretomotor neurones and intrinsic primary
afferent neurones (Castelucci et al. 2002). The P2Xj
receptor subunit is expressed in excitatory and inhibitory
motor neurones to muscle, ascending interneurones and
cholinergic secretomotor neurones (Poole et al. 2002; Van
Nassauw et al. 2002; Bian et al. 2003). P2X,; immuno-
reactivity has been found in nerve fibres and somata in
both the myenteric plexuses (MPs) and the submucous
plexuses (SMPs) of the guinea-pig small intestine (Hu et
al. 2001). However, no studies of the involvement of the
P2X5 receptor subtype have been reported for the ENS,
apart from one report showing P2Xs receptor localisation
on interstitial cells of Cajal (Burnstock and Lavin 2002).
In the present work, we have used an antiserum specific to
the P2X5 receptor subtype in order to study the distribu-
tion of this receptor in the ENS of the mouse.

Materials and methods
Animals

The breeding, maintenance and killing of the animals used
in this study followed principles of good laboratory animal
care and experimentation in compliance with Home Office
(UK) regulations covering Schedule One Procedures and
in accordance with the Animals (Scientific Procedures)
Act, 1986, governing the use of animals. All protocols
were approved by the local animal ethics committee. A
total of 16 T.O adult mice of both sexes, 19-25 g in
weight, were used in this study. They were killed by
asphyxiation with a rising concentration of CO, (between
0% and 100%) and death was confirmed by cervical
dislocation. Thereafter, animals were perfused immedi-
ately through the heart (left ventricle) with 50 ml 0.9%
NaCl solution followed by fixative containing 4% para-

formaldehyde, 0.2% saturated picric acid in 0.1 M
phosphate-buffered saline (PBS, pH 7.4).

Whole-mount preparations

Segments of stomach, jejunum, ileum and colon were
quickly removed and washed with PBS. An incision was
made along the midline of the gut and the tissue was
pinned as a flat sheet onto Sylgard (Dow Corning,
Wiesbaden, Germany) with the mucosa face-down. Tissue
samples were immersed in the same fixative (4% parafor-
maldehyde, 0.2% saturated picric acid in 0.1 M PBS)
overnight at 4 °C, unpinned, and washed in PBS (3x10
min). After being cleared, 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 MP
attached. In a few whole-mounts, the circular muscle was
only partially removed. In the whole-mounts containing
the SMP, the mucosa was scraped off by using a blunt
scalpel. The whole-mounts were stored in PBS containing
0.1% sodium azide.

Primary antibody directed against P2Xs receptor

The antibody directed against the P2X5 receptor, raised by
Roche Bioscience (Palo Alto, Calif,, USA), was as
detailed previously (Oglesby et al. 1999). The specificity
of the P2X 5 antibody was verified by immunoblotting with
membrane preparations from cloned P2X, ; receptor-
expressing CHO-K1 cells. The antibody recognised only
one protein of the expected size in the heterologous
expression system and was 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 immunoreactivity
(Xiang et al. 1998).

Immunocytochemistry

The antisera used in this study and their respective
dilutions are listed in Table 1. The preparations were
washed 3x5 min in PBS and then preincubated in 10%
normal horse serum (NHS), 0.2% Triton X-100 in PBS for
30 min. Preparations were subsequently incubated in the
primary antibodies, diluted with 10% NHS in PBS
containing 0.05% merthiolate and 0.2% Triton X-100,
overnight and then in Cy3-conjugated donkey anti-rabbit
IgG, diluted 1:300 in 1% NHS in PBS containing 0.05%
merthiolate, for 1 h. All incubations were carried out at
room temperature and separated by 3x5 min washes in
PBS. The preparations were mounted with Citifluor
(Citifluor, London, UK) and examined by fluorescence
microscopy.

To demonstrate the colocalisation of the P2X5 receptor
with calretinin, calbindin, neuronal nitric oxide synthase
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Table 1 Antisera used for im-
munocytochemistry

Antigen Host  Dilution Source

Primary antisera

P2Xs receptor Rabbit 1:400  Roche Bioscience, Palo Alto,
Calif,, USA

P2X receptor Rabbit 1:200  Roche Bioscience

P2X, receptor Rabbit 1:400  Roche Bioscience

P2Xj5 receptor Rabbit 1:400  Roche Bioscience

P2X, receptor Rabbit 1:200  Roche Bioscience

P2X¢ receptor Rabbit 1:200  Roche Bioscience

Calretinin
Calbindin D-28
Neuronal nitric oxide synthase

Vasoactive intestinal peptide
Secondary antisera

Cy3-conjugated donkey anti-rabbit IgG

Fluorescein isothiocyanate (FITC)-conjugated goat

anti-mouse IgG

FITC-conjugated donkey anti-sheep IgG

Mouse 1:2,000
Mouse 1:2,000

Swant, Bellinzola, Switzerland
Swant

Sheep 1:800  Santa Cruz Biotechnology,
Santa Cruz, Calif., USA
Mouse 1:400  Biogenesis, Sandown, USA
1:300  Jackson ImmunoResearch Lab,
West Grove, Pa., USA
1:200  Jackson ImmunoResearch Lab
1:200  Jackson ImmunoResearch Lab

(NOS) and vasoactive intestinal peptide (VIP), prepara-
tions were immunostained for the P2X5 receptor, as above,
and then incubated with these antibodies overnight.
Subsequently, the preparations were incubated with fluo-
rescein isothiocyanate (FITC)-conjugated goat anti-mouse
IgG or FITC-conjugated donkey anti-sheep IgG. All the
incubations and reactions were carried out at room
temperature and separated by 3x10 min washes in PBS.
The preparations were mounted with Citifluor and
examined by fluorescence microscopy.

The following control experiments were performed to
establish the specificity of the immunoreactivity: omission
of the primary antibodies and preabsorptions of the
primary antibodies with their homologous peptide anti-
gens.

Photomicroscopy

Images of immunofluorescence labelling were taken with
a Leica DC 200 digital camera (Leica, Switzerland)
attached to a Zeiss Axioplan microscope (Zeiss, Ger-
many). Filter sets included the following: for Cy3, 510—
550 nm excitation, 590 nm emission; for FITC, 470 nm
excitation, 525 nm emission. Images were imported into a
graphics package (Adobe Photoshop 5.0, USA). The two-
channel readings for green and red fluorescence were
merged by using Adobe-Photoshop 5.0.

Analysis

All analyses were performed at x20 objective magnifica-
tion. The whole-mount preparations were also used to
perform a quantitative analysis as described previously
(Van Nassauw et al. 2001). Briefly, the immunoreactive-

positive neurone bodies in the submucosal and myenteric
. . 29 .
ganglia were counted per visual field (0.3 mm®) in the
whole-mount preparations. Ten randomly chosen fields in
each whole-mount preparation were analysed and the
number of immunoreactive neurones was calculated.

Results
P2X5 receptor immunoreactivity in MPs and SMPs

P2X5 receptor immunoreactivity was present in all regions
of the mouse gastrointestinal tract examined: the MPs and
SMPs of the stomach, jejunum, ileum and colon. The
distribution of P2Xs receptor immunoreactivity was
similar in the various regions of the gastrointestinal tract.
In the MP, immunoreactivity was predominantly localised
in nerve fibres running through the ganglia and enveloping
neuronal cell bodies (Figs. 1, 2), although staining on glial
cell processes could not be excluded. No P2X;, P2X, or
P2X¢ receptor immunoreactivity was found in the MP.
Weaker P2X5 receptor immunoreactivity was found in the
MP. On the other hand, P2X, receptor immunoreactivity
was abundant in myenteric ganglia (Figs. 1, 2). High
levels of P2Xs immunoreactivity were found in the SMP
in neurone cell bodies, nerve fibres and nerve bundles.
Immunoreactivity occurred throughout the cytoplasm and
on the surface membranes of the nerve cells. The strongest
P2X5 immunoreactivity was found to be associated with
ganglion cell bodies, especially on the neuronal mem-
branes (Figs. 1, 2). P2Xs-immunoreactive nerve fibres
surrounded the ganglion cell bodies of essentially all of the
SMP neurones. Immunoreactivity for P2X, and P2X;
receptors, but not for P2X;, P2X, or P2X, receptors, was
present in submucosal ganglia (Fig. 1; P2X; receptor data
not shown). Control immunostaining, in which the
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«Fig. 1 Examples of P2X5 and P2X, receptor immunoreactivity in
various regions of the mouse gastrointestinal tract. P2Xs receptor
immunoreactivity in the myenteric plexus (MP) of stomach (A), in
MPs and submucosal plexuses (SMP) of the jejunum (B, C), in MPs
and SMPs of the colon (D, E), in the SMP of the stomach (F), in the
MP of the colon (G) and in the SMP of the ileum (H). Note the
positive staining for P2X, receptors, in both cell bodies (arrows) and
nerve fibres (arrowheads). Bar 50 um

primary antibodies were omitted or pre-absorbed with the
relevant peptide, did not yield immunolabelling.

Double-labelling studies

Double-labelling studies were conducted to identify major
classes of neurones that had strong P2Xs receptor
immunoreactivity in the myenteric and submucosal gan-
glia of the ileum (Figs. 3, 4). In the MP of ileum, double-
labelling for the P2X5 receptor and calretinin, calbindin or
NOS revealed that P2Xs receptor immunoreactivity was
colocalised with and surrounded neurones that expressed
these neurochemical markers (Fig. 3). Many of the nerve
fibres in the MP of the ileum were immunoreactive for
P2Xs and VIP (Fig. 3).

Both the number and percentage of neurones colocalis-
ing with various markers are summarised in Table 2. In the
SMP of ileum, about 1/5 of all P2Xs-positive neurones
were found to display calretinin immunoreactivity but,
conversely, most of the calretinin-expressing neurones
appeared to bear P2X5 receptor immunoreactivity (Table
2; Fig. 3). Colocalisation of P2X; receptors with calbindin
(Table 2; Fig. 3) was observed. Of the P2Xs-immunore-
active cells, a few were also calbindin-immunoreactive.
Some NOS-immunoreactive cells were present in the
SMP; however, almost all NOS-immunoreactive cells
were also positive for the P2Xs subunit. Conversely, few
P2X5 -positive neurones expressed NOS (Table 2; Fig. 3).
Double-immunofluorescent histochemistry showed that
about 90% of VIP-immunoreactive nerve cells were
P2X 5 receptor-immunoreactive in the submucosal ganglia.
On the other hand, about 70% P2Xs-immunoreactive
submucosal nerve cells were immunoreactive for VIP
(Table 2; Fig. 3).

Discussion

P2X receptors contribute to fast synaptic excitation in the
ENS (Galligan and Bertrand 1994; Johnson et al. 1999).
High concentrations of ATP in subpopulations of myen-
teric neurones in various regions of the gut of the guinea-
pig, rabbit and rat have been reported (Crowe and
Burnstock 1981; Belai and Burnstock 1994). In addition,
after application of an appropriate stimulus, ATP is
released from enteric nerves (Burnstock et al. 197§;
McConalogue et al. 1996) and the subsequent activation of
specific receptors on enteric neurones and muscle cells
may evoke either the excitation or the inhibition of smooth
muscle function (Burnstock 2001). Furthermore, a com-
parison of agonist potencies and susceptibility to antago-
nists supports the contention that synaptic transmission in
both myenteric and submucosal neurones is mediated
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Fig. 2 Higher magnification examples of P2Xs and P2X, receptor
immunoreactivity in mouse enteric plexuses. A P2Xs receptor
immunoreactivity in the MP of the jejunum. Note that this is largely
located in nerve fibres that envelope neurone cell bodies and
possibly on glial cell processes. B P2Xs receptor immunoreactivity
in the SMPs of the colon. Note that this is located in neurone cell
bodies and in nerve fibres. C P2X, receptor immunoreactivity in the
MP of the ileum. Note labelling of both a nerve cell body and nerve
fibres. Bar 25 um
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<« Fig. 3 Colocalisation of P2Xs receptor immunoreactivity in nerve
fibres enveloping enteric nerves, with various neurochemical
markers in the MP of mouse ileum. P2Xs receptor immunoreactivity
is labelled with Cy3 (red) and the neurochemical markers with FITC
(green). P2Xs receptor immunoreactivity was seen in nerve fibres
surrounding ganglion cell soma with immunoreactivity for A—C
calretinin (CR), D, E calbindin (CB) and F, G nitric oxide synthase
(NOS). The nerve fibres with P2Xs receptor immunoreactivity
exhibited colocalisation with H, vasoactive intestinal peptide (VIP).
Sites of rare colocalisation (arrows) appear yellow. Bars 50 pm

through P2X receptors (Barajas-Lopez et al. 1996, 2000).
Enteric neurones have been suggested predominantly to
express P2X, receptors (Zhou and Galligan 1996; LePard
et al. 1997), whereas a minority heterologously expresses
P2X; and P2X; receptors (Zhou and Galligan 1996).
Barajas-Lopez et al. (1996) have observed that myenteric
neurones express a P2X receptor showing pharmacologi-
cal resemblances to P2X, and P2X¢ receptors. Moreover,
they have noted that the electrophysiological and pharma-
cological properties of P2X receptors are virtually
identical in both myenteric and submucous neurones,
suggesting that similar P2X receptors are present in both
plexuses. The present study has shown that P2X, receptor
immunoreactivity is widely distributed in both the MPs
and SMPs throughout the entire length of the mouse
digestive tract from the stomach to the colon. In the MPs,
two kinds of P2X,-positive ganglion neurones (strongly
staining and weakly staining cells) have been seen. These
results are consistent with previous studies of P2X,
receptor localisation in guinea-pigs (Castelucci et al.
2002). The P2X, receptor is dominant but this does not
preclude the possibility that other P2X receptor subtypes
on enteric neurones also play important roles. Our study
has also shown that P2Xs receptor immunoreactivity is
widely distributed along the whole length of the mouse
gut. These observations of the distribution of P2X, and
P2Xs immunoreactivity in the small intestine are con-
sistent with previous electrophysiological results (Zhou
and Galligan 1996). Approximately 80% of cultured
myenteric ganglion cells in guinea-pig intestine are
reported to respond to the P2X receptor antagonist,
PPADS, which inhibits 97% of the hexamethonum-
resistant fast EPSPs. Zhou and Galligan (1996) claim
that the -electrophysiological properties of myenteric
neurones in the small intestine indicate that 10% of them

Table 2 Quantitative analysis of double-labelling studies for P2X5
with calretinin, calbindin, neuronal nitric oxide synthase (NOS) and
vasoactive intestinal peptide (VIP) in mouse ganglia of the ileum
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express P2X; or P2X; receptors, whereas most of them
express P2X, or P2X5 receptors.

To date, the evidence for the expression of four P2X
receptor subtypes has been obtained in the ENS by
electrophysiological or immunohistochemical methods.
Immunoreactivity for P2X, (Castelucci et al. 2002;
Giaroni et al. 2002), P2X5; (Poole et al. 2002; Van
Nassauw et al. 2002) and P2X; (Hu et al. 2001) receptors,
in addition to our results for the P2X5 receptor, has been
reported. Neither P2X; nor P2X, receptor immunoreac-
tivity has been found in cultured myenteric neurones
(Zhou and Galligan 2000) or whole-mount preparations of
enteric ganglia (unpublished observations).

In this study, we have demonstrated, for the first time,
the presence of P2X5 receptor immunoreactivity in enteric
neurones of mouse. We have found abundant P2Xs
receptor immunoreactivity at the surfaces of ganglion
cell bodies in MPs and in association with nerve fibres,
although the possibility that P2Xs receptors are also
localised on glial cell processes cannot be excluded. The
distribution of the receptor on the surfaces of cell bodies
suggests that they could be activated by ATP released as a
neurotransmitter or as a paracrine mediator released from
other cellular sources. Double-labelling of the P2Xjs
receptor in combination with immunoreactivity for calret-
inin, calbindin and NOS has revealed P2Xs receptor
immunoreactivity variably colocalised with neurones
expressing these neurochemical markers. Many of the
nerve fibres in the MP of ileum are immunoreactive for
P2X5 and for VIP. According to the chemical coding of the
enteric neurone classes in the mouse small intestine (Sang
and Young 1996), there are two major classes of circular
muscle motor neurones: one class is characterised by the
presence of NOS, VIP and neuropeptide Y (NPY),
whereas the second class contains calretinin plus substance
P. In the guinea-pig small intestine (Costa et al. 1996;
Brookes 2001), the neurones exhibiting calretinin immu-
noreactivity can be identified as excitatory motor neurones
and ascending interneurones, the neurones expressing
NOS immunoreactivity are thought to be inhibitory motor
neurones and descending interneurones and the neurones
expressing calbindin immunoreactivity are thought to be
primary afferent neurones. These findings suggest that
specific roles are mediated via receptors containing P2X
subunits and that P2X5 receptors could be heteromeric for
other subunits, particularly P2X,.

SMPs (n number of double-labelled cell profiles and the total
number of cell profiles counted, respectively, for each combination
of receptor)

Markers P2Xs-immunoreactive neurones
containing calretinin, calbindin,

NOS or VIP

Calretinin-, calbindin-, NOS- or
VIP-immunoreactive neurones
containing P2Xs

Calretinin n
Calbindin n
NOS n
VIP n

22+4% (437/1986)
9+2% (169/1877)
6+2% (117/1923)
68+4% (1259/1851)

9143% (437/481)
86+5% (169/196)
96+1% (117/122)
9243% (1259/1368)




P2Xs+VIP




<« Fig. 4 Higher magnification of the colocalisation (yellow/orange)
of P2Xs receptor immunoreactivity with various neurochemical
markers in the SMP of mouse ileum. P2X5 receptor immunoreac-
tivity is labelled with Cy3 (red) and the neurochemical markers with
FITC (green). P2Xs receptor immunoreactivity was seen with
immunoreactivity for A-C calretinin (CR), D, E calbindin (CB), F,
G nitric oxide synthase (NOS), H, 1 vasoactive intestinal peptide
(VIP). Bars 25 pm

In the SMP, P2X5 receptor immunoreactivity occurs
throughout the cytoplasm and on the surface membranes
of the nerve cell bodies, nerve fibres and nerve bundles.
Colocalisation of P2Xs receptors with calretinin, calbin-
din, NOS and VIP in the SMP of mouse ileum has shown
that 22%, 9%, 6% and 68% of neurones with P2Xj5
receptor immunoreactivity are also immunoreactive for
calretinin, calbindin, NOS and VIP, respectively. Earlier
immunocytochemical studies have demonstrated that four
classes of nerve cell bodies account for almost all neurones
in the submucosal ganglia of the guinea-pig ileum
(Furness et al. 1984; Quinson et al. 2001). These are (1)
Dogiel type II neurones immunoreactive for choline
acetyltransferase (ChAT), tachykinins and calbindin
(about 10% of nerve cells), (2) neurones immunoreactive
for calretinin and ChAT (about 15%), (3) neurones with
VIP immunoreactivity (about 45%) and (4) neurones with
both NPY and ChAT immunoreactivity (about 30%). Our
results suggest that P2Xs receptor immunoreactivity
occurs at least on three classes of neurones in the
submucosal ganglia of the mouse ileum.

In conclusion, abundant P2X receptors are expressed in
the MP and SMP of the mouse gastrointestinal tract. This
subunit of P2X receptor may be specific to functional
subtypes of enteric neurone. The P2X5 receptor and other
receptors may form heteromultimers that would have a
unique pharmacology.
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