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Abstract The presence and distribution of P2Y (nucle-
otide) receptor subtypes in rat sensory neurons has been
investigated. RT-PCR showed that P2Y1, P2Y2, P2Y4 and
P2Y6 receptor mRNA is expressed in sensory ganglia
[dorsal root ganglion (DRG), nodose ganglion (NG) and
trigeminal ganglion (TG)]. The regional and cellular
distribution of P2Y1 and P2Y4 receptor proteins in these
ganglia was investigated using immunohistochemistry.
P2Y1 polyclonal antibodies stained over 80% of the
sensory neurons, particularly the small-diameter (neuro-
filament-negative) neurons. The P2Y4 receptor antibody
stained more medium- and large- (neurofilament-positive)
diameter neurons than small-diameter neurons. P2Y1 and
P2Y4 receptor immunoreactivity (P2Y1-IR and P2Y4-IR)
was often coexpressed with P2X3 receptor immunoreac-
tivity (P2X3-IR) in subpopulations of neurons. Double
immunohistochemistry showed that 73–84% of P2X3
receptor-positive neurons also stained for the P2Y1
receptor in DRG, TG and NG while only 25–35% also
stained for the P2Y4 receptor. Subpopulations of P2Y1-IR
neurons were coexpressed with NF200, CGRP and IB4;
most P2Y4-IR neurons were coexpressed with NF200,
while only a few neurons were coexpressed with CGRP
(10–20%) or with IB4 (1–2%). The results suggest that
P2Y as well as P2X receptor subtypes contribute to
purinergic signalling in sensory ganglia.
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Introduction

The diverse actions of extracellular nucleotides are
mediated through the activation of specific P2 receptors
in a wide variety of cell types (Ralevic and Burnstock
1998). The P2 purinoceptors can be divided into two
classes on the basis of their signal transduction mecha-
nisms and their characteristic molecular structures: the
adenosine 50-triphosphate (ATP)-gated ionotropic P2X
family and the G protein-coupled (metabotropic) P2Y
receptors (Burnstock and Kennedy 1985; Abbracchio and
Burnstock 1994). Several P2X receptors have been
localised to sensory ganglia neurons, with the P2X3
receptor expressed exclusively in those small neurons
that mediate responses to noxious stimuli (Chen et al.
1995; Lewis et al. 1995). Thus, P2X receptors appear to
have an important role in pain sensation (Burnstock
2001). Indeed, studies of mice lacking the P2X3 gene
revealed a significant decrease in pain-related behaviour
in several inflammatory models (Cockayne et al. 2000;
Souslova et al. 2000). So far eight mammalian P2Y
receptors have been cloned and shown to be activated by
extracellular nucleotides, namely P2Y1, P2Y2, P2Y4,
P2Y6, P2Y11, P2Y12 (Hollopeter et al. 2001; Zhang et
al. 2001), P2Y13 (Communi et al. 2001) and the more
recent P2Y14 receptor (Abbracchio et al. 2003). These
share between 25% and 55% identity (at the amino acid
level) and can be distinguished by their specific pharma-
cological selectivities for both purine and pyrimidine
nucleotides, which overlap in some cases (King and
Burnstock 2002). The P2Y receptor has a widespread
tissue distribution, with its mRNA being commonly
detected in gastrointestinal tract, heart, lung, liver, kidney,
skeletal muscle, spleen, pancreas, spinal cord and brain.
The P2Y receptor subtypes may have potentially impor-
tant roles in the nervous system, but possible roles for
metabotropic (P2Y) ATP receptors in nociceptive sig-
nalling have received limited attention. P2Y1 has been
identified in primary sensory neurons, where it has been
implicated in the transduction of mechanical stimuli
(Nakamura and Strittmatter 1996), and modulation of the
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capsaicin receptor, VR1 (Tominaga et al. 2001). Expres-
sion of P2Y2, P2Y4 and P2Y6 mRNA and P2Y-evoked
increase in intracellular calcium has also been reported
recently in dorsal root ganglion (DRG) neurons (Sanada
et al. 2002), However, little is known about the distribu-
tion of the P2Y receptor protein in different sensory
ganglia.

One important approach in examining the potential
roles of P2Y receptor subtypes in sensory functions is to
determine the subtypes expression pattern in combination
with other markers of sensory neuron populations. We
chose to examine the expression of the P2Y receptors in
relation to the neuropeptide calcitonin gene-related pep-
tide (CGRP), as well as binding of the isolectin B4 from
Griffonia simplicifolia type one (IB4) and expression of
neurofilament-200 (NF200). These markers are associated
with general functional groups of sensory receptors, and
could thus provide an indication of the functional types of
neurons expressing and coexpressing the P2Y receptor
subunits examined. IB4 binds to cell surface carbohydrates
expressed on a subpopulation of unmyelinated primary
afferent neurons (Streit et al. 1985; Silverman and Kruger
1990; Wang et al. 1994). A large number of GS-IB4-
positive DRG neurons, which are primarily non-peptider-
gic [trkA-negative and fluoride-resistant acid phosphatase
(FRAP)-positive], are believed to play a role in the
processing of nociceptive information (Silverman and
Kruger 1990; Molliver et al. 1995). IB4 binding has been
shown to occur in a number of small DRG neurons which
display P2X3 immunoreactivity (IR; Bradbury et al. 1998;
Petruska et al. 2000). P2X3 receptor subunits in DRG
neurons have also been implicated in the coding of a wide
range of sensory modalities, including nociception (Bland-
Ward and Humphrey 2000; Ding et al. 2000; Hamilton
and McMahon 2000). Small-diameter DRG neurons that
display CGRP or lack neuropeptides, but bind IB4, may
represent two different functional groups of nociceptors
(Ambalavanar and Morris 1993; Kitchener et al. 1993;
Plenderleith and Snow 1993; Averill et al. 1995; Molliver
et al. 1995). Lawson and co-workers (McCarthy and
Lawson 1990, 1997) have claimed that most neurons
expressing CGRP were involved in nociception. Neuro-
filament (NF) has been shown to be highly enriched in the
large-diameter neurons of the sensory ganglia, while the
small-diameter neurons are NF-weak, indicating that NF-
IR is a reliable indicator of the myelination state of a

sensory neuron (Lawson and Waddell 1991; Perry et al.
1991). In the present study, we examined the expression
patterns of the P2Y receptor in relation to these population
markers, in sections of sensory ganglia from naive rats.

Materials and methods

Tissue preparation

Breeding, maintenance and killing of the animals used in this study
followed principles of good laboratory animal care and experimen-
tation in compliance with UK regulations. Eight adult Sprague-
Dawley rats (200–250 g) were killed by asphyxiation with CO2.
DRG, nodose ganglion (NG) and trigeminal ganglion (TG) were
dissected as quickly as possible and placed in liquid nitrogen for
RT-PCR. Another nine adult Sprague-Dawley rats (200–250 g)
were killed by asphyxiation with CO2 and perfused immediately
through the heart (left ventricle) with 50 ml saline followed by
fixative containing 4% paraformaldehyde and 0.2% saturated picric
acid in 0.1 M phosphate-buffered saline (PBS; pH 7.4). DRG, NG
and TG were dissected and immersed in the same fixative for 4 h at
4�C, and then transferred to 20% sucrose in PBS (overnight at 4�C).
Thereafter, the tissue blocks were rapidly frozen by immersion in
isopentane at �70�C for 2 min. Transverse sections through the
ganglia (10 mm thickness) were cut on a cryostat and thaw-mounted
on poly-l-lysine-coated slides.

RT-PCR

Total RNA was extracted from DRG, NG and TG using the Total
RNA Isolation System (Promega, Madison, USA). RT-PCR was
performed using Ready-to-Go RT-PCR beads (Amersham Pharma-
cia Biotech, NJ, USA). Reverse transcription was performed using
the Moloney murine leukaemia virus reverse transcriptase. Primer
sequences for P2Y1, 2, 4, 6 (Table 1) were used for amplification
reactions. The amplification reaction, performed in the same
reaction tube, was conducted under the following conditions: 95�C
for 30 s, the relevant annealing temperature ranging from 55 to
60�C (Table 1) for 1 min, and 72�C for 1.5 min. PCR products were
obtained after 30 cycles. Amplification products were separated by
electrophoresis and visualised by ethidium bromide staining. The
presence of possible contaminants was investigated in all exper-
iments, using control RT-PCR reactions in which either mRNA was
omitted or the reverse transcriptase had been inactivated by heating
to 95�C.

Immunostaining

Antisera

The following primary antisera were used in the current studies:
rabbit anti-P2Y1 and P2Y4 receptors (Alomone Laboratories,

Table 1 P2Yr primers: sequences, annealing temperatures and product lengths. (FORW Sense forward PCR primer, REV antisense reverse
PCR primer)

Gene Sequence Annealing temperature (�C) Product lengths

P2Y1-FORW 50 to 30ACGTCAGATGAGTACCTGCG 58 289
P2Y1-REV 50 to 30CCCTGTCGTTGAAATCACAC
P2Y2-FORW 50 to 30CTGGTCCGCTTTGCCCGAGATG 60 311
P2Y2-REV 50 to 30TATCCTGAGTCCCTGCCAAATGAGA
P2Y4-FORW 50 to 30TGTTCCACCTGGCATTGTCAG 55 294
P2Y4-REV 50 to 30AAAGATTGGGCACGAGGCAG
P2Y6-FORW 50 to 30TGCTTGGGTGGTATGTGGAGTC 60 339
P2Y6-REV 50 to 30TGGAAAGGCAGGAAGCTGATAAC
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Jerusalem, Israel; 3 mg/ml). The immunogens used for production
of polyclonal P2Y1 and P2Y4 antibody were synthetic peptides
corresponding to the carboxyl terminal of the cloned rat P2Y1 and
P2Y4 receptors, covalently linked to keyhole limpet hemocyanin.
The peptide sequences of the P2Y1 and P2Y4 receptors are of amino
acid sequence 242–258 (RALIYKDLDNSPLRRKS) and 337–350
(HEESISRWADTHQD), respectively. Rabbit anti-P2X3 receptor
(1:400) was provided by Roche Bioscience (Palo Alto, CA, USA).
The immunogens used for production of polyclonal P2X3 antibody
were synthetic peptides corresponding to the carboxyl terminal of
the cloned rat P2X3 receptors, covalently linked to keyhole limpet
hemocyanin. The peptide sequences of the P2X3 receptors are of
amino acid sequence 383–397 (VEKQSTDSGAYSIGH). Mouse
anti-NF200 (clone N52; 1:400) and biotin-conjugated IB4 (10 mg/
ml) were from Sigma, and mouse anti-CGRP (1:2,000) was from
Affiniti.

Immunostaining procedure

An indirect immunofluorescence method with three layers of
antibodies was used. Antibodies to P2Y1 and P2Y4 receptors from
rabbit were allowed to react with biotinylated donkey anti-rabbit
IgG secondary antibody (Jackson Immunoresearch, PA, USA) and
detected with Streptavidin-Texas Red (red fluorophore; Sigma).
Briefly, the sections were incubated overnight with the primary
antibodies diluted to 3 mg/ml with 10% normal horse serum (NHS)
in PBS containing 0.05% Merthiolate and 0.2% Triton X-100.
Subsequently, the sections were incubated with biotinylated donkey
anti-rabbit IgG, diluted 1:500 in 1% NHS in PBS containing 0.05%
Merthiolate for 1 h, followed by incubation in Streptavidin-Texas
Red diluted 1:200 in PBS containing 0.05% Merthiolate for 1 h. All
incubations were held at room temperature and separated by three
5-min washes in PBS. Slides were mounted with Citifluor
(Citifluor, London, UK) and examined with fluorescence micros-
copy. Control experiments were performed using an excess of the
appropriate homologue peptide antigen to absorb the primary
antibodies and thus confirm a specific immunoreaction.

Immunofluorescence double labelling

In colocalisation studies investigating the coexpression of P2Y and
P2X3 receptors, P2Y receptor immunoreactivity was enhanced with
tyramide amplification, which allows high sensitivity and low
background specificity (Renaissance, TSA indirect, NEN, USA).
The use of TSA allows immunostaining with two rabbit antisera, as
described previously (Bradbury et al. 1998). Briefly, sections were
incubated in 10% NHS in PBS for 30 min at room temperature,
followed by incubation with the P2Y (P2Y1 and P2Y4) antibody
(1 mg/ml) in 10% NHS and 0.2% Triton X-100 in PBS, overnight.
Subsequently the sections were incubated with biotinylated donkey
anti-rabbit IgG (Jackson Immunoresearch; 1:500) for 1 h, with
ExtrAvidin peroxidase (1:1,500) for 1 h, biotinylated tyramide for
8 min, and then in Streptavidin-FITC (1:200) for 10 min. Polyclo-
nal rabbit antibody against the P2X3 receptor subtype (1:400) was
applied as a second primary antibody and detected with Cy3-
conjugated donkey anti-rabbit IgG (Jackson Immunoresearch). To
check for non-crossreactivity, P2Y1 and P2Y4 receptor immuno-
staining using indirect TSA was performed alone on some sections,
as was P2X3 indirect immunofluorescence. The localisation of each
marker appeared identical to the localisation observed with the
double staining technique, with no apparent crossreactivity.

To demonstrate the colocalisation of the P2Y receptor with a
medium molecular weight neurofilament marker (NF200) or
CGRP, sections were incubated with the P2Y antibody overnight
and detected with Cy3-conjugated donkey anti-rabbit IgG or FITC-
conjugated donkey anti-rabbit IgG, and then incubated with
monoclonal NF200 antibody (1:400, overnight) or monoclonal
CGRP antibody (1:2,000, overnight) and FITC-conjugated mouse
antibody or TRITC-conjugated mouse antibody (raised in goat;
Sigma; 1:200, 1 h). For colocalisation with the IB4, sections were

immunostained for the P2Y receptor, as above, and then incubated
with biotin-conjugated IB4 (10 mg/ml, 16 h) and Streptavidin-FITC
(1:200, 1 h). The sections were washed and mounted in Citifluor.

For immunostaining, a number of controls were performed on
sections where either the primary or secondary antibody stage was
omitted from the staining procedure.

Photomicroscopy

Images of immunofluorescence labelling were taken with the Leica
DC 200 digital camera (Leica, Switzerland) attached to a Zeiss
Axioplan microscope (Zeiss, Germany). 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 �20 objective magnification. P2Y
receptor expression in ganglia was determined by counting all P2Y
receptor-positive cell profiles in every sixth section throughout the
ganglia (approximately eight sections per animal). Cell sizes were
determined by the method of Rose and Rohrlich (1988). Cell
diameters less than 30 mm were small-diameter neurons, cell
diameters from 30 to 50 mm were medium-diameter neurons and
cell diameters greater than 50 mm were large-diameter neurons.

To calculate percentages of P2Y receptor colocalisation with
P2X3 and other markers, four randomly selected ganglia sections
were chosen for each pair of markers for each animal. For each
section, counts were made of the number of profiles positive for
P2Y receptor, the number of profiles positive for the P2X3 receptor
and the other marker (NF200, IB4 or CGRP) and the number of
profiles expressing both antigens and percentages were calculated.

Results

Expression of P2Y receptor mRNA in DRG, NG and TG

We investigated the presence of different P2Y receptor
subunits in DRG, NG and TG by using RT-PCR with
primers specific for various subclasses of P2Y. The
mRNAs for metabotropic P2Y1, P2Y2, P2Y4 and P2Y6
receptors were detected in rat DRG, NG and TG.
Amplification of mRNAs for P2Y1, P2Y2, P2Y4 and
P2Y6 receptors resulted in single bands around the
predicted sizes of 289, 311, 294 and 339 bp, respectively
(Fig. 1).

P2Y receptor staining in DRG, NG and TG

The polyclonal antibodies for the P2Y1 and P2Y4 receptor
subtypes labelled different subpopulations of neurons with
differing intensity in the three sensory ganglia tested
(Fig. 2). In control experiments, no signal was observed
when the preimmune sera were used. In DRG, NG and
TG, P2Y1 polyclonal antibodies stained over 80% of the
neurons. However, the small-diameter neurons (62.3%,
82.7% and 58.4% of DRG, NG and TG, respectively) were
stained much more intensely than the medium- and large-
diameter neurons (37.6%, 17.2% and 41.3% of DRG, NG
and TG, respectively). The staining was evenly distributed
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throughout the cytoplasm of these cells and positively
stained cells were randomly distributed throughout the
ganglia. The number of neurons staining for the P2Y4
receptor was lower than that for the P2Y1 receptors, and
the medium- and large-diameter neurons (74.7%, 66.4%
and 67.2% of DRG, NG and TG, respectively) were
stained much more dominantly than the small-diameter
neurons (25.2%, 33.5% and 32.7% of DRG, NG and TG,
respectively; Table 2). P2Y2 receptor immunostaining was
less consistent, with heavy nuclear localisation and high
levels of background staining that were not removed by
displacement controls. It was therefore decided that due to
these unsatisfactory control results, P2Y2 receptor protein
expression would not be further investigated. A P2Y6
receptor antibody was not available.

Colocalisation of P2Y1 or P2Y4 with P2X3 receptors

In DRG, NG and TG, P2Y1 receptor immunoreactivity
(P2Y1-IR) was very often coexpressed with P2X3 receptor

immunoreactivity (P2X3-IR). Relatively 84.1%, 78.1%
and 73.4% P2X3-IR profiles were also found to be P2Y1
receptor immunoreactive in DRG, NG and TG, respec-
tively. P2X3-IR was consistently much stronger than
P2Y1-IR. P2Y1-IR intensity was more variable among
labelled neurons than P2X3-IR. In some cases, P2Y1-IR
and P2X3-IR were exclusive of each other. In general, a
greater number of neurons appeared to display P2Y1-IR
than P2X3-IR (Table 3; Fig. 3).

There were, however, some neurons in the medium to
large size range that displayed P2X3-IR that was weaker
than that observed in small cells. These neurons coex-
pressed P2Y4-IR (25.1%, 32.2% and 35.2% of DRG, NG
and TG, respectively; Table 3; Fig. 3).

Table 2 Size distribution of
P2Y1 or P2Y4 receptor-immu-
noreactive (IR) cells in rat sen-
sory neurons. (DRG Dorsal root
ganglion, NG nodose ganglion,
TG trigeminal ganglion)

Cell diameter (mm) Percentage of P2Y1-IR cells Percentage of P2Y4-IR cells

DRG NG TG DRG NG TG

Small (25.5€4) 62.3€0.3 82.7€1.5 58.4€0.8 25.2€0.5 33.5€0.7 32.7€1.6
Medium (38.5€7) 34.5€1.3 17.2€0.9 39.1€0.6 66.3€1.4 60.3€0.8 58.1€1.4
Large (56€5) 3.1€0.8 0 2.2€0.9 8.4€0.4 6.1€0.3 9.1€0.6

Fig. 1 Detection of mRNAs for metabotropic P2Y1, P2Y2, P2Y4
and P2Y6 receptors in rat dorsal root ganglion (DRG), nodose
ganglion (NG) and trigeminal ganglion (TG). The expression of
mRNAs encoding P2Y1, P2Y2, P2Y4 and P2Y6 receptors in rat

DRG, NG and TG were detected by an RT-PCR analysis, using
gene-specific primers for P2Y1, P2Y2, P2Y4 and P2Y6. PCR
products were visualised with 2% agarose gel stained with ethidium
bromide and viewed under UV illumination

Fig. 2A–F Localisation of P2Y1 and P2Y4 receptor immunoreac-
tivity in rat sensory ganglia. A P2Y1 receptor immunoreactivity in
DRG. B P2Y4 receptor immunoreactivity in DRG. C P2Y1 receptor
immunoreactivity in NG. D P2Y4 receptor immunoreactivity in
NG. E P2Y1 receptor immunoreactivity in TG. F P2Y4 receptor
immunoreactivity in TG

Table 3 Colocalisation of P2Y1 or P2Y4 receptor immunoreactivity with P2X3 receptor immunoreactivity in rat sensory neurons. (n
Number of double-labelled cell profiles and the total number of cell profiles counted, respectively, for each combination of receptor)

Percentage P2X3 receptor profiles containing P2Y receptor Percentage P2Y receptor profiles containing P2X3 receptor

DRG NG TG DRG NG TG

P2Y1 (n) 84.1€0.3 (1,053/1,248) 78.1€1.2 (943/1,189) 73.4€0.3 (865/1,173) 62.2€0.6 (1,053/1,677) 51.7€0.6 (943/1,804) 48.7€0.6 (865/1,755)
P2Y4 (n) 25.1€1.4 (316/1,193) 32.2€0.4 (412/1,260) 35.2€0.7 (394/1,098) 59.4€0.4 (316/528) 56.1€0.4 (412/729) 62.1€0.6 (394/628)
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Coexpression of P2Y1, P2Y4 receptors and other neurone
markers

P2Y1, P2Y4/NF200

P2Y receptor immunoreactivity was examined in relation
to a number of other widely used markers of subsets of
sensory neurons. Costaining for P2Y and NF200 was
performed in order to examine the extent to which P2Y1
and P2Y4 may be expressed in neurons with myelinated
axons. NF200 is an anti-neurofilament antibody that has
been shown to be a reliable indicator of the myelination
state of sensory neurons. It stains the classically defined
large-diameter neurons with myelinated axons (Lawson
and Waddell 1991; Perry et al. 1991). Double immuno-
fluorescence histochemistry showed that 34.2%, 45.3%
and 35.8% of P2Y1 receptor neuron profiles were also

NF200 immunoreactive in DRG, NG and TG, respective-
ly (Table 4; Fig. 4). Double immunofluorescent histo-
chemistry showed that 97.4%, 73.7% and 45.2% of P2Y4
receptor neuron profiles were also NF200 immunoreac-
tive in DRG, TG and NG, respectively.

P2Y1, P2Y4/CGRP or IB4

The classically defined small dark cells in L4/5 DRG can
be subdivided into two principal groups which show only
limited overlap. The first and numerically slightly larger
group expressed the neuropeptide CGRP. Relatively
86.1%, 72.5% and 62.1% CGRP-immunoreactive profiles
were also found to be P2Y1 receptor immunoreactive in
DRG, NG and TG, respectively (Table 5; Fig. 5).
Relatively fewer (7.5%, 22.5% and 12.3%) CGRP-
immunoreactive profiles were also found to be P2Y4
receptor immunoreactive in DRG, NG and TG, respec-
tively (Table 5; Fig. 5). The other group of small cells
contains those that bind the lectin IB4. P2Y1 receptors
were also highly coexpressed in many of these cells, with
84.4%, 58.1% and 23.3% of the IB4 cells also immuno-
reactive for the P2Y1 receptor in DRG, TG and NG,
respectively (Table 6; Fig. 6); that is, 62.4%, 44.2% and
21.5% of P2Y1 receptor-immunoreactive profiles contain
IB4 in DRG, TG and NG, respectively. In contrast, P2Y4-
IR neurons lacked IB4 in these sensory ganglia.

Fig. 3A–H Colocalisation (yellow/orange) of P2Y1 or P2Y4 re-
ceptor immunoreactivity (green) with P2X3 receptor immunoreac-
tivity (red) in the rat sensory ganglia. In all cases white arrowheads
show examples of double-labelled neurons, short arrows illustrate
P2X3 receptor-positive cells that are not double labelled and long
arrows show P2Y-positive cells that are not P2X3 receptor
immunoreactive. A–C Photomicrographs of a single section double
stained for P2Y1-IR and P2X3-IR in DRG. D Photomicrograph of a
single section double stained for P2Y4-IR and P2X3-IR in DRG. E
Photomicrograph of a single section double stained for P2Y1-IR
and P2X3-IR in NG. F Photomicrograph of a single section double
stained for P2Y4-IR and P2X3-IR in NG. G Photomicrograph of a
single section double stained for P2Y1-IR and P2X3-IR in TG. H
Photomicrograph of a single section double stained for P2Y4-IR
and P2X3-IR in TG

Table 4 Colocalisation of P2Y1 or P2Y4 receptor immunoreactiv-
ity with NF200 in rat sensory neurons. (NF200 Medium molecular
weight neurofilament, n number of double-labelled cell profiles and

the total number of cell profiles counted, respectively, for each
combination of receptor)

Percentage NF200 profiles containing P2Y receptor Percentage P2Y receptor profiles containing NF200

DRG NG TG DRG NG TG

P2Y1 (n) 66.7€0.4 (561/838) 71.2€1.2 (819/1,131) 62.2€0.3 (610/976) 34.2€0.3 (561/1,628) 45.3€0.4 (819/1,794) 35.8€0.4 (610/1,688)
P2Y4 (n) 30.6€0.4 (294/950) 46.6€1.4 (492/1,026) 31.5€0.9 (268/828) 97.4€0.2 (294/302) 73.7€1.2 (492/657) 45.2€0.8 (268/583)

Table 5 Colocalisation of P2Y1 or P2Y4 receptor immunoreactiv-
ity with CGRP immunoreactivity in the rat sensory neurons. (CGRP
Calcitonin gene-related peptide, n number of double-labelled cell

profiles and the total number of cell profiles counted, respectively,
for each combination of receptor)

Percentage CGRP profiles containing P2Y receptor Percentage P2Y receptor profiles containing CGRP

DRG NG TG DRG NG TG

P2Y1 (n) 86.1€0.4 (602/696) 72.5€0.4 (551/756) 62.1€0.7 (411/656) 36.3€0.4 (602/1,642) 31.2€0.4 (551/1,742) 22.8€1.1 (411/1,722)
P2Y4 (n) 7.5€0.2 (48/624) 22.5€1.3 (186/782) 12.3€0.5 (72/562) 9.8€0.6 (48/462) 26.5€0.5 (186/689) 11.3€0.5 (72/608)

Table 6 Colocalisation of P2Y1 or P2Y4 receptor immunoreactivity with IB4 in the rat sensory neurons. (IB4 Isolectin B4, n number of
double-labelled cell profiles and the total number of cell profiles counted, respectively, for each combination of receptor)

Percentage IB4 profiles containing P2Y receptor Percentage P2Y receptor profiles containing IB4

DRG NG TG DRG NG TG

P2Y1 (n) 84.4€0.4 (1,032/1,220) 58.1€0.8 (792/1,344) 23.3€0.4 (383/1,614) 62.4€0.2 (1,032/1,648) 44.2€0.7 (792/1,763) 21.5€0.5 (383/1,744)
P2Y4 (n) 0.6€0.3 (9/1,032) 0.6€0.3 (11/1,225) 0.4€0.2 (9/1,447) 1.6€0.3 (9/487) 1.4€0.3 (11/664) 1.3€0.2 (9/586)

421



Discussion

In this study, we have used RT-PCR and immunohisto-
chemistry to study the expression of P2Y receptors in
sensory ganglia (DRG, NG and TG). We found that
mRNA for P2Y1, P2Y2, P2Y4 and P2Y6 was present in
DRG, NG and TG. The P2Y1 antibody stained small-
diameter neurons (60–80%) and medium- and large-

diameter neurons (approximately 20–40%). The expres-
sion of P2Y4 receptor subtypes was mainly seen in
medium-diameter neurons (approximately 60–70%).

One of the goals of the present work was to identify
the particular classes of sensory neuron which express
P2Y receptors. This was addressed by the use of double-
immunofluorescent immunohistochemistry. The large
cells within the sensory ganglia were rich in neurofila-

Fig. 4A–G Colocalisation (yellow/orange) of P2Y1 or P2Y4 re-
ceptor immunoreactivity (red) with neurofilament-200 (NF200)
immunoreactivity (green) in the rat sensory ganglia. In all cases
white arrowheads show examples of double-labelled neurons, short
arrows illustrate NF200-positive cells that are not double labelled
and long arrows show P2Y-positive cells that are not NF200
immunoreactive. A–C Photomicrographs of a single section double

stained for P2Y1-IR and NF200-IR in DRG. D Photomicrograph of
a single section double stained for P2Y4-IR and NF200-IR in DRG.
E Photomicrograph of a single section double stained for P2Y1-IR
and NF200-IR in NG. F Photomicrograph of a single section double
stained for P2Y4-IR and NF200-IR in NG. G Photomicrograph of a
single section double stained for P2Y1-IR and NF200-IR in TG
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Fig. 5A–F Colocalisation (yellow/orange) of P2Y1 or P2Y4 recep-
tor immunoreactivity (green) with calcitonin gene-related peptide
(CGRP) immunoreactivity (red) in the rat sensory ganglia. In all
cases white arrowheads show examples of double-labelled neurons,
short arrows illustrate CGRP-positive cells that are not double
labelled and long arrows show P2Y-positive cells that are not
CGRP immunoreactive. A Photomicrograph of a single section
double stained for P2Y1-IR and CGRP-IR in DRG. B Photomicro-

graph of a single section double stained for P2Y4-IR and CGRP-IR
in DRG. C Photomicrograph of a single section double stained for
P2Y1-IR and CGRP-IR in NG. D Photomicrograph of a single
section double stained for P2Y4-IR and CGRP-IR in NG. E
Photomicrograph of a single section double stained for P2Y1-IR
and CGRP-IR in TG. F Photomicrograph of a single section double
stained for P2Y4-IR and CGRP-IR in TG
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Fig. 6A–F Colocalisation (yellow/orange) of P2Y1 or P2Y4 recep-
tor immunoreactivity (red) with isolectin B4 from Griffonia
simplicifolia type one (IB4) immunostaining (green) in the rat
sensory ganglia. In all cases white arrowheads show examples of
double-labelled neurons, short arrows illustrate IB4-positive cells
that are not double labelled and long arrows show P2Y-positive
cells that are not IB4 immunoreactive. A Photomicrograph of a
single section double stained for P2Y1-IR and IB4 in DRG. B

Photomicrograph of a single section double stained for P2Y4-IR
and IB4 in DRG. C Photomicrograph of a single section double
stained for P2Y1-IR and IB4 in NG. D Photomicrograph of a single
section double stained for P2Y4-IR and IB4 in NG. E Photomicro-
graph of a single section double stained for P2Y1-IR and IB4 in TG.
F Photomicrograph of a single section double stained for P2Y4-IR
and IB4 in TG
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ment. These cells were identified with the antibody
NF200 and found that many of these neurons coexpressed
P2Y1 (62–71%) and P2Y4 (30–46%) receptor. On the
other hand, only 34–45% of neurons positive for the P2Y1
receptor stained for NF200 and a variable number of
neurons positive for the P2Y4 receptor stained for NF200
(97.4%, 73.7% and 45.2% in DRG, NG and TG,
respectively). NF200 is a marker of A-fibre sensory
neurons. Ad-fibres play an important role in nociception.
The normal pain threshold in humans is the threshold of
Ad-fibre nociceptors. The large-diameter neurons which
are neurofilament-positive are known to possess myelin-
ated axons and to be predominantly responsive to
mechanical stimuli (Lawson and Waddell 1991; Perry et
al. 1991). Therefore, our results suggest that the P2Y4
receptors and perhaps some P2Y1 receptors may partic-
ipate in the conversion of mechanical stimuli into nerve
impulses.

The remaining cells in the sensory ganglia form the
classically defined ‘small dark cell’ population. These
cells predominantly have unmyelinated C-fibre axons.
Electrophysiological studies have shown that most of
these cells (approximately 90%) in mouse, rat, monkey
and human are nociceptive in function (Snider and
McMahon 1998). These small cells can be further
subdivided into two minimally overlapping groups on
anatomical and functional bases: about one-half express
the NGF receptors trkA and p75. Virtually all of this
group contain the neuropeptide CGRP, and other neu-
ropeptides, such as substance P, are also found in this
population. We found that about 30% of P2Y1 receptor-
positive neurons coexpressed CGRP, while fewer P2Y4-
IR neurons were coexpressed with CGRP (10–20%).

The other half of the C-fibre population does not
express NGF receptors (McMahon et al. 1994; Averill et
al. 1995), but can be identified by a number of markers:
they bind the lectin IB4, express the enzyme TMP and
stain with the antibody LA4 and P2X3 receptor (Bradbury
et al. 1998; Petruska et al. 2000). We have found in the
current work that nearly 50% of P2Y1 receptor-expressing
neurons fall into this group. Conversely, the large
majority of IB4-binding neurons (more than 80%, DRG)
expressed the P2Y1 receptor. However, P2Y4-IR neurons
lacked IB4 in these sensory ganglia. At the same time, we
have found half of P2Y1 receptor was coexpressed with
P2X3 receptor. Hence, it means that most P2X3 and P2Y1
receptors are located at the same class of neurons. The
result is coincident with Borvendeg’s work (Borvendeg et
al. 2003), although in contrast to a previous report
(Nakamura and Strittmatter 1996). P2X3 receptor activa-
tion may lead to increased firing of DRG cells and
subsequently to increased release of the sensory trans-
mitter from their central processes. An opposite effect at
the same cells is also conceivable; P2Y1 receptor
activation may decrease the release of the sensory
transmitter and may thereby partly counterbalance the
algogenic effect of ATP. P2Y purinoceptors are heptahe-
lical, G protein-coupled receptors, mediating signal
transduction via the induction of inositol triphosphate

(IP3), leading to intracellular Ca2+ release (Strobaek et al.
1996). Thus, P2Y receptors appear to have a modulatory
role, rather than directly mediating purinergic transmis-
sion.

In the present study, the P2Y1 and P2Y4 receptors were
not colocalised directly. We have, however, colocalised
these receptors with various other markers of subpopu-
lations of primary afferent neurons. About 34–45% of
P2Y1 and 45–90% P2Y4 receptor-positive neurons stained
for NF200; about 30% of P2Y1 and 10–20% P2Y4
receptor-positive neurons coexpress CGRP; the percent-
age of P2Y1 and P2Y4 receptor-positive neurons coex-
pressing P2X3 is almost the same. Therefore, there may
be some overlap between expression of the P2Y1 and
P2Y4 receptors.

In conclusion, our results suggest that sensory neurons
could respond to ATP, not only through the ionotropic
P2X receptors but also through metabotropic P2Y recep-
tors. It will be of great interest to clarify the relative
physiological and pathophysiological roles of these two
receptor family subtypes.
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