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Abstract The expression of the P2X3 nucleotide receptor
in embryonic day 14–18, postnatal day 1–14 and adult
mouse sensory ganglia was examined using immunohis-
tochemistry. Nearly all sensory neurons in dorsal root
ganglia, trigeminal ganglia and nodose ganglia in em-
bryos at embryonic day 14 expressed P2X3 receptors, but
after birth there was a gradual decline to about 50% of
neurons showing positive immunostaining for P2X3. In
embryos there were only small neurons, while from
postnatal day 7 both large and small neurons were pres-
ent. Isolectin B4 (IB4)-positive neurons in dorsal, tri-
geminal and nodose ganglia did not appear until birth, but
the numbers increased to about 50% by postnatal day 14
when a high proportion of IB4-positive neurons were also
positively labelled for the P2X3 receptor. About 10% of
neurons in dorsal, trigeminal and nodose ganglia were
positive for calcitonin gene-related peptide in embryos,
nearly all of which stained for P2X3 receptors. This in-
creased postnatally to about 35–40% in adults, although
only a few colocalised with P2X3 receptors. Neurofila-
ment 200 was expressed in about 50% of neurons in tri-
geminal ganglia in the embryo, and this level persisted
postnatally. All neurofilament 200-positive neurons
stained for P2X3 in embryonic dorsal root ganglia, tri-
geminal ganglia and nodose ganglia, but by adulthood this
was significantly reduced. The neurons that were positive
for calbindin in embryonic dorsal, trigeminal and nodose
ganglia showed colocalisation with P2X3 receptors, but
few showed colocalisation postnatally.
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Introduction

P2X receptors are a family of ligand-gated ion channels
responsive to ATP. Seven subtypes have been identified
which form homomultimeric or heteromultimeric pores.
The P2X3 receptor subunit was cloned in 1995 and shown
to be predominantly localised in a subpopulation of small
nociceptive sensory neurons in the dorsal root ganglia
(DRG), trigeminal ganglia (TG) and nodose ganglia
(NG). Subsequent immunohistochemical studies showed
that these neurons were labelled with the isolectin B4

(IB4; Chen et al. 1995; Cook et al. 1997; Vulchanova et
al. 1997, 1998; Bradbury et al. 1998; Llewellyn-Smith
and Burnstock 1998; Xiang et al. 1998; Barden and
Bennett 2000).

In DRG, intensive P2X3 immunoreactivity is found
predominantly in a subset of small- and medium-diameter
neurons, which is absent from most large neurons
(Vulchanova et al. 1997, 1998; Bradbury et al. 1998;
Xiang et al. 1998; Novakovic et al. 1999). The P2X3

subunit is present in approximately equal numbers of
neurons projecting to the skin and viscera but in very few
of those innervating skeletal muscle (Bradbury et al.
1998). After sciatic nerve axotomy, P2X3 receptor ex-
pression decreases by about 50% in lumbar region L4/5
DRG, and this downregulation is reversed by glial cell
line-derived neurotrophic factor (Bradbury et al. 1998). In
contrast, after chronic constriction injury to the sciatic
nerve, the number of P2X3-positive small- and medium-
diameter DRG neurons appeared to have increased (No-
vakovic et al. 1999). The reason why these different forms
of nerve damage produce opposite effects of P2X3 subunit
expression is at present unclear. At the peripheral termi-
nals of DRG neurons, P2X3 immunoreactivity was ob-
served in nerve fibres in rat and mouse glabrous skin,
where the fibres appear to extend superficially and ter-
minate in the epidermis (Vulchanova et al. 1998). P2X3
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immunoreactivity was also seen on sensory nerve termi-
nals in the tongue (Cook et al. 1997; Bo et al. 1999; Rong
et al. 2000), tooth pulp (Cook et al. 1997; Alavi et al.
2001) and on the suburothelial nerve plexus of mouse
urinary bladder, with positive staining on terminals of
small nerve fibres that embed in the urothelium (Cock-
ayne et al. 2000). Following sciatic nerve ligation, P2X3
immunoreactivity accumulates proximal to the ligation
site, indicating that P2X3 is synthesised in the cell body
and transported along the processes into both central and
peripheral terminals (Vulchanova et al. 1997; Novakovic
et al. 1999).

In TG, P2X3 receptor immunoreactivity occurs in both
small and large nerve cell bodies and their processes
(Cook et al. 1997; Llewellyn-Smith and Burnstock 1998;
Xiang et al. 1998).

Electrophysiological studies have also been carried out
to characterise P2X3 receptors in recombinant receptors
expressed in Xenopus oocytes and in sensory ganglia
(Dunn et al. 2000, 2001; Liu et al. 2001; Zhong et al.
2001) and recordings made in sensory nerves following
activation of terminals of these nerves in bladder
(Vlaskovska et al. 2001; Rong et al. 2002). The P2X3
receptor is observed mainly in capsaicin receptor vanil-
loid receptor subtype 1 (VR1)-positive sensory neurons
(Guo et al. 1999). In capsaicin-sensitive DRG neurons,
ATP and its analogue a,b-methylene ATP evoke an in-
ward current with fast activation and inactivation (Ueno
et al. 1999), which is lacking in P2X3-deficient mice
(Cockayne et al. 2000; Souslova et al. 2000), indicating
that functional P2X3 receptors are expressed in nocicep-
tors. These results all suggest that P2X3 receptor subunits
may play important roles in sensory transmission.

There is growing evidence to suggest that purinergic
signalling is involved in early embryonic development.
Purinoceptors were shown to be one of the first func-
tionally active membrane receptors in chick embryo cells
during gastrulation, in which, by means of purinoceptors,
ATP induced rapid accumulation of inositol phosphate
and Ca2+ mobilisation in a similar way and to the same
extent as acetylcholine (Laasberg 1990). Recent reports
also implicate ATP as a key regulator of the development
of various organs and systems in frog and chick as well as
in mammalian embryos (reviewed by Burnstock 1996,
2001). P2X3 receptor expression at the early stages of
mouse embryogenesis has been reported, but it is inter-
esting to note that the P2X3 expression patterns were not
identical in rat and mouse embryos. Mouse embryos ex-
press P2X3 in many tissues (such as DRG and TG) at
embryonic day 9.5 (E9.5) embryos where no corre-
sponding expression was found in the rat (Boldogk� et al.
2002; Cheung and Burnstock 2002). Neurons in DRG
began to express P2X3 receptors in E12.5 rat embryos.
For the TG in E11–11.5 rat embryos, P2X3 was found in
the neurons and fibres (Cheung and Burnstock 2002).
However, we do not know the changes in numbers of
sensory neurons expressing P2X3 receptors during mouse
embryonic and postnatal development. The relationship
between P2X3 receptors and other phenotypic markers

has also been little studied in developing mouse. In this
study, the location, quantity of P2X3 receptors and rela-
tionship between P2X3 receptors and other phenotypic
markers including IB4, calcitonin gene-related peptide
(CGRP), neurofilament 200 (NF200) and calbindin was
studied in the sensory ganglia from E14 to E18, postnatal
and adult mice.

Materials and methods

Tissue preparation

The expression of P2X3 receptor protein in embryonic sensory
ganglia was studied in albino outbred mouse embryos of E14, E16
and E18 (five animals/stage) using immunohistochemical tech-
niques. Postnatal mouse sensory ganglia on postnatal day 1 (P1),
P7, P14 and adult (five animals/stage) were chosen for examina-
tion. The day of identification of the presence of a vaginal plug was
designated as day zero (E0). Pregnant mice were killed by as-
phyxiation with a rising concentration of CO2 (between 0% and
100%), and death was confirmed by cervical dislocation according
to Home Office (UK) regulations covering Schedule One proce-
dures. Embryos were collected and fixed in 4% paraformaldehyde
in 0.1 M phosphate buffer (PB; pH 7.2) at 4�C, overnight. Embryos
were then washed in 0.1 M phosphate-buffered saline (PBS;
pH 7.2) and dehydrated using 10% sucrose, 20% sucrose and, fi-
nally, 30% sucrose. Thereafter, lumbar DRG, TG and NG were
dissected and immersed in OCT-embedding medium and frozen in
precooled isopropanol (�70�C) for cryosectioning. Frozen sections
(10 mm) were cut and mounted on gelatin-coated slides and dried at
room temperature. Postnatal mouse lumbar DRG, TG and NG were
dissected after cervical dislocation and the ganglia were fixed and
processed as described above. Frozen sections (10 mm) were cut
and mounted.

Antisera

Rabbit anti-P2X3 receptor (1:400) antibody was provided by Roche
Bioscience (Palo Alto, CA, USA). The immunogens used for pro-
duction of polyclonal P2X3 antibody were synthetic peptides cor-
responding to the carboxyl terminal of the cloned rat P2X3 recep-
tors, covalently linked to keyhole limpet hemocyanin. The peptide
sequences of the P2X3 receptors are of amino acid sequence 383–
397 (VEKQSTDSGAYSIGH). Other antibodies used are mouse
anti-NF200 (clone N52; Sigma; 1:400), mouse anti-CGRP (Affiniti;
1:2,000) and mouse anti-calbindin (Swant; 1:20,000). We also used
biotin-conjugated IB4 from Griffonia simplicifolia (Sigma; 10 mg/
ml).

Immunohistochemistry

Immunohistochemistry for P2X receptors was performed by using
rabbit polyclonal antibodies against a unique peptide sequence of
P2X3 receptor subtypes. For immunostaining of cryosections, the
standard avidin-biotin complex (ABC) technique was used. Sec-
tions were postfixed with 4% paraformaldehyde for 2 min at room
temperature. Endogenous peroxidase was blocked by 0.5% H2O2
and 50% methanol (methanol:PBS, 1:1) for 20 min. The P2X3
primary antibody was used at a concentration of 1:400, prepared in
10% normal horse serum (NHS) containing 0.2% Triton X-100,
overnight. Subsequently, the sections were incubated with biotin-
ylated donkey anti-rabbit IgG (Jackson Immunoresearch, West
Grove, PA, USA) at a dilution of 1:500 in PBS containing 1% NHS
for 1 h. The sections were then incubated in ExtrAvidin peroxidase
diluted 1:1,000 in PBS for 1 h at room temperature. For colour
reactivity, a solution containing 0.05% 3,30-diaminobenzidine
(DAB), 0.04% nickel ammonium sulphate, 0.2% b-d-glucose,
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0.004% ammonium nitrate and 1.2 U/ml glucose oxidase in 0.1 M
PB (pH 7.2) was applied. Sections were washed three times with
0.1 M PBS after each of the above steps (except for serum prein-
cubation). Slides were mounted with Eukitt (BDH Laboratory, UK)
and examined with light microscopy. The control experiments were
carried out with the primary antibodies preadsorbed with the pep-
tides for immunising the rabbits or the primary antibody replaced
with NHS.

Following immunohistochemistry, a group of sections was
counterstained with 1% neutral red. Positively and negatively im-
munostained neurons were counted to calculate the proportion of
positive neurons. To ensure counting was unbiased, the procedure
was conducted ‘blind’ ensuring that the operator was not aware of
the developmental stage or immunostaining performed on each
slide.

Immunofluorescence double labelling

In colocalisation studies investigating the coexpression of P2X3
receptors and NF200, CGRP or calbindin, sections were incubated
with the P2X3 antibody overnight and detected with Cy3-conju-
gated donkey anti-rabbit IgG, incubated with either monoclonal
NF200, CGRP or calbindin antibody (4�C, overnight) and detected
with fluorescein isothiocyanate (FITC)-conjugated mouse antibody
(raised in goat; Sigma; 1:200, 1 h). For colocalisation with IB4,
sections were immunostained for the P2X3 receptor, as above, and
then incubated with biotin-conjugated IB4 (16 h) and detected with
streptavidin-FITC (1:200;1 h). The sections were washed and
mounted in Citifluor.

Sections on which counts of IB4-, NF200-, CGRP- and cal-
bindin-positive cells had been performed were marked and then
counterstained with toluidine blue (2.5% in 0.1 M PB for 2 min
followed by dehydration through increasing grades of alcohol,
cleared in xylene and coverslipped with DPX mounting medium).
This enabled the total cell profile numbers to be determined by
counting all profiles in the marked sections under bright-field il-
lumination. The percentages of total cell numbers that were IB4-,
NF200-, CGRP- and calbindin-positive were then calculated.

Photomicroscopy

Images of DAB immunochemical staining and immunofluores-
cence 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 pack-
age (Adobe Photoshop 5.0, USA). The two-channel readings for
green and red fluorescence were merged by using Adobe Photo-
shop 5.0.

Data analysis

All analyses were performed at �20 objective magnification. P2X3
receptor, IB4-, NF200-, CGRP- and calbindin-positive cells in
ganglia were determined by counting all immunoreactive-positive
cell profiles in every sixth section throughout the ganglia. Total cell
profiles were counted and the percentages of total cell profiles that
were P2X3 receptor-, IB4-, NF200-, CGRP- and calbindin-positive
were then calculated.

To calculate percentages of P2X3 receptor colocalisation with
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 that were positive for the P2X3
receptor, the number of profiles positive for the other markers
(CGRP, calbindin, NF200 or IB4) and the number of profiles ex-
pressing both antigens and percentages were calculated. All values
are given as the mean € SEM (%) and the results were statistically
analysed by a one-way analysis of variance followed by a Tukey’s
post hoc test where more than five age groups were analysed. For
analyses of less than five age groups, a Bonferroni’s post hoc test
was used. Although all grouping of data were compared by this test,
statistical significance between each group and the one immedi-
ately preceding it has been highlighted in the tables; * P<0.05,
** P<0.01, *** P<0.001. For the data in Table 1, a Tukey’s
post hoc test was performed to compare embryonic days E14, E16
and E18 with postnatal ages P7, P14 and adult; *** P<0.001.

Results

P2X3 immunoreactivity in the sensory ganglia
during mouse embryonic and postnatal development

Immunohistochemistry was performed to investigate the
pattern of P2X3 receptor protein expression in sensory
ganglia during mouse embryonic and postnatal develop-
ment. Using the standard ABC method with nickel and
DAB as chromogens, black staining indicated positive
immunoreactivity. In this study, mouse embryos of E14,
E16, E18 and postnatal P1, P7, P14 and adult mice were
chosen to investigate P2X3 immunoreactivity and the
results are summarised in Table 1 and Fig. 1.

The intensive expression of P2X3 in DRG, TG and NG
persists from E14 through later stages of development and
into the adult. In embryos (E14–E18), P2X3 is expressed
in a homogeneous pattern in almost all DRG, TG and NG
neurons. By contrast, in later developmental stages
(postnatal P1–P14), P2X3 receptor expression is signifi-

Table 1 Expression of P2X3 receptor immunoreactivity in dorsal
root ganglion (DGR), trigeminal ganglion (TG), nodose ganglion
(NG) in mouse embryonic and postnatal development. n Number of
P2X3 receptor-positive cell profiles and the total number of cell

profiles counted, respectively (five animals/stage). Note statistical
significance indicated by asterisks relates to embryonic days E14,
E16 and E18, as compared with postnatal ages P7, P14 and adult

Percentage of P2X3 receptor immunopositive nerve cell bodies

E14 E16 E18 P1 P7 P14 Adult

DRG
n

100
(2,053/2,053)

100
(2,113/2,113)

97.2€1.5
(2,026/2,087)

92.5€2.2
(1,833/1,984)

72.6€3.4***
(1,404/1,937)

47.5€2.8***
(897/1,891)

44.3€3.5***
(816/1,838)

TG
n

100
(2,546/2,546)

100
(2,467/2,467)

95.4€1.8
(2,151/2,259)

92.2€3.2
(2,074/2,248)

68.6€3.6***
(1,343/1,959)

45.7€2.6***
(872/1,905)

43.8€2.8***
(833/1,898)

NG
n

100
(1,831/1,831)

100
(1,954/1,954)

97.8€2.1
(1,827/1,870)

96.3€1.2
(1,813/1,884)

88.6€3.1
(1,623/1,835)

65.6€3.8***
(1,128/1,721)

60.6€4.1***
(1,093/1,806)

*** P<0.001
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Fig. 1A–C Percentage of P2X3-immunoreactive nerve cell bodies
in sensory ganglia of mouse in embryonic and postnatal develop-
ment. A Dorsal root ganglia. B Trigeminal ganglia. C Nodose

ganglia. Note statistical significance indicated by asterisks relates
to postnatal ages P7, P14 and adult as compared with embryonic
days E14, E16 and E18. *** P<0.001

Fig. 2A–O Localisation of
P2X3 receptor immunoreactivi-
ty in sensory ganglia of mouse
in embryonic and postnatal de-
velopment. A–E P2X3 receptor
immunoreactivity in dorsal root
ganglion (DRG). A E14. B E16.
C P1. D P7. E Adult. F–J P2X3
receptor immunoreactivity in
trigeminal ganglion (TG). F
E14. G E16. H P1. I P7. J
Adult. K–O P2X3 receptor im-
munoreactivity in nodose gan-
glion (NG). K E14. L E16. M
P1. N P7. O Adult. Scale bar
100 mm
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cantly reduced in DRG, TG and NG. From P14 to adult
mouse, P2X3 receptor expression is largely restricted to a
subpopulation of small-diameter neurons, with fewer
large-diameter cells strongly immunopositive. The stain-
ing was evenly distributed throughout the cytoplasm of
these cells and positively stained cells were apparently
randomly distributed throughout the ganglia (Fig. 2).

Colocalisation of P2X3 receptors
with cytochemical markers of sensory neurons

In order to further identify the sensory neurons that ex-
press P2X3 receptors, a number of established markers
were used. In colocalisation experiments, immunolabel-
ling for the P2X3 receptor was compared with that for IB4,
CGRP, NF200 and calbindin. Briefly, as stated above, the
P2X3 receptor immunolabelling was evenly distributed
throughout the cytoplasm of the cell body. IB4 produced a
labelled plasmalemma and diffuse speckling in the cyto-
plasm (Fig. 3). CGRP immunolabelling produced diffuse
cytoplasmic speckling and a more diffuse perinuclear ring

Fig. 3A–R Colocalisation (yel-
low/orange) of P2X3 receptor
immunoreactivity (-IR; red)
with isolectin B4 (IB4; green)
immunostaining in the devel-
opmental mouse sensory gan-
glia. A–C Double staining for
P2X3-IR and IB4 in DRG of P7
mouse. D–F Double staining for
P2X3-IR and IB4 in DRG of
adult mouse. G–I Single section
double stained for P2X3-IR and
IB4 in TG of P7 mouse. J–L
Double staining for P2X3-IR
and IB4 in TG of adult mouse.
M–O Double staining for P2X3-
IR and IB4 in NG of P7 mouse.
P–R Double staining for P2X3-
IR and IB4 in NG of adult
mouse. Scale bar 100 mm
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(Fig. 4). NF200 labelling was evenly distributed
throughout the cytoplasm of the cell body, but found
mainly in large neurons (Fig. 5). Calbindin labelling was
seen throughout the whole cell (Fig. 6).

P2X3/IB4

The population of small [predominantly anti-neurofila-
ment H (RT-97)-negative] DRG neurons can be subdi-
vided into two populations, one which binds IB4 and
another which contains the neuropeptide CGRP (Silver-
man and Kruger 1990; Alvarez et al. 1991). These are
important markers because several lines of evidence
suggest that they identify subpopulations of putative no-
ciceptors in DRG.

Isolectin B4 was used as a marker for fluoride-resistant
acid phosphatase (FRAP)-containing neurons. IB4 la-
belling was observed in 56.7%, 38.3% and 49.2% of all
examined adult mouse DRG, TG and NG neurons, re-
spectively. IB4 labelling in DRG, TG and NG of embryos
was not detected until postnatal stages and was restricted
to the small cell population. In P7 mouse, the number of

sensory neurons binding IB4 was increased significantly
and reached adult levels at P14 (Table 2). All IB4-positive
neurons showed colocalisation with the P2X3 receptor in
DRG, TG and NG of P7 mice. However, the number of
neurons expressing the P2X3 receptor was greater than the
number of IB4-positive neurons; only 43.2%, 29.6% and
21.5% of P2X3 receptor-positive neurons were also pos-
itive for IB4 in DRG, TG and NG of P7 mice, respec-
tively. However, from P14 there was a significant in-
crease of 99.2%, 70.3% and 60.3% of P2X3 neurons
containing IB4 in DRG, TG and NG, respectively (Ta-
ble 3; Fig. 3).

P2X3/CGRP

Calcitonin gene-related peptide immunoreactivity was
low in DRG, TG and NG of mouse embryos, but the
percentage of DRG and TG neurons expressing the pep-
tide significantly increased from E18 (8.5%, 7.9%) to P1
(21.1%, 18.3%) and continued increasing until 2 weeks
after birth, P14. The proportion of CGRP-immunoreactive
neurons stabilised after the second postnatal week, but

Fig. 4A–L Colocalisation (yel-
low/orange) of P2X3 receptor
immunoreactivity (red) with
calcitonin gene-related peptide
(CGRP) immunoreactivity
(green) in the developmental
mouse sensory ganglia. A–D
Double staining for P2X3-IR
and CGRP-IR in DRG of mouse
embryonic and postnatal devel-
opment (A E16; B P1; C P7; D
adult). E–H Double staining for
P2X3-IR and CGRP-IR in TG
of mouse embryonic and post-
natal development (E E16; F
P1; G P7; H adult). I–L Double
staining for P2X3-IR and
CGRP-IR in NG of mouse em-
bryonic and postnatal develop-
ment (I E16; J P1; K P7; L
adult). Scale bar 100 mm
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adult values were not statistically different from P14. In
NG, CGRP immunoreactivity gradually increased after
birth and reached adult levels at P14 (Table 2). Double
immunofluorescence revealed that almost all neurons that
were positive for CGRP (90–100%) also showed colo-
calisation with P2X3 receptors in DRG, TG and NG of
mouse embryos (Fig. 4). However, in adult mouse, only
18–34% of CGRP neuron profiles were also positive for
the P2X3 receptor in DRG, TG and NG. Conversely,
17.6%, 31.9% and 4.3% of P2X3 receptor neurons coex-
pressed CGRP in DRG, TG and NG, respectively (Ta-
ble 4; Fig. 4).

P2X3/NF200

Neurofilament 200 is an anti-neurofilament antibody that
stains the classically defined large neurons. In DRG and
NG of embryos, approximately 3–15% neurons were
NF200-immunoreactive positive cells. After birth, NF200
immunoreactivity was significantly increased and reached
adult levels at P14 and this percentage did not signifi-
cantly change in postnatal and adult mice (Table 2).

Unlike DRG and NG, almost half of the neurons were
NF200 immunoreactive in TG of embryos. Double im-
munofluorescence histochemistry showed that all NF200-
immunoreactive neurons were also positive for P2X3 in
DRG, TG and NG in E16. However, in adult mouse, only
0.5%, 15.2%, and 49.8% of NF200-immunoreactive
neuron profiles were also positive for P2X3 in DRG, TG
and NG, respectively (Table 5; Fig. 5).

P2X3/calbindin

Calbindin-positive immunostaining was found in 5–16%
of neurons in DRG, TG and NG of mouse embryos (E16).
It significantly increased at postnatal P14 and remained
the same in adults (Table 2). These neurons were large- or
medium-sized in the DRG, TG and NG of developing
mouse. Almost all calbindin-positive neurons were colo-
calised with P2X3 receptors in DRG, TG and NG of
mouse embryos. However, in adult mouse only 0.6% and
11.1% of calbindin-positive neurons were also positive
for the P2X3 receptor in DRG and TG, respectively.
However, in NG, the number of neurons coexpressing

Fig. 5A–L Colocalisation (yel-
low/orange) of P2X3 receptor
immunoreactivity (red) with
neurofilament 200 (NF200)
immunoreactivity (green) in the
developmental mouse sensory
ganglia. A–D Double staining
for P2X3-IR and NF200-IR in
DRG of mouse embryonic and
postnatal development (A E16;
B P1; C P7; D adult). E–H
Double staining for P2X3-IR
and NF200-IR in TG of mouse
embryonic and postnatal devel-
opment (E E16; F P1; G P7; H
adult). I–L Double staining for
P2X3-IR and NF200-IR in NG
of mouse embryonic and post-
natal development (I E16; J P1;
K P7; L adult). Scale bar
100 mm
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P2X3 and calbindin (31.1%) was greater than that in DRG
and TG (Table 6; Fig. 6).

Discussion

P2X receptors are ligand-gated ion channels activated by
extracellular ATP that mediate rapid cation permeability
and fast excitatory neurotransmission in both the central
and peripheral nervous systems (reviewed by Ralevic and
Burnstock 1998). One of the P2X receptor subunits,
P2X3, was cloned from rat dorsal root ganglia (Chen et al.
1995; Lewis et al. 1995) and is known to be largely re-
stricted to a subset of sensory neurons (TG, NG and
DRG). In this study, we present the detailed expression
changes of the P2X3 receptor at different stages of rat
embryonic and postnatal development. In addition, the
coexpression of the P2X3 receptor and other phenotypic
markers was also examined during embryonic and post-
natal development. The results obtained have shown that
the P2X3 receptor is the dominant receptor subtype
among the P2X receptor family in the embryonic sensory

ganglion and that P2X3 receptor expression is downreg-
ulated in the postnatal sensory ganglion of mouse.

In this study, we observed that the P2X3 receptor is
intensively and homogeneously expressed in the DRG,
TG and NG from E14 to P1. However, after birth there
was a gradual decline to about 50% of sensory neurons
that were positive for P2X3 at P14 with little further
change in adults. From E14 to P7 there were mostly only
small neurons, while from P7 onwards both large and
small neurons were present. At P7 to adult, some large
neurons stained for P2X3 in TG and NG, but in DRG, for
the most part, only small neurons were P2X3 positive,
which corresponds to the finding that approximately 40%
of the DRG neurons express P2X3 mRNA (Chen et al.
1995). The P2X3 receptor has been demonstrated on
small- or medium-sized neurons in the sensory ganglia in
rat and monkey (Cook et al. 1997; Vulchanova et al.
1997; Xiang et al. 1998). The expression of P2X3 receptor
subunits in sensory ganglia may be involved in signal
transduction and modulation as well as in regulating
cellular maturation during development.

In the present work, we identified the particular class
of sensory neuron that expresses P2X3 receptors with the

Fig. 6A–L Colocalisation (yel-
low/orange) of P2X3 receptor
immunoreactivity (red) with
calbindin immunoreactivity
(green) in the developmental
mouse sensory ganglia. A–D
Double staining for P2X3-IR
and calbindin-IR in DRG of
mouse embryonic and postnatal
development (A E16; B P1; C
P7; D adult). E–H Double
staining for P2X3-IR and cal-
bindin-IR in TG of mouse em-
bryonic and postnatal develop-
ment (E E16; F P1; G P7; H
adult). I–L Double staining for
P2X3-IR and calbindin-IR in
NG of mouse embryonic and
postnatal development (I E16; J
P1; K P7; L adult). Scale bar
100 mm
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use of double immunofluorescence immunohistochemis-
try. In the sensory ganglia, about 60% of the total neurons
are the classically defined small population. These cells
predominantly have unmyelinated C-fibre axons. Elec-
trophysiological 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 major classes according to their neurochemical phe-
notype (Snider and McMahon 1998): peptidergic and
non-peptidergic neurons. The former, about one-half,
express two major peptidergic neuromodulators, sub-
stance P and CGRP, and also the p75 neurotrophin re-
ceptor and TrkA, the NGF-specific tyrosine kinase re-
ceptor. The central terminals of these neurons project to
lamina I/IIo of the superficial dorsal horn of the spinal

cord, a region where many small afferents terminate. Few
cells here were found to coexpress CGRP and the P2X3
receptor. CGRP is the most prevalent neuropeptide
identified in subpopulations of primary afferent neurons,
constituting 40–50% of DRG and TG neurons (Lee et al.
1985; Ju et al. 1987; Kai-Kai 1989). 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 IB4, express
the enzyme thiamine monophosphatase (TMP) and stain
with the antibody LA4 (marker of a population of primary
afferents in the dorsal horn). They also express the heat-
responsive vanilloid receptor, VR1 (Caterina et al. 1997),
which implicates them in thermal nociception. The central
terminals of these neurons project to inner lamina 2 of the
superficial dorsal horn of the spinal cord, another region

Table 2 Changes of isolectin B4 (IB4), medium molecular weight
neurofilament (NF200), calcitonin gene-related peptide (CGRP)
and calbindin immunoreactivity in mouse embryonic and postnatal
development. � Not detected, n number of IB4-, NF200-, CGRP- or

calbindin-positive cell profiles and the total number of cell profiles
counted, respectively (five animals/stage). Note statistical signifi-
cance indicated by asterisks relates to comparison of a develop-
mental stage with the preceding age group

Ganglion E16 E18 P1 P7 P14 Adult

Percentage of IB4
immunopositive
nerve cell bodies

DRG
n

�
(0/2,003)

�
(0/2,019)

1.6€0.5
(31/1,934)

31.6€3.2***
(591/1,875)

49.8€2.4***
(890/1,793)

56.7€4.6
(1,033/1,827)

TG
n

�
(0/2,346)

�
(0/2,295)

0.8€0.2*
(17/2,217)

20.3€2.1***
(401/1,977)

35.7€3.3***
(681/1,912)

38.3€2.2
(704/1,834)

NG
n

�
(0/1,903)

�
(0/1,887)

0.6€0.2
(11/1,798)

18.9€2.8***
(347/1,851)

44.8€2.5***
(793/1,769)

49.2€3.4
(878/1,785)

Percentage of CGRP
immunopositive
nerve cell bodies

DRG
n

6.4€1.1
(134/2,088)

8.5€0.7
(171/2,033)

21.1€3.1*
(412/1,941)

29.2€3.4
(522/1,787)

40.3€4.1
(737/1,830)

42.1€3.1
(735/1,744)

TG
n

5.6€0.8
(127/2,251)

7.9€0.6
(175/2,213)

18.3€1.9
(380/2,074)

33.2€3.1**
(634/1,905)

39.5€3.9
(749/1,899)

41.8€3.6
(738/1,767)

NG
n

1.2€0.3
(25/1,962)

2.2€0.4
(41/1,835)

5.6€0.7
(102/1,813)

10.5€1.6
(185/1,774)

13.2€1.9
(228/1,742)

15.3€2.1
(272/1,787)

Percentage of NF200
immunopositive
nerve cell bodies

DRG
n

12.8€1.5
(271/2,131)

14.6€3.3
(281/1,939)

30.5€3.1*
(575/1,890)

34.5€3.3
(627/1,823)

46.6€4.3
(830/1,781)

48.9€3.6
(863/1,765)

TG
n

49.6€3.6
(998/2,015)

47.5€3.9
(1,006/
2,124)

31.6€2.8
(688/2,175)

33.7€3.5
(653/1,943)

44.8€3.5
(896/2,002)

47.7€4.4
(856/1,794)

NG
n

3.3€0.4
(65/1,944)

6.6€1.2
(126/1,927)

12.3€2.3
(230/1,884)

17.1€1.7
(307/1,792)

29.5€3.8*
(508/1,721)

32.3€3.5
(582/1,805)

Percentage of calbindin
immunopositive
nerve cell bodies

DRG
n

9.6€0.9
(192/1,994)

11.8€1.4
(250/2,135)

13.5€0.9
(255/1,881)

15.6€2.2
(292/1,878)

31.8€3.7**
(543/1,710)

34.9€4.0
(594/1,705)

TG
n

5.2€0.4
(114/2,183)

8.8€0.8
(185/2,097)

11.7€1.7
(232/1,976)

20.4€3.5
(385/1,887)

29.7€3.2
(566/1,905)

32.8€3.7
(593/1,811)

NG
n

11.8€1.2
(232/1,958)

15.6€2.4
(300/1,932)

21.1€2.1
(376/1,785)

26.4€2.3
(476/1,809)

35.8€2.8
(641/1,789)

38.7€3.1
(670/1,733)

* P<0.05
** P<0.01
*** P<0.001

Table 3 Colocalisation of P2X3
receptor immunoreactivity with
IB4 in the developing mouse
sensory neurons. n Number of
double-labelled cell profiles and
the total number of cell profiles
counted, respectively, for each
combination of receptor (five
animals/stage). Note statistical
significance indicated by aster-
isks relates to comparison of a
developmental stage with the
preceding age group

Percentage P2X3 nerve cell bodies
containing IB4

Percentage IB4 nerve cell bodies
containing P2X3 receptor

DRG TG NG DRG TG NG

P7
n

43.2€3.7
(576/1,336)

29.6€3.4
(404/1,363)

21.5€2.3
(343/1,597)

100
(576/576)

100
(404/404)

100
(343/343)

P14
n

99.2€0.4***
(880/887)

70.3€5.6***
(627/891)

60.3€4.8***
(652/1,081)

94.6€2.0
(880/929)

90.3€2.5
(627/694)

88.2€3.2
(652/739)

Adult
n

98.1€0.3
(903/921)

74.4€4.9
(631/849)

59.8€3.9
(711/1,189)

76.6€3.4***
(903/1,178)

88.5€4.6
(631/713)

70.6€4.4**
(711/1,007)

** P<0.01
*** P<0.001
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Table 4 Colocalisation of P2X3
receptor immunoreactivity with
CGRP in the developmental
mouse sensory neurons. n
Number of double-labelled cell
profiles and the total number of
cell profiles counted, respec-
tively, for each combination of
receptor (five animals/stage).
Note statistical significance in-
dicated by asterisks relates to
comparison of a developmental
stage with the preceding age
group

Percentage P2X3 receptor-positive
neurons containing CGRP

Percentage CGRP-positive neurons containing
the P2X3 receptor

DRG TG NG DRG TG NG

E16
n

6.4€1.0
(141/2,203)

5.6€0.7
(135/2,411)

1.2€0.3
(27/2,178)

100
(141/141)

100
(135/135)

100
(27/27)

E18
n

7.8€1.7
156/2,010

7.6€0.5
(161/2,118)

2.2€0.8
(39/1,772)

90.2€1.7*
(156/173)

92.3€2.5
(161/175)

93.6€1.8
(39/42)

P1
n

9.3€1.9
(170/1,825)

11.8€1.6
(233/1,976)

3.2€1.0
(58/1,807)

38.7€3.1***
(170/439)

56.6€3.9***
(233/412)

45.6€3.6***
(58/127)

P7
n

14.3€1.5
(202/1,413)

19.5€2.3
(251/1,289)

5.4€0.7
(81/1,502)

35.5€2.5
(202/569)

40.4€3.7*
(251/622)

34.4€2.9*
(81/235)

P14
n

18.3€2.1
(168/921)

29.8€3.0*
(258/868)

4.9€0.7
(51/1,038)

21.6€1.7**
(168/778)

35.6€3.3
(258/725)

21.2€2.3**
(51/241)

Adult
n

17.6€2.7
(153/872)

31.9€2.9
(273/857)

4.3€0.8
(48/1,119)

18.5€2.3
(153/827)

33.4€4.1
(273/818)

18.1€1.3
(48/266)

* P<0.05
** P<0.01
*** P<0.001

Table 5 Colocalisation of P2X3
receptor immunoreactivity with
NF200 in the developmental
mouse sensory neurons. n
Number of double-labelled cell
profiles and the total number of
cell profiles counted, respec-
tively, for each combination of
receptor (five animals/stage).
Note statistical significance in-
dicated by asterisks relates to
comparison of a developmental
stage with the preceding age
group

Percentage P2X3 nerve cell bodies
containing NF200

Percentage NF200 nerve cell bodies
containing P2X3 receptor

DRG TG NG DRG TG NG

E16
n

12.8€1.3
(263/2,053)

49.6€3.3
(987/1,990)

3.3€0.3
(65/1,969)

100
(263/263)

100
(987/987)

100
(65/65)

E18
n

14.9€1.9
(278/1,866)

49.5€4.1
(991/2,001)

7.0€0.6
(123/1,756)

99.3€0.4
(278/280)

97.5€0.9
(991/1,016)

98.6€0.7
(123/125)

P1
n

23.3€2.7**
(487/2,090)

24.8€2.3**
(541/2,181)

11.5€1.9
(209/1,816)

70.8€6.5***
(487/688)

72.5€4.1***
(541/747)

90.1€1.1
(209/232)

P7
n

8.5€07**
(117/1,386)

23.2€2.3
303/1,309

24.8€2.0**
(350/1,413)

17.7€1.5***
(117/662)

46.6€3.8***
(303/651)

87.9€4.5
(350/398)

P14
n

2.0€0.4
(18/886)

17.9€2.8
(158/883)

23.5€3.1
(271/1,154)

2.1€0.4**
(18/857)

18.3€2.1***
(158/864)

52.3€4.9***
(271/518)

Adult
n

0.6€0.3
(5/857)

17.5€2.3
(145/831)

26.5€2.6
(288/1,086)

0.5€0.2
(5/943)

15.2€1.8
(145/953)

49.8€3.8
(288/578)

** P<0.01
*** P<0.001

Table 6 Colocalisation of P2X3
receptor immunoreactivity with
calbindin in the developmental
mouse sensory neurons. n
Number of double-labelled cell
profiles and the total number of
cell profiles counted, respec-
tively, for each combination of
receptor (five animals/stage).
Note statistical significance in-
dicated by asterisks relates to
comparison of a developmental
stage with the preceding age
group

Percentage P2X3 receptor nerve
cell bodies containing calbindin

Percentage calbindin nerve cell bodies
containing P2X3 receptor

DRG TG NG DRG TG NG

E16
n

9.6€0.8
(204/2,125)

5.2€0.4
(121/2,336)

11.8€1.1
(239/2,031)

100
(204/204)

100
(121/121)

100
(239/239)

E18
n

12.1€1.4
(241/1,989)

9.2€0.8
(189/2,059)

15.9€1.9
(286/1,801)

100
(241/241)

100
(189/189)

100
(286/286)

P1
n

14.3€1.7
(257/1,793)

12.4€1.3
(237/1,915)

20.3€1.6
(362/1,784)

98.2€0.8
(257/262)

97.5€1.2
(237/243)

92.7€3.5
(362/391)

P7
n

8.8€1.8
(123/1,392)

17.5€1.9
(232/1,322)

21.1€2.2
(341/1,618)

46.8€3.1***
(123/263)

58.9€5.4***
(232/394)

70.3€6.7**
(341/485)

P14
n

3.2€0.9*
(29/903)

9.2€1.5**
(79/859)

18.8€1.7
(215/1,147)

5.1€0.6***
(29/569)

13.6€1.8***
(79/581)

34.5€3.2***
(215/623)

Adult
n

0.4€0.2
(3/789)

8.3€1.1
(68/817)

19.8€2.1
(198/997)

0.6€0.2
(3/523)

11.1€2.1
(68/612)

31.1€2.4
(198/637)

* P<0.05
** P<0.01
*** P<0.001
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where many fine afferents terminate. In vivo studies
(Gerke and Plenderleith 2001) demonstrate that IB4-
binding sites are selectively expressed by nociceptive
afferents. Physiological studies demonstrate that some
IB4-binding DRG neurons are deep tissue, high-threshold
mechanoreceptors and polymodal nociceptors. In our
experiments, we found that IB4-positive neurons in DRG,
TG and NG did not appear until birth, but the numbers
increased to about 50% by P14 with little further change
in adults. We also found that about 10% of neurons in
DRG, TG and NG were positive for CGRP in embryos,
but this increased postnatally to about 35–40% in adults,
except for NG where CGRP immunoreactivity only
reached about 15% in adults.

To characterise the cytochemical profile of P2X3-
positive neurons, we examined the colocalisation of the
P2X3 receptor with IB4 and CGRP. At P7, a few P2X3-
positive neurons in DRG,TG and NG stained for IB4, but
by P14 and in adults a high proportion of IB4-positive
neurons also labelled P2X3. In contrast, in the embryo
nearly 100% of CGRP-positive neurons, albeit relatively
few, stained for P2X3, but by postnatal P14 and in adult
ganglia only about 20% in DRG and NG and 35% in TG
showed colocalisation of CGRP and P2X3 receptors.
Since IB4 has been shown to label almost all FRAP-
positive neurons (Wang et al. 1994), and because we
found little colocalisation of the P2X3 receptor with
CGRP in adults, our results indicate that P2X3 is pre-
dominantly expressed by FRAP-containing DRG and TG
neurons. This conclusion is supported by the extensive
colocalisation of P2X3 and LA4-IR; LA4 also labels al-
most all FRAP-positive cells (Dodd and Jessell 1985). It
has been proposed that FRAP-containing and peptide-
containing sensory neurons represent two parallel systems
for processing of nociceptive information (Hunt and Rossi
1985). A nociceptive role for FRAP-positive neurons is
also suggested by the localisation of the enzyme activity
in nerve fibres in cornea (Silverman and Kruger 1988)
and in tooth pulp primary afferents (Fried et al. 1989), as
these peripheral targets are thought to be innervated pri-
marily by nociceptors. Unlike DRG and TG, in NG, the
highest intensity of P2X3 neurons was most often ob-
served within the small IB4-negative population. The
types of overlap in the binding of IB4 and coexpression of
P2X3 receptor, described in the present study for NG
neurons, is both similar and different from the patterns
described for DRG and TG neurons. A continued focus
using these and other population markers for each of these
functionally different neuronal populations (i.e. NG ver-
sus DRG, TG) has the potential for identifying a unique
neuronal fingerprint for the processing of visceral sensory
information.

The large cells within the sensory neurons are rich in
neurofilament. We identified these cells with the antibody
NF200 and found that NF200 was expressed in about 50%
of neurons in TG in the embryo, which persisted in
postnatal and adult mice. However, a relatively low per-
centage of NF200-positive neurons were present in em-
bryonic DRG and NG, but the percentage increased

substantially by P14 and in adults, when many of the
neurons became large, especially in NG. In the embryo,
all NF200-positive neurons stained for P2X3 in DRG, TG
and NG, but by adulthood this was reduced to 0.5%, 15%
and 50% in these ganglia, respectively. The P2X3 receptor
was expressed not only in small- and medium-sized
neurons, but also in large neurons of TG and NG. The
large neurofilament-rich neurons are known to possess
myelinated axons and to be predominantly responsive to
non-nociceptive innocuous mechanical stimuli.

Calbindin-D28 k is widely represented in the nervous
system and is used as a cellular marker for neuroana-
tomical studies along with other calcium-binding proteins
such as parvalbumin and calretinin (Andressen et al.
1993). Calbindin-D28 k immunoreactivity has been ob-
served in the sensory and autonomic ganglia such as the
DRG, TG, jugular ganglion and superior cervical gan-
glion (Carr et al. 1989; Ichikawa and Helke 1995; Ichi-
kawa et al. 1996; Wakisaka et al. 1996; Grkovic and
Anderson 1997). In the present study, we observed cal-
bindin-positive immunostaining in 5–12% of neurons in
DRG, TG and NG of mouse embryos. Expression is in-
creased gradually postnatally and reached adult levels at
P14. Almost all calbindin-positive neurons were colo-
calised with P2X3 receptors in DRG, TG and NG of
mouse embryos. In contrast, in adult DRG and TG, few
showed colocalisation, 0.6% and 11%, respectively (be-
cause calbindin is mostly present in large neurons), while
in adult NG, where there are many large neurons, 31%
showed colocalisation. These results are consistent with
those previously reported (Kashiba et al. 1990; Honda
1995; Ichikawa and Helke 1995; Ichikawa et al. 1996).
These findings suggest that the P2X3 receptor is related to
cutaneous sensory neurons in DRG and TG and
splanchnic sensory neurons in NG.
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