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Evidence suggesting the involvement of P2X2 and P2X3 in chronic pain has been obtained mostly from rodent models. Here we show that
rodents may be poor predictors of P2X3 pharmacology in human. We demonstrate that monkey and human dorsal root ganglion (DRG)
neurons do not express appreciable levels of P2X2 subunit, contrary to rat sensory neurons. Additionally, we report functional P2X3
activity in monkey DRG neurons and confirm the absence of functional P2X2/3 receptors. Interestingly, native P2X3 receptors in rat and
monkey DRGs show similar agonist potency, but different antagonist potencies for TNP-ATP [2-O-(2,4,6-trinitrophenyl)-ATP] and RO51.
This unexpected difference in antagonist potency was confirmed by comparing rat and human P2X3 receptors in HEK293 cells. Mutagen-
esis studies reveal that two extracellular residues, A197 and T202, are synergistically responsible for the potency drop in primate P2X3
receptors. These results uncover species-specific P2X3 pharmacology and identify key mechanisms impacting the translatability of
potential analgesics targeting P2X3 receptors.

Introduction
ATP and ionotropic P2X3 receptors have been proposed to be
important mediators of chronic pain signaling. Animal models of
neuropathic pain are associated with the release of high levels of
ATP and increased purinergic signaling in persistent pain conditions
(Matsuka et al., 2008). P2X3 receptors are predominantly expressed
in a subset of small-diameter dorsal root ganglion (DRG) neurons
(Lewis et al., 1995). Chronic pain conditions alter the expression of
P2X3 receptors in nociceptive sensory neurons (Tsuzuki et al., 2001)
and increase P2X3-mediated responses (Chen et al., 2005; Mo et al.,
2011). Finally, transient P2X3 gene disruption (Barclay et al., 2002),
P2X3 gene knockout (Cockayne et al., 2000), and P2X2/P2X3 dou-
ble knockout (Cockayne et al., 2005) have all been shown to decrease
pain-related behavior in nerve injury or inflammatory pain models,
suggesting that ATP, P2X2, and P2X3 are essential for chronic pain
signaling.

The evidence linking P2X3 to pain has supported the discov-
ery of novel antagonists blocking homomeric P2X3 and hetero-

meric P2X2/3 receptors. TNP-ATP [2-O-(2,4,6-trinitrophenyl)-
ATP] (Jarvis et al., 2001), A-317491 (McGaraughty et al., 2003),
and RO51 (Jahangir et al., 2009) are P2X3/P2X2/3 antagonists
that have shown reduced hyperalgesia and mechanical allodynia
in inflammatory and neuropathic pain models. P2X3/P2X2/3 an-
tagonists are currently being tested in the clinic, so their analgesic
efficacy has yet to be established in patients (Ford, 2012). Prog-
ress in the discovery of novel analgesics has been hampered by
limited predictability of efficacy from preclinical animal studies
to validation in humans (Mogil et al., 2010). Part of this limita-
tion can be attributed to the use of rodent models in pain research
and the pharmacology of many receptors, including various P2X
receptors (Gever et al., 2006), which exhibit limited translatabil-
ity across species. To investigate some of these caveats, we used
monkey native sensory neurons to identify species differences in
P2X2 and P2X3 function that could prevent translatability of P2X
pharmacology from rodents to primates.

Materials and Methods
Tissue acquisition. This study was conducted under a protocol approved by
an ethics committee. The animals were kept and experiments were per-
formed at our main site (AstraZeneca R&D Montréal) or at a site that has
accreditation from Canadian Council on Animal Care or Association for the
Assessment and Accreditation of Laboratory Animal Care, and/or was ap-
proved by AstraZeneca Global Veterinary Council for study conduct. Rat
DRG tissue samples were obtained from male Sprague Dawley rats (n � 47;
Harlan) weighing between 200 and 250 g. Monkey DRGs were obtained
from three male Macaca fascicularis aged 2 years 8 months (n � 2) and 2
years 7 months (n � 1). DRG levels included cervical, thoracic, and lumbar
for both rat (L4–L6) and monkey (T12–L6). DRGs were rapidly dissected,
snap frozen, and stored at �80°C until cryosectioned.

Frozen human (7 h postmortem) DRG tissues (n � 8) were acquired
from the NICHD Brain and Tissue Bank for Developmental Disorders
(University of Maryland School of Medicine, Baltimore, MD). The indi-
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St-Laurent, Québec H4S 1X9, Canada, E-mail: alexandre@serrano.as; or Philippe Séguéla, Montreal Neurological
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viduals were 10, 20 (n � 2), 22 (n � 3), 29, 55, and 58 years old at the time
of death. The cause of death was accidental, mainly due to motor vehicle
accidents, and the tissues are considered normal. DRG levels included
cervical, thoracic, and lumbar. Human trigeminal ganglia and brain were
used as positive control tissues.

Frozen tissue was cryosectioned at 14 �m and thaw mounted onto
Superfrost Plus slides (VWR). Slides were stored at �80°C until process-
ing for in situ hybridization.

Compounds and reagents. RO51 was synthesized at AstraZeneca, pre-
pared as previously described (Jahangir et al., 2009), and selected over
other compounds based on its in vitro potency, bioavailability, and half-

life. All reagents were purchased from Wisent
Bioproducts or Sigma unless specified.

In situ hybridization. Probes were designed
to recognize all reported transcripts for rat or
primate P2X2 or P2X3. The full-length probes
used corresponded to human P2X2b, rat
P2X2b, human P2X3, and rat P2X3. Partial
probes used were as follows: human P2X2b
probe from nucleotide 586 to 957 (from ATG
start codon); and monkey P2X3 probe from
nucleotide 586 to 957 (from ATG start codon).
P2X2 and P2X3 antisense riboprobes were
transcribed in vitro using RNA polymerase
(Promega) in the presence of [ 35S]-UTP and
[ 35S]-CTP (GE Healthcare). The quality of la-
beled riboprobes (and their hydrolysis) was
verified by electrophoresis and scintillation
counting. In situ hybridization was performed
as previously described (Mennicken et al.,
2003). Briefly, tissue sections were fixed in
PFA, rinsed in standard buffer, and incubated
overnight in hybridization buffer containing
the [ 35S]-labeled cRNA probe. After treat-
ment, sections were dehydrated and exposed to
film for 2 weeks. The slides were dipped in
emulsion and exposed before development
and counterstaining. Bright-field and dark-
field photomicrographs of sections were cap-
tured using a Leica microscope equipped with
a Leica DFC490 camera.

Cell counts. Three DRG tissue sections per
donor were quantified using the following
method. First, images of DRG were viewed un-
der 10� magnification. The total number of
neurons within a defined sampling square was
counted. A neuron was defined as a pale pink
cell showing a visible (light purple) nucleus
present within the area inside the sampling
square. Neurons touching the edges of the
sampling square were excluded. P2X2- or
P2X3-expressing neurons were considered
“positive” if emulsion grains were present
above the background level for that particular
DRG section. Neurons were counted over 10
randomly selected sampling regions per tissue
section per donor. Positive neuron counts were
expressed as a percentage of the total number
of neurons over a sampling of DRG sections.
Because expression of P2X2 and P2X3 mRNA
was consistent within a species, cell counts
were performed on a subset of the samples (hu-
man n � 3; monkey n � 2; rat n � 2).

RT-PCR. P2X1, P2X2, P2X3, and P2X4
mRNA were detected by distinct species-
specific PCR primers designed to amplify all
known variants of each receptor’s mRNA
within each species. PCR primer sequences
were as follows: primate P2X1 (TAGGTGGT
GCAAGAGTCAGG/AAGATGCCAATTCCA

GAGCC); primate P2X2 (TCGTCAGGCTACAACTTCAGG/TGTT
AGCAAGATCCAGTCGC); primate P2X3 (GTTGTGAAGAGCTG
GACCATC/GGCAGAATCCTTGCATCTG); and primate P2X4 (ATCC
TTCCCAACATCACCAC/GGCAAACCTGAAATTGTAGCC). All pri-
mate sequences were confirmed in monkey bladder reverse
transcribed cDNA. The P2X2 sequence was also confirmed in a hu-
man placenta cDNA library. Total mRNA was extracted from monkey
DRG homogenates, reverse transcription was performed using Super-
script II reverse transcriptase (Invitrogen), and amplification was
performed for 35 cycles.

Figure 1. Species differences in the expression of P2X2 mRNA. A, In situ hybridization of P2X3 and P2X2 mRNA expression in rat,
monkey, and human DRGs. P2X3 mRNA was predominantly detected in small-diameter neurons, and this pattern was consistent
across species. B, P2X2 was found in small- and medium-diameter neurons in rat DRGs but was virtually absent in monkey and
human DRGs. Neurons were considered positive when there was an accumulation of grains above the level of background (see
Materials and Methods). Some human samples contained lipofuscin, which was clearly identified as such in microscopy. C, RT-PCR ampli-
fication of mRNA from monkey DRG homogenates reveals P2X1, P2X3, and P2X4 expression and confirms the absence of P2X2 mRNA.
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Cell culture and mutagenesis studies. DRGs
were harvested (L4–L6 in 200–250 g rats and
T12–L6 in 2.5–4.0 kg monkeys) and digested
with collagenase-A (2 mg/ml) and papain (1 mg/
ml) in DMEM. Cells were plated on poly-D-
lysine-coated coverslips and maintained in F12
supplemented with 10% horse serum, 2 mM

glutamine-penicillin-streptomycin, and 2 ng/ml
NGF and GDNF. Culturing media for the
HEK293 cells was supplemented with DMEM
with 10% fetal bovine serum, 1% penicillin-
streptomycin, 1% MEM, and 1% glutamine.
HEK293 cells were transfected with EGFP and
P2X3 using PolyFect (Qiagen). Residues S67,
L69, L127, T162, A197, T202, and S267 were mu-
tated using the Quikchange method (Stratagene),
and mutations were confirmed by sequencing.

Electrophysiology. HEK293 cells and DRG
neurons were used in patch-clamp experi-
ments. Briefly, cells were perfused with an ex-
tracellular solution containing the following
(in mM): 137 NaCl; 8.1 Na2HPO4; 2.68 KCl;
1.47 KH2PO4; 0.9 CaCl2; 0.5 MgCl2 at pH 7.
Whole-cell voltage or current-clamp record-
ings (filtered at 1 kHz, digitized at 10 kHz) were
performed using an Axopatch 200B amplifier
and PClamp software (Molecular Devices).
Cells were recorded with borosilicate pipettes
(2– 6 M�) containing the following (in mM): 110
K-gluconate, 20 KCl, 10 EGTA, 8 NaCl, 10
HEPES, 1 MgCl2, and 4 Mg-ATP at pH 7.3.
RO51 was applied through the bath perfusion
system. The percentage of rescue was calcu-
lated as (Ih � Im)/(Ih � Ir) * 100%, where Ih,
Im, and Ir are the inhibition produced by each
concentration of RO51 on wild-type (WT) hu-
man, mutant human, or rat P2X3, respectively,
in HEK293 cells. Data are presented as mean �
SEM. For concentration–response curves, cur-
rent amplitude was normalized to the ampli-
tude of the control current. Potency (EC50 and
IC50) values are represented as the best-fit
value � 95% confidence interval. Statistical
analyses for differences in mean were per-
formed using either unpaired Student’s t test or
two-way ANOVA followed by Bonferroni’s
correction for multiple comparisons.

Results
P2X2 expression in DRG neurons
differs across species
We examined cross-species cellular expres-
sion of P2X2 and P2X3 mRNA in rat, mon-
key, and human DRG sections. In rat DRG,
P2X3 mRNA expression was readily de-
tected in 70% of neurons (191/271, primar-
ily small diameter neurons), consistent with
previous in situ hybridization reports
(Kobayashi et al., 2005). P2X3 expression was also readily detected in
monkey and human DRGs, albeit at lower levels relative to rat, being
detected in 51% (306/600) of human DRG neurons (Fig. 1A), in line
with a previous report on human P2X3 protein (Yiangou et al.,
2000). Human trigeminal ganglia were used as positive control tissue
to validate our methods and riboprobes for P2X3. P2X3 mRNA
expression was detected in trigeminal ganglia (data not shown) in
line with previous immunohistochemical (Xiang et al., 1998) and in
situ hybridization studies in rat (Collo et al., 1996).

P2X2 and P2X3 mRNA expression was assessed on adjacent
tissue sections. In rat, 26% (49/183) of small- and medium-
diameter DRG neurons expressed low or moderate levels of P2X2
mRNA, in agreement with a previous study (Kobayashi et al.,
2005). A similar pattern of P2X2 mRNA expression was expected
in monkey and human DRG samples (Vulchanova et al., 1997).
Interestingly, �1% of P2X2-positive neurons were detected in
monkey and human DRG tissue (Fig. 1B; monkey: 1/316 neu-
rons, human: 2/750 neurons).

Figure 2. Functional recordings in monkey DRGs confirm the absence of P2X2/3 channels. A, Representative rat and monkey
DRG neurons (arrow) in culture. B, C, Recordings from rat and monkey DRG neurons showing action potentials evoked upon
depolarization (B) and P2X3 currents evoked by ��meATP (10 �M, bar) (C). D, E, Currents generated by multiple applications of
��meATP in cells with transient (D) or sustained (E) current profiles. Contrary to rat DRGs, none of the 256 monkey DRG neurons
recorded displayed P2X2/3-like currents.
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The relative absence of P2X2 mRNA in primate DRGs was con-
firmed using several approaches. First, human brain was used as
positive control tissue to validate our methodology and our P2X2
riboprobes. P2X2 mRNA expression was consistently detected in
several brain regions including hippocampus, amygdala, and cortex
(data not shown), with or without hydrolyzing the full-length ribo-
probe to enhance hybridization (Cox et al., 1984). An additional
shorter 364 bp riboprobe was generated targeting the exons 6–9
conserved by all nine reported transcripts of human P2X2 gene, and
the low expression level of P2X2 mRNA in primate DRGs was con-
firmed (�1% of positive neurons; monkey: 1/197 neurons, human:
2/661 neurons). RT-PCR analysis of DRG homogenates also failed
to detect expression of P2X2 mRNA in monkey sensory neurons,
whereas primers specific for primate P2X1, P2X3, and P2X4 ampli-
fied a fragment corresponding to their respective cDNA (match con-
firmed by sequencing; Fig. 1C). Thus, although the distribution of
P2X3 mRNA expression is conserved across rat, monkey, and hu-
man sensory neurons, P2X2 mRNA expression levels in DRGs ap-
pear to differ across these species.

Monkey DRG neurons express functional P2X3 but not
P2X2/3 channels
Species differences in P2X2 expression suggest that rat DRGs may
not be predictive of human (or monkey) P2X pharmacology and
highlight the need for a better comparative model. Based on the
conserved expression profile of P2X2 and P2X3 in monkey and
human DRGs, we developed a monkey DRG assay as a surrogate
for human DRGs. This involved harvesting, culturing, and re-
cording monkey DRG neurons to test the pharmacology of native
P2X receptors. Monkey DRG neurons in culture showed a similar
developmental time course as rat DRG neurons, growing pro-
cesses after 48 h of incubation (Fig. 2A). Monkey and rat DRG
neurons shared similar membrane resting potentials (�58.6 �
0.7 and �58.4 � 0.6 mV, respectively; n � 50 cells each; p � 0.8,
unpaired Student’s t test) and firing upon depolarization (Fig.
2B). P2X3 currents were then compared between rat and monkey
DRG neurons. Brief application of the P2X3 and P2X2/3 receptor
agonist ��meATP (10 �M, 2 s) evoked fast-activating and quickly
desensitizing currents with P2X3-like kinetics in both rat and
monkey neurons (exponential decay fit: rat: �fast � 172 � 10 ms,
�slow � 1.9 � 0.1 s; monkey: �fast � 160 � 5 ms, �slow � 1.8 � 0.2 s;
n � 20 cells each; Fig. 2C). Currents resensitized after 3 min of
recovery, suggesting that the gating properties of P2X3 receptors
in monkey DRG neurons are consistent with predictions from
rodent studies (Sokolova et al., 2006).

In rat DRG neurons, ��meATP (10 �M, 2 s) evoked fast and
slow currents based on their desensitizing properties. Fast re-
sponses attributed to homomeric P2X3 receptors rapidly desen-
sitized and were not reactivated by a second application of
��meATP within 30 s (Fig. 2D). Slowly desensitizing responses
attributed to heteromeric P2X2/3 receptors (Pankratov et al.,
2001) were observed in 27% of recorded neurons and were
readily reactivated by multiple applications of ��meATP (Fig.
2E). In contrast, none of the recorded monkey DRG neurons
displayed P2X2/3-like currents (n � 256 neurons; Fig. 2D,E).
Upon repeated applications (within a 30 s interval) of ��meATP,
P2X3 currents were completely desensitized in monkey DRG
neurons. We also tested ATP (at 10 �M) in the majority of the
DRG neurons we recorded. We did not observe any sustained
currents or currents without rundown typical of P2X2 homom-
ers (data not shown). Consistent with our in situ hybridization
data, these findings confirmed the absence of functional PX2 and
P2X2/3 receptors in monkey sensory neurons.

��meATP is equipotent on rat and monkey P2X3
The similarity of P2X3 pharmacology between rodents and
primates was investigated by comparing concentration–
response curves of the agonist ��meATP on rat and monkey
DRG neurons. ��meATP was found equipotent in activat-
ing P2X3 in monkey and rat DRG neurons (monkey DRG
EC50 � 5.1 � 1.9 �M, n � 3–11 neurons/point; rat DRG
EC50 � 3.5 � 1.6 �M, n � 3–20 neurons/point; p � 0.05,
unpaired t test; Fig. 3A).

RO51 and TNP-ATP are less potent antagonists on human
than on rat P2X3
P2X3/P2X2/3 antagonists have been developed as a potential
novel class of analgesics (McGaraughty et al., 2003; Kaan et al.,
2010). Among them, RO51 and other diaminopyrimidines are
bioavailable P2X3/P2X2/3 antagonists producing antinociception
in rodent models of pain (Carter et al., 2009; Jahangir et al., 2009).
We therefore generated concentration–response curves of
RO51 by measuring the relative inhibition of P2X3 current am-
plitude at increasing antagonist concentrations and compared
across species the potency of RO51. Interestingly, the potency of
RO51 on P2X3 activity was significantly lower in monkey DRG
neurons compared with rat (IC50 � 324.0 � 2.1 and 7.3 � 3.0 nM,
respectively; n � 6 –12 neurons/point; p � 0.001, unpaired t test;
Fig. 3B). TNP-ATP, a structurally distinct P2X3 antagonist, was
also 23-fold less potent on monkey than on rat DRGs (IC50 �
20.7 � 3.4 and 0.9 � 1.3 nM, respectively; n � 3–31 neurons/
point, p � 0.005, unpaired t test, data not shown).

Figure 3. Species differences in P2X3 pharmacology. A, Concentration–response curve gen-
erated by ��meATP-evoked currents in rat and monkey neurons (EC50 in rat � 3.5 �M, Hill
slope � 0.70, n � 20 neurons; EC50 in monkey � 5.1 �M, Hill slope � 0.70, n � 11 neurons).
B, Concentration–response curve of RO51 on P2X3 currents in rat and monkey DRGs and shift in
potency (rat Hill slope � �0.76; monkey Hill slope � �0.61).
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To evaluate whether the decreased
potency observed in monkey DRGs also
occurred on the human receptor, we com-
pared the potency of RO51 on HEK293
cells expressing either rat or human P2X3.
In this recombinant system ruling out cel-
lular background differences, RO51 also
showed a significant drop in potency on
human P2X3 receptors (RO51 IC50 �
110.5 � 14.8 and 0.04 � 0.02 nM, respec-
tively for human and rat P2X3; n � 5–9
cells/point; p � 0.05, unpaired t test; Fig.
4A). Similar studies with TNP-ATP con-
firmed that human and rat P2X3 receptors
differed in their sensitivity to antagonists
(TNP-ATP IC50 � 1.2 and 0.07 nM, respec-
tively; data not shown).

The preserved species differences in
P2X3 pharmacology in recombinant sys-
tems suggest that this discrepancy may be
caused by intrinsic structural dissimilari-
ties in the two receptors. Despite their rel-
atively high homology (94% identity, 372/
397 identical residues; Fig. 4B), a small
number of amino acids might underlie
significant functional changes. We per-
formed mutagenesis studies to identify
residues on the human P2X3 subunit that
may be critical for the interaction with
RO51. Individual residues in the ectodo-
main of the human P2X3 receptor were
mutated to their rat counterpart (S67F,
L69R, L127F, T162M, A197D, T202R,
S267G; Fig. 4 B), and the rescue pro-
duced by each mutation relative to WT
human P2X3 was statistically compared
at two concentrations (1 and 100 nM) of
RO51. RO51 inhibition of the mutated
receptor at S67F, L69R, L127F, T162M,
and S267G was not statistically different
from values obtained on WT human re-
ceptors ( p � 0.05 at both 1 and 100 nM

RO51, two-way repeated-measures
ANOVA with Bonferroni test vs WT hu-
man; n � 5 cells each; Fig. 4 A). Of all
mutants tested, only A197D and T202R
were significantly different from WT human P2X3 (A197D
produced 47% rescue at 1 nM and T202R produced 74% rescue
at 100 nM; p � 0.001, two-way repeated-measures ANOVA
with Bonferroni test vs WT human; n � 5 cells each; Fig. 4A)
suggesting that these two residues play a major role in P2X3
antagonist action.

To further investigate the functional contribution of resi-
dues A197 and T202, a double-mutant human P2X3 receptor
was created (A197D�T202R) that combined both amino acid
changes. Inhibition of A197D�T202R by RO51 was statisti-
cally different from WT human. The potency of RO51 on
A197D�T202R revealed an IC50 of 0.49 � 0.48 nM representing a
significant 225-fold increase in potency compared with WT hu-
man P2X3, suggesting that the combination of these two amino
acids synergized their individual interactions with RO51 (p �
0.01, unpaired t test; n � 11 cells; Fig. 4A). The degree of rescue
reached 74.3% and 102.1% at 1 and 100 nM RO51, respectively,

confirming that A197 and T202 together are critically involved in
shifting the potency of this P2X3/P2X2/3 antagonist.

Discussion
Translatability between rodent and human P2X3 physiology has
not, to our knowledge, been reported. The present study uncov-
ers significant species differences that may prevent preclinical
studies from predicting analgesic efficacy of P2X3/P2X2/3 antag-
onists in humans. Although the pattern of P2X3 mRNA distribu-
tion was similar in rats and primates, there were unexpected
species differences in P2X2 mRNA expression. Consistent with
the lack of P2X2 mRNA expression in primate DRGs, P2X2/3
function was absent from native monkey sensory neurons. Fur-
thermore, the potencies of P2X3/P2X2/3 antagonists were de-
creased on primate P2X3R relative to rodent. Site-directed
mutagenesis identified two extracellular amino acid residues in
P2X3 receptors (A197 and T202 in rodent) that are critically

Figure 4. P2X3 structural determinants underlying species-dependent drop in RO51 potency. A, Concentration–response curve of
RO51 on WT rat P2X3 (gray, Hill slope��0.54), WT human P2X3 (black, Hill slope��0.61), and mutants of human P2X3. A197D �
T202R double mutant (red) increased the potency of RO51 on human P2X3 by 225-fold (Hill slope��0.78). B, P2X3 protein sequence for
rat, monkey, and human showing transmembrane domains (orange) and residues contributing to the agonist-binding site (green). Non-
conserved residues between rat and human ectodomains are highlighted in red, resulting in a different charge (C), polarity (P), size (S), or
charge and size (X).
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involved in the species-dependent interaction with RO51. Un-
derstanding these species differences could help select the most
relevant model species/assays and thereby design antagonists that
translate into effective analgesics in human.

Several lines of evidence demonstrate the functional homol-
ogy between monkey and human P2X physiology. First, P2X2
expression is relatively absent from monkey and human DRGs
compared with rat DRGs. Second, homology is higher between
monkey and human P2X3 sequences (4 different amino acid res-
idues) than between rat and human P2X3 sequences (25 differ-
ences). Third, the ATP binding domain is highly conserved
(Bodnar et al., 2011) consistent with ��meATP being equipotent
across species. Fourth, RO51 and TNP-ATP are equipotent on
monkey and human P2X3 as well as on mutants S67F, L127F, and
T162M. Overall, these studies emphasize the value of monkey
tissue for predicting human P2X3 pharmacology and, poten-
tially, clinical analgesic efficacy.

Primate sensory neurons do not express P2X2
Finding that P2X2 receptors are virtually absent from primate
sensory neurons was unexpected because this receptor was read-
ily observed in rodent DRG tissue (Kobayashi et al., 2005) and its
expression was previously reported in monkey DRGs using an
antibody directed against rat P2X2 (Vulchanova et al., 1997). The
reasons for this discrepancy in P2X2 localization are unclear but
may be due to the different methodologies used (in situ hybrid-
ization vs immunohistochemistry). In this study, we used two
different in situ hybridization probes spanning distinct regions of
the monkey and human P2X2 gene to confirm mRNA expression
differences. The near absence of P2X2 was not due to a loss of
mRNA integrity because mRNAs for other receptors were de-
tected on adjacent sections. Moreover, all our P2X2 probes con-
sistently detected low levels of P2X2 mRNA in various brain
regions, indicating that our method was sensitive enough to de-
tect low levels of P2X2 mRNA in DRGs. In addition, P2X2 mRNA
was not detected in monkey DRG using RT-PCR, a method
known for its high sensitivity. Finally, the fact that we did not
record any P2X2/3 current in patch-clamp electrophysiology
from monkey DRG neurons confirmed our findings on signifi-
cant species differences in the expression of P2X2 in pain path-
ways. Whether this finding only applies to DRG sensory neurons
or whether these species differences in P2X2 function also occur
in cranial or autonomic ganglia remains to be assessed. The near
absence of P2X2 mRNA in primate DRGs may have direct impli-
cations for drug discovery as we currently do not understand the
relative contribution of P2X3 homomeric versus heteromeric
P2X2/3 blockade underlying the analgesic effects observed in ro-
dents with a majority of disclosed nonselective antagonists.
Therefore, blockade of P2X2/3 receptors in rat sensory neurons
may produce analgesic effects that would lead to an overestima-
tion of efficacy in human.

Primate sensory neurons are less sensitive to
P2X3 antagonists
In the present study, a species difference in sensitivity to antago-
nists between native rat and primate P2X3 receptors was revealed.
This drop in antagonist sensitivity indicates that efficacious doses
of RO51 used in rats could underestimate the clinically relevant
dose required for efficacy in pain patients. It is unlikely that these
shifts in pharmacology are caused by differences in cellular back-
ground between sensory neurons from primates and rodents
since similar differences in antagonist potency between rat and
human P2X3 are measured in the same recombinant cell line.

Differences in potency between native tissue and recombinant
systems are also noted and confirm the need for native tissue in
drug discovery procedures. The mutagenesis data demonstrated
that amino acid residues at positions 197 and 202 in the ectodo-
main of the P2X3 receptor, located on the “dorsal fin” of P2X
subunits (Kawate et al., 2009), explain intrinsic species differ-
ences underlying this pharmacological shift. It shows that dis-
crete structural differences in P2X3 receptors have a strong
impact on the binding of antagonists and affect their potency.
The discovery of critical species differences in P2X3 receptors will
facilitate the development of a new generation of antagonists with
similar cross-species potency that could translate into new
analgesics.
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