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Abstract Chronic visceral pain is one of the primary

symptoms of patients with irritable bowel syndrome (IBS),

which affects up to 15% of the population world-wide. The

detailed mechanisms of visceral pain remain largely

unclear. Our previous studies have shown that neonatal

maternal deprivation (NMD) followed by adult multiple

stress (AMS) advances the occurrence of visceral pain,

likely due to enhanced norepinephrine (NE)-b2 adrenergic
signaling. This study was designed to explore the roles of

P2X3 receptors (P2X3Rs) in the chronic visceral pain

induced by combined stress. Here, we showed that P2X3Rs

were co-expressed in b2 adrenergic receptor (b2-AR)-
positive dorsal root ganglion neurons and that NE signif-

icantly enhanced ATP-induced Ca2? signals. NMD and

AMS not only significantly increased the protein expres-

sion of P2X3Rs, but also greatly enhanced the ATP-evoked

current density, number of action potentials, and intracel-

lular Ca2? concentration of colon-related DRG neurons.

Intrathecal injection of the P2X3R inhibitor A317491

greatly attenuated the visceral pain and the ATP-induced

Ca2? signals in NMD and AMS rats. Furthermore, the b2-
AR antagonist butoxamine significantly reversed the

expression of P2X3Rs, the ATP-induced current density,

and the number of action potentials of DRG neurons.

Overall, our data demonstrate that NMD followed by AMS

leads to P2X3R activation, which is most likely mediated

by upregulation of b2 adrenergic signaling in primary

sensory neurons, thus contributing to visceral

hypersensitivity.

Keywords Irritable bowel syndrome � Visceral hypersen-
sitivity � b2 adrenergic receptor � P2X3 receptor � Dorsal
root ganglion � Stress

Introduction

Irritable bowel syndrome (IBS) is a common gastrointesti-

nal disorder characterized by intestinal dyskinesia and

associated with chronic abdominal pain [1–3]. The clinical

treatment of chronic abdominal pain is very difficult [4–6].

Research on the disease has been slow due to the lack of

suitable animal models. Although previous studies have

deepened the understanding of the occurrence and regula-

tion of chronic somatic pain [7–10], the exact pathophys-

iological mechanism of IBS abdominal pain has not been

fully elucidated. Thus, effective treatment strategies for the

primary symptoms are still limited [11–13].

More and more evidence has demonstrated that severe

adverse environmental factors, especially earlier life stres-

sors may be an inducer that leads to visceral hypersensi-

tivity responses in humans and animals in adulthood

[14–16]. Our previous studies have shown that neonatal

maternal deprivation (NMD) followed by adult multiple

stress (AMS) advances the occurrence of visceral hyper-

sensitivity in rats, partly due to enhanced norepinephrine

(NE)-b2 adrenergic signaling, while NMD alone does not
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cause visceral hyperalgesia at the age of 6 weeks[17]. The

adrenergic signaling pathway plays an important role in

regulating stress responses in many organs including the

nervous system [18–20]. It has been reported that the

activation of adrenergic receptors regulates the transmis-

sion of nociceptive information by inhibiting neurons and

neurotransmitter release [15]. However, the mechanism by

which NE-b2 adrenergic signaling induces visceral pain

remains unknown.

Adenosine triphosphate (ATP) is an important neuro-

transmitter in the peripheral and central nervous systems.

Its receptors are classified into two subtypes according to

the signal transduction mechanisms and molecular struc-

ture: the ion channel type P2X receptors (P2XRs) and the

metabolic type P2YRs. Recent studies have shown that

ATP and its P2XRs may play an important role in

nociceptive signaling and pain regulation [21–24]. The

P2XR is a ligand-gated non-selective cation channel

receptor with seven subtypes, among which P2X3Rs are

selectively expressed in primary afferent sensory neurons,

such as the trigeminal ganglion and dorsal root ganglion

(DRG). They are widely involved in the occurrence and

development of inflammatory pain, neuropathic pain, and

cancer pain [25–27]. We have previously shown that

inflammation not only alters the voltage-dependence of

P2XRs and increases ATP currents, but also up-regulates

the expression of P2X2Rs and P2X3Rs [28]. In addition,

the expression of P2X3Rs in the brain increases signifi-

cantly in a visceral hyperalgesia model [29]. However,

whether P2X3Rs in colon-related DRGs mediate NE-b2
adrenergic signaling in visceral hyperalgesia induced by

NMD and AMS has not been reported.

Therefore, we hypothesize that NMD followed by AMS

enhances NE-b2 adrenergic signaling, which activates

P2X3R expression and function, thus contributing to

visceral hyperalgesia. To test this hypothesis, we investi-

gated the roles of P2X3Rs in colon-related DRGs using the

previously-developed animal model [30]. This and future

studies might shed light on the clinical mechanisms of

visceral pain in patients with IBS.

Materials and Methods

Animals

Adult male Sprague-Dawley rats weighing 150–250 g at

the age of 6–7 weeks were selected for the present study.

Care and handling of these animals were approved by the

Institutional Animal Care and Use Committee of the

Soochow University and were strictly in accordance with

the guidelines of the International Association for the

Study of Pain.

Establishment of the Combined Stress Rat Model

NMD rats and age-matched control rats experienced AMS

at the age of 6 weeks. The AMS protocol included cold-

restraint stress for 45 min, forced swimming stress for 20

min, and water-avoidance stress for 60 min. Rats rested for

1 h between each stressor. These animals were divided into

two groups: Control (CON)?AMS and NMD?AMS. The

specific methods to establish the NMD?AMS model are

described in our previously-published report [30].

Measurement of the Visceral Hyperalgesia Response

Chronic visceral hyperalgesia was measured by recording

the minimal distention to evoke an abdominal visceromotor

response to colorectal distention (CRD) based on previous

studies [12]. All behavioral tests were performed in a

blinded manner.

Drug Administration

A317491 (a P2X3R antagonist, 30 nmol/L intrathecally)

dissolved in 0.9% normal saline (NS) was directly injected

into the NMD?AMS rats once for behavioral experiments

and once daily for 7 consecutive days for molecular

expression and electrophysiological experiments. Butox-

amine (BUTO), a b2 adrenergic receptor (AR) antagonist,

at 5 mg/kg body weight was intraperitoneally injected into

the NMD?AMS rats once daily for 7 consecutive days for

molecular expression and electrophysiological experi-

ments. In the electrophysiological experiments, ATP (20

lmol/L) or NE (20 lmol/L) was dissolved in extracellular

fluid and directly incubated for 5 min with the acutely-

dissociated DRG neurons from CON?AMS rats.

Western Blotting

DRGs (T13–L2) from AMS-treated control or NMD rats

were dissected out to assess the expression of P2X1/2/3Rs

and b2-ARs. The antibodies used were anti-GAPDH

(1:2000, Goodhere, Hangzhou, China), anti-P2X1/2/3R

(1:1000, Alomone Labs, Hadassah Ein Kerem, Israel) and

anti-b2-AR (1:500, Santa Cruz Biotechnology, Texas,

USA). Band density was measured using ImageJ software.

The P2X1/2/3R and b2-AR expression was normalized to

GAPDH.

Real-Time qPCR

Total RNAs were extracted from DRGs (T13–L2) from

AMS-treated control or NMD rats with TRIzol (Thermo,

Waltham, MA USA). cDNA was synthesized from total

RNA using reverse transcription kits (TransGen Biotech,
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Beijing, China) as directed by the supplier’s instructions.

The sequences of the primer pairs for p2x3r were: (F) 50-
TTGGGATCATCAACCGAGCC-30 and (R) 50-ATGA-
CAAAGACAGAGGTGCCC-30. The sequences of the

primer pairs for gapdh were: (F) 50-TGGAGTC-
TACTGGCGTCTT-30 and (R) 50-TGTCA-
TATTTCTCGTGGTTCA-30. The control reaction was

performed without a DNA template.

Immunofluorescence Studies

Fourteen micrometer (14 lm) frozen sections of DRGs

(T13–L2) were used in the immunofluorescence study as

described previously [31, 32]. The primary antibodies were

anti-P2X3R (1:100, Novus Biologicals, Minneapolis,

USA), anti-b2-AR (1:50, Santa Cruz Biotechnology, Texas,

USA), gliocyte marker glutamine synthase (1:200, Abcam,

Cambridge, UK), neuron marker NeuN (1:50, MAB377,

Merck Millipore, Munich, Germany), large neuron marker

NF200 (1:200, Abcam), small and medium peptidergic

neuron marker CGRP (1:200, Abcam), small and medium

non-peptidergic neuron marker IB4? (1:500, Sigma,

Munich, Germany). The secondary antibodies were Alexa

Fluor 488 (1:100, Life Technologies Inc., Waltham, MA

USA) and 555 (1:500, Life Technologies Inc.). Negative

controls were without the primary antibodies.

Acute Dissociation of DRG Neurons and Whole-Cell

Patch Clamp Recording

NMD and control rats exposed to AMS were sacrificed by

decapitation (*6 weeks). Detailed procedures for the acute

dissociation of DRG neurons and patch clamp recording

were as described previously [25, 31]. The dissecting

solution (in mmol/L) was: 130 NaCl, 5 KCl, 2 KH2PO4, 1.5

CaCl2, 6 MgSO4, 10 glucose, 10 HEPES, pH 7.2, osmotic

pressure 305 mOsm. The patch-clamp recording normal

external solution (in mmol/L) was: 130 NaCl, 5 KCl, 2

KH2PO4, 2.5 CaCl2, 1 MgCl2, 10 HEPES, 10 glucose, pH

7.2, osmotic pressure 295–300 mOsm. The pipette solution

(in mmol/L) was: 140 K-gluconate, 10 NaCl, 10 HEPES,

10 glucose, 5 EGTA, 1 CaCl2, pH 7.25, 292 mOsm. The

enzyme solution contained collagenase D (1.8–2.0 mg/mL;

Roche, Auckland, Switzerland) and trypsin (1.2–1.5 mg/

mL; Amresco, Radnor, PA USA). The membrane proper-

ties were recorded by an HEKA EPC10 patch clamp

amplifier (HEKA Electronic GmBH; Lambrecht, Ger-

many). Data were recorded and analyzed using FitMaster

(HEKA Electronic GmBH).

Calcium Imaging

DRG (T13–L2) neurons were loaded with fura-2 ace-

toxymethyl ester (2 lmol/L, Invitrogen, Waltham, MA

USA) with F-127 for 90 min at 37�C. The ratio (R) of

fluorescence signal measured at 340 nm, divided by the

signal at 380 nm, is proportional to the intracellular Ca2?

mobilization as described previously [33]. The amplitudes

of Ca2? peak responses were computed as the difference

between the peak value and the baseline value.

Data Analysis

Origin 8 software (OriginLab, Northampton, MA) was

used for statistical analysis. All data are shown as the mean

± SEM, and the error bars represent the SEM. All data

were tested for a normal distribution before analysis.

Different data were analyzed by the two-sample t test, the

Mann-Whitney test, and other statistical analysis methods

as appropriate. P \ 0.05 was considered statistically

significant.

Results

P2X3Rs are Co-expressed with b2-AR in DRG

Neurons

Our previous studies have shown that NMD followed by

AMS induces visceral hypersensitivity in rats, partly due to

enhanced NE-b2 adrenergic signaling [30]. So we first

determined whether P2X3Rs were co-expressed with b2-
AR in DRG neurons in CON?AMS rats, and immunoflu-

orescence experiments showed that they were (Fig. 1A).

The analysis showed that the percentage of P2X3R-positive

cells among all b2-AR-positive cells was 25.18%, and the

percentage of b2-AR-positive cells among all P2X3R-

positive cells was 28.03% (Fig. 1B). These results laid a

foundation for verifying the interaction between b2-ARs
and P2X3Rs.

NE Enhances Calcium Signaling Induced by ATP

Next, the Ca2?-imaging technique was used to determine

whether NE enhanced P2X3R function. The Ca2? signals

induced by ATP (20 lmol/L) significantly increased after

incubation with NE (20 lmol/L) in CON?AMS rats

(Fig. 1C). The DR/R was 0.39 ± 0.11 (n = 33) before NE

application. Five minutes after NE application, the DR/R
was 0.81 ± 0.16 (n = 33). The ATP-induced intracellular

Ca2? mobilization returned to baseline after removal of

NE. These data indicated the involvement of adrenergic

signaling in the sensitization of P2X3R function.
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P2X3Rs are Predominantly Expressed in DRG

Neurons

In order to determine the localization of P2X3Rs in colon-

related DRGs of CON?AMS rats, the immunofluorescence

technique was used to co-label P2X3Rs and markers of

different cell types (Fig. 2A). The results showed that

P2X3Rs were mainly expressed in neurons labeled with

NeuN, but barely expressed in glial cells labeled with

glutamine synthase. Further, P2X3Rs were mainly

expressed in small and medium-sized non-peptidergic

neurons labeled with the plant lectin IB4?, but they were

less expressed in large neurons labeled with NF200, and

small and medium-sized peptidergic neurons labeled with

calcitonin gene-related peptide (CGRP). The analysis

showed that the percentages of P2X3R-positive cells

among CGRP- and IB4?-positive cells were 16.26% and

55.17%, respectively. The percentages of CGRP- and

IB4?-positive cells among all P2X3R-positive cells were

18.85% and 59.86%, respectively (Fig. 2B).

NMD and AMS Increases the Expression of P2X3Rs

To determine whether P2X3Rs are involved in the

formation of chronic visceral pain, we then examined the

expression of P2X3Rs in colorectal-related the T13–L2

DRGs of NMD?AMS rats compared with CON?AMS

rats. The results showed that the protein expression of

P2X3Rs in the NMD?AMS group was significantly higher

than that in the CON?AMS group (Fig. 3A). However, the

mRNA level was not altered significantly (Fig. 3B). To

determine whether the upregulation of P2X3R is specific in

this model, we also examined the expression of other

purinergic receptors, P2X1Rs and P2X2Rs. The results

showed that their protein expression was not altered in the

NMD?AMS group compared with the CON?AMS group

(Fig. 3C, D). These results suggested that P2X3R expres-

sion is specifically enhanced in the T13–L2 DRGs of

NMD?AMS rats.

Fig. 1 Co-expression of b2-
ARs with P2X3Rs in DRG

Neurons and Enhancement of

ATP-induced Ca2? Signaling by

NE incubation. A b2-ARs and
P2X3Rs are co-expressed in

colorectal-related DRG neurons

(red, b2-AR-positive cells;

green, P2X3R-positive cells;

arrows, co-labeled cells; scale

bar, 50 lm). B Analysis show-

ing that b2-ARs are co-ex-

pressed with P2X3R-positive

DRG neurons, and P2X3Rs are

also co-expressed with b2-AR-
positive DRG neurons (n = 3).

C An example from a cell

showing responses to ATP (20

lmol/L) before and after incu-

bation with norepinephrine (NE,

20 lmol/L) for 5 min. NE

significantly enhanced the ATP-

induced Ca2? signals compared

with extracellular solution

(EXTRA) (***P\ 0.001; n =
33, paired t test).
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Fig. 2 Cellular localization of P2X3R in colorectal-related DRGs in

CON?AMS rats. A Immunofluorescence results showing that P2X3R

has almost no co-labeling with glutamine synthase (GS)-labeled

satellite glial cells, but is co-localized with NeuN-labeled neurons.

Further P2X3Rs are mainly co-labeled with IB4?-labeled small and

medium-sized non-peptidergic neurons, and little with NF200-labeled

large neurons and CGRP-labeled small and medium-sized peptidergic

neurons (scale bar, 100 lm). B Analysis showing the majority of

P2X3Rs were co-expressed with IB4?-positive DRG neurons, and a

few were co-expressed with CGRP-positive DRG neurons (n = 3).

Fig. 3 Protein expression of

P2X3Rs is significantly

increased in NMD?AMS rats.

A Protein expression of P2X3R

is significantly higher in

NMD?AMS than in CON?-

AMS rats (n = 3/group; *P\
0.05, two-sample t test).
B There is no change in the

mRNA level of P2X3R in

NMD?AMS compared to

CON?AMS rats (CON?AMS,

n = 5; NMD?AMS, n = 6; P[
0.05, two-sample t test).
C There was no change in the

protein expression of P2X1R in

NMD?AMS compared to

CON?AMS rats (CON?AMS,

n = 4; NMD?AMS, n = 3, P[
0.05, two-sample t test).
D There is no change in protein

expression of P2X2R in

NMD?AMS compared to

CON?AMS rats (CON?AMS,

n = 4; NMD?AMS, n = 3; P[
0.05, two-sample t test).
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NMD and AMS Enhance ATP-Induced Currents,

the Number of Action Potentials, and Intracellular

Calcium Signals

Based on the results of high expression of P2X3Rs in

NMD?AMS rats, we next determined whether the function

of P2X3Rs was changed in the NMD?AMS rats using

whole-cell patch clamp recording from small and medium-

sized neurons in T13–L2 DRGs. P2X3-mediated currents

and action potentials (APs) were induced by application of

ATP (20 lmol/L). The results showed that the current

density and number of APs induced by ATP in the

NMD?AMS group were significantly higher than those in

the CON?AMS group (Fig. 4A; CON?AMS, –14.81 ±

2.20 pA/pF; NMD?AMS: –30.33 ± 3.32 pA/pF; Fig. 4B;

CON?AMS, 2.36 ± 0.45; NMD?AMS, 7.35 ± 1.71).

These results showed that NMD?AMS sensitizes P2X3R

function. To confirm this conclusion, ATP-induced the

intracellular Ca2? concentration was examined using Ca2?

imaging, which showed that the concentration increased

significantly after ATP activation in NMD?AMS rats

compared to CON?AMS rats (Fig. 4C; CON?AMS, 0.67

± 0.08; NMD?AMS, 1.35 ± 0.20). These results further

demonstrated that P2X3Rs may be involved in the

development of visceral hyperalgesia in NMD?AMS rats.

P2X3R Antagonist A317491 Attenuates Visceral

Hyperalgesia and Suppresses the ATP-Induced

Calcium Signals

Our previous study showed that NMD?AMS induces

visceral pain [30]. To determine whether P2X3Rs mediate

visceral hyperalgesia in NMD?AMS rats, we assessed the

analgesic effects of the P2X3R antagonist A317491. The

results showed that after intrathecal injection of A317491

(30 nmol/L), the CRD threshold of NMD?AMS rats was

significantly increased, and the effect lasted for 1.5 h

(Fig. 5A). However, A317491 had no significant effect on

CON?AMS rats (Fig. 5B). These results suggest that

A317491 specifically acts in NMD?AMS rats and reverses

visceral hyperalgesia in a time-dependent manner. Further,

we demonstrated that P2X3Rs are involved in the occur-

rence of visceral pain from a functional point of view.

After incubation with A317491 (30 nmol/L), the ATP-

induced Ca2? signal was significantly reduced (Fig. 5C,

D). These data further suggested that P2X3Rs are involved

in pain development.

Fig. 4 NMD?AMS treatment increases the ATP-induced inward

currents, the number of action potentials, and intracellular calcium

signals. A Typical recordings and statistics of ATP current curves

induced by 20 lmol/L ATP stimulation in CON?AMS and

NMD?AMS rats. Compared with the CON?AMS rats, the ATP-

induced current density is significantly increased in DRG neurons of

the NMD?AMS rats (CON?AMS, n = 28 cells; NMD?AMS, n =
38 cells; ***P\ 0.001, Mann-Whitney test). B Typical recordings

and statistics of action potentials (APs) induced by ATP (20 lmol/L)

stimulation in CON?AMS and NMD?AMS rats. Compared with the

CON?AMS rats, the ATP-induced APs in the NMD?AMS rats were

significantly increased (CON?AMS, n = 14 cells; NMD?AMS, n =
20 cells; *P\ 0.05, Mann-Whitney test). C Typical recordings and

statistics of Ca2? signals induced by 20 lmol/L ATP stimulation in

CON?AMS and NMD?AMS rats. Compared with the CON?AMS

rats, the ATP-induced Ca2? signal in the NMD?AMS rats was

significantly increased (CON?AMS, n = 120 cells; NMD?AMS, n =
67 cells; ***P\ 0.001, Mann-Whitney test).
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b2-AR Antagonist Reduces the Expression

of P2X3Rs

In order to determine the role of the adrenaline signaling

pathway in the regulation of P2X3R expression in the T13–

L2 DRGs of NMD?AMS rats, we assessed the expression

of P2X3Rs after administering butoxamine (BUTO, a b2-
AR antagonist, 5 mg/kg intraperitoneally once a day for 7

consecutive days) to NMD?AMS rats. The results showed

that the protein expression of P2X3Rs in the BUTO group

was markedly lower than that in the NS group of

NMD?AMS rats (Fig. 6A), but there was no significant

change in the mRNA level (Fig. 6B). To determine

whether inhibition of P2X3Rs affects b2-AR expression,

the P2X3R antagonist A317491 was used. Intrathecal

injection of A317491 (30 nmol/L, once a day for 7

consecutive days) did not affect the expression of b2-ARs
in NMD?AMS rats (Fig. 6C). These results suggest that

b2-AR acts as an upstream molecule that positively

regulates the expression of P2X3R protein in visceral

hyperalgesia in NMD?AMS rats.

BUTO Suppresses ATP-Induced Currents

and the Number of APs

Last but not least, we explored whether BUTO affects

P2X3R activity. The changes of ATP currents and APs

were assessed after intraperitoneal injection of the b2-AR
antagonist BUTO into NMD?AMS rats for seven consec-

utive days. The results showed that BUTO markedly

reduced the ATP-induced current density (Fig. 7A; NS, –

32.45 ± 5.70 pA/pF; BUTO, –13.79 ± 1.92 pA/pF) and the

number of APs (Fig. 7B; NS, 6.95 ± 1.15; BUTO, 3.15 ±

0.80). These results further demonstrate that b2-AR
positively regulates the function of P2X3Rs in DRG

neurons.

Discussion

Our previous study confirmed that NMD combined with

AMS induced visceral hyperalgesia in rats at 6 weeks and

demonstrated that NE signaling is an important mechanism

of combined stress-induced visceral hyperalgesia by reg-

ulating b2-ARs [30]. In the present study, we further

Fig. 5 P2X3R antagonist A317491 reverses visceral hyperalgesia

and the Ca2? signal in NMD?AMS rats. A A317491 significantly

increases the CRD threshold of NMD?AMS rats in a time-dependent

manner compared with NS (NS, n = 10; A317491, n = 6; *P\0.05,

***P \ 0.001, Tukey’s post-hoc test following two -way repeated

measures ANOVA). B A317491 has no significant effect in

CON?AMS rats (NS, n = 7; A317491, n = 7; P [ 0.05, Tukey’s

post-hoc test following two-way repeated measures ANOVA).

C Example of Ca2? signals from a cell showing responses to ATP

(20 lmol/L) before and after incubation with A317491 (30 nmol/L)

for 5 min in NMD?AMS rats. D Compared with the EXTAR, the

ATP-induced Ca2? signal is significantly decreased after incubation

with A317491 (n = 56 cells/group, ***P\ 0.001, paired t test).
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confirmed that activation of purinergic P2X3 receptors

participates in visceral pain. Importantly, this study

explored the possible interaction between adrenergic

signaling and purinergic receptors and revealed a new

mechanism by which the adrenergic signaling pathway

advances the visceral pain, which is most likely mediated

by activation of purinergic P2X3 receptors under combined

stress conditions.

As a member of the P2X receptor family, purinergic

P2X3 receptors are widely expressed in small and medium-

sized sensory neurons that transmit nociceptive informa-

tion [34, 35]. It is a ligand-gated, non-selective cation

channel that is activated by extracellular ATP [25, 36].

When ATP activates the P2X3R, the passage of Na?, K?,

and Ca2? are increased, thus leading to an increase in the

intracellular Ca2? concentration and the excitability of

neurons. Sensitization of P2X3Rs can induce hyperalgesia.

Recent studies have shown that P2X3Rs play an important

role in the development and progression of inflammatory

pain, cancer pain, and neuropathic pain [37, 38]. Our

previous studies first proposed that P2X3Rs in the insular

cortex participate in IBS-induced visceral hyperalgesia

[29]. This study showed that the protein expression of

P2X3Rs in T13–L2 DRGs was significantly up-regulated in

the NMD?AMS model. The expression of P2X1Rs and

P2X2Rs was not significantly altered, indicating a unique

role of P2X3 subtype receptors. Further study showed the

potentiation of P2X3R function since we showed that the

ATP-induced inward current density, number of APs, and

intracellular Ca2? concentration were markedly increased

in the T13–L2 DRGs of NMD?AMS rats. It has been

confirmed that the T13–L2 and L6–S2 DRGs are colon-

specific, and previous studies in our laboratory focused on

T13–L2 DRGs to explore the mechanisms of visceral

hypersensitivity in NMD?AMS rats. So, we chose T13–L2

to assess changes in the molecular expression and neural

excitability in the present study. Administration of the

potent P2X3R antagonist A317491 significantly reversed

the pain threshold of NMD?AMS rats, which is consistent

Fig. 6 b2-AR antagonist decreases the protein expression of P2X3Rs

in NMD?AMS rats. A BUTO (5 mg/kg) significantly decreases the

expression of P2X3R protein in NMD?AMS rats (n = 3; *P\0.05,

two-sample t test). B There was no change in the mRNA level of

P2X3R after BUTO injection in NMD?AMS rats (n = 3; P[ 0.05,

two-sample t test). C There was no change in the protein level of b2-
AR after injecting A317491 for 7 consecutive days in NMD ? AMS

rats (n = 4; P[ 0.05, two-sample t test).

Fig. 7 b2-AR antagonist reduces ATP-induced current density and

intracellular calcium signals. A Typical recordings and statistics of

the ATP-induced inward currents in NS- and BUTO-treated rats.

Injection of BUTO (5 mg/kg) once a day for 7 consecutive days

significantly reduced the ATP (20 lmol/L)-induced current density in

NMD?AMS rats (NS, n = 16 cells; BUTO, n = 23 cells; **P\0.01,

Mann-Whitney test). B Typical recordings and statistics of APs

induced by 20 lmol/L ATP in NS and BUTO rats. Injection of BUTO

once a day for 7 consecutive days significantly reduced the number of

ATP-induced APs in NMD?AMS rats (NS, n = 20 cells; BUTO, n =

13 cells; *P\ 0.05, Mann-Whitney test).
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with previous studies [35, 39]. Because the drug reaches

the spinal cord after intrathecal injection, we cannot rule

out an effect of A317491 on P2X3R in the spinal cord.

Since P2X3Rs are predominantly expressed in DRG

neurons and A317491 is a potent inhibitor on P2X3Rs, it

is reasonable to use this method to evaluate the effect of

P2X3Rs in the DRG.

Next, we investigated the mechanisms by which the

expression and function of purinergic P2X3Rs were

potentiated in NMD?AMS rats. Based on our previous

study showing that NE–b2-AR signaling plays a critical

role in the combined NMD and AMS model, we proposed

that the adrenergic receptor b2-AR regulates the expression

and function of the P2X3Rs in NMD?AMS rats. To test

this hypothesis, we first confirmed the co-expression of b2-
ARs and P2X3Rs in T13–L2 DRG neurons (of course, it

would be good to demonstrate that P2X3Rs and b2-ARs
are co-expressed in colon-specific DRG neurons by

retrograde labeling from the colon and to investigate the

percentages that might differ between naı̈ve and

NMD?AMS rats in future experiments). Next, we tested

their targeting relationship. After intraperitoneal injection

of the b2-AR antagonist BUTO into NMD?AMS rats for 7

consecutive days, the protein expression of P2X3Rs was

suppressed. This result not only supports our previous

finding that BUTO suppresses visceral pain [30], but also

indicates that adrenergic signaling might be part of the

upstream machinery of P2X3R activation. To test this, we

used A317491, which did not affect the expression of b2-
ARs, indicating that P2X3R activation might not be part of

the upstream machinery of adrenergic signaling. Together

with other findings that application of BUTO suppressed

the ATP-induced inward currents and number of action

potentials and that NE significantly enhanced the ATP-

induced Ca2? signal in T13–L2 DRGs neurons of

CON?AMS rats, it is reasonable to conclude that P2X3R

activation is most likely mediated by enhanced adrenergic

signaling in the combined stress rat model. This conclusion

is consistent with our previous study that adrenergic

signaling mediates mechanical hyperalgesia by activating

the P2X3Rs of primary sensory neuron in rats with chronic

pancreatitis [33]. Of note, the suppression of adrenergic

signaling did not affect the mRNA levels of P2X3Rs,

suggesting that b2-AR signaling might regulate P2X3R

protein expression after transcription. Whether there are

other mechanisms such as roles of microRNAs involved in

this regulation needs to be further explored. It is also

important to further investigate the detailed molecular

mechanism by which the activation of b2-ARs promotes

purinergic receptor activity under combined stress condi-

tions. In addition, the rapid effect of NE-induced Ca2?

signaling might not be mediated by upregulation of P2X3R

expression in vitro. The purpose of this experiment was to

explore the possible interaction of NE and ATP at the DRG

neuronal level. This experiment provides a clue that the NE

signaling pathway promotes ATP-induced responses. The

detailed mechanism of this phenomenon has not been fully

investigated. The possible mechanisms might include but

may not be limited to the trafficking of P2X3Rs from the

cytosolic compartment to the cell membrane and changes

in channel kinetics, including increased open probability.

Together with our previously report [30], our findings

support the view that the combined stressors enhance NE–

b2-AR signaling and then activate P2X3R expression and

function, thus advancing visceral hyperalgesia. This study

helps to elucidate the pathogenesis of visceral hyperalgesia

induced by early and adult combined stress. It also suggests

that AR inhibitors or P2X3R inhibitors might be alternative

drugs to alleviate abdominal pain in IBS patients.
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