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SUMMARY

Aims: Insular cortex (IC) is involved in processing the information of pain. The aim of this

study was to investigate roles and mechanisms of P2X7 receptors (P2X7Rs) in IC in develop-

ment of visceral hypersensitivity of adult rats with neonatal maternal deprivation (NMD).

Methods: Visceral hypersensitivity was quantified by abdominal withdrawal reflex thresh-

old to colorectal distension (CRD). Expression of P2X7Rs was determined by qPCR andWes-

tern blot. Synaptic transmission in IC was recorded by patch-clamp recording. Results: The

expression of P2X7Rs and glutamatergic neurotransmission in IC was significantly increased

in NMD rats when compared with age-matched controls. Application of BzATP (P2X7R ago-

nist) enhanced the frequency of spontaneous excitatory postsynaptic currents (sEPSC) and

miniature excitatory postsynaptic currents (mEPSC) in IC slices of control rats. Application

of BBG (P2X7R antagonist) suppressed the frequencies of sEPSC and mEPSC in IC slices of

NMD rats. Microinjection of BzATP into right IC significantly decreased CRD threshold in

control rats while microinjection of BBG or A438079 into right IC greatly increased CRD

threshold in NMD rats. Conclusion: Data suggested that the enhanced activities of P2X7Rs

in IC, likely through a presynaptic mechanism, contributed to visceral hypersensitivity of

adult rats with NMD.

Introduction

The insular cortex (IC), an important component of the limbic

system, is involved in processing the sense of taste, emotion,

and perception of innocuous warm and cold [1–3].

Recent studies have shown that painful stimuli activate IC

and that direct stimulation of IC evokes painful sensations

[4,5]. There is a correlation between IC and phantom limb

pain [6]. IC plays roles in modulation of both affective and

sensory components of pain [7–9]. Although hypersensitivity

in patients with irritable bowel syndrome (IBS) is accompa-

nied by increased activities in IC and ACC [10], whether IC is

involved in chronic visceral hypersensitivity (CVH) of

adult rats with neonatal maternal deprivation (NMD) is

unknown.

ATP as an energetic substance for cellular metabolism can be

released into extracellular space and plays an important role in

mediating fast excitatory neurotransmission [11] as well as cal-

cium waves between astrocytic glial cells [12]. ATP has also been

considered to be a neuromodulator [13,14]. The P2X receptors

for ATP are ligand-gated nonspecific cation channels [11]. Acti-

vation of P2X receptors could directly or indirectly increase

synaptic transmission [11]. Among the subtypes of P2X recep-

tors, P2X7 receptors (P2X7Rs) are widely found in central ner-

vous system (CNS) such as cerebral cortex [15–17]. It is usually

activated by a high concentration of ATP (>100 lM) in vivo [18].
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The activation of P2X7Rs is involved in the regulation of cal-

cium-dependent and calcium-independent release of glutamate

[19]. Compared with other P2X receptors, P2X7Rs were more

commonly seen in the presynaptic sites of CNS including the

spinal cord, medulla oblongata and nodose ganglia [20], and

excitatory presynaptic terminals in forebrain regions [21]. How-

ever, the expression and distribution of P2X7Rs in IC are not

clear. Neither is the physiological function of P2X7Rs in the IC in

the development of CVH.

In this study, we assumed that P2X7Rs in IC were involved in

regulation of visceral hypersensitivity of NMD rats. Integrative

approaches, including whole cell patch clamping, Western blot-

ting, qPCR, immunohistochemistry, and behavioral techniques,

were used to prove the hypothesis.

Materials and Methods

NMD and Measurement of Chronic Visceral
Hyperalgesia (CVH)

Handling of the animals was approved by the Institutional Animal

Care and Use Committee at Soochow University and was strictly

in accordance with the guidelines of the International Association

for the Study of Pain. Pups of male Sprague Dawley rats for NMD

group were separated from the maternity cages and placed in iso-

lated cages with an electric blanket to keep them warm (32°C) for

3 h daily from postnatal days 2–15. After the separation period,

pups were returned to their maternity cages. Pups for control

group (CON) were not exposed to handling. CVH induction and

assessment were performed according to the protocol described

previously [22,23]. Experiments were performed in these rats at

the age of 6–7 weeks.

Drug Administration

For behavioral experiments, BzATP (P2X7R agonist), brilliant

blue G (BBG) (P2X7R antagonist), and A438079 (P2X7R antag-

onist) were diluted by normal saline (NS) (NaCl, wt/v 0.9%).

The drugs, NS, or vehicle for A438079 (NS with DMSO) were

stereotactically injected into the unilateral IC of rats. It is

reported that there is a stronger functional link between right

insula and autonomic regions, whereas left anterior regions do

not show connectivity with the thalamus at all; there is a

more prominent sympathetic role of the right insula [24].

Because NMD mimics the effects of early life stress on the

development of emotional and social behaviors, we mainly

explored the role of the right IC in the development of visceral

hypersensitivity of NMD rats by microinjecting drugs into right

IC. A stainless guide cannula with 24 gauge was fixed unilater-

ally on the right hemisphere of the skull aiming at IC (coordi-

nates with respect to Bregma: AP 0.5 mm, ML 5.6 mm, DV

7.0 mm, angle 0) using dental cement. The drugs, NS, or vehi-

cle (1 lL) were injected into right IC by a needle head through

the guide cannula and reached a final depth of 7.5 mm below

dura. The way of microinjection was done as described previ-

ously [23]. CRD threshold was assessed before drug microinjec-

tion and tested once every 5 min after microinjection until the

effect of drug totally disappeared. The drug concentrations used

in the study were based on our preliminary data and reports

from other groups [19,20,25,26].

Western Blotting

The Western blotting process was done as described in our previ-

ous reports [23]. The membrane carried P2X7Rs (~90 KD) was

incubated with anti-P2X7Rs antibody (1:500, APR004, Alomone

Labs, Jerusalem, Israel), and the membrane carried GAPDH

(~37KD) was incubated with anti-GAPDH antibody (1:200, sc-

25778, Santa Cruz, Dallas, TX, USA). Band intensities were mea-

sured using ImageJ software. P2X7Rs protein expression was nor-

malized to GAPDH.

Real-Time qPCR for P2X7R mRNA

Total RNA was extracted from IC of both hemispheres from con-

trol and NMD rats with TRIzol (15596026, Ambion, Shanghai,

China). cDNA was synthesized from total RNA using an Reverse

transcription kit (AE301-03, Transgen Biotech, Beijing, China)

following the supplier’s instructions. The sequences of the primer

pairs for p2x7r used in quantitative polymerase chain reaction are

as follows: (F) 50-CGGCACCATCAAGTGGATCTT-30 and (R) 50-CT

GCAACGCCTTTGACCTTG-30; the sequence of the primer pairs for

gapdh (as an internal control) used in quantitative polymerase

chain reaction is as follows: (F) 50 -TGGAGTCTACTGGCGTCTT-30

and (R) 50-TGTCATATTTCTCGTGGTTCA-30. Control reactions

were performed without cDNA templates.

Slice Preparation and Whole Cell Patch-Clamp
Recordings in the IC

Rats of both control and NMD group (100–130 g, 6–7 weeks of

age) were anesthetized with 4% chloral hydrate. Transverse brain

slices of the IC (400 lm) were cut using standard methods [23,27]

with oxygenated (95% O2, 5% CO2) solution (in mM): 93 NMDG,

2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 20 HEPES, 5 sodium ascorbate,

2 thiourea, 3 sodium pyruvate, 12 NAC, 10 MgSO4, 0.5 CaCl2, and

25 glucose, around 32°C. Ten minutes after cutting, slices were

transferred into oxygenated holding solution (in mM): 94 NaCl,

2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 20 HEPES, 5 sodium ascorbate,

2 thiourea, 3 sodium pyruvate, 2 MgSO4, 2 CaCl2, 12 NAC, and 25

glucose, under room temperature. After recovery for at least 1 h,

the slices were perfused with ACSF (in mM): 124 NaCl, 2.5 KCl,

1.2 NaH2PO4, 24 NaHCO3, 5 HEPES, 12.5 glucose, 2 MgSO4 and 2

CaCl2. The recording chamber was on the stage of a BX51WI

microscope (Olympus, Shinjuku-ku, Tokyo, Japan) equipped with

infrared differential interference contrast optics for visualizing

whole cell patch-clamp recordings. Excitatory postsynaptic cur-

rents (EPSCs) and action potentials (APs) were recorded from IC

with a Digidata 1440A interface, MultiClamp 700B amplifier, and

pClamp10 software (Axon Instruments, Sunnyvale, CA, USA).

The internal solution of the electrodes (4–8 MO tip resistance)

contained the following (in mM): 133 K-gluconate, 8 NaCl, 0.6

EGTA, 10 HEPES, 2 Mg-ATP, and 0.3 Na-GTP. The cell type was

distinguished under current clamp mode according to the electro-

physiological characteristics described by Washburn and Moises in

response to intracellular injection of a depolarizing current (100–
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300 pA, step 50 pA, duration 1000 ms) [28]. Only the data of exci-

tatory neurons were used for further analyses of sEPSCs. The

mEPSCs were recorded in the presence of TTX (1 lM) in the

extracellular solution. Series resistance (<20 MO) was checked

throughout the experiment to ensure high-quality recordings.

The membrane potential was held at �70 mV throughout the

experiment for EPSC recording. Data were sampled and filtered at

10 kHz.

BzATP (an agonist of P2X7Rs) and BBG (an antagonist of

P2X7Rs) were bought from Sigma (St. Louis, MO, USA).

A438079, an antagonist of P2X7Rs, was bought from Tocris

(Bristol, UK). All drugs were dissolved in ACSF on the day of

experiment and added by perfusion.

Histology and Immunofluorescence Study

At the end of the experiment, the site of microinjection was veri-

fied following Nissl staining method described previously [23].

The thickness of coronal slices was 30 lm. After staining, the

images were analyzed by comparing them to an anatomical atlas.

If a site was outside the IC, data of that rat were excluded and not

been analyzed. For immunofluorescence, 15-lm frozen sections

of slices were simultaneously incubated with synaptophysin

(1:100, ab8049, Abcam, Cambridge, UK), P2X7R (1:100, ab93354,

Abcam), and IBA-1 (1:1000, 019-19741, Wako, Tokyo, Japan)

antibodies for overnight at 4°C and then incubated with sec-

ondary antibody with Alexa Fluor 488 and 555 (1:500, Life Tech-

nologies Inc., Shanghai, China) for 2 h at room temperature.

Negative controls were performed without the primary antibody.

Data Analyses

A fixed length of traces (3 min) of EPSCs was analyzed using

MiniAnalysis program 6.0.3 (Synaptosoft, Decatur, GA, USA).

Normality was checked for all data before comparisons. Data were

analyzed using two-sample t-test, Mann–Whitney U-test, paired-

sample t-test, paired-sample Wilcoxon signed-rank test, one-way

repeated-measures ANOVA followed by Tukey’s post hoc test,

Dunn‘s post hoc test following Friedman ANOVA with Origin 8

(Origin Lab Inc., Northampton, MA, USA), and Kolmogorov–

Smirnov test, as appropriate. All values were shown as

mean � SEM; error bars in the figures stand for SEM. P < 0.05

was considered significant.

Results

Enhanced Expression of P2X7 Receptors in IC of
NMD Rats

As CVH was induced by NMD at the age 6–7 weeks [22], the

expression of P2X7Rs was checked in IC at the same time period

after NMD. There was a significant upregulation of P2X7Rs in IC

of both hemispheres at protein level as well as at mRNA level

when compared with controls (Figure 1A,B, ***P < 0.001,

*P < 0.05, n = 4 for each group, two-tailed two-sample t-test).

However, protein level of P2X1Rs showed a significant upregula-

tion only in left but not right hemisphere of IC in NMD rats com-

pared with controls. In contrast, P2X3Rs showed a significant

upregulation only in right but not left side of IC in NMD rats com-

pared with controls (Figure 1C,D, *P < 0.05, n = 4 for each group,

two-tailed two-sample t-test). As P2X7Rs were upregulated in

both sides of IC, we therefore focused on the roles of P2X7Rs in

the present study.

Hyperexcitation of IC Neurons in NMD Rats

The firing frequency of excitatory neurons of IC slice was next

examined for control (CON) and NMD rats. The neurons (n = 17)

Figure 1 Upregulation of P2X7Rs expression

in IC of NMD rats. (A) Expression of P2X7Rs at

protein level was significantly increased in IC of

both hemispheres of NMD rats when

compared with age-matched control rats

(CON). (B) mRNA level of P2X7Rs was markedly

enhanced in IC of both hemispheres of NMD

group. (C) Protein level of P2X1Rs was

significantly increased in left but not right

hemisphere of IC of NMD rats compared with

control rats. (D) Protein level of P2X3Rs was

obviously increased in right but not left side of

IC of NMD rats compared with control rats.

n = 4 rats for each group, *P < 0.05,

**P < 0.01, ***P < 0.001 versus CON.
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from NMD rats had a significant higher action potential firing rate

than those (n = 15) from control rats at 6–7 weeks of age, under

current clamp mode in response to intracellular depolarizing cur-

rent stimulation at 100 pA (Figure 2A; *P < 0.05 vs. CON),

Mann–Whitney U-test for each current density), indicating the

hyperexcitation of IC excitatory neurons of NMD group. However,

membrane input resistance, resting membrane potential (RMP),

and action potential (AP) threshold were not significantly altered

after NMD when compared with controls (Figure 2B–D).

Increase in Glutamatergic Synaptic Activity of IC
Neurons in NMD Rats

The spontaneous excitatory postsynaptic currents (sEPSCs) of IC

neurons were compared between control and NMD group. The

representative traces from two typical neurons of IC slices control

and NMD rats illustrated an increase in frequency, without obvi-

ous change in amplitude of sEPSCs (Figure 2E). The average

results in Figure 2F,G also suggested a significant increase in fre-

quency of sEPSCs in IC of NMD rats (n = 18 for control, n = 9 for

NMD, **P < 0.01, Mann–Whitney U-test).

BzATP Enhanced Glutamatergic Synaptic Activity
in IC of Control Groups Through a Presynaptic
Mechanism

Activation of P2X7Rs by BzATP, a very potent agonist of P2X7Rs

[20], should increase the glutamatergic synaptic activity of IC in

control slices. We next showed that BzATP at 30 lM was effective

in increasing sEPSCs in seven of seven excitatory neurons tested.

The representative current trace (Figure 3A) demonstrated a

shortening of interevent intervals with the presence of BzATP in a

typical excitatory neuron. It is also shown in the figures of cumu-

lative fraction of peak amplitude and interevent intervals (Fig-

ure 3B,C, left). Normalized mean values for amplitude and

frequency are shown in Figure 3B,C (right). The results suggested

that there was a significant increase in average frequency of

sEPSCs (Fig. 3C, right, n = 7, *P < 0.05, paired-sample Wilcoxon

signed-rank test), without change in its amplitude (Figure 3B,

right). In all cells, the sEPSCs were completely blocked by CNQX

(10 lM), suggesting that sEPSCs were mediated by non-NMDA

receptors (data not shown).

To assess whether BzATP acts on presynaptic or postsynaptic

sites in the IC, the amplitude and frequency of mEPSCs were mea-

sured in the absence and presence of BzATP in brain slices of con-

trol rats. It was proved by Kolmogorov–Smirnov test that BzATP

(30 lM) was effective in affecting mEPSCs in six of seven neurons

tested. The typical current trace of a single neuron demonstrated

an increase in frequency without change in mEPSCs amplitude

after the addition of BzATP in IC neurons (Figure 3D). The aver-

age results are shown in Figure 3E,F (right, n = 6, *P < 0.05,

paired-sample Wilcoxon signed-rank test). The present result of

mEPSCs suggested the presynaptic activation of P2X7Rs by BzATP

in control slices. As it is reported that the activation of P2X7Rs

increases the release of presynaptic glutamate [20], we checked

this conclusion in this study. No sEPSC was recorded in the pres-

ence of CNQX (10 lM) and D-APV (30 lM) with or without

BzATP (Figure S1A), which is consistent with the previous report

Figure 2 Comparison of membrane properties and sEPSCs of pyramidal neurons between control and NMD group. (A) Representative traces of action

potential of control (CON) and NMD groups evoked by 100-, 200-, 300-, and 400-pA current stimulation. Bar plot illustrating higher firing frequency of

neurons in NMD rats than those in control rats in response to different intensity of injected currents. (B) Membrane input resistance, (C) resting

membrane potential (RMP), and (D) action potential (AP) threshold were not altered after NMD. n = 15 cells for control group and n = 17 for NMD group,

*P < 0.05 versus CON. (E) Recordings illustrating sEPSCs of typical neurons in IC of CON (top) and NMD (bottom) rats. (F) No change in peak amplitude of

sEPSC after NMD. (G) Increase in sEPSC frequency in NMD group. n = 18 cells for control group, n = 9 cells for NMD group, **P < 0.01 versus CON.
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[20]. As BzATP has been reported to act also on P2X1 and P2X3

receptors [29], we applied BzATP (30 lM) after the application of

A438079, a specific antagonist of P2X7Rs, on control slices. No sig-

nificant excitatory effect on sEPSC of IC neurons was observed for

BzATP with the presence of A438079 (Figure S1B–D).

Expression of P2X7Rs in IC

The distribution of P2X7Rs in IC was determined by immunofluo-

rescence study. The anatomy on the brain marked by nucleus

marker DAPI and the brain atlas pointed the site of IC (Figure 4A,B).

P2X7Rs were also colocalized with NeuN, a marker of neurons

(Figure 4C). As shown in Figure 4D, many P2X7Rs were colocal-

ized with synaptophysin, a marker of presynaptic sites [30]. The

result is consistent with the presynaptic mechanism of P2X7Rs as

suggested by our electrophysiological studies. Only very few

P2X7Rs colocalized with IBA-1 (a marker of microglia cells) and

GFAP (a marker of astrocyte cells), as shown in Figure 4E,F.

BBG Reduced Glutamatergic Synaptic Activity of
IC Neurons in NMD Group Through a Presynaptic
Mechanism

Brilliant blue G (BBG), an antagonist of P2X7Rs, was used in this

study to affect sEPSCs of excitatory neurons of IC slices in NMD

rats. The typical current traces (Figure 5A), the cumulative frac-

tion of peak amplitude and interevent intervals for a representa-

tive neuron (Figure 5B,C, left), and normalized mean values for

amplitude and frequency (Figure 5B,C, right, n = 6, *P < 0.05,

paired-sample Wilcoxon signed-rank test) all suggested that

Figure 3 Enhancement of glutamatergic synaptic activity of neurons by BzATP in control rats. (A) Representative traces illustrating sEPSCs of an IC

neuron of control rats before and after the addition of BzATP (30 lM). (B) Cumulative fraction of peak amplitude of sEPSCs in an IC pyramidal neuron

under the pre- and postdrug conditions (left); bar plot showing no significant change in sEPSC peak amplitude by BzATP (right). (C) Cumulative fraction of

interevent intervals of sEPSCs under the pre- and postdrug conditions (left); bar plot showing the significant increase in sEPSC frequency by BzATP (right).

n = 7 cells, *P < 0.05 versus pre. (D) Representative traces illustrating mEPSCs of an IC neuron before and after the addition of BzATP (30 lM); TTX

(1 lM) was used to block action potentials. (E) Cumulative fraction of peak amplitude of mEPSCs in one IC pyramidal neuron under the predrug and

postdrug conditions (left); bar plot showing no significant change in mEPSC peak amplitude by BzATP (right). (F) Cumulative fraction of interevent intervals

of mEPSCs under the predrug and postdrug conditions (left); bar plot showing that mEPSC frequency was markedly increased by BzATP treatment (right).

Peak amplitude and frequency of BzATP-treated neurons was normalized by that from the same neuron before BzATP treatment. n = 6 cells, *P < 0.05

versus Pre.
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blockade of P2X7Rs decreased the frequency of sEPSCs of IC neu-

rons in NMD rats, without change in amplitude (Figure 5B, right).

To further assess whether BBG acts on presynaptic or postsynaptic

sites in the IC, the frequency and amplitude of mEPSCs were mea-

sured in the absence and presence of BBG in IC slices of NMD rats.

The typical current traces (Figure 5D), the cumulative fraction of

peak amplitude and interevent intervals for a representative neu-

ron (Figure 5E,F, left), and normalized mean values for amplitude

and frequency (Figure 5E,F, right, n = 6, *P < 0.05, paired-sam-

ple Wilcoxon signed-rank test) all suggested that the blocking site

of P2X7Rs by BBG is most likely presynaptic, which is consistent

with the finding that the site of activation of P2X7Rs in IC slices

was presynaptic in control rats.

BzATP Induced Visceral Hypersensitivity in
Control Rats and BBG or A438079 Reversed
Visceral Hypersensitivity in NMD Rats

We then microinjected BzATP into right hemisphere of IC to

examine the effect of BzATP in control rat. Microinjection of

BzATP led to a large decrease in the CRD threshold in control rats.

The microinjection sites are shown in Figures 6A and 4B. The sig-

nificant hyperalgesia effect was observed at 30 lM BzATP (Fig-

ure 6B, n = 6 for each group, *P < 0.05 vs. NS, Tukey’s post hoc

test following one-way repeated-measures ANOVA) and lasted for

15 min (Figure 6C, n = 7 for each group, ***P < 0.001 vs. NS,

Dunn’s post hoc test following Friedman ANOVA), which was con-

sistent with previous reports [31]. We next examined the effect of

blockade of P2X7Rs on visceral hypersensitivity of NMD rats.

Injection of BBG (0.1 or 1 lM) significantly increased CRD

threshold in NMD rats with a bigger effect at 1 lM when tested

5 min after BBG injection (Figure 6D, n = 6 for each group,

*P < 0.05 vs. NS, **P < 0.01 vs. NS, Tukey’s post hoc test following

one-way repeated-measures ANOVA). The analgesia effect of

BBG at dose of 1 lM disappeared when tested 15 min postinjec-

tion (Figure 6E, n = 6 for each group, ***P < 0.001, **P < 0.01

vs. NS, Tukey’s post hoc test following one-way repeated-measures

ANOVA). The effect of A438079, another highly selective antago-

nist of P2X7Rs [32], on CRD threshold in NMD rats was also deter-

mined. A438079 (500 or 1 mM) significantly increased CRD

threshold (Figure 6G, n = 5 for each group, *P < 0.05 for

500 nM, **P < 0.01 for 1 mM, paired-sample t-test) when tested

5 min postinjection. The analgesia effect of A438079 (1 mM)

existed at 5 min postinjection (Figure 6H, n = 5 for each group,

**P < 0.01 vs. vehicle, Tukey’s post hoc test following one-way

repeated-measures ANOVA). A438079 (1 mM) did not alter CRD

threshold in age-matched healthy control rats (Figure 6F, n = 6

for each group).

(A) (B)

(C) (D)

(E) (F)

Figure 4 Colocalization of P2X7Rs and IC

cells. (A) The anatomy on the brain dyed by

nucleus marker DAPI, and IC part is pointed by

white box. (B) Brain atlas shows the site of IC.

Black spots represent the microinjection

position. (C, D, E, F) P2X7Rs are marked by

green dots. (C) Neurons were marked by NeuN

in red dots. (D) Presynaptic sites were marked

by synaptophysin in red dots. (E) Microglia cells

were marked by IBA-1 in red dots. (F) Astrocyte

cells were marked by GFAP in red dots. Scale

bar in Figure A and C equals 2 mm and

100 lm, respectively.
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Discussion

IC is involved in peripheral nerve ligation-induced neuropathic

pain [33], CFA-induced hyperalgesia [34], phantom limb pain of

human [6], but not in acute pain [35]. In the present study,

although the expression of P2X7Rs upregulated in both hemi-

spheres of IC, microinjection of P2X7R agonist into right IC was

efficient to induce visceral hypersensitivity in control rats and

microinjection of P2X7R antagonist reversed CVH in NMD rats.

These findings suggested that P2X7Rs in right IC plays an impor-

tant role in the development of visceral pain induced by NMD, as

being consistent with the more strong structural connections to

autonomic control areas of right IC [24]. P2X7R was also reported

to play roles in the development of inflammatory pain [31],

neuropathic hyperalgesia [36], and IBS [37]. In addition to roles

of P2X7R in IC, the increased expression of P2X7Rs in dorsal root

ganglion enhanced visceral pain, just like the increased expression

of P2X4 and P2X6 receptors [38]. However, this study does not

exclude the roles of the other subtypes of purinergic receptors in

the development and maintenance of visceral hypersensitivity of

NMD rats.

Under normal conditions, the expression of P2X7Rs in neurons,

astrocytes, glial cells, and nonactivated microglia is low [31]. How-

ever, in the present study the expression of P2X7Rs was signifi-

cantly increased in IC of NMD rats although very few P2X7Rs

were expressed on microglial cells and astrocytes in the IC. In the

present study, there is an increase in frequency of mEPSCs by

BzATP, without significant alteration in amplitude of mEPSCs.

Figure 5 Decrease in glutamatergic synaptic activity of IC neurons by BBG in NMD rats. (A) Representative traces illustrating sEPSCs of an IC neuron

before and after the addition of BBG (1 lM). (B) Cumulative fraction of peak amplitude of sEPSCs in an IC pyramidal neuron under the pre- and postdrug

conditions (left); bar plot showing no significant change in sEPSC peak amplitude by BBG (right). (C) Cumulative fraction of interevent intervals of sEPSCs

under the pre- and postdrug conditions (left); bar plot showing the significant decrease in sEPSC frequency by BBG (right). n = 6 cells, *P < 0.05 versus

pre. (D) Representative traces illustrating mEPSCs of an IC neuron before and after the addition of BBG (1 lM); TTX (1 lM) was used to block action

potentials. (E) Cumulative fraction of peak amplitude of mEPSCs in one IC pyramidal neuron under the pre- and postdrug conditions (left); bar plot showing

no significant change in mEPSC peak amplitude by BBG (right). (F) Cumulative fraction of interevent intervals of mEPSCs under the pre- and postdrug

conditions (left); bar plot showing that mEPSC frequency was remarkably decreased by BBG treatment (right). Peak amplitude and frequency of BBG-

treated neurons were normalized by those from the same neuron before BBG treatment. n = 6 cells, *P < 0.05 versus pre.
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The result suggested the presynaptic action of P2X7Rs. Further-

more, NMD only increased the frequency of action potentials

without changing the resting membrane potential, action poten-

tial threshold, and input resistance of IC neurons. This result could

further support the presynaptic mechanism. In addition, P2X7Rs

colocalized with synaptophysin and NeuN in IC. As P2X7R is a

ligand-gated nonselective cation channel and no EPSC was

evoked by BzATP in the presence of CNQX and D-APV, it is there-

fore reasonable to hypothesize that the P2X7R was not function-

ally expressed in the cell body but was functionally expressed in

presynaptic part, which is consistent with the electrophysiological

data.

It is reported that peripheral nerve ligation of mice enhanced

AMPA receptor-mediated excitatory synaptic transmission in the

IC [39]. This effect relies on the GluR1 subunit of AMPA receptor

on synapses [40], and probably by inhibiting endocytosis at the

cell membrane or increasing exocytosis of GluR1 at external sites

of synapses to improve the AMPA receptor-mediated synaptic

transmission [41]. However, this seems not to be the case in IC of

NMD rats as there was only an increase in frequency without

Figure 6 Modulation of CRD threshold by microinjection of agonist and antagonists of P2X7R into IC. (A) A representative picture of actual track of

microinjection in the IC of right hemisphere as pointed out by the black arrow. (B) Bar plot illustrating a dose effect of BzATP. There is a significant

decrease in CRD threshold in control rats by 30 lM BzATP when tested 5 min after microinjection. n = 6 rats for each group, *P < 0.05 versus normal

saline (NS). (C) Bar plot illustrating the time course of the effect of BzATP (30 lM). BzATP significantly decreased CRD threshold when tested at 5 and

15 min postinjection. n = 7 rats for each group, ***P < 0.001 versus NS for each time point. (D) Bar plot showing the dose effect of BBG. There is a

significant increase in CRD threshold in NMD rats by BBG (0.1 and 1 lM) when tested 5 min after microinjection, with bigger effect at 1 lM. n = 6 rats for

each group, *P < 0.05, **P < 0.01 versus NS. (E) Bar plot showing the time course of the effect of BBG (1 lM). There is a significant increase in CRD

threshold in NMD rats when tested at 5 and 10 min after microinjection. n = 6 rats for each group, **P < 0.01, ***P < 0.001 versus NS. (F) Bar plots

showing no change in CRD threshold of control rats by A438079 (1 mM). n = 6 rats for each group. (G) Bar plots showing an increase in CRD threshold in

NMD rats by both 500 nM and 1 mM A438079 when tested 5 min after microinjection. n = 5 rats for each group, *P < 0.05, **P < 0.01 versus vehicle.

(H) Bar plot showing the time course of the effect of A438079 (1 mM). There is a significant increase in CRD threshold in NMD rats when tested at 5 min

after microinjection. n = 5 rats for each group, **P < 0.01 versus vehicle.
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change in amplitude of sEPSC in NMD group when compared

with control group.

Besides P2X7R, several other modulators might contribute to

the overexcitation of IC in NMD rats. These modulators include

PKMf, GluR2 [5], phosphorylated ERK-1/2, pCREB, c-Fos, GABA,

dopamine [34], P2X7R-mediated d-serine release [42], opioids

[43]. P2X7Rs are reported to play an upstream transductional role

in the development of neuropathic and inflammatory pain via the

regulation of IL-1b production [31]. The mRNA level of IL-1b was

significantly increased in IC of both hemispheres in NMD rats

(data not shown), suggesting that IL-1bmay also contribute to vis-

ceral hypersensitivity of NMD rats. There is also a growing body of

evidence showed that P2X7Rs can attribute to inflammation in

lung, heart, and islet transplantation and that oATP (P2X7R inhi-

bitor) could reverse the effect [44–46]. In addition, stress media-

tors and the gut microbiota can interact through complementary

or opposing factors to influence visceral sensitivity [47]. Investiga-

tion of roles of inflammation and immune system is definitely

needed.

In addition to IC, there are several other parts of central nervous

system taking part in modulation of visceral pain. It is proved that

the overexcitation of basolateral amygdala contributed to the vis-

ceral hypersensitivity of NMD rats [23]. The amygdala, particu-

larly the basal complex, and the nucleus accumbens are important

targets of IC efferent fibers [43]. The overexcitation of amygdala

may be resulted from the overexcitation of IC in NMD rats. IC also

modulates pain through affecting middle cingulate cortex,

periaqueductal gray, locus coeruleus, the nucleus accumbens, or

raphe nucleus [43]. The spinal cord, the first relay center for noci-

ceptive processing, is worthy of exploring pain mechanism and

effects of antinociceptive drugs [48]. The detailed neural circuitry

among these areas definitely needs to be further investigated.

Conclusion

In conclusion, the present study provided evidence that upregula-

tion of P2X7Rs in IC increased glutamate neurotransmission and

sensitized the IC neurons through a presynaptic mechanism,

which resulted in the visceral hypersensitivity of NMD rats.

Modulation of IC in right hemisphere by drugs could modulate

pain processing.
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