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Activations of muscarinic M1 receptors in
the anterior cingulate cortex contribute
to the antinociceptive effect via
GABAergic transmission
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Abstract

Background: Cholinergic systems regulate the synaptic transmission resulting in the contribution of the nociceptive behav-

iors. Anterior cingulate cortex is a key cortical area to play roles in nociception and chronic pain. However, the effect of the

activation of cholinergic system for nociception is still unknown in the cortical area. Here, we tested whether the activation

of cholinergic receptors can regulate nociceptive behaviors in adult rat anterior cingulate cortex by integrative methods

including behavior, immunohistochemical, and electrophysiological methods.

Results: We found that muscarinic M1 receptors were clearly expressed in the anterior cingulate cortex. Using behavioral

tests, we identified that microinjection of a selective muscarinic M1 receptors agonist McN-A-343 into the anterior cingulate

cortex dose dependently increased the mechanical threshold. In contrast, the local injection of McN-A-343 into the anterior

cingulate cortex showed normal motor function. The microinjection of a selective M1 receptors antagonist pirenzepine

blocked the McN-A-343-induced antinociceptive effect. Pirenzepine alone into the anterior cingulate cortex decreased the

mechanical thresholds. The local injection of the GABAA receptors antagonist bicuculline into the anterior cingulate cortex

also inhibited the McN-A-343-induced antinociceptive effect and decreased the mechanical threshold. Finally, we further

tested whether the activation of M1 receptors could regulate GABAergic transmission using whole-cell patch-clamp record-

ings. The activation of M1 receptors enhanced the frequency of spontaneous and miniature inhibitory postsynaptic currents

as well as the amplitude of spontaneous inhibitory postsynaptic currents in the anterior cingulate cortex.

Conclusions: These results suggest that the activation of muscarinic M1 receptors in part increased the mechanical thresh-

old by increasing GABAergic transmitter release and facilitating GABAergic transmission in the anterior cingulate cortex.
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Background

The anterior cingulate cortex (ACC) is a major brain
area which is involved in the processing of both sensory
nociceptive information and the anticipation of painful
stimuli.1,2 Human neuroimaging studies have proved
that the ACC can be activated by different kinds of
pain.3–5 In animal studies, in vivo electrophysiological
measurements showed that peripheral nociceptive stimu-
lation increases neural activity in the ACC of mice and
rats.6–8 Furthermore, chronic pain models activate glu-
tamatergic transmission and produce synaptic plasticity
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in the ACC.1,9–11 In addition to the activation of
glutamatergic transmission, g-aminobutyric acid
(GABA)ergic transmission also plays an important role
for nociception and is involved in nerve injury models.12

The cholinergic system has many projections to the
central nervous system,13 and muscarinic receptors are
expressed in many brain areas.14 Muscarinic receptors
have been classified into five subtypes, M1, M2, M3, M4,
and M5,

15 and the existence of all receptor subtypes in the
brain has been reported.16 Cholinergic projections play
important roles in nociceptive behaviors, and the critical
involvement of the cholinergic system in pain inhibitory
pathways has long been known. For example, Sullivan
et al.17 reported that the systemic administration of amus-
carinic receptor agonist WAY-132984 produced antihy-
peralgesic and antiallodynic effects in animal models of
neuropathic pain. At the spinal cord level, the activation
of muscarinic receptors has been shown to produce anti-
nociceptive effects.18–22 Furthermore, muscarinic recep-
tors are involved in formalin-induced nociception,23 and
the muscarinic M1 receptor is involved in the antinocicep-
tive effect caused by the intrathecal injection of clonidine
in mice.24 We also reported that the intrathecal injection
of the muscarinic receptor agonist McN-A-343 produces
antinociceptive effects during thermal and mechanical
stimulation.25,26 These results suggest that muscarinic
receptors are critical for nociception. These findings sug-
gest that cholinergic neurons and muscarinic receptors
have important roles in pain signaling at central nervous
system levels. However, it is still unclear whether the cho-
linergic system contributes to anitinociception at the
supraspinal level.

Here, to understand the role of muscarinic receptors
of the ACC in the processing of sensory nociception, we
characterized the properties of antinociceptive effects fol-
lowing muscarinic receptor activation in the ACC. We
found that the activation of muscarinic M1 receptors in
the ACC can produce antinociceptive effects in rats with-
out affecting locomotor functions. Blocking GABAA

receptors in the ACC regulates the nociceptive behav-
iors. Finally, to explore a possible mechanism, we per-
formed whole-cell patch-clamp recordings and revealed
that the activation of muscarinic M1 receptors facilitates
GABAergic transmission in the ACC.

Materials and methods

Animals

Male Wistar rats (Kyudo, Kumamoto, Japan or CLEA,
Hirosaki, Japan), weighing 280–300 g, were used
throughout the experiment. Rats were housed at
23� 2�C with a 12/12 h light/dark cycle (light on at
07:00 h) and were given free access to commercial food
and tap water. Experimental procedures were based on

the Guidelines of the Committee for Animal Care and
Use of Fukuoka University and Hirosaki University.

Microinjection surgery into the ACC of rat

Microinjection of drugs was undertaken via a guide can-
nula (23 gauge) placed into the right ACC (A: 1.9; L: 0.6;
V: 3.2mm to bregma) according to the atlas of Paxinos
and Watson.27 The guide cannula was fixed to the skull
with dental cement. After surgery, rats were housed indi-
vidually and allowed to recover for at least three days
before experiments. For ACC microinjections of drugs, a
29-gauge injection needle was attached to a polyethylene
tube fitted to a 5-ml Hamilton syringe. Then, the rat was
restrained by hand, the stylet was withdrawn, and the
injection needle was inserted into the guide cannula.
Solutions were injected in a volume of 200 nl, and the
injections were delivered slowly over a period of 2min.
For additional confirmation of the placement of the can-
nula in the ACC of the brain, at the end of experiments,
rats were injected in ACC with 200 nl of 0.5% Evans
blue and were then deeply anesthetized with pentobar-
bital (60mg/kg, intraperitoneal, i.p.) and decapitated.
The brains were then removed, sliced, and cannula tip
placement and distribution of the dye in the ACC were
confirmed. Data from rats with an incorrect placement
of the cannula were excluded from the analysis.

Mechanical pressure stimulation

To assess for the changes in the nociceptive mechanical
threshold, paw withdrawal thresholds to pressure stimu-
lation was assessed using the Dynamic Plantar
Aesthesiometer (model 37450; Ugo Basile, Italy). Rats
were placed individually in a plastic cage (wide
� length� height: 9.7� 16� 14 cm) with a wire mesh
bottom. After at least 30-min acclimation period, the
unit raises a straight metal filament (0.5mm diameter)
until it touches the medial plantar surface of the hind
paw and begins to exert an upwards force until the
paw is withdrawn or the preset cut-off is reached (50 g).
The force required to elicit a withdrawal response is
measured in grams. The mean value of three trials with
at least 5-min intervals between trials was taken as the
withdrawal threshold. All behavioral tests were per-
formed during the light portion of the circadian cycle
(9:00 a.m. to 5:00 p.m.). After the final behavioral meas-
urement, all rats were deeply anesthetized with pentobar-
bital (60mg/kg, i.p.) and processed for tissue preparation
as described below.

Rota-rod test

Each rat was subjected to the rota-rod treadmill test once
a day for a total period of three days (diameter, 7.6 cm;
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Muromachi Kikai, Tokyo, Japan). The treadmill was set
to a rotating speed of 15 rpm. Rats that stayed on the
treadmill rotating at 15 rpm for 120 s were considered
complete responders; their latencies were recorded as
120 s. The results were presented as drop latency(s) mea-
sured before and after the ACC injection. The value was
determined individually as the mean of three trials.

Immunohistochemistry

Rats were deeply anesthetized by pentobarbital (50mg/
kg, i.p.) and perfused transcardially with phosphate-
buffered saline (PBS, composition in mM: NaCl 137,
KCl 2.7, KH2PO4 1.5, NaH2PO4 8.1; pH 7.4) followed
by 4% paraformaldehyde in PBS. Brains were removed
and placed in fixative for two days and then stored in
25% sucrose solution for two days at 4�C, until frozen
sections were cut for immunohistochemical staining.
Brain sections were cut at 50 mm with a ROM-380 micro-
tome (Yamato Kohki, Saitama, Japan). For immunohis-
tochemical staining, the brain sections were incubated
for 30min at room temperature in a blocking solution
(1% normal goat serum) and then were incubated for
seven days at 4�C, in the primary antibody for muscar-
inic receptor (rabbit polyclonal anti-muscarinic M1

receptor, 1:1,000; Millipore, Billerica, MA). After incu-
bation, the brain sections were washed and incubated for
2 h at room temperature in the secondary antibody solu-
tion (Alexa Fluor 488 donkey anti-sheep IgG and Alexa
Fluor 546 goat anti-rabbit IgG, 1:1,000; Invitrogen
Corp., Carlsbad, CA). The brain sections were analyzed
using an LSM510 Imaging System (Carl Zeiss GmbH,
Jena, Germany).

In vitro whole-cell patch-clamp recordings

Coronal brain slices (400mm) at the level of the ACC were
prepared using standard methods.10,28 Brain slices were
transferred to a submerged recovery chamber with oxyge-
nated (95% O2 and 5% CO2) artificial cerebrospinal fluid
containing (in mM) 126 NaCl, 2.5 KCl, 1.25 NaH2PO4,
2.0 MgSO4, 2.0 CaCl2, 26.0 NaHCO3, and 20.0 glucose at
room temperature for at least 1 h. Experiments were per-
formed in a recording chamber on the stage of a BX50WI
microscope (Olympus, Tokyo, Japan) with infrared differ-
ential interference contrast optics for visualization. For
recording in the ACC, GABAA receptors-mediated inhibi-
tory postsynaptic currents (IPSCs) were recorded from
layer II/III neurons with a MultiClamp 700B amplifier
(Molecular Devices, Sunnyvale, CA). Whole-cell record-
ings were made using voltage-clamp mode (Vh¼ –60mV)
in the presence of an a-amino-3-hydroxy-5-methyl-
4isoxazolyle propionic acid/kainate receptor antagonist
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 10mM),
a N-methyl-D-aspartate receptor antagonist

D(–)-2-amino-5-phosphonopentanoic acid (D-AP5,
50mM), and a GABAB receptor antagonist CGP55845
(3mM). The recording pipettes (3-5M�) were filled with
a solution containing (in mM) 130 CsCl2, 2 MgCl2, 0.5
ethyleneglycol-bis(2-aminoethylether)-N,N,N9,N9-tetra
acetic acid, 10 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid, 3Mg(adenosine triphosphate)2, and 0.4 guano-
sine triphosphate (pH 7.3 with CsOH). To record
miniature IPSCs (mIPSCs), tetrodotoxin (TTX, 1mM)
was also applied in the bath solution. For analyzing
GABAA receptors-mediated tonic currents, bicuculline
methiodide (BMI, 10mM) was used.28,29 The initial
access resistance was 15–30M� and was monitored
throughout the experiment. Data were discarded if the
access resistance changed >15% during experiment.
Data were filtered at 2 kHz and digitized at 10kHz.

Drugs

McN-A-343 (4-3-chlorophenyl-carbamoyloxy-2-buty-
nyltrimethylammonium) was purchased from Research
Biochemicals (RBI, Natick, MA). Pirenzepine hydro-
chloride, BMI, CNQX, CGP55845, TTX, and D-AP5
were purchased from Tocris Bioscience. All drugs were
dissolved in sterile saline just before the experiment.

Statistical analysis

Data are expressed as means� SEM. Statistical analyses
were done with StatView (Abacus Concepts, Berkely,
CA). Results of time course experiments were analyzed
for significance with repeated measures analysis of vari-
ance (ANOVA) with post hoc tests, Dunnett’s test (com-
parisons to pre-injection 0min). The differences among
the groups were analyzed by two-way repeated measures
ANOVA, followed by the Tukey–Kramer test for
multiple comparisons or Student’s t test for two com-
parisons. A value of P< 0.05 was taken to indicate a
statistically significant difference.

Results

Microinjection of McN-A-343 into the ACC produced
antinociceptive effects in response to mechanical
stimulation

We tested whether the activation of muscarinic receptors
at the supraspinal level can show antinociceptive effects.
A physiological study by Davies et al.30 showed that
McN-A-343 has selectivity for the muscarinic M1 recep-
tor. We performed microinjection surgery in right side of
the ACC in adult rats and allowed at least three days of
recovery postsurgery. Nociceptive thresholds (in grams)
were assessed by measuring hindpaw withdrawal
responses to mechanical pressure with a sharp tip by
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dynamic plantar aesthesiometer. We evaluated the mech-
anical threshold, using the electric von Fey test, in
injured rats microinjected with McN-A-343 into the
ACC. The microinjection of McN-A-343 (189 pmol and
378 pmol) produced antinociceptive effects at the peak of
15min and lasted at least for 60min (F3, 12¼ 3.576,
P¼ 0.047 for 189 pmol, n¼ 5; F3,21¼ 12.588, P¼ 0.0001
for 378 pmol, n¼ 8) to the hindpaw contralateral to
microinjected site, while microinjection of saline did
not produce any effect (F3, 18¼ 0.222, P¼ 0.879, n¼ 7)
(Figure 1(a)). Moreover, the withdrawal thresholds to
the hindpaw ipsilateral to microinjected site were
not affected by the microinjection of McN-A-343
(Figure 1(a)).

We confirmed whether the pharmacological drug into
the ACC could affect motor function or sedation. A dose
of 189-pmol McN-A-343 into the ACC was used, which
caused the antinociceptive effect (Figure 1(a)). The local
injection of McN-A-343 into the ACC did not induce
significant changes in the motor activity according to a
rota-rod treadmill test in rats (Figure 1(b)). The result
indicated that ACC injection of McN-A-343 at dose of
antinociceptive effect does not produce motor dysfunc-
tion or sedation.

Next, we studied whether blocking M1 receptors in the
ACC can affect the mechanical threshold (Figure 1(c)).
In addition to McN-A-343, we also used a selective M1

antagonist pirenzepine at a previously reported dose.31

The antinociceptive effect of microinjected McN-A-343
in the ACC did not show the presence of pirenzepine
(47 pmol) (F3, 15¼ 1.670, P¼ 0.210, n¼ 6) (Figure 1(c)).
Moreover, pirenzepine alone decreased paw withdrawal
thresholds (F3, 12¼ 3.756, P¼ 0.041, n¼ 5) and induced
hypersensitivity on the mechanical threshold compared
to a control group (Figure 2(a)). We further identified
whether M1 receptors express in the ACC (Figure 2(b))
by using immunohistochemistry and observed a clear
expression of M1 receptors in the ACC. Taken together,
these results suggest that muscarinic M1 receptors in the
ACC play critical roles in nociception, without affecting
motor function.

Involvement of the GABAergic system in the
McN-A-343-induced antinociceptive effect

GABAergic transmission in the ACC can modulate exci-
tatory transmission resulting in altered behaviors.32 We
tested whether GABAergic transmission contributes

Figure 1. Activation of M1 receptors in the ACC dose-dependently increased mechanical pressure threshold. (a) A microinjection of

selective muscarinic M1 agonist, McN-A-343 (18.9-389 pmol) dose-dependently enhanced mechanical threshold to the hindpaw contra-

lateral to microinjected site (saline, n¼ 7; 18.9 pmol, n¼ 5; 189 pmol, n¼ 5; 389 pmol, n¼ 8). (b) McN-A-343 (0.189 pmol) into the ACC

showed normal locomotor activity. The latency to fall was measured for up to 2 min at rotation speed of 10 rpm in the rota-rod test

(n¼ 8). (c) The effects of a selective M1 antagonist, pirenzepine (47 pmol) on McN-A-343(189 pmol)-induced antinociceptive effect

(McN-A-343, n¼ 8; McN-A-343þ prirenzepine, n¼ 6). All values are means� S.E.M. *P< 0.05 vs. 0 min, **P< 0.01 vs. 0 min, #P< 0.05 vs.

saline (a) or McN-A-343 (c), ##P< 0.01 vs. saline (a) or McN-A-343 (c). ACC: anterior cingulate cortex.
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to nociceptive behaviors in the ACC. To determine
whether GABAergic systems are involved in the
McN-A-343-induced antinociceptive effect, rats were
treated with the GABAA receptors antagonist bicucul-
line. Bicuculline blocked McN-A-343-induced increases
in the mechanical threshold (F3, 15¼ 0.547, P¼ 0.657 for
150 pmol, n¼ 6) (Figure 3(a)). On the other hand, micro-
injection of bicuculline (100 pmol, 150 pmol) alone sig-
nificantly produced hypersensitivity on the mechanical
threshold (F3,12¼ 20.060, P¼ 0.001 for 100 pmol,
n¼ 5; F3,18¼ 13.480, P¼ 0.001 for 150 pmol, n¼ 7)
(Figure 3(b)).

Activation of M1 receptors regulate GABAergic
transmissions in the ACC

Muscarinic M1 receptors are G-protein-coupled recep-
tors of class Gq.33 It is possible that the activation of
M1 receptors can facilitate GABAergic transmissions in
the ACC (Figures 4 to 6). To test this possibility, we
performed in vitro whole-cell patch-clamp recordings
from adult rat brain slices. First, we recorded spontan-
eous inhibitory postsynaptic currents (sIPSCs) from
layer II/III pyramidal neurons with a holding membrane
potential at �60mV (n¼ 7 from five rats). The sIPSCs
were analyzed while blocking glutamatergic receptors by

CNQX (10 mM) and AP-5 (50 mM) and GABAB recep-
tors by CGP55845 (3mM) in the bath solution
(Figure 4(a) and (b)). The sIPSCs were inhibited by
GABAA receptors antagonist bicuculline; therefore, the
sIPSCs were GABAA receptors-mediated currents.
McN-A-343 (30mM) in bath solution significantly pro-
duced enhancement of the frequency of sIPSCs
(304� 47% of control, n¼ 7, P< 0.05) (Figure 4(c) and
(e)). McN-A-343 enhanced the amplitude of sIPSCs
(146� 19% of control, n¼ 7, P< 0.05) (Figure 4(d)
and (f)). These results suggest that muscarinic M1 recep-
tors activate spontaneous GABAergic transmission via
GABAA receptors in the ACC.

We tested whether the activation of muscarinic M1

receptors could facilitate miniature inhibitory postsynap-
tic currents (mIPSCs) (Figure 5). To block sodium chan-
nels, we applied TTX (1mM) in the bath solution. We
gave McN-A-343 (30mM) on mIPSCs in the bath solution
(Figure 5(a) and (b)). McN-A-343 (30mM) in bath solu-
tion significantly produced enhancement of the frequency
of mIPSCs (268� 94% of control, n¼ 8, P< 0.05)
(Figure 5(c) and (e)). On the other hand, McN-A-343
did not enhance the amplitude of sIPSCs (126� 13% of
control, n¼ 8, P> 0.05) (Figure 5(d) and (f)). These
results suggest that muscarinic M1 receptors activate mini-
ature GABAergic transmitter release in the ACC.

Figure 2. Inhibiting M1 receptors in the ACC decreased the mechanical threshold. (a) A selective M1 antagonist, pirenzepine (47 pmol)

into the ACC reduced mechanical thresholds (saline, n¼ 3; pirenzepine, n¼ 5). All values are means� S.E.M. *P< 0.05 vs. 0 min, #P< 0.05

vs. saline. (b) Immunohistochemical method showed that muscarinic M1 receptors expressed in the ACC. The scheme was modified from

the atlas of Paxinos and Watson (1986) for rats. Coronal sections show with 40-fold (�40) under microscope.

ACC: anterior cingulate cortex; Cg1: cingulate cortex area 1; Cg2: cingulate cortex area 2; M2: secondary motor cortex.
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Activation of M1 receptors did not affect GABAA

receptors-mediated tonic currents

GABA acting on GABAA receptors produces not only
phasic but also tonic inhibitions by persistent activation
of extrasynaptic receptors. Tonic GABAA receptors-
mediated currents have been observed in the cortical
area.28We examined whether the activation of muscarinic
M1 receptors could regulate tonic GABAA receptors-
mediated currents (Figure 6). Blocking glutamatergic
transmission, GABAB receptors, and sodium channels,
we applied BMI (10 mM) in bath solution (Figure 6).
Tonic GABAA receptors-mediated currents were
observed in a control group (0.18� 0.04 pA/pF, n¼ 6:
Figure 6(c)). In the presence of McN-A-343 (30 mM) at
least for 10min, BMI was given in the bath solution
(Figure 6(b)). BMI inhibited tonic GABAA receptors-
mediated currents (0.15� 0.03 pA/pF, n¼ 6: Figure
6(c)). GABAA receptors-mediated tonic currents did not
change among control and McN-A-343-treated groups
(P> 0.05: Figure 6(c)). BMI significantly reduced the fre-
quency of mIPSCs in a McN-A-343-treated group
(4� 1% of McN-A-343 group, n¼ 8, P< 0.05). These
results suggest that the activation of muscarinic M1

receptors may not change extrasynaptic GABAA recep-
tors-mediated currents in the acute-treated condition.

Discussion

In the present study, we combined immunohistochem-
ical, behavioral, and electrophysiological methods and
found that the activation of muscarinic M1 receptors in
the ACC produces antinociceptive effects on the mech-
anical pressure threshold in rats without affecting loco-
motor activity or motor function. We further showed
that GABAergic transmission in the ACC was involved
in muscarinic M1-mediated behaviors. Finally, the acti-
vation of muscarinic M1 receptors increased GABAA

receptor-mediated synaptic transmission in the ACC.

Activation of muscarinic M1 receptors in the ACC
produces antinociceptive behaviors

Although the effects of muscarine have been studied by
systemic injections or manipulations at the spinal cord
level, several studies have reported that supraspinal cho-
linergic antinociception is mediated by M1 recep-
tors.19,34–37 In this study, we found that in the ACC,

Figure 3. Blocking of GABAA receptors in the ACC reduced mechanical threshold. (a) The effects of the GABAA antagonist, bicuculline

on McN-A-343(189 pmol)-induced antinociceptive effect (McN-A-343, n¼ 7; McN-A-343þ bicuculline100 pmol, n¼ 5; McN-A-343þ

bicuculline 150 pmol, n¼ 6). (b) The local injection of the GABAA receptors antagonist, bicuculline (100 or 150 pmol) into the ACC

decreased mechanical thresholds (saline, n¼ 4; bicuculline 100 pmol, n¼ 5; 150 pmol, n¼ 7). All values are means� S.E.M. *P< 0.05 vs.

0 min, **P< 0.01 vs. 0 min, #P< 0.05 vs. McN-A-343 (a) or saline (c), ##i< 0.01 vs. McN-A-343 (a) or saline (c). ACC: anterior cingulate

cortex

6 Molecular Pain



a key brain area for nociception, the activation of mus-
carinic M1 receptors produced antinociceptive effects on
mechanical thresholds. Anatomical studies have reported
that cholinergic neurons project to all layers of the
ACC.38–40 ACC injections of the muscarinic M1 receptor
selective agonist McN-A-343 produced antinociceptive
behaviors in a dose-dependent manner (Figure 1(a)),
and the antagonist pirenzepine inhibited McN-A-343-
induced antinociceptive effect (Figure 1(c)). In addition,

the inhibition of M1 receptors in ACC caused the noci-
ceptive behaviors (Figure 2(a)). In accordance, human41

and rat42 autoradiographic studies have shown the exist-
ence of muscarinic M1 receptors in the ACC. Indeed, we
confirmed that muscarinic M1 receptors were expressed
in the rat ACC. Taken together, our present results sug-
gest that muscarinic M1 receptors in the ACC are
involved in the antinociceptive effects on responses to
noxious mechanical stimuli.

Figure 4. McN-A-343 facilitates GABAA receptors mediated sIPSCs in the ACC. (a) Bath application of McN-A-343 (30mM) increased

the frequency of IPSCs in a neuron. (b) Histogram of a recording from (a). (c and d) Cumulative curves of inter-event interval and amplitude

of sIPSCs before and after the application of McN-A-343 (30mM). (e and f) The averaged graphs of the frequency and amplitude of sIPSCs

(n¼ 7 from 5 rats). All values are means� S.E.M. *P< 0.05 vs. Control (E&F).

sIPSCs: spontaneous inhibitory postsynaptic currents.
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GABAergic transmission in the ACC involved
in nociceptive behavior

We further explored the antinociceptive effects of M1

receptors in the ACC. It has been reported that acetyl-
choline and muscarine activate GABA receptors in the
spinal dorsal horn via release of the inhibitory neuro-
transmitter, GABA.43,44 Importantly, inhibitory inter-
neurons, such as GABAergic neurons, are involved in
antinociceptive processing in the ACC sites.45,46 In this
study, we found that in vivo inhibition of GABAA

receptors in the ACC reduces mechanical thresholds.
On the other hand, the McN-A-343-induced antinocicep-
tive effect was attenuated by co-injection of the GABAA

antagonist bicuculline. The muscarinic M1 receptor is
coupled to Gq proteins and activates phospholipase C
leading to an increase in intracellular calcium, which is
able to cause the release of GABA from GABAergic
neurons.47 Our behavioral data also show that the inhib-
ition of GABAA receptors in the ACC caused the noci-
ceptive behaviors. These results suggest that the
antinociceptive behaviors by the activation of muscarinic

Figure 5. Activation of muscarinic M1 receptors enhanced the frequency of mIPSCs in the ACC. (a and b) Bath application of McN-A-343

(30 mM) increased the frequency of mIPSCs in a neuron. (c and d) Cumulative curves of inter-event interval and amplitude of mIPSCs before

and after the application of McN-A-343 (30 mM). (e and f) The averaged graphs of the frequency and amplitude of mIPSCs (n¼ 8 from 5

rats). All values are means� S.E.M. *P< 0.05 vs. Control (e).
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M1 receptors may require the facilitation of GABAergic
transmission in the ACC.

Facilitation of muscarinic M1 receptors in the ACC
amplifier GABAergic transmission

By using whole-cell patch-clamp recordings, we exam-
ined the functional roles of muscarinic M1 receptors on
GABAergic transmission in the layer II/III from the
ACC (Figures 4 to 6). The activation of muscarinic M1

receptors amplifies GABAergic transmission (Figures 4
and 5). We found that the enhancement in GABAergic
transmission by activating muscarinic M1 receptors is the
result of an increased presynaptic probability of GABA
neurotransmitter release in ACC synapses, as demon-
strated by the increased sIPSCs and mIPSCs frequency.

For the postsynaptic mechanisms of muscarinic M1

receptors, the activation of muscarinic M1 receptors
increased the amplitude of sIPSCs; however, the ampli-
tude of mIPSCs did not change by stimulating muscar-
inic M1 receptors. Although postsynaptic M1 receptors
may have the modulatory mechanisms on postsynaptic
GABAA receptors, the different mechanisms are still
unknown in this study. Further studies are needed to
find how postsynaptic muscarinic M1 receptors modulate
GABAA receptors by the activity-dependent GABA
transmitter releases. We further tested whether the acti-
vation of muscarinic M1 receptors can regulate extrasy-
naptic GABAA receptors-mediated currents (Figure 6).
As a result, McN-A-343 treatment for 10–30min did
affect the amplitude of tonic GABAA receptors-mediated
currents. Therefore, at least acute treatment of the
muscarinic M1 receptors agonist may not affect extrasy-
naptic GABAA receptors-mediated functions. Together,
these results suggest that the enhanced GABAergic
transmission by the activation of muscarinic M1 recep-
tors results from the increased probability of presynaptic
GABA neurotransmitter release and a possible postsy-
naptic modification of functional transient GABAA

receptors.
These findings show that cholinergic system in ACC

produces an antinociceptive effect on responses to mech-
anical nociceptive stimulation via muscarinic M1 receptors
and, at least in part, through neuronal pathways involving
in both increased GABA transmitter release and modulat-
ing postsynaptic GABAA receptors in the ACC.

Conclusion

We found that the activation of M1 receptors in the ACC
produces antinociceptive effects to the mechanical sti-
muli. Furthermore, the facilitation of M1 receptors in
the ACC stimulates GABAergic transmission via
GABAA receptors.
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BMI: bicuculline methiodide; GABA: g-aminobutyric acid.
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