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Abstract
Activation of muscarinic acetylcholine receptors (mAChRs) inhibits spinal nociceptive transmission
by potentiation of GABAergic tone through M2, M3, and M4 subtypes. To study the signaling
mechanisms involved in this unique mAChR action, GABAergic spontaneous inhibitory
postsynaptic currents (sIPSCs) of lamina II neurons were recorded using whole-cell patch clamp
techniques in rat spinal cord slices. The mAChR agonist oxotremorine-M caused a profound increase
in the frequency of GABAergic sIPSCs, which was abolished in the Ca2+-free solution. Inhibition
of voltage-gated Ca2+ channels with Cd2+ and Ni2+ largely reduced the effect of oxotremorine-M on
sIPSCs. Blocking nonselective cation channels (NSCCs) with SKF96365 or 2-APB also largely
attenuated the effect of oxotremorine-M. However, the KCNQ channel blocker XE991 and the
adenylyl cyclase inhibitor MDL12330A had no significant effect on oxotremorine-M-induced
increases in sIPSCs. Furthermore, the phosphoinositide-3-kinase (PI3K) inhibitor wortmannin or
LY294002 significantly reduced the potentiating effect of oxotremorine-M on sIPSCs. In the spinal
cord in which the M3 subtype was specifically knocked down by intrathecal siRNA treatment,
SKF96365 and wortmannin still significantly attenuated the effect of oxotremorine-M. In contrast,
SKF96365 and wortmannin both failed to alter the effect of oxotremorine-M on sIPSC when the
M2/M4 mAChRs were blocked. Therefore, our study provides new evidence that activation of
mAChRs increases synaptic GABA release through Ca2+ influx and voltage-gated Ca2+ channels.
The PI3K-NSCC signaling cascade is primarily involved in the excitation of GABAergic
interneurons by the M2/M4 mAChRs in the spinal dorsal horn.

Introduction
The cholinergic system and muscarinic acetylcholine receptors (mAChRs) have an important
function in the regulation of pain transmission at the spinal cord level. For example, blocking
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spinal mAChRs with atropine causes a large increase in pain sensitivity (Zhuo and Gebhart,
1991). Also, intrathecal administration of mAChR agonists or acetylcholinesterase inhibitors
produces potent analgesia in rodents and in humans (Iwamoto and Marion, 1993, Hood et al.,
1997, Duttaroy et al., 2002, Li et al., 2002). Molecular cloning studies have revealed five
molecularly distinct mAChRs referred to as M1-M5 (Caulfield et al., 1994, Wess, 2003). The
odd-numbered subtypes are selectively linked to Gq/11 proteins to activate phospholipase C,
while the even-numbered subtypes are classically coupled to the pertussis toxin-sensitive
Gi/o proteins (Caulfield and Birdsall, 1998, Wess, 2003). Previous studies have shown that
M2, M3, and M4 mAChRs are present in the spinal dorsal horn (Hoglund and Baghdoyan,
1997, Yung and Lo, 1997, Li et al., 2002, Chen et al., 2005). The highest density of mAChRs
in the spinal cord is present in the superficial lamina in both rats and humans (Yamamura et
al., 1983, Scatton et al., 1984, Villiger and Faull, 1985, Li et al., 2002). Using mAChR subtype-
knockout mice, it has been demonstrated that the M2 and M4 are the most important subtypes
for the analgesic effects of mAChR agonists (Duttaroy et al., 2002, Wess, 2003). However,
little is known about the cellular and signaling mechanisms involved in this mAChR action in
the spinal cord.

At the spinal level, one of the key mechanisms by which mAChR activation inhibits nociceptive
transmission is through potentiation of synaptic GABA release (Baba et al., 1998, Zhang et
al., 2005). Increased GABAergic synaptic transmission can reduce the nociceptive input from
primary afferents through presynaptic GABAB receptors (Li et al., 2002, Chen and Pan,
2004). We showed previously that M2, M3, and M4 mAChRs are all involved in the stimulation
of GABAergic interneurons in the rat spinal cord (Zhang et al., 2005). It is well known that
the M3 subtype is selectively linked to Gq/11 proteins and produces its stimulating effect through
phospholipase C–ionsitol-1,4,5-triphosphate/diacylglycerol–protein kinase C and intracellular
Ca2+ release (May et al., 1999, Evellin et al., 2002). However, the downstream signaling
mechanisms leading to the increased excitability of GABAergic neurons by M2 and M4
subtypes in the spinal cord remain poorly understood. The potentiating effect of mAChR
agonists on GABAergic interneurons is especially puzzling, because both M2 and M4 subtypes
are typically coupled to the inhibitory Gi/o proteins. Therefore, in the present study, we explored
signal transduction mechanisms underlying the distinct enhancement of GABAergic synaptic
transmission by mAChR activation in the spinal dorsal horn.

Methods
Male Sprague-Dawley rats (6-8 weeks old; Harlan, Indianapolis, IN) were used in this study.
All the surgical and experimental protocols were approved by the Animal Care and Use
Committee of the University of Texas M. D. Anderson Cancer Center and conformed to the
NIH guidelines on the ethical use of animals.

Spinal cord slice preparation
Rats were anesthetized with 2% isoflurane in O2 and the lumbar segment of the spinal cord
was rapidly removed through laminectomy. The rats then were killed by inhalation of 5%
isoflurane. The lumbar segment was immediately placed in ice-cold sucrose artificial
cerebrospinal fluid (aCSF) presaturated with 95% O2 and 5% CO2. The sucrose aCSF
contained (mM) sucrose, 234; KCl, 3.6; MgCl2, 1.2; CaCl2, 2.5; NaH2PO4, 1.2; glucose, 12.0;
and NaHCO3, 25.0. The tissue was then placed in a shallow groove formed in a gelatin block
and glued onto the stage of a vibratome (Technical Product International, St. Louis, MO).
Transverse spinal cord slices (400 μm) were cut in the ice-cold sucrose aCSF and then
preincubated in Krebs solution oxygenated with 95% O2 and 5% CO2 at 34°C for at least 1 h
before they were transferred to the recording chamber. The Krebs solution contained (mM)
NaCl, 117.0; KCl, 3.6; MgCl2, 1.2; CaCl2, 2.5; NaH2PO4, 1.2; glucose, 11.0; and NaHCO3,
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25.0. Each slice was then placed in a glass-bottomed chamber (Warner Instruments, Hamden,
CT) and fixed with parallel nylon threads supported by a U-shaped stainless steel weight. The
slice was continuously perfused with Krebs solution at 5.0 ml/min at 34°C maintained by an
inline solution heater and a temperature controller (TC-324; Warner Instruments).

Electrophysiological recordings
Recordings of postsynaptic currents were performed using the whole-cell voltage-clamp
method, as we described previously (Zhang et al., 2005, Zhang et al., 2006a). The lamina II
has a distinct translucent appearance and can easily be distinguished under the microscope.
The neurons located in the lamina II of the spinal slices were identified under a fixed stage
microscope (BX50WI, Olympus, Tokyo, Japan) with differential interference contrast/infrared
illumination. The electrode for the whole-cell recordings was pulled from borosilicate glass
capillaries with a puller (P-97, Sutter Instrument, Novato, CA). The impedance of the pipette
was 4-7 MΩ when filled with internal solution containing (mM) Cs2SO4, 110; KCl, 5;
MgCl2, 2.0; CaCl2, 0.5; HEPES, 5.0; EGTA, 5.0; ATP-Mg, 5.0; Na-GTP, 0.5; guanosine 5’-
O-(2-thiodiphosphate) (GDP-β-S), 1; and QX314, 10. Recordings of postsynaptic currents
began 5-7 min after whole-cell access was established and the current reached a steady state.
The input resistance was monitored and the recording was abandoned if it changed by more
than 15%. Signals were recorded using an amplifier (MultiClamp 700A, Axon Instruments,
Foster City, CA) at a holding potential of 0 mV, filtered at 1-2 kHz, digitized at 10 kHz, and
stored in a computer. All GABAergic spontaneous inhibitory postsynaptic currents (sIPSCs)
were recorded at a holding potential of 0 mV (Zhang et al., 2005) in the presence of 2 μM
strychnine, a glycine receptor antagonist.

Formulation of chitosan-siRNA nanoparticles
A 21-bp sequence targeting the M3 subtype, 5’-
AAG’GAG’AGG’CAT’ACC’GCT’AAA-3’ (2005-2025; Genebank Accession no:
NM_012527), was selected as the M3 siRNA using web-based design software. A 4-base
mismatched sequence, 5’-AAG’GCG’AGG’CTT’ACC’ GGT’AAC-3’, was used as the
control siRNA. We performed BLAST search (National Center for Biotechnology Information
Database) to minimize the potential off-target effects of siRNA sequences. All chemically
synthesized siRNA duplexes with more than 90% purity were obtained from Qiagen (Valencia,
CA). It has been shown that an efficient way to deliver siRNA in vivo is by using chitosan-
siRNA nanoparticles (Howard et al., 2006, Liu et al., 2007). In addition to its advantages such
as biodegradability and biocompatibility, chitosan is an attractive vector for siRNA delivery
because its protonated amine groups allow transport across cellular membranes and subsequent
endocytosis into the neurons (Howard et al., 2006, Katas and Alpar, 2006, Liu et al., 2007).
Furthermore, positively charged amines (under slightly acidic conditions) permit electrostatic
interaction with phosphate-bearing nucleic acids to form polyelectrolyte complexes. Chitosan-
siRNA nanoparticles were prepared as described previously (Katas and Alpar, 2006). Briefly,
chitosan (Aldrich) was dissolved in 1% acetate buffer and was adjusted to pH 4.6 with 10 N
NaOH. Sodium tripolyphosphate solution (0.25%, w/v) containing the siRNA (70 μg/ml) was
added to the chitosan solution (5 mg/ml) with fast stirring. After 30 min, the mixture was
centrifuged at 9,000 g for another 30 min at 4°C. The pellet was then diluted with sterile RNase-
free water to obtain the final concentration of 1 μg/μl chitosan-siRNA solution.

Intrathecal treatment with siRNA
Intrathecal catheters were inserted into rats anesthetized using 2% isoflurane. The catheters
(polyethylene-10 tubing) were inserted through an incision in the cisternal membrane and
advanced so that the tip of each catheter was positioned at the lumbar spinal level. Rats were
injected with intrathecal siRNA for three consecutive days with a dose of 5 μg each day. In the
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pilot experiments, we observed that this treatment protocol resulted in the maximal knockdown
of the mAChR subtypes in the spinal cord. The rats were used for the final electrophysiological
experiments or quantitative RT-PCR analysis 3-4 days after the last siRNA injection.

RNA isolation and quantitative RT-PCR analysis
Three-four days after the last siRNA injection, animals were killed by inhalation of 5%
isoflurane. The total RNA was extracted from the dorsal half of the lumbar spinal cord using
Purelink RNA Purification System (Invitrogen, Carlsbad, CA) with on-column DNase I
digestion according to the manufacturer’s instructions. cDNA synthesis was performed by
reverse transcription of each sample by using Superscript III first strand synthesis kit
(Invitrogen). Real-time PCR was performed using the ABI Prism 7700 sequence detection
system with SYBR green PCR core reagents kit (Applied Biosystems, Foster City, CA). All
samples were run in duplicate using an annealing temperature of 60°C. The primer sets used
(Invitrogen) are listed in Table 1. The amount of target mRNA in each reaction was determined
from the detection threshold cycle number (Ct), which is inversely correlated with the
abundance of the mRNA level. To calculate the relative amount of target mRNA, standard
curves were generated by a 2-fold dilution of the spinal cord cDNA as the PCR templates. For
each sample, the relative amount of the target mRNA was first normalized to β-actin mRNA
and then normalized by setting the mRNA expression level of the control siRNA-treated
animals as 1. The specificity of the PCR products was confirmed by the melting curve analysis
and agarose gel electrophoresis.

Quantification of the M3 membrane protein level using immunoprecipitation and radioactive
binding

The following immunoprecipitation and radioligand binding experiments were performed to
quantify the M3 protein level in the spinal cord in M3 siRNA- and control siRNA-treated rats.
The lumbar spinal cords were quickly harvested from rats under 2-3% isoflurane. The spinal
cord tissue was homogenized in ice-cold 0.32 M sucrose in 5 mM Tris-HCl buffer containing
1 mM phenylmethanesulfonyl fluoride. The homogenate was centrifuged at 500 g for 10 min
at 4°C. The pellet was discarded, and the supernatant was centrifuged again at 48,000 g for 20
min at 4°C. Then the pellet was resuspended in assay buffer (25 mM phosphate buffer
containing 5 mM MgCl2 and 1 mM phenylmethanesulfonyl fluoride, pH 7.4) and was
centrifuged as described above. The final pellet was resuspended in 3 ml of the same buffer
and sonicated for 5 s. The membrane protein was subsequently incubated for 1 hr with 2 nM
[3H]quinuclidinyl benzilate ([3H]QNB), the nonselective mAChR antagonist (42 Ci/mmol;
PerkinElmer Life and Analytical Sciences), in the final volume of 1 ml. After washing
thoroughly, the labeled membranes were solubilized with 1% digitonin and followed by
immunoprecipitation of solubilized [3H]QNB-labeled receptors with the M3 subtype-selective
antiserum, as we described previously (Chen et al., 2005). Radioactivity was quantified using
a Beckman LS6500 scintillation counter. Binding data were processed using the GraphPad
Prism program.

Chemicals
Oxotremorine-M, GDP-β-S, cadmium, nickel, MDL12330A, himbacine, and strychnine were
obtained from Sigma-Aldrich. Mibefradil, XE991, and SKF96365 were purchased from Tocris
(Ellisville, MO). Wortmannin and LY294002 were obtained from Alexis (San Diego, CA).
QX314 and 2-APB were purchased from Alomone Labs (Jerusalem, Israel) and Cayman
Chemical (Ann Arbor, MI), respectively. Drugs were dissolved in Krebs solution and perfused
into the slice chamber using syringe pumps. The effective concentrations of the above drugs
for bath application have been determined in previous studies using spinal or brain slices and
tested in preliminary experiments.
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Data analysis
Data are presented as means ± SEM. The sIPSCs were analyzed off-line with a peak detection
program (MiniAnalysis, Synaptosoft, Leonia, NJ). Measurements of the amplitude and
frequency of sIPSCs were performed over a period of at least 1 min during control, drug
application, and recovery. For each analysis, 300-1500 events were included. The sIPSCs were
detected by the fast rise time of the signal over an amplitude threshold (typically 5-6 pA) above
the background noise. We manually excluded the event when the noise was erroneously
identified as the sIPSCs by the program. In each of the neurons tested, the cumulative
probability of the amplitude and the inter-event interval of sIPSCs were compared using the
Kolmogorov-Smirnov test. This test was used first to determine whether the effect of
oxotremorine-M on sIPSCs was significantly different in individual neurons. The drug effects
on oxotremorine-M-induced increase in the frequency of sIPSCs and the effect of siRNA
treatment on the expression levels of mRNA and proteins were determined by either paired
two-tailed Student’s t-test or repeated measures analysis of variance with Tukey’s post hoc
test. P < 0.05 was considered to be statistically significant.

RESULTS
Stimulation of mAChRs evokes GABA release through Ca2+ influx

To study the role of extracellular Ca2+ in oxotremorine-M-induced GABA release, we
compared the effect of 3 μM oxotremorine-M on the frequency of GABAergic sIPSCs in Krebs
and Ca2+-free bath solutions. Initial bath application of 3 μM oxotremorine-M in Krebs solution
for 3 min caused a large increase in the frequency of sIPSCs (ranging from 1.64 to 7.92 Hz, n
= 8 neurons, Fig. 1, A-C). Similar to what we reported previously (Zhang et al., 2005), 3 μM
oxotremorine-M also significantly increased the amplitude (from 12.43 to 24.43 pA) of sIPSCs
in about 50% of neurons tested. Because the potentiating effect of oxotremorine-M on the
amplitude and frequency of GABAergic sIPSCs is blocked by tetrodotoxin, mAChRs are likely
located on the somatodendritic site of GABAergic interneurons in the spinal dorsal horn (Zhang
et al., 2005). For the sake of simplicity, we focused our analysis mainly on the frequency of
sIPSCs in the following protocols.

After washout of the initial effect of oxotremorine-M, the Ca2+-free solution was perfused into
the bath for 10 min. The basal frequency of sIPSCs was significantly reduced in the Ca2+-free
solution. Furthermore, repeat application of 3 μM oxotremorine-M failed to significantly
change sIPSCs in the Ca2+-free solution (n = 11 neurons, Fig. 1, A-C). When Krebs solution
was re-introduced into the bath chamber, oxotremorine-M significantly increased the
frequency of sIPSCs in the neurons (Fig. 1C). In another 11 neurons, repeated application of
3 μM oxotremorine-M for 3 min in the Krebs solution caused a similar increase in the frequency
of sIPSCs (Fig. 1D). These results suggest that activation of spinal mAChRs stimulates synaptic
GABA release and that this effect critically depends upon the presence of extracellular Ca2+.

Synaptic GABA release by mAChR activation is mediated by voltage-gated Ca2+ channels
Because voltage-gated Ca2+ channels play a major role in Ca2+ influx during neuronal
depolarization, we next determined the role of voltage-gated Ca2+ channels in oxotremorine-
M-induced synaptic GABA release in the spinal cord. The high voltage-gated Ca2+ channel
blocker Cd2+ (Bao et al., 1998, Wu et al., 2004) was used. Bath application of 100 μM
CdCl2 alone significantly decreased the baseline frequency of GABAergic sIPSCs in all of the
neurons tested. The stimulating effect of 3 μM oxotremorine-M on the frequency of sIPSCs
was largely blocked by Cd2+ (n = 14, Fig. 2, A-C).

Because low voltage-gated (T-type) Ca2+ channels also mediate neurotransmitter release in
the spinal dorsal horn (Bao et al., 1998), we next used the selective T-type Ca2+ channel blocker
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Ni2+ (100 μM) or mibefradil (100 μM). The potentiating effect of oxotremorine-M on sIPSCs
was significantly reduced by mibefradil (n = 9, Fig. 2D) or Ni2+ (n = 7, Fig. 2E). Furthermore,
the effect of oxotremorine-M on synaptic sIPSCs was largely eliminated in the presence of
both Cd2+ and Ni2+ (Fig. 2F). These data strongly suggest that voltage-gated Ca2+ channels
play an important role in the potentiaton of synaptic GABA release by mAChR activation in
the spinal dorsal horn.

Nonselective cation channels (NSCCs) contribute to mAChR activation-induced GABA
release

We have shown that activation of mAChRs has no effect on action potential-independent
quantal release of GABA, suggesting that the synaptic GABA release elicited by mAChR
agonists is likely due to the increased excitability of GABAergic interneurons in the spinal
dorsal horn (Zhang et al., 2005). Because little is known about the signaling mechanisms
underlying the stimulating effect of mAChRs on spinal GABAergic neurons, the following
studies were conducted to determine the downstream signaling pathways responsible for the
potentiating effect of the mAChR agonist. NSCCs appear to be involved in the stimulating
effect of mAChR agonists in smooth muscles (Bolton and Zholos, 1997, Lee et al., 2003, So
and Kim, 2003, Dresviannikov et al., 2006) and in cortical and hippocampal neurons
(Guerineau et al., 1995, Haj-Dahmane and Andrade, 1996, 1999). Therefore, we used the
NSCC blockers, 2-APB and SKF96365 (Bayguinov et al., 2001, Lievremont et al., 2005), to
determine if NSCCs are involved in the stimulating effect of oxotremorine-M on synaptic
GABA release to spinal dorsal horn neurons. Bath application of 10 μM 2-APB for 5 min had
no significant effect on the baseline frequency of sIPSCs. The effect of oxotremorine-M on
the frequency of sIPSCs was significantly attenuated by 10 μM 2-APB (n = 16, Fig. 3, A, C,
and E).

Bath application of another structurally dissimilar NSCC blocker, SKF96365 (50 μM), for 5
min also significantly reduced the potentiating effect of oxotremorine-M on the frequency of
sIPSCs (n = 10, Fig. 3, B-D). SKF96365 alone did not significantly change the frequency of
sIPSCs. These results suggest that NSCCs are involved in the increased excitation of spinal
GABAergic neurons by mAChR stimulation in the spinal dorsal horn.

KCNQ channels are not involved in synaptic GABA release induced by mAChR activation
Activation of mAChRs can inhibit KCNQ channels to increase the neuronal excitability in
dissociated sympathetic neurons (Brown and Adams, 1980). KCNQ channels are also present
in primary sensory neurons and seem to play an important role in the control of the excitability
of nociceptive neurons (Passmore et al., 2003). We next determined the role of KCNQ in
oxotremorine-M-induced excitation (depolarization) of GABAergic neurons. Bath application
of 10 μM XE991, the specific KCNQ channel blocker (Passmore et al., 2003, Wladyka et al.,
2007), had no significant effect on the baseline frequency of GABAergic sIPSCs. It also had
no significant effect on the increase in the frequency of sIPSCs by 3 μM oxotremorine-M (n
= 9, Fig. 4, A-C). These data suggest that KCNQ channels are not involved in the stimulatory
effect of the mAChR agonist on GABAergic neurons in the spinal dorsal horn.

Lack of a role of adenylyl cyclase (AC) in the potentiation of synaptic GABA release by
mAChR activation

Although the large contribution of M2/M4 subtypes to the mAChR agonist-induced increases
in synaptic GABA release in the spinal cord is unexpected (Zhang et al., 2005), some evidence
suggests that increased AC activity coupled to M2/M4 subtypes may be involved. For instance,
stimulation of the M4 subtype increases cAMP production through activation of AC II that is
coupled to Gi1 or Gi2 proteins (Liu et al., 1999). Also, the M2 subtype may be coupled to Gs
protein to increase cAMP (Michal et al., 2007). To determine whether increased excitability
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of spinal GABAergic neurons by oxotremorine-M is through increased AC activity, the specific
AC inhibitor MDL12230A (Shen and Johnson, 2003), was used. Bath application of 20 μM
MDL12330A alone for 10 min significantly increased the baseline frequency of sIPSCs (n =
10, Fig. 4D). However, oxotremorine-M still profoundly increased the frequency of
GABAergic sIPSCs (Fig. 4D) in the presence of MDL12330A. Thus, it is less likely that the
potentiation of synaptic GABA release by mAChR activation is mediated by increased AC
activity in the spinal dorsal horn.

Phosphoinositide-3-kinase (PI3K) contributes to increased GABAergic input by mAChR
activation

PI3K is closely involved in the stimulation of NSCCs in cell lines (Kawanabe et al., 2001,
Kawanabe et al., 2003). Furthermore, PI3K is essential in the stimulating effect of the M2
subtype on NSCCs in smooth muscle cells (Wang et al., 1999) and on voltage-gated Ca2+

channels in myocytes (Callaghan et al., 2004). Thus, we examined the role of PI3K in the
potentiating effect of oxotremorine-M on synaptic GABA release. In this series of experiments,
the spinal cord slices were pre-incubated with the specific PI3K inhibitor wortmannin (100
nM) or LY294002 (50 μM) for 1 hour because of their poor membrane permeability (Hou and
Klann, 2004, Kim et al., 2007). In spinal cord slices pre-treated with 100 nM wortmannin, 3
μM oxotremorine-M significantly increased the frequency of sIPSCs in only 11 of 21 neurons
(52.4%, Fig. 5, A-C). However, the increase in the frequency of sIPSCs by oxotremorine-M
was significantly less than that in the absence of wortmannin (Figs. 1D and 5C). Oxotremorine-
M had no significant effect on the frequency of sIPSCs in the other 10 neurons tested.

Similarly, in the spinal cord slices pre-treated with 50 μM LY294002, 3 μM oxotremorine-M
significantly increased the frequency of sIPSCs in only 17 of 29 neurons (58.6%, Fig. 5D).
However, the magnitude of the increase in frequency of sIPSCs by oxotremorine-M was
significantly less than that in the absence of LY294002 (Figs.1D and 5D). Oxotremorine-M
had no significant effect on sIPSCs in the other 12 neurons tested. These data suggest that PI3K
contributes to the potentiation of the excitability of GABAergic neurons by mAChR activation
in the spinal dorsal horn.

The PI3K-NSCC cascade is involved in M2/M4 subtype-induced synaptic GABA release
We have shown that all three mAChR subtypes (M2, M3, and M4) in the spinal cord contribute
to the increased GABA release induced by the mAChR agonist (Zhang et al., 2005). It would
be important to determine if the PI3K-NSCC pathway is involved in the increase in synaptic
GABA release by M2/M4 or M3 subtypes in the spinal cord. Due to the lack of highly selective
M3 subtype antagonists, we used the siRNA approach to specifically knock down the M3
subtype in the spinal cord to examine the role of the PI3K-NSCC cascade in M2/M4 subtype-
mediated increase in synaptic GABA release. We first determined the neuronal uptake and
distribution of the siRNA-chitosan tagged with a fluorescent dye, Alexa-555, after intrathecal
injection. The siRNA fluorescence was present in the cytoplasm of neurons in the lumbar dorsal
root ganglion and spinal cord within 24 hr after intrathecal injection of 5 μg of the tagged RNA
encapsulated in chitosan (Fig. 6A). However, when the fluorescence-tagged siRNA was
injected without chitosan, its uptake in the DRG and spinal cord was negligible.

Quantitative RT-PCR analysis revealed that intrathecal treatment with M3 siRNA caused a
large reduction in the level of M3 mRNA in the rat spinal cord, compared with that in control
siRNA-treated rats (Fig. 6B). In contrast, treatment with the M3 siRNA had no effect on the
expression levels of M2 and M4 mRNA in the spinal cord (Fig. 6B). We also determined the
M3 protein level in the spinal cord of M3 siRNA- and control siRNA-treated rats (n = 6 in each
group). The spinal cord membranes were labeled with a saturating concentration (2 nM) of the
nonselective mAChR antagonist [3H]QNB, solubilized with 1% digitonin, and then
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immunoprecipitated using an M3 subtype-selective antiserum (Chen et al., 2005). This analysis
showed that the membrane protein level of the M3 subtype was reduced by about 40% by
intrathecal treatment of M3 siRNA compared with that in control siRNA-treated rats (Fig. 6C).

After confirming the specific effect of M3 siRNA treatment on the mRNA and protein levels
of the M3 subtype in the spinal cord, we assessed the effect of the NSCC blocker SKF96365
on oxotremorine-M-induced increases in sIPSCs in M3 siRNA- and control siRNA-treated rats.
In M3 siRNA-treated rats, the initial effect of 3 μM oxotremorine-M on the frequency of sIPSCs
was significantly reduced compared with that in control siRNA-treated rats (n = 10, Fig. 7, A-
C). Furthermore, the effect of oxotremorine-M on the frequency of sIPSCs was significantly
reduced in the presence of 50 μM SKF96365. The percentage by which SKF96365 inhibited
the oxotremorine-M’s effect on sIPSCs was not significantly different between M3 siRNA-
and control siRNA-treated rats (Fig. 7C).

To determine whether PI3K is also involved in the M2/M4-mediated effect on sIPSCs, the
spinal cord slices from M3 siRNA- and control siRNA-treated rats were first incubated with
100 nM wortmannin for 1 hour. In 24 of 35 (68.6%) neurons tested from M3 siRNA-treated
rats, 3 μM oxotremorine-M significantly increased the frequency of sIPSCs. However, the
increase in the frequency of sIPSCs by oxotremorine-M was significantly less than that in slices
not treated with wortmannin (Figs. 1D and 7D). In the remaining 11 (31.4%) neurons,
oxotremorine-M had no significant effect on the frequency of sIPSCs. In 21 of 30 (70%)
neurons examined from control siRNA-treated rats, 3 μM oxotremorine-M also caused a
significantly smaller increase in the frequency of sIPSCs compared to the data obtained from
spinal cord slices not treated with wortmannin (Figs. 1D and 7D). Oxotremorine-M had no
significant effect on the frequency of sIPSCs in the other 9 neurons in control siRNA-treated
rats. Therefore, although specific knockdown of the spinal M3 subtype with siRNA
significantly reduced the initial effect of oxotremorine-M on the frequency of sIPSCs,
inhibition of PI3K and NSCCs still produced a similarly large attenuation of the oxotremorine-
M-induced increase in sIPSCs in the spinal cord. These data suggest that the PI3K-NSCC
pathway contributes to the M2/M4 subtype-mediated potentiation of synaptic GABA release
in the spinal dorsal horn.

PI3K-NSCCs pathway is not involved in the M3 subtype-mediated increase in synaptic GABA
release

To determine whether the PI3K-NSCC cascade is involved in the M3 subtype-mediated
increase in synaptic GABA release, the effect of SKF96365 or wortmannin on the
oxotremorine-M-induced increase in sIPSCs was evaluated in the presence of the specific
M2/M4 antagonist, himbacine (Miller et al., 1992). Using spinal cord slices from mAChR
subtype-knockout mice, we have shown that 2 μM himbacine specifically blocks M2/M4, but
not the M3, subtypes (Zhang et al., 2006a). In the following studies, we continuously perfused
the spinal cord slices with 2 μM himbacine throughout the experiment. In 10 of 22 (45.5%)
neurons tested, initial application of 3 μM oxotremorine-M failed to increase the frequency of
sIPSCs. In the other 12 neurons, the effect of oxotremorine-M on the frequency of sIPSCs was
significantly reduced compared with that in the absence of himbacine (Fig. 8, A-C). This
observation is consistent with the himbacine effect observed in our previous study (Zhang et
al., 2005). In these 12 neurons in which oxotremorine-M increased sIPSCs, subsequent
application of 50 μM SKF96365 did not significantly alter the effect of oxotremorine-M on
the frequency of sIPSCs (Fig. 8C).

Furthermore, to assess whether PI3K is involved in the M3 subtype-mediated effect on spinal
GABA release, the spinal cord slices were first incubated with 100 nM wortmannin for 1 hour.
Bath application of 3 μM oxotremorine-M had no significant effect on the frequency of sIPSCs
in 12 of 23 neurons (52.2%). However, oxotremorine-M still significantly increased the
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frequency of sIPSCs in the remaining 11 neurons tested (Fig. 9, A-C). In these 11 neurons
(47.8%), subsequent application of 2 μM himbacine had no significant effect on oxotremorine-
M-induced increase in the frequency of sIPSCs (Fig. 9, A-C).

Similarly, in an additional 16 neurons, we applied 2 μM himbacine to the bath before
application of oxotremorine-M. In 7 of 16 neurons, 3 μM oxotremorine-M caused a significant
increase in the frequency of GABAergic sIPSCs (Fig. 9D). The magnitude of increase in the
sIPSC frequency was similar to the effect of oxotremorine-M tested in the above 11 neurons.
These data strongly suggest that the PI3K-NSCC pathway is not involved in the M3 subtype-
mediated potentiation of GABAergic synaptic transmission in the spinal cord.

DISCUSSION
The signaling mechanisms involved in the potentiation of spinal GABAergic synaptic
transmission by mAChR activation have not been determined previously. In the present study,
we found that the mAChR agonist oxotremorine-M caused a large increase in GABAergic
sIPSCs, which was abolished when Ca2+ was removed from the extracellular solution.
Blocking voltage-gated Ca2+ channels also profoundly reduced the potentiating effect of
oxotremorine-M on sIPSCs. However, inhibition of KCNQ channels or AC activity failed to
alter the oxotremorine-M’s effect. Furthermore, blocking NSCCs or PI3K significantly
attenuated the effect of oxotremorine-M on sIPSCs. The attenuating effect of the NSCC or
PI3K blockers was still present when the M3 subtype was specifically knocked down by
intrathecal treatment of siRNA. In contrast, the effect of the NSCC or PI3K blockers on
oxotremorine-M-induced sIPSCs was not observed when the M2/M4 subtypes were blocked
with himbacine. Therefore, this study provides novel information that activation of mAChRs
potentiates synaptic GABA release through Ca2+ influx mediated by voltage-gated Ca2+

channels. The PI3K-NSCC pathway is primarily responsible for the M2/M4 subtype-mediated
excitation of GABAergic interneurons in the spinal dorsal horn.

Activation of mAChRs in the spinal cord inhibits nociceptive transmission and produces
analgesia in animals and in humans (Iwamoto and Marion, 1993, Hood et al., 1997, Duttaroy
et al., 2002, Chen and Pan, 2004). Stimulation of mAChRs causes a large increase in synaptic
GABA release, which could attenuate glutamatergic input from primary afferents through
GABAB receptors (Baba et al., 1998, Li et al., 2002, Zhang et al., 2005). Because oxotremorine-
M has no effect on synaptic GABA release in the presence of the Na+ channel blocker
tetrodotoxin, oxotremorine-M-induced GABA release is caused by the increased excitability
of GABAergic interneurons (Zhang et al., 2005). In this study, we determined the downstream
signaling mechanisms for the potentiation of GABAergic synaptic transmission by mAChR
activation in the spinal cord. We found that oxotremorine-M-induced GABAergic sIPSCs were
abolished in the Ca2+-free bath solution, suggesting that Ca2+ influx is required for increased
synaptic GABA release by mAChR activation in the spinal cord. Furthermore, blocking low
and high voltage-gated Ca2+ channels with Cd2+ and Ni2+ largely eliminated the effect of
oxotremorine-M on the frequency of sIPSCs. Therefore, voltage-gated Ca2+ channels play an
essential role in the increased intracellular Ca2+ levels and vesicle release from GABAergic
neurons evoked by mAChR activation in the spinal cord.

The signaling pathways leading to increased excitability (depolarization) of GABAergic
interneurons by mAChR activation in the spinal dorsal horn remain unclear. Stimulation of
mAChRs can inhibit the “M current” or KCNQ channels in the sympathetic neurons (Brown
and Adams, 1980). KCNQ channels are also present in dorsal root ganglion neurons and can
control the excitability of these neurons (Passmore et al., 2003). Because these channels can
be activated near the resting membrane potential, inhibition of these channels could result in
the membrane depolarization. However, we found that blocking the KCNQ channels with
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XE991 had no significant effect on the basal frequency of sIPSCs or on oxotremorine-M-
induced increase in sIPSCs. Thus, it is unlikely that KCNQ channels are expressed on spinal
GABAergic interneurons and involved in the potentiation of synaptic GABA release by
mAChR activation.

We have shown that the M2 and M4 mAChR subtypes play a major role in the increased synaptic
GABA release by the mAChR agonist in the spinal cord, because treatment with pertussis toxin
to inactivate Gi/o proteins or the selective M2/M4 mAChR antagonist himbacine blocks most
of the effect of oxotremorine-M on GABAergic sIPSCs (Zhang et al., 2005). The functional
activity of the M4 subtype requires the presence of the M2 mAChRs, and the M4 subtype may
form functional oligomers with the M2 mAChRs in the spinal cord (Zhang et al., 2006b).
Increased cAMP can activate protein kinase A or presynaptic hyperpolarization-activated
cation channels to facilitate the release of neurotransmitters (Beaumont and Zucker, 2000,
Mellor et al., 2002). It is possible that the excitatory action of M2 and M4 subtypes on spinal
GABAergic neurons is due to their coupling to certain types of Gi proteins and AC isozymes.
For example, activation of the M4 subtype can stimulate the activity of AC isozymes II, IV,
and VII (Nevo et al., 1998), and the M4 subtype could stimulate the cAMP production through
activation of AC II that is coupled to Gi1 or Gi2 proteins (Liu et al., 1999). However, we found
that the selective AC inhibitor MDL12230A did not alter the effect of oxotremorine-M on
sIPSCs. Hence, the potentiating effect of the mAChR agonist on GABA release is not through
stimulating cAMP production in the spinal cord. We observed unexpectedly that MDL12230A
alone increased the basal frequency of sIPSCs. It is not clear how inhibition of AC or PKA
leads to increased neurotransmitter release. A similar phenomenon has been previously
reported with a specific inhibitor of protein kinase A, which enhances the amplitude of
excitatory junction potentials (Beaumont and Zucker, 2000).

The mAChR agonists can activate NSCCs in smooth muscle cells (Bolton and Zholos, 1997,
Lee et al., 2003, So and Kim, 2003) and in dissociated neurons (Guerineau et al., 1995, Haj-
Dahmane and Andrade, 1996, 1999). We found that blocking the NSCCs with two structurally
distinct blockers, 2-APB or SKF96365, causes a similar inhibition of oxotremorine-M’s effect
on the frequency of GABAergic sIPSCs. This finding suggests that NSCCs likely mediate the
stimulating effect of the mAChR agonist on the excitability of of spinal GABAergic
interneurons. The Drosophila transient receptor potential (TRP) channels (TRPC1-7) have
been recognized as molecular candidates for NSCCs. TRPC5 appears to be a candidate for
NSCCs by mAChR activation in smooth muscles (Lee et al., 2003). Activation of mAChRs
also can stimulate TRPC6 channels in PC12D cells (Zhang et al., 2006b). Further studies are
warranted to identify the specific TRPC channels involved in potentiation of spinal GABAergic
neurons by the mAChR agonist in the spinal cord.

Stimulation of PI3K can activate NSCCs in cell lines (Kawanabe et al., 2003). Activation of
the M2 subtype also enhances the voltage-gated Ca2+ channel current through PI3K in
myocytes (Callaghan et al., 2004). Conversely, inhibition of the PI3K with LY294002 reduces
mAChR-induced Ca2+ influx in PC12 cells (Morita et al., 2007). In this study, we found that
inhibition of PI3K with two structurally dissimilar inhibitors, wortmannin and LY294002,
completely blocked the effect of oxotremorine-M on the frequency of sIPSCs in 40-48%
neurons. In the other neurons tested, wortmannin or LY294002 significantly inhibited the
oxotremorine-M’s effect. Therefore, our findings strongly suggest that PI3K-NSCC pathway
is involved in the excitation of GABAergic neurons by the mAChR agonist in the spinal cord.

Although M2 is the most abundant subtype present in the spinal cord (Hoglund and Baghdoyan,
1997, Duttaroy et al., 2002, Chen et al., 2005), the M3 and M4 subtypes are also involved in
the potentiation of spinal GABA release (Zhang et al., 2005). Because the M2/M4 and M3
subtypes are coupled to distinct G proteins, we determined whether the PI3K-NSCC pathway
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is involved in M2/M4- or M3-mediated increases in the excitability of spinal GABAergic
neurons in the spinal cord. To study M2/M4-mediated effect, we used the M3-targeting siRNA
to specifically knock down this subtype because highly selective M3 antagonists are not
available. Conversely, to determine the M3-mediated effect, we used the specific M2/M4
subtype-antagonist himbacine (Miller et al., 1992) to eliminate the effect produced by M2/
M4 subtypes in the spinal cord slices. Effective delivery of siRNA to neurons in the dorsal root
ganglion and spinal cord was confirmed by the neuronal uptake of fluorescence-labeled siRNA
after intrathecal injection. The efficacy and specificity of the M3 siRNA in downregulation of
the M3 subtype in the spinal cord at the mRNA and protein levels were substantiated by
quantitative RT-PCR and receptor binding assays. We found that in M3 siRNA-treated rats,
the effect of oxotremorine-M on the frequency of sIPSCs was significantly attenuated by
inhibition of PI3K and NSCCs with wortmannin and SKF96365, respectively. In contrast,
blocking PI3K and NSCCs failed to reduce the effect of oxotremorine-M on GABAergic
sIPSCs in the presence of himbacine. Therefore, these data suggest that the PI3K-NSCC
signaling is most likely involved in the potentiating effect of M2/M4 subtypes on GABAergic
interneurons in the spinal cord.

In summary, we determined the signaling mechanisms underlying the unique potentiation of
the GABAergic inputs to spinal dorsal horn neurons by mAChRs. Our findings suggest that
Ca2+ influx through voltage-gated Ca2+ channels is essential for the enhancement of
GABAergic synaptic transmission by mAChR activation. Furthermore, the PI3K-NSCC
pathway plays an important role in increased excitability of spinal GABAergic interneurons
by mAChRs, and this signaling cascade is involved in the potentiating effect mediated only by
M2/M4, but not by M3, subtypes. This new information is important to our understanding of
the signaling molecules involved in the regulation of GABAergic tone and nociceptive
modulation by mAChRs in the spinal cord.
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Fig. 1.
Effect of oxotremorine-M on GABAergic sIPSCs of lamina II neurons was abolished in
Ca2+-free solution. A, Representative traces show GABAergic sIPSCs of one lamina II neuron
during control, application of 3 μM oxotremorine-M (oxo-M) in either Ca2+-free or Krebs
solution. B, Cumulative distribution plots of the inter-event interval and amplitude of sIPSCs
of the same neuron in A during control and application of oxotremorine-M in either Ca2+-free
or Krebs solution. C, Summary data show the effect of oxotremorine-M on sIPSCs was
abolished in Ca2+-free solution but recovered in Krebs solution (n = 8). D, Group data show
that repeated application of 3 μM oxotremorine-M had a reproducible effect on the frequency
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of sIPSCs (n = 11). Data are presented as means ± S.E.M. *, P < 0.05 compared with the pre-
drug control.
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Fig. 2.
Effect of blocking high and low voltage-gated Ca2+ channels on oxotremorine-M-induced
increases in GABAergic sIPSCs. A, Original traces show sIPSCs of one lamina II neuron
during control, application of 3 μM oxotremorine-M, 100 μM Cd2+ alone, and Cd2+ plus
oxotremorine-M (oxo-M). B, Cumulative distribution plots of the inter-event interval and
amplitude of sIPSCs of the same neuron in A during control and application of oxotremorine-
M with and without Cd2+. C, Summary data show that 100 μM Cd2+ significantly blocked the
effect of oxotremorine-M on the frequency of sIPSCs. D-F, Group data show the effects of 100
μM mibefradil, 100 μM Ni2+, and Cd2+plus Ni2+on 3 μM oxotremorine-M-induced increases
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in the frequency of sIPSCs. Data are presented as means ± S.E.M. *, P < 0.05 compared with
the pre-drug control. #, P < 0.05 compared with the initial effect of oxotremorine-M.
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Fig. 3.
Effect of blocking NSCCs with 2-APB or SKF96365 on oxotremorine-M-induced increases
in GABAergic sIPSCs of lamina II neurons. A and B, Representative traces of sIPSCs during
control and application of 3 μM oxotremorine-M (oxo-M) with 10 μM 2-APB or 50 μM
SKF96365 (SKF) in 2 separate lamina II neurons. C and D, Cumulative distribution plots of
the inter-event interval and amplitude of sIPSCs of the same neuron in A and B during control
and application of oxotremorine-M with and without 2-APB or SKF96365. E and F, Summary
data show the effect of oxotremorine-M on the frequency of GABAergic sIPSCs of lamina II
neurons with and without 10 μM 2-APB or 50 μM SKF96365. Data presented as means ±
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S.E.M. *, P < 0.05 compared with re-drug controls. #, P < 0.05 compared with the initial effect
of oxotremorine-M.
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Fig. 4.
Lack of effect of KCNQ channel blocker XE991 or the adenylate cyclase inhibitor
MDL12230A on oxotremorine-M-induced increases in sIPSCs of lamina II neurons. A, Raw
traces of GABAergic sIPSCs of one lamina II neuron during control, application of 3 μM
oxotremorine-M (oxo-M), 10 μM XE991 alone, and XE991 plus oxotremorine-M. B,
Cumulative distribution plots of the inter-event interval and amplitude of sIPSCs of the same
neuron in A during control and application of oxotremorine-M with and without XE991. C,
Summary data show that 10 μM XE991 had no significant effect on oxotremorine-M-induced
increase in the frequency of sIPSCs of 9 lamina II neurons. D, Summary data show that 20
μM MDL12230A (MDL) had no effect on oxotremorine-M-induced increases in the frequency

Zhang et al. Page 21

Neuroscience. Author manuscript; available in PMC 2010 February 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of sIPSCs of another 10 neurons. Data are presented as means ± S.E.M. *, P < 0.05 compared
with the pre-drug control. #, P < 0.05 compared with the initial baseline control.
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Fig. 5.
Effect of pre-incubation of the spinal slices with the PI3K inhibitor wortmannin or LY294002
on oxotremorine-M-induced increase in GABAergic sIPSCs of lamina II neurons. A,
Representative traces of sIPSCs during control and application of 3 μM oxotremorine-M (oxo-
M) in one lamina II neuron after wortmannin (100 nM) treatment. B, Cumulative distribution
plots of the inter-event interval and amplitude of sIPSCs of the same neuron in A. C and D,
Summary data show the effect of oxotremorine-M on the frequency of GABAergic sIPSCs of
lamina II neurons pretreated with 100 nM wortmannin or 50 μM LY294002. Data are presented
as means ± S.E.M. *, P < 0.05 compared with the respective controls.
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Fig. 6.
Effect of intrathecal treatment of M3 siRNA on the levels of M3 mRNA and protein in the
spinal cord. A, Micrographs showing the neuronal uptake of the siRNA-chitosan tagged with
Alexa-555 (red fluorescent particles in the cytoplasm) in the lumbar dorsal root ganglion
(DRG) and spinal dorsal horn 24 hr after intrathecal injection in one rat. B, Effect of intrathecal
treatment of M3 siRNA and control siRNA on the expression level of M2, M3, and M4 mRNA
in the spinal cord determined by real-time RT-PCR. C, Quantification of the M3 membrane
protein level in the spinal cord of M3 siRNA- and control siRNA-treated rats. Membrane
proteins were incubated with [3H]QNB. [3H]QNB-labeled mAChRs were then solubilized and
immunoprecipitated using an M3 subtype-selective antiserum. Data are presented as means ±
S.E.M. *, P < 0.05 compared with the value in the control siRNA group.
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Fig. 7.
Effect of SKF96365 or wortmannin on oxotremorine-M-induced increase in GABAergic
sIPSCs of lamina II neurons from M3 siRNA-treated rats. A, Representative traces of sIPSCs
of one lamina II neuron during control and application of 3 μM oxotremorine-M (oxo-M) with
and without 50 μM SKF96365. B, Cumulative distribution plots of the inter-event interval and
amplitude of sIPSCs of the same neuron in A. C, Summary data show the effect of 50 μM
SKF96365 on oxotremorine-M-induced increase in the frequency of GABAergic sIPSCs of
lamina II neurons in M3 siRNA- and control siRNA-treated rats. D. Summary data show the
effect of oxotremorine-M on the frequency of GABAergic sIPSCs of lamina II neurons pre-
treated with 100 nM wortmannin in M3 siRNA- and control siRNA-treated rats. Data are
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presented as means ± S.E.M. *, P < 0.05 compared with the pre-drug control. #, P < 0.05
compared with the initial effect of oxotremorine-M.
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Fig. 8.
Effect of SKF96365 on oxotremorine-M-induced increase in GABAergic sIPSCs of lamina II
neurons in the presence of himbacine. A, Representative traces of sIPSCs of one lamina II
neuron during control and application of 3 μM oxotremorine-M (oxo-M) with and without 50
μM SKF96365. Himbacine (2 μM) was perfused throughout the experiment. B, Cumulative
distribution plots of the inter-event interval and amplitude of sIPSCs of the same neuron in A
during control and application of oxotremorine-M with and without SKF96365. C, Summary
data show the lack of effect of SKF96365 on oxotremorine-M-induced increase in the
frequency of GABAergic sIPSCs of lamina II neurons in the presence of 2 μM himbacine. Data
are presented as means ± S.E.M. *, P < 0.05 compared with the pre-drug control.
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Fig. 9.
Effect of wortmannin on oxotremorine-M-induced increases in GABAergic sIPSCs of lamina
II neurons in the presence of himbacine. A, Representative traces of sIPSCs during control and
application of 3 μM oxotremorine-M (oxo-M) with and without 2 μM himbacine in one lamina
II neuron pretreated with 100 nM wortmannin. B, Cumulative distribution plots of the inter-
event interval and amplitude of sIPSCs of the same neuron in A. C, Summary data show the
lack of an effect of 2 μM himbacine on oxotremorine-M-induced increase in the frequency of
sIPSCs of lamina II neurons pre-treated with wortmannin. D, Group data show the reduced
effect of 3 μM oxotremorine-M on the frequency of sIPSCs of lamina II neurons pre-treated
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with both 2 μM himbacine and 100 nM wortmannin. Data are presented as means ± S.E.M. *,
P < 0.05 compared with the pre-drug control.
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Table 1
List of primers used for real-time RT-PCR

Gene Primer sequence

Amplicon (bp)

M2 Forward: 5’-TCCCGGGCAAGCAAGAGTAGAATAAAGA-3’

142 Reverse: 5’-CCAGGCCGCCATCACCACCAG-3’

M3 Forward: 5’-ACCACGGCTACTCTACCTCTGTCCTTCA- 3’

131 Reverse: 5’-AGCGTCTGGGCGGCCTTCTTCTC-3’

M4 Forward: 5’-GCCCCTGGGTGCCGTGGTCTGTGA-3’

137 Reverse: 5’-GGCGGGCGGGATAGGTGAGGGGTTTG-3’

β-actin Forward: 5’-TGAACCCTAAGGCCAACCGTGAAAAGAT-3’

111 Reverse: 5’-GACCAGAGGCATACAGGGACAACACAGC-3’
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