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We studied the effect of carbachol on pacemaker currents in 
cultured interstitial cells of Cajal (ICC) from the mouse small 
intestine by muscarinic stimulation using a whole cell patch 
clamp technique and Ca2+-imaging. ICC generated periodic 
pacemaker potentials in the current-clamp mode and gener-
ated spontaneous inward pacemaker currents at a holding 
potential of -70 mV. Exposure to carbachol depolarized the 
membrane and produced tonic inward pacemaker currents 
with a decrease in the frequency and amplitude of the 
pacemaker currents. The effects of carbachol were blocked 
by 1-dimethyl-4-diphenylacetoxypiperidinium, a muscarinic 
M3 receptor antagonist, but not by methotramine, a mus-
carinic M2 receptor antagonist. Intracellular GDP-β-S sup-
pressed the carbachol-induced effects. Carbachol-induced 
effects were blocked by external Na+-free solution and by 
flufenamic acid, a non-selective cation channel blocker, and 
in the presence of thapsigargin, a Ca2+-ATPase inhibitor in 
the endoplasmic reticulum. However, carbachol still pro-
duced tonic inward pacemaker currents with the removal of 
external Ca2+. In recording of intracellular Ca2+ concentra-
tions using fluo 3-AM dye, carbachol increased intracellular 
Ca2+ concentrations with increasing of Ca2+ oscillations. 
These results suggest that carbachol modulates the pace-
maker activity of ICC through the activation of non-selective 
cation channels via muscarinic M3 receptors by a G-protein 
dependent intracellular Ca2+ release mechanism. 
 
 
INTRODUCTION 
 
Interstitial cells of Cajal (ICC) are pacemaker cells of the gastro-
intestinal system and have multifunctional roles. ICC produce 
pacemaker potentials and regulate slow wave propagation, 
transmit neuronal signals to the smooth muscle and act as 
mechanoreceptors (Hirst and Edwards, 2004; Sanders et al., 
2006; Suzuki, 2000; Won et al., 2005). Impairment of ICC is 
implicated in diverse motility disorders (Streutker et al., 2007), 

which indicates that ICC have an important role in regulating 
gastrointestinal motility. Slow waves generated by pacemaker 
potentials of ICC determine the frequency and the timing of 
smooth muscle contractions (Szurszewski, 1987). Numerous 
chemical agents such as neurotransmitters, hormones, en-
dogenous substances, and drugs affect the frequency and the 
configurations of slow waves that determine the excitability of 
smooth muscles (Olsson and Holmgren, 2001). In addition to 
several receptors, neurotransmitters are found in ICC as de-
termined in immunohistochemical and pharmacological studies 
(Choi et al., 2006; Ward and Sanders, 2006). Acetylcholine 
(ACh) is a major excitatory neurotransmitter in the gastrointes-
tinal system. Muscarinic receptor stimulation by ACh induces 
membrane depolarization and excitatory junction potential 
(EJP) (Huizinga, 1984; Inoue and Chen, 1993). Furthermore, 
ACh modulates non-selective cation channels or K+ channels in 
single gastrointestinal smooth muscle cells (Jun et al., 2001; 
Sims, 1992; Vogalis and Sanders, 1990). The activation of 
nonselective cation channels or the inhibition of K+ channels is 
responsible for membrane depolarization and mechanical con-
tractions. Although the effects and the signal mechanism of 
muscarinic stimulation by ACh have been investigated in vari-
ous gastrointestinal smooth muscles, understanding of the 
action and signaling is very limited in ICC. Therefore, we inves-
tigated muscarinic receptor activation with the use of carbachol, 
a muscarinic receptor agonist, on the regulatory mechanisms of 
electrical pacemaker activities in cultured ICC from the mouse 
small intestine. 
 
MATERIALS AND METHODS 
 
Preparation of cells= =
All experiments were performed according to the Guiding Prin-
ciples for the Care and Use of Animals approved by the Ethics 
Committee of Chosun University and the National Institutes of 
Health Guide for the Care and Use of Laboratory Animals. 
Every effort was made to minimize both the number of animals  
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used and the suffering of the animals.=
Balb/C mice (8-13 days old) of either sex were anesthetized  

with ether and were sacrificed by cervical dislocation. The small  
intestines from 1 cm below the pyloric ring to the cecum were  
removed and were opened along the mesenteric border. The  
luminal contents were washed away with Krebs-Ringer  
bicarbonate solution. The tissues were pinned to the base of a  
Sylgard dish and the mucosa was removed by sharp dissection.  
Small strips of intestinal muscle were equilibrated in Ca2+-free  
Hank’s solution containing 5.36 mM KCl, 125 mM NaCl, 0.34  
mM NaOH, 0.44 mM Na2HCO3, 10 mM glucose, 2.9 mM su- 
crose, 11 mM HEPES for 30 min, and the cells were dispersed  
with an enzyme solution containing 1.3 mg/ml collagenase  
(Worthington Biochemical, USA), 2 mg/ml bovine serum albu- 
min (Sigma, USA), 2 mg/ml trypsin inhibitor (Sigma) and 0.27  
mg/ml ATP. Cells were plated onto sterile glass coverslips  
coated with murine collagen (2.5 μg/ml, Falcon/BD, USA) in 35  
mm culture dishes. The cells were then cultured at 37°C in a  
5% CO2 incubator in SMGM (smooth muscle growth medium;  
Clonetics, USA) supplemented with 2% antibiotics/antimycotics  
(Gibco, USA) and murine stem cell factor (SCF, 5 ng/ml;  
Sigma). Interstitial cells of Cajal (ICC) were identified immu- 
nologically with the use of a monoclonal antibody for kit protein  
(ACK2) labeled with Alexa Fluor 488 (Molecular Probes, USA). 
 

Patch clamp experiments  
The whole-cell configuration of the patch-clamp technique was  
used to record membrane currents (voltage clamp) and mem- 
brane potentials (current clamp) from cultured ICC after 2-3  
days in culture. The reason that spontaneous inward currents  
from small groups of cells are more robust and regular than  
from single cells, we recorded from small clusters of ICC. Cur- 
rents or potentials were amplified by Axopatch 1-D and 200B  
(Axon Instruments, USA). A command pulse was applied using  
an IBM-compatible personal computer and pClamp software  
(version 6.1; Axon Instruments). The data were filtered at 5 kHz,  
and the data were displayed on an oscilloscope, a computer  
monitor and a pen recorder (Gould 2200, Gould, USA). Results  
were analyzed using pClamp and Graph Pad Prism (version  
2.01) software. All experiments were performed at 30°C. 
 
Solutions and drugs  
The cells were bathed in a solution containing 5 mM KCl, 135  
mM NaCl, 2 mM CaCl2, 10 mM glucose, 1.2 mM MgCl2, and 10  
mM HEPES, adjusted to pH 7.2 with Tris. NaCl was replaced  
with equimolar k-methyl-D-glucamine (NMDG) for making Na+- 
free solution and CaCl2 was omitted in bath solution for Ca2+- 
free solution. The pipette solution contained 20 mM K-aspartate,  
120 mM KCl, 5 mM MgCl2, 2.7 mM K2ATP, 0.1 mM Na2GTP,  
2.5 mM creatine phosphate disodium, 5 mM HEPES, 0.1 mM  
EGTA, adjusted to pH 7.2 with Tris. 

The drugs used were carbachol, methoctramine, 1-dimethyl- 
4-diphenylacetoxypiperidinium (4-DAMP), GDP-β-S, flufenamic  
acid and thapsigargin. All drugs were purchased from Sigma. 
 

Measurement of the intracellular Ca2+ concentration  
Changes in the intracellular Ca2+ concentration ([Ca2+]i) were  
monitored by using fluo-3/AM, which was initially dissolved in  
dimethyl sulfoxide and stored at -20°C. Cultured ICC on cover- 
slips (25 mm) were rinsed twice with a bath solution (5 mM: KCl,  
135 mM NaCl, 2 mM CaCl2, 10 mM glucose, 1.2 mM MgCl2  
and 10 mM HEPES, adjusted to pH 7.4 with Tris). The cover- 
slips were then incubated in the bath solution containing 5 μM  
fluo-3 with 5% CO2 at 37°C for 5 min, rinsed two more times  
with the bath solution, mounted on a perfusion chamber, and 
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Fig. 1. The depolarization of pacemaker potential by carbachol in 

cultured ICC from the mouse small intestine. (A) Pacemaker poten-

tials of ICC exposed to carbachol (10 nM) in the current-clamping 

mode (f= = 0). Carbachol caused membrane depolarization and 

decreased amplitude of pacemaker potentials. Responses to car-

bachol are summarized in (B) and (C). The bars represent mean 

values ± SE. *m=< 0.05, significantly different from the untreated 

control. 

 
 
were scanned every 0.4 s with a Nikon Eclipse TE200 inverted  
microscope equipped with a Perkin-Elmer Ultraview confocal  
scanner and a Hamamatsu Orca ER 12-bit CCD camera (×  
200). Fluorescence was excited at a wavelength of 488 nm,  
and emitted light was observed at 515 nm. During scanning of  
the Ca2+ imaging, the temperature of the perfusion chamber  
containing the cultured ICC was kept at 30°C. Variations of the  
intracellular Ca2+ fluorescence emission intensity were ex- 
pressed as F1/F0, where F0 is the intensity of the first imaging. 
 
Statistical analysis  
Data are expressed as the mean ± standard error. Differences  
in the data were evaluated by use of the Student’s= í-test. P  
values less than 0.05 are considered as a statistically significant  
difference. The n values reported in the text refer to the number  
of cells used in the patch-clamp experiments. 
 
RESULTS 
 
Effect of carbachol on pacemaker activities in cultured ICC  
Under the current clamp mode (f== 0), ICC generated sponta- 
neous pacemaker potentials. Exposure to carbachol (10 nM)  
produced depolarization of the resting membrane potential with  
a decrease of the amplitude of the pacemaker potential (Fig.  
1A). Under control conditions with the current clamp mode,  
resting potentials and the amplitude of pacemaker potential  
were -58 ± 3 mV and 23 ± 7 mV. In the presence of carbachol,  
the resting membrane potential and the amplitude of pace- 
maker potentials were -36 ± 2 mV and 5 ± 2 mV, respectively (n  
= 7, Figs. 1B and 1C). Under a voltage clamp at a holding po- 
tential of -70 mV, exposure to carbachol induced tonic inward  
currents (resting currents) and reduced the frequency and am- 
plitude of pacemaker currents in a concentration-dependent  
manner (Figs. 2A-2D). The summarized values and a bar  
graph of the effects of carbachol on pacemaker currents are  
shown in Figs. 2E-2G (n = 5). 
 
Effect of muscarinic receptor antagonists in the carbachol -  
induced responses in cultured ICC  
Muscarinic antagonists were used to identify the receptor sub- 
types of carbachol. 4-DAMP, a muscarinic M3 receptor antago- 
nist and methoctramine, a muscarinic M2 receptor antagonist,  
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bachol alone. The dotted lines indicate zero current levels. 
 
 
were used. Treatment with 4-DAMP or methoctramine had no  
effect on pacemaker currents. Treatment with 4-DAMP (10 μM)  
almost blocked the carbachol (10 nM)-induced responses on  
pacemaker currents (Fig. 3A). However, in the presence of  
methoctramine (10 μM), the carbachol-induced responses on  
pacemaker currents were still evident (Fig. 3B). Under control  
conditions at a holding potential of -70 mV, the resting currents,  
frequency and amplitude of pacemaker currents were -19 ± 6  
pA, 14 ± 1.2 cycles/min and -423 ± 26 pA (n = 11). In the pres- 
ence of 4-DAMP, the resting currents, frequency and amplitude  
of pacemaker currents with carbachol treatment were -22 ± 5  
pA, 13.2 ± 2.4 cycles/min and -394 ± 28 pA, respectively (n = 6).  
In the presence of methoctramine the resting currents, fre- 
quency and amplitude of pacemaker currents with carbachol  
treatment were -365 ± 37 pA, 4.8 ± 2.1 mV cycles/min and -59  
± 31 pA, respectively (n = 5, Figs. 3C-3E). These results indi- 

cate that the modulation of pacemaker currents by carbachol is  
mediated by muscarinic M3 receptors. 
 
Involvement of G proteins in the carbachol- induced 
responses in cultured ICC  
The effects of GDP-β-S, a nonhydrolysable guanosine 5′-
diphosphate analogue, which permanently inactivates GTP 
binding proteins, was examined to determine whether G-
proteins are involved in the carbachol-induced effects in ICC. 
When GDP-β-S (1 mM) was in the pipette, the carbachol-
induced responses were significantly suppressed (Fig. 4A). 
Under control conditions at a holding potential of -70 mV, the 
resting currents, frequency and amplitude of pacemaker cur-
rents were -23 ± 9 pA, 14.6 ± 1.5 cycles/min and 422 ± 25 pA, 
respectively. In the presence of carbachol, the resting currents, 
frequency and amplitude of pacemaker currents were -359 ± 36 

Fig. 2. The tonic inward pacemaker currents 

by carbachol in cultured ICC from the mouse 

small intestine. Pacemaker currents of ICC 

recorded at a holding potential of -70 mV and 

exposed to various concentrations of car-

bachol (from 0.1 to 100 nM). (A-D) Car-

bachol caused a concentration-dependent 

increase in tonic inward currents and de-

crease in the frequency and amplitude of 

pacemaker currents. Responses to carbachol 

are summarized in (E-G). The bars represent 

mean values ± SE. *m= < 0.05, significantly 

different from the untreated control. The 

dotted lines indicate zero current levels; Con, 

Control. 

Fig. 3. The blocking effect of a mus-

carinic M3 receptor antagonist on the 

carbachol-induced responses on 

pacemaker currents in cultured ICC

from the mouse small intestine. (A) 

In the presence of 4-DAMP (10 μM), 

a muscarinic M3 receptor antagonist, 

the effects of carbachol on pace-

maker currents were completely 

blocked. (B) Methoctramine (10 μM), 

a muscarinic M2 receptor antagonist, 

did not block the carbachol-induced 

responses on pacemaker currents. 

Responses to carbachol (CCh) in 

the presence of 4-DAMP or methoc-

tramine (MTT) are summarized in 

(C)-(E). The bars represent mean 

values ± SE. *m=< 0.05, significantly 

different from treatment with car-
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(CCh) in the external Na
+
-free solution and in the presence of flufenamic acid (FFA) are summarized in (C). The bars represent mean values ± SE. 

*m=< 0.05, significantly different from carbachol treatment alone. The dotted lines indicate zero current levels. Con, control. 
 
 
pA, 6.2 ± 3.8 cycles/min and -63 ± 31 pA, respectively. In the 
presence of GDP-β-S in the pipette, the carbachol-induced 
responses were suppressed; the resting currents, frequency 
and amplitude of pacemaker currents were -86 ± 32 pA, 11.8 ± 
3.8 cycles/min and -137 ± 52 pA, respectively (n = 5, Figs. 4B-
4D). These values are significantly different from those ob-
tained with the use of carbachol alone. These results indicate 
that G-proteins have an essential role in the carbachol-induced 
responses in ICC. 
 
Effects of an external Na+-free solution or non-selective  
cation channel blocker on the carbachol -induced 
responses in cultured ICC  
To determine the characteristic of the tonic inward currents 
induced by carbachol, we tested the effects of carbachol in the 
presence of an external Na+-free solution or flufenamic acid, a 
non-selective cation channel (NSCC) blocker. Exposure to the 
external Na+-free solution abolished the generation of pace-
maker currents. Under this condition, the tonic inward currents 
induced by carbachol (10 nM) were reduced (Fig. 5A). Under 
normal conditions, the resting currents of the tonic inward cur-
rents induced by carbachol was -409 ± 27 pA, and in presence 
of external Na+-free solution, the resting currents was -89 ± 40 
pA (n = 5, Fig. 5C). Together, flufenamic acid (10 μM) abol-
ished the generation of pacemaker currents and blocked the 
carbachol (10 nM)-induced tonic inward currents (Fig. 5B). In 
the presence of flufenamic acid, the resting currents of tonic 
inward currents induced by carbachol was -29 ± 8 pA (n = 5, 
Fig. 5C). These results suggest that the carbachol-induced 
tonic inward currents are mediated by NSCCs. 

A Ca2+-ATPase inhibitor of the endoplasmic reticulum  
suppress carbachol-induced responses in cultured ICC  
To investigate the role of external Ca2+ or internal Ca2+, expo-
sure of ICC to carbachol was tested under external Ca2+-free 
conditions and in the presence of thapsigargin, a Ca2+-ATPase 
inhibitor of the endoplasmic reticulum. The use of an external 
Ca2+-free solution completely inhibited the pacemaker currents 
in the voltage clamp mode at a holding potential of -70 mV. In 
this condition, carbachol (10 nM)-induced tonic inward currents 
were still evident (n = 5, Fig. 6A). The value of the resting cur-
rents with carbachol=treatment in the Ca2+-free solution was not 
significantly different when compared with a control value ob-
tained in normal solution (Fig. 6C). However, treatment with 
thapsigargin (5 μM) inhibited the pacemaker currents of the ICC 
and blocked the carbachol (10 nM)-induced tonic inward cur-
rents (Fig. 6B). In the presence of thapsigargin, the value of the 
resting currents with carbachol treatment with was significantly 
different from the value obtained with carbachol treatment in the 
absence of thapsigargin (n = 5, Fig. 6C). 
 
Effects of intracellular Ca2+ intensity by carbachol in 
cultured ICC  
As intracellular Ca2+ ([Ca2+]i) oscillations in ICC are considered 
the primary mechanism for the pacemaker activity in GI activity 
(Ward et al., 2002), we examined the effect of carbachol on 
[Ca2+]i oscillations in ICC. In this study, we measured sponta-
neous [Ca2+]i oscillations of ICC that are connected with cell 
clusters. Spontaneous [Ca2+]i oscillations were observed in 
many ICC (low magnification; data not shown), which were 
loaded with fluo3-AM (Fig. 7A), and spontaneous regular [Ca2+]i 

Fig. 4. The blocking effect of GDP-β-S on 

the response to carbachol on pacemaker 

currents in cultured ICC from the mouse 

small intestine. (A) Pacemaker currents 

from ICC exposed to carbachol (10 nM) 

in the presence of GDP-β-S (1 mM) in the 

pipette. GDP-β-S significantly blocked the 

carbachol-induced responses on pace-

maker currents. The blocking effects of

GDP-β-S on carbachol (CCh) action are 

summarized in (B, C, and D). The dotted 

lines indicate zero current levels. Bars 

represent mean values ± SE. *m=< 0.05,

significantly different from treatment with 

carbachol alone. Con, control. 

Fig. 5. The blocking effect of an external

Na
+
 -free solution or flufenamic acid, an

NSCC channel blocker, on the carbachol-

induced responses on pacemaker cur-

rents in cultured ICC from the mouse

small intesetine. (A) The use of an ex-

ternal Na
+
-free solution abolished the

generation of pacemaker currents. Un-

der these conditions, carbachol (10 nM)

did not produce tonic inward currents.

(B) Flufenamic acid (10 μM) abolished the

generation of pacemaker currents and

blocked the carbachol-induced tonic

inward currents. Responses to carbachol
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oscillations were seen in a time series (Fig. 7D). Especially, the 
frequency of [Ca2+]i oscillation was about 8-10 cycles/min. The 
difference of frequency between [Ca2+]i oscillation and pace-
maker activity is the reason that we scanned every 0.4 s for 
recording of [Ca2+]i. In the presence of carbachol (10 nM), the 
basal points of [Ca2+]i oscillations increased but the peak points 
of [Ca2+]i oscillations were slightly decreased (Fig. 7B and 7C). 
The data of the time series are shown in Fig. 7D. These results 
suggest that the action of carbachol in ICC may involve the 
regulation of spontaneous [Ca2+]i oscillations. 
 
DISCUSSION 
 

Acetylcholine (ACh) depolarizes the membrane potential of 
slow waves and contracts gastrointestinal smooth muscle (Hirst 
et al., 2002). The main cause of membrane depolarization by 
ACh is due to the activation of NSCCs by muscarinic receptor 
stimulation. That leads Ca2+ influx through voltage-dependent 
Ca2+ channel activation and induces smooth muscle contrac-
tions (Unno et al., 2006). NSCCs conduct net inward currents 
predominantly by Na+ under physiological conditions. The re-
moval of external Na+ decreased the amplitude of NSCC cur-
rents by muscarinic stimulation. Pharmacologically divalent 
cations such as Cd2+, Ni2+, Co2+, and Mn2+ inhibit the muscarinic 
NSCC currents (Inoue, 1991; Kuriyama et al., 1998). ICC gen-
erate spontaneous inward pacemaker currents, which are 
mainly mediated by the periodic activation of NSCC (Koh et al., 
1998; Thomsen et al., 1998). Reducing the concentration of 
external Na+ abolished the generation of pacemaker currents. 
The external application of divalent cations and NSCC blockers 
such as Gd3+ and flufenamic acid also inhibited the generation 
of pacemaker currents (Jun et al., 2004). Transient receptor 
potential (TRP) channels are components of NSCC. Classical 
TRP (TRPC) mRNA is detected in ICC by RT-PCR and the 
expressed TRPC4 currents are similar to pacemaker currents 
of ICC (Epperson et al., 2000; Walker et al., 2002). Recently, it 
was reported that melastatin-type TRP7 (TRPM7) channels are 
involved in the generation of pacemaker currents in cultured 
ICC of the mouse small intestine. The knockdown of TRPM7 
was accomplished by the use of siRNA-suppressed spontane-
ous pacemaker currents in cultured ICC (Kim et al., 2005). In 
cultured gastric ICC, ACh or carbachol produced membrane 
depolarization as seen in intact gastrointestinal smooth muscle 
and produced tonic inward pacemaker currents (Kim et al., 
2003). However, the nature of the tonic inward currents was not 

defined. In the present study, carbachol depolarized the pace-
maker potentials and produced tonic inward currents with re-
duced frequency and amplitude of pacemaker currents in the 
cultured intestinal ICC. The carbachol-induced tonic inward 
currents were blocked under a reducing external Na+-free solu-
tion and with pretreatment with flufenamic acid. Interestingly, 
Na+-free solution firstly generated the inward current and then 
the inward current returned the baseline. We cannot explain the 
exact mechanism of inward current generation by Na+-free 
solution and just suspect that this may be due to the washout of 
intracellular Na+ etc. Substance P is also a major excitatory 
neurotransmitter in the gastrointestinal tract that depolarizes 
the membrane potential and activates NSCC such as ACh 
(Zagorodnyuk et al., 1994). We have previously reported that 
substance P produced tonic inward currents that were medi-
ated by NSCC activation in cultured intestinal ICC (Jun et al., 
2004). Therefore, our results suggest that carbachol activates 
NSCC in ICC in a similar manner as substance P. 

A G-protein-mediated signal transduction pathway is believed 
to play a key role in the gating process of the muscarinic-
receptor-activated cationic current (Inoue and Isenberg, 1990a). 
Internally applied guanosine 5′-O-(3-thiotriphosphate) (GTP-γ-
S), a nonhydrolyzable analogue of guanosine 5′-triphosphate 
(GTP) that permanently inactivates GTP-binding proteins, can 
induce similar cationic currents in gastrointestinal smooth mus-
cle cells and the activation of muscarinic receptor-activated 
cationic currents can be inhibited by guanosine 5′-diphosphate 
(GDP-β-S), a nonhydrolysable guanosine 5′-diphosphate(GDP) 
analogue that permanently inactivates GTP-binding proteins 
(Unno et al., 2006). In the present study, when GDP-β-S was 
present in the pipette, the carbachol-induced effects on pace-
maker currents were significantly suppressed. These results 
suggest that G-proteins are involved in modulating pacemaker 
currents by muscarinic receptor activation. 

Muscarinic receptors are composed of five subtypes from M1 

to M5. Gastrointestinal smooth muscles express the M2 and M3 
subtypes of the muscarinic receptors. M2 receptors are more 
distributed than M3 receptors in the ratio of 80% M2 to 20% M3 
(Sanders, 1998). In molecular studies, mRNA of M2 and M3 
receptors were detected by RT-PCR from isolated ICC 
(Epperson et al., 2000). Carbachol-induced effects on pace-
maker currents were blocked by a muscarinic M3 receptor 
blocker in cultured gastric ICC but not by an M2 receptor 
blocker (Kim et al., 2003). In the present study, we also found 
that 4-DAMP, a muscarinic M3 receptor antagonist, inhibited the 

Fig. 6. The effect of an external Ca
2+

-

free solution or thapsigargin, a Ca
2+

ATPase inhibitor of the endoplasmic 

reticulum, on the carbachol-induced re-

sponses on pacemaker currents in 

cultured ICC from the mouse small 

intestine. (A) The use of an external 

Ca
2+

-free solution abolished the genera-

tion of pacemaker currents. Under these 

conditions, the carbachol (10 nM)-in-

duced tonic inward currents were not 

blocked. (B) Thapsigargin (5 μM) abol-

ished the generation of pacemaker 

currents and blocked the carbachol (10 

nM)-induced tonic inward currents. Re-

sponses to carbachol (CCh) in the ex-
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carbachol-induced effects significantly in cultured intestinal ICC. 
However, methoctramine, a M2 receptor blocker, did not inhibit 
the carbachol-induced effects. Therefore, it seems that mus-
carinic M3 receptors may be involved in the regulation of pace-
maker currents in intestinal ICC. 

Extracellular Ca2+ and intracellular Ca2+ have obligatory roles 
in muscarinic NSCC activation in gastrointestinal smooth mus-
cle. When Ca2+ is removed from the external solution (Ca2-free 
solution) or when Ca2+ buffers are loaded into the cells, the 
amplitude of muscarinic NSC currents are decreased (Inoue 
and Isenberg, 1990b; Sakamoto et al., 2006), which indicates 
that activation of NSCCs is Ca2+ dependent. In addition, the 
generation of pacemaker currents in ICC is dependent upon 
extracellular and intracellular Ca2+. The removal of extracellular 
Ca2+ abolishes pacemaker activity in ICC (Torihashi et al., 
2002). The generation of pacemaker currents in ICC is initiated 
by inositol 1,4,5-triphosphate (IP3) receptor-activated Ca2+ re-
lease from the endoplasmic reticulum (Ward et al., 2002). Fur-
thermore, the activation of muscarinic M3 receptors is coupled 
with phosphatidylinositol turnover. The activation of muscarinic 
M3 receptor stimulates phospholipase C (PLC) and generates 
IP3 and diacylglycerol (DAG). In turn, IP3 increases intracellular 
Ca2+ from the endoplasmic reticulum and DAG activates protein 
kinase C (Sanders, 1998). In gastric ICC, the use of a PLC 
inhibitor blocked carbachol-induced tonic inward currents. 
However, a protein kinase C inhibitor did not block carbachol-
induced tonic inward currents (Kim et al., 2003). In the present 
study, the carbachol-induced tonic inward currents were still 
induced by the removal of extracellular Ca2+. Thapsigargin, a 
Ca2+ ATPase inhibitor that acts on the endoplasmic reticulum, 
blocked the carbachol-induced tonic inward currents. Therefore, 
our results suggest that IP3-dependent intracellular Ca2+ re-
lease by muscarinic receptor activation is essential to the car-
bachol-induced tonic currents rather than Ca2+ influx from the 
extracellular space. 

Intracellular Ca2+ oscillations are the primary mechanism to 
generate pacemaker currents. Intracellular Ca2+ oscillations are 

well matched with periodic pacemaker currents. Recently, Na-
kayama et al. (2005) suggested that sulfonylurea receptor 
(SUR) subunit can modulate the pacemaker activity of ICC by 
regulating of [Ca2+]i oscillations and also our previous report 
showed PGE2 inhibited pacemaker currents by decreasing 
intracellular Ca2+ oscillations in cultured ICC (Choi et al., 2006). 
In this study, treatment with carbachol in ICC initially increased 
the oscillating Ca2+ wave frequency and the basal point of 
[Ca2+]i levels and were followed by a decrease of the peak point 
and oscillating Ca2+ wave frequency. However, the [Ca2+]i in-
tensity was broadly increased as with the action of tonic inward 
currents reversely. We think that the reduced frequency of 
pacemaker currents after treatment with carbachol is related 
with these changes of intracellular Ca2+ oscillations. Koh et al. 
(2002) reported that spontaneous NSCC activities are reduced 
at a high intracellular Ca2+ concentration in cultured ICC. There-
fore, it seems that the reduced frequency and the fused tonic 
inward currents are due to an increase of intracellular Ca2+ by 
carbachol. 

In conclusion, our results show that the modulation of pace-
maker currents by carbachol is mediated through the activation 
of non-selective cation channels via muscarinic M3 receptors by 
a G-protein dependent intracellular Ca2+ release mechanism. 
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