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  This study aimed to investigate the effect of pituitary adenylate cyclase-activating peptide (PACAP) 
on the pacemaker activity of interstitial cells of Cajal (ICC) in mouse colon and to identify the 
underlying mechanisms of PACAP action. Spontaneous pacemaker activity of colonic ICC and the 
effects of PACAP were studied using electrophysiological recordings. Exogenously applied PACAP 
induced hyperpolarization of the cell membrane and inhibited pacemaker frequency in a dose-dependent 
manner (from 0.1 nM to 100 nM). To investigate cyclic AMP (cAMP) involvement in the effects of 
PACAP on ICC, SQ-22536 (an inhibitor of adenylate cyclase) and cell-permeable 8-bromo-cAMP were 
used. SQ-22536 decreased the frequency of pacemaker potentials, and cell-permeable 8-bromo-cAMP 
increased the frequency of pacemaker potentials. The effects of SQ-22536 on pacemaker potential 
frequency and membrane hyperpolarization were rescued by co-treatment with glibenclamide (an 
ATP-sensitive K＋ channel blocker). However, neither NG-nitro-L-arginine methyl ester (L-NAME, a 
competitive inhibitor of NO synthase) nor 1H-[1,2,4]oxadiazolo[4,3-α]quinoxalin-1-one (ODQ, an inhibitor 
of guanylate cyclase) had any effect on PACAP-induced activity. In conclusion, this study describes 
the effects of PACAP on ICC in the mouse colon. PACAP inhibited the pacemaker activity of ICC 
by acting through ATP-sensitive K＋ channels. These results provide evidence of a physiological role 
for PACAP in regulating gastrointestinal (GI) motility through the modulation of ICC activity.

Key Words: ATP-sensitive K＋ (KATP) channels, Colon, Interstitial cells of Cajal (ICC), Pituitary adenylate 
cyclase-activating polypeptide (PACAP) 

INTRODUCTION

  Pituitary adenylate cyclase-activating polypeptide (PACAP) 
was first identified in ovine hypothalamic extracts and has 
the ability to stimulate cyclic AMP (cAMP) formation in an-
terior pituitary cells [1]. PACAP belongs to the vasoactive 
intestinal polypeptide (VIP)/glucagon/growth hormone-re-
leasing factor/secretin superfamily and is involved in the 
regulation of important biological functions [2]. 
  Many reports have identified roles for PACAP in gut 
function. Usually, PACAP is found in enteric nerves, partic-

ularly in myenteric nerves [3], giving it the ability to influ-
ence neuronal and muscular activity in the gastrointestinal 
(GI) tract. PACAP stimulates longitudinal muscle contrac-
tions, utilising acetylcholine and tachykinins as neuro-
transmitters [4]. PACAP has been found to function as an 
inhibitory neurotransmitter in the circular muscle of the 
mouse antrum [5-7]. In addition, some reports suggest that 
PACAP can act directly on myocytes in the GI tract. For 
example, PACAP can relax intestinal smooth muscle [8-12] 
and has an important role in intestinal motor coordination 
in the rat colon [13]. 
  It is well known that the interstitial cells of Cajal (ICC) 
are pacemaker cells for GI motility and generate the pace-
maker currents that underlie slow waves. ICC are coupled 
electrically to each other and to neighboring smooth muscle 
cells via gap junctions [14]. Slow waves generated from ICC 
are propagated in ICC networks and conducted passively 
to smooth muscle cells [15]. Many neurotransmitters (e.g., 
acetylcholine, 5-hydroxytryptamine, nitric oxide) have an 
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excitatory or inhibitory effect on the pacemaker activity of 
ICC [16-18], supporting the idea that ICC have a critical 
role in controlling smooth muscle motility in the GI tract. 
  Although the effects of PACAP on GI motility have been 
extensively characterized, the exact mechanism of PACAP 
action on GI motility or on ICC in the GI tract has not 
yet been explored. Here, we found that PACAP inhibits the 
pacemaker activity of colonic ICC and identified a role for 
ATP-sensitive K＋ (KATP) channels in this process.

METHODS

Animal and tissue preparation

  All experiments were performed according to the Guiding 
Principles 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 num-
ber of animals used and their suffering.
  Balb/C mice (3∼7 days old) of either sex were anesthetized 
with diethyl ether and sacrificed by cervical dislocation. 
The small intestine was excised 1 cm below the pyloric ring 
to the cecum and opened along the mesenteric border. 
Luminal contents were washed away with Krebs-Ringer bi-
carbonate solution.

Cell Culture

  The isolated tissue was pinned to the base of a Slygard 
dish, and the mucosa was removed by sharp dissection. 
Small strips of intestinal muscle were equilibrated in cal-
cium-free Hank’s solution with the following constituents: 
5.36 mM KCl, 125 mM NaCl, 0.336 mM NaOH, 0.44 mM 
Na2HCO3, 10 mM glucose, 2.9 mM sucrose, and 11 mM 
HEPES. The pH was adjusted to 7.4 with Tris for 30 min. 
Cells were dispersed by incubating for 15 min at 37oC in 
an enzymatic solution containing collagenase (1.3 mg/ml; 
Worthington Biochemicals, Lakewood, NJ, USA) bovine se-
rum albumin (2 mg/ml; Sigma, St. Louis, MO, USA), tryp-
sin inhibitor (2 mg/ml; Sigma), and ATP (0.27 mg/ml). The 
cells were finely chopped and placed onto sterile glass cov-
erslips coated with poly-L-lysine in 35 mm culture dishes 
and incubated at 37oC in a 95% O2/5% CO2 incubator in 
smooth muscle growth medium (SMGM; Cambrex Bio 
Science, Walkersville, MD, USA) supplemented with 2% 
antibiotics/antimycotics (Gibco, Grand Island, NY, USA) 
and murine stem cell factor (5 ng/ml; Sigma). 

Patch-clamp experiments

  The whole-cell configuration of the patch-clamp techni-
que was used to record membrane currents (voltage clamp) 
and membrane potentials (current clamp) from the cultured 
ICC. Currents or potentials were amplified using an Axopatch 
1-D (Axon Instruments, Foster City, CA, USA). Command 
pulse was applied using an IBM-compatible personal com-
puter and pClamp software (version 9.2; Axon Instruments). 
The data were filtered at 5 kHz. All experiments were car-
ried out at 30oC.

Solutions

  The cells were bathed in a standard solution containing 

the following: 5 mM KCl, 135 mM NaCl, 2 mM CaCl2, 10 
mM glucose, 1.2 mM MgCl2, and 10 mM HEPES. The 
standard solution was adjusted to pH 7.4 with Tris. The 
pipette solution contained the following: 120 mM K-aspar-
tate, 20 mM KCl, 5 mM MgCl2, 2.7 mM K2ATP, 0.1 mM 
Na2GTP, 2.5 mM creatine phosphate disodium, 0.1 mM 
EGTA, and 5 mM HEPES. The solution was adjusted to 
pH 7.4 with Tris.

Drugs and chemicals

  Drugs used for the experiments were purchased from 
Sigma-Aldrich. Drugs were dissolved in appropriate sol-
vents (DMSO or distilled water) and stock solutions (10 mM 
or 100 mM) were prepared and stored in aliquots at the 
designated temperatures. All light-sensitive drugs were 
protected from light by wrapping their containers in alumi-
num foil. The required concentrations of the drugs were 
prepared at the time of the experiments and added to the 
bath solution. All drugs were applied to the whole-cell prep-
aration by superfusion. The final concentration of DMSO 
in all the drug preparations was ＜0.5%.

Statistical analysis

  Data are expressed as mean±standard error. Differences 
between groups were evaluated by a Student’s t-test. A p 
value ＜0.05 was considered to be statistically significant. 
The n values reported in the text refer to the number of 
cells used in the patch-clamp experiments.

RESULTS

Effect of PACAP on pacemaker currents generated by 
colonic ICC

  ICC cultured from mouse colon were identified with Kit 
immunofluorescence. Kit-positive cells had a distinctive mor-
phology that was easily recognized in cultures. We used 
electrophysiological assays to determine the effect of PACAP 
on ICC. Electrophysiological recordings were performed 
from cultured colonic ICC under voltage-clamp mode at −70 
mV. Under control conditions, ICC showed spontaneous 
pacemaker currents. The frequency and amplitude recorded 
from colonic ICC were measured as 11.6±1.8 cycles/5 min 
and 722.4±91.09 pA (n=5), respectively, under physiological 
conditions (Fig. 1B and C). Administration of PACAP (1 
nM) to the bath solution slightly showed outward currents 
and inhibited pacemaker activity (Fig. 1A). The frequency 
and amplitude values of pacemaker currents under volt-
age-clamp mode in the presence of PACAP (1 nM) were sig-
nificantly different from control values (n=5, Fig. 1B and C).

Effect of PACAP on pacemaker potentials generated by 
colonic ICC

  We examined whether exogenous exposure to PACAP 
triggered dose-dependent effects on ICC pacemaker poten-
tials in current-clamp mode (I=0). Under a current clamp, 
ICC generated spontaneous pacemaker potentials. The ap-
plication of 0.1 nM or 1 nM PACAP induced slight hyper-
polarization with reduction of frequency (Fig. 2A and B). 
Next, we found that pacemaker potentials were markedly 
inhibited and strong hyperpolarization was induced by the 
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Fig. 1. Effects of pituitary adenylate cyclase-activating peptide 
(PACAP) on pacemaker currents recorded in cultured interstitial 
cells of Cajal (ICC) from mouse colon. (A) shows the pacemaker 
currents of ICC exposed to PACAP (1 nM) in voltage-clamp mode 
at −70 mV holding potentials. PACAP inhibited the amplitude and 
frequency of pacemaker currents in ICC. The dotted lines indicate 
the control resting current levels. Responses to PACAP are 
summarized in (B) and (C). Bars represent the means±SE. *Asterisks 
indicate a statistically significant difference from controls (p＜0.05).

Fig. 2. Effects of various concentrations of pituitary adenylate 
cyclase-activating peptide (PACAP) on pacemaker potentials 
recorded in cultured interstitial cells of Cajal (ICC) from mouse 
colon. (A), (B), (C), and (D) show pacemaker potentials of ICC exposed 
to PACAP (0.1 nM, 1 nM, 10 nM, or 100 nM) under current-clamp 
mode (I=0). Vertical solid lines represent the amplitude of pacemaker 
potentials and horizontal solid lines represent the duration of 
recording (s) of pacemaker potentials. The dotted lines indicate the 
resting membrane potential. (E) and (F) summarize the effects of 
PACAP on pacemaker potentials in ICC. Bars represent the 
means±SE. *Asterisks indicate a statistically significant difference 
from controls (p＜0.05). Con, control.

Fig. 3. Effects of SQ-22536 and cell-permeable 8-bromo-cyclic AMP 
(8-bromo-cAMP) on pacemaker potentials in cultured interstitial 
cells of Cajal (ICC) from mouse colon. (A) Treatment with SQ-22536 
(100 μM) showed inhibitory effects on pacemaker potentials. (B) 
Treatment with 8-bromo-cAMP (100 μM) increased the frequency 
of pacemaker potentials in colonic ICC. Vertical solid lines show 
the amplitude of pacemaker potentials and horizontal solid lines 
show the duration of recording (s) of pacemaker potentials.

presence of 10 nM or 100 nM PACAP (Fig. 2C and D). Under 
control conditions, the resting membrane potential and fre-
quency generated by colonic ICC were recorded as −51.4±1.2 
mV and 10.6±0.9 cycles/5 min, respectively (n=18, Fig. 2E 
and F). When ICC were treated with high concentrations 
of PACAP, the resting membrane potentials were measured 
as −57.8±1.7 mV at 10 nM (n=4) and −61.7±3.02 mV at 
100 nM (n=5). The mean values of pacemaker potential fre-
quencies were changed to 0.2±0.1 cycles/5 min at 10 nM 
and 0.1±0.19 cycles/5 min at 100 nM by addition of high 
dose PACAP (Fig. 2E and F).

Confirmation of cAMP action on colonic ICC

  To investigate whether PACAP stimulates adenylate cy-
clase with a subsequent increase in cAMP levels, we tested 
the effects of SQ-22536 (adenylate cyclase inhibitor) and 
cell-permeable 8-bromo-cAMP. SQ-22536 (100 μM) in-
hibited the frequency of pacemaker potentials and induced 
slight hyperpolarization of the membrane (Fig. 3A). In con-
trast, 8-bromo-cAMP (100 μM) increased the frequency of 
pacemaker potentials and slightly depolarized the mem-
brane (Fig. 3B). 

Effect of various potassium channels inhibitors on 
PACAP-induced action

  To rule out the possible involvement of potassium chan-
nels, colonic ICC were exposed to tetraethylammonium 
chloride (TEA) (a voltage-dependent K＋ channel blocker), 
apamin (a Ca2＋-dependent K＋ channel blocker), or (C) Ba2＋ 
(an inward rectifier K＋ channel blocker). In the presence 
of TEA (2 mM), apamin (100 nM), or Ba2＋ (100 μM), 
PACAP (1 nM) still inhibited the frequency of pacemaker 
potentials and generated hyperpolarization of the ICC 
membrane in colonic ICC (Fig. 4A, B and C). Also, the val-
ues for frequency or resting membrane potentials with TEA
＋PACAP, apamin＋PACAP, or Ba2＋＋PACAP were not 
significantly different from PACAP alone (n=5∼6, Fig. 4D 
and E).

Effect of ATP-sensitive K＋ channel blocker on PACAP- 
induced activity

  To investigate the role of ATP-sensitive K＋ (KATP) chan-
nels in PACAP action on colonic ICC, we tested the effects 
of PACAP when combined with glibenclamide (KATP channel 
blocker). First, we checked the PACAP (1 nM)-induced in-
hibitory action on pacemaker potentials in colonic ICC, and 
then co-treated with glibenclamide (10 μM). Glibenclamide 
inhibited the effects of PACAP, and ICC returned to normal 
pacemaker potential conditions (Fig. 5A). To confirm this 
result, we tested the effects of pinacidil, a KATP channel 



438 MJ Wu, et al

Fig. 5. Effects of KATP channel blockers or a channel opener on 
pituitary adenylate cyclase-activating peptide (PACAP)-mediated 
inhibition of pacemaker potentials recorded in cultured interstitial 
cells of Cajal (ICC) from mouse colon. (A) Glibenclamide (an 
ATP-sensitive K＋ channel blocker; 10 μM) blocked PACAP-induced 
membrane hyperpolarization and reduced the frequency of pace-
maker potentials. (B) Pinacidil (100 nM) reduced the frequency of 
pacemaker potentials and induced hyperpolarization of the cell 
membrane in colonic ICC. Glibenclamide (10 μM) blocked the 
pinacidil-induced action. Vertical solid lines show the amplitude 
of the pacemaker potentials and horizontal solid lines show the 
duration of recording (s) of pacemaker potentials. (C) and (D) 
summarize the effects of PACAP on pacemaker potentials in colonic 
ICC with KATP channel blockers. Bars represent the means±SE.
*Asterisks indicate a statistically significantly difference from 
controls (p＜0.05). Con, control.

Fig. 4. Effects of various K＋ channel blockers on pituitary adenylate 
cyclase-activating peptide (PACAP)-mediated inhibition of pacemaker 
potentials recorded in cultured interstitial cells of Cajal (ICC) from 
mouse colon. (A) Tetraethylammonium chloride (TEA, a voltage-de-
pendent K＋ channel blocker; 2 mM), (B) apamin (a Ca2＋-dependent 
K＋ channel blocker; 100 nM), or (C) Ba2＋ (an inward rectifier K＋

channel blocker; 100 μM) did not have any effect on pacemaker 
potentials in colonic ICC. Vertical solid lines show the amplitude 
of pacemaker potentials and horizontal solid lines show the duration 
of recording (s) of pacemaker potentials. (D) and (E) summarize 
the effects of PACAP on pacemaker potentials in colonic ICC with 
K＋ channel blockers. Bars represent the means±SE. *Asterisks 
indicate a statistically significant difference from controls (p＜0.05). 
Con, control.

Fig. 6. Effects of forskolin on pacemaker potentials in cultured 
interstitial cells of Cajal (ICC) from mouse colon. (A) Treatment 
with forskolin (50 nM) had an inhibitory effect on pacemaker 
potentials, similar to that of pituitary adenylate cyclase-activating 
peptide (PACAP). (B) Co-treatment with glibenclamde (10 μM) 
inhibited forsklin-induced action on colonic ICC. (C) and (D) sum-
marize the effects of forskolin on pacemaker potentials in colonic 
ICC with glibenclamide. Bars represent the means±SE. *Asterisks 
indicate a statistically significantly difference from controls (p＜0.05). 
Con, control.

opener. Pinacidil (100 nM) had an inhibitory action on pace-
maker potentials in colonic ICC, similar to PACAP. This 
effect was rescued by co-treatment with glibenclamide (Fig. 
5B). Fig. 5C and D show that no significant difference was 
observed between PACAP alone and PACAP with glibencla-
mide (n=3∼4).

Forskolin mimics PACAP action on colonic ICC

  To verify the role of cAMP in ICC regulation, we tested 
the effects of forskolin on pacemaker potentials. Under a 
current clamp, ICC generated spontaneous pacemaker 
potentials. The application of 50 nM forskolin induced hy-
perpolarization of the cell membrane with reduction of fre-
quency (Fig. 6A). Glibenclamide (10 μM) rescued the for-
skolin-induced hyperpolarization of the ICC membrane and 
the decreased pacemaker potential frequency (Fig. 6B). Fig. 
6C and D show that no significant difference was observed 
between forskolin alone and forskolin with glibenclamide 
in ICC (n=10).

No role for cGMP in PACAP-induced activity in 
colonic ICC

  To study whether PACAP-induced action on colonic ICC 
is regulated by nitric oxide (NO) signal pathways, L-NAME 
(a competitive inhibitor of NO synthase) or ODQ (an in-
hibitor of guanylate cyclase) were tested in combination 
with PACAP. Pretreatment with L-NAME (10 μM) or ODQ 
(10 μM) did not affect PACAP-induced inhibitory action 
or hyperpolarization of the membrane in colonic ICC (Fig. 
7A and B). Fig. 7C and D show that no significant differ-
ences in frequency or resting membrane potentials were ob-
served between PACAP alone and PACAP with L-NAME 
or ODQ (n=4∼5).

DISCUSSION

  In the present study, we have shown that PACAP inhibits 
the frequency of pacemaker activity and hyperpolarizes the 
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Fig. 7. Effects of NG-nitro-L-arginine methyl ester (L-NAME) or 
1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ) on pituitary 
adenylate cyclase-activating peptide (PACAP)-induced responses of 
pacemaker potentials in cultured interstitial cells of Cajal (ICC) 
from mouse colon. (A) L-NAME (a competitive inhibitor of NO 
synthase; 10 μM) did not have any effect on PACAP-induced action 
in colonic ICC. (B) ODQ (an inhibitor of guanylate cyclase; 10 μM) 
also did not show any effect on PACAP-induced action in colonic 
ICC. (C) and (D) summarize the effects of PACAP on pacemaker 
potentials in colonic ICC with L-NAME or ODQ. Bars represent 
the means±SE. Con, control.

membrane in colonic ICC. This suggests that PACAP is an 
inhibitory neurotransmitter that targets colonic ICC. In 
support of this, many reports have suggested that PACAP 
has an inhibitory action on the motility of several areas 
of the GI tract. In vitro studies have shown that PACAP 
relaxes the rat colon [19,20] and ileum [11,21]. PACAP may 
participate in the descending relaxation phase of the peri-
staltic reflex [13]. Electrical-field stimulation and stretch-
ing of colon segments induce PACAP release and descend-
ing relaxation of the rat colon smooth muscle [13]. Further-
more, previous report showed VIP that is inhibitory neuro-
peptide like as PACAP inhibited pacemaker activity in 
small intestinal ICCs [22]. We predicted that PACAP in-
hibits GI motility not only by controlling smooth muscle 
directly through its release from enteric neurons, but also 
by regulation of ICC. 
  NO is the representative inhibitory neurotransmitter reg-
ulating GI motility released from enteric neurons. However, 
its mechanism of action is different from PACAP. While NO 
diffuses into target cells and activates soluble guanylate cy-
clase leading to cGMP production [23], PACAP usually 
binds to receptors in target cells leading to increased cAMP 
levels [24]. Our results suggest that ICC may also be tar-
gets for inhibitory neurotransmitters, including PACAP, in 
the modulation of GI motility. We have previously shown 
that ICC are target cells for NO [18]. Although it is under 
debate, many reports suggest NO can be produced within 
enteric neurons, smooth muscle cells, or ICC. Although we 
did not test whether PACAP is released from enteric neu-
rons in this study, it is possible that ICC may control or 
relay PACAP action released from enteric neurons that can 
then act on muscle cells. Further studies are needed to in-
vestigate this. 
  Stimulation of cells by PACAP characteristically evokes 
an increase in cytoplasmic cAMP [25]. With this in mind, 

we examined the role of the cAMP pathway in the PACAP-in-
duced effects on colonic ICC, and found that the cAMP 
pathway does not appear to be involved. Cell-permeable 
8-bromo-cAMP did not inhibit the pacemaker activity of co-
lonic ICC, and our results suggest that production of cAMP 
in colonic ICC has an excitatory effect. Furthermore, our 
previous report showed there is no effect of cAMP on pace-
maker activity in small intestinal ICC [26]. Also, pretreat-
ment with an adenylate cyclase inhibitor does not influence 
prostaglandin E2 (PGE2) action on pacemaker currents, and 
PGE2 does not stimulate the production of cAMP [27]. This 
suggests that inhibition of pacemaker activity by PACAP 
does not use the common pathway (cAMP-mediated) in co-
lonic ICC. Next, we focused on the possible role of cGMP 
in mediating PACAP action on colonic ICC. As several stud-
ies have suggested that NO facilitates the release of VIP 
or PACAP [13], we investigated whether cGMP is involved 
in mediating PACAP-induced activity in colonic ICC. 
However, PACAP-induced action in colonic ICC was not af-
fected by either an NO synthase inhibitor or a guanylate 
cyclase inhibitor.
  To further understand the mechanism of PACAP action 
on colonic ICC, we investigated the role of KATP channels. 
There are reports that KATP channels are involved in 
PACAP-induced action in some tissues. For example, gli-
benclamide inhibits PACAP-induced relaxation of human 
pulmonary arteries and coronary arteries and stimulates 
KATP channels in smooth muscle cells [28,29]. Interestingly, 
a KATP channel blocker inhibited the PACAP-induced effect 
on pacemaker activity in colonic ICC. In particular, the 
membrane hyperpolarization induced by PACAP was mark-
edly inhibited by the KATP channel blocker. We also exam-
ined the effects of forskolin, as previous reports have shown 
that forskolin inhibits the pacemaker activity of small in-
testinal ICC through KATP channels [30]. In this study, we 
found a similar effect of forskolin treatment. We have pre-
viously reported that ICC express KATP channels in the 
small intestine and ICC are modulated by bile salts and 
antidepressants via KATP channel modulation [31,32]. 
  This study provides the first evidence that the inhibitory 
action of PACAP on colon motility may occur through ICC. 
The inhibition of electrical pacemaker activity in colonic 
ICC by PACAP appears to be closely related to KATP chan-
nels but not to the cAMP pathway. Further studies should 
address how PACAP stimulates the KATP channels and aim 
to identify the components involved in this regulatory 
mechanism.
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