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Effects of Ginsenoside on Pacemaker Potentials of
Cultured Interstitial Cells of Cajal Clusters from the

Small Intestine of Mice
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Young Kyu Kwon', Seung-Yeol Nah®, and Byung Joo Kim"*

Ginsenoside, one of the active ingredients of Panax gin-
seng, has a variety of physiological and pharmacological
actions in various organs. However, little is known about

the effects of ginsenosides on gastrointestinal (Gl) motility.

We studied the modulation of pacemaker potentials by
ginsenoside in the interstitial cells of Cajal (ICCs) using the
whole-cell patch clamp technique in the current clamp
mode. Among ginsenosides, we investigated the effects of
ginsenoside Rb1, Rg3 and Rf. While externally applied Rb1
and Rg3 had no effects on pacemaker potentials, Rf caused
membrane depolarization. The application of flufenamic
acid or niflumic acid abolished the generation of pace-
maker potentials and inhibited the Rf-induced membrane
depolarization. Membrane depolarization induced by Rf
was not inhibited by intracellular application of guanosine
5'-[B-thio]ldiphosphate trilithium salt. Pretreatment with a
Ca®*-free solution, thapsigargin, a Ca®*-ATPase inhibitor of
the endoplasmic reticulum, U-73122, a phospholipase C
inhibitor, or 2-APB, an IP; receptor inhibitor, abolished the
generation of pacemaker potentials and suppressed Rf-
induced actions. However, treatment with chelerythrine
and calphostin C, protein kinase C inhibitors, did not block
Rf-induced effects on pacemaker potentials. These results
suggest that ginsenoside Rf modulates the pacemaker
activities of ICCs and therby regulates intestinal motility.

INTRODUCTION

Ginseng, the root of Panax ginseng C. A. Meyer, is a well-
known folk medicine that has been used as a tonic agent. The
molecular components primarily responsible for the actions of
ginseng are ginsenosides, also known as ginseng saponins.
Ginsenosides are derivatives of triterpenoid dammarane with

molecular structures consisting of 30 carbon atoms (Nah, 1997).

Ginsenosides have a 4-ring, steroid-like structure, with attached
sugar moieties. About 30 different ginsenosides have been
isolated and identified from the Panax ginseng root (Kim et al.,

2007). In a study using purified compounds from ginsenosides,
ginsenosides Rb1, Rg3 and Rf were found to exert a number of
biological activities that affected central and peripheral nervous
systems, cardiovascular, and immune systems (Chen, 1996;
Gillis, 1997; Kim et al., 1998; Saito et al., 1977). Interestingly,
many studies have demonstrated that ginsenosides have ef-
fects on gastrointestinal (Gl) motility. Ginseng accelerated
mouse small intestinal movement (Furukawa et al., 1995),
stimulated relaxation of the circular muscle of the gastric body,
and longitudinal muscle contraction in the ileum and distal colon
in isolated guinea pig Gl tract tissues (Hashimoto et al., 2001).
In rabbit intestine, ginseng had stimulatory effects on intestinal
motility (Murata et al., 2001). Furthermore, Kim et al. (2007)
suggested that ginseng total saponins (GTS) modulated the
pacemaker activity of interstitial cells of Cajal (ICCs) in the GI
tract. However, it is still unclear which ginsenoside types exert
pharmacological or physiological effects on intestinal ICCs.
Many regions of the tunica muscularis of the Gl tract display
spontaneous contractions. These are mediated by the periodic
generation of electrical slow waves (Szurszewsik, 1987). Re-
cent studies have shown that ICCs act as the pacemakers and
conductors of the electrical slow waves in Gl smooth muscles
(Huizinga et al., 1995; Langton et al., 1989; Ordog et al., 1999;
Sanders, 1996; Ward et al., 1994). Slow waves propagate
within ICC networks, conduct into smooth muscle cells through
gap junctions, and initiate phasic contractions by activating Ca®*
entry through L-type Ca*" channels. Pacemaker activity in the
murine small intestine is due mainly to periodic activation of
nonselective cation channels (NSCC) (Kim et al., 2008; Koh et
al., 2002) or CI' channels (Huizinga et al., 2002; Zhu et al.,
2009). Moreover there is evidence that endogenous agents
such as neurotransmitters, hormones and paracrine sub-
stances modulate intestinal motility by influencing ICCs (Jun et
al., 2004a; 2004b; 2005; Kim et al., 2010; So et al., 2009). The
pacemaker mechanism of ICCs has been shown to involve
rhythmic oscillations in the intracellular calcium concentrations
and Ca™* release from p-myo-inositol 1,4,5-trisphosphate (IPg)
receptor-operated stores. Uptake of Ca®* activates voltage-
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independent, Ca**-inhibited, NSCCs (Torihashi et al., 1999).

Since exposure to ginsenosides alters Gl motility, and since
ICCs are the pacemaking cells of intestinal muscle, in the pre-
sent study we examined which ginsenosides have the ability to
alter the electrical properties of cultured ICC clusters derived
from murine small intestine.

MATERIALS AND METHODS

Preparation of cells

Balb/C mice (8-13 d old) of either sex were anesthetized with
ether and sacrificed by cervical dislocation. All experiments
were performed according to the Guiding Principles for the
Care and Use of Animals and were approved by the Ethics
Committee of Chosun University and Pusan National University.
The small intestine from 1 cm below the pyloric ring to the
cecum were removed, opened along the mesenteric border,
and 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 Ca**-free
Hank’s solution containing KCI 5.36 mM, NaCl 125 mM, NaOH
0.336 mM, Na,HCO; 0.44 mM, glucose 10 mM, sucrose 2.9
mM, and HEPES 11 mM, adjusted to pH 7.4 with Tris for 30
min. After incubation for 15 min at 37°C in an enzyme solution
containing collagenase (1.3 mg/ml; Worthington Biochemical,
USA), bovine serum albumin (2 mg/ml; Sigma, USA), trypsin
inhibitor (2 mg/ml; Sigma), and ATP (0.27 mg/ml), the cells
were dispersed. Cells were plated onto sterile glass coverslips
coated with murine collagen (2.5 mg/ml; Falcon/BD Biosciences,
USA) in 35 mm culture dishes. The cells were then cultured at
37°C in a 5% CO; incubator in smooth muscle growth medium
(Clonetics Corp., USA), supplemented with 2% antibiotics/anti-
mycotics (Gibco, USA) and murine stem cell factor (5 ng/ml;
SCF, Sigma). ICCs were identified immunologically with a
monoclonal antibody for Kit protein (ACK2) and were 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 potentials (current clamp) from cul-
tured ICC clusters. Potentials were amplified using Axopatch 1-
D (Axon Instruments, USA). A command pulse was applied
using an IBM compatible personal computer and pClamp soft-
ware (version 6.1; Axon Instruments). The data were filtered at
5 kHz and displayed on an oscilloscope, computer monitor, and
pen recorder (Gould 2200, Gould, USA). The results were ana-
lyzed using pClamp and Graph Pad Prism (version 2.01) soft-
ware. All experiments were performed at 30°C.

JMJ T

Solutions and drugs

The cells were bathed in a solution containing KCI (5 mM),
NaCl (135 mM), CaCl, (2 mM), glucose (10 mM), MgCl, (1.2
mM), and HEPES (10 mM) adjusted to pH 7.2 with Tris. The
pipette solution contained K-aspartate (120 mM), KCI (20 mM),
MgCl: (5 mM), KATP (2.7 mM), Na,GTP (0.1 mM), creatine
phosphate disodium (2.5 mM), EGTA (0.1 mM), and HEPES (5
mM), adjusted to pH 7.2 with Tris. The drugs used were
guanosine 5'-[-thio]diphosphate trilithium salt (GDP-B-S), U-
73122, calphostin C, chelerythrine, and thapsigargin. All drugs
were purchased from Sigma. Flufenamic acid and niflumic acid
were purchased from Calbiochem (USA). The ginsenosides
Rb+, Rgs, and Rf were provided by AMBO Institute (Korea).

Statistical analysis

Data are expressed as the mean + standard errors. Statistical
differences in the data were evaluated using Student’s t-tests. A
p value less than 0.05 was considered to be statistically signifi-
cant. n values reported in the text refer to the number of cells
used in patch-clamp experiments.

RESULTS

Effect of ginsenosides on pacemaker potentials of
cultured ICC clusters

The patch-clamp technique was tested on ICCs that formed
network-like structures (clusters) in culture (typically within 2-4
days). Spontaneous rhythms were routinely recorded from
cultured ICC clusters under current-clamp conditions, and ICCs
within clusters displayed more robust electrical rhythms. Tis-
sue-like spontaneous slow waves have previously been re-
corded from these cells (Koh et al., 1998). Recordings from the
cultured ICC clusters under the current clamp mode (I = 0)
revealed spontaneous pacemaker potentials. The resting mem-
brane potential was -51 £ 3 mV and the amplitude was 21 + 3
mV. Ginsenoside Rb1 (100 pM) was without effect on the
pacemaker potentials (n = 4; Fig. 1A), as was Rg3 (100 uM) (n
= 4; Fig. 1B). However, in the presence of Rf (1-20 uM), the
resting membrane potentials were depolarized. The corre-
sponding resting membrane depolarizations were 3+ 1 mV at 1
uM, 9 +2 mV at 10 uM, and 19 + 1 mV at 20 uM (n = 5; Fig.
2A). A bar graph of Rf effects on pacemaker potentials is
shown in Fig. 2B.

Effects of a nonselective cation channel blocker and a CI'
channel blocker on Rf-induced responses in cultured

ICC clusters

The pacemaker activity of murine small intestine is due mainly
to periodic activation of NSCCs (Kim et al., 2008; Koh et al.,
2002) or CI channels (Huizinga et al., 2002; Zhu et al., 2009).

Fig. 1. Effects of ginsenoside Rb1 and Rg3
on pacemaker potentials recorded in cultured
ICC clusters from murine small intestine. Rb1

51mv (100 uM) (A) and Rg3 (100 uM) (B) had no

Ginsenoside Rb1 100 pM

effects on pacemaker potentials.

Ginsenoside Rg3 100 pM
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Fig. 2. Effects of Rf on pacemaker
potentials recorded in cultured ICC
clusters from murine small intes-
tine. (A) Pacemaker potentials of
ICCs exposed to various concen-
trations of Rf (1, 10, and 20 uM) in
the current-clamp mode (/ = 0).
Responses to Rf are summarized
in (B). The bars represent mean
values + S.E.
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Fig. 3. Effects of flufenamic acid or niflumic acid on Rf-induced responses on pacemaker potentials in cultured ICC clusters from murine small
intestine. (A) Application of flufenamic acid (10 uM) abolished the generation of pacemaker potentials. Under these conditions, Rf did not in-
duce membrane depolarizations. (B) Niflumic acid (10 pM) also abolished the generation of pacemaker potentials. Under these conditions, Rf
did not induce membrane depolarizations. Responses to Rf in the presence of flufenamic acid or niflumic acid are summarized in (C). The bars
represent mean values + S.E. **Significantly different from untreated controls (p < 0.01).

To determine the characteristics of pacemaker potentials in-

duced by Rf, flufenamic acid, an NSCC blocker, or niflumic acid,

a CI' channel blocker, were used. In the presence of flufenamic
acid (10 uM) or niflumic acid (10 uM), spontaneous potentials
were abolished and subsequent application of Rf (20 uM) was
without effect (Fig. 3). The resting membrane potential induced
by Rf was -52 + 1 mV in the presence of flufenamic acid and
-51 £ 2 mV in the presence of niflumic acid, and these values
were not significantly different when compared to control condi-
tions (n = 4; Fig. 3). The resting membrane depolarizations
were 19 + 2 mV under control conditions, 1 £ 0.5 mV in the
presence of flufenamic acid, and 1 £ 0.5 mV in the presence of
niflumic acid (n = 5; Figs. 3A and 3B). A bar graph of Rf effects
on pacemaker potentials in the presence of flufenamic acid or
niflumic acid is shown in Fig. 3C.

No involvement of G proteins on Rf-induced responses in
cultured ICC clusters
The effects of guanosine 5'-[B-thio]ldiphosphate trilithium salt

(GDP-B-S), a non-hydrolyzable guanosine 5'-diphosphate ana-
logue that permanently inactivates GTP-binding proteins were
examined to determine whether G-proteins have a role in Rf-
induced effects in ICC clusters. When GDP-B8-S (1 mM) was
present in the pipette, Rf still induced membrane depolariza-
tions (Fig. 4A). When GDP-B-S was present in the pipette, rest-
ing membrane depolarizations were 17 + 3 mV (n = 4; Fig. 4B).
This result indicates that G proteins are not involved in Rf-
induced effects on pacemaker potentials in ICC clusters.

Effects of external Ca**-free solution and an endoplasmic
reticulum Ca®*-ATPase inhibitor on Rf-induced responses in
cultured ICC clusters

To investigate the role of external or internal Ca?*, effect of Rf
were investigated under external Ca**-free conditions or in the
presence of thapsigargin, an endoplasmic reticulum Ca®*-
ATPase inhibitor. Pacemaker potentials were completely abol-
ished in external Ca®*-free solution (n=5; Fig. 5A), and Rf had
no effects on membrane depolarization under these conditions.
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Fig. 5. Effects of external Ca*-free solution or thapsigargin on Rf-
induced effects on pacemaker potentials in cultured ICC clusters
from murine small intestine. (A) External Ca*-free solution abol-
ished the generation of pacemaker potentials. Under these condi-
tions, Rf-induced depolarizations were blocked. (B) Thapsigargin (5
uM) also abolished the generation of pacemaker potentials and
blocked the Rf-induced depolarizations. Responses to Rf in external
Ca**-free solution and in the presence of thapsigargin are summa-
rized in (B). Bars represent mean values + S.E. **Significantly dif-
ferent from untreated controls (p < 0.01).

Fig. 4. Effects of GDP-B-S on Rf-induced pacemaker po-
tentials in cultured ICC clusters from murine small intestine.

34 (A) Pacemaker potentials from ICCs exposed to Rf in the

presence of GDP-B-S (1 mM) in the pipette solution.
Pacemaker potentials and membrane depolarizations

_52mV induced by Rf remained unchanged by internally applied

GDP-B-S (1 mM). The effects of Rf in the presence of
GDP-B-S are summarized in (B). Bars represent mean
values + S.E. Rf-induced pacemaker potentials in the
presence of GDP-B-S were not significantly different from
those evoked by Rf alone.

The degree of depolarization was significantly different when
compared with Rf in the normal Ca®* solution (Fig. 5C). Fur-
thermore, Rf-induced depolarizations were inhibited by pre-
treatment with thapsigargin (n = 5, Fig. 5B). In the presence of
thapsigargin (5 uM), the membrane depolarizations produced
by Rf had no effects. The degree of depolarization was signifi-
cantly different when compared with Rf in the absence of thap-
sigargin (Fig. 5C).

Effects of a phospholipase C inhibitor on Rf-induced
responses in cultured ICC clusters

Since membrane depolarizations produced by Rf treatment
were related to intracellular Ca®* mobilization, it is likely that
these effects also require phospholipase C (PLC) activation. To
test this possibility, Rf-induced depolarizations were measured
in the presence and absence of U-73122, a PLC inhibitor.
Pacemaker potentials were completely abolished by application
of U-73122 (5 uM) (n = 5; Fig. 6Aa) and Rf had no effects on
membrane depolarizations in the presence of the PLC inhibitor.
The extent of depolarizations was significantly different when
compared to Rf treatment in the absence of U-73122 (n = 5; Fig.
6Ac). However, U-73343 (an inactive analog of U-73122) had
no effect on basal pacemaker potentials and did not alter
pacemaker potentials induced by Rf (n = 3; Fig. 6Ab). To de-
termine the involvement of 1,4,5-inositol triphosphate (IP3) re-
ceptors in mediating membrane depolarizations induced by Rf,
we used 2-APB, an antagonist of IP3 receptors. Pacemaker
potentials were completely abolished by application of 2-APB
(20 uM) (n = 5; Fig. 6Ac) and Rf had no effects on membrane
depolarizations in the presence of the IP3 receptor blocker. This
data show that the PLC-IP; pathway is involved in Rf-induced
depolarizations in ICC clusters.

Effects of a protein kinase C inhibitor in the Rf-induced
responses in cultured ICC clusters

We examined the effects of chelerythrine or calphostin C, inhibi-
tors of protein kinase C, to investigate whether Rf-induced
pacemaker potentials are mediated by the activation of protein
kinase C. Chelerythrine (1 uM) or calphostin C (1 uM) did not
alter pacemaker potentials induced by Rf (Figs. 6Ba and 6Bb).
The degree of depolarization induced by Rf was not significan-
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Fig. 6. Effects of U-73122, chelerythrine and calphostin C on Rf-induced actions on pacemaker potentials in cultured ICC clusters from murine
small intestine. (A) (a) U-73122 (5 uM) abolished the generation of pacemaker potentials and blocked Rf -induced depolarizations. (b) U-
73343 (inactive analog of U-73122) did not alter pacemaker potentials induced by Rf. (c) 2-APB (IP; receptor inhibitor) abolished the genera-
tion of pacemaker potentials and blocked Rf-induced depolarizations. Responses to Rf are summarized in (d). The bars represent mean val-
ues + S.E. The effects of U-73122 on Rf-induced pacemaker potentials were significantly different to those induced by Rf alone. (B) (a,b)
Pacemaker potentials of ICCs exposed to Rf in the presence of chelerythrine (1 uM) or calphostin C (1 uM). Under these conditions, Rf-
induced membrane depolarizations were unaltered. Responses to Rf in the presence of chelerythrine and calphostin C are summarized in (c).
The bars represent mean values + S.E. **Significantly different from untreated controls (p < 0.01).

tly different when compared to that obtained in the absence of
chelerythrine or calphostin C (n = 5; Fig. 6Bc).

Effects of Rf in the TRPM7 and Ca® activated CI channels
Since the pacemaking activity of ICCs has been shown to be
normally initiated by transient receptor potential (TRP) melas-
tatin 7 (TRPM?7) (Kim et al., 2005) or Ca** activated CI chan-
nels (Zhu et al., 2009), we examined the effects of Rf on these
channels. However, we found that Rf did not alter the activity of
either TRPM7 or Ca®* activated CI channels (n = 4; Fig. 7).
Therefore, Rf-induced effects, similar to neurotransmitters, were
due to the stimulation of depolarization.

DISCUSSION

Ginsenosides, the active ingredients of Panax ginseng, have
been widely used as invigorating agents and many reports
have described a variety of physiological and pharmacological
effects in various organs and tissues (Attle et al., 1999). How-
ever, there are only a few reports on the effects of ginsenosides
on Gl motility. In the present study, we found that ginsenosides
regulate intestinal motility by modulating the pacemaker poten-
tials of ICCs. The effects of ginsenosides are mediated by acti-
vation of both NSCC and CI' channels, through a mechanism
involving intracellular Ca®* mobilization, but which is independ-

ent of protein kinase C.

ICCs are the pacemaking cells of Gl muscle that generate
rhythmic oscillations in membrane potentials known as slow
waves (Huizinga et al., 1995; Sanders, 1996; Ward et al., 1994).
Slow waves propagate within ICC networks, conduct into
smooth muscle cells through gap junctions, and initiate phasic
contractions by activating Ca®* entry through L-type Ca*" chan-
nels. Pacemaker activity in the murine small intestine is due
mainly to periodic activation of NSCCs (Kim et al., 2008; Koh et
al., 2002) or CI' channels (Huizinga et al., 2002; Zhu et al.,
2009). ICCs also mediate or transduce inputs from the enteric
nervous system. Due to their central role in Gl motility, loss of
ICCs would be extremely detrimental. Research into the biology
of ICCs provides exciting new opportunities to understand the
etiology of diseases that have long eluded understanding. In
the present study, we found that ICCs produced spontaneous
pacemaker potentials under the current-clamp mode and that
application of Rf evoked membrane depolarizations in these
cells. Our results also showed that flufenamic acid or niflumic
acid abolished the generation of pacemaker potentials and that
Rf-induced depolarizations were blocked by flufenamic acid or
niflumic acid. These findings suggest that both NSCCs and CI
channels are involved in generation of pacemaker potentials in
ICCs, and that ginsenosides have a role to play in regulating
pacemaker potentials through modulation of these channels.
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Several reports have shown that ginsenosides share a com-
mon G-protein-coupled signaling pathway with well-defined
neurotransmitters and are endogenous agents for their phar-
macological or physiological actions (Choi et al., 2001; Kim et
al., 2007; Nah et al., 1995; Yoshimura et al., 1998). For exam-
ple, it has been shown that ginsenosides inhibit voltage-
dependent Ca?* channels in sensory neurons through activa-
tion of pertussis toxin-sensitive G-proteins to a similar degree
as opiates and that they also regulate Ca®* channels through G
protein interactions in rat chromaffin cells. However, in the cur-
rent study, when GDP-B-S was present in the pipette, Rf-
induced membrane depolarizations were not altered. This indi-
cates that the effects of ginsenosides on the electrical activity of
ICCs may not be related to G-proteins. Influx of external Ca*
necessary for Gl smooth muscle contraction and also to gener-
ate pacemaker currents in ICCs (Tokutomi et al., 1995). In the
present study, Rf-induced depolarizations were suppressed
when Ca® was removed from the external solution. This shows
that influx of external Ca®* is necessary for ginsenoside-induced
membrane depolarizations. The influx pathway for external
Ca®* might be through Ca®* activated CI' channels or Ca®* de-
pleted Ca®* channels. However, the exact mechanisms in-
volved need to be investigated.

Some reports demonstrated that ginsenosides interact with
unidentified membrane components to induce mobilization of
Ca®* from 1,4,5-inositol triphosphate (IPs)-sensitive intracellular
stores via a PLC-dependent pathway in Xenopus oocytes (Choi
et al., 2001a; 2001b; Kim et al., 2007). It has also been sug-
gested that extracellular Ca®*, IP5 receptor activation, and PLC
activation are important components of the molecular pathway
underlying ginsenoside-induced activation of store operated
Ca’* entry in Xenopus oocytes (Jeong et al., 2004). These
observations suggest that ginsenosides may exert biological
activity through mobilization of intracellular Ca®* and activation

of PLC. In the present study, thapsigargin, a potent endoplas-
mic reticulum Ca*-ATPase inhibitor, and U-73122, a PLC in-
hibitor, suppressed Rf-induced membrane depolarizations,
suggesting that ginsenoside-induced release of Ca** from in-
ternal stores and activation of PLC are essential for the effects
of these agents on membrane depolarization. However, chel-
erythrine and calphostin C, specific and potent protein kinase C
inhibitors, did not block Rf-induced effects, suggesting that
protein kinase C is not involved in ICC responses to ginse-
nosides.

Kim et al. (2007) suggested that GTS modulates pacemaker
activity in ICCs. However, GTS consists of a mixture of all gin-
senosides and it was not clear which ginsenosides were re-
sponsible for this effect. In the present study, we showed that
among ginsenosides, Rf is a good candidate for regulating
pacemaker activity in intestinal ICCs.

In summary, we have shown that by virtue of its ability to
modulate the pacemaker activity of intestinal ICCs. Ginse-
noside Rf may be useful for regulating intestinal motility.
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