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Association between hyperpolarization-activated
channel in interstitial cells of Cajal and gastrointestinal
dysmotility induced by malignant ascites
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Abstract. Advanced malignant ascites is accompanied by
gastrointestinal dysmotility, and patients often feel abdominal
pain, abdominal distention, nausea and constipation. Gastro-
intestinal dysmotility is not only painful for the patients, but
it reduces the absorption of nutrients and affects the physical
recovery of patients with malignant ascites. It is reported that
changes in interstitial cells of Cajal (ICCs) are responsible for
the gastrointestinal dysmotility induced by malignant ascites,
but the mechanism is not completely understood. The present
study observed a significantly decreased expression of ion
channels, including hyperpolarization-activated cyclic nucle-
otide-gated potassium channel 2 (HCN2) and cyclic adenosine
monophosphate, in the condition of malignant ascites. Using
electrophysiology, it was identified that malignant ascites led
to lower amplitude and slower frequency signals in cells of
the small intestine. In addition, when ICCs were cultured with
malignant ascites in vitro, the expression of HCN2 of ICCs was
significantly reduced, and the data of flow cytometry revealed
that the Ca** concentration of ICCs was also decreased.
The results of electron microscopy analysis demonstrated
the nuclei of ICCs were pyknotic, and the processes of ICCs
were reduced in malignant ascites. The present study suggests
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the small intestinal dysmotility caused by malignant ascites
may be associated with changes in HCN2 of ICCs, which offers
a potential therapeutic target for gastrointestinal dysmotility in
advanced malignant ascites.

Introduction

Numerous advanced malignant abdominal tumors have been
reported to lead to malignant ascites (1,2), which can cause
gastrointestinal dysmotility. The symptoms of gastrointestinal
dysmotility consist of abdominal pain, distention, nausea,
vomiting and constipation (3). It is important to identify the
reason for gastrointestinal dysmotility caused by malignant
ascites. Changes in the interstitial cells of Cajal (ICCs) are
known to be partially responsible for malignant ascites-induced
gastrointestinal dysmotility (4), but the mechanisms are not
completely understood.

The excitation and contraction of gastrointestinal smooth
muscle cells are regulated by slow-wave activity, which is a
basic electrical rhythm of the gastrointestinal system (5). The
ICCs act as pacemakers, and this mechanism is attributed to
the activation of ion channels (6,7), including Ca**-activated
chloride channels, non-selective cation channels and sodium
channels (8-10). ICCs exhibit slow-wave activity and mediate
basal electrical rhythms in the gastrointestinal tract (11,12).
However, little is known about the association between
malignant ascites and ICCs. It was previously reported that
malignant ascites reduces the number of ICCs, and it was
demonstrated that gastrointestinal dysmotility induced by
gastric cancer peritoneal metastasis was relevant to decreases
in ICCs and disrupted the electrical rhythm (3).

Previously, numerous studies demonstrated that hyper-
polarization-activated cyclic nucleotide-gated potassium
channels (HCNG) exist in ICCs, and that these channels may be
important regulators of the excitability and pacemaker activity
of ICCs (13,14). HCN channels are particular cation channels
that participate in cell autonomy and excitability (15). These
channels are activated by hyperpolarization and intracellular
cyclic adenosine monophosphate (cAMP) (16). The HCN
channel family comprises 4 members, designated HCN1-4,
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which are permeable to Na* and K* (17). HCN channels activate
T-type voltage-dependent Ca** channels via membrane depo-
larization, which alters intracellular Ca** concentrations (18).

The present study hypothesized that the small intestinal
dysmotility caused by malignant ascites may be associated
with changes in HCN2 channels on ICCs. Significant changes
were identified in ICCs and HCN2 channels under the
conditions of malignant ascites, which revealed a potential
mechanism for malignant ascites-induced gastrointestinal
motility dysfunction.

Materials and methods

Malignant ascites mouse model. Animal experiments were
performed under the Rules and Regulations of the Animal
Care and Use Committee at Harbin Medical University
(Harbin, China; approval no., HMUIRB20140022). C57BL/6
mice (age, 4-6 weeks old; gender, male and female; weight,
16-20 g) were purchased from Biological Technology Devel-
opment Co., Ltd. (Liaoning, China). Mice were group-housed
under 12-h light/dark cycles and raised at a constant tempera-
ture of 26-28°C, and they were given ad libitum access to food
and water.

In total, 39 of 46 C57BL/6 mice were used to generate a
model of malignant ascites via the administration of a 0.2 ml
intraperitoneal injection of mouse fore-stomach carcinoma
(MFC) cells, MFC cells were obtained from the Type Culture
Collection of the Chinese Academy of Science (Shanghai,
China). Malignant ascites was successfully generated in
37 of the 39 mice on the ninth day subsequent to intraperito-
neal injection. The control group (7 of 46 C57BL/6 mice) was
treated with the same volume of physiological saline.

ICC isolation and culture. To isolate ICCs, a total of,
100 C57BL/6 wild-type mice (8-13 days old) were anesthe-
tized with 3.5-5% diethyl ether (Shanghai Heyi Chemical, Co.,
Ltd., Shanghai, China) and sacrificed through cervical disloca-
tion. The intestines from 1 cm below the pyloric ring to the
cecum were resected and opened along the mesenteric border.
The intestinal mucosa was removed, and strips of muscle
were collected. Muscle cells were dispersed via incubation
in an enzyme solution composed of 1.3 mg/ml collagenase
type II, 2 mg/ml bovine serum albumin (Roche Applied
Science, Penzberg, Germany), 2 mg/ml trypsin inhibitor and
0.27 mg/ml adenosine triphosphate at 37°C for 15 min. The cells
were spun down at 1,249 x g for 10 min at room temperature
and suspensions were then plated onto sterile glass coverslips
coated with murine collagen in M199 medium (HyClone, GE
Healthcare Life Sciences, Logan, UT, USA). These isolated
cells were subsequently co-cultured with malignant ascites in
order to investigate the effect of malignant ascites on ICCs.

Intestinal myoelectrical activity. In total, 10 C57BL/6 mice
(7 from malignant ascites group and 3 from control group) were
anesthetized with 1% sodium amobarbital (40 mg/kg, New Asia
Pharmaceutical, Shanghai, China) subsequent to a 12 h fasting
period. A platinum electrode was placed on the muscular layer
under the serosa through a 2-cm midline abdominal incision.
The following parameters were set: 200 xV voltage; 1.0 sec/div
time; and 30 Hz frequency. Recordings were performed for
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20 min and saved. Groups of various electrical activities,
including frequency, and maximum, minimum and average
amplitude (xV), were selected randomly and analyzed using
RM6240 B/C Multi-Channel Physiological Signal Acquisition
and Recorder System software version usb2.0Z(I) (Chengdu
Instrument Factory, Chengdu, China).

Hematoxylin and eosin (H&E) staining and electron
microscopy analysis. A total of 14 C57BL/6 mice intestinal
samples (10 from malignant ascites group and 4 from control
group) were collected immediately following sacrifice. The
tissues were fixed for 24 h using 4% paraformaldehyde, and
stained with H&E subsequent to dehydration, embedding
and slicing (3-4 pm thickness). Structural and morphological
changes were observed under a light microscope (Nikon
Corporation, Tokyo, Japan). Images were captured using a
conventional optical camera.

Samples were fixed with 3% glutaraldehyde in PBS
(pH 7.2) for 2 h, and then rinsed with PBS, post-fixed in 1%
osmium tetroxide for 2 h at 4°C, dehydrated in a graded series
of acetone and embedded in Epon 812 (EMS, Connecticut,
USA). Ultrathin sections were cut at a thickness of 50-70 nm,
which were subsequently double stained with uranyl acetate
and lead citrate, and examined using an electron microscope
(H-7650, Hitachi, Tokyo, Japan).

Immunofluorescence. ICCs and mice intestinal tissue frozen
sections (including 10 C57BL/6 malignant ascites mice and 4
control mice) were fixed in 4% paraformaldehyde for 30 min
and blocked with 2% goat serum (Beijing Solarbio Science
& Technology Co., Ltd., Beijing, China) in PBS containing
0.1% Triton-X for 1 h. The primary antibodies consisted of
anti-c-kit (dilution, 1:50; cat. no. BO813; Santa Cruz Biotech-
nology, Inc., Dallas, TX, USA) and anti-HCN2 (dilution, 1:50;
cat. no. ab84817; Abcam, Cambridge, UK). The samples
were incubated with the primary antibodies at 4°C overnight,
washed twice with PBS and incubated with the fluorescein
isothiocyanate (FITC)-labeled anti-rabbit secondary antibody
(dilution, 1:100; cat. no. M0808; Vector Laboratories, Inc.,
Burlingame, CA, USA). The samples were then subsequently
washed with PBS, counterstained with DAPI (Beyotime
Institue of Biotechnology, Beijing, China) and finally exam-
ined using fluorescence microscopy (Nikon E800, Japan) at
excitation wavelengths of 488 and 594 nm.

Gene expression analysis. Total RNA, extracted from
15 C57BL/6 malignant ascites mice and 4 control mice,
was isolated in the Super clean workbench, using TRIzol
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA,
USA). Upon mixing, RNA was extracted using chloroform.
RNA samples were diluted in diethylpyrocarbonate (DEPC)
-treated water subsequent to precipitation, dissolution and
centrifugation at 6,288 x g for 5 min, at 4°C. In total, 1 mg of
DNase-treated RNA was reverse transcribed into complemen-
tary DNA (cDNA) using First-Strand Synthesis kit (Takara
Bio, Inc., Otsu, Japan). Subsequently, ~3.5 ul oligo deoxythy-
midine, 3.5 ul deoxynucleotides (ANTP), 2 ug RNA and
19.25 ul DEPC-treated water were added to a 35 pl buffer solu-
tion (10 mmol/l dNTP, RNA Polymerase, 25 mmol/l Mgcl,).
Following pre-denaturation at 70°C for 3 min, the mixture was
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placed on ice, and 7 pl 5X buffer and 1.75 pl Moloney murine
leukemia virus reverse transcriptase was added. Primers were
used to amplify the products under the following conditions:
42°C 1 h,95°C 5 min and 4°C until use. The cDNA samples
were stored at -20°C until use.

Quantitative polymerase chain reaction (JPCR) analysis
was performed in triplicate with Platinum SYBR Green qPCR
Super Mix-UDG (Takara Bio, Inc.). The 20 ul reaction solution
contained 10 1 SYBR Premix Ex Taq (Takara Bio, Inc.), 1 pl
PCR forward primer, 1 ul PCR reverse primer, 0.5 pl template
DNA and 6 ul DEPC-treated water. The reactions were
conducted for 40 cycles under the following conditions: 95°C
for 30 sec, 95°C for 5 sec and 60°C for 34 sec, on the Light-
Cycler® 480 Real-Time PCR System (Roche Applied Science).
For the quantification of gene expression, GAPDH mRNA was
used as the endogenous control. The relative expression levels
of HCN2 and cAMP mRNA, normalized to GAPDH mRNA,
were calucated using the 2% value (19).

The primer sequences used in the present study are shown
in Table I.

Flow cytometry analysis. ICCs isolated from C57BL/6 mice
subsequent to being co-cultured with malignant ascites were
cultured with Fluo-4 and acetoxymethyl/dimethyl sulfoxide
(Beijing, China) at 37°C for 20 min, and then incubated
with Hanks' balanced salt solution supplemented with 1%
fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.)
at room temperature for 40 min. Cells were washed with
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid-buffered
saline and resuspended. Ca**ions were detected and analyzed
after 10 min using flow cytometry (BD Biosciences, Franklin
Lakes, NJ, USA) with an excitation wavelength of 494 nm and
an emission wavelength of 516 nm.

Statistical analysis. Comparisons between the control and
malignant ascites groups were analyzed using a Student's t-test
in SPSS version 17.0 (SPSS Inc., Chicago, IL, USA). P<0.05
was considered to indicate a statistically significant difference.

Results

Generation of malignant ascites model. CSTBL/6 mice were
used to generate a malignant ascites model via the administra-
tion of an intraperitoneal injection of MFC cells (Fig. 1A). The
animals in the control group were treated with physiological
saline. Ascites was generated on the ninth day subsequent to
intraperitoneal injection. The mice were sacrificed between the
14th and 21st day subsequent to ascites generation according
to their survival status (Fig. 1B). The fluid in the ascites was
generally light pink (Fig. 1C) at the first extraction and gradu-
ally became bloody at later time-points (Fig. 1D and E).

Histological and dynamic changes in the small intestine
induced by malignant ascites. Electrophysiology was
performed to observe peristaltic changes in the intestine caused
by malignant ascites. Compared with those in the control
mice (Fig. 2Aa), the amplitude was lower and the frequency
was slower in mice with malignant ascites (Fig. 2Ab), which
suggests that malignant ascites led to a decline in the peristaltic
function of the intestines. The histological characteristics of

1603

Table I. Primer sequences used for quantitative polymerase
chain reaction.

Transcript
name Primer Sequence (5'-3")
HCN2 F CTGCGTGAGGAGATTGTGAA
R TTTGAGCTTTGTCAGCATGG
cAMP F GGTGCCAAGGATTGAAGAAG
R CTGCCCACTGCTAGTTTGGT
GAPDH F AGAAGGTGGTGAAGCAGGCATC
R CGAAGGTGGAAGAGTGGGAGTTG

HCN2, hyperpolarization-activated cyclic nucleotide-gated potas-
sium channel 2; cAMP, cyclic adenosine monophosphate; F, forward;
R, reverse.

Figure 1. Generation of a malignant ascites model. (A) Mouse fore-stomach
carcinoma cells exhibited slender morphology or the processes under an
inverted microscope (magnification, x100). (B) Generation of an animal
model of malignant ascites. (C) The first extraction of ascites fluid was pale
pink. (D and E) The subsequent extraction of ascites fluid was bloody.

the intestines were compared between the malignant ascites
and control groups. The intestinal villi were shorter and fewer
in number under light microscopy, and the thickness of the
intestinal muscularis was in homogeneous and hydropic in
mice with malignant ascites (Fig. 2Ba). The morphology of
the intestinal villi was intact, and the thickness of the intes-
tinal muscularis was uniform in the control groups (Fig. 2Bb).
These results suggest that the motility dysfunction induced by
malignant ascites was associated with changes in the intestines.
Ultrastructural examinations revealed that ICC volume
was reduced, their nuclei were clearly condensed and the
number of cytoplasmic processes in ICCs was decreased,
with few connections with other cells being observed in the
malignant ascites group (Fig. 2Bc). In the control group, the
ICCs exhibited well-centered nuclei and numerous cellular
processes of ICCs that connected with other cells (Fig. 2Bd).

Generation of an animal model of peritoneal metastasis. A
total of 28 out of the 39 mice underwent ascites extraction
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Figure 2. Electrophysiological and pathological characteristics of the intestine. (A)(a) The peristaltic amplitude in the intestine was reduced and irregular in
mice with malignant ascites. (b) The control mice exhibited regular waves and stable frequencies. (B)(a) Light microscopy revealed that the intestinal villi
were shorter and fewer in number, and the thickness of the intestinal muscularis was inhomogeneous and hydropic, in mice with malignant ascites compared
with control mice (magnification, x200). (b) The morphology of the intestinal villi was intact and the thickness of the intestinal muscularis was uniform in
the control group (magnification, x200). (c) Ultrastructurally, ICC volume was reduced, their nuclei were clearly condensed and the number of cytoplasmic
processes in ICCs were decreased, with few connections with other cells being observed (magnification, x4,000). (d) In the control group, the ICCs exhibited
well-centered nuclei and numerous processes that connected with other cells (magnification, x4,000). ICC, interstitial cell of Cajal.

Figure 3. Generation of an animal model of peritoneal metastasis. (A) Tumors were observed in the abdominal cavities of the malignant ascites mice, and
(B) the tumor sizes were similar to that of a grain of rice (about 0.01 cm?). (C and D) Light microscopy revealed that tumor cells invaded in the serosa of the
intestine, omentum and pancreas and destroyed the surrounding tissues (magnification, x400). (E) Lung tissues with invasive tumor cells (magnification, x400)
(F) were associated with a large hemorrhage (magnification, x400).
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Figure 4. Immunofluorescence detection of c-kit and HCN2 in the intestine.
(A) In the immunofluorescence analysis, c-kit expression in ICCs was shown
as a bold line in the control groups (magnification, x400), and (C) c-kit
expression was reduced in the mice with malignant ascites (magnification,
x400). (G) Immunofluorescence detection revealed no evident changes
in HCN2 expression in the malignant ascites group (magnification, x400)
compared with (E) the control group (magnification, x400). (B, H) However,
the muscularis propria was significantly thinner in the malignant ascites
group compared with that in the control group. (magnification, x400). HCN2,
hyperpolarization-activated cyclic nucleotide-gated potassium channel 2.

and pathological examinations. Tumors were identified in
the abdominal cavities of the malignant ascites mice. The
size of the tumors was similar to a grain of rice (~] mm?
Fig. 3A and B). Light microscopy revealed that tumor cells
(indicated by an arrow in the figure) invaded in the serosa
of the intestine, omentum and pancreas and destroyed the
surrounding tissues (Fig. 3C and D), which indicates successful
generation of the malignant ascites model. In total, 11 of the 28
mice (39.28%) exhibited invasive tumor cells, and 22 of the 28
mice (78.57%) exhibited pulmonary metastases. Lung tissues
with invasive tumor cells (Fig. 3E, arrow) were associated with
a large hemorrhage (Fig. 3F, asterisk).

Effect of malignant ascites on ICCs and HCN?2 in the intestines.
Pacemaker cells and pacemaker channels are involved in
changes in the intestinal peristaltic function (14). ICCs are
key pacemaker cells in the small intestine (14). Therefore,
immunofluorescence was used to investigate the ICCs in the
intestines of the two groups examined in the present study.
In control group, c-kit expression was shown as a bold line in
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Figure 5. qPCR analyses of HCN2 and cAMP. qPCR analysis detected mRNA
transcripts for HCN2 in the model and control groups. The mRNA transcript
levels of HCN2 in the malignant ascites group were significantly lower
compared with those in the control group (P=0.01, "P<0.05). Additionally,
the mRNA transcript levels for cAMP in the malignant ascites group were
lower compared with those in the control group (P=0.01, "P<0.05). qPCR,
quantitative polymerase chain reaction; HCN2, hyperpolarization-activated
cyclic nucleotide-gated potassium channel 2; cAMP, cyclic adenosine mono-
phosphate; mRNA, messenger RNA.

the control group (Fig. 4A and B, arrow), but in the malignant
ascites groups, the expression of c-kit was low, weak, spotty
and granular in the muscularis layer in the malignant ascites
groups (Fig. 4C and D, arrow). These changes in ICCs are
consistent with a previous study by our group (4).

These results suggested that the gastrointestinal dysmotility
induced by malignant ascites was relevant to the decreased
expression and morphological changes observed in ICCs.
Furthermore, the HCN2 channel is a pacemaker channel that
is involved in gastrointestinal peristalsis (20). Compared with
the control group (Fig. 4E and F, arrow), immunofluorescence
analysis indicated that there were no evident changes in HCN2
in the malignant ascites group (Fig. 4G and H, arrow). By
contrast, the muscularis propria was significantly thinner in
the malignant ascites group compared with the control group.

qPCR detection of HCN2 expression. The present study
performed qPCR to additionally elucidate changes in HCN2
expression. The qPCR analyses detected messenger RNA
(mRNA) transcripts for HCN2 in the model and control groups.
However, the mRNA transcript levels for HCN2 in the malig-
nant ascites group were significantly lower compared with those
in the control group (P=0.01; Fig. 5). The cAMP-dependent
regulation of pacemaker activity may be mediated through
HCN channels (21). Therefore, the expression of cCAMP was
also detected using qPCR. The mRNA transcript levels for
cAMP in the malignant ascites group were lower compared
with those in the control group (P=0.01; Fig. 5), similar to the
results of HCN2 mRNA expression. These results suggest that
the expression of HCN2 in ICCs is inhibited by malignant
ascites, and that malignant ascites-induced gastrointestinal
dysmotility is associated with decreased ICC number and
reduced HCN2 expression.

Morphological analyses of ICCs and HCN2-mediated
regulation of Ca®* concentration in ICCs. The mechanism of
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Figure 6. Morphological analyses of ICCs and HCN2 regulation of the Ca** concentration in ICCs. (A)(a) ICCs were analyzed using fluorescence and electron
microscopy. Fluorescence microscopy revealed that c-kit was highly expressed in the ICC cytoplasm and membrane (magnification, x400). (c) Ultrastructural
examination demonstrated that the ICCs were oval or circular and exhibited numerous slender processes on the surface. The nuclei were large, and numerous
mitochondria were observed in the cytoplasm in the control group (magnification, x5,000). (b) Fluorescence (magnification, x400) and (d) electron microscopy
(magnification, x5,000) revealed apoptotic ICCs with a shrunken cell volume and condensed nuclei subsequent toco-culture with malignant ascites. Changes
in HCN2 expression on ICCs were observed. (¢) HCN2 expression was decreased in the malignant ascites group (magnification, x400) compared with (f) the
control group (magnification, x400). (B) Flow cytometry analysis of Ca** concentrations. Flow cytometry revealed a significantly lower Ca** concentration in
the malignant ascites group compared with that in the control group. The ratio of the Ca** concentration in the malignant ascites group to that in the control
group is expressed as the mean + standard error of the mean. "P<0.05, significant difference between the control and malignant ascites groups. The present
study set a gate as M1 to represent FITC positive cells. ICC, interstitial cell of Cajal; HCN2, hyperpolarization-activated cyclic nucleotide-gated potassium

channel 2; FITC, fluorescein isothiocyanate.

gastrointestinal dysmotility mediated by ICCs and HCN2 was
additionally examined to determine the effect of malignant
ascites on ICCs. ICCs isolated from C57BL/6 mice subsequent
to being co-cultured with malignant ascites were detected
using immunofluorescence and divided into 2 groups. One
group was cultured with malignant ascites, while the other
group served as the control group. Changes in c-kit and HCN2
expression on ICCs were observed. In the control group, c-kit
was highly expressed in the cytoplasm and membranes of
ICCs, which exhibited a slender morphology and evident
connections with other cells (Fig. 6Aa). However, the ICCs
were evidently smaller in the malignant ascites group, and
c-kit expression appeared markedly decreased (Fig. 6Aa
and b). Electron microscopy revealed that the ICCs were
oval or circular and exhibited numerous slender processes
on the surface. In the control group, the nuclei were large,
and numerous mitochondria were observed in the cyto-
plasm (Fig. 6Ac). However, in the malignant ascites group
the nuclei of ICCs were pyknotic, the number of cellular
processes were reduced and the size of the ICCs was mark-
edly reduced (Fig. 6Ad). HCN2 expression was also decreased
in the malignant ascites group (Fig. 6Af) compared with
that in the control group (Fig. 6Ae). These results suggested
that malignant ascites decreased the expression of HCN2 on
ICCs, thereby inducing gastrointestinal motility dysfunction.

HCN?2 is a cation channel that exhibits pacing functions, and
the release and reuptake of Ca*" are linked to the genera-
tion of pacemaker activity (14). Therefore, the present study
investigated Ca®* concentrations using flow cytometry. The
Ca** concentrations detected in the malignant ascites group
(82.60+2.21%) were significantly lower compared with those
in the control group (95.51£1.09%; P=0.01, P<0.05; Fig. 6B).
These results suggested that malignant ascites reduced the
Ca’" concentration in ICCs, and that HCN2 regulated Ca**
concentrations in ICCs and altered intestinal peristalsis in the
malignant ascites group (We set a gate as M1 to represent
FITC positive cells.).

Discussion

Patients with malignant ascites exhibit abdominal pain
and abdominal distention caused by gastrointestinal
dysmotility (22). The present data suggest that gastrointestinal
dysmotility caused by malignant ascites is associated with
HCN2 channels and Ca** concentrations in ICCs. The major
findings of the present study were that malignant ascites
reduced HCN2 expression and Ca** concentrations in ICCs
and affected intestinal peristalsis.

The mechanisms underlying malignant ascites-induced
gastrointestinal dysmotility are not clear, but our previous
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study suggests that pathological changes in ICCs are involved
in this process (3). ICCs generate slow-wave activity and
regulate gastrointestinal peristalsis (23). The stem cell factor
(SCF)/c-kit signaling pathway is important in the loss of
ICCs (24). A previous study indicated that SCF improves
the function of ICCs and promotes gastrointestinal peri-
stalsis (25). The present study additionally examined the
mechanisms of malignant ascites-induced gastrointestinal
dysmotility. The present data demonstrated that malignant
ascites altered ICC morphology and triggered apoptosis. ICC
nuclei were pyknotic, and cell processes were reduced in these
cells. The pacemaker function of ICCs was also decreased.
ICCs are pacemaker cells that generate electrical activity
to drive contractility in the gastrointestinal tract via Ca?*
transients (26). Intracellular Ca>* serves a critical role in the
generation of pacemaker activity in ICCs and electrical rhyth-
micity in the gastrointestinal tract (27-29). Previous studies
have suggested that slow-wave generation depends on T-type
Ca®conductance, and that this T-type current is involved in
the pacemaker activity of ICCs (30). Flow cytometry data
demonstrated that Ca** concentrations were significantly
reduced in malignant ascites, which suggests that malignant
ascites reduce Ca**concentrations in ICCs in the intestine,
and additionally inhibit action potential and slow waves in the
intestine, as well as decelerating intestinal peristalsis.

HCN2 channels are cation channels that generate
hyperpolarization-activated cation currents, which contribute
to various physiological properties and functions, including
pacemaker activity (31,32). HCN channels are associated
with spontaneous rhythmic activities, and regulate the excit-
ability of vagal and spinal afferents, which participate in the
generation of abdominal distention and abdominal pain (33).
HCN channels are pacemaker channels that regulate gastro-
intestinal peristalsis (14). The present study demonstrated
that malignant ascites reduced HCN2 expression. The
HCN channel family consists of four homologous members
(HCNI-HCN4). HCN2-positive neurons and their terminal
endings are in physical proximity to the cellular network
of ICCs (34). HCN channels are expressed in the heart and
nervous system (35). HCN channels exist in the bladder, and
affect bladder excitation via bladder ICCs (36). HCN chan-
nels also exist in the digestive system, including the stomach
and colon of mice (14,37). The present study isolated ICCs
from intestines and observed HCN2 expression in the ICCs.
Previous studies have demonstrated the importance of cAMP
binding for HCN channel function (15,37,38). The present
study revealed that cAMP and HCN2 mRNA levels were
reduced in the malignant ascites group. Therefore, the present
study hypothesized that malignant ascites would reduce
HCN2 expression, and that certain substances present in
malignant ascites would reduce cAMP expression and HCN2
channels activity. Our previous study (4) revealed abundant
inflammatory cells in malignant ascites, primarily consisting
of mononuclear cells and T lymphocytes, which may affect
cAMP and HCN2 expression.

In conclusion, the findings of the present study suggested
that the small intestinal dysmotility caused by malignant
ascites is associated with changes in HCN2 channels in ICCs,
which offers a potential therapeutic target for gastrointestinal
dysmotility in advanced malignant ascites.
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