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Abstract

AIM: To investigate the effects of ZD 7288, a hyperpo-
larization-activated cyclic nucleotide-gated (HCN) chan-
nel blocker, on rats with chronic visceral pain.

METHODS: Rats with visceral hypersensitivity were
generated using neonatal colon irritation during post-
natal days 8-15 as described previously. Visceral hy-
persensitivity was evaluated using electromyographic
(EMG) responses of abdominal external oblique muscles
to 20-80 mmHg colorectal distentions (CRD). Abdomi-
nal withdrawal reflex (AWR) scores and pain thresholds
were also detected in adult rats. Different doses of ZD
7288 (25, 50, and 100 nmol/L) were intrathecally ad-
ministered in rats to study the role of spinal HCN chan-
nel in chronic visceral hypersensitivity.
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RESULTS: EMG responses to 20-80 mmHg CRD and
AWR scores under 20-60 mmHg CRD significantly in-
creased in rats with visceral hypersensitivity compared
to control rats (P < 0.05). The pain threshold in rats
with visceral hypersensitivity significantly decreased
compared to control rats (P < 0.05). Treatment with
50-100 nmol/L ZD 7288 significantly inhibited EMG re-
sponses (16%-62%, 80-20 mmHg CRD, P < 0.05) and
AWR scores (24%-37%, 40-20 mmHg CRD, P < 0.05;
12%-61%, 80-20 mmHg CRD, P < 0.05, respectively),
and significantly increased pain thresholds (32%-77%,
P < 0.05).

CONCLUSION: Spinal HCN channels may play an im-
portant role in chronic visceral hypersensitivity.

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.
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Core tip: Intrathecal administration of ZD 7288, a hy-
perpolarization-activated cyclic nucleotide-gated chan-
nel blocker, significantly inhibited electromyographic
responses and abdominal withdrawal reflex scores
and significantly increased pain thresholds in rats with
chronic visceral hypersensitivity. These results are
important for clinicians and the fundamental scientific
community and provide scientific evidence for ZD 7288
as a novel treatment for visceral pain in irritable bowel
syndrome.
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INTRODUCTION

MATERIALS AND METHODS

Irritable bowel syndrome (IBS) is a common disorder
characterized by abdominal pain, bloating and altered
bowel habit". No effective drug treatment is currently
available for IBS"™. The persistent colon hypersensitiv-
ity in IBS is associated with neuronal sensitization, which
manifests as an increase in neuronal excitability””. Some
ion channels may be the primary determinants of neuro-
nal excitability®”. Emery ¢ a/” stated “The rate of action
potential firing in nociceptors is a major determinant of
the intensity of pain. Possible modulators of action po-
tential firing include the hyperpolarization-activated cyclic
nucleotide-gated (HCN) ion channels”. The HCN chan-
nel was first identified in the sinoatrial node (SAN) in
rats”. These channels are permeable to both Na" and K.
The HCN current, hyperpolarization-activated cation cut-
rent (Ih), was found in neurons under hyperpolatization
of the cell membrane"”. Th typically contributes to the
pacemaker activity of cardiac SAN cells and a variety of
spontaneously firing neurons. Ih is crucial in determining
the frequency of firing of action potentials"’. Much at-
tention has focused on HCN channels and somatic pain
in the past decade®™. and Ih is an important contributor
of neuropathic pain. The HCN channel might be a valu-
able target for the treatment of neuropathic pain""”.

2D 7288 [4-(N-Ethyl-N-phenylamino)-1,2-dimeth-
yl-6-(methylamino) pyrimidinium chloride] completely
blocked Ih in a previous study, and eliminated the depo-
larizing sag of transmembrane potentialmj. 2D 7288 may
reduce neuropathic pain and provide significant analgesic
effects" ', Ectopic discharges may be involved in the
development of neuropathic pain"’. A low concentration
of ZD 7288 significantly suppressed ectopic discharges
generated from DRG neurons"’. HCN ion channels are
called pacemakers of pain""!] but all conclusions about
the relationship between HCN channels and pain have
come from somatic pain research. No studies on the role
of HCN channels in visceral pain have been conducted.
The contribution of HCN channels to the genesis of vis-
ceral hypersensitivity must be explored.

Most studies on chronic visceral pain mechanisms
focused on inflammatory mediators, neuron-active com-
pounds, neurotransmitters and receptors in peripheral
and central sensitization!"”. However, ion channels may
be the primary determinants of neuronal excitability"".
The HCN channel current creates a more positive rest-
ing membrane potential and up-regulates neuronal excit-
ability!"”. ZD 7288 provides significant analgesic effects
against neuropathic pain“”], and it may attenuate visceral
pain through a similar mechanism. However, the role of
ZD 7288 in chronic visceral pain has not been investi-
gated.

An IBS-like rat model was established in the present
study using neonatal colon irritation. Abdominal with-
drawal reflex (AWR) scores and electromyographic (EMG)
amplitudes were recorded. The effects of ZD 7288 on
visceral sensitivity in IBS-like rats were evaluated.
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Animal preparation

Male Sprague-Dawley rats were obtained as preweanling
neonates (5 d old) from the Shanghai SLAC Labora-
tory Animal Co., Ltd. (Animal approval number: SCXK
2007-0005). Twelve neonates were housed in a cage with
1 adult female rat until they were 28 d old. The adult
female rat had access to food and water ad /ibitum. After
separation, 4 young rats were housed in a plastic cage
with sawdust bedding, given access to food and water
ad libitum and maintained on a 12-h light/dark cycle.
The irritation procedure and experimental testing were
conducted during the light cycle. Experiments were per-
formed when the rats were 8 wk old.

Animal model of visceral hypersensitivity

Neonatal colon irritation was applied once daily using
colorectal distention (CRD) during postnatal days 8-15.
The CRD procedure was modified from Lin and Al-
Chaer"”. The distention was applied using angioplasty
balloons (length, 20.0 mm; diameter, 2.5 mm) inserted
rectally into the descending colon. The balloon was
distended with air exerting a pressure of 60 mmHg for
1 min, deflated and withdrawn. The control rats were
handled similarly to the model group except that no
CRD was applied. The experiments were approved by
the Animal Care and Use Committee of Fujian Medical
University.

EMG recordings and AWR scores
EMG recordings were performed as described previ-
ously™. Rats were anesthetized with ether, and disten-
tion balloons (5 cm in length; made of the finger of a
latex glove attached to polyethylene tubing) were inserted
through the anus into the rectum and descending colon
of adult rats. The tubing was taped to the tail to hold
the balloon in place. Two silver bipolar electrodes were
inserted into the external oblique muscle of the abdomen
(EOMA). The rats were maintained in a supine position
in a self-made restrainer and allowed at least 30 min to
recover from inhalational anesthesia. The tubing was at-
tached through a T-connector to a sphygmomanometer
pump and a pressure gauge. Distention was produced
by rapid inflation of the balloon to the desired pressure
(20, 40, 60 or 80 mmHg) for 10 s followed by a 4-min
rest. The magnitude of EMG was measured using an
RM6240BD multi-channel physiological signal acquisition
and processing system (Chengdu, China; high-frequency
filter: 3 KHz; time constant: 0.001 s; sampling frequency:
40 KHz; sensitivity: 500 pV; scanning speed: 200 ms/div).
Twenty amplitudes were measured during each 10 s dis-
tention period, and the mean amplitude represented the
magnitude of EMG. EMG data were derived by sub-
tracting the mean baseline amplitude (10-s pre-distention
period) from the mean EMG amplitude of each pressure.
Behavioral responses to CRD were assessed via AWR
measurement using a semi-quantitative score”™. AWR is

February 28, 2014 | Volume 20 | Issue 8 |



Chen Y et a/. HCN channel and chronic visceral pain

B [] Control B 1Bs

4+ a

a

3t
n
IS
2 a
x 2F
z

1 |

0

20 40 60 80
CRD (mmHg)

C sor [] Control Bl iBs

40 [ L
=
T
€
E 30
wn
ke
8 a
8 20r
ES
£
&

10 +

0

Groups

Figure 1 Behavioral evaluation of visceral pain. A: Schematic drawings illustrating the visually based behavioral scale of the abdominal withdrawal reflex (AWR)
in response to graded colorectal distension (CRD). AWR scores are 0, 1, 2, 3, and 4; B: AWR scores of control and irritable bowel syndrome (IBS)-like rats; C: Pain
thresholds measured by AWR in rats. The AWR threshold indicates CRD intensity when the AWR score is 3. °P < 0.05 compared with control rats.

Table 1 Abdominal withdrawal reflex scoring criteria

Score

0 No behavioral response to colorectal distention

1 Immobile during colorectal distention and occasional head clinching
at stimulus onset

2 Mild contraction of the abdominal muscles but absence of abdomen
lifting from the platform

3  Observed strong contraction of the abdominal muscles and lifting of
the abdomen off the platform

4 Arching of the body and lifting of the pelvic structures and scrotum

an involuntary motor reflex that is similar to the viscero-
motor reflex™. AWR measurement consisted of visual
observation of animal responses to graded CRD (20, 40,
60, and 80 mmHg) by blinded observers who assigned
AWR scores (Figure 1A, Table 1).

Determination of pain thresholds

Visceral pain thresholds were evaluated via measurement
of the pressure thresholds (increments of 5 mmHg, 3-min
duration, 1-min rest) required to evoke abdominal con-
tractions that caused the rat to lift its abdomen off the
platform. The recordings were repeated three times for
each animal, and the arithmetic mean value was calculated.

(49

Boishidengs  WIG | www.wjgnet.com

Intrathecal cannulation and drug administration

Rats were anesthetized with barbanylum (8%, 0.1 mL/100
g). A sterile polyethylene catheter (PE10 tubing, Becton
Dickinson) was introduced at the 1.6/S1 interspace and
threaded to the lumbar enlargement. Rats recovered for
1 wk after intrathecal cannulation. Various doses (25, 50,
and 100 nmol/L) of ZD 7288 (molecular weight 292.81,
Toctis Cookson, Ellisville, MI) diluted in sterile 0.9%
saline were administered at a volume of 10 pl. followed
by a 10-uL saline flush. Visceral pain measurements were
performed 30 min after intrathecal administration.

Statistical analysis

Data are expressed as means £ SEM (standard error). A
two-way repeated measures analysis of variance (ANO-
VA) with Bonferroni post hoc analysis was used to as-
sess changes in AWR or EMG in different groups across
pressures. Comparisons of pain thresholds between IBS-
like rats and control rats were analyzed using Student’s
# test. One-way ANOVA followed by the Student-New-
man-Keuls post-hoc test was used to compare differ-
ences in pain thresholds of IBS-like rats before and after
different ZD 7288 doses. Data analysis was performed
using SPSS 13.0. A P value < 0.05 was considered statis-
tically significant.
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Figure 2 Electromyographic responses to colorectal distension in rats.
The average responses to graded colorectal distension (CRD) were significantly
increased in irritable bowel syndrome (IBS)-like rats compared with control rats.
°P < 0.01, compared with control rats at the same CRD intensity. EOMA: Exter-
nal oblique muscle of the abdomen.
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Figure 3 Inhibitory effects of ZD 7288 on amplitudes of external oblique
muscle of the abdomen in irritable bowel syndrome-like rats. °P < 0.05,
compared with saline-treated irritable bowel syndrome (IBS)-like rats; °P < 0.01,
compared with IBS-like rats receiving 50 nmol/L ZD 7288. EOMA: External
oblique muscle of the abdomen; CRD: colorectal distension.

RESULTS

Visceral sensitivity increased in IBS-like rats

The AWR scores at 20-60 mmHg CRD were significantly
higher in IBS-like rats than those in control rats (P <
0.05, Figure 1B). The pain threshold of IBS-like rats sig-
nificantly decreased compared to control rats (P < 0.05,
Figure 1C). EMG amplitudes in IBS-like rats significantly
increased at 20-80 mmHg CRD compared to control rats
(P < 0.05, Figure 2).

Intrathecal ZD 7288 administration inhibited visceral
hypersensitivity in IBS-like rats

No differences in EMG amplitudes were observed be-
tween the IBS-like, IBS-like + saline and IBS-like + 25
nmol/L ZD 7288 groups. IBS-like rats given 50 and
100 nmol/L ZD 7288 demonstrated a significant CRD-
dependent (20-80 mmHg) decrease in amplitudes com-
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Figure 4 Inhibitory effects of ZD 7288 on abdominal withdrawal reflex
scores (A) and pain thresholds (B) of irritable bowel syndrome-like rats.
®P < 0.05, compared with saline-treated IBS-like rats; °P < 0.01, compared with
IBS-like rats receiving 50 nmol/L ZD 7288. CRD: Colorectal distension; AWR:
Abdominal withdrawal reflex.

pared to the IBS-like + saline group (50 nmol/L: P < 0.05;
100 nmol/L: P < 0.01, Figure 3). IBS-like rats given 50
nmol/L ZD 7288 showed a significant reduction in EMG
amplitudes compared to IBS-like rats given normal saline
(41%, 35%, 22%, and 16% at 20, 40, 60, and 80 mmHg
CRD, respectively). Treatment with 100 nmol/L. ZD 7288
significantly inhibited EMG amplitudes (62%, 59%, 46%,
and 40% at 20, 40, 60, and 80 mmHg CRD, respectively)
compared to IBS-like rats given normal saline.

Furthermore, no differences in AWR scores were ob-
served between the IBS-like, IBS-like + saline and IBS-
like + 25 nmol/L ZD 7288 groups. IBS-like rats given 50
nmol/L (20-40 mmHg) and 100 nmol/T. (20-80 mmHg)
ZD 7288 showed a significant CRD-dependent decrease
in AWR scores compared to the IBS-like + saline group.
IBS-like rats given 50 nmol/I. ZD 7288 exhibited sig-
nificantly reduced AWR scores compared to IBS-like rats
given normal saline (37% at 20 mmHg CRD and 24% at
40 mmHg CRD). ZD 7288 at 100 nmol/L significantly
inhibited AWR scotes (61%, 30%, 20%, and 12% at 20,
40, 60, and 80 mmHg CRD, respectively) (Figure 4A).

The pain thresholds of rats treated with 50 nmol/L
ZD 7288 increased by 32% compared to rats given not-
mal saline, and the pain thresholds of rats treated with
100 nmol/L ZD 7288 increased by 77% (Figure 4B).
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Figure 5 Effects of ZD 7288 on amplitudes of external oblique muscle of
the abdomen in control rats. EOMA: External oblique muscle of the abdo-
men; CRD: Colorectal distension.

No significant differences in EMG amplitudes were
observed between the control and control + 100 nmol/L
ZD 7288 groups (Figure 5).

DISCUSSION

This study tested the effect of intrathecal ZD 7288, an
HCN channel blocker, on the visceral hypersensitivity of
IBS-like rats. The results of EMG, AWR and pain thresh-
olds cleatly demonstrate that 50-100 nmol/L ZD 7288
significantly attenuated chronic visceral hypersensitivity in
IBS-like rats. These data indicate that spinal HCN chan-
nels contribute to visceral hypersensitivity in IBS-like rats.

Effect of ZD 7288 on spinal central sensitization in
chronic visceral pain rats
Emery et al” reported that HCN channels play a central
role in neuropathic pain. ZD 7288 effectively attenuates
neuropathic painm]. Most of the drugs that are specifical-
ly approved for the treatment of visceral pain syndromes
are effective treatments for chronic neuropathic pain
states”™, which suggests that chronic visceral pain and
chronic neuropathic pain share a common mechanism.
Treatment with 50 nmol/L and 100 nmol/L ZD 7288
significantly inhibited EMG amplitudes in IBS-like rats in
our study (16%-41% and 40%-62%, 80-20 mmHg CRD,
respectively). Intrathecal administration of 100 nmol/L
2D 7288 significantly relieved mechanical allodynia in
neuropathic pain rats with spinal nerve ligation, but 50
nmol/L ZD 7288 had no effect”. These results indicat-
ed that HCN channels may be the common mechanism
in visceral and neuropathic pain, and these channels may
play a more important role in visceral hypersensitivity.
Neuropathic pain is characterized by ectopic dis-
charges, which are similar to the discharges observed in
IBS-like rats'"”. The spontaneous activity of lumbosacral
afferents and the number of dorsal roots activated by
CRD are significantly enhanced in IBS-like rats compared
to controls' ", Spinal HCN channels contribute to the
maintenance of neuropathic pain, most likely at the pri-
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mary afferent terminals. Th amplitude is augmented in
the ventral-lateral periaqueductal gray neurons in neuro-
pathic pain models, and an increase in the frequency of
ZD 7288-attenuated action potential firing is observed™.
Therefore, we inferred that the hyperexcitability of spi-
nal ascending neurons due to an up-regulation of HCN
channels might undetlie spinal sensitization in chronic
visceral pain. However, more electrophysiological studies,
such as whole-cell patch clamp recordings, are required.

Potential of ZD 7288 as a treatment for chronic visceral
pain

Several treatments, such as anti-spasm medications, anti-
depressants, probiotics and acupuncture, are efficacious
for IBS, but patients and clinicians question their efficacy
due to the recurrence of abdominal pain, diarrhea and
other symptoms“"ﬂ. For example, acupuncture is clini-
cally effective for visceral pain due to bowel obstruction,
inflammation or ulcer, but controversies exist due to the
high recurrence rate®
ture treatment efficacy is lacking, and its mechanisms
require to be investigated”. Antagonists to NMDA
receptors, such as MK-801"" and AP-7" inhibit visceral
hypersensitivity. However, the use of these agents in
the treatment of chronic pain is restricted due to their
serious side effects, including hallucinations, learning
and memory impairments, and sensorimotor disturbanc-
es[28,29].

In this study, 100 nmol/L ZD 7288 exhibited stron-
ger analgesic effects without apparent side effects, which
is consistent with the results of Wan’s study on neuro-
pathic pain"®. Intrathecal administration of ZD 7288 in-
creased pain thresholds in IBS-like rats in a dose-depen-
dent manner. Visceral hypetsensitivity includes allodynia
and hyperalgesia. Allodynia indicates that an originally
non-noxious stimulation induces pain, and hyperalgesia
indicates that an originally noxious stimulation induces a
supernormal reaction””*”". Neonatal CRD in the pres-
ent study may result in allodynia and hyperalgesia, which
is consistent with previous studies™. ZD 7288, an HCN
channel blocker, attenuated visceral pain at 20-40 (non-
noxious stimulation) and 60-80 mmHg CRD (noxious
stimulation). Therefore, ZD 7288 attenuated allodynia
and hyperalgesia in rats with chronic visceral pain. Our
results suggest that ZD 7288, an HCN channel blocker,
is a useful drug for the treatment of chronic visceral pain
in the future.

26 o e .
I Scientific evidence of acupunc-

Comparison of AWR and EMG findings

Neonatal CRD produced allodynia and hyperalgesia in
the present study, which supports the hypothesis that
eatly life stress may trigger visceral hyperalgesia and co-
lonic dysfunctionm]. Our AWR scores were ¢a. 1.8, 3.1, 3.8,
and 3.9 at 20-80 mmHg CRD in IBS-like rats, which is
partially different from the results obtained by Li ez @/,
who reported AWR scores of ¢a. 0.9, 2.5, 3.1 and 3.5 in
visceral hypersensitivity rats. These differences may be
attributed to the distinct models. T ez a/*” used neonatal
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maternal deprivation to produce visceral hypersensitiv-
ity, and our study used neonatal CRD to induce IBS-like
symptoms. These results demonstrate that neonatal CRD
may induce allodynia and hyperalgesia, but neonatal ma-
ternal deprivation may preferentially induce hyperalgesia.
Zhou et al! proposed that a 9-d heterotypic intermittent
stress generates visceral hypersensitivity. The results of
these three studies suggest that stimulus intensity is more
important than stimulus type for the induction of visceral
hypersensitivity.

EMG and AWR scores are two different methods to
assess visceral hypersensitivity in rats™>. AWR scores
are semi-measurement data, and it is sometimes difficult
for an observer to distinguish the difference between
scores of 3 and 4. EMG recording results are pure
measurement data that are not influenced by objective
factors. EMG recording is a relatively sensitive method
to evaluate visceral pain. However, other signals easily
interfere with EMG recordings during the experimental
process. Most AWR scores in our study were consistent
with the EMG findings. Therefore, the combined appli-
cation of EMG and AWR scores improves the credibility
of results.

In conclusion, intrathecal administration of ZD 7288,
an HCN channel blocker, attenuated visceral hypersensi-
tivity in IBS-like rats without motor disorders. Therefore,
2D 7288 might be a potential treatment for IBS.

COMMENTS

Background

Irritable bowel syndrome (IBS) is a common gastrointestinal disorder that is
characterized by chronic visceral pain, bloating and altered bowel habit. Several
treatments, such as anti-spasm medications, antidepressants, and probiotics,
are efficacious for IBS, but patients and clinicians question their efficacy due to
the recurrence of abdominal pain. Hyperpolarization-activated cyclic nucleotide-
gated (HCN) ion channels are called pacemakers of pain. ZD 7288, an HCN
channel blocker, may reduce neuropathic pain and provide significant analgesic
effects. However, the role of ZD 7288 in chronic visceral pain remains unknown.

Research frontiers
The present study used ZD 7288 to treat visceral hypersensitivity in rats with
IBS-like symptoms induced using neonatal colorectal distention. Treatment with
50-100 nmol/L ZD 7288 attenuated chronic visceral pain and increased pain
thresholds in IBS-like rats.

Innovations and breakthroughs

This is the first study to demonstrate that ZD 7288 treatment produces an an-
algesic effect on visceral hyperalgesia in rats with IBS-like symptoms induced
using neonatal colorectal distention.

Applications

This study showed that ZD 7288 administration produced an analgesic effect
on visceral hyperalgesia in IBS-like rats and provide scientific evidence for ZD
7288 as a novel treatment for visceral pain in IBS.

Terminology

IBS is a common gastrointestinal disorder that is characterized by chronic vis-
ceral pain, bloating and altered bowel habit. The HCN channel is a hyperpolar-
ization-activated cyclic nucleotide-gated channel. The HCN current is a crucial
determinant of the firing frequency of action potentials. ZD 7288 is an HCN
channel blocker.

Peer review

This study describes an analgesic effect of ZD 7288 in IBS-like rats and eluci-
dates that ion channels may be the primary determinants of neuronal excitabil-
ity. The HCN channel current creates a more positive resting membrane poten-
tial and up-regulates neuronal excitability. The presented results are important
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for clinicians and the fundamental scientific community.
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