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Abstract
AIM: To assess the role of hyperpolarization-activated 
cyclic nucleotide-gated cation (HCN) channels in regu-
lating the excitability of vagal and spinal gut afferents.

METHODS: The mechanosensory response of mesen-
teric afferent activity was measured in an ex vivo murine 
jejunum preparation. HCN channel activity was recorded 
through voltage and current clamp in acutely dissoci-
ated dorsal root ganglia (DRG) and nodose ganglia (NG) 
neurons retrogradely labeled from the small intestine 
through injection of a fluorescent marker (DiI). The 
isoforms of HCN channels expressed in DRG and NG 
neurons were examined by immunohistochemistry.

RESULTS: Ramp distension of the small intestine evok-
ed biphasic increases in the afferent nerve activity, re-
flecting the activation of low- and high-threshold fibers. 

HCN blocker CsCl (5 mmol/L) preferentially inhibited 
the responses of low-threshold fibers to distension and 
showed no significant effects on the high-threshold re-
sponses. The effect of CsCl was mimicked by the more 
selective HCN blocker ZD7288 (10 µmol/L). In 71.4% 
of DiI labeled DRG neurons (n  = 20) and 90.9% of DiI 
labeled NG neurons (n  = 10), an inward current (Ih 
current) was evoked by hyperpolarization pulses which 
was fully eliminated by extracellular CsCl. In neurons 
expressing Ih current, a typical “sag” was observed 
upon injection of hyperpolarizing current pulses in cur-
rent-clamp recordings. CsCl abolished the sag entirely. 
In some DiI labeled DRG neurons, the Ih current was 
potentiated by 8-Br-cAMP, which had no effect on the Ih 
current of DiI labeled NG neurons. Immunohistochem-
istry revealed differential expression of HCN isoforms in 
vagal and spinal afferents, and HCN2 and HCN3 seemed 
to be the dominant isoform in DRG and NG, respec-
tively.

CONCLUSION: HCNs differentially regulate the excit-
ability of vagal and spinal afferent of murine small in-
testine.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION
The gastrointestinal tract is innervated by vagal and spinal 
afferent nerves, whose cell bodies lie in the dorsal root gang
lion (DRG) and nodose ganglion (NG), respectively[1]. 
Previous studies have shown that vagal and spinal affer
ents differ in their responsiveness to a variety of  stimuli 
and hence may play different roles in gastrointestinal 
(GI) physiology and pathophysiology. The mesenteric 
nerves (consisting of  both vagal and spinal afferents) of  
the small intestine exhibited biphasic increases in affer
ent activity in response to ramp distension in the rat in 
vivo and in the ex vivo mouse or rat jejunum preparations, 
suggesting the presence of  low and highthreshold 
mechanoreceptors[2,3]. Booth et al[3] demonstrated that 
the lowthreshold response in rats was markedly reduced 
following chronic vagotomy whereas the highthreshold 
response remained unaltered. These data were consistent 
with the notion that vagal mechanoreceptors are primar
ily low-threshold fibers that convey innocuous signals in 
the GI tract and contribute to the control of  satiety and 
food intake as well as reflex regulation of  motility, secre
tion and absorption[1]. The spinal afferents, on the other 
hand, are mainly composed of  highthreshold and wide 
dynamic range fibers and may therefore encode noci
ceptive signals in the GI tract. There has been extensive 
evidence suggesting that altered sensitivity of  vagal and 
spinal afferents may underlie some of  the debilitating 
symptoms such as bloating and pain seen in functional 
GI diseases[4]. However, the molecular mechanisms of  
sensory dysfunction remain poorly understood.

Previous studies have identified a number of  ion chan-
nels and Gprotein coupled receptors that are involved in 
sensory transduction and modulation of  the excitability 
of  primary afferents including those innervating the GI 
tract. In mammals, the hyperpolarizationactivated cyclic 
nucleotidegated cation (HCN) channel family consists 
of  4 cation channels, named HCN14. In cells expressing 
these channels, hyperpolarization of  the membrane po
tential would activate HCN channels, resulting in a slow 
inward current. The kinetics of  these channel activity 
are regulated by cyclic adenosine 3’,5’monophosphate 
(cAMP). Because these channels are activated near the 
resting membrane potential, they can modulate the mem
brane excitability. Several groups have explored the pos
sible role of  HCN channels in sensory processing. It has 
been shown that HCN channels are expressed in DRG 
and nodose neurons[5,6]. Importantly, it has been reported 
that HCN channels were upregulated in DRG neurons 
following nerve injury and neuropathic pain was reversed 
by HCN blockers, suggesting that HCN channels have 
an excitatory influence on sensory neurons and may rep
resent a potential therapeutic target in pain management. 
However, another study demonstrated that in nodose 
neurons and aortic baroreceptors, HCN blockers reduced 
the threshold for activation，indicating that HCN chan
nels have an inhibitory influence on the excitability of  
nodose neurons and baroreceptors[5,7].

Matsuyoshi et al[8] examined the expression of  HCN 

channels in bladder afferent neurons. Among HCN1, 
HCN2 and HCN4, positive staining with HCN2 antibod
ies was found in approximately 60% of  small and medium
sized bladder afferent neurons. However, the amplitude 
and current density of  hyperpolarizationactivated cur
rent (Ih) was significantly larger in medium-sized bladder 
afferent neurons than in smallsized bladder neurons, 
suggesting that Ih currents could control the excitability 
of  mechanoceptive Aδ-fiber bladder afferent neurons[9]. 
HCN channels are also localized in enteric nervous sys
tem[10]. Linden and colleagues[11] found that the enhance
ment of  afterhyperpolarization neuronal excitability in 
inflamed guinea pig colon involves an increase in Ih cur
rent. However, there has been little information regarding 
the potential role of  HCN channels in the function of  
extrinsic afferents of  the GI tract.

In the present study, we investigated the effect of  
HCN channel blockers on the mechanosensory respons
es of  mesenteric afferent nerves of  the murine jejunum 
in vitro and compared the Ih current in vagal and spinal 
primary afferent neurons retrogradely labeled from the 
small intestine.

MATERIALS AND METHODS
Animals
Male Kunming mice weighing 2025 g were purchased 
from Shanghai Jiaotong University School of  Medicine. 
The mice were allowed free access to normal laboratory 
food and tap water and were kept under conditions of  
constant temperature and humidity with a 12h light/
dark cycle. Mesenteric afferent nerve recording experi
ments were performed on 6 mice for CsCl and 3 mice for 
ZD7288. Immunohistochemistry was performed on 3 
DiI labeled mice and 3 as control. All procedures involv
ing use of  animals were approved by the Institutional 
Animal Care and Use Committee at Shanghai Jiaotong 
University.

Tissue preparation and afferent nerve recording
Mice were deeply anaesthetized with pentobarbital (80 
mg/kg, ip) and then killed by cervical dislocation. A mid
line laparotomy was performed and sections of  jejunum 
were rapidly removed[2]. One of  the jejunum segments 
was placed in a recording chamber (10 mL) and super
fused with oxygenated Krebs solution (composition in 
mmol/L: NaCl 113, KCl 5.9, CaCl2 1.25, MgSO4 1.2, 
NaH2PO4 1.2, NaHCO3 25, Glucose 11.5). Chamber tem
perature was kept at 34 ℃. The jejunum was cannulated 
at each end to allow intraluminal infusion (0.1 mL/min) 
and ramp distension of  the gut. A branch of  the mesen
teric nerve was dissected and the electrical activity was re
corded using a suction electrode connected to a Neurolog 
headstage (NL100, Digitimer Ltd., United Kingdom). The 
signal was amplified (NL104), filtered (NL 215, bandpass 
3003000Hz), digitized (Micro1401, CED, United King
dom) and then captured by a computer with the Spike2 
software (version 5.14, Cambridge Electronic Design, 
United Kingdom). The jejunum segment was distended 
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gradually to an intraluminal pressure of  60 mmHg by clos
ing the outflow port to observe the mechanosensitivity of  
mesenteric nerves and this was repeated at an interval of  
15 min. The effect of  HCN channel blockers (5 mmol/L 
CsCl or 10 µmol/L ZD7288) on the mechanosensory re
sponses was tested by switching the bath and intraluminal 
solution to one that contains one of  the antagonists.

Retrograde labeling of DRG and NG neurons innervating 
the jejunum 
DRG and NG neurons were retrogradely labeled by inject
ing the fluorescent dye, DiI (Molecular Probes, Eugene, 
OR)[12] into the gut wall. Briefly, mice were anaesthetized 
with 1% pentobarbital (40 mg/kg, ip). Under sterile condi
tions, a midline laparotomy was performed to expose the 
jejunum and 25 µL DiI (0.1% in DMSO) was injected at 
1520 sites into the smooth muscle layer. Incisions were 
sutured in layers and mice were allowed to recover for 12 
wk to permit DiI to be transported to the cell soma. 

Dissociation of neurons and patch-clamp recording
Mice were killed by an overdose of  pentobarbital (100 mg/kg, 
ip). T7L2 DRG and NG were quickly isolated under a dis
secting microscope and transferred into ice cold Hanks’ 
solution. The ganglia were minced with fine spring scis
sors after removing the connective tissue. The minced 
ganglia were placed in Hank’s solution containing type 
Ⅱ collagenase (3 mg/mL) and trypsin (2.5 mg/mL) and 
incubated at 37 ℃ for 50 min, then washed 23 times in 
DMEM with 10% fetal calf  serum, 100 U penicillin and 
100 µg streptomycin. Cells were then dispersed by gentle 
titration with fire-polished Pasteur pipettes. The cell sus
pension was plated onto 35mm culture dish coverslips pre
coated with 0.01% polylysine and incubated in 5% CO2 at 
37 ℃ overnight.

For patchclamp recording, one of  the coverslips was 
placed in the recording chamber (1 mL) and the cells 
were continuously perfused with extracellular solution (in 
mmol/L: NaCl 130, KCl 6, MgCl2 1.2, CaCl2 2.5, HEPES 
10, Glucose 10, BaCl2 1) at room temperature (2125 ℃). 
We added 1 mmol/L Ba2+ in the extracellular solution in 
order to block the inward-rectifier potassium current upon 
applying the hyperpolarizing voltage steps[13,14]. Whole cell 
recordings of  the DiIlabelled cells were conducted us
ing electrodes with a resistance of  about 35 MΩ when 
filled with the internal solution (composition in mmol/L: 
Kgluconate 140, MgCl2 2, EGTA 1.1, HEPES 10).

Immunohistochemistry
Mice were killed by an overdose of  pentobarbital and 
then perfused with saline followed by 4% paraformalde
hyde in 0.1 mol/L sodium phosphate buffer with a pH 
of  7.4. T7L2 DRG and NG were isolated and post-fixed 
in the same solution at 4 ℃ overnight and then trans
ferred into 30% sucrose for 24 h at 4 ℃. The ganglia 
were then embedded in an Optimal Cutting Temperature 
compound and serially sectioned (10 µm) using a cryostat 
for immunofluorescent staining. Briefly, sections were 

treated with phosphatebuffered saline (PBS) containing 
1% normal goat serum and 1% TritonX100 at room 
temperature for 30 min twice followed by incubation with 
one of  the primary antibodies at 4 ℃ overnight. The sec
tions were rinsed in PBS for four times and then incubat
ed with the secondary antibody at room temperature for 
1 h. The primary antibodies used were rabbit polyclonal 
antibodies: 1:200 antiHCN1 (ab65706, Abcam), 1:200 
antiHCN2 (ab65704, Abcam), 1:200 antiHCN3 (ab65705, 
Abcam) and 1:1000 antiHCN4 (ab65703, Abcam ). The 
secondary antibody was a goat antirabbit Alexa Fluor 
488 (Molecular Probes, Invitrogen) diluted in 10% NGS 
/PBS/Triton solution (1:1000).

Statistical analysis
Numerical data were expressed as mean ± SE. Statistical 
analysis of  the data was performed using SPSS version 
13.0 or Graphpad Prism version 5 (Graphpad software, 
San Diego, United States). The effect of  CsCl on low 
and high threshold afferent responses were analyzed 
by paired Student’s t test. The pressureafferent nerve 
response curves were analyzed using linear regression 
and then compared using an analysis of  covariance (AN
COVA). Amplitude, density and time constants of  Ih cur
rent were compared between DRG and NG neurons by 
Wilcoxon rank sum test. Mean voltages of  half  activation 
(V1/2) and slope factors (k) of  Ih were acquired from the 
curves fitted by Boltzmann equation in Origin 6.0 (Origin
Lab, Northampton, Massachusetts, United States). The 
percentages of  HCNpositive cells in DRG and NG were 
compared by the χ 2 test. P < 0.05 was considered statisti
cally significant.

RESULTS
Effect of HCN channel blockers on the mechanosensory 
responses of small intestinal afferent nerves
Ramp distension of  the jejunum segments typically evoked 
biphasic increases in mesenteric afferent nerve discharge 
(Figure 1), which is consistent with previous reports[2,15]. 
The first phase was a rapid increase in afferent activity 
when the intraluminal pressure started to rise and the nerve 
activity reached the first peak at an intraluminal pres
sure of  approximately 5 mmHg and then plateaued or 
increased slowly as the intraluminal pressure continued 
to rise. The second phase was an accelerated increase in 
nerve discharge starting at an intraluminal pressure of  20 
mmHg. This pattern of  ramp distensionevoked afferent 
responses was due to the activation of  three functional 
populations of  afferent fibers, namely lowthreshold 
fibers, wide dynamic range fibers and high-threshold fi
bers[2]. As is exemplified in Figure 1A, simultaneous bath 
and intraluminal application of  the HCN channel blocker, 
CsCl (5 mmol/L), attenuated the initial phase of  the 
nerve responses to ramp distension but seemed to render 
the second phase of  the mechanosensory response unaf
fected. Figure 1B shows the average pressureafferent re
sponse curves of  the mesenteric nerves (n = 6) under the 
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control condition and in the presence of  CsCl (5 mmol/L) 
(Figure 1B). For simplicity, each curve is divided into two 
parts (intraluminal pressure range, 010 mmHg and 1060 
mmHg) and analyzed using linear regression, reflecting 
the mechanosensitivity of  low- and high-threshold fibers, 
respectively. Under the control condition, the initial part 
of  the pressureresponse curve had a slope of  (2.95 ± 0.73) 
imp/s per mmHg and in the presence of  5 mmol/L CsCl, 
the slope was (0.90 ± 0.37) imp/s per mmHg, which was 
significantly smaller compared with the control curve (P 
< 0.05, ANCOVA, Figure 1B). The slope of  the second 
part of  the pressureresponse curve (1060 mmHg) in the 
presence of  5 mmol/L CsCl was not significantly differ
ent from that of  the control curve [(0.86 ± 0.24) imp/s 
per mmHg vs (0.95 ± 0.27) imp/s per mmHg, P > 0.05, 
ANCOVA, Figure 1B]. Another way of  addressing the 
responses of  low- and high-threshold fibers is to calculate 
the changes in afferent discharge rate when the intralu
minal pressure increased from the baseline to 10 mmHg 

(lowthreshold response) and from 10 to 60 mmHg (high
threshold response). As shown in Figure 1C, 5 mmol/L 
CsCl attenuated the lowthreshold response but rendered 
the high threshold response unaltered [010 mmHg: (19.91 
± 5.92) imp/s vs (5.65 ± 2.34) imp/s , paired t test, t = 3.29, 
P < 0.05; 1060 mmHg: (17.48 ± 3.70) imp/s vs (18.83 ± 
8.55) imp/s, paired t test, P > 0.05, Figure1C].

To confirm that CsCl-induced inhibition of  the low-
threshold mechanosensory response is due to the blockade 
of  HCN channels, we observed the effects of  ZD7288, a 
more selective HCN channel blocker, on the responses of  
mesenteric nerves to ramp distension in 3 jejunum prepa
rations. Indeed, 10 µmol/L ZD7288 mimicked the effects 
of  CsCl in that it attenuated the lowthreshold responses, 
but not significantly affected the high-threshold responses 
(Figure 2). These data clearly demonstrate that under the 
normal conditions, HCN channels exert a tonic facilita
tory effect on the lowthreshold mechanoreceptors but 
not on highthreshold mechanoreceptors.

Hyperpolarization-activated current in vagal and spinal 
primary afferent neurons projecting to the small intestine
We focused on DRG and NG neurons retrogradely la
beled from the small intestine by patchclamp recording 
of  Ih current. Ih current was present in 71.4% (20/28) 
of  DiI labeled DRG neurons (mean diameter, 35.67 ± 
0.65 µm; mean capacitance, 45.83 ± 5.13 pF) and 90.9% 
(10/11) of  NG neurons (mean diameter, 29.63 ± 1.20 
µm; mean capacitance, 25.84 ± 2.60 pF). Figure 3 shows 
an example of  DiI labeled DRG neurons viewed under 
the inverted fluorescence microscope, as well as the cur
rent and voltage traces obtained by whole cell recording. 
Under voltageclamp recording, hyperpolarization pulses 
activated inward currents which were virtually abolished 
by 5 mmol/L CsCl. Under currentclamp recording, hy
perpolarizing currents elicited hyperpolarization of  the 
membrane potential which exhibited a “sag” (depolariza
tion) that was also prevented by 5 mmol/L CsCl. These 
results show that both vagal and spinal primary afferent 
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Figure 1 Effects of CsCl on the mechenosensory activity of small intestinal afferents. A: Original recording of the mesenteric afferent nerve activity in response 
to distension in an ex vivo jejunum preparation; B: The pressure-afferent nerve response curves in control and in the presence of hyperpolarization-activated cyclic 
nucleotide-gated cation blocker, 5 mmol/L CsCl; C: Bar graph showing the low- and high- threshold mechanosensory responses with or without the presence of 5 
mmol/L CsCl. aP < 0.05.
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neurons projecting to the small intestine express func
tional HCN channels, which seemed to exert a facilitatory 
effect on the afferent excitability.

Hyperpolarizationactivated currents in DiIlabeled 
DRG neurons were generally of  larger amplitude than in 
NG neurons [120 mV: (439.08 ± 89.56) pA for DRG 
neurons and (176.37 ± 36.96) pA for NG neurons, Wil
coxon rank sum test, P < 0.05, Figure 4A], although when 
normalized to the membrane capacitance, the difference 

in current density was not statistically significant between 
spinal and vagal afferents [120 mV: (15.22 ± 5.93) pA/
pF for DRG neurons and (7.64 ± 1.67) pA/pF for NG 
neurons, Wilcoxon rank sum test, P > 0.05, Figure 4B]. We 
compared the kinetics of  Ih currents in these two popula
tions. The time course of  Ih activation was fitted by a two-
exponential function (Figure 4C). There was no significant 
difference in the fast and slow time constant between DiI
labeled DRG and NG neurons [120mV: (65.81 ± 6.89) 
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Figure 3  Ih recorded under whole-cell 
voltage and current clamp from DiI la-
beled dissociated dorsal root ganglia and 
nodose ganglia neurons innervating the 
jejunum. A: DiI labeled dissociated dorsal 
root ganglia neurons; B: Representative cur-
rent traces of Ih current (top trace); Current 
recorded in the presence of 5 mmol/L CsCl 
(middle trace); voltage clamp protocal: Ih was 
induced from a holding potential of -60 mV in 
1 s pulses from -60 mV to -120 mV in steps 
of 10 mV, followed by a final step to -80 mV 
to record the tail current (bottom trace); C: 
Voltage response to test current pulse be-
fore (black) and after (grey) application of 5 
mmol/L CsCl (top trace); bottom trace shows 
the current clamp protocol, i.e., hyperpolariz-
ing current pulses ranging from 0 pA to -200 
pA in steps of 50 pA. Note that the current 
elicited an instantaneous hyperpolarization 
that was followed by depolarization (named 
“sag”) of membrane potential. DRG: Dorsal 
root ganglia; NG: Nodose ganglia.

Figure 4  Ih steady-state parameters and 
activation kinetics in DiI-labeled DRG and 
NG neurons. A: Ih current-voltage relation-
ship between DiI-labeled dissociated dorsal 
root ganglia (DRG) and nodose ganglia neu-
rons (NG); B: Ih current density-voltage rela-
tionship between DiI-labeled DRG and NG 
neurons; C: The time constant of Ih current. Ih 
current traces were fitted with two exponen-
tials according to the following equation: Ih(t) 
= Af exp(-t/τf) + As exp(-t/τs), where Ih(t) is 
the amplitude of the current at time t and Af 
and As are the initial amplitudes of the fast (τf) 
and slow (τs) activation time constant com-
ponents, respectively. Time constants were 
obtained by fitting currents using pCLAMP; 
D: Ih current activation curves. Normalized 
activation curves were obtained from tail 
currents at -80 mV and fitted by Boltzmann 
function: Ih/Ih(max) =1/{1+ exp[(Vm – V1/2)/
k]}, where Ih is the peak amplitude of the 
tail current recorded immediately after the 
pre-pulse, Ih(max) is the maximal current 
recorded after the maximal prepulse of -120 
mV, Vm is the membrane potential, V1/2 is the 
membrane potential at which Ih conductance 
is half-activated, and k is a slope factor of the 
curve. Data were expressed as mean ± SE. 
aP < 0.05 vs DiI-labeled DRG neurons.
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ms and (590.57 ± 88.19) ms for DRG neurons, (70.12 ± 
5.10) ms and (1044.54 ± 307.80) ms for NG neurons, re
spectively]. The activation parameters of  Ih was V1/2 (77.86 
± 3.38) mV, slope factor 16.06 ± 2.96 for DiIlabeled 
DRG neurons and V1/2 81.31 ± 0.41 mV, slope factor 
11.84 ± 0.40 for DiIlabeled NG neurons (Figure 4D).

We applied 8BrcAMP (a membrane permeable cAMP)  
to test the sensitivity of  Ih currents in spinal and vagal af
ferent neurons to cAMP. In 3 of  11 DiIlabeled DRG 
neurons, Ih currents were augmented by 8BrcAMP, as 
is shown in Figure 5A. In these neurons, 8BrcAMP (1 
mmol/L) caused a 14 mV depolarizing shift in the mid
point of  voltage activation without marked effect on the 
slope factor [V1/2 from (86.49 ± 1.14) mV to (72.16 ± 3.44) 
mV and slope factor from 10.59 ± 1.31 to 12.07 ± 2.04, 
Figure 5A and C]. Ih currents in the other 8 DRG neurons 
tested were not sensitive to 8BrcAMP [V1/2 from (79.45 
± 1.70) mV to (80.43 ± 2.07) mV and slope factor from 
12.17 ± 1.52 to 14.00 ± 2.03, Figure 5C]. Seven NG neu
rons were tested, but the Ih currents in these neurons were 
not altered in the presence of  8BrcAMP [V1/2 from (81.95 
± 0.78) mV to (86.84 ± 0.29) mV and slope factor from 
11.57 ± 0.78 to 11.98 ± 0.36, Figure 5B and D]. These 

data suggest that different isoforms of  HCN channels may 
exist in subpopulations of  spinal and vagal primary affer
ent neurons innervating the small intestine.

Immunohistochemical staining of HCN isoforms in DRG 
and NG neurons
There was no apparent immunofluorescent staining for 
HCN1 in DRG or NG sections. HCN2 immunostaining 
was detected in both ganglia. In DRG sections, 12.3% of  
DRG neurons and numerous afferent fibers were stained 
for HCN2. In NG sections, HCN2 immunostaining was 
less extensive in that only 2.3% of  NG neurons (P < 
0.05, χ 2 test, compared with DRG) and fewer fibers were 
stained for HCN2. Weak HCN3 immunoreactivity was 
detected in some DRG neurons. In contrast, moderate 
staining for HCN3 appeared to be present in the majority 
of  NG neurons. HCN4 immunoreactivity was not detect
ed in NG sections but was present in a minority of  DRG 
neurons (Figure 6).

To determine the subtypes of  HCN channels express
ed in intestinal primary afferent neurons, we further 
observed the immunoreactivity of  HCN14 in DRG and 
NG neurons retrogradely labeled from the small intestine 
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Figure 5  Effects of 8-Br-cAMP on the activation curves of Ih current in DiI-labeled dissociated dorsal root ganglia and nodose ganglia neurons. A and B: 
Overdraw of the Ih current traces elicited by a hyperpolarizing pulse (-120 mV) in control and in the presence of 8-Br-cAMP in DiI-labeled dissociated dorsal root gan-
glia (DRG) (A) and nodose neurons (B); C: Activation curves of cAMP-sensitive and cAMP-insensitive DiI-labeled DRG neurons before (black block symbols) and after 
treatment with 8-Br-cAMP (empty symbols); D: Activation curves of DiI-labeled nodose ganglia neurons before (black block triangle) and after treatment with 8-Br-cAMP 
(empty triangle). Data were expressed as mean ± SE. 
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via injection of  DiI into the gut wall. As expected, HCN1 
immunoreactivity was not detected in any of  the DiI
labeled DRG or NG neurons. HCN2 immunoreactivity 
was present in some DiIlabeled DRG neurons but was 
not detected in DiIlabeled NG neurons (Figure 7). On 

the other hand, moderate HCN3 immunoreactivity was 
apparently present in most DiIlabeled NG neurons. DiI
labeled DRG neurons, however, were only weakly immu
noreactive to HCN3 (Figure 8). HCN4 immunoreactivity 
was not detected in DiIlabeled DRG or NG neurons.
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Figure 6  Immunostaining for hyperpolarization-activated cyclic nucleotide-gated cation isoforms in dorsal root ganglia and nodose ganglia sections. 
Hyperpolarization-activated cyclic nucleotide-gated cation channel 1 (HCN1) immunoreactivity was not detectable in dorsal root ganglia (DRG) and nodose ganglia (NG) 
neurons. HCN2 immunoreactivity was prominent in DRG (cell bodies and fibers) and was also present in some NG neurons and fibers. HCN3 immunoreactivity was 
profuse in NG sections but was weaker in DRG sections. HCN4 immunoreactivity was present in a minority of DRG neurons and was absent in NG.

Figure 7  Immunostaining for hyperpolarization-activated cyclic nucleotide-gated cation channel 2 in intestinal primary afferent neurons. Spinal and vagal 
afferent neurons innervating the small intestine were labeled via injection of DiI (red) into the gut wall. Arrows indicate positive hyperpolarization-activated cyclic 
nucleotide-gated cation channel 2 (HCN2) staining in DiI-labeled dorsal root ganglia neurons. DRG: Dissociated dorsal root ganglia; NGNG: Nodose ganglia.
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DISCUSSION
Extrinsic afferent nerves play a major role in the control 
of  GI function. Altered vagal and spinal afferent nerve 
sensitivity has been implicated in the pathophysiology 
of  GI symptoms such as bloating, discomfort and pain. 
Previous studies have shown that there exist major dif
ferences in vagal and spinal primary afferent neurons in 
their sensitivity to mechanical and chemical stimulations. 
Delineating the molecular mechanisms that control the 
excitability of  spinal and vagal afferents of  the GI tract 
may potentially offer novel therapeutic targets. The pres
ent study provided evidence that HCN channels differen
tially regulate the excitability of  spinal and vagal afferents 
innervating the small intestine.

In the first series of  the study, we tested the effects of  
HCN channel blocker, CsCl, on the mechanosensory re
sponses of  mesenteric nerves of  the jejunum. Consistent 
with previous reports, ramp distension of  the jejunum 
evoked biphasic increases in mesenteric nerve discharge, 
which was due to the activation of  three major types of  
afferent fibers: low-threshold fibers, wide dynamic range 
fibers and high-threshold fibers[2]. CsCl at 5 mmol/L was 
found to attenuate the first phase of  the increase in af
ferent discharge (pressure rose by 10 mmHg from the 
baseline) and showed no significant effect on the sec
ond phase of  the response (pressure rose from 10 to 60 
mmHg). CsCl is a relatively weak HCN channel blocker 
and was nonselective among different HCN isoforms. 
We choose to test 5 mmol/L CsCl since this was the 
concentration used in many previous studies[7,16,17] and we 
noted in pilot experiments that the amplitude of  action 
potential spikes was not altered, suggesting that conduc
tion of  nerve signals was not impaired in the presence 

of  5 mmol/L CsCl. To further exclude the possible off
target effects of  5 mmol/L CsCl, we tested a more potent 
HCN channel blocker ZD7288 (10 µmol/L) and found 
that it had a similar effect on the mechanosensory re
sponses of  mesenteric nerves. Thus, we could be relative
ly confident that the inhibitory effects of  5 mmol/L CsCl 
on the mechanosensory responses were due to blockade 
of  HCN channels and that this set of  data show certain 
HCN isoforms that exert a tonic facilitatory action on the 
excitability of  low-threshold afferent fibers. 

Booth et al[3] showed in rats that the lowthreshold 
responses of  mesenteric nerves to ramp distension of  the 
jejunum diminished whilst the high threshold responses 
remained intact following chronic vagotomy. Therefore, 
in the second series of  the experiments, we tested the 
hypothesis that there were differences in the expression 
of  functional HCN channels in vagal vs spinal primary 
afferent neurons. To this end, we conducted patch clamp 
recording of  Ih in acutely dissociated DRG and NG neu
rons. Ih currents of  varying amplitudes could be elicited 
by hyperpolarizing voltage pulses in approximately half  
of  DRG and NG neurons. We then focused on DiI
labeled (intestinal) spinal and vagal sensory neurons. 
Ih current was present in 71.4% of  DRG neurons and 
90.9% of  NG neurons. The Ih currents of  DRG neurons 
were generally of  greater amplitude than those of  NG 
neurons, but the kinetics (fast and slow time constants 
and activation curves) of  Ih currents in these two popu
lations were not significantly different. At the present, 
subtype selective HCN blockers are not available, but 
different subtypes of  HCN channels are known to show 
distinct cAMP sensitivity. HCN2 and HCN4 are strongly 
modulated by cAMP, whilst HCN1 and HCN3 show mini
mal or no sensitivity to cAMP[18]. We therefore tested the 
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Figure 8 Immunostaining for hyperpolarization-activated cyclic nucleotide-gated cation channel 3 in intestinal primary afferent neurons. Intestinal afferents 
were labeled via injecting DiI into the gut wall. Note that weak hyperpolarization-activated cyclic nucleotide-gated cation channel 3 (HCN3) immunoreactivity (green) 
was present in some DiI-labeled (red) dorsal root ganglia neurons. In contrast, most DiI-labeled nodose ganglia neurons were moderately stained for HCN3.
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diabete rats. In the current study, most NG neurons were 
moderately stained for HCN3 and minorities of  NG neu
rons were stained for HCN2, whilst HCN1 and HCN4 im
munoreactivity was hardly detectable. It is likely that there 
exist subtle species differences in the distribution of  HCN 
isoforms in vagal afferent neurons and that expression of  
HCN isoforms in vagal afferent neurons may be altered 
under certain pathological conditions.

Momin and colleagues demonstrated that Ih current 
had an important influence on action potential generation 
in sensory neurons[20]. We noted that CsCl and ZD7288 
inhibited the lowthreshold (vagal) mechanosenosry re
sponses without significant effect on the high-threshold 
(presumably spinal) responses, although the patchclamp 
and immunohistochemical data both showed that func
tional HCN channels were present in some spinal afferent 
neurons. It appears likely that under normal conditions, 
HCN channels expressed on spinal afferent neurons only 
have minimal effect on the excitability of  afferent ter
minals. However, this does not preclude the possible 
contribution of  HCN channels to the hyperexcitability 
of  spinal afferents seen in pathological conditions such 
as inflammatory and noninflammatory bowel diseases. 
In this regard, it is particularly interesting to note that a 
proportion of  spinal afferents appeared to express HCN2, 
which is sensitive to modulation by cAMP, a key intracel
lular second messenger for a variety of  inflammatory 
mediators[18,21]. Conceivably, spinal afferents expressing 
HCN2 may become hypersensitive due to the increased 
availability of  inflammatory mediators such as bradykinin, 
ATP, 5HT and prostaglandin E2

[22].
In summary, the data obtained in this study suggest 

that HCN2 and HCN3 are differentially expressed in vagal 
vs spinal primary afferents innervating the small intestine. 
HCN2 is the major HCN isoforms in spinal afferents and 
HCN3 is more abundant in vagal afferent neurons and 
seems to exert a tonic facilitatory modulation on the ex
citability of  afferent terminals.

COMMENTS
Background
The gastrointestinal (GI) tract is innervated by vagal and spinal afferent nerves, 
which play important roles in the control of GI function. Altered vagal and spinal 
afferent nerve sensitivity has been implicated in the pathophysiology of GI 
symptoms such as bloating, discomfort and pain, but the molecular mecha-
nisms are still not clear. Hyperpolarization-activated cyclic nucleotide-gated 
cation (HCN) channels underlie the pacemaker current in the heart and are also 
known to regulate CNS neuronal excitability. The current study investigated the 
possible role of HCN channels in the control of small intestinal afferent nerve 
sensitivity.
Research frontiers
Previous studies implicated HCN channels in neuropathic pain and in control 
of arterial baroreceptor and bladder afferent sensitivity. Linden and colleagues 
reported that enhanced Ih current contributes to the increased excitability of a 
subpopulation of enteric neurons in inflamed guinea pig colon. Until recently, 
little information is available regarding the potential role of HCN channels in the 
function of extrinsic afferents of the GI tract.
Innovations and breakthroughs
As reported in this study, HCN2 and HCN3 are differentially expressed in vagal 
vs spinal primary afferents innervating the small intestine. HCN2 is the major 
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sensitivity of  Ih currents to cAMP in DiIlabeled DRG 
and NG neurons. In 3 of  11 DRG neurons tested, the Ih 
currents showed a significant sensitivity to 8BrcAMP 
with a significant depolarizing shift of  the haft activation 
voltage. In the other 8 DRG neurons and all (7/7) DiI
labeled NG neurons, Ih currents were not altered by 8Br
cAMP. Admittedly, the number of  cells included in this 
study was small. Nevertheless, this set of  data does sug
gest that subpopulations of  spinal afferents of  the small 
intestine might express cAMPsensitive (HCN2 or HCN4) 
and cAMPinsensitive HCN isoforms (HCN1 or HCN3), 
whilst vagal afferents of  the small intestine appeared to 
express the cAMPinsensitive HCN channels only.

In the final series of  experiments, we detected the 
expression of  HCN isoforms in spinal and vagal primary 
afferent neurons by means of  immunohistochemistry. 
HCN1 was not detected in DRG or NG sections. Intense 
HCN2 immunoreactivity was present in 12.3% of  uniden
tified DRG and 2.3% unidentified NG neurons, respec
tively. Conversely, HCN3 was more abundant in NG than in 
DRG. HCN4 was seen in a minority of  DRG neurons but 
not in NG neurons. Furthermore, we found that DRG 
neurons retrogradely labeled from the small intestine were 
partially immunoreactive to HCN2 and weakly stained for 
HCN3, whereas NG neurons retrogradely labeled from 
the small intestine were virtually all immunoreactive to 
HCN3 but not to HCN2. Combined with the patchclamp 
and the afferent nerve recording data, these results would 
suggest that the vagal primary afferent nerves of  the 
small intestine express cAMPinsensitive HCN3 channels. 
Since HCN blockers, CsCl and ZD7288, inhibited the 
lowthreshold (i.e., vagal) mechanosensory responses of  
mesenteric nerves, it appears likely that HCN3 channels 
exert a tonic facilitatory action on the excitability of  vagal 
afferents.

The expression of  HCN isoforms in sensory neurons 
has been investigated in several previous studies. For spi
nal primary afferent neurons, Tu et al[19] reported presence 
of  HCN1 immunoreactivity in large and mediumsized 
neurons, HCN2 in proportions of  neurons of  all sizes and 
absence of  HCN4 immunoreactivity in rat DRG (L4L5). 
The distribution of  immunoreactivity for HCN isoforms 
within the DRG found in the present study was consistent 
with the findings of  Matsuyoshi et al[8], who demonstrated 
that HCN2 was the dominant isoform in L6S1 rat DRG. 
In that study, HCN2 immunoreactivity was detected in 
46.9%, 21.1% and 4.5% of  small, medium and large
sized neurons, respectively; and there was no apparent 
staining for HCN1 and scarce staining for HCN4. For va
gal afferent neurons, Tu et al[5] detected HCN1, HCN3, and 
HCN4 in A-fiber neurons and HCN2, HCN3 and HCN4 
in C-fiber neurons in NG of  rats using a double-staining 
technique. They further demonstrated that overexpres
sion of  HCN13 channels in nodose neurons contributed 
to the decreased excitability of  vagal afferent neurons in 
diabetic rats. Li et al[7] also reported that overexpression 
of  HCN1 and HCN2 was associated with the blunted ex
citability of  A fiber aortic baroreceptor neurons in type-1 
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HCN isoform in spinal afferents whereas HCN3 is more abundant in vagal affer-
ent neurons. HCN3 seems to exert a tonic facilitatory action on the excitability of 
vagal afferent terminals. 
Applications
The current findings suggest that drugs targeting HCN2 or HCN3 may potentially 
reverse dysfunction of vagal and spinal afferents seen in functional and inflam-
matory GI diseases.
Terminology
HCN is a hyperpolarization-activated cyclic nucleotide-gated cation channel 
which mediates Ih current.
Peer review
The design of the study is correct and the findings are important, as these chan-
nels may redirect further research against bowel symptoms to other targeted 
drugs.
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