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Hyperpolarization-Activated, Cyclic
Nucleotide-Gated Cation Channels: Roles in
the Differential Electrophysiological
Properties of Rat Primary Afferent Neurons
Huiyin Tu, Lunbin Deng, Qian Sun, Lei Yao, Ji-Sheng Han, and You Wan*
Neuroscience Research Institute, Peking University, Key Laboratory of Neuroscience (Peking University),
Ministry of Education, Beijing, Peoples Republic of China

The large, medium-sized, and small neurons of the dorsal
root ganglion (DRG) have different functions in the processing of various senses. Hyperpolarization-activated,
cyclic nucleotide-gated channels (HCN) contribute
greatly to neuronal excitability. In the present study,
which used whole-cell patch clamp techniques and immunohistochemical staining methods, the electrophysiological properties of DRG neurons were systematically
compared, and the roles of HCN-1, -2, and -4 were
examined. The main results were as follows. 1) The large
neurons had signiﬁcantly higher V0.5 values (membrane
potential at which the HCN channels were half-activated)
and shorter time constants () than small or mediumsized DRG neurons. However, large DRG neurons had
higher Ih density (HCN neuron current). 2) HCN-1 was
found predominantly, but not exclusively, in large and
medium-sized DRG neurons; HCN-2 was found in all
DRG neurons; and HCN-4 was poorly visualized in all
DRG neurons. HCN-1 and HCN-2 were colocalized in
large and medium-sized neurons with immunostaining of
adjacent sections. In the dorsal horn of the spinal cord,
HCN-1, HCN-2, and HCN-4 were all expressed in laminae I–IV, although HCN-1 was not detectable in lamina II.
3) Blockade of Ih current in DRG neurons caused a signiﬁcant decrease in V0.5, resting membrane potential,
and repetitive ﬁring number of action potential and a
signiﬁcant increase in time of rising phase of action potential. These results suggest that the different HCN
channels in the three types of DRG neurons might contribute to their differential electrophysiological properties.

tive senses; the A␦- and C-ﬁbers are responsible for nociception. The molecular mechanisms underlying the
differences among them are of great interest in developing
an understanding of the process of sensation both in normal and in pathological conditions.
Hyperpolarization-activated, cyclic nucleotide-gated
(HCN) channels, ﬁrst identiﬁed in cardiac pacemaker cells
(DiFrancesco, 1993), were also found in a variety of peripheral and central neurons (Moosmang et al., 2001;
Accili et al., 2002; Robinson and Siegelbaum, 2002).
These channels were slowly activated by hyperpolarization
to generate depolarizing inward current (termed If in
cardiac cells and Ih in neurons) and were permeable to
both Na⫹ and K⫹. They play important roles in many
tissues. At resting membrane potentials, about 10 –15% of
the HCN channels are activated and mediate about 30% of
the membrane conductance. These activated HCN channels stabilize the resting membrane potential (Pape, 1996).
For example, in basolateral amygdala neurons, where no Ih
current was recorded, the resting membrane potential was
relatively low and was near the K⫹ equilibrium potential.
In addition, modulation of the Ih current affects the neuronal resting membrane potential (Lamas, 1998) and excitability (Ghamari-Langroudi and Bourque, 2000). Ih
contributes to the pacemaker depolarization that generates
rhythmic oscillations in mammalian heart (Calabrese,
1998; Biel et al., 2002) and synaptic transmission in the
brain (Beaumont and Zucker, 2000; Cuttle et al., 2001;
Chevaleyre and Castillo, 2002; Mellor et al., 2002).
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The dorsal root ganglion (DRG) is the ﬁrst processing station of the senses. It contains large, medium-sized,
and small neurons, corresponding approximately to the
A␣/A␤-, A␦-, and C-ﬁbers, respectively (Brown et al.,
1978; Light and Perl, 1979). The A␣/A␤-ﬁbers are responsible for nonpainful touch, vibration, and propriocep-
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Four isoforms of HCN genes (HCN-1– 4) have been
cloned from mouse and human (Ludwig et al., 1998;
Santoro et al., 1998). They are closely related in amino
acid sequence, sharing about 60% identity, and belong to
the cyclic nucleotide-gated channel superfamily (Biel et
al., 2002). The expression patterns of the HCN isoforms
in mammalian brain are different. HCN-2 is expressed
extensively, whereas HCN-1 and HCN-4 are less numerous. The HCN isoforms also have distinct electrophysiological properties and activation kinetics, e.g., responsiveness to cAMP (Santoro and Tibbs, 1999; Ishii et al., 2001).
In DRG neurons, Ih was observed mainly in the
medium-sized and large neurons (Scroggs et al., 1994).
The role of HCNs in DRG neurons is of great interest.
For example, HCN in DRG neurons have been found to
contribute to neuropathic pain (Yao et al., 2003; Chaplan
et al., 2003). In the present study, we tested the hypothesis
that the expression of the various isoforms of HCN channels is the basis for the observed electrophysiological properties of DRG neurons. By using patch clamp techniques
and immunohistochemical staining methods, the electrophysiological properties of the three types of DRG neurons were compared. The expression patterns of HCN
isoforms 1, 2, and 4 in DRG neurons and the spinal dorsal
horn were examined, and the relative contributions of
HCN in different DRG neurons were investigated.
MATERIALS AND METHODS
Experimental Animals
Adult male Wistar rats (180 –200 g) were used in this
study. Animals were kept under a natural dark/light cycle, with
unlimited access to food and water. All experiments were carried
out in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals (revised in 1996) and
were approved by the Animal Use and Protection Committee of
our University.
Whole-Cell Patch Clamp Recording of Ih Current
DRG neurons were isolated according to the method of
Study and Kral (1996). Rats were overanesthetized with sodium
pentobarbital (50 mg/kg body weight, i.p.) and decapitated.
DRG from lumbar segments L4 and L5 were dissected out,
minced, and digested with a mixture of 0.56 mg/ml type III
trypsin (Sigma, St. Louis, MO) and 1.16 mg/ml type A collagenase (Sigma) in DMEM (Gibco, Grand Island, NY) for
45 min at 37°C and agitated by gentle bubbling with 95% O2
and 5% CO2. Type II-S trypsin inhibitor (Sigma) was added to
a ﬁnal concentration of 1.44 mg/ml 10 min before the cessation
of digestion. The remaining pieces of ganglion were gently
triturated by using ﬁre-polished pipettes with decreasing tip size.
Dissociated cells were placed on a 35-mm plastic culture dish
(Corning, Corning, NY) for 2–5 min. The bathing solution was
replaced by extracellular medium before recording.
Whole-cell patch clamp recording and data acquisition
were controlled by an online Apple 9600/200 MP computer
programmed with HEKA Pulse V 8.03 software (HEKA Electronics). Patch pipettes (2–5 M⍀) were pulled from borosilicate
glass capillaries (WPI) in a two-stage fashion on a vertical puller

(model PB-7; Narishige, Tokyo, Japan) and then ﬁre-polished
in a microforge (MF-9; Narishige). Voltage clamp and current
clamp were carried out by using an EPC-9 ampliﬁer (HEKA
Electronics) after a giga-ohm seal had been established. The
patch electrodes were ﬁlled with intercellular solution (135 mM
potassium gluconate, 2 mM MgCl2, 1.1 mM EGTA, 5 mM
Mg-ATP, 0.5 mM Na-GTP, and 5 mM HEPES). The pH was
adjusted to 7.2 with KOH and osmolarity to 300 mOsm. The
extracellular solution comprised 145 mM NaCl, 5 mM KCl,
1.5 mM CaCl2, 2 mM MgCl2, 6 mM D-glucose, 10 mM
HEPES. The pH was adjusted to 7.4 with NaOH and osmolarity to 330 mOsm.
Patch clamp recording was similar to that described by
Scroggs et al. (1994). Under voltage clamp mode, the membrane
potential was clamped to – 60 mV, and the Ih current was
evoked by a hyperpolarizing stimulation. The current density
was calculated by dividing the Ih amplitude at a test potential of
–110 mV by the membrane surface area. Under current clamp
mode, a series of negative or positive currents applied to the cell
body was used to evoke hyperpolarization or depolarization of
the membrane potential, respectively.
Data Analysis
The Ih activation curve was estimated by measuring the
tail current at –110 mV after application of prepulse potentials
between – 60 and –130 mV. Tail currents were normalized to
the maximal current (obtained at a prepulse of –110 mV). The
activation curve for each neuron was ﬁtted with a Boltzmann
equation of the following form: Ih/Ih(max) ⫽ 1/{1 ⫹ exp[(Vm –
V0.5)/k]}, where Ih is the peak amplitude of the tail current
recorded immediately after the prepulse, Ih(max) is the maximal
current recorded after the maximal prepulse of –110 mV, Vm is
the membrane potential, V0.5 is the membrane potential at
which Ih conductance is half-activated, and k is a slope factor of
the curve.
The Ih curve was ﬁtted with a single or double exponential according to the following equation: It ⫽ Iss ⫹ Ih 䡠 exp–t/,
where It is the current at time t, Iss is the steady-state current,
and  is the time constant of Ih.
Immunohistochemical Staining of HCN-1, -2, and -4
Three deeply anesthetized rats were perfused through the
aorta with 200 ml of normal saline, followed by 200 ml of 4%
paraformaldehyde (PFA) in 0.1 mol/liter phosphate-buffered
saline (PBS; pH 7.4). The L4 and L5 DRG and L4 –L5 segments
of the spinal cord were removed, postﬁxed in PFA, and cryoprotected overnight in 20% sucrose in 10 mM PBS. The DRG
were then cut in 10-m-thick serial sections. The spinal cord
was cut in 20-m-thick sections in a cryostat (Cryocut 1800;
Leica Instruments) and mounted on gelatin/chrome alumcoated glass slides.
Immunostaining for HCN subtypes was performed as
described by Ma (2002). Brieﬂy, the cut sections were incubated
overnight at 4°C in a humid chamber with one of the following
primary antibodies, diluted in PBS containing 0.3% Triton
X-100 and 1% bovine serum albumin: 1) 1:1,000 rabbit anti-rat
HCN-1 primary antibody, 2) 1:500 rabbit anti-rat HCN-2
primary antibody, or 3) 1:200 rabbit anti-rat HCN-4 primary
antibody. All antibodies were purchased from Chemicon Inter-
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TABLE I. Properties of the Action Potential and the Ih Current in Three of DRG Neuron Types‡
Parameters

Small

Capacitance (pF)
Vrest (mV)
Vpeak (mV)
Vthreshold (mV)
APD0.5 (ms)
k (mV)
Ih density (pA/pF)
V0.5 (mV)
 (msec)
fast (msec)
slow (msec)

28.6 ⫾ 1.6 (20)
⫺46.9 ⫾ 1.4 (15)
107.1 ⫾ 3.4 (15)
⫺12.0 ⫾ 0.7 (15)
2.6 ⫾ 0.2 (15)
11.6 ⫾ 1.4 (14)
2.9 ⫾ 0.2 (14)
⫺101.9 ⫾ 1.6 (14)
815 ⫾ 170 (9)
691 ⫾ 165 (9)
1,735 ⫾ 390 (9)

Medium-sized
46.3 ⫾ 3.2 (17)*
⫺45.1 ⫾ 0.6 (18)
103.6 ⫾ 3.7 (16)
⫺14.1 ⫾ 1.1 (16)
2.5 ⫾ 0.2 (16)
11.5 ⫾ 0.6 (16)
5.1 ⫾ 0.4 (16)*
⫺99.5 ⫾ 0.9 (16)
646 ⫾ 64 (14)
285 ⫾ 82 (14)**
1,536 ⫾ 327 (14)

Large
83.4 ⫾ 5.3 (10)*
⫺46.7 ⫾ 1.3 (13)
93.1 ⫾ 3.5 (11)
⫺26.4 ⫾ 1.1 (11)*
0.9 ⫾ 0.1 (12)*
12.6 ⫾ 0.7 (10)
10.1 ⫾ 1.4 (10)**†
⫺97.3 ⫾ 1.2 (10)*
266 ⫾ 17 (8)**†
117 ⫾ 14 (8)**
907 ⫾ 137 (8)

‡

Vrest, resting potential; Vpeak, peak amplitude; Vthreshold, threshold potential of action potential; APD0.5, action
potential duration at half-amplitude; k, slope factor of Ih; Ih density, Ih normalized to cell capacitance; V0.5,
membrane potential at which the HCN channel was half-activated; , time constant determined from single
exponential ﬁts; fast, time constant of the fast component determined from biexponential ﬁts; slow, time constant
of the slow component determined from biexponential ﬁts. Data are expressed as mean ⫾ SE. The numbers in
parentheses are sample size.
*P ⬍ .05 vs. small neurons.
**P ⬍ .01 vs. small neurons.
†
P ⬍ .05 vs. medium-sized neurons.

national (Temecula, CA). After extensive washing in 10 mM
PBS, the sections were incubated with a biotinylated secondary
antibody to rabbit IgG, followed by incubation with the
streptavidin-conjugated horseradish peroxidase for 30 min.
Sections were then washed in PBS and processed with chromogen (diaminobenzidine, 1 mg/ml; ammonium nickel sulfate,
80 mg/ml; 0.001% H2O2). Adjacent slides were used to detect
colocalization of HCNs in DRG neurons.
Double Immunoﬂuorescent Histochemical Staining
DRG sections were coincubated with one of the following antibody combinations: 1) rabbit anti-rat HCN-1 antibody
(1:500) and goat anti-rat neuroﬁlament 200 (NF-200; 1:4,000;
Sigma), 2) rabbit anti-rat HCN-1 antibody and ﬂuorescein
isothiocyanate (FITC)-labeled isolectin B4 (IB4-FITC; 10 g/
ml; Sigma), or 3) rabbit anti-rat HCN-2 antibody (1:200) and
IB4-FITC. After they were thoroughly washed, the sections
were incubated in biotinylated second antibody to rabbit IgG,
washed with PBS, and incubated with streptavidin-conjugated
tetramethyl rhodamine isothiocyanate (TRITC; 1:1,000;
Sigma) and FITC-conjugated second antibody to goat or
streptavidin-conjugated TRITC for 30 min. A ﬂuorescence
microscope (DMIRB; Leica) was used to view and photograph
the stained sections.
At least 500 HCN-immunoreactive neurons were measured in every animal. Neurons of different sizes were allocated
to separate bins and plotted against the percentage of total
neurons analyzed. To minimize statistical error, only cell bodies
with a clear nucleus were used. The soma area was calculated by
assuming that DRG neurons were elliptical and measuring the
major and minor axes.
Statistical Analysis
Results are presented as means ⫾ SEM. Statistical analyses
were based on Friedman’s nonspeciﬁc analysis of variance

(ANOVA) and Fisher’s exact test. Student’s t-test was also
applied where appropriate. P ⬍ .05 was considered signiﬁcant.

RESULTS
Electrophysiological Properties of Three DRG
Neuron Types
DRG neurons were classiﬁed into three types according to their diameters. In the present study, the diameters of large, medium-sized, and small neurons were
42.8 ⫾ 0.9 m (n ⫽ 14), 32.8 ⫾ 0.7 m (n ⫽ 18), and
26.4 ⫾ 0.5 m (n ⫽ 20), respectively. The physiological
properties of the three types of DRG neurons were signiﬁcantly different (Table I). The excitability was the
highest and APD0.5 (action potential duration at half amplitude) was the shortest in large neurons. The threshold of
action potential (Vthreshold) in large neurons was the lowest. In contrast, small DRG neurons exhibited an obvious
“shoulder” during the falling phase of the action potential,
resulting in longer APD0.5 values.
Ih Current Identiﬁcation
By using current-clamp recording of whole-cell
patches, DRG neurons with membrane potentials lower
than – 45 mV were selected. The Ih current was evident as
a rectifying voltage response to a step hyperpolarizing
current in a time-dependent manner. Extracellular perfusion with 100 M ZD7288 (Zeneca; molecular weight
292.81; Tocris Cookson, Inc., Ellisville, MI), a speciﬁc Ih
blocker, inhibited Ih current signiﬁcantly, resulting in a
diminished depolarizing sag (Fig. 1A). By using voltage
clamp recording, hyperpolarization stepping from –50
to ⫺130 mV resulted in a slowly activated inward current,
which was not inactivated during the course of the
1,600-msec voltage step. The current consisted of two
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Fig. 1. Ih current identiﬁcation. Ih was sensitive to blockade by extracellular perfusion with 100 M ZD7288 (A) and 2 mmol/liter CsCl,
but not 1 mmol/liter BaCl2 (B). Note that, in A, two types of voltage
evoked by injection of a series of negative current pluses (approximately
–50 to –150 pA, 1,000 msec, –50 pA in step) were recorded under
current clamp mode: instantaneous voltage (open circle) and stead-state

current (open square). As a result, a voltage-dependent, depolarizing
“sag” in the membrane potential occurred, indicating the activation of
Ih. In B, two types of current evoked by membrane hyperpolarization
were recorded under voltage clamp mode: instantaneous current (solid
circle) and stead-state current (solid square).

distinct components: an instantaneous inward current (Iins)
and a slowly activated steady-state current (Iss; Fig. 1B). Ih
was measured by subtraction of Iins from Iss. Ih was found
to be sensitive to extracellular Cs⫹, but not Ba2⫹, a typical
characteristic of Ih currents described previously (Scroggs
et al., 1994; Wang et al., 1997). At a test potential of
⫺110 mV, Ih current was almost completely inhibited in
the presence of 2 mM Cs⫹ (average blockade 88.4% ⫾
2.4%; n ⫽ 5). In contrast, extracellular application of
1 mM Ba2⫹ did not signiﬁcantly reduce Ih amplitude
(average blockade 11.4% ⫾ 1.1%; n ⫽ 7).

whether the observed differences in amplitude were
caused by the differences in cell surface area, the Ih current
density (pA/pF, normalized to cell capacitance) was calculated. We found signiﬁcant differences in Ih current
density among the three types of DRG neurons (Table I).
The Ih current density in large, medium-sized, and small
DRG neurons was 10.1 ⫾ 1.4, 5.1 ⫾ 0.4, and 2.9 ⫾ 0.2
pA/pF (normalized to cell capacitance), respectively (P ⬍
.05).

Ih Current Distribution Pattern in DRG Neurons
Ih was recorded in 23% (18/78) of small, 79% (27/
34) of medium-sized, and 100% (14/14) of large neurons.
The incidence of Ih in large and medium-sized neurons
was signiﬁcantly higher than that in small neurons (P ⬍
.001). The amplitude and density of Ih in large and
medium-sized neurons were also much higher than those
in small neurons. The peak Ih amplitude measured at a test
potential of –110 mV was 1,112.2 ⫾ 151.8 pA, 324.0 ⫾
33.6 pA, and 70.9 ⫾ 5.1 pA in large, medium-sized, and
small neurons, respectively (Fig. 2A). To determine

Ih Activation Curves in DRG Neurons
From the activation curves (Fig. 2B), the value of
V0.5 in large DRG neurons (–97.3 ⫾ 1.2, n ⫽ 10) was
signiﬁcantly higher than that in small DRG neurons
(–101.9 ⫾, 1.6; n ⫽ 14; P ⬍ .05). The slope factors (k) for
large, medium-sized, and small neurons (12.6 ⫾ 0.7,
11.5 ⫾ 0.6, and 11.6 ⫾ 1.4 mV, respectively) were not
signiﬁcantly different (P ⬎ .05; Table I). The time constant in the large and medium-sized neurons was 266 ⫾ 17
and 646 ⫾ 64 msec, respectively, which was signiﬁcantly
shorter than that in small neurons (815 ⫾ 170 msec; P ⬍
.05).
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Expression of HCNs in DRG
Immunohistochemical results revealed a subgroup of
elliptical or elongated neurons in DRG stained with antibodies speciﬁc to HCN-1, -2, or -4 (Fig. 3A1–3). The
HCN immunoreactivity was more concentrated in the
plasma membrane, HCN-1 being expressed more prominently than other HCN isoforms. Over 40% of the DRG
neurons were HCN-1 positive. Most of them were
medium-sized to large neurons (soma area ⬎800 m2). In
contrast, HCN-2 was expressed in all DRG neurons but at
a lower level (Fig. 3C). In some small neurons, HCN-2
was prominently stained. Very interestingly, no HCN-4
expression was detected in any of the DRG neurons.
The intensity of HCN immunoreactivity in individual DRG neurons varied substantially. The highest intensity was observed in large DRG neurons (soma area
around 1,800 m2 or more), which account for approximately 10% of the total neurons. Most medium-sized
neurons (cell body area 1,000 to 1,800 m2) were moderately stained. On adjacent 10-m sections, immunohistochemical staining revealed that HCN-1 and HCN-2
seemed to colocalize on the membranes of large and
medium-sized DRG neurons, and also to small regions of
small neurons (Fig. 3B1,2).
Double Immunoﬂuorescent Histochemical
Staining of HCN
HCN-1 and NF-200 were stained in large and
medium-sized DRG neurons (Fig. 4A1–3). HCN-1 was
not doubly stained with IB4 (Fig. 4B1–3). In contrast,
HCN-2 was doubly stained with IB4 in small DRG
neurons (Fig. 4C1–3). These results conﬁrm that HCN-1
was present mainly in large DRG neurons (Fig. 4A1), and
HCN-2 was found in all neurons (Fig. 4C1).
Expression of HCNs in the Spinal Dorsal Horn
In the dorsal horn of the spinal cord, the positive
HCN-1 immunoreactivities were found mainly in lamina
I and III–IV; there was no staining in lamina II. Both
HCN-2 and HCN-4 were labeled in all layers of the spinal
dorsal horn (Fig. 5). In addition, dense immunostaining of
HCN-1, -2, and -4 was observed in the large motor
neurons in the ventral horn of the spinal cord.

Š

Fig. 2. Ih activation curves in the three DRG neuron types. The
activation curve of Ih was estimated by measuring the tail current (Itail)
at –120 mV after application of prepulse potentials between – 60 and
–130 mV. Tail currents were normalized to the maximal current
(obtained at a prepulse of –110 mV). The activation curve for each
neuron was ﬁtted with a Boltzmann equation of the following forms:
Ih/Ih(max) ⫽ (Itail ⫺ Itail(min)/Itail(max) ⫺ Itail(min)) ⫽ 1/{1 ⫹ exp[Vm –
V0.5]/k}, where Ih is the peak amplitude of the tail current recorded
immediately after the prepulse, Ih(max) is the maximum current recorded after the maximal prepulse of –110 mV, Vm is the membrane
potential, V0.5 is the membrane potential at which Ih conductance is
half-activated, and k is a slope factor of the curve.
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Effect of ZD7288, an Ih-Speciﬁc Blocker, on the
Electrophysiological Properties of DRG Neurons
To activate the Ih current, serial hyperpolarizing
stimuli of – 60 mV to –130 mV for 1,600 msec were
applied to DRG neurons when the membrane potential
was clamped to – 60 mV. Boltzmann ﬁtting showed that
the V0.5 and the slope factor (k) were –100.2 ⫾ 0.5 mV

and 9.4 ⫾ 0.4 mV, respectively. Fifteen minutes after the
addition of 50 M ZD7288, the activation curve of Ih
current moved toward the hyperpolarizing direction (Fig.
6) and V0.5 was hyperpolarized signiﬁcantly to –105.1 ⫾
0.3 mV (n ⫽ 4; P ⬍ .001), whereas k was unchanged
(9.0 ⫾ 1.2 mV; n ⫽ 4). In addition, ZD7288 increased the
time constant () as the values of  decreased when the
membrane potential was hyperpolarized. After perfusion
with ZD7288, the activation curve shifted signiﬁcantly to
the hyperpolarization direction.
After application of ZD7288 for 15 min, the resting
membrane potential (Vrest) was decreased signiﬁcantly
from –52.0 ⫾ 1.1 mV to –58.3 ⫾ 1.1 mV (n ⫽ 7; P ⬍
.01). A series of hyperpolarizing current stimuli (from 0 to
400 pA, step at 40 pA, duration of 5 msec) was applied to
induce a burst of action potentials. ZD7288 blockade
increased the duration of the rising phase of the action
potentials in DRG neurons. It was found that the action
potential rising time increased from 6.3 ⫾ 0.4 msec to
7.1 ⫾ 0.5 msec after application of 50 M ZD7288 for
15 min (n ⫽ 7; P ⬍ .01). Other parameters of the action
potential, such as peak amplitude (Vpeak), posthyperpolarization amplitude (VAHP), duration at half-amplitude
(APD0.5), threshold (Vthreshold), and time of falling phase,
did not change signiﬁcantly (Table II).
In addition, ZD7288 decreased the number of repetitive ﬁrings of DRG neurons. A threshold stimulus of
500-msec duration could induce repetitive ﬁring in parts
of neurons. After application of ZD7288, the interspike
interval of the repetitive action potential increased and the
number of action potentials decreased from 7.0 ⫾ 1.1 to
4.7 ⫾ 0.7 (n ⫽ 3; P ⬍ .05; Table II).
Action Potential Proﬁles in Small DRG Neurons
With or Without Ih
All small neurons were classiﬁed into two groups
according to whether the Ih current was present. Neurons
with the Ih current possessed a noninﬂected action potential proﬁle and had shorter action potential durations.
Neurons without an Ih current possessed an inﬂected
action potential proﬁle and had longer action potential
durations. The action potential duration at half-amplitude
(APD0.5) was 2.3 ⫾ 0.2 and 4.3 ⫾ 0.7 for neurons with
and without Ih current, respectively (n ⫽ 7; P ⬍ .05).
Š

Fig. 3. Immunohistochemical staining of HCNs: colocalization and
frequency distribution in three DRG neuron types. A: Immunohistochemical staining of HCN-1, -2, and -4 in DRG. A1: HCN-1;
A2: HCN-2; A3: HCN-4. HCN-1 was labeled in large and mediumsized neurons and concentrated in the plasma membrane; HCN-2 was
labeled in all DRG neurons; HCN-4 was not detected in DRG
neurons. B: Colocalization of HCN-1 and HCN-2 in large and
medium-sized DRG neurons on adjacent slides. B1: HCN-1; B2:
HCN-2. C: Frequency distribution of HCN-1 and HCN-2 in rat
DRG neurons of different size. HCN-1 was distributed mainly in large
and medium-sized DRG neurons. HCN-2 was distributed in all types
of DRG neurons. Figure can be viewed in color online via www.
interscience.wiley.com.
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Fig. 4. Double staining of HCN-1 or -2 with neuronal markers. A1: HCN-1; A2: NF200 (a
myelinated ﬁber marker); A3: HCN-1 ⫹ NF200. HCN-1 was doubly stained with NF200. B1:
HCN-1; B2: FITC-labeled isolectin B4 (IB4-FITC); B3: HCN-1 ⫹ IB4-FITC. HCN-1 was not
doubly stained with IB4. C1: HCN-2; C2: IB4-FITC; C3: HCN-2 ⫹ IB4-FITC. HCN-2 was
doubly stained with IB4.

There was no signiﬁcant difference in other parameters of
the action potential in these two groups of neurons.
DISCUSSION
In the present study combining electrophysiological
and immunohistochemical methods, we observed the differential electrophysiological properties of the three types
of DRG neurons and the distribution pattern of HCN-1,
-2, and -4 isoforms in DRG neurons and the spinal dorsal
horn. DRG neurons were characterized as three subtypes
based on their average diameter: large (d ⱖ 40 m),
medium-sized (40 m ⬎ d ⱖ 30 m), and small (d ⬍
30 m). The grouping criteria correspond approximately
to the categories of A␣/A␤-, A␦-, and C-ﬁbers, respectively (Study and Kral, 1996). It is well known that the
large, myelinated A␣/A␤ ﬁbers are responsible for nonpainful light touch, vibration, and proprioceptive senses;
the medium, myelinated A␦ ﬁbers or small, unmyelinated
C ﬁbers are responsible for nociception.
As shown in Table I, the three types of DRG neurons had different electrophysiological properties. Large
neurons had much lower threshold potentials (Vthreshold)

and shorter action potential durations (APD) than the
small and medium-sized neurons, although their resting
membrane potentials were similar.
Many molecular mechanisms, especially differences in
the ion channel composition and distribution, underlie the
observed electrophysiological properties of different DRG
neurons. The present study emphasizes the importance of
HCN in these phenomena. First, the distribution pattern,
current density, and Ih activation curves were all different in
the three types of DRG neurons. The Ih current was recorded in a cell type-speciﬁc manner in DRG neurons and
was found in 23% of the small, 79% of medium-sized, and
100% of the large neurons (Fig. 3C). The Ih density was also
signiﬁcantly greater in the large cells than in the mediumsized or small cells. This difference was not solely a reﬂection
of the variation in surface area (Fig. 3C). In addition, from the
activation curves of the three types of DRG neurons (Fig. 2),
V0.5 in the large neurons was much higher than that in the
medium-sized and small neurons, indicating that the Ih current in the large neurons was more easily activated. This
speculation is also supported by the results of the immuno-
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Fig. 6. Blockade of Ih induced a small, but signiﬁcant, leftward shift of
the Ih activation curve as revealed by Boltzmann regression analysis.

TABLE II. Effects of Ih Blockade With a Speciﬁc Ih Blocker
(ZD7288) on Action Potential Parameters and Ih Current
in DRG Neurons†
Parameters

Control

ZD7288

Vrest (mV)
Vpeak (mV)
Vthreshold (mV)
VAHP (mV)
APrising time (msec)
APfalling time (msec)
APD0.5 (msec)
Repetitive ﬁring number
V0.5 (mV)
k (Slope factor of Ih)

⫺52.0 ⫾ 1.1 (7)
104.1 ⫾ 3.0 (7)
⫺16.8 ⫾ 1.4 (7)
14.4 ⫾ 2.2 (7)
6.3 ⫾ 0.4 (7)
4.0 ⫾ 0.8 (7)
2.0 ⫾ 0.5 (7)
7.0 ⫾ 1.1 (3)
⫺100.2 ⫾ 0.5 (4)
9.4 ⫾ 0.4 (4)

⫺58.3 ⫾ 1.1 (7)**
97.5 ⫾ 6.7 (7)
⫺17.6 ⫾ 1.1 (7)
15.1 ⫾ 2.2 (7)
7.1 ⫾ 0.5 (7)**
4.4 ⫾ 0.8 (7)
2.2 ⫾ 0.7 (7)
4.7 ⫾ 0.3 (3)**
⫺105.1 ⫾ 0.3 (4)**
9.0 ⫾ 1.2 (4)

†
Vpeak, peak amplitude; Vthreshold, action potential threshold; VAHP, afterhyperpolarization amplitude; AP, action potential; APrising time, action potential rising time; APfalling time, action potential falling time; APD0.5, action
potential duration at half-amplitude; V0.5, membrane potential at which the
HCN channel was half-activated; k slope factor of Ih. Data are expressed as
mean ⫾ SE. The numbers in parentheses are sample size.
**P ⬍ .01 vs. corresponding control.

Fig. 5. Immunohistochemical localization of HCN-1, -2, and -4 in the
spinal dorsal horn. HCN-1 was detected in lamina I, III, and IV but
absent in lamina II (A); HCN-2 (B) and HCN-4 (C) were detected
in lamina I–IV. Figure can be viewed in color online via www.
interscience.wiley.com.

histochemical staining, with which the highest intensity signals were detected in large DRG neurons (Figs. 3, 4). These
data are consistent with other ﬁndings (Pearce and Duchen,
1994; Scroggs et al., 1994).
The HCN-1, -2, and -4 isoforms are expressed differently in the various DRG neurons. HCN-1 was found
predominantly, but not exclusively, in large and mediumsized DRG neurons, and this was conﬁrmed by the colabeling of HCN-1 with NF-200, a marker of myelinated
ﬁbers (Fig. 4). HCN-2 was detected in all DRG neurons,
conﬁrming previous reports that this channel is distributed
in the primary sensory neurons (Moosmang et al., 2001).
HCN-4 was poorly visualized in all the DRG neurons.
HCN-3 was not examined because of the lack of a commercially available antibody.
Blockade of Ih affected the electrophysiological
properties of DRG neurons. ZD7288 [4-(N-ethyl-Nphenylamino)-1,2-dimethyl-6-(methylamino)pyridinium

HCN Channels and Rat Primary Afferent Neurons

chloride] was developed as a bradycardiac in the 1990s. It
blocks Ih (or funny current, If, in cardiac Purkinje cells). It
is also a speciﬁc Ih blocker in neurons (Harris and Constanti, 1995; Satoh and Yamada, 2000; Seutin et al., 2001).
Perfusion with 50 M ZD7288 for 15 min signiﬁcantly
decreased the resting membrane potential (Vrest) and increased the action potential rising time (APrising time). It
also caused a signiﬁcant decrease in the repetitive ﬁring
number and the V0.5 (the membrane potential at which
HCN channel was half-activated; Table II). These results
indicate that the activated HCN channels might help to
stabilize the resting membrane potential in the resting state
and drive the membrane potential depolarization to the
threshold of action potential, elevating neuronal excitability. The effects of ZD7288 blockade were conﬁrmed by
the differences observed in small DRG neurons with or
without Ih current: a noninﬂected action potential in
neurons with Ih current and an inﬂected action potential
in neurons without Ih current. That is, the duration of
their action potentials was different.
The distribution pattern of HCNs in DRG neurons
and the spinal dorsal horn might have important consequences. First, it may constitute the molecular basis underlying the different functions of DRG neurons of different
sizes. Second, different HCNs in medium-sized, myelinated
A␦ ﬁbers or small, unmyelinated C ﬁbers might be related to
nociception. Chaplan et al. (2003) and Yao et al. (2003)
reported that HCN in DRG neurons were important in
nociception. Third, HCN-1 and -2 might play roles in
processing the other senses, especially touch under normal
conditions, as HCN-1 and -2 colocalized in large, myelinated
A␣- and A␤-ﬁbers. In addition, under chronic pain conditions, HCN-1 and -2 in A␣- and A␤-ﬁbers might have
functions in allodynia or hyperalgesia.
The Ih current is activated when the membrane
potential is hyperpolarized. It can also be regulated by
intracellular cAMP. The slowly activating hyperpolarization-activated inward current recorded in the
present study shares many properties with the Ih current
observed in central and peripheral neurons. For example,
hyperpolarizing pulses from – 60 to –130 mV triggered this
slowly activated, inward current. DRG cell bodies exhibited a depolarizing “sag” in response to negative current
injection. After addition of cAMP to the perfusion of
DRG neurons, the activation curve was shifted to the
right (data not shown). The current was almost completely
blocked by extracellular 2 mM Cs⫹ but not by 1 mM
Ba2⫹. Extracellular perfusion with 50 M ZD7288, a
speciﬁc blocker of Ih, efﬁciently abolished this effect,
suggesting that activation of Ih was responsible for timedependent rectiﬁcation (Fig. 1). An inward rectiﬁer current (IIR) is another hyperpolarization-activated inward
rectiﬁer found in DRG neurons (Scroggs et al., 1994).
However, IIR was activated more rapidly and was blocked
by both Ba2⫹ and Cs⫹. These distinct electrophysiological
properties enabled us to distinguish Ih from IIR.
The study of Ih in DRG neurons is confounded by
contradictory ﬁndings. Doan and Kunze (1999) recorded
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Ih current in all A- and C-type neurons, but other workers
could not record Ih current in small DRG neurons (Tokimasa and Akasu, 1990; Ingram and Williams, 1996) or
only in subgroups (⬃30 – 40%) of small DRG neurons
(Scroggs et al., 1994; Yagi and Sumino, 1998). This inconsistency might be due to the presence of different
isoforms of HCN or the different activation kinetics of
HCN isoforms in DRG neurons (Santoro and Tibbs,
1999; Ishii et al., 2001; Kaupp and Seifert, 2001). In the
present study, HCN-2 was immunohistochemically
stained in all small DRG neurons, although Ih current was
recorded in a subpopulation of them (data not shown).
Another interesting phenomenon was the colocalization of different HCN isoforms in DRG neurons. HCN-1
and HCN-2 were coexpressed in large and medium-sized
neurons (Fig. 3B1,2). HCN proteins form hetero- or homopolymers (Ulens and Tytgat, 2001). Wild-type HCN
channels may form heteromeric complexes with non-HCN
accessory proteins (Chen et al., 2001). It is possible that the
coexpressed HCN-1 and HCN-2 might also form complexes. The formation of polymers will greatly inﬂuence
HCN function. For example, in hypothalamic neurons possessing HCN-2 channels only, the Ih current could not be
recorded. However, in hypothalamic neurons possessing
both HCN-1 and HCN-2 channels, the Ih current was
obvious (Santoro et al., 2000). Although these channels are
closely related in amino acid sequence, their electrophysiological properties and activation kinetics are distinct. For
example, the time constants for activation follow the series:
HCN-1 ⬍ HCN-2 ⬍ HCN-3 ⬍ HCN-4. In addition,
HCN-1 has the lowest sensitivity to cAMP (Ludwig et al.,
1998, 1999; Santoro et al., 1998; Santoro and Tibbs, 1999;
Ishii et al., 2001; Biel et al., 2002). The Ih current is activated
with a faster time constant and a larger magnitude in A-type
neurons (Doan and Kunze, 1999). In DRG neurons, there
also may exist hetero- or homopolymers of HCN. The
presence of HCN polymers in DRG neurons of different
sizes might be one of the mechanisms underlying their different electrophysiological properties and Ih characteristics.
The central termination of primary afferent neurons in
the spinal cord dorsal horn is topographically organized.
Large-caliber, myelinated A␣- and A␤-ﬁbers terminate in
laminae III–IV (Light and Perl, 1979); small-caliber, myelinated A␦-ﬁbers terminate in lamina I, and small, unmyelinated
C-ﬁbers terminate in lamina II (Rethelyi, 1977; Brown et al.,
1978; Light and Perl, 1979). According to this distribution
pattern, it is not surprising that HCN-1 and HCN-2 were
expressed in all layers of the spinal cord dorsal horn, whereas
HCN-1 was not detectable in layer II (Fig. 5). The presence
of HCN-4 in all layers of the dorsal horn is surprising, insofar
as it is not expressed in any type of DRG neuron. The
simplest explanation for this is that cells (neurons and glial
cells) in the dorsal horn express HCN-4 or that the descending ﬁbers synthesize HCN protein. We found HCN-4 immunostaining in isolated neurons from the superfacial layers
of the spinal dorsal horn, conﬁrming this speculation (data
not shown). In addition, HCN-1, -2, and -4 were all densely
stained in motor neurons of the ventral horn in the spinal
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cord. It was reasonable to speculate that HCNs might play a
role in movement regulation.
In summary, the cell type-speciﬁc expression pattern
of HCN isoforms and current properties of Ih current in
primary afferent neurons strongly suggest that HCNs have
functional signiﬁcance in the processing of different senses
under physiological and pathological conditions and possibly also in the regulation of movement.
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