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Abstract Pulsed radiofrequency (PRF) treatment is a mini-
mally invasive technique with multiple therapeutic applica-
tions. Hyperpolarization-activated cyclic nucleotide-gated
(HCN) channel mediating Ih may regulate neuropathic pain
signaling. This study aimed to determine whether PRF sup-
presses neuropathic pain by altering HCN channel expression
in dorsal root ganglion (DRG) neurons.Male Sprague Dawley
rats with sciatic nerve chronic constriction injury (CCI) were
randomly assigned to PRF (n=60) and sham control (n=60)
groups, respectively. On postoperative day 7 (D07), PRF or
sham treatment was delivered to the proximal sciatic nerve for
8 min. Behavioral tests were performed before surgery (D0),
on D07, and onD1, D7, and D14 after PRF or sham treatment.
HCN1 and HCN2 expression levels in the DRG were exam-
ined by immunohistochemistry and Western blot. The results
showed that thermal hyperalgesia, mechano-allodynia, and
mechano-hyperalgesia were lower, and DRG expression
levels of HCN1 and HCN2 higher, in the PRF group com-
pared with sham control animals (all P<0.05 at D14). In con-
clusion, PRF can upregulate HCN channel expression in the
DRG of rats with sciatic nerve CCI. How this regulation of Ih
in nociceptive afferents contributes to the suppression of neu-
ropathic pain by PRF remains to be determined.
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Introduction

Peripheral or central nerve injury often leads to neuropathic
pain characterized by thermal hyperalgesia, mechano-
hyperalgesia, mechano-allodynia, and spontaneous pain
(Vranken 2012). The pathogenesis of neuropathic pain in-
volves multiple neuroplastic mechanisms, and this mechanis-
tic complexity has hampered the development of broadly ef-
fective treatments. Peripheral and central sensitization of no-
ciceptive pathways is critical to the development and mainte-
nance of neuropathic pain (Vranken 2012; Kerstman et al.
2013). Spontaneous ectopic discharges from the site of injury
and dorsal root ganglia (DRG) are a result of peripheral sen-
sitization and may kindle the sensitization of spinal nocicep-
tive pathways (Chung et al. 2002; Wan 2008).

Changes in the expression or kinetic properties of ion chan-
nels in nociceptive pathways, such as sodium, calcium, and
transient receptor potential vanilloid 1 (TRPV1) channels, are
closely associated with neuropathic pain (Hains et al. 2004; Li
et al. 2004). Recently, a hyperpolarization-activated cyclic
nucleotide-gated (HCN) channel that generates a
hyperpolarization-activated current (Ih) in the sinoatrial node
was shown to be widely expressed in both the central and
peripheral nervous systems (CNS and PNS, respectively)
(Xiao et al. 2004), and the various members of the HCN chan-
nel family are now thought to play physiologic roles in a
variety of cellular processes (Biel et al. 2009; Postea et al.
2011; He et al. 2014). Preclinical studies in animals have
demonstrated the involvement of HCN channels in neuropath-
ic pain (Chaplan et al. 2003; Jiang et al. 2008; Wickenden
et al. 2009; Mazo et al. 2013), raising the possibility that these
channels could be potential targets for therapeutic interven-
tion. For example, increased expression of HCN1 and
HCN2 and a shift in the activation curve of Ih have been
reported to occur in a rat model of neuropathic pain (Du
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et al. 2013a, b), while HCN2 knockout mice have been found
to show no neuropathic pain, in response to thermal or me-
chanical stimuli, after a nerve lesion (Emery et al. 2011).
Furthermore, pharmacologic inhibition of Ih in peripheral no-
ciceptive neurons has been observed to reduce mechanical
allodynia and thermal hyperalgesia in animal models of neu-
ropathic pain (Du et al. 2013a; Tibbs et al. 2013; Young et al.
2014), alleviate inflammation-induced hypersensitivity of the
rat temporomandibular joint (Hatch et al. 2013), and augment
activity-dependent conduction velocity slowing in
axotomized C-fibers (Mazo et al. 2013). Thus, there is sub-
stantial evidence that enhanced HCN channel function may
contribute to neuropathic pain.

Pulsed radiofrequency (PRF) is a novel therapeutic
modality for pain management. Electromagnetic waves
(20 ms, 500 kHz) are applied close to the DRG or
dysfunctional peripheral nerve to increase the mean lo-
cal temperature to a maximum of 42 °C. In 1996,
Sluijter introduced PRF into clinical practice and first
reported the effects of PRF on DRG excitability and
nociceptive transmission (Sluijter 2005). Subsequent
clinical studies demonstrated therapeutic efficacy against
neuropathic pain. For example, Zundert et al. reported
significant pain reduction in all study patients with idi-
opathic trigeminal neuralgia (Van Zundert et al. 2003),
Cohen et al. found PRF to the DRG superior to phar-
macologic management for the treatment of chronic
postsurgical chest pain (Cohen et al. 2006), and Ke
et al. reported encouraging results in patients with tho-
racic postherpetic neuralgia (Ke et al. 2013). Moreover,
PRF also reduces nociceptive responses in animal
models. Tanaka et al. demonstrated that PRF of the rat
sciatic nerve significantly reduces mechano-allodynia in-
duced by resiniferatoxin (Tanaka et al. 2010), Aksu
et al. found that PRF significantly decreases mechano-
hyperalgesia in rabbits after tight ligation of the sciatic
nerve (Aksu et al. 2010), and Perret et al. reported that
PRF to the DRG decreases allodynia in rats with chron-
ic constriction injury (CCI) to the L5 spinal nerve
(Perret et al. 2011). In rats with L5 spinal nerve ligation
(SNL), Park et al. found that PRF decreases mechano-
hypersensitivity (Park et al. 2012). Despite confirmed
efficacy in multiple neuropathic pain models and clini-
cal studies, the anti-nociceptive mechanisms of PRF re-
main unclear.

Based on the relationship between HCN channel activity
and neuropathic pain reported previously and the known effi-
cacy of PRF against neuropathic pain, we hypothesized that
decreases in HCN channel expressionmay underlie (at least in
part) the anti-nociceptive effect of PRF. In the present study,
we explored this possibility by applying PRF to rats with
sciatic nerve CCI and measuring the changes in HCN1 and
HCN2 expression in the DRG.

Materials and Methods

All surgical and experimental procedures were performed in
accordance with the International Association for the Study of
Pain (IASP) ethical guidelines for the investigation of exper-
imental pain in conscious animals, and approved by the
Medical Ethics Committee of Peking University People’s
Hospital, China.

Animals

A total of 120 male Sprague Dawley rats weighing 200–220 g
were used (Vital River Laboratories, Beijing, China). The rats
were housed in cages with corncob bedding under a reverse
12 h light–dark cycle and provided ad libitum access to food
and water.

Sciatic Nerve CCI model

Rats were anesthetized by intraperitoneal injection of
40 mg/kg sodium pentobarbital. The skin of the right thigh
was shaved and sterilized with 0.2 % Anerdian. The right
common sciatic nerve was exposed at the mid-thigh level,
and four loosely constrictive ligatures of 4-0 chromic gut were
tied around the nerve with about 1 mm spacing between knots.
The knots were tightened slowly until a brief twitch in the
hindlimb was observed. After washing, the incision was su-
tured layer-by-layer with 4-0 silk thread and the animal
allowed to recover from anesthesia (Bennett et al. 1988).

Pulsed Radiofrequency Application

The rats used for the CCI model were assigned to either a PRF
group (n=60) or a Sham control group (n=60) using a random
number table, to be subjected to PRF or sham control treat-
ment, respectively. On the seventh postoperative day (D07), a
radiofrequency electrode (MG-230, Baylis, Canada) was
placed on the skin adjacent to the proximal sciatic nerve
(Fig 1). In the PRF group, PRF was delivered for 8 min using
a pulse duration of 20 ms (500 kHz) and a pulse rate of 2 Hz,
so as to achieve a local tissue temperature of 42 °C. In the
Sham group, the RF electrode was placed at the same position
for 8 min, but no radiofrequency current was administered
(Fig. 1).

Behavioral Tests

Behavioral tests were performed before surgery (D0), 7 days
after surgery (D07), and 1, 7, and 14 days after PRF/sham
treatment (D1, D7, and D14). All testing was performed at
the same time of the day (8:00–12:00 a.m.) in a quiet environ-
ment and was conducted by an investigator blinded as to
whether the animal was in the PRF or Sham group.
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Paw Withdrawal Latency

Paw withdrawal latency (PWL) was induced and latency mea-
sured using a thermal stimulus apparatus (BME410, Chinese
Academy of Medical Sciences Institute of Biomedical
Engineering, Beijing, China), as described by Hargreaves
(Hargreaves et al. 1988). Rats were placed in individual clear
plastic cages and allowed to acclimate for 30 min. The heat
stimulus was focused on the plantar surface of the right hindpaw.
The intensity of the heat stimulus was adjusted to evoke a base-
line PWL of 8 s in naïve animals. A 30 s cut-off was used to
prevent tissue damage. Three PWLmeasurements were acquired
at 5 min intervals and averaged to yield the reported values.

Paw Withdrawal Threshold (PWT)

Rats were placed individually in clear plastic cages on an ele-
vated wire mesh table and allowed to acclimate for 30 min.
Mechano-allodynia and mechano-hyperalgesia were assessed
using two von Frey filaments (4 and 15 g), as described previ-
ously (Flatters et al. 2004). Each filament was applied five times
to the mid-plantar area of the right hindpaw at 5 s intervals, and
the mean frequency of withdrawal was recorded. Naïve rats
almost never withdrew from 4 g stimulation, so a withdrawal
frequency significantly >0 % at 4 g indicated mechano-
allodynia. Naïve rats exhibited a withdrawal frequency of
∼20 % in response to 15 g, so a higher mean withdrawal fre-
quency was defined as mechano-hyperalgesia.

Western Blot Analysis

Six rats from each group were sacrificed after behavioral test-
ing on D0, D07, D1, D7, and D14. The right L4–6 dorsal root
ganglia were quickly removed and immersed in liquid

nitrogen. After protein extraction, the bicinchoninic acid
(BCA) assay was used to determine lysate protein concentra-
tions. Proteins were separated on sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) gels and trans-
ferred to polyvinylidene difluoride (PVDF) membranes. After
blocking with 5 % non-fat dried milk, membranes were incu-
bated overnight at 4 °C with mouse monoclonal anti-HCN1
(5 μg/mL) or anti-HCN2 (5 μg/mL) antibodies (Abcam,
Cambridge, UK) in Tris-buffered saline with Tween-20
(TBST) plus 5 % non-fat dried milk. After washing with
TBST, the membranes were incubated with a horseradish per-
oxidase (HRP)-conjugated goat anti-mouse secondary anti-
body (Jackson Immune, West Grove, PA, USA) diluted in
TBST plus 5 % non-fat dried milk. The immunolabeled pro-
tein bands were visualized using a chemiluminescence kit
(ECLWestern blot detection agents; Amersham Biosciences,
UK). Blots were scanned with ImageQuant Las 4000 (GE
Healthcare, Tokyo, Japan), and band densities quantified and
compared using the Multi Gauge V3.2 software. Target pro-
tein band density was normalized to that of β-actin.

Immunohistochemistry

At each time point (D0, D07, D1, D7, and D14), six rats from
each group were sacrificed after behavioral testing had been
carried out. After opening the chest, 200 mL of normal saline
were perfused through the aorta, followed by 200 mL of 4 %
paraformaldehyde (PFA) in 0.1 mol/L phosphate-buffered sa-
line (PBS, pH 7.4). The right L4–6 DRG were removed, post-
fixed in PFA, and cryo-protected overnight in 10mmol/L PBS
plus 30 % sucrose. The ganglia were then cut into 2-μm thick
serial sections on a cryostat (Leica, Wetzlar, Germany). After
antigen repair with EDTA (pH 8.0) for 20 min, the sections
were incubated overnight, in a humid chamber at 4 °C, with
mouse monoclonal anti-HCN1 (2 μg/mL, Abcam, UK) or
anti-HCN2 (10 μg/mL, Abcam, UK) antibody in TBST.
Immunolabeled sections were then incubated with HRP-
conjugated goat anti-mouse IgG (Zhongshan Golden Bridge
Biotechnology Co., Ltd, Beijing, China) for 20 min, visual-
ized with diaminobenzidine (DAB), and photographed under
a light microscope (Olympus, Tokyo, Japan). For quantitation,
cells with brown dots in the plasmamembrane or cytosol were
considered HCN positive; for each slide, three fields were
randomly selected to determine the average optical density,
which represents the expression intensity of HCN channel,
using the Leica imaging software (Imaging Analysis Center
for Peking University Health Science Center).

Data Analysis

Statistical tests were performed using the STATA 13.0MP
software (StataCorp LP, College Station, TX, USA). Data
from each group are mean±standard error of the mean

Fig. 1 Pulsed radiofrequency delivered to the proximal sciatic nerve in a
rat with sciatic nerve CCI. The electrode was placed adjacent to the
proximal sciatic nerve. Current was delivered through the electrode (pulse
duration, 20 ms; pulse rate, 2 Hz; local tissue temperature, 42 °C; duration,
8 min) to rats in the PRF group, but not to those in the Sham group
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(SEM). Data were analyzed by mixed-effects restricted max-
imum likelihood (REML) regression. For intra-group compar-
ison of time effect, Bonferroni multiple comparison correction
was used to correct the P value threshold for multiple com-
parisons. After correction, the significance level was set as P=
0.005 (0.05/10). Otherwise, P<0.05 was considered statisti-
cally significant.

Results

Effects of PRF Treatment on Behavioral Pain responses

Thermo-hyperalgesia

The PWL, in response to noxious heat, measured prior to
surgery (D0, baseline) did not differ between rats assigned to
receive CCI followed by PRF (PRF group) and those assigned
to receive CCI followed by sham treatment (Sham group). The
PWL measured on the 7th day following sciatic nerve CCI
(D07) was significantly shorter in both groups relative to base-
line (D0) (P<0.005), indicating thermo-hyperalgesia, but
PWL did not differ significantly between groups (Fig. 2).
However, in the days following PRF, PWL rose steadily, in-
dicating reversal of CCI-induced hyperalgesia; in contrast,
PWL remained lower than that of the baseline in the Sham
group (sham PRF). The PWL of the PRF group was

significantly higher than that of the Sham group over the
post-PRF period (D1–D14; P<0.05) and at each post-PRF
time point (P<0.05).

Mechano-allodynia and Mechano-hyperalgesia

To measure possible changes in mechano-allodynia, we used
4 g von Frey filaments, which induce only non-painful
mechano-stimulation in naïve rats (Fig. 3a). At baseline
(D0), there was no significant difference in response rates
between rats assigned to the PRF and Sham groups. The mean
response rate increased significantly in both groups at D07
compared to baseline (P<0.005), indicating CCI-induced
mechano-allodynia (with no difference between the two
groups). After PRF (D1-D14), the mean response rate de-
creased progressively and was not significantly different from
the baseline value at D14. In the Sham group, however, the
mean response rate remained elevated and did not differ sig-
nificantly from that of D07 at any time point. The mean re-
sponse rate of the PRF group was significantly lower than that
of the Sham group at D7 and D14 (P<0.05). Thus, PRF re-
versed CCI-induced mechano-allodynia.

Mechano-hyperalgesia was measured by paw withdrawal
frequency in response to a 15 g von Frey filament. The mean
paw withdrawal frequency did not differ between the two
groups at baseline (D0). Withdrawal frequency increased sig-
nificantly in both the PRF and Sham groups at D07 after CCI
(P<0.005), indicating marked CCI-induced mechano-
hyperalgesia (Fig. 3b), with a slightly higher mean response
rate observed in the PRF group. After PRF (D1–D14), the
mean response rate in the PRF group decreased significantly
compared to D7, although it remained higher than baseline at
D14. Thus, PRF partially reversed CCI-induced mechano-
hyperalgesia. In contrast, the mean response rate in the
Sham group continued to rise modestly over the D1–D14
period, indicating no change or even slightly higher
mechano-hyperalgesia. The overall response rate was signifi-
cantly lower in the PRF group than in Sham animals over the
entire posttreatment period (P<0.05) and at each time point
(P<0.05).

Distribution of HCN1 and HCN2 Expression in Dorsal
Root Ganglia

HCN1 was detected on the plasma membrane in all large- and
medium-sized DRG neurons (Fig. 4). HCN2 was also detect-
ed in all DRG neurons, but mainly in the cytoplasm of
medium- and small-sized DRG neurons (Fig. 5). Seven days
after neuropathic pain induction (D07), HCN1 and HCN2
expression levels were significantly decreased in both sham
and PRF groups (all P<0.005) without significant inter-group
differences (P>0.05). In the sham group, HCN1 and HCN2
expression levels did not significantly change at later time

Fig. 2 Changes in paw withdrawal latency (PWL) in the Sham and PRF
groups (n=12 rats per group). After CCI (D07), the PWL decreased in both
groups, indicating thermo-hyperalgesia. After PRF (from D1 to D14), the
PWL of the PRF group began to increase, consistent with reversal of CCI-
induced hyperalgesia. In contrast, PWL continued to decrease in the Sham
group, indicating progressively worsening hyperalgesia. Data are presented
as the mean±SEM. #P<0.05, PRF group vs. the sham group at each time
point using mixed-effects REML regression; *P<0.005 within groups
compared to D0 using mixed-effects REML regression, adjusted using
Bonferroni multiple comparison correction; &P<0.05 within groups
compared with D07 using mixed-effects REML regression, adjusted
using Bonferroni multiple comparison correction
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points, compared with D07 values (P>0.005, Figs. 4 and 5).
In contrast, PRF treatment resulted in a gradual increase of
HCN1 and HCN2 expression thereafter (Figs. 4 and 5).

Precisely, at days 7 (D7) and 14 (D14) after PRF treatment,
HCN1 expression was significantly increased compared with
that obtained for D07 (P<0.005), although still significantly
lower than baseline values obtained at D0 (P<0.005, Fig. 4);
HCN2 expression at D14 was significantly increased com-
pared with D07 values (P<0.005), but significantly lower than
what recorded for D0 (P<0.005). Of note, the expression
levels of both HCN1 and HCN2 at D14 were significantly
higher in the PRF group than in sham animals (P<0.05,
Figs. 4 and 5).

HCN1 and HCN2 Protein Expression after Nerve Injury

Western blotting and densitometric analyses were performed
to quantify the changes in HCN1 and HCN2 expression levels
in DRG neurons. The expression levels of HCN1 and HCN2
did not differ between the two groups of rats at baseline (D0)
and decreased significantly (P<0.005) in both groups follow-
ing CCI (Figs. 6 and 7). After PRF (D1–D14), HCN1 protein
expression was significantly higher at D7 and D14 compared
to D7, but was still lower at D14 than at baseline (P<0.005)
(Fig. 6). Expression of HCN1 protein also increased in the
Sham group and was significantly higher at D7 and D14 com-
pared to D07 (P<0.005) (Fig. 6). However, HCN1 expression

Fig. 4 The expression of HCN1 inDRGneurons of rats in the Sham (D0,
D07, D1, D7, and D14) and PRF (D0, D07, D1, D7, and D14) groups,
investigated by immunocytochemistry (×100; scale bars, 100 μm).
Representative images are shown; in each group at each time point, the
results were similar in all six rats investigated. HCN1-immunoreactivity
was detected on all DRG neurons, mainly on the plasma membrane of
large- and medium-sized DRG neurons. The arrows demarcate
immunopositive cells. Immunoreactivity (staining intensity) was
substantially reduced by CCI in both groups. Following PRF or Sham
treatment, immunoreactivity gradually increased in DRG sections from
rats in the PRF group, but remained low in those in the Sham group.
Immunohistochemistry results were quantified. #P<0.05, PRF group vs.
the sham group at each time point using mixed-effects REML regression;
*P<0.005 within groups compared with D0 using mixed-effects REML
regression, adjusted using the Bonferroni multiple comparison correction;
&P<0.005 within groups compared with D07 using mixed-effects
REML regression, adjusted using Bonferroni multiple comparison
correction

Fig. 3 Comparison of pain withdrawal threshold (PWT) in response to
mechano-stimulation between rats in the PRF and Sham groups (n=12
for each group). a The mean response frequency to 4 g mechanical
stimulation was near 0 % before surgery (D0), but rose after CCI
(D07), indicating mechano-allodynia. This allodynia was progressively
reversed in the PRF group, but was sustained in the Sham group (D1–
D14). b Themean response frequency to stimulation with a 15 g von Frey
filament increased significantly after CCI in both groups (D07). After
PRF, the response decreased gradually in the PRF group, indicating
partial reversal of mechano-hyperalgesia, but remained elevated in the
Sham group. Data are presented as the mean±SEM. #P<0.05, PRF
group vs. the sham group at each time point using mixed-effects REML
regression; *P<0.005 within groups compared with D0 using mixed-
effects REML regression, adjusted using Bonferroni multiple
comparison correction; &P<0.005 within groups compared with D07
using mixed-effects REML regression, adjusted using Bonferroni
multiple comparison correction.
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at D7 and D14 was significantly higher in the PRF group than
in the Sham group (P<0.05) (Fig. 6). Thus, PRF enhanced the
recovery of HCN1 expression following CCI. Similar results
were observed for HCN2, except that HCN2 expression in the
PRF group was higher than that of in the Sham group for all
posttreatment days (P<0.05) (Fig. 7).

Discussion

The main findings of the present study were that CCI to the rat
sciatic nerve downregulated the expression of HCN1 and
HCN2 in L4–L6 DRG, which contain the cell bodies of the
majority of sciatic nerve axons, and that alleviation of the
CCI-induced thermo- and mechano-hyperalgesia by PRF
treatment was associated with an upregulation of HCN1 and
HCN2. These novel findings implicate changes in HCN chan-
nel expression in PRF neuromodulation.

One of the first proposals for the efficacy of PRFwas tissue
thermal coagulation; however, later studies demonstrated that
the clinical effects of PRF against neuropathic pain do not rely
on thermal injury (Podhajsky et al. 2005). The current view is
that electromagnetic fields generated by PRF can alter neuro-
nal gene expression (Hamann et al. 2006). Zundert et al. found

that PRF upregulates c-fos and downstream genes in spinal
dorsal horn neurons (Van Zundert et al. 2003), while Hamann
et al. reported upregulated expression of ATF-3, another wide-
ly expressed transcription factor, after PRF (Hamann et al.
2006). Hagiwara et al. demonstrated that PRF prevents the
chemically-induced decrease in norepinephrine-mediated spi-
nal pain inhibition and enhances serotonin-mediated spinal
pain inhibition (Hagiwara et al. 2009), suggesting that PRF
alters genes controlling monoaminergic neuron function or
neurotransmission.

In addition to the relevance of genes controlling neuro-
transmission, changes in PNS ion channel gene expression,
including HCN genes, may also play a crucial role in the
development and reversal of neuropathic pain. HCN channels
mediating Ih are closely associated with neuropathic pain
(Chaplan et al. 2003; Jiang et al. 2008; Wickenden et al.
2009; Mazo et al. 2013). Indeed, nerve injury has been report-
ed to increase pacemaker currents in large DRG neurons,
leading to spontaneous action potentials in the ligated nerve,
while blockade of HCNs has been found to reverse injury-

Fig. 5 The expression of HCN2 inDRGneurons of rats in the Sham (D0,
D07, D1, D7, and D14) and PRF (D0, D07, D1, D7, and D14) groups,
investigated by immunocytochemistry (×100; scale bars, 100 μm).
Representative images are shown; in each group at each time point, the
results were similar in all six rats investigated. HCN1-immunoreactivity
was detected on all DRG neurons, mainly on the plasma membrane of
large- and medium-sized DRG neurons. The arrows demarcate
immunopositive cells. Immunoreactivity (staining intensity) was
substantially reduced by CCI in both groups. Following PRF or sham
treatment, immunoreactivity gradually increased in DRG sections from
rats in the PRF group, but remained low in those in the Sham group.
Immunohistochemistry results were quantified. #P<0.05, PRF group vs.
the sham group at each time point using mixed-effects REML regression;
*P<0.005 within groups compared with D0 using mixed-effects REML
regression, adjusted using Bonferroni multiple comparison correction;
&P<0.005 within groups compared with D07 using mixed-effects
REML regression, adjusted using Bonferroni multiple comparison
correction

Fig. 6 Western blot analysis of HCN1 channel protein expression in
DRG neurons (n=6 per group). a Sample blot showing representative
results. HCN1 protein content decreased after nerve injury in both
groups (D07 vs. D0). b Mean densitometry data (expressed relative to
β-actin). After PRF (from D1 to D14), protein expression rose gradually
in both groups, but was higher in the PRF group at D1, D7, andD14. Data
are expressed as the mean±SEM. #P<0.05, PRF group vs. the sham
group at each time point using mixed-effects REML regression;
*P<0.005 within groups compared with D0 using mixed-effects REML
regression, adjusted using Bonferroni multiple comparison correction;
&P<0.005 within groups compared with D07 using mixed-effects
REML regression, adjusted using Bonferroni multiple comparison
correction
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induced hyperalgesia (Chaplan et al. 2003). Four mammalian
HCN channels have been cloned, HCN1–4, and subsequent
studies have demonstrated widespread expression of all iso-
forms in both the PNS and CNS (Ludwig et al. 1998).
Changes in DRG neurons, the primary sensory neurons in
peripheral pain processing, are crucial for the development
of neuropathic pain (Chung et al. 2002; Sluijter 2005; Wan
2008; Perret et al. 2011). The present study revealed differen-
tial expression of HCN channel subtypes in DRG neurons,
with HCN1 expressed mainly on the plasma membrane of
large and medium-sized neurons, and HCN2 mainly in the
cytoplasm of medium and small-sized neurons. The distribu-
tion and functions of HCN3 and HCN4 in the DRG remain
largely unknown; since both these isoforms have been report-
ed to be expressed weakly in normal and pathologic DRG
(Moosmang et al. 2001; Jiang et al. 2008), our study focused
on CCI- and PRF-induced changes in the expression levels of
HCN1 and HCN2.

The main findings of the present study regarding HCN
channel expression appear, at face value, to be in contradiction
to the previous investigations. Du et al. have observed that

increased expression of HCN1 and HCN2 and a shift in the
activation curve of Ih occur in a rat model of neuropathic pain
(Du et al. 2013a, b). The activity of HCN1 is repressed by
analgesics, while knockout of HCN2 abolishes neuropathic
pain in response to nerve injury in mice (Emery et al. 2011;
Emery et al. 2012; Tibbs et al. 2013). Xie et al. observed
increased Ih in primary afferent neurons of rats with nerve
CCI-induced spontaneous pain (Xie et al. 2005). Dalle et al.
reported that blockade of Ih in peripheral neurons of rats with
partial SNL alleviated mechano-allodynia (Dalle et al. 2005),
while other studies in animal models of neuropathic pain have
also observed reductions in mechanical allodynia and thermal
hyperalgesia with pharmacologic inhibition of Ih (Du et al.
2013a; Tibbs et al. 2013; Young et al. 2014). Wickenden
et al. found that HCN channels in medium and large-sized
DRG neurons of injured primary sensory nerves responded
preferentially to nociceptive discharges (Wickenden et al.
2009). While these various studies suggest that HCNs pro-
mote neuropathic pain, several investigators have provided
evidence that changes in HCN channel expression do not cor-
relate well with Ih density. Chaplan et al. found that nerve
injury markedly increased Ih in DRG neurons of rats with
SNL, but (consistent with our observations) decreased
HCN1 and HCN2 mRNA and protein expression (Chaplan
et al. 2003). Jiang et al. also found increased Ih in the DRG
of rats with nerve CCI, but a slight reduction in HCN1 and
HCN2 expression levels in large DRG neurons (Jiang et al.
2008). Therefore, the increase in Ih current density, observed
following nerve injury, may not be attributable to an increase
in HCN channel protein expression. Instead, these results sug-
gest that changes in Ih associated with neuropathic pain are
secondary to posttranslational modifications to HCN chan-
nels. A large variety of mechanisms might contribute to
HCN channel regulation, including transcriptional control,
trafficking, channel assembly, and modification by intracellu-
lar and extracellular factors such as numerous kinases, MinK-
related protein (MiRP1), KCR1, neuronal scaffold proteins,
filamin A, caveolin-3, acidic lipids, protons, and chloride
(Biel et al. 2009; He et al. 2014). In the present study, it was
notable that HCN2 channels were expressed mainly in the
cytoplasm rather than the plasmamembrane; however, Ih den-
sity will be dependent on the number of functional channels in
the plasma membrane and the electrophysiological properties
of these channels (determined, in part, through modulation of
the channels by interacting factors and kinases), rather than on
the total number of expressed proteins. Thus, the changes in
HCN channel expression determined in the present study may
not actually reflect the alterations in Ih current density, and
indeed may even be compensatory changes occurring in the
opposite direction to the alteration in functional Ih current. It is
also relevant that the present study determined changes in
HCN channel expression in the somata of damaged DRG
neurons and not in the axons; it remains possible that changes

Fig. 7 Western blot analysis of HCN2 channel protein expression in
DRG neurons (n=6 per group). a Sample blot showing representative
results. HCN2 protein content decreased after nerve injury in both
groups (D07 vs. D0). b Mean densitometry data (expressed relative to
β-actin). After PRF (from D1 to D14), protein expression rose gradually
in both groups but was higher in the PRF group at D7 and D14. Data are
expressed as the mean±SEM. #P<0.05, PRF group vs. the sham group at
each time point using mixed-effects REML regression; *P<0.005 within
groups compared with D0 using mixed-effects REML regression,
adjusted using Bonferroni multiple comparison correction; &P<0.005
within groups compared with D07 using mixed-effects REML
regression, adjusted using Bonferroni multiple comparison correction
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in the axonal expression of HCN channels may have differed
from those of the somata and that the axonal changes exerted
the major influence on nociceptive transmission.

In this study, HCN channel expression was reduced in
DRG neurons after sciatic nerve CCI, in accordance with the
previous studies (Chaplan et al. 2003; Jiang et al. 2008).
Expression of HCN1 and HCN2 increased in both groups
between D07 and D1, indicative of spontaneous upregulation,
but this upregulationwas significantly faster in the PRF group.
Furthermore, in the PRF group, there was a concomitant re-
versal in CCI-induced thermo- and mechano-hyperalgesia,
suggesting reduced spontaneous activity in DRG neurons.
We speculate that the HCN upregulation in the Sham group
may reflect nerve recovery over time. However, there was a
disconnection between HCN channel expression and behav-
ioral responses to pain in the two groups. In the Sham group,
the increase in HCN1 and HCN2 expression levels was asso-
ciated with shorter thermal withdrawal latency and lower me-
chanical withdrawal threshold (i.e., signs of greater neuropath-
ic pain), while PRF-treated rats exhibited the converse rela-
tionship. Obviously, changes in neuropathic pain during re-
covery reflect many simultaneous compensatory and patho-
logic alterations in addition to changes in HCN1/2 expression.
By D14, the expression of HCN channels had increased in
both groups, but was significantly higher in the PRF group,
indicating that PRF can affect the expression of HCN channels
in the DRG. In general, PRF suppressed behavioral correlates
of neuropathic pain. We speculate that HCN1/2 expression
regulates neuropathic pain, but that posttranslational modula-
tion of HCN channel activity may exert an even more impor-
tant influence on neuropathic pain. Additional studies are re-
quired to elucidate the precise mechanisms by which HCN
channel expression and function contribute to neuropathic
pain and the benefits of therapeutic interventions such as PRF.

There were a few limitations to our study. We focused only
on the expression of HCN channels and did not assess their
function (such as Ih density). Spontaneous DRG activity was
assessed indirectly through behavioral changes. Mechano-
hyperalgesia and mechano-allodynia decreased after PRF,
suggesting a decrease in spontaneous activity. In view of the
inconsistent relationship between channel protein expression
and Ih, future studies should assess the effect of PRF on Ih
current density in DRG neurons. Moreover, we determined
changes in HCN channel expression only in the somata of
damaged neurons (in the DRG); it cannot be excluded that
alterations in the axonal expression of HCN channels may
have affected nociceptive transmission.

In conclusion, we established a rat model of neuropathic
pain, using sciatic nerve CCI, to study the effects of PRF on
HCN channel expression in DRG neurons. PRF enhanced the
expression of HCN1 and HCN2 in DRG neurons and reversed
post-CCI hyperalgesia. These results further confirm the anti-
nociceptive efficacy of PRF in rats with sciatic nerve CCI and

implicate changes in HCN channel expression in PRF
neuromodulation. Elucidating the precise role of HCN chan-
nels in neuropathic pain and in the beneficial effects of PRF
will require detailed electrophysiological analyses of Ih
currents.
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