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HCN2 contributes to oxaliplatin-induced
neuropathic pain through activation of the
CaMKII/CREB cascade in spinal neurons

Xiaoyu Liu1, Lidong Zhang1, Li Jin1, Yuanhui Tan1, Weiyan Li1, and
Jun Tang1

Abstract

Emerging evidence showed that hyperpolarization-activated cation channels (HCN) participate in the development of

inflammatory and neuropathic pain. However, the role of HCN2 in oxaliplatin-induced neuropathic pain remains unknown.

Here, we found that HCN2 expression was upregulated in a rat model of oxaliplatin-induced neuropathic pain. Intrathecal

injection of ZD7288, an HCN specific inhibitor, decreased the HCN2 level, as well as weakened the neuropathic pain

behaviors compared to naive rats. Besides, mechanistic studies revealed that the expression of the spinal N-methyl-

D-aspartate receptor subunit 2B was increased after oxaliplatin administration and was reduced by ZD7288 administration.

The nociceptive behaviors were reversed by NR2B antagonist Ro 25–6981 in HCN2-overexpression rats. Furthermore, the

underlying cellular mechanism demonstrated that ZD7288 administration restrained the enhanced activation of the neuronal

calcium–calmodulin-dependent kinase II (CaMKII)/cyclic adenosine monophosphate response element-binding protein cas-

cade after oxaliplatin administration. Moreover, pretreatment of CaMKII inhibitor KN-93 suppressed the nociceptive

behaviors, as well as NR2B upregulation induced by overexpression of HCN2. In a word, HCN2 is conducive to

oxaliplatin-induced neuropathic pain by activating the neuronal CaMKII/CREB cascade.
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Introduction

Oxaliplatin, a third-generation organoplatinum com-

pound, is a first-line treatment for metastatic colorectal

cancer.1 In spite of its satisfactory clinical efficacy, the

application of oxaliplatin is often limited by its side

effects, including neuropathy. The progression of neu-

ropathy induced by oxaliplatin chemotherapy can limit

doses and frequently results in treatment interruption.2

However, the exact mechanisms of oxaliplatin-induced

neuropathy remain unclear.
Hyperpolarization-activated, cyclic nucleotide-gated

(HCN) cation channels are widely expressed in cardiac

and neuronal tissues and have been recently reported to

contribute to nociceptive excitability.3 HCN channels

are usually activated by hyperpolarization within a

range of 60 to 90 mV and differ from other voltage-

gated cation channels, which are activated by

depolarization. There are four HCN subtypes (HCN1
to HCN4) expressed in sensory neurons,4 and over half
of small nociceptive neurons express HCN2 channels.5

Recently, HCN2 has drawn considerable attention as a
target of a potential analgesic drug that treats patholog-
ical pain. Deactivating HCN2 in primary sensory neu-
rons has been found to weaken tactile hypersensitivity in
chronic inflammation, while leaving thermal
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hyperalgesia unaffected.6 HCN2 could be directly acti-
vated by cyclic adenosine monophosphate and has been
thought to contribute to nociceptor sensitization in
inflammatory pain sensitization.7 Studies have found
that neuropathic pain is initiated by an HCN2-driven
action potential firing in NaV1.8-expressing nocicep-
tors.5 However, the function of HCN2 in oxaliplatin-
induced neuropathic pain remains unclear.

In this study, we created a rat model of neuropathic
pain using oxaliplatin administration. Through
this model, we verified that HCN2 is involved in
oxaliplatin-induced neuropathic pain through the upre-
gulation of NR2B expression, which is modulated by the
activation of the CaMKII/CREB cascade.

Materials and methods

Ethics and animals

Male Sprague-Dawley rats weighing 200–220 g were
housed in cages with corncob bedding and were main-
tained on a 12-h light/dark cycle with ad libitum access
to food and water. The animals were habituated to the
housing facilities for at least one week prior to
the behavioral test. All procedures were approved by
the Ethics Committee of Jinling Hospital and were per-
formed in accordance with the Guide for the Care and
Use of Laboratory Animals from the National Institutes
of Health.

Drugs

Oxaliplatin (Eloxatin, Sanofi-Aventis, Laboratoires
Thissen, Belgium) was dissolved in a 5% glucose solu-
tion. Oxaliplatin (4 mg/kg body weight) was injected
intraperitoneally (i.p.) into each rat twice a week for
four weeks.8 ZD7288 (Tocris Bioscience, Ellisville,
MO) solubilized in 0.9% saline was intrathecally admin-
istrated with a 10-ll microinjection syringe into the
intervertebral space between L4 and L6 after the rat
was anesthetized with isoflurane/carbogen. Ro 25–6981
(Tocris Bioscience), an NR2B activation antagonist, and
KN-93 (Tocris Bioscience), a selective CaMKII antago-
nist, were both administered via intrathecal injection.

Behavioral tests

All the behavioral tests were conducted 5 h after drug
treatment and performed blindly with respect to drug
administration. Rats were acclimatized to the testing
environment for 30 min prior to data collection.

Paw withdrawal threshold (PWT) was measured with
the Electro Von Frey Aneshesiometer (Model 2390CE,
IITC Life Science Inc, USA) according to a modification
of a previously described method9 before the first drug
administration (day 0), and on days 7, 14, and 21, and 5

h after drug administration in a quiet, temperature-

controlled room. Rats were placed individually beneath

an inverted, ventilated Plexiglas cage on a metal-mesh

floor in order to allow access to the plantar surface of the

hind paw. After acclimatization, a calibrated von Frey

hair of incremental stiffness (maximum 200g) was

applied perpendicularly to the dorsal surface of the bilat-

eral hind paw. Each trial consisted of five applications of

the hair to the dorsal surface of the bilateral hind paw

perpendicularly every 4 s for 3 to 4 s. Foot withdrawals

in response to the mechanical stimulus of the von Frey

hair were considered positive. Five trials for each paw

were conducted every 5 min and the applied force (g)

was recorded.
Paw withdrawal thermal latency (PWTL) was deter-

mined using a modified Hargreaves device (UARDG of

UCSD, La Jolla, CA). Rats were placed in boxes with a

wire mesh floor. An infrared light beam was focused on

the plantar surface of the hind paw. Withdrawal latency

(s) was automatically recorded when the rat withdrew its

paw. Each paw was measured three times with intervals

of 3 min.
Cold sensitivity was assessed using the acetone test

previously described.10 Rats were placed in a clear plas-

tic box with a metal grid and habituated for 30 min

before testing. A 50-ll drop of acetone (Wako Pure

Chemical Ltd., Osaka, Japan) was applied to the plantar

skin of each hind paw three times with a syringe fitted

with a blunted needle. The duration of lifting/licking (s)

of the hind paw was recorded for 40 s from the start of

the acetone spray.

Western blot analysis

All rats were deeply anesthetized with sodium pentobar-

bital (60 mg/kg), and the L4-L6 spinal cord was quickly

harvested and stored at �80�C before being subjected to

the following procedure. Samples were homogenized in

Tris buffer with a cocktail of proteinase inhibitors and

phosphatase inhibitors and were subjected to SDS-

PAGE, followed by electrophoretic transfer onto poly-

vinylidene fluoride (PVDF) membranes. The membranes

were placed in the block buffer at room temperature for

1 h and incubated with one of the following primary

antibodies: anti-HCN2 (Proteintech, Wuhan, China),

anti-NR2B (Proteintech), anti-pCaMKII (Cell

Signalling Technology, USA); anti-CaMKII (Cell

Signalling Technology); anti-pCREB (Cell Signalling

Technology); anti-CREB (Cell Signalling Technology)

at 4�C for 12 h, and then incubated with horseradish

peroxidase-conjugated anti-rabbit IgG (Proteintech) for

1 h. Quantification of the band for each protein was

performed with Image J software.
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qRT-PCR analysis

Total RNA was isolated using the TRIzol reagent

(Invitrogen, Carlsbad, CA) according to the manufac-

turer’s protocol. First-strand cDNA synthesis was per-

formed using the Verso cDNA synthesis kit (Thermo

Scientific, ABgene, Surrey, UK). qRT-PCR was per-

formed using SYBR Green Master Mix (Takara,

Dalian, China) on ABI 7900HT Fast Real-Time PCR

System-Applied Bio-systems. Relative mRNA levels

were calculated using the 2�DDCT method. Gene expres-

sion was normalized using GAPDH levels. Each analysis

was performed in triplicate.

Lentiviral vector production and intrathecal injection

The full-length sequence of the HCN2 cDNA was ampli-

fied and cloned into the lentiviral vector pCDH-

CMV-MCS-EF1-coGFP (System Biosciences, Palo

Alto, CA) using the Gateway systemTM. According to

the manufacturer’s instructions, Lentivirus particles

were harvested 48 h after pCDH-HCN2 cotransfection

with the packaging plasmid psPAX2 and pMD into

HEK 293T cells using LipofectamineVR 2000. The intra-

spinal injection was performed as described previously.11

The needle was inserted into the intervertebral space of a

conscious rat between the L4 and L6 regions of the

spinal cord after the rat was anesthetized with isoflurane.

Statistical analysis

Data are presented as mean� SD. Differences between

two groups or more than two groups were determined

using a Student’s t test or a one-way analysis of variance,

respectively. Statistical evaluation was performed with

Graphpad Prism 5.0 software (San Diego, CA, http://

www.graphpad.com/). *P< 0.05 was considered statisti-

cally significant.

Results

HCN2 is upregulated in a rat model of

oxaliplatin-induced neuropathic pain

In order to investigate the involvement of HCN2 in

oxaliplatin-induced neuropathic pain, we first estab-

lished a rat neuropathic pain model using intraperitoneal

injection of oxaliplatin (4 mg/kg). As shown in Figure 1

(a) and (b), significant decreases in the PWT and PWTL

were detected in rats beginning day 7 and persisting to

day 21 after intraperitoneal injection of oxaliplatin com-

pared to vehicle administration. In the acetone test, the

oxaliplatin-treated rats showed an increase in the dura-

tion of lifting/licking behaviors over the same period

(Figure 1(c)). These results revealed that the rats that

were subjected to oxaliplatin developed mechanical

hyperalgesia, heat hypoalgesia, and cold allodynia.

Figure 1. HCN2 is upregulated in oxaliplatin-induced neuropathic pain. A single intraperitoneal administration of oxaliplatin induced pain-
related behavior in the spinal dorsal horn. (a) Mechanical allodynia was measured by PWT. (b) Thermal hyperalgesia was measured by
PWTL. (c) Cold allodynia was measured by the acetone test on days 0, 7, 14, and 21 after oxaliplatin administration. (d) mRNA and
(e) protein levels of HCN2 in the spinal dorsal horn after single oxaliplatin treatment. Tissues were collected on days 0 and 21 after
oxaliplatin treatment or no treatment. (f) Immunofluorescence staining of HCN2 immunoreactive neurons in the spinal cord of rat
treatment with oxaliplatin or not was shown. Bar¼ 50 lm. *P< 0.05.
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To examine the role of HCN2 in oxaliplatin-induced

neuropathic pain, we detected HCN2 mRNA and pro-

tein expression in the spinal cord on days 0, 7, 14, and 21

after oxaliplatin administration. The qRT-PCR and

Western blot results indicated that HCN2 expression

increased remarkably and remained at a high, stable

level starting at day 21 after oxaliplatin injection, com-

pared to that of the naive rats (Figure 1(d) and (e)). We

performed immunostaining to further determine HCN2

expression pattern changed in neuropathic pain. The

images showed an increase in the number of HCN2-

positive neurons in oxaliplatin rats compared with the

naive rats (Figure 1(f)). All findings suggested that

HCN2 might be involved in oxaliplatin-induced neuro-

pathic pain.

Role of HCN2 in oxaliplatin-induced neuropathic

pain behaviors

To elucidate the role of HCN2 in oxaliplatin-induced

neuropathic pain, an HCN-specific blocker ZD7288

was intrathecally injected on day 14 after the first injec-

tion of oxaliplatin. qRT-PCR and Western blot analysis

showed that the upregulated expression of HCN2 was

dramatically decreased by the treatment with ZD7288

(Figure 2(a) and (b)). Furthermore, oxaliplatin-induced

mechanical allodynia, thermal hyperalgesia, and cold

allodynia were observably reduced after intrathecal

injection of ZD7288 when compared to naive rats

(Figure 2(c) to (e)). Together, these results indicated

that the HCN2 blockage eased the oxaliplatin-induced

neuropathic pain behaviors, illustrating the important

role of HCN2 in oxaliplatin-induced neuropathic pain.

Role of HCN2 in the upregulation of NR2B expression

in oxaliplatin-induced neuropathic pain model

The N-methyl-D-aspartate (NMDA) receptor in the

superficial dorsal horn has been found to greatly con-

tribute to pain transmission sensitization.12 Inhibition of

the NMDA receptor by its antagonist reduces the excit-

atory nociceptive transmission that results from expo-

sure to noxious stimuli and chronic pain in

experimental animals with spinal cord injuries.13

Recently, NR2B (a membrane-spanning subunit of the

NMDA receptor) has gained much attention, and we

previously reported that NR2B was upregulated during

oxaliplatin-induced neuropathic pain.9 Congruously, we

found that the expression of spinal NR2B was increased

after oxaliplatin injection (Figure 3(a)). Next, we

detected the expression of NR2B after ZD7288 injection

to determine whether the increase in NR2B was modu-

lated by HCN2. qRT-PCR and Western blot analysis

indicated that the enhanced expression of NR2B was

Figure 2. Role of HCN2 in oxaliplatin-induced neuropathic pain behaviors. HCN2 expression was detected by (a) qRT-PCR and (b)
Western blot analysis 5 h after ZD7288 or IgG administration. (c) Mechanical allodynia was measured by PWT. (d) Thermal hyperalgesia
was measured by PWTL. (e) Cold allodynia was measured by the acetone test 5 h after ZD7288 or IgG administration. *P< 0.05.
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decreased by the administration of ZD7288 on the 14th

day after oxaliplatin administration (Figure 3(b)

and (c)). In addition, pretreatment with Ro 25–6981,

an NR2B antagonist, observably weakened the mechan-

ical, cold allodynia and thermal hyperalgesia induced

by overexpression of HCN2 (Figure 3(d) to (f)).

Collectively, these data demonstrated that HCN2 is

able to regulate the upregulation of NR2B expression

in oxaliplatin-induced neuropathic pain.

Involvement of the spinal neuronal CaMKII–CREB

cascade in HCN2-mediated, oxaliplatin-induced neu-

ropathic pain

Next, we examined the underlying mechanisms of

HCN2-mediated, oxaliplatin-induced neuropathic pain.

It has been illustrated that Ca2þ/calmodulin-dependent

protein kinase II (CaMKII) and c-AMP-responsive ele-

ment binding protein (CREB) in spinal neurons contrib-

ute to the development of neuropathic pain.14 Here, the

expressions of pCaMKII/CaMKII and pCREB/CREB

were both increased after oxaliplatin administration and

maintained at a high level until the 21st day, when com-

pared to those of naive rats (Figure 4(a)). After intrathe-

cal administration of ZD7288 on the 14th day after the

first injection of oxaliplatin, the expressions of both

pCaMKII/CaMKII and pCREB/CREB were notably

decreased (Figure 4(b)). Pretreatment with CaMKII

inhibitor KN-93 notably reversed the mechanical and

cold allodynia and thermal hyperalgesia induced by

overexpression of HCN2 (Figure 4(c) to (e)), as well as

restrained the CREB activation and NR2B upregulation

(Figure 4(f)). These results jointly indicated that the

spinal neuronal CaMKII/CREB cascade was modulated

by HCN2 and was involved in oxaliplatin-induced neu-

ropathic pain.

Discussion

In this study, we investigated the function of HCN2 in

oxaliplatin-induced neuropathic pain. We found that

HCN2 was upregulated after oxaliplatin administration,

and HCN2 inhibition by ZD7288 could ease neuropathic

pain. In addition, ZD7288 reduced the increased expres-

sion of NR2B. Moreover, the neuronal CaMKII–CREB

cascade was also upregulated after oxaliplatin adminis-

tration, and injection of ZD7288 could restrain the

increased expression of pCaMKII/CaMKII and

pCREB/CREB. Furthermore, we found that treatment

with the CaMKII inhibitor KN-93 significantly reversed

the nociceptive behaviors provoked by HCN2 overex-

pression, and also suppressed the CREB activation and

NR2B upregulation.
HCN2 plays a vital role in many diseases. It has been

illustrated that the loss-of-function mutation in the

HCN2 channel leads to enhanced neuronal excitability

Figure 3. Role of HCN2 in the upregulation of NR2B expression in oxaliplatin-induced neuropathic pain. (a) Western blot analysis of
NR2B in the spinal cord 0, 7, 14, and 21 days after oxaliplatin treatment. (b) qRT-PCR and (c) Western blot analysis of NR2B 5 h after
ZD7288 or IgG administration. (d) Mechanical allodynia was measured by PWT. (e) Cold allodynia was measured by PWTL. (f) Thermal
hyperalgesia was measured by the acetone test 5 h after administration of Ro25–6981 in naı̈ve rats with induced HCN2 overexpres-
sion. *P< 0.05.
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in a patient with idiopathic generalized epilepsy.15

Overexpression of HCN2 decreases the repolarization

reserve of the ventricular action potential and enhances

arrhythmogenic potential under pathological conditions,

such as excessive b-adrenergic stimulation.16 Genetic

deletion of HCN2 in nociceptive neurons prevents mice

from developing diabetic pain.17 Resta et al.18 have

found a decrease of HCN2 expression level without

alteration of HCN1 expression in rat treated with

Oxaliplatin (2.4 mg/kg), administered intraperitoneally

(i.p.) for five consecutive days every week for two

weeks (10 i.p. injections). In this regard, it must be

noticed that our animal model is deeply different, con-

sisting in a chronic treatment that Oxaliplatin (4 mg/kg)

was injected intraperitoneally (i.p.) into each rat twice a

week for four weeks. We showed that HCN2 was upre-

gulated in oxaliplatin-induced neuropathic pain, and

blocking HCN2 using ZD7288 increased the PWT and

PWTL but decreased the duration of lifting/licking

behaviors induced by oxaliplatin. These results implied

the important role of HCN2 in the development of

oxaliplatin-induced neuropathic pain.
Recently, NR2B has gained much attention for neu-

ropathic pain modulation. Research has found that

NR2B is regulated by Caveolin-1 in the anterior

cingulate cortex neurons in order to modulate chronic

neuropathic pain.19 Injection of Ro25–6981, a NR2B-

containing NMDA blocker, reduced the SNL-induced

mechanical allodynia in rats.20,21 In our current study,

we showed that NR2B was also increased after oxalipla-

tin injection, and the increased expression of NR2B was

restrained in the presence of ZD7288. In addition, pre-

treatment with Ro25–6981 attenuated the mechanical

hyperalgesia, heat hypoalgesia, and cold allodynia pro-

voked by HCN2 overexpression in naı̈ve rats. The above

results illustrated that HCN2 modulated the oxaliplatin-

induced neuropathic pain via regulation of NR2B.
CaMKII is a serine/threonine protein kinase, which

regulates Ca2þ signaling and affects synaptic function

through phosphorylation of membrane receptors.

CREB is crucial for the regulation of pro-nociceptive

genes and maintenance of persistent pain sensitization.22

It has been proved that CaMKII could induce the CREB

phosphorylation that is related to hyperalgesia and cen-

tral sensitization in some pain models.23,24 Here, we

showed that the expressions of pCaMKII/CaMKII and

pCREB/CREB were both increased after oxaliplatin

injection and were both decreased in the presence of

Figure 4. Involvement of the spinal neuronal CaMKII–CREB cascade in HCN2-mediated, oxaliplatin-induced neuropathic pain.
(a) Western blot analysis of pCaMKII/CaMKII and pCREB/CREB in the spinal cord 0, 7, 14, and 21 days after oxaliplatin treatment.
(b) Western blot analysis of pCaMKII/CaMKII and pCREB/CREB 5 h after ZD7288 or IgG administration. (c) Mechanical allodynia was
measured by PWT. (d) Cold allodynia was measured by PWTL. (e) Thermal hyperalgesia was measured by the acetone test 5 h after
administration of KN-93 in naı̈ve rats infected with HCN2 overexpression. (f) Western blot analysis of pCREB/CREB and NR2B in the
spinal cord 5 h after cotreatment of KN-93 and HCN2 in naı̈ve rats. *P< 0.05.
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ZD7288. Pretreatment with KN-93 markedly restrained

the upregulation of NR2B and relieved pain behaviors

caused by overexpression of HCN2. Hence, we sug-

gested that HCN2 maintains neuropathic pain through

the CaMKII/CREB cascade in spinal neurons.
In conclusion, HCN2 is significantly elevated after

oxaliplatin-induced neuropathic pain. HCN2 contrib-

utes to neuropathic pain through the upregulation of

NR2B and the activation of the CaMKII/CREB cascade

in spinal neurons. Blockage of HCN2 provides a novel

therapeutic approach for the treatment of oxaliplatin-

induced neuropathic pain.
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