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Analgesic effect of ivabradine against inflammatory
painmediatedbyhyperpolarization-activated cyclic
nucleotide–gated cation channels expressed on
primary afferent terminals in the spinal dorsal horn
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Abstract
Ivabradine, a hyperpolarization-activated cyclic nucleotide–gated cation (HCN) channel blocker and clinically approved bradycardic
agent, has analgesic effects against neuropathic pain. Although the expression of HCN channels in the spinal dorsal horn (SDH) is
augmented under inflammatory pain, spinal responses to centrally and peripherally applied ivabradine remain poorly understood.
We investigated the spinal action and cellular mechanisms underlying the drug’s analgesic effects against inflammatory pain using
inflammatory painmodel rats. Intraperitoneal and intrathecal injections of ivabradine inhibitedmechanical allodynia (6 rats/dose; P,
0.05), and immunohistochemical staining showed that ivabradine suppresses the phosphorylated extracellular signal–regulated
kinase activation in the SDH (6 rats/group,P, 0.01). In vitro whole-cell patch-clamp and in vivo extracellular recordings showed that
direct application of ivabradine to the spinal cord decreases themeanminiature excitatory postsynaptic currents’ frequency (13 rats;
P , 0.01), and direct and peripheral application of ivabradine suppresses the spinal response to mechanical stimulation–evoked
firing (8 rats/group, P , 0.01). Moreover, ivabradine reduces the amplitudes of monosynaptic excitatory postsynaptic currents
evoked by Ad-fiber and C-fiber stimulation (6 rats; P, 0.01) and induces a stronger inhibition of those evoked by C-fiber stimulation.
These phenomena were inhibited by forskolin, an activator of HCN channels. In conclusion, spinal responses mediated by HCN
channels on primary afferent terminals are suppressed by central and peripheral administration of ivabradine; the drug also exhibits
analgesic effects against inflammatory pain. In addition, ivabradine preferentially acts on C-fiber terminals of SDH neurons and
induces a stronger inhibition of neuronal excitability in inflammatory pain.
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1. Introduction

Ivabradine is a hyperpolarization-activated cyclic nucleotide–gated
cation (HCN) channel blocker. It is clinically approved throughout
Europe, Asia, and the United States as a “pure” bradycardic agent
for the treatment of chronic angina pectoris and heart failure by
inhibition of the cardiac pacemaker current. However, HCN
channels have recently been implicated in the development of pain
hypersensitivities1,4,9–12,15,27,31,35,39,40,42,43,46,50–52; thus, ivabradine
has emerged as an analgesic agent against neuropathic pain. For
example, it has been reported that ivabradine injected into the

Gasserian ganglion ameliorated pain-related behavior such as facial
grooming in rats with trigeminal neuropathic pain,11 and oral intake
or intraperitoneal (i.p.) injection of ivabradine reduced mechanical
allodynia in chronic constriction injury model rats with neuropathic
pain or diabetic neuropathy.31,43,50 There are 4 HCN isoforms
(HCN1–4), and ivabradine inhibits all of them.7,41 All 4 HCNchannels
are widely expressed in the central nervous system and peripheral
nerves. HCN1 and HCN2 are the dominant isoforms expressed in
sensory neurons,1,4,9–12,15,23,28–30,35,38–40,43,46,48,50–52 whereas
HCN4 is preferentially expressed in the pacemaker regions of the
cardiac tissues.14,37 Therefore, HCN1andHCN2channels influence
neuronal excitability,1,4,9–12,15,23,28,30,35,39,40,43,46,50–52 and changes
in the expression of these HCN channels lead to modulation of
neuropathic pain.9–11,40,42,43,52 Furthermore, HCN channels, espe-
cially HCN2, are reported to be expressed at the terminals of primary
afferent Ad and C fibers in lamina II of the spinal dorsal horn (SDH),
whichmodulate nociceptive transmission4,35,39,42,43; the inhibition of
these spinal HCN channels contribute to the reduction of
neuropathic pain.42,43 Therefore, it is considered that ivabradine
may induce analgesia against neuropathic pain by inhibiting theHCN
channels.31,43,50

Similar to the analgesic effect of ivabradine against neuropathic
pain, some studies have recently reported that subcutaneous or
i.p. injections of ivabradine inhibit inflammatory pain–related
behaviors induced by carrageenan or formalin.27,50 Furthermore,
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deletion of HCN2 from sensory neurons has been reported to
prevent the development of pain-related behaviors after the
administration of inflammatory stimuli.12,15,39 An immunohisto-
chemical analysis–based study reported that the expression of
HCN2 in the lamina II of the SDH was augmented after the
injection of complete Freund adjuvant (CFA) into the hind
paw.35,39 These observations suggest that ivabradinemay exhibit
analgesic action against inflammatory pain by inhibition of HCN
channels in the SDH. However, the cellular mechanisms bywhich
ivabradine inhibits inflammatory pain in the SDH have yet not
been examined directly. Therefore, to explore the effect of
ivabradine on spinal HCN channels, which are involved in
inflammatory pain, we investigated whether systemic adminis-
tration or intrathecal (i.t.) injection of ivabradine induces analgesia
in inflammatory pain model rats based on behavioral measures.
Furthermore, we assessed the analgesic mechanisms of
ivabradine by examining the effect on synaptic transmission in
the SDH using immunohistochemical analyses and electrophys-
iological experiments (in vitro whole-cell patch-clamp recordings
and in vivo extracellular recording).

2. Materials and methods

2.1. Study approval

According to previous animal studies,32,33 all animal procedures
were conducted in accordance with related international ethical
guidelines; we minimized pain or discomfort to animals in this
study. This study was approved by the Institutional Animal Care
and Use Committee of Niigata University Graduate School of
Medical and Dental Science (Approval No. SA00546).

2.2. Animals

Male Wistar rats (weight, 200-250 g) were used in this study.
Animals were housed with ad libitum access to food and water
under a 12-hour light or dark cycle.

2.3. Inflammatory pain model

As described in previous studies,32,33 rats were subcutaneously
injected with 100 mL of CFA using a 100 mL microsyringe
(Hamilton, Reno, NV) with a 29-gauge needle into the plantar
surface of the hind paw to the approximate center. Two days after
the CFA injection, rats that had the threshold for the paw
withdrawal by von Frey filaments (1.4-2.0 g) were used as
inflammatory pain models. According to our previous stud-
ies,32,33 the experimenters could not be blinded to the information
about the injection of ivabradine; however, all behavioral studies
were performed by the same tester and judged by 2 evaluators
(N.O. and M.O.). Because there is a possibility that it may occur
mirror-image pain in rats with CFA injection, we did not adopt
contralateral side as a control to strictly exclude this bias.

2.4. Implantation of intrathecal catheters

As described previously,36 for implantation of i.t. catheters to
administer drugs, polyethylene PE-10 catheters were used.
Under 2% to 3% isoflurane, rats were anesthetized with
laminectomy at the L5 vertebra and inserted catheters rostrally
into the lumbar enlargement. Three to 6 days after the
implantation of catheters for recovery, all experiments were
started. Animals with the evidence of neurological dysfunction
were excluded from the experiments.

2.5. von Frey test

At least 30 minutes before starting experiments, rats were
entered and acclimated to the experimental room. To investigate
the sensitivity to mechanical stimulation and determine the force
threshold of pawwithdrawal, we applied each von Frey filament to
the plantar surface of hind paws perpendicularly.8 It was defined
that the withdrawal threshold was as the lowest force that evoked
a clear withdrawal response at least twice in 10 applications.
Every 15 minutes after i.p. or i.t. drug administration, each animal
was tested.

2.6. Measurements of the heart rate

The rats were habituated in individual chambers for 1 to 2 hours
for 2 days and for . 30 minutes immediately before the
experiment. A pulse oximeter (Stand Alone Pulse Oximeter model
no. CANL-425SV-A; Med Associates, St Albans, VT) was used to
measure the heart rate during the experiment. The sensor clip of
the pulse oximeter was placed on the rat’s thigh. These devices
are sensitive to small movements; hence, to measure the heart
rate accurately, this experiment was conducted under anesthesia
using 2% isoflurane. The heart rate was monitored continuously
and recorded for 1 minute before the experiment as a baseline
and thereafter every 15 minutes after i.p. or i.t. drug
administration.

2.7. Immunohistochemical staining for phosphorylated
extracellular signal–regulated kinase on the spinal
dorsal horn

To assess phosphorylated extracellular signal–regulated kinase
(pERK) activation, which is a marker of dorsal horn neuron
activation and an indicator of pain,32 we investigated using
immunohistochemical analyses. Using urethane (1.5 g/kg, i.p.),
rats were anesthetized and performed a dorsal laminectomy.
After that, the lumbosacral segment of the spinal cord was
removed, and the isolated spinal cord was placed in preoxy-
genated ice-cold Krebs solution. All ventral and dorsal roots,
except L5 dorsal root, were severed, and the arachnoid
membrane was removed. The spinal cord was mounted on the
stage of amicroslicer (Linear Slicer PRO7; Dosaka, Kyoto, Japan)
and cut as 650 mm thick transverse slice attached with the L5
dorsal root. This transverse slice was transferred to a recording
chamber and perfused with Krebs solution (10-15 mL/minutes)
during the experiments, which was equilibrated with a 95% O2/
5% CO2 gas mixture at 36˚C 6 1˚C for at least 3 hours before
ivabradine application. The Krebs solution contained the follow-
ing (in millimeter): NaCl, 117; KCl, 3.6; CaCl2, 2.5; MgCl2, 1.2;
NaH2PO4, 1.2; NaHCO3, 25; and D-glucose, 11.5. After the
direct application of ivabradine to the spinal cord slice for 10
minutes, the slice was then fixed in 4% paraformaldehyde for 60
minutes, equilibrated with sucrose overnight, and cut into 30 mm
thick sections using a cryostat. Sections were rinsed in
phosphate-buffered saline (PBS) and permeabilized in a solution
of 0.3% Triton X-100 (Sigma Chemicals, St. Louis, MO) in PBS
(PBS-TX). Nonspecific binding was blocked with 10% normal
goat serum (Vector Laboratories, Inc, Burlingame, CA) and
diluted in PBS, and the sections were incubated for 1 hour at
room temperature (RT). Sections were incubated with rabbit anti-
pERK1/2 antibody (1:1000; Cell Signaling Technology, Danvers,
MA) in PBS-TX overnight at RT. After rinsing in PBS, the sections
were incubated for 1 hour at RT with biotinylated goat anti-rabbit
IgG (Vector Laboratories, Inc) and diluted in PBS. Tissue sections
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were then rinsed in PBS and incubated for 1 hour at RT with a
Vectastain ABC system kit (Vector Laboratories, Inc) following the
manufacturer’s instructions. After further rinsing of tissue in PBS,
the sections were incubated in 3,39 diaminobenzidine chromo-
gen until a precipitate was visible on pERK-positive sites. A final
rinse in water was performed to stop the chromogenic reaction.
Tissue sections were then slide mounted, dehydrated, and cover
slipped with DPX nonaqueous mounting media (Sigma-Aldrich,
St. Louis, MO). To count the number of pERK-positive neurons in
the superficial SDH (laminae I-II) as described previously,32 at
least 5 nonadjacent sections were randomly selected and
counted using a microscope, which was equipped with a digital
camera system (Nikon, Tokyo, Japan).

2.8. In vitro patch-clamp recordings from substantia
gelatinosa neurons in lamina II

In vitro patch-clamp recordings from substantia gelatinosa (SG)
neuronswere obtained as described previously.32,33 A transverse
spinal cord slice was prepared as described in the Immunohis-
tochemical staining section above. Under a dissection micro-
scope with transmission illumination, lamina II of the dorsal horn
was discernible as a relatively translucent band across the dorsal
horn. Whole-cell patch-clamp recordings of the SG neurons in
lamina II were obtained under the voltage-clamp mode. The
spinal cord slice was equilibrated with Krebs solution (10-15 mL/
minutes) and irrigated with a 95%O2/5%CO2 gasmixture at 36˚C
6 1˚C. The Krebs solution was prepared as described in the
Immunohistochemical staining section. After the whole-cell
configuration was established, voltage-clamped neurons were
held at 270 mV for recording excitatory postsynaptic currents
(EPSCs) and 0 mV for recording inhibitory post-synaptic currents
(IPSCs), respectively. Patch electrodes were fabricated from thin-
walled borosilicate glass capillary tubes using a puller (Sutter
Instrument, Novato, CA), and these showed a resistance of 5 to
10 MV when filled with a cesium-based intracellular solution (in
millimeter) with the following: Cs2SO4, 110; CaCl2, 0.5; MgCl2, 2;
EGTA, 5; HEPES, 5; tetraethylammonium, 5; and ATP-Mg, 5. The
series resistances were assessed based on the response to a 5
mV hyperpolarizing step, and these values were continuously
monitored. If these values changed by more than 15% during the
recordings, data were rejected. Using an Axopatch 200B
amplifier (Molecular Devices, Union City, CA), signals were
amplified with filtered at 2 kHz and digitized at 5 kHz. Using the
pCLAMP 10.4 software suite (Molecular Devices), data were
collected and analyzed. We recorded miniature postsynaptic
currents (mPSCs) after treatment with tetrodotoxin (TTX) to block
the conduction of action potentials. The strength of synaptic
transmission can be altered through the modulation of both
“transmitter release probability” and “postsynaptic responsive-
ness,” whereas analysis of mPSCs frequency and amplitude
distribution has been used to distinguish between the pre-
synaptic and postsynaptic loci of experimental manipula-
tions.24,25 Moreover, presynaptic actions can affect the
probability of release, and changes in mPSC frequency indicate
a presynaptic effect. By contrast, changes in mPSC amplitude
can be explained by postsynaptic responsiveness alteration.24,25

Excitatory synaptic currents were evoked by L5 dorsal root
stimulation using a suction electrode. Ad fibers were stimulated at
100 mA (0.05 ms), and C fibers were stimulated at 1000 mA (0.5
ms), respectively. According to previous studies,32,33 we
classified Ad-fiber–evoked EPSCs as monosynaptic if there was
an absence of failures with repetitive stimulation at 20 Hz with
short and constant latencies. We also classified C-fiber–evoked

EPSCs as monosynaptic if there was an absence of failures with
repetitive stimulation at 1 Hz. Polysynaptic EPSCs were classified
based on their unreliable, variable latencies after stimulation using
the same protocols.

2.9. In vivo extracellular recording from the superficial spinal
dorsal horn

In vivo extracellular recordings from the superficial SDH neurons
were obtained as described previously.3,44,45 After rats were
anesthetized using urethane (1.5 g/kg, i.p.), a thoracolumbar
laminectomywas performed to expose the spinal column from L3
to L5, and then rats were placed in a stereotaxic apparatus. After
removing the arachnoid membrane to create a window large
enough for a tungsten microelectrode, the surface of the spinal
cord was equilibrated with Krebs solution (10-15 mL/minutes)
and irrigated with a 95% O2/5% CO2 gas mixture at 36˚C 6 1˚C.
The Krebs solution was the same as described in the
Immunohistochemical staining section. Extracellular single-unit
recordings from lamina I-II neurons of the superficial SDH were
obtained, and spikes were selected based on amplitude
discrimination according to previous studies.3,45 The tungsten
microelectrode (tip diameter, 25 mm and tip impedance, 9-12
MV) was inserted into the SDH of the ipsilateral side at an angle of
20 to 30 degrees (lateromedial), and recordings were obtained 20
to 100 mm below the surface, which corresponds to lamina I-II
neurons of the superficial SDH. Using the pCLAMP 10.2 software
suite (Molecular Devices), signals were amplified, digitized, and
displayed online. We searched for a region on the skin where a
touch with a cotton wisp or light brush or a noxious pinch with
forceps produced neural responses. Neurons were classified as
wide dynamic-range type if they responded to an innocuous
mechanical stimulus and a noxious pinch or as nociceptive-
specific type if they responded to a noxious pinch but not to the
cotton wisp or brush stimuli. Using a von Frey filament with a
bending force of 60 g, mechanical stimulation was applied to the
caudal dorsal skin of the ipsilateral side for 10 seconds.2 For
quantification, the spontaneous firing rate before stimulation was
subtracted from firing rates evoked by von Frey filament.

2.10. Drug administration

For the behavioral and electrophysiological experiments, ivabra-
dine (Sigma-Aldrich) and ZD7288 (Sigma-Aldrich) were adminis-
tered as i.p. injections using a 26-gauge needle or as an i.t.
injection with a 10 mL bolus delivered using a catheter.

For the immunohistochemical and electrophysiological exper-
iments, ivabradine, TTX (Wako, Osaka, Japan), forskolin (FSK)
(Sigma-Aldrich), and N-[2-[[3-(4-bromophenyl)-2-propenyl]
amino]ethyl]-5-isoquinolinesulfonamide dihydrochloride (H-89)
(Sigma-Aldrich) were first dissolved in distilled water at a
concentration of 1000 times compared with the final concentra-
tion for storage (ivabradine, 10 mM; TTX, 0.5 mM; and FSK,
50 mM; and H-89, 10 mM). Before use, we diluted these stock
solutions in Krebs solution to the final concentrations.

2.11. Statistical analysis

Data are expressed as mean 6 SD. We used neither random-
ization methods to assign rats for the experimental conditions nor
blinding during the procedures, as described previously.32,33 The
sample sizes in this study were based on previous studies32,33 so
that power analyses were not performed. Data obtained from
behavioral experiments were analyzed within groups. Analysis for
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themechanical thresholds after injection of a vehicle or ivabradine
was performed using two-way repeated-measures analyses of
variance (ANOVAs) (variables: time and drug dose) followed by
Bonferroni multiple post hoc comparisons. Data obtained from
immunohistochemical studies were analyzed using a one-way
ANOVA with a Bonferroni multiple post hoc comparison. Data
obtained from electrophysiological experiments were compared
between groups using Student (paired or unpaired) 2-tailed t tests
or one-way ANOVA with a Bonferroni multiple post hoc
comparison. The Kolmogorov–Smirnov test was also used to
compare cumulative distributions of postsynaptic current pa-
rameters. The StatView 5 software (SAS Institute, Cary, NC) was
used for the statistical analyses. Statistical significance was
defined as P , 0.05.

3. Results

3.1. Ivabradine induces analgesia against mechanical
allodynia in inflammatory pain model rats

Clinically, ivabradine is systemically administered for the treat-
ment of chronic heart failure, and previous studies have
systemically injected ivabradine into neuropathic pain mod-
els31,43,50; therefore, we first investigated whether systemic
injection of ivabradine could reduce mechanical allodynia in
inflammatory pain model rats. Intraperitoneal injection of ivabra-
dine at doses of 1, 3, and 10 mg/kg significantly increased the
mechanical threshold for paw withdrawal in a concentration-
dependent manner during von Frey stimulation (n5 6/dose; P,
0.05, 2-way repeated-measures ANOVA followed by Bonferroni
post hoc comparison; Fig. 1A). At 30 to 45 minutes after i.p.
injections of ivabradine, we observed the maximal mechanical
threshold which was gradually close to the baseline value (Fig.
1A). Our findings indicate that systemic administration of
ivabradine produces analgesia against mechanical allodynia in
inflammatory pain.

To explore the effect of ivabradine on spinal HCN channels
associated with inflammatory pain, we investigated whether i.t.
injection of ivabradine could reduce mechanical allodynia in
inflammatory painmodel rats. Intrathecal injection of ivabradine at
doses of 0.3, 1, and 3 nmol significantly increased themechanical
threshold for paw withdrawal in a concentration-dependent
manner (n 5 6/dose; P , 0.05, 2-way repeated-measures
ANOVA followed by Bonferroni post hoc comparison; Fig. 1B). At
15 to 30 minutes after i.t. injections of ivabradine, we observed
the maximal mechanical threshold which was gradually close to
the baseline value (Fig. 1B). Our findings suggest that blockage of
spinal HCN channels by ivabradine induces analgesia against
mechanical allodynia in inflammatory pain model rats.

Ivabradine is a P-glycoprotein substrate and as such is actively
pumped out of the blood–brain barrier; thus, its presence in the
periphery can still yield side effects because of its bradycardic
effect on the heart. Therefore, we then investigatedwhether i.p. or
i.t. injection of ivabradine could affect the heart rate in the
inflammatory pain model rats. Intraperitoneal injection of ivabra-
dine (10 mg/kg) significantly decreased the heart rate, but the
other doses of ivabradine (1, 3 mg/kg), including the vehicle
group, did not affect the heart rate (n5 6/dose; 2-way repeated-
measures ANOVA followed by Bonferroni post hoc comparison;
Fig. 1C). Contrarily, we found that i.t. injection of ivabradine at
doses of 0.3, 1, and 3 nmol did not affect the heart rate (n 5 6/
dose; 2-way repeated-measures ANOVA followed by Bonferroni
post hoc comparison; Fig. 1D).

3.2. Ivabradine suppressed phosphorylated extracellular
signal–regulated kinase activation in the superficial spinal
dorsal horn (laminae I-II)

To investigate the distribution of the neurons in the superficial dorsal
horn (laminae I-II) that responded to ivabradine, we examined pERK
activation using immunohistochemical staining and counted the
number of pERK-positive neurons in the superficial SDH.32 Figures
2A and B correspond to naive and inflammatory pain model rats
under Krebs solution. Figure 2C corresponds to inflammatory pain
model rats after direct application of ivabradine to the spinal cord for
10 minutes. The number of pERK-positive neurons in the superficial
SDH of inflammatory pain model rats (30.7 6 4.1, n 5 6) was
significantly higher than that in the naive rats (7.96 2.7, n5 6; P,
0.01, 1-way ANOVA followed by Bonferroni post hoc comparison;
Fig. 2D). When spinal cord slices from inflammatory pain model rats
were treated with ivabradine, however, the number of pERK-positive
neurons was significantly lower (19.5 6 2.7, n 5 6) than when they
were not treated (P , 0.01, 1-way ANOVA followed by Bonferroni
post hoc comparison;Fig. 2D). These results suggest that ivabradine
acts on the superficial SDH and suppresses the pERK activation,
which may contribute to analgesia against inflammatory pain.

3.3. Ivabradine decreases the miniature excitatory
postsynaptic currents frequency of substantia gelatinosa
neurons in the spinal dorsal horn without changing
their amplitude

Our behavioral and immunohistochemical experiments suggest
that ivabradine induces analgesia against inflammatory pain by
inhibition of neuronal activity in the superficial SDH. Therefore, we
investigated analgesic mechanisms of ivabradine in the SDH. In
the superficial SDH, it is known that SG neurons in lamina II
particularly contain many kinds of neurotransmitters and express
various receptors that modulate nociceptive information. Fur-
thermore, it is reported that HCN channels are expressed in
lamina II of the SDH and that the expression of HCN channels is
augmented in the presence of inflammatory pain. Therefore, we
investigated the effect of ivabradine on synaptic transmission on
SG neurons in lamina II with in vitro patch-clamp recordings.

We first investigated whether ivabradine affects excitatory
synaptic transmission on SG neurons. Miniature EPSCs
(mEPSCs) were isolated by adding TTX (0.5 mM). Although direct
application of ivabradine to the spinal cord (10 mM, 5 minutes) in
naive rats did not affect the mean mEPSCs amplitude (control,
16.3 6 6.0 pA; ivabradine, 16.0. 6 6.0 pA; 98.2 6 3.4% of
control; n 5 8; P 5 0.30, paired t test; Fig. 3A), it significantly
decreased the mean mEPSCs frequency in the ivabradine group
(control, 10.56 6.8 Hz; ivabradine, 8.56 5.9 Hz; 78.66 7.2% of
control; n5 8; P5 0.0025, paired t test; Fig. 3A). Ivabradine did
not affect the cumulative distribution of mEPSCs amplitudes;
however, the cumulative interevent interval distribution of
mEPSCs showed a significant rightward shift in the ivabradine
group relative to that in the control group (Kolmogorov–Smirnov
test, P , 0.01; Fig. 3A, right panel). Considering from that
changes in mEPSCs frequency reflect a presynaptic glutamate
release, our results in naive rats suggest that ivabradine
decreases presynaptic glutamate release on SG neurons.

Similarly, in inflammatory pain model rats, ivabradine did not
affect the mean mEPSCs amplitude (control, 20.3 6 3.0 pA;
ivabradine, 20.0 6 3.1 pA; 98.7 6 5.0% of control; n 5 13; P 5
0.37, paired t test; Fig. 3B), it significantly decreased the mean
mEPSCs frequency in the ivabradine group (control, 13.468.9Hz;
ivabradine, 8.8 6 6.3 Hz; 65.5 6 13.7% of control; n 5 13; P 5
0.00020, paired t test; Fig. 3B). Ivabradine did not affect the
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Figure 1. Ivabradine induces analgesia against mechanical allodynia in inflammatory painmodel rats. (A) Intraperitoneal injection of ivabradine at doses of 1, 3, and
10 mg/kg significantly increased the mechanical threshold for pawwithdrawal in a concentration-dependent manner during von Frey stimulation (n5 6/dose). (B)
Intrathecal injection of ivabradine at doses of 0.3, 1, and 3 nmol significantly increased themechanical threshold for pawwithdrawal in a concentration-dependent
manner during von Frey stimulation (n5 6/dose). (C) Intraperitoneal injection of ivabradine (10mg/kg) significantly decreased the heart rate, but the other doses of
ivabradine (1, 3 mg/kg), including the vehicle group, did not affect the heart rate (1, 3, or 10 mg/kg; n5 6/dose). (D) Intrathecal injection of ivabradine at doses of
0.3, 1, and 3 nmol did not affect the heart rate (n 5 6/dose). The data are presented as *P , 0.05, **P , 0.01, 2-way repeated-measures analysis of variance
(variables: time and drug dose) followed by Bonferroni post hoc comparison.
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cumulative distribution of mEPSCs amplitudes; however, the
cumulative interevent interval distribution of mEPSCs showed a
significant rightward shift in the ivabradine group, relative to that in
the control group (Kolmogorov–Smirnov test, P , 0.01; Fig. 3B,
right panel). The inhibition ratio for the mEPSCs frequency after
ivabradine superfusion in inflammatory pain model rats was
significantly stronger than that in naive rats (naive, 21.4 6 7.2%;
inflammatory pain model, 34.5 6 13.7%; P 5 0.022, unpaired t
test; Fig. 3C). These findings suggest that ivabradine also
suppresses presynaptic glutamate release on SG neurons in
inflammatory pain model rats, and these inhibitions of presynaptic
glutamate release on SG neurons by ivabradine are stronger in an
inflammatory pain model than in naive rats.

3.4. Ivabradine inhibits the forskolin-induced increases in
miniature excitatory postsynaptic current frequency of
substantia gelatinosa neurons in the spinal dorsal horn in
inflammatory pain model rats

Because previous studies have shown that HCN2 and HCN4
channels can be activated by intracellular cyclic adenosine
monophosphate (cAMP),5,18 we considered that activation of
HCN channels by FSK, an activator of adenylate cyclase,13,16

might increase the mEPSCs frequency of SG neurons in the
dorsal horn and that ivabradine might inhibit these FSK-induced
increases of the mEPSCs frequency. Furthermore, it is reported
that the expression of HCN channels in lamina II of the SDH was
augmented under inflammatory pain.35,39 To confirm whether the
effect of ivabradine onmEPSCs is by its action on HCN channels,

we investigated the underlying mechanism of ivabradine-induced
decrease inmEPSCs frequency using inflammatory painmodel rats.
Although direct application of FSK to the spinal cord (50 mM, 3
minutes) did not affect themeanmEPSCsamplitude (control, 14.26
3.7pA; FSK, 14.263.7pA; 99.966.0%of control; n55;P50.99,
1-way ANOVA followed by Bonferroni post hoc comparison; Fig.
3D), the FSK group showed a significantly higher mean mEPSCs
frequency than the control group (control, 10.56 5.3 Hz; FSK, 26.8
6 12.1 Hz; 266.9 6 32.2% of control; n 5 5; P 5 0.011, 1-way
ANOVA followed by Bonferroni post hoc comparison; Fig. 3D).
Although ivabradine did not affect FSK-induced mEPSC amplitude
(ivabradine1FSK, 14.263.3 pA; 100.564.9%of FSK; n5 5;P5
0.99, 1-way ANOVA followed by Bonferroni post hoc comparison;
Fig. 3D) in pretreated slices, it inhibited the FSK-induced increases in
mEPSC frequency (ivabradine1 FSK, 12.26 6.8 Hz; 43.56 7.4%
of FSK; n55;P50.019, 1-wayANOVA followedbyBonferroni post
hoc comparison; Fig. 3D). It is also known that FSK upregulates
cAMP, which can trigger a number of cellular processes and lead to
the subsequent phosphorylation of various ion channels. For
example, activation of protein kinase A (PKA) is caused by an
adenylyl cyclase-cAMP-PKA signaling cascade and leads to
synaptic plasticity in several regions. Therefore, to support our
results of analgesic mechanism of ivabradine with FSK, we also
conducted electrophysiological experiments using a PKA inhibitor,
H-89,which belongs downstream in the cAMPpathway. As a result,
the pretreated H-89 (10 mM) inhibited the FSK-induced increases in
mEPSC frequency (control, 8.9 6 2.5 Hz; H-89 1 FSK, 8.8 6 1.2
Hz; 104.2623.9%of control; n55;P50.99, paired t test;Fig. 3E),
and these results mimicked those of ivabradine and FSK. These

Figure 2. Ivabradine suppresses the pERK in the superficial spinal dorsal horn (SDH). Representative images of pERK-positive neurons in the slices of the
superficial SDH. Images corresponding to (A) naive rats (n 5 6) and (B) inflammatory pain model rats under Krebs solution (n 5 6). (C) Images corresponding to
inflammatory pain model rats after direct application of ivabradine to the spinal cord for 10 minutes (n5 6). (D) The graph represents the number of pERK-positive
neurons on each slice of the superficial SDH (laminae I-II). The data are presented as mean 6 SD, **P, 0.01, 1-way analysis of variance followed by Bonferroni
post hoc comparison. pERK, phosphorylated extracellular signal–regulated kinase.
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Figure 3. Ivabradine suppresses glutamate release by inhibiting the presynaptic hyperpolarization-activated cyclic nucleotide–gated cation channels on
substantia gelatinosa (SG) neurons in the spinal dorsal horn (SDH), and these inhibitions are stronger in inflammatory pain model rats. In vitro patch-clamp
recordings from SG neurons in the SDH. (A) In naive rats, direct application of ivabradine to the spinal cord (10 mM, 5minutes) did not change the mean miniature
excitatory postsynaptic currents (mEPSCs) amplitude and did not affect the cumulative distribution of mEPSC amplitudes (n 5 8; paired t test). Contrarily,
ivabradine significantly decreased the mean mEPSCs frequency and the cumulative interevent interval distribution showed a significant rightward shift (n 5 8;
paired t test). (B) In inflammatory painmodel rats, direct application of ivabradine (10mM, 5minutes) did not change themeanmEPSC amplitude and did not affect
the cumulative distribution of mEPSC amplitudes (n 5 13; paired t test). Contrarily, ivabradine significantly decreased the mean mEPSCs frequency and the
cumulative interevent interval distribution showed a significant rightward shift (n 5 13; paired t test). (C) The inhibition ratio for the mEPSC frequency after
ivabradine superfusion in inflammatory pain model rats was significantly stronger than that in naive rats (unpaired t test). (D) In inflammatory pain model rats, direct
application of FSK to the spinal cord (FSK; 50 mM, 3 minutes) did not affect the mean mEPSCs amplitude (n5 5); however, the mean mEPSCs frequency in the
FSK group is significantly higher than that in the control group (n 5 5; 1-way analyses of variance [ANOVA] followed by Bonferroni post hoc comparison). Direct
application of FSK also did not affect the mean mEPSC amplitude after pretreatment of slices with ivabradine (n 5 5), but FSK-induced increases in mEPSCs
frequency were inhibited by pretreatment with ivabradine (n5 5; 1-way ANOVA followed by Bonferroni post hoc comparison). (E) Direct application of FSK did not
affect themeanmEPSC amplitude or frequency after pretreatment with H-89 (10mM) (n5 5; paired t test). The data are presented asmean6SD, *P, 0.05, **P,
0.01. FSK, forskolin; H-89, N-[2-[[3-(4-bromophenyl)-2-propenyl]amino]ethyl]-5-isoquinolinesulfonamide dihydrochloride; TTX, tetrodotoxin.

Copyright © 2021 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.

Month 2021·Volume 00·Number 00 www.painjournalonline.com 7



results suggest that ivabradine suppresses glutamate release by
inhibiting the presynaptic HCN channels on SG neurons in
inflammatory pain model rats.

3.5. Ivabradine does not affect the miniature inhibitory
postsynaptic currents of substantia gelatinosa neurons in
the spinal dorsal horn

Subsequently, we investigated whether ivabradine affects inhibitory
synaptic transmission on SG neurons. Miniature IPSCs (mIPSCs)
were isolated by adding TTX (0.5 mM). Direct application of
ivabradine (10 mM, 5 minutes) in naive rats did not affect the mean

mIPSC amplitude (control: 15.0 6 2.8 pA; ivabradine: 14.8 6 2.7

pA, 99.064.4%of control; n5 11;P5 0.43, paired t test;Fig. 4A)

or frequency (control: 4.463.2Hz; ivabradine: 4.463.1Hz, 103.9

6 12.1% of control; n 5 11; P 5 0.80, paired t test; Fig. 4A).

Similarly, in inflammatory pain model rats, ivabradine did not affect

the mean mIPSC amplitude (control, 13.1 6 3.5 pA; ivabradine,

13.36 3.8 pA; 101.26 4.8% of control; n5 8; P5 0.35, paired t

test; Fig. 4B) or frequency (control: 3.06 1.0 Hz; ivabradine: 3.06

0.9Hz, 100.16 9.7%of control; n5 6;P5 0.74, paired t test; Fig.

4B). These results suggest that ivabradine does not affect the

inhibitory interneurons on SG neurons in the SDH.

3.6. Ivabradine reduces the amplitudes of monosynaptic Ad-
fiber–evoked and C-fiber–evoked excitatory postsynaptic

currents on substantia gelatinosa neurons in the spinal
dorsal horn

Our behavioral evidence suggests that ivabradine inhibits
neuronal activity evoked by mechanical stimulation, and primary
afferent fibers are known to terminate in the SDH.19,20,49

Therefore, we examined the effect of ivabradine on EPSCs
evoked by the stimulation of primary afferent Ad fibers and C
fibers in dorsal roots.

Direct application of ivabradine (10 mM, 5minutes) in naive rats
decreased both the amplitudes of monosynaptic Ad-fiber–
evoked EPSCs (control, 335.3 6 287.3 pA; ivabradine, 274.6
6 234.8 pA; 79.4 6 7.1% of control; n 5 6; P 5 0.037, paired t
test; Fig. 5A) and those of monosynaptic C-fiber–evoked EPSCs
(control, 335.5 6 238.8 pA; ivabradine, 263.6 6 193.2 pA; 77.3
6 8.5% of control; n 5 6; P 5 0.023, paired t test; Fig. 5A).
Similarly, in inflammatory pain model rats, ivabradine decreased
both the amplitudes of monosynaptic Ad-fiber–evoked EPSCs
(control, 182.6 6 62.5 pA; ivabradine, 138.2 6 42.4 pA; 76.2 6
4.8% of control; n 5 6; P 5 0.0050, paired t test; Fig. 5B) and
those of monosynaptic C-fiber–evoked EPSCs (control, 132.96
33.6 pA; ivabradine, 87.76 26.6 pA; 65.86 6.1% of control; n5
6; P 5 0.00030, paired t test; Fig. 5B).

In inflammatory pain model rats, the inhibition ratio for the
amplitudes of monosynaptic C-fiber–evoked EPSCs after ivab-
radine superfusion was significantly stronger than that for the
amplitudes of monosynaptic Ad-fiber–evoked EPSCs (Ad fibers,
23.8 6 4.8%; C fibers, 34.2 6 6.1%; P 5 0.015, 1-way ANOVA
followed by Bonferroni post hoc comparisons; Fig. 5C); however,

Figure 4. Ivabradine does not affect the inhibitory interneurons of substantia gelatinosa (SG) neurons in the spinal dorsal horn (SDH). In vitro patch-clamp
recordings from SG neurons in the SDH. (A) In naive rats, direct application of ivabradine (10 mM, 5 minutes) did not change the mean miniature inhibitory
postsynaptic current (mIPSC) amplitude (n5 11; paired t test) or frequency (n5 11;P. 0.05, paired t test). (B) In inflammatory painmodel rats, direct application of
ivabradine (10mM, 5minutes) did not change themeanmIPSC amplitude (n5 8; paired t test) or frequency (n5 8; paired t test). The data are presented asmeans
6 SDs. TTX, tetrodotoxin.
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Figure 5. Ivabradine inhibits the glutamatergic-evoked excitatory postsynaptic current (EPSC) amplitudes by hyperpolarization-activated cyclic nucleotide–gated
cation channels expressed on primary afferent Ad and C fibers of substantia gelatinosa (SG) neurons in the spinal dorsal horn (SDH), and ivabradine induces a
stronger inhibition in the amplitudes of monosynaptic C-fiber–evoked EPSCs in inflammatory pain model rats. In vitro patch-clamp recordings from SG neurons in
the SDH. (A) In naive rats, direct application of ivabradine (10 mM, 5 minutes) decreased both the amplitudes of monosynaptic Ad-fiber–evoked EPSCs (n 5 6;
paired t test) and those of monosynaptic C-fiber–evoked EPSCs (n5 6; paired t test). (B) In inflammatory painmodel rats, direct application of ivabradine (10mM, 5
minutes) decreased both the amplitudes of monosynaptic Ad-fiber–evoked EPSCs (n5 6; paired t test) and those of monosynaptic C-fiber–evoked EPSCs (n5 6;
paired t test). (C) The inhibition ratio for the amplitudes of monosynaptic C-fiber–evoked EPSCs after ivabradine superfusion in inflammatory pain model rats was
significantly stronger than that for the amplitudes of monosynaptic Ad-fiber–evoked EPSCs in inflammatory pain model rats and that for the amplitudes of
monosynaptic Ad-fiber–evoked and C-fiber–evoked EPSCs in naive rats (1-way analysis of variance [ANOVA] followed by Bonferroni post hoc comparisons). The
daggers indicate a significant decrease in the amplitudes of monosynaptic Ad-fiber–evoked or C-fiber–evoked EPSCs after ivabradine application compared with
before application (paired t test). (D) In inflammatory pain model rats, direct application of FSK (50 mM, 3 minutes) significantly increased the amplitudes of
monosynaptic Ad-fiber–evoked and C-fiber–evoked EPSCs (n5 6; 1-way ANOVA followed by Bonferroni post hoc comparison). These FSK-induced increases in
the amplitudes of monosynaptic Ad-fiber–evoked and C-fiber–evoked EPSCs were inhibited by pretreatment with ivabradine (n5 6; 1-way ANOVA followed by
Bonferroni post hoc comparison). (E) The inhibition ratio for FSK-induced increases in the amplitudes of monosynaptic C-fiber–evoked EPSCs after pretreatment
with ivabradinewas significantly stronger than that in the amplitudes ofmonosynaptic Ad-fiber–evoked EPSCs (unpaired t test). (F) Direct application of FSK did not
affect the amplitudes of monosynaptic Ad-fiber–evoked EPSCs (n 5 4; paired t test) or those of monosynaptic C-fiber–evoked EPSCs (n 5 5; paired t test) after
pretreatment with H-89 (10 mM). The data are presented as mean 6 SD, *P , 0.05, **P , 0.01, †P , 0.05, ††P , 0.01. FSK, forskolin; H-89, N-[2-[[3-(4-
bromophenyl)-2-propenyl]amino]ethyl]-5-isoquinolinesulfonamide dihydrochloride; TTX, tetrodotoxin.
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there was no difference in naive rats (Ad fibers, 20.6 6 7.1%; C
fibers, 22.7 6 8.5%; P 5 0.60, 1-way ANOVA followed by
Bonferroni post hoc comparison; Fig. 5C). Moreover, we
compared the inhibition ratio for the amplitudes of monosynaptic
EPSCs between the naive and inflammatory pain model rats. The
inhibition ratio for the amplitudes of monosynaptic Ad-fiber–
evoked EPSCs after ivabradine superfusionwas not different (P5
0.41, 1-way ANOVA followed by Bonferroni post hoc compar-
ison; Fig. 5C), whereas that for the amplitudes of monosynaptic
C-fiber–evoked EPSCs in inflammatory pain model rats was
significantly stronger than that in naive rats (P 5 0.0076, 1-way
ANOVA followed by Bonferroni post hoc comparison; Fig. 5C).
These findings indicate that ivabradine reduces the amplitudes of
monosynaptic Ad-fiber–evoked and C-fiber–evoked EPSCs on
SG neurons in both naive and inflammatory pain model rats and
induces a stronger inhibition in the amplitudes of monosynaptic
C-fiber–evoked EPSCs in inflammatory pain model rats.

3.7. Ivabradine inhibits the forskolin-induced increases in the
amplitudes of monosynaptic Ad-fiber–evoked and C-
fiber–evoked excitatory postsynaptic currents by
hyperpolarization-activated cyclic nucleotide–gated cation
channels on substantia gelatinosa neurons in the spinal
dorsal horn in inflammatory pain model rats

Several previous studies have reported that HCN channels are
expressed on the primary afferent Ad fibers and C fibers that
terminated in the SDH and modulate nociceptive synaptic trans-
mission.4,35,39,42,43 As described earlier, the HCN channels can be
activated by cAMP5,18; hence, we considered that the activation of
HCN channels by FSK might increase the glutamatergic–evoked
EPSC amplitude of SG neurons in the SDH and ivabradine might
inhibit these FSK-induced increases in the glutamatergic-evoked
EPSC amplitude. Therefore, we investigated using inflammatory
pain model rats whether ivabradine-induced decrease in the
amplitudes of monosynaptic Ad-fiber–evoked and C-fiber–evoked
EPSCs is through HCN channels.

Direct application of FSK (50 mM, 3 minutes) significantly
increased both the amplitudes of monosynaptic Ad-fiber–evoked
EPSCs (control, 112.86 51.9 pA; FSK, 181.2 6 63.5 pA; 173.3
6 43.8% of control; n5 6; P5 0.042, 1-way ANOVA followed by
Bonferroni post hoc comparison; Fig. 5D) and those of mono-
synaptic C-fiber–evoked EPSCs (control, 118.06 88.5 pA; FSK,
282.66 154.5 pA; 271.76 79.0% of control; n5 6; P5 0.024,
1-way ANOVA followed by Bonferroni post hoc comparison; Fig.
5D). These FSK-induced increases in the amplitudes of mono-
synaptic Ad-fiber–evoked and C-fiber–evoked EPSCs were
inhibited by pretreatment with ivabradine (Ad fibers; ivabradine
1 FSK, 99.66 43.5 pA; n5 6; P5 0.019, C fibers; ivabradine1
FSK, 124.36 84.2 pA; n5 6; P5 0.029, 1-way ANOVA followed
by Bonferroni post hoc comparison; Fig. 5D). The inhibition ratio
for FSK-induced increases in the amplitudes of monosynaptic C-
fiber–evoked EPSCs after pretreatment with ivabradine was
significantly stronger than that in the amplitudes of monosynaptic
Ad-fiber–evoked EPSCs (Ad fibers, 45.66 11.2%; C fibers, 59.3
6 9.7%;P5 0.047, unpaired t test;Fig. 5E). We also investigated
the responses for the amplitudes of monosynaptic Ad-fiber–
evoked and C-fiber–evoked EPSCs using H-89 and found that
the pretreated H-89 (10mM) inhibited the FSK-induced increases
in the amplitudes of monosynaptic Ad-fiber–evoked and C-
fiber–evoked EPSCs (Ad fibers: control, 289.76 91.9 pA; H-891
FSK, 292.66 109.4 pA; 99.26 8.1% of control; n5 4; P5 0.97,
paired t test, C fibers: control, 219.0 6 157.0 pA; H-89 1 FSK,
219.3 6 160.9 pA; 98.9 6 6.0% of control; n 5 5; P 5 0.99,

paired t test; Fig. 5F), and mimicked the results of ivabradine and
FSK. These results suggest that ivabradine inhibits the FSK-
induced increases in the glutamatergic-evoked EPSC amplitudes
through HCN channels, which is caused by the activation of
cAMP production, expressed on primary afferent Ad fibers and C
fibers of SG neurons in the SDH in inflammatory pain model rats.

3.8. Both central and peripheral application of ivabradine
suppresses stimulus-evoked firing on the superficial spinal
dorsal horn in inflammatory pain model rats

Our behavioral and electrophysiological evidence suggests that
ivabradine inhibits neuronal activity evoked by the peripheral
mechanical stimulation in inflammatory pain model rats. Therefore,
we finally investigated whether ivabradine actually suppresses the
spinal response of mechanical stimulation–evoked firing under in
vivo conditions using extracellular recording.

Although direct application of ivabradine to the spinal cord
(10 mM, 5 minutes) in naive rats decreased the stimulus-evoked
firing on the superficial SDH very slightly (n5 8; P. 0.05, 1-way
ANOVA followed by Bonferroni post hoc comparisons; Fig. 6A),
direct application of ivabradine in the inflammatory pain model
rats significantly decreased the stimulus-evoked firing (n5 8; P,
0.01, 1-way ANOVA followed by Bonferroni post hoc compar-
ison; Fig. 6B). At 15 to 30 minutes after direct application of
ivabradine, we observed the maximal effect which was gradually
close to the baseline value (Figs. 6A and B). There was no
difference in the recording depth of all neurons between the naive
and inflammatory pain model rats (naive, 68.4 6 35.8 mm;
inflammatory pain model, 64.0 6 28.6 mm; n 5 8; P 5 0.79,
unpaired t test). These results suggest that the direct application
of ivabradine inhibits the stimulus-evoked firing on the superficial
SDH in inflammatory pain model rats.

However, a study reported that ivabradine is strongly peripher-
ally restricted because ivabradine is poorly membrane-permeant
and a P-glycoprotein substrate, which is pumped out of the
blood–brain barrier.50 Nevertheless, our study suggested that both
i.p. and i.t. administration of ivabradine induce analgesia against
mechanical allodynia by the inhibition of HCN channels in the SDH
directly. These findings seem to conflict with the findings of a
previous report.9 We further aimed to confirm the cellular
mechanisms of ivabradine and assess whether ivabradine injected
peripherally suppresses the spinal response under in vivo
conditions. We found that i.p. injection of ivabradine (10 mg/kg)
to the inflammatory pain model rats significantly decreased the
stimulus-evoked firing on the superficial SDH (n5 6; P, 0.05, 1-
way ANOVA followed by Bonferroni post hoc comparison; Fig.
6C). At 45minutes after i.p. injection of ivabradine,weobserved the
maximal effect. However, i.p. injection of ZD7288 (3 mg/kg) to the
inflammatory pain model rats, which is also a selective HCN
channel blocker, did not decrease the stimulus-evoked firing (n5
6; P . 0.05, 1-way ANOVA followed by Bonferroni post hoc
comparison). These results reveal that both central and peripheral
application of ivabradine suppresses the stimulus-evoked firing on
the superficial SDH in inflammatory pain model rats.

4. Discussion

Studies have reported that the inhibition of HCN channels on the
SDH contributes to neuropathic pain alleviation42,43; therefore,
ivabradine, a nonselective HCN channel blocker,7,41 is consid-
ered to induce analgesia against neuropathic pain.31,43,50

However, few studies have investigated the analgesic effect of
ivabradine against inflammatory pain, and the precise cellular
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mechanisms of ivabradine against SDH-mediated inflammatory
pain remain unknown. We found that ivabradine induces
analgesia against inflammatory pain by presynaptic HCN
channels expressed on primary afferent Ad fibers and C fibers
of SG neurons in the SDH.

The pathogenesis of inflammatory and neuropathic pain is
different. Inflammatory pain is initiated by tissue injury and
normally resolves once the injury heals. Contrarily, neuropathic
pain is mainly initiated by damage to peripheral nerves caused by
direct damage or metabolic insufficiency. However, both types of
pain are known to induce central sensitization, causing allodynia

and hypersensitivity.21,47 A study reported that after inflammatory
action or peripheral nerve injury, the repetitive activity of afferents
elicits an activity-dependent increase in Ca21 influx into their
terminals, which may activate Ca21 calmodulin–sensitive adeny-
late cyclase, leading to an increase in the level of cAMP.26 Cyclic
adenosine monophosphate modulates HCN channels,34 and
HCN channels seem to increase their excitatory synaptic trans-
mission through the depolarization of the afferent terminals by
cAMP activation in both inflammatory and neuropathic pain.
Therefore, it is difficult to distinguish the phenomena and
mechanisms between inflammatory and neuropathic pain.

Figure 6. Both central and peripheral application of ivabradine suppresses stimulus-evoked firing on the superficial spinal dorsal horn (SDH) in inflammatory pain
model rats. In vivo extracellular recording from the superficial SDH. (A) In naive rats, direct application of ivabradine to the spinal cord (10 mM, 5 minutes) did not
change the stimulus-evoked firing on the superficial SDH (n5 8;P. 0.05, 1-way analysis of variance [ANOVA] followed by Bonferroni post hoc comparison). (B) In
inflammatory pain model rats, direct application of ivabradine (10 mM, 5 minutes) significantly decreased the stimulus-evoked firing on the superficial SDH (n5 8;
**P , 0.01, 1-way ANOVA followed by Bonferroni post hoc comparison). (C) In inflammatory pain model rats, intraperitoneal injection of ivabradine (10 mg/kg)
significantly decreased the stimulus-evoked firing on the superficial SDH (n5 6; *P, 0.05, 1-way ANOVA followed by Bonferroni post hoc comparison). The data
are presented as mean 6 SD. vFF, von Frey filament.
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However, previous studies reported that in a neuropathic pain
model, peripheral administration of ZD7288-induced analge-
sia9,42 and bath-applied ZD7288 to the spinal cord reduced the
mEPSCs frequency and amplitudes of monosynaptic EPSCs.42

These responses are similar to those observed in our study;
therefore, we believe that a similar mechanism and phenomenon
of synaptic modulation through HCN channels were observed in
inflammatory pain model rats and contributed to the analgesic
effects of ivabradine in the SDH.

Our results suggest that there may be an increase in HCN activity
in presynaptic terminals after inflammation because previous studies
reported that HCN2 channels in spinal terminals are involved in the
facilitation of peripheral action potential generation and transmission
after inflammation.35,39 A previous study demonstrated that pre-
synaptic spinal HCN2 channels colocalize with calcitonin gene–
related peptide-positive neurons under inflammation.4 The expres-
sion of HCN2 channels was especially facilitated in the C fibers in an
inflammatory pain model,51 which is similar to our results showing
that ivabradine induces stronger inhibition of neuronal excitability on
C-fiber terminals of SG neurons under inflammation. These findings
support the hypothesis that HCN2 participates in the facilitation of
spinal transmission of nociceptive input and, thus, spinal sensitiza-
tion.4,39 Inflammatory pain behavior of PKA-inhibited mutant mice
was strongly diminished after mechanical stimulation, and facilitation
of HCN currents by cAMP was abolished in PKA-inhibited mutant
neurons.15 These results indicate that an increase in HCN activity in
thepresynaptic terminals ismainly causedby an increase in theHCN
function led by the sensitization conferred by cAMP after in-
flammation. We suggest that ivabradine inhibits these mechanisms
that lead to the analgesia. To confirm these mechanisms, dorsal
rhizotomy should be performed; however, we stimulated spinal cord
slices with an attached L5 dorsal root because our experiments
required synaptic transmission between terminals and dorsal horn
neurons. Furthermore, a previous study concluded that dorsal
rhizotomy resulted in a complete loss of HCN2 immunoreactivity in
the SDH.4 We also experimented under TTX, where changes in
mPSCs frequency indicate the action of the presynaptic terminals,
and our results demonstrate that ivabradine inhibits HCN activity in
presynaptic terminals. Taken together, we consider that the
analgesic mechanism of ivabradine inhibits the HCN activity in the
presynaptic terminals whose function is increased because of
sensitization after inflammatory pain.

The concentration of ivabradine in spinal fluid has not been
investigated; therefore, we used several concentrations for
behavioral experiments. The concentrations of ivabradine (i.t.)
that we used in our behavioral experiments are nearly equivalent
to the spinal ivabradine concentration of 10 mM in electrophys-
iological experiments. Previous studies also reported that
ivabradine has no subtype-specificity expressed on cloned
HCN channels (.2 mM at HCN1-4),41 or ivabradine (10-30 mM)
inhibited the HCN channels expressed on human embryonic
kidney neurons or dorsal root ganglion neurons.7,31,50 However,
we found that similar levels of analgesia were achieved by i.p. and
i.t. injections of ivabradine with different doses. These results
suggest that the analgesia obtained by the i.p. injection dosage of
ivabradine is equivalent to that obtained by the i.t. injection
concentration in the spinal fluid. Furthermore, ivabradine is a P-
glycoprotein substrate and as such is actively pumped out of the
blood–brain barrier; thus, its presence in the periphery can still
yield side effects due to the bradycardic effect on the heart.
Therefore, we also estimated whether i.p. or i.t. injection of
ivabradine could reduce the heart rate and found that i.p. injection
of ivabradine at a higher dose decreased the heart rate but i.p.
injection at other doses and i.t. injection did not. A previous study

reported that the IC50 values of ivabradine for bradycardia and
analgesia were similar,50 but our results suggest that ivabradine
acts as an analgesic at a lower dosage comparedwith that for it to
act as a bradycardic agent.

We proposed a model circuit for the analgesic mechanism of
ivabradine in the SDH (Fig. 7). Interestingly, our results
demonstrated that both central and peripheral administration of
ivabradine suppresses the stimulus-evoked firing on the SDH in
inflammatory pain model rats, whereas peripheral administration
of ZD7288 did not. It is known that peripheral, but not central,
administration of ZD7288 causes analgesia.9,12 This is because
ZD7288 contains a charged quaternary amine, is strongly
peripherally restricted, and cannot penetrate the central nervous
system. Similar to ZD7288, ivabradine is known to be strongly
peripherally restricted17; hence, we suspected that the same
phenomenon might occur. Indeed, our speculations were
confirmed because HCN2-deficient mice exhibited a spontane-
ous absence of seizures.22 Therefore, our findings seem to be in
conflict with the findings of a previous study9 because both
ivabradine and ZD7288 are known to be strongly peripherally
restricted. We believe this is because of the difference in cellular
mechanisms between ivabradine and ZD7288. The binding site
of ivabradine is known to be intracellular6; thus ivabradine could
enter afferent fibers in the periphery and diffuse within the
cytoplasm to have a physiologically important action at the central
terminals. However, the binding site of ZD7288 is known to be
external and charged and, therefore, is likely to be membrane
impermeant so that it cannot enter and block HCN channels at an
external site. Therefore, it is possible that ZD7288 acts only
peripherally, but ivabradine acts both peripherally and centrally.
We believe that these cellular mechanisms found in our study do
not conflict with those reported by previous studies.

It is also known that FSK activates adenylate cyclase which
increases cAMP, activating HCN channels and in addition activating
PKA; thus, we also used a PKA inhibitor to investigate whose results
mimicked those with ivabradine. To assess the target site of
ivabradine in detail, geneticallymodifiedmice, suchas selectiveHCN

Figure 7.Mechanism of analgesic action of ivabradine in the SDH. Ivabradine
inhibits HCN channels expressed on both Ad-fiber and C-fiber terminals in the
SDH. Ivabradine inhibits the conduction of pain evoked by peripheral
stimulation and decreases the glutamate release, which contributes to the
analgesic effect against inflammatory pain. HCN, hyperpolarization-activated
cyclic nucleotide–gated cation; SDH, spinal dorsal horn; SG, substantia
gelatinosa.
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channel-knockoutmice or those expressing specific HCNchannels,
should be used. However, because we adopted methods
corresponding to inflammatory pain model rats as described in our
previous studies, we could not use genetically modified mice.32,33

Moreover, because there is no selective HCN agonist, there is no
other choice but to use FSK as an agonist to investigate whether
ivabradine acts on HCN channels in the SDH. Ivabradine is an
activity-dependent inhibitor and cannot bind to HCN channels
becausemost HCN channels are closed at baseline.37 However, as
described above,26 inflammatory pain might induce HCN channel
activation. Considering that our study was performed under the
inflammatory pain state, it follows that the HCN channels might be
open. Furthermore, our behavioral study demonstrated that i.p. and
i.t. injections of ivabradine induce analgesia dose dependently under
inflammatory pain state, whose results suggested that ivabradine
was not at saturating dose in our study. Therefore, the activation of
HCN channels by FSK could overcome the blocking effect of
ivabradine. However, it is possible that it may not completely
overcome, and additional experiments with different concentrations
of FSK and ivabradine may be needed to clarify this. However, our
aimwas toachieveanequivalent concentrationof ivabradine from i.t.
administration to the spinal ivabradine concentration in electrophys-
iological experiments; therefore, we did not perform any further
experiments.

In conclusion, ivabradine inhibits HCN channels expressed on
both Ad-fiber and C-fiber terminals, resulting in a decrease in
neuronal excitability. In addition, under inflammatory pain,
ivabradine may act more preferentially on C-fiber terminals of
SG neurons and induce a stronger inhibition of neuronal
excitability. These mechanisms could be involved in ivabradine
analgesia against inflammatory pain, and our data could be used
for clinical pain management with ivabradine.
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