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Abstract

Background

Recently, attention has been focused on the role of hyperpolarization-activated cyclic nucle-
otide-gated (HCN) channels in the mechanism of and as a treatment target for neuropathic
and inflammatory pain. lvabradine, a blocker of HCN channels, was demonstrated to have
an effect on neuropathic pain in an animal model. Therefore, in the present study, we evalu-
ated the effect of ivabradine on inflammatory pain, and under the hypothesis that ivabradine
can directly influence inflammatory responses, we investigated its effect in in vivoand in
vitro studies.

Methods

After approval from our institution, we studied male Sprague—Dawley rats aged 8 weeks.
Peripheral inflammation was induced by the subcutaneous injection of carrageenan into the
hindpaw of rats. The paw-withdrawal threshold (pain threshold) was evaluated by applying
mechanical stimulation to the injected site with von Frey filaments. Ivabradine was subcuta-
neously injected, combined with carrageenan, and its effect on the pain threshold was eval-
uated. In addition, we evaluated the effects of ivabradine on the accumulation of leukocytes
and TNF-alpha expression in the injected area of rats. Furthermore, we investigated the
effects of ivabradine on LPS-stimulated production of TNF-alpha in incubated mouse mac-
rophage-like cells.

Results

The addition of ivabradine to carrageenan increased the pain threshold lowered by carra-
geenan injection. Both lamotrigine and forskolin, activators of HCN channels, significantly
reversed the inhibitory effect of ivabradine on the pain threshold. Ivabradine inhibited the
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carrageenan-induced accumulation of leukocytes and TNF-alpha expression in the injected
area. Furthermore, ivabradine significantly inhibited LPS-stimulated production of TNF-
alpha in the incubated cells.

Conclusion

The results of the present study demonstrated that locally injected ivabradine is effective
against carrageenan-induced inflammatory pain via HCN channels. Its effect was consid-
ered to involve not only an action on peripheral nerves but also an anti-inflammatory effect.

Introduction

Neuropathic pain is a chronic pain state, and it frequently impairs patients’ quality of life [1-
4]. Many investigations have been conducted on its mechanism and treatment, but the mecha-
nism is complex and remains to be fully clarified [5-8]. Furthermore, not only direct nerve
injury but also other conditions, such as inflammation and viral infection, can cause neuro-
pathic pain and increase the complexity [6-8]. Various kinds of drugs, including antiepileptic
drugs, antidepressants, pregabalin, N-methyl-D-aspartate (NMDA) receptors blockers,
NSAIDs, and opioids are currently used as treatments targeting neuropathic pain, but these
drugs may not be sufficient for relief from neuropathic pain [9, 10].

Recently, attention has been focused on the role of hyperpolarization-activated cyclic nucle-
otide-gated (HCN) channels in the mechanisms of neuropathic pain and as a treatment target
[11, 12]. HCN channels are distributed in various tissues, being expressed in cardiac tissue,
brain tissue, and peripheral neurons [13-16]. Their activation following hyperpolarization of
the cellular membrane contributes to their role in setting the membrane potential and generat-
ing spontaneous activity in excitable cells [17, 18]. Recent evidence suggested that the current
passing through HCN channels contributes to abnormal peripheral nerve activity after axonal
injury [19]. HCN channels consist of four isoforms (HCN1-4). All four HCN isoforms are
expressed in the central nervous system (CNS) and peripheral nerves [20].

There are specific blockers of HCN channels, including ZD7288 and ivabradine [21].
Recent evidence demonstrated that ZD7288 and ivabradine act on peripheral sensory neurons
and have inhibitory effects on neuropathic pain in an animal model [19, 22]. Ivabradine is clin-
ically used as an anti-anginal and cardiotonic agent, acting via HCN4 channels in the heart
[21, 23]. Therefore, ivabradine could be expected as a new medicine for neuropathic pain,
which has a different mechanism of pain control than current therapies. Ivabradine and
ZD7288 were also demonstrated to have an inhibitory effect on inflammatory and neuropathic
pain [11, 12, 24, 25].

Acute inflammation is characterized by the accumulation of leukocytes and macrophages
and accelerated by the release of inflammatory mediators, including cytokines, PGE2, seroto-
nin, and bradykinin [26, 27]. The increase of these mediators leads to the development of neu-
ropathic pain [22]. The occurrence of neuropathic pain caused by inflammation can delay the
recovery of patients and may lead to chronic pain in some patients. Thus, the treatment of neu-
ropathic pain is clinically significant in patients with acute inflammation. HCN channels are
involved in the modulation of inflammatory pain [20]. Therefore, the primary purpose of the
present study was to evaluate the effect of ivabradine on inflammatory pain. ZD7288 was dem-
onstrated to have an effect on neuropathic pain following local injection [22]. Therefore, we
investigated the effect of locally injected ivabradine in the animal model we previously used.
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Furthermore, we hypothesized that HCN channel blockers directly influence inflammatory
responses, so we evaluated the effect of ivabradine on inflammatory responses in vivo, and fur-
ther investigated its direct effect on the production of an inflammatory mediator, TNF-alpha,
in mouse macrophage-like cells in vitro.

Materials and methods
Animals

The protocol of the present study was approved by the Animal Care and Use Committee of Oka-
yama University (Approval No. OKU-2017025, OKU-2018059, OKU-2018202). We studied male
Sprague-Dawley rats, aged 8 weeks (weight: 250-340 g), which were obtained from Charles River
Laboratories (Osaka, Japan). Rats were housed in steel cages in a room kept at 24°C with 50 + 10%
relative humidity under a 12-hour cycle of light and dark and fed a laboratory diet (CE-II, CLEA,
Tokyo, Japan). Water was freely available. This study was conducted in accordance with the
Guidelines for Animal Experiments at Okayama University Advanced Science Research Center.

Agents

Lambda-carrageenan (carrageenan) was purchased from Santa Cruz Biotechnology, Inc. (Dal-
las, TX, USA) and used as a 1% (weight/volume) solution [28]. Ivabradine hydrochloride was
purchased from Tokyo Chemical Industry Co. (Tokyo, Japan). ZD7288, lamotrigine, forskolin,
and lipopolysaccharide (LPS, from Escherichia coli O55:B5) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). ZD7288 is a pyridinium derivative, widely used as pharmaco-
logical tool to study HCN channels. Lamotrigine and forskolin activate HCN channels [24,
29]. Carrageenan, ivabradine, and ZD7288 were diluted with physiological saline. Stock solu-
tions of lamotrigine and forskolin were prepared in dimethylsulfoxide (DMSO) and dissolved
before use in external media to a final concentration containing no more than 0.1% DMSO.

Animal model of peripheral inflammation

Peripheral inflammation was induced by an injection of carrageenan at a volume of 50 pL into
the right hindpaw of rats with a 27-gauge needle under inhalation anesthesia with isoflurane.
The degree of nociception after injection of the test solutions was evaluated by measuring the
paw withdrawal response on applying mechanical stimulation with von Frey filaments (TAC-
TILE TEST (AESTHESIO), Semmes-Weinstein Von Frey Anesthesiometer, Muromachi Kikai
CO., Tokyo, Japan). Rats were placed on a metal mesh floor in individual clear plastic cages.
After adaptation to the environment, the plantar surface of the hindpaw was touched vertically
with a series of von Frey filaments (0.4, 0.6, 1, 1.4, 2, 4, 6, 8, and 15 g). Each trial was started with
2 g for 2-3 s. A brisk withdrawal or flinching of the paw was considered a positive response. The
50% withdrawal threshold (pain threshold) was determined using the up-and-down method
[30]. In the absence of a positive response to a filament, a stronger stimulus was applied,
whereas, in the presence of a positive response, the next weaker stimulus was applied. The result-
ing pattern of positive and negative responses was tabulated using the convention: X = positive;
O = negative, and the 50% response threshold was interpolated using the following formula:

10Xf+K5

hreshold = ———
50% g threshold 10,000

where Xf = value (log units) of the final von Frey filament used, k = tabular value for the pattern
of positive/negative responses [30], and 8 = mean difference (log units) between stimuli (here,
0.224).
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The investigator who injected the test solutions was blinded to the solutions being adminis-
tered, and the investigator who measured the withdrawal threshold was also blinded to them.

Evaluation of pain threshold

Ivabradine was subcutaneously injected at a final concentration of 10, 20, or 50 uM into the
right hindpaw of rats, combined with 1% carrageenan. The pain threshold was evaluated 2, 4,
6, and 8 hours after the injection. Furthermore, to ensure that the action of ivabradine was
mediated via HCN channels, we subcutaneously injected lamotrigine or forskolin, an activator
of HCN channels, at a final concentration of 10 uM, combined with 1% carrageenan or 1% car-
rageenan plus ivabradine at 20 pM, and the effect of lamotrigine or forskolin on ivabradine’s
action was evaluated. As a control, only 1% carrageenan was subcutaneously injected into the
hindpaw of rats.

Histological evaluation

For histological evaluation, physiological saline, 1% carrageenan, and 1% carrageenan plus
ivabradine at a concentration of 20 and 50 uM were injected into the paws of rats, respectively.
The rats were euthanized by the excess administration of isoflurane 2 and 4 hours after the
injection, and the injected area of the paw was excised as a sample. The sample was fixed in
10% neutral buffered formalin and embedded in paraffin, and sections were cut at a thickness
of 5 pm for hematoxylin-eosin staining. The accumulation of leukocytes in the injected area
was observed as a histological finding using a microscope. Furthermore, we histologically eval-
uated the number of leukocytes using the same methods as described in a previous study [31].
The evaluation was performed with a light binocular microscope and included a description of
the observed tissue response. Additionally, 5 fields around each osseous defect were randomly
captured using the x 200 magnification of a binocular microscope fixed with a charged coupled
device camera to evaluate the number of leukocytes in the histologic sections. The number of
leukocytes was counted on each field image. Leukocytes were differentiated from the other
cells based on the morphologic characteristics of nuclei. We defined a foliaceous nucleus as a
neutrophil and a rotund nucleus as a lymphocyte, and counted them as leukocytes. We evalu-
ated the effects of ivabradine on the accumulation of leukocytes, compared with that of only
carrageenan-injected samples. Furthermore, we subcutaneously injected forskolin, at a final
concentration of 10 uM, combined with 1% carrageenan plus ivabradine at 20 pM, and the
effect of forskolin on ivabradine’s action was evaluated, compared with that of 1% carrageenan
plus ivabradine at 20 pM.

Immunohistochemistry of TNF-alpha expression in rats

The evaluation of TNF-alpha expression was performed using the same methods as described
in a previous study [31]. We observed paw tissue samples in the injected area 2 hours after the
injection of physiological saline, only 1% carrageenan, 1% carrageenan plus ivabradine at con-
centrations of 20 and 50 uM, and 1% carrageenan plus ivabradine at 20 pM plus forskolin at
10 uM. Sections (3 pm) were collected from the obtained samples and mounted on salinized
slides for immunohistochemistry. In brief, sections were deparaffinized in a series of xylene
for 15 minutes and rehydrated in graded ethanol solution. Endogenous peroxidase activity was
blocked by incubating the sections in 0.3% H20O2 in methanol for 30 minutes. Antigen
retrieval was achieved by heat treatment using 10-mM citrate buffer solution at pH 6.0. After
treatment with normal serum, the sections were incubated with the primary antibodies for
TNEF-alpha (LifeSpan BioSciences, Seattle, WA, USA) at 4°C. Tagging of the primary antibody
was achieved using the Vectastain ABC kit (Vector Labs, Burlingame, CA, USA). Visualization
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of immunoreactivity was performed by developing the enzyme complex with diaminobenzi-
dine/H202 solution (Histofine DAB substrate, Nichirei, Tokyo, Japan) and counterstained
with Mayer hematoxylin.

Cell culture

RAW?264.7 mouse macrophage-like cells (DS Pharma Biomedical, Osaka, Japan) were cultured
in D-MEM (DS Pharma Biomedical, Osaka, Japan) supplemented with 10% fetal bovine serum
(FBS) and 2 mM L-glutamine in 100-mm dishes. All cells were maintained at 37°C and 5% CO2
in a humidified atmosphere. The cells were harvested with 0.25% trypsin-EDTA, added to a
12-well plate at a density of 1x10° cells/well, and cultured overnight at 37°C in the fresh medium.

Evaluation of TNF-alpha production in the cells

The cells were incubated with LPS at 10 ng/mL and ivabradine at concentrations of 10, 20, and
50 uM or ZD7288 at concentrations of 10 and 50 uM and at 37°C for 2, 4, and 6 hoursin a
12-well plate (1 mL/well). After the incubation, the supernatants of the cells were collected,
and the TNF-alpha concentration was measured using a specific ELISA kit (Thermo Fisher
Scientific, Waltham, MA, USA). Furthermore, we evaluated whether forskolin at a concentra-
tion of 10 uM reversed the effect of ivabradine at 20 uM on TNF-alpha production.

Statistical analysis

We used one- or two-way analysis of variance (ANOVA) followed by post-hoc Tukey’s multiple
comparisons test, Sidak’s multiple comparisons test, or Dunnett’s multiple comparisons test. All
statistical analyses were performed using statistical analysis software (GraphPad Prism ver. 4R).
P< 0.05 was regarded as significant. The data are presented as the mean + standard deviation.

Results
The effect of ivabradine on the pain threshold

Before the injection of carrageenan, the pain threshold was a cut-off value of 15 g in almost all
rats. The time-courses of the pain threshold until 8 hours after the injection of test solutions
are shown in Fig 1A. After the injection of carrageenan, the pain threshold decreased until 8
hours. The values 2 hours after the injection of carrageenan plus ivabradine at 20 and 50 uM
were significantly higher than those of only carrageenan, and the values 4, 6, and 8 hours after
the injection of carrageenan plus ivabradine at 50 uM were significantly higher than those of
only carrageenan. Furthermore, ivabradine dose-dependently increased the pain threshold 2
hours after the injection, and the values of ivabradine at 20 and 50 uM were significantly
higher than that of only carrageenan (Fig 1B).

The effects of activators of HCN channels on the action of ivabradine

Fig 2A and 2B show the time-course and 2-hour effects of lamotrigine at 10 uM on the action
of ivabradine at 20 uM on the pain threshold, respectively. The value 2 hours after the injection
of carrageenan plus ivabradine was significantly higher than that of only carrageenan, but it
was significantly decreased by the addition of lamotrigine (Fig 2B). Thus, lamotrigine signifi-
cantly reversed the inhibitory effect of ivabradine on the pain threshold.

Similarly, Fig 3A and 3B show the time-course and 2-hour effects of forskolin at 10 uM on
the action of ivabradine at 20 uM on the pain threshold, respectively. The pain threshold value
of carrageenan plus ivabradine was significantly higher than that of only carrageenan 2 hours
after the injection, but there were no differences in pain threshold values with only carrageenan,
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Fig 1. The effect of ivabradine (IVA) on the carrageenan-induced 50% paw withdrawal threshold (pain threshold)
in rats. Carrageenan at 1% was subcutaneously injected into the hindpaw, causing acute inflammation. IVA at
different concentrations was subcutaneously injected into the hindpaw, combined with carrageenan. (A) The time-
course of the pain threshold until 8 hours after the injection of test solutions (CA: only carrageenan; CA + IVAI10:
carrageenan + IVA at 10 uM; CA + IVA20: carrageenan + IVA at 20 uM; CA + IVA50: carrageenan + IVA at 50 uM).
(B) The pain threshold 2 hours after the injection of test solutions. *P< 0.05, ****P< 0.0001 compared with CA. Data
represent the mean + SD (n = 6 for each).

https://doi.org/10.1371/journal.pone.0217209.9001

carrageenan plus forskolin, and carrageenan plus ivabradine plus forskolin (Fig 3B). Thus, for-
skolin significantly reversed the inhibitory effect of ivabradine on the pain threshold.

The effect of a specific HCN channel blocker, ZD7288, on the pain threshold

The time-course of the pain threshold until 8 hours after the injection of ZD7288 at 50 uM is
shown in Fig 4. ZD7288 increased the pain threshold 2, 6, and 8 hours after the injection as well as
ivabradine, compared with only carrageenan injection. The values 2, 6, and 8 hours after the injec-
tion of carrageenan plus ZD7288 were significantly higher than those of only carrageenan (Fig 4).

The effect of ivabradine on inflammatory responses in rats

In the samples collected 2 and 4 hours after the injection of carrageenan, a greater accumula-
tion of leukocytes was histologically observed than that after the physiological saline injection,
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Fig 2. The effect of lamotrigine (LTG) to reverse the action of ivabradine (IVA) on the carrageenan-induced 50%
paw withdrawal threshold (pain threshold) in rats. Carrageenan at 1% was subcutaneously injected into the
hindpaw, causing acute inflammation. IVA at 20 uM and/or LTG at 10 uM was injected into the hindpaw combined
with carrageenan. (A) The time-course of the pain threshold until 8 hours after the injection of test solutions (CA: only
carrageenan; CA + IVA20: carrageenan + IVA at 20 uM; CA + IVA20 + LTG: carrageenan + IVA at 20 uyM + LTG at
10 uM; CA + LTG: carrageenan + LTG at 10 uM). (B) The pain threshold 2 hours after the injection of test solutions.
**P<0.01, ****P< 0.0001 compared with CA. # P< 0.05 compared with CA + IVA20. Data represent the mean + SD
(n = 6 for each).

https://doi.org/10.1371/journal.pone.0217209.9002
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Fig 3. The effect of forskolin (FSK) to reverse the action of ivabradine (IVA) on the carrageenan-induced 50% paw
withdrawal threshold (pain threshold) in rats. Carrageenan at 1% was subcutaneously injected into the hindpaw,
causing acute inflammation. IVA at 20 uM and/or FSK at 10 uM was injected into the hindpaw combined with
carrageenan. (A) The time-course of the pain threshold until 8 hours after the injection of test solutions (CA: only
carrageenan; CA + IVA20: carrageenan + IVA at 20 pM; CA + IVA20 + FSK: carrageenan + IVA at 20 uM + FSK at

10 uM; CA + FSK: carrageenan + FSK at 10 uM). (B) The pain threshold 2 hours after the injection of test solutions.
**P< 0.01, ****P< 0.0001 compared with CA # P< 0.05 compared with CA+ IVA20. Data represent the mean + SD

(n = 6 for each).

https://doi.org/10.1371/journal.pone.0217209.9003

while the addition of ivabradine at 20 and 50 UM to carrageenan inhibited the accumulation of
leukocytes in the injected area (Fig 5). Quantitatively analyzing the accumulation of leuko-
cytes, carrageenan increased the number of leukocytes in the injected area, and ivabradine at
20 uM significantly lowered it at 2 hours after the injection, while ivabradine at 50 pM signifi-
cantly lowered it at both 2 and 4 hours after the injection (Fig 6). Thus, ivabradine at 20 and

50 uM significantly inhibited the carrageenan-induced accumulation of leukocytes at 2 and 4
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Fig 4. The effect of ZD7288 on the carrageenan-induced 50% paw withdrawal threshold (pain threshold) in rats.
Carrageenan at 1% was subcutaneously injected into the hindpaw, causing acute inflammation. ZD7288 at 50 uM was
subcutaneously injected into the hindpaw combined with carrageenan. The figure shows the time-course of the pain
threshold until 8 hours after the injection of test solutions (CA: only carrageenan; CA + ZD: carrageenan + ZD7288 at
50 uM). *P< 0.05, ****P< 0.0001 compared with only carrageenan. Data represent the mean + SD (n = 6 for each).

https://doi.org/10.1371/journal.pone.0217209.9004
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Fig 5. Hematoxylin-eosin staining findings in the hindpaw area of rats (2 hours after injection). The following test
solutions were subcutaneously injected into the hindpaw: physiological saline (A), 1% carrageenan (B), 1%
carrageenan + ivabradine (IVA) at 20 uM (C), 1% carrageenan + IVA at 20 uM + forskolin at 10 pM (FSK) (D), and
1% carrageenan + IVA at 50 uM (E). Scale bar represents 200 pum.

https://doi.org/10.1371/journal.pone.0217209.9005

hours after the injection. However, forskolin at 10 pM did not reverse the inhibitory effect of
ivabradine at 20 uM on the inflammatory response (Figs 5 and 6).

In the samples collected 2 hours after the injection of carrageenan, greater expression of
TNF-alpha based on immunohistochemistry was observed after the administration of physio-
logical saline, while ivabradine at 20 and 50 pM reduced it. However, forskolin did not reverse
the reduction of TNF-alpha expression caused by ivabradine (Fig 7).

The effects of ivabradine and ZD7288 on LPS-stimulated TNF-alpha
production in mouse macrophage-like cells

In the incubated macrophage-like cells (RAW264.7 cells), ivabradine at 10, 20, and 50 uM
dose-dependently inhibited LPS-stimulated TNF-alpha production on 4- and 6-hour incuba-
tion in the cells (Fig 8). ZD7288 at 10 and/or 50 uM also inhibited LPS-stimulated TNF-alpha
production on 2-, 4-, and 6-hour incubation in the cells (Fig 9). However, there were no
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Fig 6. The effect of ivabradine (IVA) on carrageenan-induced accumulation of leukocytes in the hindpaw of rats.
The following test solutions were subcutaneously injected into the hindpaw: physiological saline (PS), 1% carrageenan
(CA), CA +IVA at 20 uM (IVA20), CA + IVA20 + forskolin at 10 uM (FSK), and CA + IVA at 50 uM (IVA50). *P<
0.05, ****P< 0.0001 compared with physiological saline. # P< 0.05, ### P< 0.001, #### P< 0.0001 compared with CA.
Data represent the mean + SD (n = 6 for each).

https://doi.org/10.1371/journal.pone.0217209.9006
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Fig 7. Immunohistochemical expression of TNF-alpha in the hindpaw area of rats (2 hours after injection). The
following test solutions were subcutaneously injected into the hindpaw: physiological saline (A, E), 1% carrageenan (B,
F), 1% carrageenan + ivabradine at 20 uM (IVA20) (C, G), and 1% carrageenan + IVA20 + forskolin at 10 uM (FSK)
(D, H). A-D are shown at low magnification, and black scale bars represent 200 um. E-H are shown at a higher
magnification, and blue scale bars represent 100 um.

https://doi.org/10.1371/journal.pone.0217209.9007

differences in TNF-alpha production among LPS plus ivabradine, LPS plus forskolin, and LPS
plus ivabradine plus forskolin. Thus, forskolin at 10 pM did not reverse the inhibitory effect of
ivabradine at 20 uM on TNF-alpha production in the cells (Fig 10).

Discussion

The present study demonstrated that locally injected ivabradine is effective against carra-
geenan-induced inflammatory pain. This indicates that ivabradine may be a candidate for a
new medicine to relieve inflammatory and neuropathic pain. In the present study, the local
injection of ivabradine at a concentration of more than 20 uM significantly increased the pain
threshold at the carrageenan-injected site of the hindpaw, and this effect was reversed by lamo-
trigine and forskolin. Lamotrigine directly activates HCN channels without elevating cAMP
[32]. Forskolin is an adenylate cyclase activator that increases intracellular cAMP, which binds
to a domain in the C-terminal tail on HCN channels [33], and increased cAMP results in the
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Fig 8. The effect of ivabradine (IVA) on TNF-alpha production in mouse macrophage-like cells. The cells were
incubated with LPS at 10 ng/mL. TNF-alpha levels in the supernatants of the cells following 2-, 4-, and 6-hour
incubation with only LPS, LPS + IVA at 10, 20, and 50 uM were measured. “P< 0.05, ***P< 0.001, ****P< 0.0001
compared with only LPS. Data represent the mean + SD (n = 5 for each).

https://doi.org/10.1371/journal.pone.0217209.9008
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Fig 9. The effect of ZD7288 (ZD) on TNF production in mouse macrophage-like cells. The cells were incubated
with LPS at 10 ng/mL. TNF-alpha levels in the supernatants of the cells following 2-, 4-, and 6-hour incubation with
only LPS and LPS + ZD at 10 and 50 uM were measured. **P< 0.01, ****P< 0.0001 compared with only LPS. Data
represent the mean + SD (n = 5 for each).

https://doi.org/10.1371/journal.pone.0217209.9009

activation of HCN channels. Therefore, the results suggest that ivabradine acts on peripheral
nerves and tissues via HCN channels. Forskolin was reported to have a greater effect on HCN
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Fig 10. The effect of forskolin (FSK) to reverse the action of ivabradine (IVA) on LPS-stimulated TNF production
in mouse macrophage-like cells. The cells were incubated with LPS at 10 ng/mL. TNF-alpha levels in the supernatants
of the cells following 2-hour incubation with only LPS, LPS + IVA at 20 uM, LPS + FSK at 10 uM, and LPS + IVA at

20 uM + FSK at 10 uM were measured. ***P< 0.001, ****P< 0.0001 compared with only LPS. Data represent the
mean * SD (n = 5 for each).

https://doi.org/10.1371/journal.pone.0217209.9010
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activation than lamotrigine [33]. Forskolin also reversed the action of ivabradine as well as
lamotrigine in the present study.

HCN1-4 channels are expressed in the hindpaws and peripheral sensory terminals of rats
[22]. HCN1 and HCN2 channels are widely distributed in neurons, where they play roles in
synaptic integration and neuronal excitability [34]. However, it was suggested that HCN1
channels do not play a marked role in either mechanical or heat-induced hyperalgesia follow-
ing inflammation caused by the intraplantar injection of PGE2 [34]. Furthermore, the effects
of the selective deletion of HCN2 channels on neuropathic pain in sensory neurons were
much more marked, showing no enhanced sensitivity to heat, cold, or mechanical stimuli fol-
lowing nerve injury [24]. Therefore, these findings suggest that ivabradine acted via HCN2
channels in the inflammatory area of the rat hindpaw in the present study. This is consistent
with the findings of other studies, suggesting that HCN2 channels play a role in neuropathic
pain and that they are a target isoform [24, 35, 36].

The present study demonstrated that ivabradine had an inhibitory effect on not only neuro-
pathic pain but also inflammatory responses in the hindpaw of rats, including the accumula-
tion of leukocytes and TNF-alpha expression. Furthermore, ivabradine and ZD7288 had an
inhibitory effect on the LPS-stimulated production of TNF-alpha in macrophage-like mouse
cells (RAW?264.7 cells) in vitro. HCN channels have been reported to be expressed in
RAW264.7 cells [37]. The findings suggest that ivabradine has anti-inflammatory effects via
HCN channels of inflammatory cells. Inflammatory mediators, which are released from
inflammatory cells, are known to act on peripheral nerves and cause neuropathic pain. There-
fore, it is thought that ivabradine can act not only on peripheral nerves via HCN2 channels but
also on inflammatory cells around these peripheral nerves, resulting in the additive inhibition
of inflammatory pain. If so, ivabradine’s effect may be important in the initial stage of
inflammation.

On the other hand, cAMP is known to accelerate the activation of HCN1, HCN2, and
HCN4 channels, but HCN3 channels are cAMP-independent [33]. Because forskolin increases
intracellular cAMP, the finding that the effect of ivabradine was not reversed by forskolin in
the incubated cells suggests that the anti-inflammatory effect would be neither via HCN1,
HCN2, nor HCN4, but via HCN3 channels. However, because the activation rate of HCN1
channels by cAMP is less than that of HCN2 and HCN4 channels [33], we cannot fully exclude
the possibility of the involvement of HCN1 channels. The direct roles of HCN1 and HCN3
channels in inflammation have not been clarified. Therefore, a new role of HCN1 or HCN3
channels in the peripheral tissues may have been identified in the present study.

It is important for clinical use for the effective dose to remain under the blood concentra-
tion that causes side effects. Ivabradine is clinically used as an anti-anginal and has been gener-
ally administered via intraoral or intraperitoneal routes in animal models. Although HCN
channels in the CNS also play a crucial role in neuropathic pain [12, 20, 24], ivabradine does
not cross the blood-brain barrier (BBB) [38]; therefore, it has no effect on the CNS. However,
we need to consider that high-dose ivabradine administration could have side effects on
peripheral organs, especially the heart. In past studies, ivabradine was intraperitoneally admin-
istered at a dose of more than 5 mg/kg [11]. The clinical dose (starting dose) of ivabradine as
an anti-anginal is 2.5 mg twice daily [39]. The dose of 2.5 mg is equal to 0.05 mg/kg for a
human weighing 50 kg. Therefore, the effective dose for neuropathic pain in past studies was
much higher than the clinical dose. However, in the present study, we administered ivabradine
at 20 UM to rats weighing 0.5 kg at a volume of 0.05 mL, resulting in a dose of 2 x 10~° mg/kg,
which is markedly lower than that used in other studies and the clinical dose. The clinical use
of ivabradine is considered significant for relieving inflammatory and neuropathic pain.
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The present study has the following limitations. The first is that we did not identify the iso-
form of HCN channels that mediates the effect of ivabradine in either in vivo or in vitro stud-
ies. To clearly demonstrate this, knock-out mice and knock-down cells would be necessary in
in vivo and in vitro studies, respectively, because there are no products available that can spe-
cifically block each isoform of HCN channels. However, the purpose of the present study was
to evaluate the effect of locally injected ivabradine on inflammatory pain, and we were able to
demonstrate this. Further investigation on the identification of the isoform of HCN channels
would be the next step. The finding that HCN1 or HCN3 channels may be involved in the
anti-inflammatory action of HCN channel blockers may be worth further investigation.

The second is that we investigated mouse cells in an in vitro study while we used a rat
model for an in vivo study. HCN channels have been demonstrated to distribute in the periph-
eral nerves in both animals [40]. However, there were no inflammatory-related cells of rats
where HCN channel expression was demonstrated, while HCN channel expression was dem-
onstrated in macrophage-like cells of the mouse (RAW264.7 cells). There were difference in
the species between the studies; however, the difference is not considered to have significantly
influenced the obtained findings.

The third is the possibility that the effect of ivabradine is generally induced at sites other
than the injected site. This cannot be completely ruled out based on the present study. HCN
channels are widely distributed throughout the whole body, and HCN1 channels are the most
abundant in the dorsal root ganglia [20]. It is possible that injected ivabradine had an effect on
sites other than the injected site in the periphery, but the concentration would be too low to
significantly act on a target, as described above. It is reasonable to consider that ivabradine
mainly acted on the injected site in the present study.

Forth is about using lamotrigine as an HCN activator. Lamotrigine inhibits sodium chan-
nels and is clinically used as an antiepileptic analgesic. So, using lamotrigine in the present
experiments might make the results complex. However, we also used forskolin as another
HCN activator, and the results obtained with the use of forskolin were the same as those with
lamotrigine. Thus, the results indicate that the action of ivabradine is via the activation of
HCN channels.

Conclusion

The results of the present study demonstrated that locally injected ivabradine is effective
against carrageenan-induced inflammatory pain via HCN channels. Its effect was considered
to involve not only an action on peripheral nerves but also an anti-inflammatory effect. The
findings suggest that the local injection of ivabradine may be useful for preventing the develop-
ment of inflammatory and neuropathic pain.
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