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Abstract

We previously demonstrated that activated microglia release excessive glutamate through gap junction hemichannels

and identified a novel gap junction hemichannel blocker, INI-0602, that was proven to penetrate the blood–brain

barrier and be an effective treatment in mouse models of amyotrophic lateral sclerosis and Alzheimer disease. Spinal

cord injury causes tissue damage in two successive waves. The initial injury is mechanical and directly causes

primary tissue damage, which induces subsequent ischemia, inflammation, and neurotoxic factor release resulting in

the secondary tissue damage. These lead to activation of glial cells. Activated glial cells such as microglia and

astrocytes are common pathological observations in the damaged lesion. Activated microglia release glutamate, the

major neurotoxic factor released into the extracellular space after neural injury, which causes neuronal death at high

concentration. In the present study, we demonstrate that reduction of glutamate-mediated exitotoxicity via intra-

peritoneal administration of INI-0602 in the microenvironment of the injured spinal cord elicited neurobehavioral

recovery and extensive suppression of glial scar formation by reducing secondary tissue damage. Further, this

intervention stimulated anti-inflammatory cytokines, and subsequently elevated brain-derived neurotrophic factor.

Thus, preventing microglial activation by a gap junction hemichannel blocker, INI-0602, may be a promising

therapeutic strategy in spinal cord injury.

Key words: functional recovery; gap junction hemichannel inhibitor; microglia; glutamate; spinal cord injury

Introduction

Spinal cord injury (SCI) causes tissue damage in two

successive mechanisms. The initial injury is mechanical and

directly causes primary tissue damage, which induces subsequent

ischemia, inflammation, and neurotoxic factor release resulting in

the secondary tissue damage. Accumulation of activated glial

cells such as microglia and astrocytes is a common pathological

observation in the damaged lesion.1 Activated microglia release a

variety of neurotoxic factors that induce neurodegeneration at the

injury site. The major neurotoxic factor released into the extra-

cellular space after neural injury is glutamate,2 which causes

neuronal death at high concentration.3 Microglial glutamate in-

duces excitotoxicity via N-methyl-D-aspartate (NMDA) receptor

signaling and increase in Ca2 + influx.4–6 As a result, calmodulin-

dependent protein kinase is activated, which increases nitric oxide

(NO) production and inhibits the mitochondrial respiratory chain

complex IV activity followed by intracellular energy loss, leading

to eventual neuronal death.7

Axon regeneration in the adult central nervous system (CNS)

during the chronic phase is limited by axon-growth inhibitors.

Axon-growth inhibitors include myelin-associated proteins ex-

pressed by oligodendrocytes and chondroitin sulfate proteogly-

cans (CSPGs) expressed by astrocytes.8 Inhibition of secondary

tissue damage can reduce these chronic phase problems. Thus,

preventing microglial activation has been considered as a candi-

date of promising therapeutic strategy. Microglia, however, also

play a neuroprotective role by mediating neurotrophic factor re-

lease and sequestering neurotoxic substances.4,9–13 Therefore, the

required therapy is specific inhibition of neurotoxicity by acti-

vated microglia.

Recently, we found that activated microglia release excessive

glutamate through gap junction hemichannels (connexine 32

hemichannels).4 Our previous study revealed that lipopolysaccharide-
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induced glutamate release only from microglia among the CNS

cells in vitro and INI-0602 significantly ameliorated the elevated

glutamate levels.14 Both in vitro and in vivo, such gap junction

blockers as glycyrrhetinic acid, carbenoxolone (CBX), and con-

nexin mimetic peptides decreased the amount of glutamate released

by activated microglia and prevented neuronal death in a dose-

dependent manner.15 Nevertheless, these compounds are unlikely

therapeutic strategies because they cannot penetrate an intact

blood–brain barrier (BBB) and can induce pseudoaldosteronism.

These problems were solved with the invention of the novel gap

junction hemichannel blocker, INI-0602.14 As a gap junction

hemichannel blocker and a BBB permeable molecule, INI-0602 is

a proven and effective treatment in mice models of amyotrophic

lateral sclerosis (ALS) and Alzheimer disease.

Previous report described a number of activated microglia cells

in the injured spinal cord.16 In fact, activated microglia can be more

prevalent in SCI than brain injury.16 Nevertheless, whether the role

microglia plays in SCI is neurotoxic or neuroprotective, or both,

remains uncertain.17,18 Considering that activated microglia induce

neurotoxicity by releasing excessive glutamate, we hypothesize that

blocking microglial glutamate release can protect against secondary

tissue damage after SCI. Blocking microglial glutamate release could

therefore provide a promising therapeutic strategy in SCI.

Methods

Reagents

The gap junction hemichannel blocker INI-0602 was developed
as described previously.14 The INI-0602 used in this study was
chemically synthesized and purified by the Nard Institute (Osaka,
Japan). The purity of the compound was greater than 99%.

Surgical procedures

We used 7–9-week-old, adult, female C57BL/6 mice (30 mice in
total; weight, 16–21 g; SLC, Shizuoka, Japan). All experiments
were performed in accordance with the ethical guidelines of the
Nagoya University Institutional Animal Care and Use Committee.
The mice were provided free access to water and food.

After anesthesia was induced with 1.5% halothane in an oxygen/
nitrous oxide gas mixture, we performed a laminectomy at verte-
bral level T9–T10. The dura was opened, and the dorsal half of the
spinal cord was transected to a 1-mm depth using a pair of extra-fine
microscissors. The muscle layers and skin were then closed with
suture. After the surgery, the mice recovered for 1 h on a warming
blanket.

Administration of drug

Just before surgery, the mice were randomly divided into two
groups that were injected (intraperitoneally) with either phosphate
buffered saline (PBS, group A) or INI-0602 (100 mg/kg, group B).

After surgery, administrations were continued with 100 mg/kg of
INI-0602 (group B) or an equal volume of PBS (group A) every
other day for 4 weeks until day 28 (Fig. 1).

Immunohistochemistry

Ten mice were deeply anesthetized with a barbiturate overdose
and intracardially perfused with PBS, followed by 4% parafor-
maldehyde (PFA) in 0.1 M phosphate buffer. The lesioned spinal
cord was removed and postfixed overnight in the same fixative. The
fixed tissues were embedded in paraffin, and 3-lm sections were
prepared for hematoxylin and eosin (H&E) stain and immunohis-
tochemistry.

Immunohistochemical staining was performed according to
the manufacturer’s instructions. Briefly, sections were pre-blocked
with the blocking reagent (REAL Peroxidase-Blocking Solution,
DAKO, Glostrup, Denmark), and antigen retrieval was performed.
After the sections reacted with rabbit anti-glial fibrillary acidic
protein (GFAP; DAKO), anti-neurofilament (NF; Nichirei, Tokyo,
Japan), and anti-CD68 antibodies (DAKO), we used diaminobenzi-
dine to develop a subsequent polymer reagent (Chemomate Envision
kit/HRP, DAKO). The corresponding tissue sections were then
routinely stained for morphological evaluation using H&E stain.

Accumulation data for these stains were determined automati-
cally using Image J software (NIH). Image mean intensity and stain
area were analyzed statistically, as described below. These data
were obtained from four animals in each group.

RNA extraction and quantitative reverse
transcription-polymerase chain reaction (RT-PCR)

Previously frozen injured spinal cords were removed at the
length of 1 mm at 2 weeks after injury. Total RNA was isolated
from these samples using an RNeasy extraction kit (Qiagen, Hil-
den, Germany) with DNase treatment. cDNA was prepared using
SuperScript III RNase H-Reverse Transcriptase (Invitrogen) and
0.2 ng random hexamer primer (6-mer, Fermentas). cDNA was
pooled from three animals from each group treatment group (PBS
or INI-0602).

Quantitative RT-PCR (qRT-PCR) was performed on a Light
Cycler 480 II real-time PCR system (Roche) using STAR oligo

FIG. 1. Diagram of the experimental protocol. Time schedules of each procedure are shown including INI-0602 administration, spinal
cord transection, behavioral testing (Basso mouse scale, inclined plane test), electrophysiology, and the day of euthanasia.

Table 1. Primer Sequences

GAPDH F: CACGAACGAGTCCCTAGAGC
R: TCACATCACCACGTCCTTGT

TNF-a F: AGCCCCCAGTCTGTATCCTT
R: CTCCCTTTGCAGAACTCAGG

IL-1 F: GCCCATCCTCTGTGACTCAT
R: AGGCCACAGGTATTTTGTCG

IL-6 F: AGTTGCCTTCTTGGGACTGA
R: TCCACGATTTCCCAGAGAAC

BDNF F: GCGGCAGATAAAAAGACTGC
R: CTTATGAATCGCCAGCCAAT
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designed primers with THUNDERBIRD SYBR qPCR Mix
(Toyobo, Japan) under the following thermocycling conditions:
initial denaturation at 95�C for 1 min followed by 45 cycles at 95�C
for 10 sec, 55�C for 10 sec, and 72�C for 1 min, melting at 95�C for
5 sec and 55�C for 1 min, and cooling at 50�C for 30 sec. All
samples were run in triplicate. The primer sequences are listed in
Table 1. The resulting values were normalized to the endogenous
control (glyceraldehyde-3-phosphate dehydrogenase [GAPDH])
that was consistent among all samples. Results were compared
using the fits point method. GADPH was indicated as 1 standard
value; other values were shown as the ratio.

Basso Mouse Scale (BMS) for locomotion

We measured hindlimb motor function recovery in 15 mice
from each treatment group using the BMS for locomotion.19 We

videotaped each animal’s behavior for 5 min, and two investi-
gators scored (on a scale of 0–9) both hindlimbs at 1, 2, 4, 5, 7, 9,
14, 21, and 28 days after SCI. The scores for both hindlimbs
were averaged, which provided a single value per animal at each
time point.

Inclined plane test

Inclined plane test was performed to test each animal’s ability to
maintain its position on the incline at 1, 2, 4, 5, 7, 9, 14, 16, 22, and
28 days after injury. The mice were placed on a flat plane in the
horizontal position, and the board was slowly inclined to the ver-
tical position. The maximum inclination at which a mouse could
maintain itself for 5 sec was recorded. Three trials were performed
for each testing session. In practice, the angle was either increased
or decreased by 5-degree intervals.

FIG. 2. Intraperitoneal administration of INI-0602 protects the spinal cord against injury. (A) Hematoxylin and eosin (H&E) stained
sections of spinal cord injury sites, showing severe neural tissue damage of the dorsal half of the spinal cord. (B) Glial fibrillary acidic
protein (GFAP) immunohistochemical staining, showing activated reactive astrocytes, which subsequently induced glial scarring
hypertrophy of GFAP-positive reactive astrocytes. (C) Neurofilament (NF) immunohistochemical staining. NF-stained transverse
sections demonstrate significant loss of neural fibers. (D) CD68, a marker for activated microglia, indicated robust accumulation of
activated microglia. (E) The neural tissue damage was decreased in H&E stained sections. (F) GFAP-positive reactive astrocytes were
restricted in the dorsal half of the spinal cord. (G) NF-stained tissue were relatively preserved in the ventral half of the spinal cord. (H)
CD68 positive cells were scarcely detectable. (I) Magnification image of H&E stained sections revealed destruction of the dorsal half of
the spinal cord, above the central canal, with neutrophil (segmented nuclei) and lymphocyte (small nuclei) accumulation. (J) The
immunopositive staining intensities of GFAP, NF, and CD68 were calculated using image J software. We observed that INI-0602
treatment significantly reduced the intensities of GFAP and CD68 staining whereas it increased that of NF staining.*p < 0.05. All error
bars represent standard error of the mean.
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Electrophysiology

Transcranial electrical motor nerve evoked-action potentials
(MEPs) measured signal conduction in motor pathways at 2 and 4
weeks after SCI. When MEPs was recorded, the mice were an-
esthetized with 1.5% halothane and maintained in 1.0% halothane
in oxygen. All recordings were performed using standard clinical
electromyographical analysis with a 3000-Hz hi-cut filter and a
30-Hz low-cut filter (Nicolet, Endeavor, Madison, WI). Electrical
stimulation (1.1 Hz, 20 mA) was delivered over the cranium at an
area 1 mm lateral to bregma. Evoked responses were recorded from
the contralateral femoral muscle.

The data measured on day 0 (before SCI) was indicated as 1 for
standard value; other values were shown as the ratio each mouse.
The data were obtained from five animals in each group.

Statistics

Averages for the two experimental groups are expressed as
mean – standard error of the mean, which were compared statisti-
cally using the Student t test. Statistical significance was deter-
mined at the p < 0.05 level.

Results

Intraperitoneal administration of INI-0602 protects
the spinal cord against injury

SCI resulted in severe neural tissue damage (Fig. 2A) and acti-

vated reactive astrocytes, which subsequently induced glial scar-

ring (Fig. 2B). Axons were destroyed at the injury site and

collapsed at the lateral funiculus (Fig. 2C). In addition, CD68, a

marker for activated microglia, indicated robust accumulation of

activated microglia (Fig. 2D). Finally, H&E staining revealed de-

struction of the dorsal half of the spinal cord, above the central

canal, with neutrophil (segmented nuclei) and lymphocyte (small

nuclei) accumulation (Fig. 2-I).

To investigate the effect of INI-0602 on SCI, we examined the

expression of GFAP, NF, and CD68 at the injury site 2 weeks post-

injury. The immunopositive staining intensities of GFAP, NF, and

CD68 were calculated using image J software.20 We observed that

INI-0602 treatment significantly reduced the intensities of GFAP

and CD68 staining, whereas it increased that of NF staining (Fig.

2E–H and J). These results indicate that INI-0602 treatment re-

duced glial scar formation and microglia activation, and thereby

prevented subsequent neurofilament destruction.

INI-0602 decreased pro-inflammatory cytokine
expression and increased brain-derived neurotrophic
factor (BDNF) expression

In ALS models, active microglia release pro-inflammatory me-

diators that cause neuroinflammation and neural tissue damage.21

To quantify the extent to which INI-0602 affected the microenvi-

ronment of the injured spinal cord, we used qRT-PCR to examine

both pro-inflammatory cytokine and neurotrophic factor expression

(Fig. 3). We observed that INI-0602 treatment decreased tumor

necrosis factor (TNF)-a and interleukin (IL)-1 at 1 and 2 weeks, but

increased BDNF levels mostly at 1 week. Of interest, the Il-6 level

increased at 1 week and decreased at 2 weeks.

INI-0602 improved behavior scores

The recovery of hindlimb locomotor function was quantified

with the BMS and the inclined plane test. Mice were evaluated for

locomotor recovery for 4 weeks after SCI. On day 1 post-injury, all

mice exhibited an average BMS score for 2 hindlimbs <1.5, and

there was no significant difference between the two groups

(1.03 – 0.39 vs. 0.83 – 0.44). The BMS of the mice treated with INI-

0602 showed immediate improvement beginning with day 2 post-

injury, and then improved gradually over the assessment period

(from 1.03 – 0.39 on day 1 to 7.5 – 1.69 on day 28). Those treated

with PBS also gradually improved (from 0.83 – 0.44 on day 1 to

3.7 – 1.60 on day 28) but at a much lesser rate than those treated

with INI-0602 (Fig. 4A). The inclined plane test also revealed

improvement of motor function (Fig. 4B).

INI-0602 improved electrophysiological scores

Measurement of the MEP revealed a marked decrease in the

action potential amplitude and prolonged latency after SCI (Fig. 5).

The amplitude showed a 76% decrease (Fig. 5A), and latency was

prolonged 1.08 times at 4 weeks after SCI in the control group (Fig.

5B). Animals in the INI-0602 group showed significantly better

recovery at 2 and 4 weeks after SCI ( p < 0.05).

Discussion

In the present study, we provide the first evidence that the gap

junction hemichannel inhibitor, INI-0602, can treat SCI. INI-0602

reduced glutamate release and optimized the host microenviron-

ment by disrupting glial scar formation and increasing growth

factor expression that is normally deficient in SCI. INI-0602 also

successfully promoted motor function repair in mice with SCIs, as

well as ischemic brain injury, ALS, and Alzheimer disease.14,15

Our previous studies demonstrate that glutamate is released by

microglia through connexin 32 hemichannels.4 On the other hand,

there are reports that connexin 43 is up-regulated after SCI and that

blocking of connexin 43 may become a potential therapeutic tar-

get.22,23 Recent studies, however, showed that mimetic peptides

specific for connexin 32 (32gap 24 and 32gap 27), connexin 43

(43gap 27), or Panx1 (10panx1) non-specifically block both

FIG. 3. INI-0602 decreased pro-inflammatory cytokine expres-
sion and increased brain-derived neurotrophic factor (BDNF)
expression. INI-0602 treatment decreased tumor necrosis factor
(TNF)-a and interleukin (IL)-1 at 1 and 2 weeks, but increased IL-
6 and BDNF levels mostly at 1 week. *p < 0.05. The values rep-
resent relative expression compared with non-treatment controls at
each time point. GAPDH, glyceraldehyde-3-phosphate dehydro-
genase.
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FIG. 4. Behavioral studies. We assessed functional recovery by using two independent behavioral tasks: the Basso Mouse Scale
(BMS) score (A) and the inclined plane test (B). All injured mice exhibited an average BMS score for 2 hindlimbs < 1.5 on the first day
post-spinal cord injury (SCI). The BMS of the mice treated with INI-0602 showed immediate improvement beginning with day 2 post-
injury, and then improved gradually over the assessment period; on the other hand, those treated with phosphate buffered saline also
gradually improved but at a much lesser rate than those treated with INI-0602. *p < 0.05 (A). The inclined plane test also revealed
improvement of motor function. *p < 0.05 (B). All error bars represent standard error of the mean.

FIG. 5. Electrophysiology. Transcranial electrical motor nerve evoked-action potentials (MEPs). Amplitude (A) and latency (B) were
measured at days 14 and 28 after injury. INI-0602 treatment significantly increased the amplitude whereas it also significantly decreased
the latency.*p < 0.05. All error bars represent standard error of the mean.
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connexins and pannexins.24 Moreover, INI-0602 also nonspecifi-

cally blocks these hemichannels. Therefore, our data have clarified

that hemichannels play a pivotal role in the lesion development

within SCI; however, further investigation is needed to determine

which hemichannel is critical for this process, although many

challenges remain because of technical limitations.

One issue is the heterogeneity of gap junctions and hemi-

channels. The different connexin isoforms structurally interact in

various ways. Homomeric hemichannels consist of a single con-

nexin isoform. Heteromeric hemichannels contain two or more

different connexin isoforms. Homotypic gap junction channels are

composed of two identical hemichannels, whereas heterotypic gap

junction channels are formed by two different hemichannels. Thus,

compositional patterns of gap junctions can be categorized into four

types: homomeric and homotypic; heteromeric and homotypic;

homomeric and heterotypic; and heteromeric and heterotypic. As

has been observed in connexin-knockout studies, the potential for

various connexins to compensate for the loss of other isoforms

complicates the analysis of this system.25

Another problem is the dysfunction of fluorescently tagged and/

or overexpressed connexins. Tagging and/or overexpression of

connexins in cultured cells often produces abnormally large gap

junction plaques.26–28 Tagging the amino termini of connexins also

results in nonfunctional channels, whereas tagging the carboxyl ter-

mini alters the properties of the channels.29,30 Unfortunately, few

good quality antibodies against each connexin are available for im-

munostaining/immunoblotting. Moreover, as mentioned, existing in-

hibitors of specific connexins often non-specifically block connexins

and pannexins. Therefore, future studies should detail spatiotemporal

expression profiles of connexin isoforms under pathological condi-

tions in the CNS, which will necessitate specific blockers and tracers

for each connexin isoform, hemichannel, and gap junction.

Although neurons also release glutamate, microglia release

larger quantities of excitatory amino acid than neurons.31 We

previously observed that extracellular glutamate concentration was

reduced by blockade of either gap junction hemichannel or NMDA

receptor in a dose-dependent manner in ischemic neural tissue in-

jury.15 Hemichannels in activated microglia may be more exposed

to the extracellular space and provide a unique surface for molec-

ular drug target than those in unactivated microglia and other

CNS cells. Thus, an inhibitor of hemichannel may preferentially

suppress glutamate release from microglia, although it also may act

on neuronal and astrocytic gap junctions.14 Further, microglia ap-

pear in the spinal cord at levels higher than those observed in the

brain after injury.16 Thus, INI-0602 shows considerable potential

for treating SCI. By reducing glutamate release, INI-0602 reduced

detrimental neuron-glia interactions that subsequently reduced

secondary tissue damage in both subacute and chronic phases.

The INI-0602 dose in a previous study using an ALS model mice

was 20 mg/kg. In the present study, however, we used the dose of

100 mg/kg. One reason for increasing the dose is that neural tissue

damage in SCI is immediate and more severe than what is seen in

degenerative diseases such as ALS. The intraperitoneal adminis-

tration in this study did limit the quantity of this drug that could be

dispensed because of the small volume of mice. Microglia prolif-

eration increases after SCI, and peaks from 48 h to 72 h after the

injury.32 Therefore, INI-0602 should be administered immediately

after the injury, or at least in the early phase of SCI.

Microglial activation is considered the upstream of a vicious

feed-forward cycle of neuronal damage and glial activation, which

is likely fueled by microglia-derived glutamate. In this study, INI-

0602 treatment suppressed both neuronal damage and glial acti-

vation while INI-0602 itself did not alter microglial activation. A

previous study has demonstrated that blocking connexin 43 ame-

liorated SCI and was accompanied by a reduction in glial activa-

tion, suggesting that connexin blockade effectively inhibits the

propagation and amplification of neuroinflammation initiated by

the injury.22,23

Injured cells contain toxic molecules at high concentrations,

such as Ca2 + , K + , NO, and reactive oxygen species (ROS). These

toxic molecules are propagated from injured cells to healthier cells

through gap junctions. Pathological conditions also induce un-

coupled hemichannels to open, leading to a paracrine transfer of

toxic molecules.33,34 These waves of death signaling activate as-

trocytes and microglia, causing the release of more toxic molecules

including glutamate, ROS, NO, and pro-inflammatory cytokines

and chemokines. This vicious amplification spiral of signaling

could worsen neuroinflammation by recruiting leukocytes and

thereby increase the lesion area.35,36

INI-0602 is also suggested to halt this feed-forward cycle and

reduced glial activation indirectly by inhibiting microglial gluta-

mate release. As a result, surviving neurons and neuroprotective

glial cells (astrocytes and microglia) is suggested to enhance BDNF

production. Increased BDNF release helps to reduce detrimental

neuron-glia interactions and subsequently increase neural tissue

survival. Moreover, blocking gap junctions may confer neuropro-

tection because both neural and astrocytic gap junctions contribute

to ischemic neuronal damage.34,37 Taken together, it is likely the

beneficial effect produced by INI-0602 improved the microenvi-

ronment at the SCI site in the present study.

Glial scars disrupt axonal growth after SCI. CSPGs in post-

injury glial scars are undesirable for axonal regeneration, especially

in chronic SCI. In a previous study, we found that suppressing

reactive astrocytes reduced glial scar formation and improved

motor function in mice with SCI. This was accomplished using a

liposome-mediated interferon (IFN)-b gene delivery method, or by

IFN-b delivery with intravenous injection of genetically en-

gineered neural stem cells.38,39

Inhibition of glial scar formation is a potential strategy for

treating SCI. Whether reactive astrocytes are beneficial is still

controversial. Some studies report that reactive astrocyte migration

is beneficial and limits inflammatory cell infiltration in the subacute

injury phase.40 Regardless of whether the reactive astrocytes are

beneficial, glial scar formation is unfavorable for motor function

recovery, because it disrupts axonal regeneration.41 INI-0602 re-

duced the number of reactive astrocytes, and likely inhibited glial

scar formation without directly inhibiting these astrocytes. Con-

sistent with our previous results, this contributed to improved re-

covery as quantified by the scores in our behavioral measures.

Conclusion

Mice were administered INI-0602 after SCI, which reduced

glutamate excitotoxicity by inhibiting microglial activation.

Reducing glutamate excitotoxicity subsequently promoted self-

regeneration within the injured spinal cord microenvironment and

suppressed glial scar formation. By blocking neutrophil and pro-

inflammatory cytokine infiltration, anti-inflammatory cytokines

levels were increased and contributed to elevated BDNF levels. As

a result, neurobehavioral recovery was attained, as indicated by the

inclined plane test and the BMS for locomotion. INI-0602 has been

used clinically for other purposes that further indicate INI-0602

decreases neurodegeneration mediated by microglia and protects

neural tissue after SCI.
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