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Improvements in impaired GABA and
GAD65/67 production in the spinal dorsal
horn contribute to exercise-induced
hypoalgesia in a mouse model of
neuropathic pain
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Abstract

Background: Physical exercise effectively attenuates neuropathic pain, and multiple events including the inhibition of

activated glial cells in the spinal dorsal horn, activation of the descending pain inhibitory system, and reductions in pro-

inflammatory cytokines in injured peripheral nerves may contribute to exercise-induced hypoalgesia. Since fewer GABAergic

hypoalgesic interneurons exist in the dorsal horn in neuropathic pain model animals, the recovery of impaired GABAergic

inhibition in the dorsal horn may improve pain behavior. We herein determined whether the production of gamma-

aminobutyric acid (GABA) and glutamic acid decarboxylase (GAD) in the dorsal horn is restored by treadmill running

and contributes to exercise-induced hypoalgesia in neuropathic pain model mice. C57BL/6 J mice underwent partial sciatic

nerve ligation (PSL). PSL-Runner mice ran on a treadmill at 7 m/min for 60 min/day, 5 days/week, from two days after PSL.

Results: Mechanical allodynia and heat hyperalgesia developed in PSL-Sedentary mice but were significantly attenuated in

PSL-Runner mice. PSL markedly decreased GABA and GAD65/67 levels in neuropils in the ipsilateral dorsal horn, while

treadmill running inhibited these reductions. GABAþ neuronal nucleiþ interneuron numbers in the ipsilateral dorsal horn

were significantly decreased in PSL-Sedentary mice but not in PSL-Runner mice. Pain behavior thresholds positively corre-

lated with GABA and GAD65/67 levels and GABAergic interneuron numbers in the ipsilateral dorsal horns of PSL-Sedentary

and -Runner mice.

Conclusions: Treadmill running prevented PSL-induced reductions in GAD65/67 production, and, thus, GABA levels may be

retained in interneurons and neuropils in the superficial dorsal horn. Therefore, improvements in impaired GABAergic

inhibition may be involved in exercise-induced hypoalgesia.
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Background

Physical exercise has been established as an effective
means to attenuate neuropathic pain (NPP) in animal
studies.1–6 A previous study reported that treadmill run-
ning reduced pain hypersensitivity in chronic constric-
tion injury (CCI) model mice, and the inhibition of
microgliosis in the spinal dorsal horn was suggested to
contribute to this exercise-induced hypoalgesia (EIH).7

Swimming in partial sciatic nerve ligation (PSL) model
mice attenuated pain behaviors and also inhibited the
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activation of glial cells in the spinal dorsal horn.8

Moreover, treadmill running in spinal nerve ligation
(SNL) model rats increased �-endorphin and met-
enkephalin contents in the periaqueductal gray matter
(PAG) and rostroventral medulla (RVM), suggesting
that the descending pain inhibitory system plays an
important role in EIH.9 Thus, physical exercise appears
to improve NPP by altering cells and systems in the ner-
vous system including the brainstem and spinal dorsal
horn; however, the mechanisms underlying EIH have
not yet been elucidated in detail.

Gamma-aminobutyric acid (GABA) is the principal
inhibitory transmitter in the central nervous system
including the spinal dorsal horn. Previous studies
showed the loss of GABA-immunoreactive cells and
fibers in the spinal dorsal horns of NPP model animals,
and impairments in GABAergic inhibition in the spinal
dorsal horn are assumed to play an important role in the
production of NPP.10–12 GABA is synthesized from glu-
tamate by glutamic acid decarboxylase (GAD). Two dis-
tinct isoforms of GAD, GAD65 and GAD67, have been
identified, with each isoform being encoded by different
genes, namely, Gad2 and Gadl, respectively.13 Although
GAD65 and GAD67 are found in GABAergic neurons
in the spinal dorsal horn, the predominance of each iso-
form varies in respective laminae. GAD65 is largely
expressed in laminae I–II, while the expression of
GAD67 is abundant in deeper laminae.14 In CCI
model rats, the density of nerve terminals with GAD65
is reduced in the superficial dorsal horn.15 Furthermore,
GAD65 knockout mice show impaired synaptic inhib-
ition and exacerbated pain behaviors.16 A previous
study demonstrated that the decrease in GABA in the
spinal dorsal horn in CCI model rats was associated with
a decline in GAD67.17 Thus, the functional loss of
GAD65 and/or GAD67 in the spinal dorsal horn may
contribute to the development of NPP via reductions in
the GABA inhibitory tone.

Thermal and tactile hypersensitivities are reversed
with the administration of GABA to NPP model ani-
mals.18 Moreover, pain behaviors in PSL model rats are
reduced by spinal cord stimuli that elevate spinal GABA
and GAD65 levels.19,20 An injection of the adenoviral
vector GAD65 into the trigeminal ganglion of facial
pain model rats not only enhances GAD65 and GABA
levels but also improves pain behaviors.21 Previous stu-
dies have also demonstrated that GAD67 plays critical
roles in regulating NPP.17,22,23 Despite growing evidence
showing the importance of GABA andGADs in the regu-
lation of NPP, the relevance of both factors to EIH is
unknown. Therefore, we herein focused on GABA and
GAD65/67 production in the superficial dorsal horn in
NPP model mice subjected to treadmill running. The
results of the present study showed that exacerbated
pain behaviors following PSL surgery were significantly

improved in treadmill runners. Furthermore, PSL-
induced reductions in GAD65/67 production in the
superficial dorsal horn were prevented by treadmill run-
ning, leading to the retention of GABA in interneurons
and neuropils. Positive correlations were also observed
between the thresholds of pain behaviors and GABA
and GAD65/67 levels or GABAergic interneuron num-
bers in the ipsilateral dorsal horns of PSL-Sedentary and -
Runner mice. Therefore, we concluded that EIH is
achieved, at least in part, by improvements in impaired
GABAergic inhibition in the spinal dorsal horn.

Methods

All experiments in this study were approved by the
Animal Care Committee of Wakayama Medical
University (Ref. No. 642). All experiments conformed
to the National Institutes of Health Guide for the Care
and Use of Laboratory Animals (NIH Publication No.
99-158, revised 2002).

Preparation of NPP model mice

Adult C57BL/6 J mice (Japan SLC, Shizuoka, Japan)
were used in this study. These mice were housed four
to five per cage, under a 12/12-h light-dark cycle and
allowed free access to food and water. The evaluation
of pain behaviors was initiated on 11-week-old mice,
and mice were 13 weeks old in the final treadmill running
session. NPP model mice were prepared by PSL accord-
ing to a previously described method.24 Mice were deeply
anesthetized with 2% isoflurane to maintain painless
conditions. Under sterile conditions, an incision was
made in the skin on the lateral surface of the right
thigh, and the muscle layers were parted to expose the
sciatic nerve at the mid-thigh level. Approximately one-
third to one-half of the sciatic nerve was tightly ligated
with 8-0 silk sutures (Alcon Surgical, Fort Worth, TX),
and the wound was then closed with 5-0 nylon sutures
(Akiyama-Seisakusho, Tokyo, Japan). Sham surgery was
performed according to the same procedures described
above, except for the execution of PSL.

Experimental groups and treadmill running protocol

Mice were divided into five groups: (1) Naive mice: mice
without any artificial surgery, (2) Sham-Sedentary mice:
mice without treadmill running after sham surgery, (3)
Sham-Runner mice: mice with treadmill running after
sham surgery, (4) PSL-Sedentary mice: mice without
treadmill running after PSL surgery, and (5) PSL-
Runner mice: mice with treadmill running after PSL
surgery.

All mice, except for Naive mice, were accustomed to
treadmill running for two weeks prior to sham and PSL
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surgeries. Treadmill running was started at 5 p.m. The
treadmill running protocol is presented in Figure 1(a).
All mice were acclimated to the treadmill belt for
10min before starting locomotion. Throughout the
treadmill running period, mice were encouraged to con-
tinue running and maintain their pace in line with the
treadmill belt by gentle hand prodding of the tail or
hindquarters. The mice readily responded to this stimu-
lus, and the electrical shock system that forces mice to
run was disconnected to avoid bias due to stress. The
inclination of the treadmill was set at 0. In the first
week, mice were allowed to run at a speed of 7m/min
for 10min/day for 5 days/week in order to familiarize
them with handling and the environment. In the
second week, mice ran at a speed of 7m/min for 20–
60min/day (an increment of 10min per day), 5 days/
week. In the third week, Sham- and PSL-Runner mice
ran at a speed of 7m/min for 60min/day, 5 days/week,
from two days after surgery. Previous studies reported
that NPP model mice have the ability to run on a tread-
mill at a speed of 10m/min or 31m/min from three days
post-surgery.1,7 In the present study, PSL-Runner mice
were able to run on the treadmill at a speed of 7m/min
for 60min/day from two days post-surgery without any
special encouragement to continue running because we
designed treadmill running at a slower speed (7m/min)
than those of previous studies, and mice had already
experienced treadmill running at the same speed prior
to PSL (Figure 1). Mice were sacrificed for the immuno-
histochemical analysis on the morning after the final
treadmill running session.

Evaluation of pain behaviors

Mechanical allodynia and heat hyperalgesia, which are
typical symptoms of NPP, were evaluated by von Frey
and plantar tests, respectively. In order to dissipate the
acute responses of treadmill running on pain behaviors,
von Frey and plantar tests were performed at least 14 h
after the treadmill running session (the next morning [at
8:30 a.m.]). Prior to the von Frey test, mice were placed
in an acrylic glass enclosure with a wire mesh bottom
(8.3� 8.3� 8.0 cm) and allowed to acclimate for 30min.

Mechanical allodynia was evaluated using withdrawal
thresholds upon a von Frey monofilament stimulation to
the plantar surface of the hindpaw (0.023, 0.0275, 0.068,
0.166, 0.407, 0.692, 1.202, 1.479 g). The up-down meth-
ods of von Frey monofilament testing were used in the
present study.25 The 0.407 -g stimulus was applied first.
The von Frey monofilament was applied to the ipsilateral
side of the hindpaw for a maximum period of 2 s, and the
withdrawal response was observed. When a withdrawal
response to a given monofilament was observed, a one-
step-thinner filament was applied. The procedure was
repeated with sequentially thinner monofilaments until

no withdrawal response was observed. At this point, a
one-step-thicker monofilament was applied again to con-
firm the positive response, and, finally, the negative
response was confirmed with the one-step-thinner mono-
filament in order to complete the test. Throughout these
procedures, the minimum pressure (g) that evoked a
brisk withdrawal response by a stimulation with a thin-
ner von Frey monofilament was taken as the withdrawal
threshold.

In accordance with previously described methods,26

heat hyperalgesia was evaluated by the plantar test that
measures withdrawal latencies (s) on a radiant thermal
stimulus delivered from beneath the glass floor to the
plantar surface of the hindpaw (Plantar Test,
Model7371, Ugo Basile, Comerio, Italy). The heat stimu-
lus by the projector lamp bulb was focused on the plan-
tar surface of the ipsilateral hindpaw, and the minimum
time (s) needed to evoke a brisk withdrawal response of
the paw by the heat stimulation was taken as the with-
drawal latency. A 20-s cut-off time was used to avoid
tissue damage. The von Frey and plantar tests were per-
formed three times for each mouse, and the mean values
were designated as the withdrawal thresholds or with-
drawal latencies, respectively. In all behavioral evalu-
ations, the investigator was blinded to the titles of the
experimental group in order to avoid any bias.

Immunohistochemistry and quantitative analysis of
immunopositive cells

The primary antibodies used in this study were as fol-
lows: GABA (rabbit polyclonal antibody, dilution 1:500,
Sigma, Product#A2052, Batch#103M4793), GAD65þ
67 (GAD65/67) (rabbit polyclonal antibody, dilution
1:200, Abcam, ab49832), and NeuN (mouse monoclonal
antibody, dilution 1:1000, Millipore, Cat.#MAB377,
Lot#NG1876252).

On the day of sacrifice, mice were perfused transcar-
dially with 50ml of saline solution followed by 80ml of
ice-cooled 4% paraformaldehyde in 0.1M phosphate-
buffered saline (PBS). The lumbar spinal cord (L4-5)
was removed and placed in the same fixative for 2 h.
The spinal cord was transferred to 30% sucrose (w/v)
in 0.1M PBS for 24 h for cryoprotection and then
embedded in OCT compound using dry-ice-cooled
hexane. Serial 10 -mm-thick spinal cord sections were
prepared in a cryostat and mounted serially on
3-amino-propylethoxysilane-coated slides. The sections
were processed for an immunofluorescence analysis
according to previous methods.27 Sections were washed
in 0.1M PBS and incubated in 0.1M PBS with 10%
normal goat serum and 1% Triton X-100 at room tem-
perature in order to block nonspecific staining. Sections
for double-immunofluorescence staining were incubated
simultaneously with two kinds of primary antibodies
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Figure 1. Treadmill running protocol and changes in pain behaviors in mice in the five experimental groups. (a) Adult male C57BL/6 J mice

were divided into five experimental groups (n¼ 6). All groups, except for Naive mice, were subjected to Running-1 and Running-2 prior to

PSL or Sham surgery. In the Running-1 program, mice ran at a speed of 7 m/min for 10 min/day for 5 days/week, and in the Running-2

program, ran at a speed of 7 m/min for 20 to 60 min/day (an increment of 10 min per day), 5 days/week. PSL- and Sham-Runner mice ran at a

speed of 7 m/min for 60 min/day, 5 days/week, from 2 days after surgery (Running-3). Mice were sacrificed for the immunohistochemical

analysis on the morning after the final treadmill running session. (b) von Frey and (c) plantar tests were performed in Naive (n¼ 6), Sham-

Sedentary (n¼ 6), Sham-Runner (n¼ 6), PSL-Sedentary (n¼ 6), and PSL-Runner (n¼ 6) mice two days before and two, three, five, and six

days after surgery. (b) Mechanical withdrawal thresholds were significantly higher in PSL-Runner mice than in PSL-Sedentary mice five and

six days after PSL (*p< 0.01). (c) Thermal withdrawal latencies were significantly higher in PSL-Runner mice than in PSL-Sedentary mice five

and six days after PSL (#p< 0.05, *p< 0.01). The significance of differences among groups was determined by a repeated-measures

ANOVA followed by Tukey’s post hoc test.
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diluted with 0.1M PBS containing 5% normal goat
serum and 0.3% Triton X-100 at 4�C for 48 h. After
being incubated with the primary antibodies, sections
were washed in 0.1M PBS containing 0.1% Triton X-
100 and then incubated with the secondary antibodies
diluted with 0.1M PBS containing 5% normal goat
serum and 0.1% Triton X-100 at room temperature for
3 h. The secondary antibodies used for the detection of
specific signals for NeuN or GABA and GAD65/67 were
Alexa Fluor 568-labeled goat anti-mouse IgG (1:500
Jackson ImmunoResearch) and Alexa Fluor 488-labeled
goat anti-rabbit IgG (1:500, Jackson ImmunoResearch),
respectively. Sections were washed in 0.1M PBS and
mounted in Vectashield mounting medium with DAPI
(Vector Labs, Burlingame, CA) in order to visualize
nuclei. Negative control sections, which were processed
without being incubated with the primary antibodies,
showed no significant positive immunoreactivities.
Fluorescent signals were detected using a confocal
microscope (LSM700, Carl Zeiss, Oberkochen,
Germany) equipped with an argon-helium laser and
fluorescence microscope (BZ9000, KEYENCE, Osaka,
Japan).

The quantification of double-immunopositive cells for
GABA and NeuN in the superficial dorsal horn was per-
formed according to previously described methods.28

Immunofluorescence images of the superficial dorsal
horns were acquired using a fluorescence microscope at
a magnification of 60�. A square of 104mm2 in size was
placed on the lateral, central, and medial parts of the
superficial dorsal horns in microscope images using
ImageJ software (version 1.48, National Institutes of
Health, USA), and the number of immunopositive cells
within it was counted. In this study, GABAþ neurons
were defined as NeuNþ neurons with similar or more
intense GABA immunoreactivities than those of the
neuropils surrounding neurons (Figure 2(f) to (h)). The
total number of GABAþ neurons within the squares of
these three parts was calculated as the value of a spinal
cord section, and the mean value of three randomly
selected spinal cord sections from six sections per
spinal cord was regarded as the number of GABAþ
neurons per mouse.

The immunofluorescence intensities of GABA and
GAD65/67 in the spinal dorsal horn were quantified as
follows. Immunofluorescence images of the superficial
dorsal horn were acquired using a fluorescence micro-
scope at a magnification of 60 x, and the acquisition con-
ditions of the immunofluorescence images, such as the
number of recording pixels, electrical shutter speed, gain,
white balance, and black balance were fixed throughout
the image analysis. A square of 104mm2 in size was
placed on the lateral, central, and medial parts of the
superficial dorsal horns in microscope images and the
immunofluorescence intensity within it was measured

using ImageJ software (version 1.48, National
Institutes of Health, USA). The immunofluorescence
intensity of a neuron that showed negative immunoreac-
tivity with GABA or GAD65/67 immunostaining was
used to normalize the background level among the sec-
tions, and this value was subtracted from the values for
the immunofluorescence intensities of GABA or
GAD65/67 within the same square. Total immunofluor-
escence intensities within the squares of these three parts
were calculated as the value of a spinal cord section, and
the mean value of three randomly selected spinal cord
sections from six sections per spinal cord was regarded as
the immunofluorescence intensity per mouse. In order to
avoid any bias in the results of the quantitative analysis,
the investigators were blinded to all of the experimental
groups throughout the quantitative analyses.

Statistical analysis

Quantitative data are presented as the mean� standard
error of the mean. A repeated-measures analysis of vari-
ance (ANOVA) followed by Tukey’s post hoc test was
used to compare withdrawal thresholds or withdrawal
latencies among the different experimental groups.
Multiple comparisons of the number of immunopositive
cells and immunofluorescence intensities among different
experimental groups were performed using a one-way
ANOVA followed by Tukey’s post hoc test. Differences
were considered significant at #p< 0.05 and *p< 0.01.

Results

Effects of treadmill running on pain behaviors

We performed von Frey and plantar tests to examine the
effects of treadmill running on pain behaviors in NPP
model mice (Figure 1(b) and (c)). No marked differences
in the pre-surgical data of withdrawal thresholds or with-
drawal latencies were found among mice assigned to the
five experimental groups. Naive, Sham-Sedentary, and
Sham-Runner mice also did not display any significant
alterations in withdrawal thresholds or withdrawal laten-
cies throughout the experimental period, indicating that
our treadmill running protocol had no effects on sensory
sensitivity in mice without PSL.

Withdrawal thresholds (0.208� 0.031 g) and with-
drawal latencies (3.60� 0.133 s) were markedly lower
than pre-surgical values (withdrawal threshold¼
1.222� 0.036 g; withdrawal latency¼ 10.94� 0.519 s) in
PSL-Sedentary mice two days after PSL, and these
decreased thresholds and latencies were maintained
throughout the experimental period. Withdrawal thresh-
olds in PSL-Runner mice were significantly higher at five
days (0.459� 0.093 g) and six days (0.538� 0.103 g) than
those in PSL-Sedentary mice (five days¼ 0.156� 0.005 g;
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six days¼ 0.144� 0.011 g) (p< 0.01) (Figure 1(b)).
Withdrawal latencies in PSL-Runner mice five and six
days after PSL (five days¼ 5.589� 0.289 s; six day-
s¼ 6.322� 0.213 s) were also significantly higher than
those in PSL-Sedentary mice (five days¼ 3.533� 0.117 s,

p< 0.05; six days¼ 3.644� 0.073 s, p< 0.01)
(Figure 1(c)). These results show that the treadmill run-
ning protocol used in this study effectively alleviated the
pain behaviors of PSL model mice.
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Figure 2. Changes in GABA immunoreactivities in the superficial dorsal horn following treadmill running. Lumbar spinal cord (L4-5)

sections in (a) Naive, (b) Sham-Sedentary, (c) Sham-Runner, (d) PSL-Sedentary, and (e) PSL-Runner mice were immunostained with GABA

(green) and NeuN (red) antibodies. The right and left sides of the dorsal horns indicate the contralateral and ipsilateral sides, respectively.

The dotted lines drawn in each photomicrograph indicate the boundary between the dorsal horn and white matter. Bars: (a–e)¼ 200mm.

(f–h) Lumbar spinal cord sections in Naive mice were immunostained with GABA and NeuN antibodies, and nuclei were stained with

DAPI. (f) and (g) indicate the immunoreactivities of GABA (green) and NeuN (red) in the superficial dorsal horn, respectively, and (h) three

images including DAPI were merged. A square located in (a) indicates the typical position acquired in enlarged photomicrographs of the

superficial dorsal horn. Arrowheads and asterisks indicate GABAþ NeuNþ and GABA� NeuNþ neurons, respectively. Bars: (f-

h)¼ 20mm. (i) As shown in (a), a square of 104mm2 in size was placed on the lateral, central, and medial parts of the superficial dorsal horns

in microscope images, and the immunofluorescence intensity of GABA within it was quantified. GABA immunoreactivity was significantly

weaker in PSL-Sedentary mice than in the other groups (n¼ 6, *p< 0.01). The significance of differences among groups was determined by

a one-way ANOVA and Tukey’s post hoc test.
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Effects of treadmill running on GABA production

In order to clarify the effects of treadmill running on
GABA production in the superficial dorsal horn, trans-
verse sections of the lumbar spinal cord were analyzed by
immunolabeling. In Naive, Sham-Sedentary, and Sham-
Runner mice, robust GABAþ immunoreactivities were
observed in the superficial laminae of the dorsal horn
(2(a) to (c)). GABA immunolabeling was markedly
weaker in the ipsilateral side than in the contralateral
side in PSL-Sedentary mice (Figure 2(d)); however, this
reduction was clearly restored in PSL-Runner mice
(Figure 2(e)).

Enlarged images of the superficial dorsal horn of Naive
mice showed that a number of rounded GABAþ cells
were colocalized with neuronal nuclei (NeuN)þ neurons
and that neuropils consisting of dendrites, axons, and
nerve terminals surrounding NeuNþ neurons were also
densely immunostained (Figure 2(f) to (h)), which was
consistent with previously reported immunolabeling pat-
terns.17,29We quantifiedGABA immunoreactivities in the
superficial laminae including neurons and neuropils using
an image analysis (Figure 2(i)). No significant difference
was observed in GABA immunoreactivities in Naive,
Sham-Sedentary, and Sham-Runner mice. A significant
decrease was noted in GABA immunoreactivities in the
ipsilateral side of PSL-Sedentary mice (Figure 2(i),
p< 0.01), and this was prevented by treadmill running.

Inhibitory interneurons in the dorsal horn use GABA
and/or glycine as neurotransmitters, and a previous
study showed that nearly all of the inhibitory inter-
neurons in the superficial dorsal horn are GABA-
immunoreactive cells.30 Double immunostaining with
GABA and NeuN antibodies revealed that
GABAþNeuNþ and GABA� NeuNþ neurons were
detected in the superficial dorsal horn of Naive mice
(Figure 2(f) to (h)). Therefore, we considered GABAþ
NeuNþ neurons to be GABAergic inhibitory inter-
neurons and investigated the effects of treadmill running
on these interneurons (Figure 3(a) to (f)). Although no
significant differences were observed in the number of
GABAþ NeuNþ neurons in Naive, Sham-Sedentary,
and Sham-Runner mice (Figure 3(g)), the number of
GABAergic interneurons in PSL-Sedentary mice was sig-
nificantly lower in the ipsilateral side than in the contra-
lateral side (Figure 3(a) to (c), (g), p< 0.01). This
reduction was clearly counteracted in PSL-Runner mice
(Figure 3(d) to (f), (g)). These results show that treadmill
running restores decreases in GABA levels in inter-
neurons and neuropils in the superficial dorsal horn of
PSL-Runner mice.

Effects of treadmill running on GAD65/67 production

Most axon terminals in the spinal cord contain GAD65
and GAD67 isoforms, and both isoforms play critical

roles in the production and attenuation of chronic
pain.14 Therefore, we used an antibody (GAD65/67)
that labels the GAD65 and GAD67 isoforms. When
the lumbar spinal cord in Naive mice was immunos-
tained, specific GAD65/67 immunoreactivities were
widely observed in the dorsal horn (Figure 4(a)), and,
in enlarged images, intense GAD65/67 immunoreactiv-
ities were detected as punctate structures in neuropils in
the superficial dorsal horn (Figure 4(f) to (h)). Neuronal
cell bodies did not show sufficient immunolabeling,
which is consistent with previous findings (Figure 4(f)
to (h)), and may be explained by rapid axonal transport
into terminals and/or the usage of detergents such as
Triton X-100 in immunohistochemical procedures.14,31

No significant differences were observed in GAD65/67
immunolabeling in the dorsal horns of Naive, Sham-
Sedentary, and Sham-Runner mice (Figure 4(a) to (c)).
GAD65/67 immunoreactivity was markedly lower in the
ipsilateral side than in the contralateral side of PSL-
Sedentary mice (Figure 4(d), (i) to (k)); however, this
reduction was prevented by treadmill running (Figure
4(e), (l) to (n)). An image analysis revealed a significant
reduction in GAD65/67 levels in the ipsilateral side of
PSL-Sedentary mice (Figure 4(o), p< 0.01) but not in
that of PSL-Runner mice (Figure 4(o)). Thus, the present
results show that treadmill running restores PSL-induced
reductions in GAD65/67 production, and, thus, GABA
levels may be retained in the interneurons and neuropils
of the superficial dorsal horn.

We then investigated whether increases in GABA and
GAD65/67 levels in the superficial dorsal horn following
treadmill running accelerated the attenuation of pain
behaviors. A positive correlation was observed between
GABA levels and the thresholds of von Frey
(Figure 5(a), p< 0.001) or plantar tests (Figure 5(b),
p< 0.001), as well as between GAD65/67 levels and the
thresholds of von Frey (Figure 5(c), p< 0.01) or plantar
tests (Figure 5(d), p< 0.01) in PSL-Sedentary and -
Runner mice. Positive correlations were also observed
between the number of GABAþ NeuNþ neurons and
the thresholds of von Frey (Figure 5(e), p< 0.05) or plan-
tar tests (Figure 5(f), p< 0.01) in PSL-Sedentary and -
Runner mice. These results suggest that increases in
GABA and GAD65/67 levels and GABAergic inter-
neurons in the superficial ipsilateral dorsal horn may
contribute to EIH.

Discussion

PSL, CCI, and SNL are frequently used as peripheral
nerve injury models to generate NPP, and physical exer-
cise attenuates mechanical allodynia and heat hyperalge-
sia in these model animals. Exercise paradigms such as
treadmill running and swimming are now primarily used
in EIH research, and their effectiveness has been
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Figure 3. Changes in GABAþ NeuNþ neurons in the superficial dorsal horn following treadmill running. (a,b) Immunoreactivities of

GABA (green) and NeuN (red) in the ipsilateral superficial dorsal horn of PSL-Sedentary mice, and (c) three images including DAPI were

merged. A typical position acquired in enlarged photomicrographs (a–c) in the ipsilateral dorsal horn was marked by the square located in

Figure 3(d). (d,e) Immunoreactivities of GABA (green) and NeuN (red) in the ipsilateral superficial dorsal horn of PSL-Runner mice, and (f)

three images including DAPI were merged. A typical position acquired in enlarged photomicrographs (d–f) in the ipsilateral dorsal horn was

marked by the square located in Figure 3(e). Arrowheads and asterisks indicate GABAþ NeuNþ and GABA� NeuNþ neurons,

respectively. Bars: (a–f)¼ 20 mm. (g) As shown in Figure 3(a), (d), and (e), squares of 104mm2 in size were placed on the lateral, central, and

medial parts, respectively, of the superficial dorsal horn in microscope images, and the number of GABAþ NeuNþ neurons within it was

counted. The number of GABAþ NeuNþ neurons in the ipsilateral dorsal horn was significantly lower in PSL-Sedentary mice than in the

other groups (n¼ 6, *p< 0.01). The significance of differences among groups was determined by a one-way ANOVA and Tukey’s post

hoc test.
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demonstrated in many related studies.1,2,6,8,9,32 The
effectiveness of EIH appears to depend on the timing
of the initiation of treadmill running after surgery. For
example, when CCI or sciatic nerve crush model animals
started to run on a treadmill three days after surgery,
significant improvements in pain behaviors were

observed within four days post-exercise (within seven
days of surgery).1,3 When treadmill running was initiated
seven days after surgery in SNL-model rats in another
study, the attenuation of pain hypersensitivity was ini-
tially observed 14 days post-exercise.9 In the present
study, PSL mice started to run on a treadmill two days
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Figure 4. Changes in GAD65/67 immunoreactivities in the superficial dorsal horn following treadmill running. Lumbar spinal cord (L4-5)

sections in (a) Naive, (b) Sham-Sedentary, (c) Sham-Runner, (d) PSL-Sedentary, and (e) PSL-Runner mice were immunostained with

GAD65/67 (green) and NeuN (red) antibodies. The right and left sides of the dorsal horns correspond to the contralateral and ipsilateral

sides, respectively. The square located in (a) was enlarged in (f): GAD65/67 (green) and (g): NeuN (red). The square located in (d) was

enlarged in (i): GAD65/67 (green) and (j): NeuN (red), and the square located in (e) was also enlarged in (l): GAD65/67 (green) and (m):

NeuN (red). NeuNþ neurons (arrowheads) in (g), (j), and (m) were enlarged in (h), (k), and (n), respectively. Bars: (a–e)¼ 200 mm, (f, g, i, j,

l, and m)¼ 30 mm, (h, k, and n)¼ 10 mm. Intense GAD65/67 immunoreactivities were detected in neuropils. (o) The immunofluorescence

intensity of GAD65/67 in the superficial dorsal horn was quantified as described in the Methods section. GAD65/67 immunoreactivity

levels were significantly lower in PSL-Sedentary mice than in the other groups (n¼ 6, *p< 0.01). The significance of differences among

groups was determined by a one-way ANOVA and Tukey’s post hoc test.
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Figure 5. Relationships between pain behavior thresholds and GABA and GAD65/67 levels or GABAergic interneuron numbers in

superficial dorsal horns of PSL-Sedentary and -Runner mice. (a) A positive correlation was observed between GABA levels and the

thresholds of von Frey (a, r¼ 0.874, n¼ 12, p< 0.001) or plantar tests (b, r¼ 0.929, n¼ 12, p< 0.001). A positive correlation was observed

between GAD65/67 levels and the thresholds of von Frey (c, r¼ 0.753, n¼ 12, p< 0.01) or plantar tests (d, r¼ 0.817, n¼ 12, p< 0.01). A

positive correlation was observed between the number of GABAþNeuNþ neurons and thresholds of von Frey (e, r¼ 0.645, n¼ 12,

p< 0.05) or plantar tests (f, r¼ 0.813, n¼ 12, p< 0.01). Open and closed circles indicate the values of PSL-Sedentary and -Runner mice,

respectively.
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after surgery at a running speed of 7m/min for 60min,
which corresponds to approximately 64% of maximal
oxygen uptake (VO2max) based on a previous study by
Schefer and Talan.33 Mechanical allodynia and heat
hyperalgesia were significantly attenuated three days
post-exercise. Thus, the present results, in accordance
with previous studies, further confirmed the ability of
treadmill running to produce EIH and suggest that
treadmill running started at an early stage after surgery
accelerates the development of EIH.

Although previous studies found marked reductions in
GABA levels and the loss of GABA neurons in the spinal
dorsal horn of NPP model animals,10–12 contradictory
findings have also been reported.29,34 Therefore, the fate
of GABAergic neurons in the dorsal horn following per-
ipheral nerve injury remains unclear due to the difficulties
associated with immunolabeling GABAergic neurons
and inconsistent methods used to analyze GABA levels.
In contrast to GABA, the number of enhanced green
fluorescent protein (EGFP)þ GAD67 neurons was
reported to be significantly decreased in the superficial
dorsal horn of SNL model mice seven days post-sur-
gery.35 Lorenzo et al.15 also showed that the density of
axon terminals with GAD65 in the dorsal horn of CCI
model rats was markedly reduced in laminae I–II from
five days post-surgery, with the largest decrease occurring
after approximately three to four weeks. A previous study
demonstrated marked reductions in GAD65 but not
GAD67 in the ipsilateral dorsal horn of NPP model
rats within six days of surgery.36 Therefore, further stu-
dies to investigate changes in GADs and GABA asso-
ciated with peripheral nerve injury in the dorsal horn
will be important for elucidating the implications of
GABAergic inhibition on the production of NPP. The
present study showed that PSL surgery not only signifi-
cantly decreased GAD65/67 levels but also induced
marked reductions in GABA levels in the superficial
dorsal horn. Therefore, our results suggest that reduc-
tions in GABA and GAD65/67 levels in the dorsal horn
are sufficient for abolishing GABAergic inhibition, lead-
ing to NPP in PSL-Sedentary mice.

A previous study reported a marked reduction in
GAD65 immunoreactivity in the ipsilateral dorsal horn
in CCI and spared nerve injury model rats, and this
reduction was attributed to apoptotic cell death, which
was the most prominent seven days post-surgery.36 In
contrast, other studies found no significant loss in
GABAergic neurons in the superficial dorsal horn 14
and 28 days post-surgery in spared nerve injury and
CCI model rats,29,34 and all the apoptotic cells observed
after nerve injury were microglia.37 Thus, the loss of
GABAergic neurons via apoptotic cell death in NPP
model animals remains controversial. In the present
study, significant decreases were observed in the
number of GABAergic interneurons in the superficial

dorsal horn of PSL-Sedentary mice. Cell death does not
account for the loss of GABAergic interneurons, because
immunostaining with a cleaved caspase-3 antibody, an
indicator of apoptotic cells did not reveal any positive
immunoreactivity in the dorsal horn of PSL-Sedentary
mice seven days post-surgery (data not shown).
Another reasonable explanation for the reduction
observed in GABAergic interneurons involves the epigen-
etic modification of GABA synthesis in GABAergic inter-
neurons in response to the altered neuronal environment
after nerve injury. Especially, a feature in class IIa sub-
family member of histone deacetylases (HDACs) includ-
ing HDAC4 is synaptic activity-dependent nucleo-
cytoplasmic shuttling,38 and in neurons and muscle
cells, HDAC4 is imported into the nucleus from the cyto-
plasm in response to reductions in neural inputs.39–41 In
the nucleus, HDAC4 acts as a transcriptional repressor,
while the nuclear export of HDAC4 relieves transcrip-
tional repression.42 A previous study demonstrated that
reductions in histone H3 acetylation in the Gad2 pro-
moter in the brainstem of chronic pain model animals
resulted in its transcriptional repression, and some
HDACs including HDAC4 may be associated with the
regulatory regions of Gad2.16 Moreover, the neuronal
activity of GABAergic neurons in the dorsal horn is
markedly impaired in CCI model animals.22 Based on
these findings, our results indicate that reduced neuronal
inputs into GABAergic interneurons in PSL-Sedentary
mice may result in the nuclear import of HADC4, and,
thus, the down-regulation of GAD65 by hypoacetylated
Gad2 via its transcriptional repression. Since GAD65
principally accelerates the production of chronic pain
over GAD67,15,16,36 the impaired production of GAD65
via epigenetic modifications to Gad2 in GABAergic inter-
neurons may account for the exacerbated pain behaviors
observed in PSL-Sedentary mice.

Multiple mechanisms have been proposed for EIH.
Almeida et al.8 showed that the reduced phosphorylation
of phospholipase Cg-1 and inhibition of activated glial
cells in the spinal dorsal horn in PSL model mice may
play a role in the development of EIH. Swimming in PSL
model mice also attenuates pain behaviors by reducing
pro-inflammatory cytokines in injured sciatic nerves.32

Furthermore, inhibitory activity mediated by brain-
derived neurotrophic factor, opioids, and serotonin
may underlie EIH.4,8,9 The present study showed that
treadmill running at approximately 64% VO2max not
only induced an increase in GABA levels in interneurons
accompanied by an increase of GAD65/67 but also
reversed enhanced pain behaviors. We also found posi-
tive correlations between pain behaviors and GABA and
GAD65/67 levels or GABAergic interneuron numbers in
the superficial ipsilateral dorsal horn. Thus, our results
suggest that the increased production of GABA via the
up-regulation of GADs in interneurons in response to
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treadmill running produces EIH. Dai et al.43 showed that
when c-Fos immunostaining was used to localize tread-
mill running-activated neurons in the cat spinal dorsal
horn, labeled cells were widely detected in the dorsal
horn, especially laminae III-IV,43 indicating that dor-
sal horn neurons are activated during treadmill running
due to afferent feedback from the exercising limb muscles
via group Ia–IV muscle afferents that project into distinct
laminae.44–47 Based on these findings, our results suggest
that an increase in the neural input into GABAergic inter-
neurons in the dorsal horn by treadmill running allows for
the nuclear export of HDAC4 and thereby contributing to
the maintenance of GAD65 production. Therefore, the
neuronal activity-dependent epigenetic modification
causing the hyperacetylation of Gad2 in GABAergic
interneurons may play a role in EIH.

Conclusions

We herein demonstrated that mechanical allodynia and
heat hyperalgesia were significantly attenuated in PSL-
Runner mice. Furthermore, treadmill running prevented
PSL-induced reductions in GAD65/67 production, lead-
ing to the retention of GABA in interneurons and neuro-
pils in the superficial dorsal horn. Therefore, we
conclude that improvements in impaired GABAergic
inhibition represent a new pathway for EIH. In addition,
electrophysiological analysis to demonstrate the exercise-
induced functional alterations in GABAergic inhibitory
system that leads to EIH would be necessary to further
support the conclusion. On the other hand, GABAergic
interneurons in the spinal dorsal horn may be the dom-
inant candidate for the development of EIH. In addition,
both isoforms at the protein and mRNA levels are pre-
sent in the RVM, and these GABAergic RVM neurons
massively project into the spinal dorsal horn.16,48–52

These GABAergic RVM neurons were also shown to
participate in pain inhibition.16 Therefore, GABAergic
neurons in the RVM may be another potential candidate
involved in the development of EIH and warrant further
study. Furthermore, although the potential mechanisms
other than GABAergic inhibitory system in producing
EIH have been proposed, we do not know whether
such mechanisms also work under the treadmill running
protocol used in this study. In addition, we have not
examined yet whether the impaired GABA and
GAD65/67 productions are also improved by other
treadmill running protocols. The answers would
expand our knowledge and understanding of the mech-
anisms underlying EIH.
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