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Plastic changes in amygdala subregions
by voluntary running contribute to
exercise-induced hypoalgesia in
neuropathic pain model mice

Katsuya Kami1,2 , Fumihiro Tajima2 and Emiko Senba2,3

Abstract

Physical exercise has been established as a low-cost, safe, and effective way to manage chronic pain, but exact mechanisms

underlying such exercise-induced hypoalgesia (EIH) are not fully understood. Since a growing body of evidence implicated the

amygdala (Amyg) as a critical node in emotional affective aspects of chronic pain, we hypothesized that the Amyg may play

important roles to produce EIH effects. Here, using partial sciatic nerve ligation (PSL) model mice, we investigated the effects

of voluntary running (VR) on the basal amygdala (BA) and the central nuclei of amygdala (CeA). The present study indicated

that VR significantly improved heat hyperalgesia which was exacerbated in PSL-Sedentary mice, and that a significant positive

correlation was detected between total running distances after PSL-surgery and thermal withdrawal latency. The number of

activated glutamate (Glu) neurons in the medal BA (medBA) was significantly increased in PSL-Runner mice, while those

were increased in the lateral BA in sedentary mice. Furthermore, in all subdivisions of the CeA, the number of activated

gamma-aminobutyric acid (GABA) neurons was dramatically increased in PSL-Sedentary mice, but these numbers were

significantly decreased in PSL-Runner mice. In addition, a tracer experiment demonstrated a marked increase in activated

Glu neurons in the medBA projecting into the nucleus accumbens lateral shell in runner mice. Thus, our results suggest that

VR may not only produce suppression of the negative emotion such as fear and anxiety closely related with pain chron-

ification, but also promote pleasant emotion and hypoalgesia. Therefore, we conclude that EIH effects may be produced, at

least in part, via such plastic changes in the Amyg.
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Introduction

Increase in physical activity levels can inhibit the onset

of life-style related diseases, such as metabolic syndrome,

cardiovascular disease, diabetes, cancer and psychiatric

disorders including depression and anxiety. In addition

to these positive effects of physical activity, many clinical

and animal studies over past 30 years verified effective-

ness of physical activity as a non-pharmacological inter-

vention to improve pain, and it has been well known that

voluntary running (VR) or treadmill running in neuro-

pathic pain (NPP) and inflammatory pain (IFP) model

animals significantly improves pain-related behaviors

such as mechanical allodynia and heat hyperalgesia

(exercise-induced hypoalgesia: EIH).1–3 As potential

mechanisms of EIH effects, previous studies suggest
impacts of multiple events, including marked alterations
in cytokines, neurotrophins, neurotransmitters, and
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endogenous opioids in injured peripheral nerves, dorsal

root ganglia, spinal dorsal horns and the brainstem fol-

lowing physical exercise.3

On the other hand, recent neuroimaging analysis in

chronic pain patients demonstrated that dysfunction of

the mesocortico–limbic system including the ventral teg-

mental area (VTA), amygdala (Amyg), hippocampus

(Hipp), nucleus accumbens (NAc) and medial prefrontal
cortex (mPFC) plays critical roles in the development

and maintenance of chronic pain, which provided an

important clue to elucidating novel mechanisms under-

lying EIH effects. Our recent study demonstrated that

VR produces EIH effects and reverses the marked reduc-
tion in activated lateral VTA (lVTA)-DA neurons

induced by NPP. The proportions of activated latero-

dorsal tegmental nucleus (LDT)-cholinergic and lateral

hypothalamus-orexin neurons were significantly

enhanced by VR.4 These results suggested that EIH

effects may be produced, at least in part, by activation
of the mesolimbic reward system.

The amygdala is a limbic brain region that plays a key

role in emotional processing, neuropsychiatric disorders,

and the emotional-affective dimension of pain. The
amygdala is also a node constituting the mesocortico-

limbic system, and is comprised of different nuclei,

namely, the basolateral nuclei of amygdala (BLA), cen-

tral nuclei of amygdala (CeA) and the intercalated cells

(ITC) located between them. Animal studies reported

that neuronal excitability is enhanced in the CeA in
acute arthritis and neuropathic pain, and in the BLA

in an acute arthritis pain model.5 The CeA is further

divided into three subdivision, the capsular division of

CeA (CeC), lateral division of CeA (CeL) and medial

division of CeA (CeM). The BLA is a complex consisting
of the lateral amygdala (LA) and the basal amygdala

(BA), which is further divided into the lateral BA and

medial BA. The amygdala receives cortical (mPFC,

ACC, IC) and thalamic inputs that provide polymodal

sensory information to the BLA.6 Nociceptive informa-

tion from the peripheral tissues projects into the para-
branchial nucleus (PBN) via the spinal dorsal horn, and

then PBN neurons directly input into the CeC.7 Beyeler

et al.8 indicated that BLA neurons projecting to the NAc

(BLA-NAc) respond to a reward-predictive cue, whereas

BLA neurons projecting to the CeM (BAL-CeM) are
excited by an aversive stimulation including pain. They

also reported that the BLA-CeM and BLA-NAc projec-

tors are densest in the latBA and medBA, respectively.9

By using optogenetic techniques, Cai et al.10 indicated

that activation of PBN-CeA circuit is sufficient to cause
behavior of negative emotion, such as anxiety, depres-

sion and aversion, while activation of the BLA-CeA

pathway reduces anxiety and depression, and induces

behavior of reward.

Since a growing body of evidences implicated the
amygdala as a critical node in emotional affective
aspects of pain, we hypothesized that constituent ele-
ments of the amygdala, the CeA and BLA may play
important roles to produce EIH effects in a different
way each other. In this study, we investigated the effects
of VR on glutamate (Glu) neurons in the BA and
gamma-aminobutyric acid (GABA) neurons in the
CeA in neuropathic pain model mice. In addition, we
also investigated whether the BA neurons projecting to
the NAc lateral shell are activated by physical exercise.
The present study provided evidences that both extinc-
tion of negative emotions and promotion of pleasant
emotion which induced by plastic changes in amygdala
altered by VR may be critical events to produce EIH
effects.

Materials and methods

Preparation of NPP model mice

Adult C57BL/6J mice were used in this study.
Neuropathic pain (NPP) model mice were prepared by
partial sciatic nerve ligation (PSL).11 Under deep anes-
thesia, approximately one-third to one-half of the sciatic
nerve at the right mid-thigh level was tightly ligated with
8-0 silk sutures. Sham operations were performed using
the same procedures described above excluding PSL. All
experiments in this study were approved by the Animal
Care Committee of Wakayama Medical University (Ref.
No. 910). 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).

Experimental groups and the VR protocol

Mice were divided into six groups: 1) Naive-Sedentary
mice (n¼ 6), 2) Naive-Runner mice (n¼ 6�8), 3) Sham-
Sedentary mice (n¼ 6), 4) Sham-Runner mice
(n¼ 6�8), 5) PSL-Sedentary mice (n¼ 6�10) and 6)
PSL-Runner mice (n¼ 6�10). All Runner and
Sedentary mice were placed in individual cages equipped
with a running wheel or locked running wheel under a
12/12-hour light-dark cycle, and Naive-, Sham- and
PSL-Runner mice were allowed to run freely on the run-
ning wheel. Since running exercise in the early stage after
nerve injury is an important requirement to induce sig-
nificant EIH effects, mice were returned to the cage
equipped with a running wheel so that they can volun-
tarily run immediately after PSL-surgery. The VR pro-
tocol is shown in Figure 1(b). All mice, except for Naive
mice, performed VR for 2 weeks prior to the sham oper-
ation or PSL. PSL and Sham mice were returned to indi-
vidual cages immediately after surgery, and running
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distances were measured during the 14-day period before

and after the surgery. The rotations ran on the running

wheel/hour were monitored using a magnetic reed switch

attached to a computerized exercise-monitoring system

(SOF-860 wheel manager software, MED Associates,

Inc.), and daily running distances (m/day) and diurnal

variation in running distance (m/hour) were calculated

using the number of rotations on the running wheel.

Evaluation of pain behavior

In order to abolish diurnal variation in pain behaviors,

plantar tests were performed at 8:00 a.m. Prior to plan-

tar 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 30 min. Heat hyperalgesia was

evaluated by the plantar test, which measures withdraw-

al latency (sec) to 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 stimulus by the projector

lamp bulb was focused on the plantar surface of the

ipsilateral hindpaw, and the minimum time (sec)

needed to evoke quick withdrawal of the paw by heat

stimulation was taken as the withdrawal latency.12 The

plantar test was performed three times for each mouse,

and mean values were considered as the withdrawal

latency. In all behavioral evaluations, the investigator

was blinded to the experimental groups in order to

avoid any bias.

Figure 1. Schematic drawing of the amygdala, and changes in running distances and pain behavior during the experimental period.
(a) Schematic drawing of the amygdala. The amygdala is a complex consisting of the basolateral nuclei of amygdala (BLA), central nuclei of
amygdala (CeA) and the intercalated cells (ITC). The CeA is further divided into three subdivisions, the capsular division of CeA (CeC),
lateral division of CeA (CeL) and medial division of CeA (CeM). The BLA consists of the lateral amygdala (LA) and the basal amygdala (BA),
and the latter is further divided into the lateral BA and medial BA. The red squares indicate areas in which immunoreactive neurons were
counted. (b) Protocol of VR. Naive-Runner, Sham-Runner and PSL-Runner mice were placed in individual cages equipped with a low-profile
wireless mouse running wheel, being allowed to run freely on it. Sedentary mice were reared in cages with a locked running wheel.
(c) Changes in running distances of three groups of Runner mice (n¼ 6). (d) Plantar tests were performed for all experimental groups.
Thermal withdrawal latencies were significantly higher in PSL-Runner mice than those in PSL-Sedentary mice (*p< 0.01, n¼ 6).
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Immunofluorescence analysis

The primary antibodies were as follows: FosB (mouse

monoclonal antibody, dilution 1:2000, Abcam,

ab11959), glutamic acid decarboxylase 67 (GAD67)

(goat polyclonal antibody, dilution 1:1000, Abcam,

ab80589), Calcitonin Gene Related Peptide (CGRP)
(rabbit polyclonal antibody, dilution 1:500, Sigma,

PC205L) and EAAC1 (rabbit polyclonal antibody dilu-

tion 1:1000, Sigma).
Mice were perfused transcardially with 4% parafor-

maldehyde in 0.1 M phosphate-buffered saline (PBS),
and the brain was post-fixed. After cryoprotection, the

brain was frozen using dry ice-cooled hexane. Serial

25-lm thick brain sections including the BA (Bregma

�2.18mm��1.46mm) or CeA (Bregma �1.46mm�
�0.94mm) in the coronal plane were mounted serially

on slides. After blocking for non-specific staining, sec-

tions for dual immunofluorescence staining were incu-
bated simultaneously with two kinds of primary

antibodies diluted in 0.1 M PBS containing 5% normal

donkey serum and 0.3% Triton X-100 at 4�C for

48 hours. Then, sections were incubated with the second-

ary antibodies diluted in 0.1 M PBS containing 5%

normal donkey serum and 0.1% Triton X-100 during
overnight at 4�C. The secondary antibody used for the

detection of GAD67 immunoreactivity was Alexa Fluor

594- or 405-labeled donkey anti-goat (1:500, Abcam,

ab150136 or ab175665). The secondary antibody used

for the detection of FosB immunoreactivity was Alexa

Fluor 488-labeled donkey anti-mouse IgG (1:500,
Abcam, ab150109). The secondary antibodies used for

the detection of CGRP and EAAC1 immunoreactivities

were Alexa Fluor 405- or 488-labeled donkey anti-rabbit

IgG, respectively (1:500, Abcam, ab175648 or

ab150061). Sections were washed in 0.1 M PBS and

mounted in Vectashield mounting medium with DAPI
(H-1200, Vector Labs., Burlingame, CA). Fluorescence

signals were detected using a confocal microscope

(LSM700, Carl Zeiss, Oberkochen, Germany) equipped

with an argon-helium laser. Negative control sections,

which were processed without primary antibodies, had

no significant positive immunoreactivity.

Quantitative analysis of immunopositive neurons

Immunofluorescence images of the BA on the ipsilateral

and contralateral sides were acquired at a magnification

of 10 x. A square of 200 lm� 200 lm in size, as shown in

Figure 1(a) for the medBA and latBA, was placed on the

microscope images using LSM Image Browser 4.2 (Carl

Zeiss, Germany), and the number of immunopositive
cells within the square was counted. On the other

hand, immunofluorescence images of the CeA on the

ipsilateral and contralateral sides were acquired at a

magnification of 20�. A square of 100 lm� 100 lm in
size, as shown in Figure 1(a) for the CeA subdivisions,
was placed on the microscope images using LSM Image
Browser 4.2 (Carl Zeiss, Germany), and the number of
immunopositive cells within was counted. The mean
value of three randomly selected sections from six sec-
tions per brain was regarded as the value of immuno-
positive neurons per mouse. In order to avoid any bias in
the results of the quantitative analysis, investigators were
blinded to all experimental groups throughout quantita-
tive analyses.

Injection of retrograde tracer into the NAc
lateral shell, immunofluorescence staining and
quantitative analysis

Mice performed VR for 2 weeks prior to injection of the
retrograde tracer, and were then placed in a stereotaxic
apparatus. Unilateral injection of Retrobeads Red
(RBR) (50 nl, Lumafluor Inc., Naples, FL) was per-
formed by inserting a microsyringe into the left side of
the NAc lateral shell (Bregma: anteroposterior,1.0mm;
mediolateral, 1.5mm; and dorsoventral, �5.0mm).
RBR-injected mice were returned to their individual
cages, and the running distance was recorded for 2
weeks before and after injection. The brains of RBR-
injected Runner mice were processed in the same
manner as described for the Immunofluorescence analy-
sis. To evaluate RBR-injection sites, 35-lm thick brain
sections including the NAc lateral shell were mounted
serially, and after briefly rinsing with PBS, slides were
mounted in Vectashield mounting medium with DAPI.

The same immunostaining procedure for the FosB
immunostaining in the BA was adapted for RBR-
injected brain sections. Immunofluorescence images of
the BA on the administrated sides of the RBR were
acquired at a magnification of 10 x. A square of
200 lm� 200 lm in size, as shown in Figure 1(a) for
the medBA or latBA, was placed on the microscope
images using LSM Image Browser 4.2 (Carl Zeiss,
Germany), and the number of RBR-positive cells and
the number of dual positive cells for the RBR signals
and FosB immunoreactivity within the square was
counted. The total number of cells in three randomly
selected sections from six sections per RBR-injected
Runner mouse was regarded as the value of immuno-
positive cells. In order to avoid any bias in the results
of the quantitative analysis, investigators were blinded to
all experimental groups throughout quantitative
analyses.

Statistical analysis

Quantitative data are presented as the mean � standard
error of the mean (SEM). A repeated measures ANOVA
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followed by Bonferroni’s post hoc test was used to com-

pare withdrawal latency among the experimental groups.

Multiple comparisons of the number of immunopositive

cells among experimental groups were performed using a

one-way ANOVA followed by Bonferroni’s post hoc

test. Comparison of the number of RBR positive cells

between the medBA and latBA was performed using a

student’s t-test. Differences were considered to be signif-

icant at p< 0.05.

Results

Changes in running distances and pain behaviors

The manner of exercise by experimental animals is clas-

sified into forced exercise, such as treadmill running and

swimming, and VR such as free running on a running

wheel. Especially, there are many studies that indicated

the improvement of emotion with VR in pain research

using experimental animals. It is indicated that VR in

inflammatory pain model mice improves perception,

emotion and cognition deteriorated with chronic

pain.13 VR increases dopamine levels in the mPFC,

and enhances the performances of cognitional task that

is regulated in the mPFC.14 In addition, Picher et al.

reported that both inflammatory pain and stresses

in animal model were attenuated by VR.15 VR also

improves symptoms of chronic stress such as depression

and anxiety-like behaviors.14–20 In addition, since VR

can produce positive emotion via activation of the

brain reward system, the results mentioned above indi-

cate that VR can activate vigorously mesocortico-limbic

system including brain reward system. Therefore, in the

present study, VR, but not forced exercise, was loaded

on mice to elucidate relationship between Amyg and

EIH effects.
Figure 1(c) shows changes in running distances per

day by Naive, Sham, and PSL-Runner mice. The mean

running distance in the three groups was approximately

5000m/day on day 1 after the start of the experiment

(Pre14 d), and running distances markedly increased by

day 14 (Pre1 d) (Naive-runner: 12127.85� 1363.17m/

day; Sham-Runner: 12720.22� 718.9m/day; PSL-

Runner: 13277.62� 1408.69m/day). The running dis-

tance by Sham-Runner mice decreased to 8808.72�
961.77m/day on day 1 post-surgery (1 d), but returned

to nearly pre-surgery levels by day 6 post-surgery

(12234.27� 1336.97m/day: 96.2%). On the other hand,

the running distance by PSL-Runner mice markedly

decreased on day 1 post-surgery (1385.39� 488.23m/

day: 10.4%). However, these values gradually increased

thereafter. The running distance by PSL-Runner

mice recovered to approximately 61% (8093.41�
913.68m/day) of the pre-surgery level by day 14

post-surgery (14 d). These changes were consistent with
our previous results.4

We performed plantar tests to evaluate the effects of
VR on heat hyperalgesia (Figure 1(d)). No marked dif-
ferences were noted in the pre-operative data of with-
drawal latencies among mice assigned to the six
experimental groups. Furthermore, Runner mice in the
Naive and Sham groups exhibited no significant altera-
tions in withdrawal latencies throughout the experimen-
tal period, indicating that VR had no effects on sensory
sensitivity in mice without PSL. PSL-Sedentary mice had
markedly shorter withdrawal latency (4.78� 0.195 sec)
at 1 days after PSL than at pre-surgery (withdrawal
latency: 12.8� 0.558 sec), and these decreased latencies
were maintained throughout the experimental period.
Withdrawal latencies were significantly longer on day 5
in PSL-Runner mice (6.21� 0.169 sec, p< 0.01) than
in PSL-Sedentary mice (5 days¼ 5.32� 0.158 sec).
Furthermore, significant increases in withdrawal laten-
cies were observed until day 13 after PSL in PSL-Runner
mice (11.37� 0.759 sec, p< 0.01) compared with those in
PSL-Sedentary mice (5.0� 0.09 sec). Taken together
with our previous findings,4 the present results con-
firmed that the pain behaviors in NPP model mice
were significantly improved by the VR protocol
employed in the present study.

We next examined the relationships between the
threshold of final pain on behavioral tests (13 d) and
total running distances during the 13-day period after
PSL in PSL-Runner mice. We found a significant posi-
tive correlation between total running distance and with-
drawal latency (Figure 2(a); R¼ 0.805, n¼ 10, p< 0.01).
These results also confirmed our previous findings.4

Interestingly, however, when we examined the relation-
ships between the threshold of final pain on behavioral
tests (13 d) and total running distances during the exper-
imental period in PSL-Runner mice, no significant cor-
relation was verified (Figure 2(b); R¼ 0.323, n¼ 10),
meaning that the levels of physical activity after nerve
injury are closely involved in an extent of NPP.

PSL- and VR-induced changes in the latBA- and
medBA-Glu neurons

Neuronal type constituting the BA is largely Glu neu-
rons (�80%), and exist also slightly GABA neurons
(�20%).21,22 When dual immunostaining used EAAC1
(a marker for Glu neurons) and GAD67 (a marker for
GABA neurons) performed, we found neuronal type
accordance with previous observations (Figure 3(A)).
In addition, immunoreactivity of FosB was used as a
marker of activated neurons because FosB protein grad-
ually accumulates in response to chronic stimuli, includ-
ing wheel running, and persists for long periods of time
because of its high stability.23 The BA, which is
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composed of anatomically and functionally heteroge-

neous Glu neuron subpopulations with different

axonal projections, is divided into two parts: the latBA

and medBA. A previous study suggested that the latBA

neurons projecting to the CeA may be the primary sub-

population of Glu neurons that are preferentially acti-

vated by aversive stimuli, including chronic pain,

whereas the medBA neurons projecting to the NAc lat-

eral shell may primarily signal reward and salience.9 To

elucidate a difference in activation of Glu neurons in

both latBA and medBA, we immunostained the brain

sections containing the BA with FosB and GAD67 anti-

bodies, and thereby FosBþ neurons without the immu-

noreactivities for GAD67 were considered as the Glu

neurons.
Typical immunostained images of activated BA neu-

rons in PSL-Sedentary and PSL-Runner mice were

showed in Figure 3(B), and the numbers of activated

Glu neurons in the latBA and the medBA on the

ipsilateral and contralateral sides were compared
among each group (Figure 3(C)). The area of the BA
in which the quantitative analysis was made, was indi-
cated in Figure 1(a). In agreement with the images of
photomicrographs, the numbers of activated Glu neu-
rons (GAD67- FosBþ) in the Sham- and PSL-
Sedentary mice were significantly higher in the latBA
compared with those in the medBA (p< 0.01). In con-
trast, the numbers of activated Glu neurons in the
Naive-, Sham- and PSL-Runner mice were significantly
higher in the medBA compared with those in the latBA
(p< 0.01). There were no significant differences between
the ipsilateral and contralateral sides in all groups.

When the relationship between the total running dis-
tance during the 14-day period after surgery in PSL-
Runner mice and the number of activated Glu neurons
(sum of both the ipsilateral and contralateral sides) in
PSL-Runner mice was examined, a significant positive
correlation was noted (Figure 3(D), R¼ 0.813, n¼ 6,
p< 0.05).

PSL- and VR-induced changes in the CeA-GABA
neurons

The CeA contains largely GABA neurons,24–26 and fur-
ther is divided into three subdivisions, the CeL, CeM
and CeC. The CeC, especially is strongly immunostained
with CGRP antibody, because the CGRP-containing
neurons in the PBN directly project into the CeC.27

Therefore, we identified the CeC as both CGRP and
GAD67-immunopositive regions, and the CeM and
CeL were identified in accordance with The Mice Brain
Atlas.28 The squares put on the CeM, CeL and CeC in
Figure 1(a) indicate the area in which the quantitative
analysis was made.

Using dual immunostaining with GAD67 and FosB
antibodies, we found significantly many GAD67þ neu-
rons with FosBþ immunoreactive nuclei on both the
ipsilateral and contralateral sides of the CeM, CeL and
CeC in PSL-Sedentary mice (Figure 4(a)) compared with
those of PSL-Runner mice (Figure 4(b)). When the
number of activated GABA (GAD67þ FosBþ) neurons
on the ipsilateral and contralateral sides in the CeC
(Figure 4(c)), CeM (Figure 4(d)) and CeL (Figure 4(e))
were compared, consistent with the immunostaining
images, the numbers were significantly higher in PSL-
Sedentary mice than those in all other groups
(p< 0.01). No significant differences between the ipsilat-
eral and contralateral sides were observed in all groups.

When the relationship between the thermal withdraw-
al latency and the number of activated GABA neurons
(sum of both the ipsilateral and contralateral sides) in
PSL-Runner mice was examined, we found significant
negative correlations in the CeC (Figure 4(f),
R¼ 0.848, n¼ 6, p< 0.05), the CeM (Figure 4(g),

Figure 2. Relationship between thermal withdrawal latency
and total running distances in PSL-Runner mice. (a) A significant
positive correlation was observed between total running distances
after PSL-surgery and the thermal withdrawal latency in
PSL-Runner mice (R¼ 0.805, n¼ 10, p< 0.01). (b) No significant
correlation was detected between the thermal withdrawal latency
and total running distances during the experimental period in
PSL-Runner mice (R¼ 0.323, n¼ 10, N.S.).
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R¼ 0.835, n¼ 6, p< 0.05) and the CeL (Figure 4(h),

R¼ 0.839, n¼ 6, p< 0.05), indicating that inactivation

of GABA neurons in the CeA may be a factor to deter-

mine an intensity of neuropathic pain.

The NAc lateral shell-projecting BA-Glu neurons in

runner mice

Using retrograde tracing and FosB immunostaining, we

investigated whether the NAc lateral shell-projecting

BA-Glu neurons are activated by VR. Mice were

placed in individual cages with a running wheel at the

start of the experiment, and after 13 days (Pre1 d), the

running distance increased to 15528.47� 1119.07 m/day,

as shown in Figure 5(a). A retrograde tracer, Retrobeads
Red (RBR), was unilaterally injected into the left side of

the NAc lateral shell, as described in Methods, and the

RBR-injected mice then continued VR for 2 weeks

(Figure 5(A) and (B)). Although the injection of RBR

markedly decreased the running distance at day 1 post-

injection (1 d: 3445.49� 973.82m/day), the running
distances gradually increased thereafter until day 14

post-injection (14 d: 13289.47� 1318.03m/day)

(Figure 5(A)). The brainstems in seven mice in which

Figure 3. VR/PSL-induced changes of Glu neurons in the medBA and latBA. (A) Photomicrographs showing the neuronal types in the BA.
Many EAAC1þ Glu neurons (green, arrows) and a few GAD67þ GABA neurons (blue, an arrowhead) were detected by dual immu-
nostaining on the BA. Bar¼30 lm. (B) Photomicrographs showing FosBþ activated Glu neurons (green) and GAD67þ GABA neurons
(red) in the BA of PSL-Sedentary (a, b) and PSL-Runner (c, d) mice. The increased number of activated Glu neurons was observed in the
medBA compared to the latBA in PSL-Runner mice, while these in PSL-Sedentary mice indicated the inverse pattern. LA: the lateral Amyg,
medBA: the medial basal Amyg, latBA; the lateral basal Amyg, CeA: central nuclei of Amyg, Bars¼ 80 lm. (C) A bar chart showing the
numbers of activated Glu neurons (GAD67- FosBþ) in the medBA and the latBA in each group. As shown in Figure 1(a), a square of 200
lm� 200 lm in size was placed on the medBA or the latBA on microscopic images, and GAD67- FosBþ neurons per square were
counted. Except for Naive-Sedentary, the activated Glu neurons in Naive-Run, Sham-Run and PSL-Run were significantly increased in the
medBA compared to the latBA, while those in Sham-Sed and PSL-Sed were significantly increased in the latBA than those in the medBA
(n¼ 6, *p< 0.01). (D) A significant positive correlation was noted between total running distances during two weeks after PSL operation
and the number of activated Glu (GAD67- FosBþ) neurons in PSL-Runner mice (R¼ 0.813, n¼ 6, p< 0.05).
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RBR was precisely injected into the NAc lateral shell

were used for further immunostaining.
Although RBR-incorporated neurons were bilaterally

detected in the BA, more RBRþ neurons were detected
on the ipsilateral side than on the contralateral side of
the injection (data not shown). Therefore, we performed
further analysis on the ipsilateral side of the BA. We

found that the proportion of RBRþ neurons in the
medBA (59.65� 3.2%, n¼ 7, p< 0.001) were significant-
ly higher than that of the latBA (40.35� 3.2%), indicat-

ing that more Glu neurons in the medBA project into the
NAc lateral shell in accordance with previous study9

(Figure 5(C-a), and (D)). On immunostaining with
FosB antibodies, we found mainly two distinct neuronal

types, namely, NAc lateral shell-projecting activated Glu
(RBRþ FosBþ) and NAc lateral shell-non-projecting

activated Glu (RBR� FosBþ) neurons (Figure 5(C-b)

and (C-c)). In the quantitative analysis, significantly

many NAc lateral shell-projecting activated Glu neurons

were detected in the medBA (70.9� 1.2%, n¼ 7,

p< 0.001) compared with that of the latBA (29.1�
1.2%) (Figure 5(D)). These results indicated that VR

can activate the NAc lateral shell-projecting the

medBA-Glu neurons.

Discussion

Although EIH effects have been well documented in the

pain model animals which performed treadmill running

or VR, the brain mechanisms underlying induction and

maintenance of EIH effects are not fully understood.

The present results suggested that the VR in NPP

Figure 4. VR/PSL-induced changes of GABA neurons in the CeA subdivisions.
Photomicrographs showing the immunoreactivities for FosB (green), GAD67 (red) and CGRP (blue) antibodies in the CeA subdivisions in
PSL-Sedentary (a) and PSL-Runner mice (b). Many activated GABA (GAD67þ FosBþ) neurons were detected in the CeA subdivisions of
PSL-Sedentary mice compared to those of PSL-Runner mice. CeC: the capsular division of CeA, CeL: lateral division of CeA, CeM: medial
division of CeA. Bars¼ 70 lm. A bar chart showing the numbers of activated GABA neurons (GAD67þ FosBþ) in the CeC (c), CeM
(d) and CeL (e) in each group. As shown in Figure 1(a), a square of 100 lm� 100 lm in size was placed on the CeA subdivisions on
microscopic images, and GAD67þ FosBþ neurons per square were counted. The activated GABA neurons in all CeA subdivisions were
significantly increased in PSL-Sedentary compared to other groups (n ¼ 6, *p< 0.01). Significant negative correlations were noted
between thermal withdrawal latency and the number of activated GABA (GAD67þ FosBþ) neurons in the CeC (F, R¼ 0.848, n¼ 6,
p< 0.05), CeM (G, R¼ 0.835, n¼ 6, p< 0.05) and CeL (H, R¼ 0.839, n¼ 6, p< 0.05) in PSL-Runner mice.
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condition may not only suppress negative emotions such

as fear and anxiety closely related with pain chronifica-

tion, but also arouse pleasant emotions to produce EIH

effects.
The present study indicated that the decreased run-

ning distances following PSL were restored day by day

by VR in accordance with our recent report, in which we

demonstrated that VR of 2 weeks after surgery signifi-

cantly improved pain behaviors.4 Together with previ-

ous animal studies,15,16,29–31 the present study confirmed

availability of VR to produce EIH effects. In addition,

we found a significant positive correlation between the

total running distance after PSL-surgery, but not that

during the whole experimental period, and thermal with-

drawal latency, suggesting that the amount of VR after

nerve injury is a critical factor to govern the analgesic

level of EIH effects. VR has been well known to produce

natural reward that can activate the mesolimbic reward

system including the VTA-dopamine (DA) neu-

rons.23,32–34 Therefore, it clearly shows that the more

active physical activity after nerve injury may cause the

more activation of the mesolimbic reward system, which

may contribute to the extinction of NPP-induced nega-

tive emotions such as fear, depression and anxiety.

We found that the number of activated Glu neurons

was significantly increased in the medBA in all groups of
runner mice including PSL-Runner mice, while those in

the latBA showed higher levels in all groups of sedentary

mice, suggesting that the Glu neurons mainly located in

the medBA and latBA may play different roles each

other. In addition, our tracer experiment showed that

the Glu neurons in the medBA projecting to the NAc
lateral shell are drastically activated by VR. It has been

known that BLA projection neurons mediate both neg-

ative and positive emotions. For instance, selective acti-

vation of BLA neurons projecting to the NAc promotes

reward seeking behavior, while selective activation of

those projecting to the CeM induced fear-avoidance
behavior.35 Interestingly, Beyeler et al.9 reported that

BLA neurons projecting to the NAc were densely locat-

ed in the medBA, while those projecting to the CeM

were higher in the latBA compared to the medBA. In

addition to these previous findings, we further showed

that VR preferentially activates Glu neurons in the
medBA projecting into the NAc, demonstrating that

VR is an irreplaceable reward for PSL-mice, and conse-

quently may be able to robustly produce positive emo-

tions, thereby negating negative emotions including

Figure 5. NAc lateral shell-projecting the BA-Glu neurons in Runner mice. (A) Changes in running distances in RBR-injected mice (n¼ 7).
(B) After two weeks of VR, 50 nl of RBR was injected into the left side of the NAc lateral shell in mice, and RBR-injected mice continued
VR for two more weeks. (C) Photomicrographs showing (a) positive signals for RBR (red) in the BA, (b, c) enlarged images of neurons with
positive signals for RBR (red) and FosB (green) in the medBA. Arrowheads and an arrow indicate activated Glu (RBRþ FosBþ) neurons
projecting to the NAc lateral shell and activated Glu (RBR- FosBþ) neurons non-projecting to the NAc lateral shell, respectively. Bars: (a)¼
150 lm, (b, c)¼30 lm. (D) A bar chart showing the percentage of RBRþ cells in the medBA or the latBA to RBRþ cells in the BA (left side)
and percentage of RBRþ FosBþ cells in the medBA or in the latBA to RBRþ FosBþ cells in the BA (right side) (n¼ 7, *p< 0.001).
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aversion and fear induced by chronic pain. This idea
may be supported by our results in which a positive cor-
relation was observed between the number of FosBþ

neurons in the medBA and total running distances
after PSL-surgery. Contrarily, we found that PSL pref-
erentially activated Glu neurons in the latBA projecting
to the CeM. This seems to be reasonable, because it has
been well known that the CeM together with the CeL
play important roles as output regions in the CeA and
work to produce and reinforce negative emotions asso-
ciated with chronic pain.6 Thus, both promotion of pos-
itive emotions and dissolution of negative emotions via
activation of Glu neurons located in the medBA and
projecting into the NAc may be a critical event to pro-
duce EIH effects.

We found that the numbers of activated GABA neu-
rons in the CeA in Naive and Sham groups were main-
tained comparatively low levels, showing no significant
differences among both groups. However, surprisingly,
PSL operation caused significant increases of activated
GABAergic neurons in all subdivisions, the CeC, CeM
and CeL. Since the projection neurons from CeM and
CeL to the hypothalamus, other limbic structures and
brainstem regions, can induce negative emotions,6 in
addition to freezing response and autonomic symptoms,
our results suggest that activated GABA neurons in the
CeM and CeL may contribute to the development and
maintenance of negative emotions such as fear and anx-
iety associated with neuropathic pain. On the other
hand, the CeC neurons receive excitatory input from
the external part of the PBN through the spino-
parabranchial-amygdaloid pain pathway.7 Therefore,
the present results suggest that dramatic increase of acti-
vated GABA neurons in the CeC may be due to the
increased nociceptive inputs derived from PSL surgery,
which can also induce diverse changes including activa-
tions of astrocytes and microglia in the spinal dorsal
horns.36

Interestingly, VR decreased the number of activated
GABAergic neurons in all CeA subdivisions to almost
the same levels as those of Naive and Sham groups. In
addition, we found a significant positive correlation
between thermal withdrawal latency and the number of
FosBþ/GAD67þ neurons in the CeC, CeM and CeL in
the PSL-Runner mice. Furthermore, the fact that ther-
mal withdrawal latency and total running distances after
PSL surgery positively correlate, suggests that enhanced
motivation to run and consequently increased voluntary
running levels may work as unique stimuli to inhibit
activation of GABA neurons in the CeA subdivisions.
Previous studies provided possible mechanisms that can
inactivate GABA neurons in the CeA following exercise.
For example, treadmill running in rats that received a
crush injury of sciatic nerve not only induces anti-
inflammatory cytokines including interleukin-4 (IL-4)

and interleukin-5 (IL-5), but also suppress production
of pro-inflammatory cytokines such as interleukin-1b
(IL-1b) and tumor necrosis factor-a (TNF-a) via reduc-
tion of M1 macrophages in the injured sciatic nerves.37

Therefore, significant decreases of activated GABA neu-
rons in the CeC following VR may be induced by induc-
tion of anti-inflammatory cytokines and/or inhibition of
pro-inflammatory cytokines in the injured sciatic nerves.

In addition to CeC-GABA neurons, we found that
VR also suppresses activation of GABA neurons in the
CeM and CeL subdivisions. CeL neurons are activated
by inputs from Glu neurons in the BLA and GABA
neurons in the ITC directly and from Glu neurons in
the mPFC indirectly.6 Sun et al.38 reported that Glu
neurons from the BLA project onto both mPFC-Glu
neurons and -GABA interneurons. In NPP model ani-
mals, mPFC-Glu neurons receive enhanced feed-forward
inhibition via parvalbumin expressing GABA interneur-
ons, which may enhance output from the CeL via inhi-
bition of ITC-GABA neurons, thereby contributing to
the development and maintenance of pain behaviors.
Contrarily, optogenetic activation of mPFC-Glu neu-
rons reversed mechanical and thermal hypersensitivity
in NPP model mice.39 Although it should be investigated
in the future whether mPFC-Glu neurons are activated
and/or mPFC-GABA interneurons are inactivated by
VR, these findings suggest that disinhibition of feed-
forward inhibition by GABA interneurons in the
mPFC following VR may be involved in the decrease
of activated GABA neurons in the CeL. Similarly, we
found significant decrease of activated GABA neurons
located in the CeM following VR. In accordance with
this change, our results indicated that PSL-Runner mice
inhibit the number of activated Glu neurons in the
latBA, which preferentially project into the CeM, sug-
gesting that this is a possible mechanism to suppress
activation of GABA neurons in the CeM. Thus, our
results suggested that inactivation of GABA neurons
in the CeA subdivisions which is induced by VR perhaps
through different mechanisms may be critical events to
actuate EIH effects.

Here we described that both promotion of positive
emotions and relief of negative emotions via activation
of Glu neurons in the medBA projecting to the NAc and
inactivation of GABA neurons in the CeA subdivisions
may constitute critical events to produce EIH effects.
Amygdala plays a key role in fear learning and extinc-
tion,40,41 and the CeA neurons are activated by enhanced
inputs from the spino-parabrachio-amygdaloid pathway
that play a role in fear learning.42 Therefore, the present
study also suggests that VR may be involved in fear
extinction via inactivation of GABA neurons in the
CeA subdivisions. Mutso et al.43 reported the longer
freezing times in the context fear extinction were
observed in NPP model rats compared to those of
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Sham operated rats. These findings raised a hypothesis

in which physical exercise in NPP condition may accel-

erate disappearance of fear memories. This hypothesis is
now being investigated in our laboratory, because we

think that extinction of fear by physical exercise may be

an important mechanism underling EIH effects. Further

investigations focusing on the relationship between fear

extinction and EIH effects may give us a vital clue to
disclosing the underlying mechanisms of EIH.
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