
Research Article

Involvement of mesolimbic dopaminergic
network in neuropathic pain relief by
treadmill exercise: A study for specific
neural control with Gi-DREADD in mice
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Abstract

Background: Exercise alleviates pain and it is a central component of treatment strategy for chronic pain in clinical setting.

However, little is known about mechanism of this exercise-induced hypoalgesia. The mesolimbic dopaminergic network plays

a role in positive emotions to rewards including motivation and pleasure. Pain negatively modulates these emotions, but

appropriate exercise is considered to activate the dopaminergic network. We investigated possible involvement of this

network as a mechanism of exercise-induced hypoalgesia.

Methods: In the present study, we developed a protocol of treadmill exercise, which was able to recover pain threshold under

partial sciatic nerve ligation in mice, and investigated involvement of the dopaminergic reward network in exercise-induced

hypoalgesia. To temporally suppress a neural activation during exercise, a genetically modified inhibitory G-protein-coupled

receptor, hM4Di, was specifically expressed on dopaminergic pathway from the ventral tegmental area to the nucleus accumbens.

Results: The chemogenetic-specific neural suppression by Gi-DREADD system dramatically offset the effect of exercise-

induced hypoalgesia in transgenic mice with hM4Di expressed on the ventral tegmental area dopamine neurons. Additionally,

anti-exercise-induced hypoalgesia effect was significantly observed under the suppression of neurons projecting out of the

ventral tegmental area to the nucleus accumbens as well.

Conclusion: Our findings suggest that the dopaminergic pathway from the ventral tegmental area to the nucleus accumbens

is involved in the anti-nociception under low-intensity exercise under a neuropathic pain-like state.
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Background

Exercise-induced hypoalgesia (EIH) is well known as a
phenomenon that exercise alleviates pain in a clinical
setting.1,2 Despite this clinical evidence, exercise is pain-
ful in some patients and they report that physical activ-
ity and exercise worsen their symptoms. Daenen et al.1

described this negative phenomenon as dysfunctional
EIH, but the cause was still unknown. In a meta-ana-
lytic review, Kelly et al.2 also referred to the narrow
therapeutic window of exercise for chronic pain
patients. They reported that, while EIH had a fixed
effect in healthy participants, an optimal dose of exer-
cise to achieve an anti-nociception could not be deter-
mined in chronic pain patients. While regular exercise
programs have beneficial effects for chronic pain, both
the magnitude and direction of the effect are highly
variable for several kinds of exercise and depend on
the chronic pain condition as well as the intensity of
the exercise.2

Perhaps the most plausible mechanism of EIH involves
the endogenous opioid system. b-endorphins are released
by adequate exercise, which reduce the sensitivity to
pain.3–6 In addition, results in animals show that non-
opioid systems (e.g., endocannabinoid,7,8 neurotransmit-
ters such as serotonin and norepinephrine9–12) may also
play a role. In the present study, we focused on the dopa-
minergic system as a novel mechanism of EIH and
hypothesized that dopaminergic activation is upstream
of anti-nociceptive mechanisms reported previously.
Dopamine neurons that project from the ventral tegmen-
tal area (VTA) to the nucleus accumbens (NAc) are a key
component of the brain reward system.13 These neurons
react to a reward stimulus and generate positive emotions
including motivation and pleasure. However, non-
responders who do not receive an anti-nociception from
exercise may feel negative, rather than positive, emotions.
We assumed that EIH might depend on the activation of
dopamine neurons.

Activation of the dopaminergic system is unlikely to
occur in people with chronic pain.14,15 In animal experi-
ments, neuropathic pain induced by partial sciatic nerve
ligation (PSNL) causes a negative functional plasticity in
the mesolimbic dopaminergic system.16 We previously
reported that sustained pain stimuli reduced both
m-opioid receptor function in the VTA and dopamine
release in the NAc, resulting in the suppression of
reward effects of systemic morphine under the chronic
pain state.17

Exercise may be able to reverse this plasticity in the
dopaminergic system. Six weeks of wheel running
increased tyrosine hydroxylase (TH) levels in the VTA,
increased delta opioid receptor in the NAc shell, and
reduced levels of dopamine receptor 2 in the NAc core
in healthy rats.18 However, little is known about the role
of dopaminergic activation in the anti-nociception by

exercise in chronic pain. Therefore, we produced an exer-
cise protocol by which chronic pain-model mice could
recover their sensitivity to pain and tested whether the
specific suppression of dopamine neurons can reverse the
anti-nociception due to exercise.

Method

Animals

The present study was conducted in accordance with the
Guiding Principles for the Care and Use of Laboratory
Animals, Hoshi University, as adopted by the
Committee on Animal Research of Hoshi University,
which is accredited by the Ministry of Education,
Culture, Sports, Science and Technology of Japan.
This study was approved by the Animal Research
Committee of Hoshi University. Every effort was made
to minimize the numbers and any suffering of animals
used in the following experiments. B6.SJL-
Slc6a3tm1.1(cre)Bkmn/J (DAT-Cre) mice with an internal
ribosome entry site-linked Cre recombinase gene inserted
just downstream of the translational stop codon of the
endogenous dopamine transporter gene (Slc6a3; DAT)
were obtained from Jackson Laboratory (Bar Harbor,
ME, USA). C57BL/6J (Jackson Laboratory) mice and
DAT-Cre mice were fed ad libitum and housed at a
room temperature of 24� 1�C with a 12-h light–dark
cycle (light on 8:00 am to 8:00 pm). Seven- to 13-week-
old male mice were used in all experiments.

Neuropathic pain model

We produced a PSNL model by tying a tight ligature
with 8-0 silk suture around approximately half the diam-
eter of the sciatic nerve on the right side of mice under
anesthesia with 3% isoflurane as described previously.19

In sham-operated mice, the nerve was exposed without
ligation. This model may mimic important characteris-
tics of chronic neuropathic pain in patients following
peripheral nerve injury.

Treadmill exercise

Half of the nerve-ligated mice and sham-operated mice
ran for 60min every evening, five days per week, for one
or two weeks. Running sessions were performed on a
four-lane motorized treadmill equipped with electric
shock (Treadmill for Rats and Mice Model MK-680 S;
Muromachi Kikai Co., Ltd). Current was not used to
avoid inflicting pain. The treadmill was set at an inclin-
ation of 0�. All mice were acclimated to the treadmill belt
for 10min before starting locomotion. The running
speed was accelerated at 0.5m/s2, and the maximal
speed was either 6m/min or 12m/min.
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Thermal hyperalgesia and tactile allodynia

To quantify the sensitivity to thermal or tactile stimula-
tion after PSNL, paw withdrawal was measured using a
thermal stimulus apparatus or von Frey filaments,
respectively. The measurements were performed approxi-
mately 15 h after a running session. When a measure-
ment was planned on an exercise day, mice performed
the treadmill exercise after the measurement performed
15 h after the previous run.

To assess the sensitivity to thermal stimulation, each
of the hind paws of mice was tested individually using a
thermal stimulus apparatus (model 33 Analgesia Meter;
IITC Inc./Life Science Instruments, Woodland Hills,
CA, USA). The intensity of the thermal stimulus was
adjusted to achieve an average baseline paw-withdrawal
latency of approximately 8 to 10 s in naive mice. Only
quick hind paw movements (with or without licking of
the hind paws) away from the stimulus were considered
to be a withdrawal response. Paw movements associated
with locomotion or weight-shifting were not counted as a
response. The paws were measured alternating between
the left and right with an interval of more than 3min
between measurements. The latency of paw withdrawal
after the thermal stimulus was determined as the average
of three trials per paw on each side. Before the behav-
ioral responses to the thermal stimulus were tested, mice
were habituated for 1 h in an acrylic cylinder (15 cm high
and 8 cm in diameter). Under these conditions, the
latency of paw withdrawal in response to a thermal
stimulus was tested before PSNL, and on the days indi-
cated in the experimental protocols.

To quantify the sensitivity to a tactile stimulus, paw
withdrawal in response to a tactile stimulus was mea-
sured using von Frey filaments (North Coast Medical,
Inc., Morgan Hill, CA, USA) with a bending force of
0.02 g or 0.16 g as described previously.20 The von Frey
filament was applied to the plantar surface of the hind
paw for 3 s, and this was repeated three times at intervals
of at least 5 s. Each of the hind paws was tested individu-
ally. Paw withdrawal in response to a tactile stimulus was
evaluated by scoring as follows: 0, no response; 1, a slow
and slight withdrawal response; 2, a slow and prolonged
flexion withdrawal response (sustained lifting of the paw)
to the stimulus; 3, a quick withdrawal response away
from the stimulus without flinching or licking; 4, an
intense withdrawal response away from the stimulus
with brisk flinching and/or licking. We refer to the eval-
uated number as the allodynia score in response to a
tactile stimulus. The allodynia score was determined as
the average of two trials per paw on each side. Paw
movements associated with locomotion or weight-shift-
ing were not counted as a response. The paws were mea-
sured alternating between left and right with an interval
of more than 3min between measurements. Before the
behavioral responses to a tactile stimulus were tested,

mice were habituated for 1 h on an elevated nylon
mesh floor. Under these conditions, the allodynia score
was measured before PSNL, and on the days indicated in
the experimental protocols.

Temporal suppression of specific neural pathway

Designer Receptors Exclusively Activated by Designer
Drugs (DREADD) is a novel method for activating or
suppressing specific neural cells. This chemical-genetic
approach does not require the placement of an optical
fiber on the top of the head and connecting it to an
optical device, as in optogenetics.21 This would be
advantageous for continuous neural suppression during
exercise. hM4Di is a suppressive G-protein-coupled
receptor and clozapine N-oxide (CNO) can continuously
activate it for many hours after administration.22–24

Intraperitoneal injection of 1mg/kg CNO is sufficient
to activate the Gi-DREADD system in the central ner-
vous system.25 We used this system and suppressed spe-
cific dopamine neurons projecting from the VTA to the
NAc only during exercise, and not while measuring pain
thresholds. In the pharmacogenetic experiments, mice
received intraperitoneal injections of either CNO or
equivalent vehicle solution 60min before every running
session. Mice in the CNO group received an injection of
1mg/kg CNO, which was first dissolved to 10mg/ml in
double-distilled water, and then adjusted to 0.1mg/ml
with natural saline. Mice in the vehicle group received
an injection of 10ml/kg saline. CNO was purchased from
Abcam plc.

Viral constructs

To achieve cell-type-specific hM4Di expression, we used
a Cre-inducible recombinant Adeno Associated Virus
serotype 10 (AAV10) vector carrying the hM4Di gene
under the human Synapsin 1 promoter (AAV10-
hM4Di). The hM4Di-mCherry coding sequence was
inserted between incompatible loxP and lox2272 sites
in a reverse orientation for Cre-dependent expression.
In DAT-Cre transgenic mice, AAV-hM4Di was micro-
injected into the VTA to express hM4Di receptors select-
ively in DAT-positive neurons.

For neural pathway-specific Cre recombinase expres-
sion, we used a lentiviral vector for neuron-specific retro-
grade gene transfer (NeuRet) carrying the Cre
recombinase gene under the Murine Stem Cell Virus pro-
moter (NeuRet-Cre). Cre recombinase sequence was
cloned into the lentiviral vector carrying a PolyA-tail
to stabilize mRNA. In C57BL6/J mice, NeuRet-Cre
was microinjected into the NAc to express Cre recom-
binase selectively in neurons projecting to the NAc,
including VTA dopamine neurons. To achieve specific
hM4Di expression in the neural pathway projecting
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from the VTA to the NAc, AAV-hM4Di was micro-
injected into the VTA after a sufficient interval (five
weeks or more) from the microinjection of NeuRet-Cre.

Viral microinjections

More than two weeks before the treadmill exercise,
DAT-Cre mice and C57/BL mice in the pharmacogenetic
experiments underwent stereotactic surgery for viral
microinfusion of AAV-hM4Di into the VTA. Mice
were anesthetized with 3% isoflurane and placed in a
stereotaxic apparatus. The skull was exposed and holes
were drilled in the skull bilaterally above the VTA
(anteroposterior¼�2.5, mediolateral¼� 1.3, ven-
tral¼�4.8mm from bregma, and angle¼ 10�) according
to an atlas of the mouse brain (Franklin and Paxinos,
1997). AAV (1.0 ml/side) was microinjected at a rate of
0.25ml/min (4min). The needle was left in place after
micro injection. More than five weeks before the micro-
injection of AAV, C57/BL mice received a microinjection
of the lentivirus (NeuRet-Cre) (1.0 ml/side) into the bilat-
eral NAc (anteroposterior¼þ 1.4, mediolateral¼� 1.5,
ventral¼�3.6mm from bregma, and angle¼ 10�).

Immunohistochemistry

Mice were deeply anesthetized by the inhalation of 3%
isoflurane with oxygen and perfused intracardially by
saline with 0.6% heparin followed by freshly prepared
4% paraformaldehyde in 0.1M phosphate buffer. After
perfusion, the brain was quickly removed, and thick cor-
onal sections that included the NAc and VTA were
obtained using Brain Blocker (Neuroscience Inc.). The
brain sections were fixed in 4% paraformaldehyde for
2 h, and then permeated with 20% sucrose in 0.1M phos-
phate buffer for 1 day and 30% sucrose in 0.1M phos-
phate-buffered saline for two days with agitation. The
brain sections were frozen in O.C.T. compound
(Sakura Finetek, Tokyo, Japan). Transverse sections
were cut with a cryostat (Leica CM1510; Leica
Microsystems, Heidelberg, Germany) at a thickness of
10 – 15 mm.

Brain sections that included the NAc or VTA were
incubated in 10% normal horse serum or 3% or 10%
normal goat serum in 0.01M phosphate-buffered saline
for 1 h at room temperature, and then incubated with the
following primary antibodies for 24–48 h: anti-mCherry
(1:1000, Abcam plc., Cambridge, UK), anti-TH (mouse
monoclonal, 1:4500, ImmunoStar, Inc., WI, USA), and
anti-dopamine transporter (DAT) (rat monoclonal,
1:3000, Millipore Co, CA, USA). The antibody was
rinsed and incubated with an appropriate secondary
antibody conjugated with Alexa Fluor� 488 and/or 546
(Molecular Probes, Inc., Eugene, OR, USA) for 2 h at
room temperature. The slides were cover-slipped with

Dako Fluorescent mounting medium (Dako,
Denmark). Fluorescence of immunolabeling was
detected using light microscope (BX61; Olympus,
Tokyo, Japan) and photographed with a digital camera
(CoolSNAP HQ; Olympus), and confocal scanning laser
microscope (FV1200; Olympus).

Statistical analysis

Data are expressed as the mean with SEM. Equality of
group variances was tested by Brown–Forsythe test. The
statistical significance of differences between groups was
assessed with two-way analysis of variance followed by
Sidak’s multiple comparisons test for repeated measured
data. All statistical analyses were performed with Prism
version 6.0f (GraphPad Software).

Results

Effect of low-speed treadmill exercise (6 m/min) on
neuropathic pain-like allodynia

The allodynia score gradually increased in the non-run
and pre-run groups, but not in the all-run and post-run
groups (Figure 1). There were significant differences in
the allodynia score between the all-run and non-run
groups and between the post-run and non-run groups
both on 0.02 g and 0.16 g von Frey test (F(3, 60)¼ 8.30,
9.39, p< 0.001). The scores on day 8 and 13 in the all-run
and the post-run groups were significantly lower than
those in the non-run group (p< 0.001). All mice
seemed to run normally under ligation of the right sciatic
nerve. The allodynia score in the pre-run group tended to
be lower than that in the non-run group, but this differ-
ence was not significant.

Effect of high-speed treadmill exercise (12 m/min)
on neuropathic pain-like allodynia

The allodynia score in the all-run group was significantly
lower than that in the non-run group on the 0.16 g von
Frey test (F(3, 48)¼ 3.87, p< 0.05, Figure 2). There was
no significant difference between the post-run and non-
run groups, unlike with low-speed treadmill exercise
(6m/min). Furthermore, we had to stop the experiment
at 10 days after PSNL because a few mice in the post-run
group stopped running. Instead, they sat on the conveyer
belt of the treadmill and remained there for several min-
utes. This resistance to the protocol started in the second
week of exercise and all of the mice had run as usual until
that day. On the other hand, the mice in the all-run
group continued running on the treadmill run at high
speed as well as at low speed. In the pre-run group,
there was no problem in the treadmill exercise performed
before PSNL.
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Figure 1. Effect of low-speed treadmill exercise (6 m/min) on pain threshold. (a) Schedule of experimental protocol. Effect of low-speed

treadmill exercise (6 m/min) was tested under neuropathic pain-like state. PSNL was performed on all mice in four groups. All-run group

(blue) exercised for four weeks, whereas non-run group (red) did no exercise. Post-run group (green) exercised for two weeks after the

PSNL, whereas pre-run group (purple) did for two weeks just before the PSNL. (b, c) Change of pain threshold due to the exercise,

measured by von Frey test (0.02 g (b) and 0.16 g (c)). Each point represents the mean� SEM of four samples. ###p< 0.001, **p< 0.01,

***p< 0.001; all-run vs. non-run. §§p< 0.01, §§§p< 0.001, yyp< 0.01, yyyp< 0.001; post-run vs. non-run.

PSNL: partial sciatic nerve ligation; V: Von Frey test.

Figure 2. Effect of high-speed treadmill exercise (12 m/min) on pain threshold. (a) Schedule of experimental protocol. Effect of high-

speed treadmill exercise (6 m/min) was tested under neuropathic pain-like state. PSNL was performed on all mice in four groups. All-run

group (blue) exercised for three weeks, whereas non-run group (red) did no exercise. Post-run group (green) exercised for just a week

after the PSNL, whereas pre-run group (purple) did for two weeks before the PSNL. (b, c) Change of pain threshold due to the exercise,

measured by von Frey test (0.02 g (b) and 0.16 g (c)). Each point represents the mean� SEM of four samples. #p< 0.05, **p< 0.01; all-run

vs. non-run.

PSNL: partial sciatic nerve ligation; V: Von Frey test.
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Development of EIH model (6 m/min)

We observed a significant improvement in pain
thresholds after treadmill exercise in the lig-run
group mice in the 0.02 g, the 0.16 g von Frey test,
and the plantar test (F(3, 111)¼ 25.21, 56.13, F(3,
171)¼ 89.45, p< 0.001, Figure 3). On the other
hand, a high allodynia score and the low withdrawal
latency were observed from days 6 to 21 in the von

Frey test and the plantar test in the lig-nonrun group.
Both the allodynia score and the withdrawal latency
were significantly recovered at days 13 and 20 and
days 14 and 21, respectively, in the lig-run group
compared to the lig-nonrun group. There was no
change in the pain threshold for three weeks after
the sham operation in both the sham-run and sham-
nonrun groups.

Figure 3. Pain threshold recovery under neuropathic pain-like state due to low-speed treadmill exercise (6 m/min): Exercise-induced

hypoalgesia (EIH) model. (a) Schedule of experimental protocol. Treadmill exercise was performed at speed of 6 m/min for two weeks from

seven days after PSNL in lig-run group (blue) and sham-run group (green), while lig-nonrun group (red) and sham-nonrun group (purple)

did no exercise. (b-d) Change of pain threshold due to the exercise, measured by von Frey test (0.02 g (b) and 0.16 g (d)) and plantar test

(d). Each point represents the mean� SEM of 8 or 12 samples. ###p< 0.001, **p< 0.01, ***p< 0.001; lig-run vs. lig-non-run.

PSNL: partial sciatic nerve ligation; P: planter test, V: Von Frey test.
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Influence of inhibiting VTA dopamine cells via
DREADD-mill system on EIH

DAT-Cre mice have DAT-positive neurons that express
Cre enzyme. Therefore, in these animals, the Cre enzyme
is only expressed on dopamine neurons since DAT has a
specific function of dopamine re-uptake from a synaptic
cleft and a DAT-positive neuron is a dopamine neuron.
AAV-hM4Di has two kinds of lox sequences that act as a
FLEX switch with the Cre enzyme to express hM4Di
(Figure 4(b)). Most dopamine cells exist in the VTA
and the substantia nigra in the ventral midbrain.26 It is
well known that the dopamine neurons in the lateral
VTA terminate in the NAc shell and code value signals.27

We induced hM4Di specifically into the dopamine neu-
rons in the lateral VTA and suppressed their neural
activities during the treadmill exercise in the
DREADD-mill test. As shown in Figure 4(a), we micro-
injected AAV-hM4Di into the VTA of DAT-Cre mice at
17 days before the first day of treadmill exercise because
at least 14 days is required for hM4Di expression via cre-
lox recombination. We confirmed the expression of
hM4Di in dopamine neurons by colocalization of TH
and mCherry on double-stained brain slices that
included the VTA area (Figure 4(c)). All of the mice
started the treadmill exercise on the ninth day after
PSNL. As shown in Figure 4(d), they started running
an hour after the intraperitoneal injection of CNO or
saline to allow time for sufficient neural suppression
due to the Gi-DREADD system. Despite treadmill exer-
cise, the run-CNO group mice showed high allodynia
score and low withdrawal latency every day after
PSNL (Figure 4(e) to (g)). On the other hand, the run-
saline group mice showed improvements in both the allo-
dynia score and the withdrawal latency after exercise. As
a result, there were significant differences in the von Frey
and plantar tests between the run-CNO and run-saline
groups (F(2, 24)¼ 15.68, 12.84, and 10.76, p< 0.001).

Influence of inactivation of VTA-NAc neurons via
NeuRet-mill system on EIH

The VTA dopamine neurons suppressed in the
DREADD-mill experiment terminate not only in
the NAc but also in the amygdala, the hippocampus,
the cingulate gyrus, and the prefrontal cortex.28 To
focus on the neural pathway from the VTA to the
NAc, we planned an experiment with NeuRet-mill
(Figure 5). As shown in Figure 5(a) and (b), NeuRet-
Cre is capable of neuron-specific retrograde introduction
of the gene sequence of the Cre enzyme. In the present
study, the Cre enzyme was expressed in all kinds of neu-
rons terminating in the NAc, including dopamine neu-
rons in the VTA, after the microinjection of NeuRet-Cre
into the NAc. Additionally, the second microinjection of

AAV-hM4Di into the VTA induced the specific expres-
sion of hM4Di on VTA neurons that terminate in the
NAc. To allow for sufficient Cre enzyme expression via
retrograde neural infection, we allowed for an interval of
six to seven weeks between the microinjection of
NeuRet-Cre into the bilateral NAc and the microinjec-
tion of AAV-hM4Di into the bilateral VTA. We con-
firmed the expression of hM4Di in dopamine neurons
by colocalization of DAT and mCherry on double-
stained brain slices that included the NAc area
(Figure 5(c)). AAV-hM4Di was injected at least two
weeks before the treadmill exercise (Figure 5(d)). The
subsequent schedule was the same as that in the
DREADD-mill experiment. Despite the treadmill exer-
cise, the run-CNO group showed a high allodynia score
and low withdrawal latency every day after PSNL
(Figure 5(e) to (g)). On the other hand, the run-saline
group showed improvements in both the allodynia score
and the withdrawal latency after exercise. As a result,
there were significant differences in the results of the
von Frey and plantar tests between the run-CNO and
run-saline groups (F(2, 48)¼ 13.88, 32.10, and 13.98,
p< 0.001).

Discussion

In the present study, we investigated possible involve-
ment of mesolimbic dopaminergic network in EIH. To
find a well-designed condition for EIH, two different
speeds of treadmill run were tested at first. Pain thresh-
old was measured at least 15 h after the treadmill exer-
cise, rather than immediately after treadmill running. We
needed to demonstrate a long-term analgesic effect due
to exercise, since short-term analgesia would not be help-
ful for chronic pain patients in a clinical situation. With
low-speed treadmill exercise (low-TE), the pain threshold
was significantly reduced in both the all-run and post-
run groups, indicating that exercise after PSNL was
important for the anti-nociception.

With high-speed treadmill exercise (high-TE), unlike
low-TE, there was no difference in the pain threshold
between the post-run and non-run groups. Although
the difference in the mechanism between high-TE and
low-TE under the present condition remained unclear,
these results indicate that the EIH effect may require
an adequate intensity of exercise for each individual.

To clarify the role of the dopaminergic pathway from
the VTA to the NAc in the mechanism of EIH with
treadmill exercise, we performed two chemogenetic
experiments: ‘‘DREADD-mill’’ and ‘‘NeuRet-mill.’’ In
the DREADD-mill test, the specific inhibition of dopa-
mine neurons by the CNO administration dramatically
suppressed the recovery of the pain threshold compared
to that in the run-saline group. The NeuRet-mill test was
performed to specify the neural pathway from the VTA

Wakaizumi et al. 7



Figure 4. Effect of specific pharmacogenetic suppression of VTA dopamine neural activity on EIH. (a) Injection site for AAV-hM4Di in

VTA. (b) Schematic construct of AAV10-hM4Di. (c) Specific expression of the AVV-derived transgenes in the VTA of DAT-Cre/TG mice.

Fluorescent immunostaining revealed mCherry-labeled hM4Di receptors (red) on TH-labeled dopamine neurons (green). Yellow in the

merged picture represents colocalization of hM4Di and TH. (d) Schedule of the experimental protocol. AAV-hM4Di was injected at VTA in

two weeks before the PSNL, subsequently the hM4Di expression induced by FLEX switch system was restricted to DAT positive cells.

Treadmill exercise (6 m/min) was performed for two weeks from nine days after PSNL. CNO was injected an hour before the exercise

everyday (1 mg/kg, i.p.). (e-g) Anti-EIH effect due to temporally suppressed activity of VTA dopamine neuron induced by Gi-DREADD

system, measured by von Frey test (0.02 g (e) and 0.16 g (f)) and plantar test (g). Each point represents the mean� SEM of three samples.
##p< 0.01, ###p< 0.001, *p< 0.05, **p< 0.01, ***p< 0.001.

VTA: ventral tegmental area; NAc: nucleus accumbens; PSNL: partial sciatic nerve ligation; P: planter test, V: Von Frey test.
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Figure 5. Effect of specific pharmacogenetic suppression of VTA-NAc neural pathway on EIH. (a) Injection site for NeuRet-Cre in NAc

and for AAV-hM4Di in VTA. (b) Schematic construct of NeuRet-Cre (b-1) and AAV-hM4Di (b-2). (c) Specific expression of the AVV-derived

transgenes in the NAc after NeuRet-Cre microinjection. Fluorescent immunostaining revealed mCherry-labeled hM4Di receptors (red) on

DAT-labeled dopamine neurons (green). (d) Schedule of the experimental protocol. NeuRet-Cre was injected at NAc in nine weeks before

the PSNL for enough expressions of Cre recombinase. AAV-hM4Di was injected at VTA in two weeks before the PSNL, subsequently the

hM4Di expression induced by FLEX switch system was restricted to the initially infected cells. Treadmill exercise (6 m/min) was performed

for two weeks from nine days after PSNL. CNO was injected an hour before the exercise everyday (1 mg/kg, i.p.). (e-g) Anti-EIH effect due

to temporally suppression of the VTA dopamine neuron induced by Gi-DREADD system, measured by von Frey test (0.02 g (e) and 0.16 g

(f)) and plantar test (g). Each point represents the mean� SEM of four to six samples. ##p< 0.01, ###p< 0.001, ***p< 0.001.

VTA: ventral tegmental area; NAc: nucleus accumbens; PSNL: partial sciatic nerve ligation; P: Planter test, V: Von Frey test.
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to the NAc and the CNO dramatically suppressed the
recovery of the pain threshold as well. These comparable
findings suggest that the VTA-NAc dopaminergic path-
way is strongly associated with the mechanism of EIH.

In general, the dopaminergic pathway is associated
with positive emotions including euphoria and motiv-
ation29 and the positive emotions may mask the sensa-
tion of pain.30 In the present study, we clearly
demonstrated that exercise could exert a number of
health benefits that can promote positive well-being
mental states and relieve pain by the mesolimbic dopa-
minergic activation. Although more multiangle
researches must be performed in future studies, it is
likely that the potential of exercise in supporting
mental health as well as pain relief is promising along
with the recovery from the plasticity in the dopaminergic
system under severe pain. However, in the clinical set-
ting, we should consider as mentioned that exercise does
not always relieve pain. One possibility for the reason
why exercise cannot activate the brain’s pleasure circuit
in some cases is that a well-balanced exercise, not too
much exercise, is crucial for overall health and best brain
performance. Therefore, we hypothesize that adequate
exercise may reduce mental stress as well as pain asso-
ciated with the brain’s dopamine circuit.

On the other hand, the present study has several limi-
tations. The mechanism of EIH that follows dopamin-
ergic activation is still unknown. We assume that it
involves indirect mechanisms through the pain matrix,
which is the pain-related brain network. One of these is
the enhancement of analgesic mechanisms, including the
activation of endopioid, endocannabinoid, and the des-
cending suppression systems. Another is the inhibition of
the pain-enhancement system in relation to chronic
stress, anxiety, and fear. Positive emotions induced by
exercise may cause relative suppression of the brain
system related to negative emotions.

While we have demonstrated an analgesic effect at
least 15 h after treadmill exercise, the reason why EIH
lasts for many hours is also a subject for future investi-
gations. Exercise may have a capability of lasting recov-
ery from the negative neural functions induced by
persistent pain. Such continuous plasticity may involve
an epigenetic mechanism.

An excitatory impulse from peripheral neurons due to
muscle motion and haptic stimuli may activate the dopa-
minergic system through the brain networks associated
with neurological inputs to the thalamus. One possibility
is that top-down signals from the motor cortex, like
other stimuli, may spread into several brain networks
including the dopaminergic system. On the other hand,
some neurons may respond to an increase in systemic
oxygen delivery corresponding to the local oxygen
demands of muscle tissues. At present, we have no sig-
nificant evidence regarding how to achieve dopaminergic

activation, other than the many studies which have
shown that this can be done through exercise.31 More
studies in the field of neuroscience will be needed to iden-
tify the mechanism.

In conclusion, we found that the dopaminergic
pathway from the VTA to the NAc is involved in the
anti-nociception under low-intensity exercise under a
neuropathic pain-like state.
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