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Purpose: Pain disrupts the daily and social lives of patients with neuropathic pain. Effective treatment of neuropathic pain is difficult.
Pharmacological treatments for neuropathic pain are limited, and 40—60% of patients do not achieve even partial relief of their pain.
This study created a chronic constriction injury (CCI) model in rats to examine the effects of regular exercise on neuropathic pain
relief, elucidate the mechanism, and determine the effects of neuropathic pain in the hippocampus.

Methods: CCI model rats were randomly divided into exercise (Ex) and no exercise (No-Ex) groups. Normal rats (Normal group)
were used as controls. The Ex group exercised on a treadmill at 20 m/min for 30 min, 5 days per week for 5 weeks post-CCI. The 50%
pain response threshold was assessed by mechanical stimulation. Using immunohistochemistry, we examined activation of glial cells
(microglia and astrocytes) by CCR2 and TRAF6 expression in the spinal cord dorsal horn and DCX and PROX1 expression in the
hippocampal dentate gyrus.

Results: The 50% pain response threshold was significantly lower in the Ex than in the No-Ex group at 5 weeks post-CCI, indicating
pain relief. In the spinal cord dorsal horn, IBA1, CCR2, and TRAF6 expression was markedly lower in the Ex group than in the No-Ex
group at 3 weeks post-CCI. IBA1, GFAP, CCR2, and TRAF6 expression was markedly lower in the Ex group than in the No-Ex group
at 5 weeks post-CCI. In the hippocampus, DCX, but not PROX1, expression was significantly higher in the Ex group than in the No-
Ex group at 3 weeks post-CCIL. At 5 weeks post-CCI, both DCX and PROX1 expression was markedly increased in the Ex group
compared to the No-Ex group.

Conclusion: Our findings suggest that regular exercise can improve the neuropathic pain-induced neurogenic dysfunction in the
hippocampal dentate gyrus.
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Introduction

The International Association for the Study of Pain defined pain as “An unpleasant sensory and emotional experience with
actual or potential tissue damage, or described in terms of such damage” in 1979. However, almost 40 years thereafter, in 2020,
pain was redefined as an unpleasant sensory and emotional experience related to or similar fo actual or potential tissue
damage.' An accurate classification of chronic neuropathic pain in the International Classification of Diseases (ICD)-11 is
necessary to document the public health needs and therapeutic challenges associated with chronic neuropathic pain, which is
a major contributor to the global burden of disease. Chronic pain is the most important cause of current and future morbidity-
associated disability worldwide, with significant increases in both morbidity and disability loss each year. Its prevalence is

considered to be constant or increasing,”" at a population prevalence of 6.9-10%.*

Journal of Pain Research 2022:15 19251938 1925
Received: 30 March 2022 © 2022 Sumizono et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/
AT terms.php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http:/creativecommons.org/licenses/by-nc/3.0/). By accessing

Accepted: 14 June 2022
Published: 13 July 2022

the work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed.
For permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0002-0182-1738
http://orcid.org/0000-0002-5030-6767
http://orcid.org/0000-0002-6805-2742
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
http://www.dovepress.com/permissions.php
https://www.dovepress.com

Sumizono et al Dove

The clinical manifestations of neuropathic pain include pathological pain states, such as spontaneous pain, burning pain,
and hyperalgesia. Patients with neuropathic pain frequently present with abnormal sensation or hypersensitivity in the skin
areas where peripheral nerves have been damaged. Neuropathic pain patients have more difficulties in daily life and social
life due to their pain. However, neuropathic pain is very difficult to treat effectively. Pharmacological treatment of
neuropathic pain is limited, with 40-60% of patients failing to achieve even partial relief of their pain.””’ Various reports
have addressed therapeutic effects and mechanisms of treatment in humans and animals, but many unclear issues remain.

Neuropathic pain is caused by central or peripheral nerve damage. It has been reported that neuronal damage activates
microglia and astrocytes in the dorsal horn of the spinal cord, causing pain through the production of inflammatory
substances and abnormal nerve cell function.®* '® Nerve injury essentially causes reorganization of the nervous system
after peripheral afferent loss in peripheral nerve injury, triggering hypersensitive (central sensitization) pain memory.''
Microglia become activated upon nerve injury and are involved in the development of neuropathic pain. C-C motif
chemokine receptor 2 (CCR2) is expressed on activated microglia, indicating that CC chemokine ligand 2 (CCL2)/
CCR2-dependent mechanisms play an important role in the development of neuropathic pain.'? Furthermore, CCL2/
CCR2 binding is involved in modulation of N-methyl-D-aspartate receptor (NMDAR)-mediated central sensitization,
thereby contributing to the development of neuropathic pain."?

Furthermore, astrocytes are implicated in the development and maintenance of neuropathic pain. Tumor necrosis
factor (TNF) receptor-associated factor 6 (TRAF6), which plays an important role in TNF receptor superfamily and
interleukin (IL)-1 receptor superfamily signaling, is expressed on astrocytes in the late post-nerve injury period.
Neuropathic pain may be maintained by coupling TNF-a and IL-1B signaling and activating the c-Jun N-terminal kinase
(JNK)/CCL2 pathway in astrocytes.'*

In the brain, chronic pain caused by peripheral nerve injury is associated with decreased neurogenesis and nerve cell
proliferation, increased proinflammatory cytokine levels, and decreased neuroprotective microglia/macrophages in the
hippocampus, which is a memory center. Chronic pain caused by neuroma, as a result of amputation, does not progress to
the point of working memory impairment, but strangulated peripheral nerve injury, resulting in neuropathic pain, has been
reported to cause signs of pathological inflammation in the dentate gyrus of the hippocampus, leading to decreased
neurogenesis, with memory destruction.'> Prospero homeobox protein 1 (PROX1), a master transcription factor essential
for lymphatic endothelial cell differentiation and cell function in the hippocampal dentate gyrus, is required for granule cell
maturation in this brain region. PROX1 is required for maintenance of intermediate progenitor cells in adult neurogenesis;
and lack of PROX1 leads to increased doublecortin (DCX) cell apoptosis and lack of neurogenesis in adults.'®'®

The therapeutic effects of exercise on neuropathic pain have been examined by focusing on the brain and spinal cord
separately, but have been simultaneously observed in the brain, spinal cord, and local areas over time. The mechanism by
which exercise reduces neuropathic pain remains unclear. Although previous studies have often reported on the
therapeutic effects of medication as a treatment for neuropathic pain and have examined the differences in the therapeutic
effects of exercise intensity, the effectiveness of exercise intensity, duration, and frequency in alleviating neuropathic
pain remains poorly understood, and reports on the effects of exercise remain scarce.'”>* We have previously examined
the effects of different exercise frequencies in a rat model of neuropathic pain and reported that, despite differences in
frequency, they alleviated neuropathic pain through activation of glial cells, expression of brain-derived neurotrophic
factor (BDNF) in the ipsilateral spinal dorsal horn, and modulation of the endogenous opioid system.>* This study builds
on our previous study and aimed to examine in more detail the effects of regular exercise on pain relief in a rat model of
neuropathic pain to clarify the underlying mechanism and to clarify the effects of neuropathic pain on the hippocampus.

Materials and Methods

Animals

Male Sprague—Dawley rats (8-week-old; n = 25; weight 274.3 £ 21.2 g [mean + standard deviation]) were used in this
experiment. The rats were subjected to a 12-h light/dark cycle under controlled room temperature (23.0 + 1.0°C), with
free access to solid food and water. The experiment was conducted with the minimum possible number of animals needed
to collect the appropriate amount of information. This experiment was approved by the Animal Experiment Committee of
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the Kagoshima University, School of Medicine. The protocol complied with the Classification of Biomedical
Experimental Processes Based on Ethical Considerations for Nonhuman Species (Consensus Recommendations for
Effective Institutional Animal Experimentation).

Chronic Constriction Injury Model

To create a chronic constriction injury (CCI) model, rats were anesthetized by intraperitoneal injection of 4% chloral
hydrate solution (10 mL/kg). The skin covering the right thigh was incised and carefully dissected to avoid injuring the
sciatic nerve. The method reported by Bennett and Xie*> was modified slightly. Briefly, four ligature threads (4—0 silk)
were loosely tied around the right sciatic nerve at intervals of about 1 mm. The length of the nerve affected by ligation
was approximately 6 mm. The incision was closed in layers with 4-0 silk sutures and the animal was returned to the cage
for recovery. The contralateral hindlimb was left untreated and was used as a type of control for mechanical sensitivity of
the hindlimb. The rats were allowed 1 or 2 days of free cage recovery after CCI before starting exercise.

Regular Treadmill Exercise and Experimental Group

Treadmill exercise was started 2—3 days after CCI. Exercise was performed on a treadmill (MK-680, MUROMACHI
KIKAI CO, LTD, Tokyo, Japan), and environmental adaptation was performed for all rats at a speed of 20 m/min for 15
min and a voltage of 1.0 A for 3 days. After environmental adaptation, the rats were randomly divided into three
groups: a CCI exercise group (Ex, n = 11), a CCI non-exercise group (No-Ex, n = 11), and a normal group
(Normal, n = 3).

In the Ex group, rats exercised on a treadmill for 5 weeks at a rate of 20 m/min for 5 days. The duration of exercise was
increased from 15 to 30 min after 1 day of exercise and this duration was maintained until 5 weeks after CCI. The work rate
of the rats at this training rate was approximately 55% of their maximal oxygen consumption.””** Body weight was
measured periodically to monitor the stress induced in the rats by the treadmill exercise. None of the animals were excluded.

Change in Mechanical Pain Stimulus Threshold

Mechanical susceptibility was assessed as the withdrawal response frequency upon stimulation using von Frey filaments
(MUROMACHI KIKAI CO, LTD.) in both hind limbs. Measurements were performed before CCI and at 1, 2, 3, 4, and 5
weeks after CCI (between 2:00 p.m. and 5:00 p.m.). The rats were placed in individual transparent plastic cages on wire
mesh grids that allowed full access to the ventral aspect of the hind limbs. The animals were then acclimated to the
experimental environment (room and apparatus) for at least 20 min. A logarithmic series of 11 filaments (0.41-28.84 g)
was pressed vertically against the plantar surface of the hind paw until the filaments bent. The test was started with 3.63
g filaments. If the animal withdrew the foot, it was counted as a positive response, and a lower filament was then applied.
If the animal did not respond, then a larger filament was applied. Filaments were applied until there was an initial change
in response, followed by four additional filament applications. Measurements were taken before motor training, and
tactile stimuli that produced 50% of the possible hindlimb withdrawal responses (50% gram threshold) were calculated
using equations from top-down methods, referring to previous studies.*

Histology and Immunohistochemistry

The rats were sacrificed and histological and immunohistochemical analyses were performed at 3 weeks (Ex, n = 4; No-
Ex, n =4), and 5 weeks (Ex, n = 4; No-Ex, n = 4) after CCI. In addition, three rats from the Normal group were used as
normal controls for histological and immunohistochemical analysis at the end of the experiment. Every effort was made
to reduce the number of animals used.

Rats were first treated with 4% chloral hydrate (10 mL/kg, intraperitoneal overdose), before cardiac perfusion of
heparin saline, 4% paraformaldehyde 0.1 M phosphate buffer (pH 7.4). The lumbar portion of the spinal cord and
midbrain were then removed and fixed overnight at 4°C. After fixation, the tissues were dehydrated and embedded in
paraffin. After preparing S5-um-thick sections, sections were stained with hematoxylin and eosin (HE) to observe
histological changes.
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In addition, immunohistochemical changes after CCI were also analyzed. After deparaffinization, the sections were
soaked in 3% H,0, solution for 10 min to inactivate endogenous peroxidases. After rinsing sections in phosphate-buffered
saline (PBS, pH 7.6) three times for 5 min each time, the sections were incubated with 10% skim milk in PBS to block
specific sites. Sections were again rinsed in PBS three times for 5 min each time and were then incubated individually at 4°C
with one of the following antibodies: rabbit anti-ionized calcium-binding adaptor molecule 1 (IBA1) antibody (1:2000, rabbit
polyclonal, Wako Pure Chemical Industries, Osaka, Japan), a marker of microglia; rabbit anti-glial fibrillary acidic protein
(GFAP) antibody (1:1000, rabbit polyclonal, Shima Research Institute, Tokyo), a marker of astrocytes; goat anti-CCR2
antibody (1:1500, goat polyclonal, Novus Biologicals, Littleton, CO, USA); anti-TRAF6 antibody (1:600, mouse mono-
clonal, Proteintech Group, Inc, Rosemont, IL, USA), a marker of immature neurons; anti-doublecortin (DCX) antibody
(1:1500, rabbit polyclonal, Abcam plc, Cambridge, UK, ab18723); anti-PROX1 antibody (1:100, rabbit polyclonal,
Proteintech Group, Inc). After the primary antibody incubation, the sections were rinsed three times with PBS for 5 min
each time. The sections were then incubated for 60 min with goat anti-rabbit IgG conjugated to peroxidase-labeled dextran
polymer (EnVision; Dako, Carpinteria, CA, USA). Sections incubated with anti-TRAF6 antibody were reacted with the ABC
kit (Vector Laboratories, Burlingame, CA, USA), according to the manufacturer’s instructions. After three 5-min PBS
washes, the immunoreactivity of the sections was visualized using diaminobenzidine (DAB) peroxide.

Double stainings with anti-IBA1 antibody (1:500) and anti-TRAF6 antibody (1:300) or anti-GFAP antibody (1:500) and anti-
TRAF6 antibody in the dorsal horn of the spinal cord were performed to assess colocalization. In the hippocampal dentate gyrus,
anti-DCX antibody (1:500) and anti-NeuN (a marker of neurons) antibody (1:500, mouse monoclonal, Abcam plc; ab104224) or
anti-PROX1 antibody (1:100) and anti-NeuN antibody colocalization was examined by immunofluorescence staining.

After incubation with primary antibodies and PBS washing, sections were incubated with Alexa Fluor 488-conjugated goat
anti-rabbit IgG (1:200) and Alexa Fluor 546-conjugated goat anti-mouse IgG (1:200) for 60 min. Sections were counterstained
with PBS and 4’ 6-diamidino-2-phenylindole for 10 min. Finally, sections were mounted with aqueous mounting medium.
Immunofluorescence staining was observed with a fluorescence microscope (EVOS f1; AMG, Mill Creek, WA, US).

Quantitative Analysis of Immunostained Areas

Stained sections of lumbar vertebrae and the cerebrum were photographed at 10 x magnification using a digital camera
for optical microscopy (DP21, Olympus Optical Co., Tokyo, Japan). The ratios of cell areas showing anti-IBA1, GFAP,
CCR2, and TRAF6 immunoreactivity to the areas showing no reactivity in the dorsal horn of the spinal cord, including
laminae I-III, and the DCX and PROXI1 immunoreactivity ratios in the hippocampal dentate gyrus region were
quantitatively measured using Image-J software (NIH, Bethesda, MD, USA). Quantitative analysis of each immunos-
tained section was performed by two or three persons who were informed of the treatment group. This method of analysis
was employed because it was possible to quantify the percentage of immunostained areas.

Statistical Analysis

Data were expressed as mean + standard error (SE). Two-way analysis of variance (group x time), followed by the Bonferroni
post-hoc test for multiple comparisons, was used to analyze the time course of the 50% withdrawal threshold. Where appropriate,
one-way analysis of variance followed by the Tukey post-hoc test was used to analyze the proportion of immunostained areas.
Statistical significance was set at P < 0.05 and data were analyzed using SPSS version 25 (IBM SPSS Corp., Armonk, NY, USA).

Results

Regular Exercise Reduces Post-CCl| Pain Hypersensitivity
The 50% pain response threshold (g) induced by the Von Frey test was evaluated over time in the Ex and No-Ex groups
before CCI (n=11, 11) and at 1 week (n=11, 11), 2 weeks (n =8, 8), 3 weeks (n =8, 8), 4 weeks (n =4, 4), and 5 weeks
(n =4, 4) post-CCI. The Ex group and the non-injured side of the Ex group were used as controls (Figure 1A).

The pain response threshold of the Ex group showed a trend toward improvement when compared to the No-Ex
group, but there was no significant difference from 1 to 4 weeks post-CCI. However, at 5 weeks after CCI, the pain
response threshold of the Ex group showed significant improvement (P > 0.01, F=17.7).
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Figure | The Ex and No-Ex groups showed hyperalgesia due to nerve injury, and the Ex group showed improvement in hyperalgesia 5 weeks after nerve injury (A).
Hyperalgesia in the No-Ex group was maximal at | week and recovered slightly at 4 weeks post-CCl, but was maximal again at 5 weeks post-CCl, indicating an acute
exacerbation. Hyperalgesia was improved in the Ex group at 5 weeks post-CCl. Data are expressed as mean + SE. ** P < 0.0] compared with No-Ex group. A summary
diagram of the regions detected in the spinal cord (B) and hippocampus (C) is shown. Roman numerals in the figure indicate I: Lamina I, Il: Lamina Il, and lll: Lamina Ill. The

red square box in the image indicates the quantification site.

Compared with the control group, the Ex and No-Ex groups showed a significant decrease in pain withdrawal
thresholds from the first week after CCI. The No-Ex group, on the other hand, showed no significant difference at week
4, but showed a prominent decrease in the pain threshold at 5 weeks.

IBAI and GFAP, CCR2, TRAF6 in the Spinal Dorsal Horn are Suppressed by Exercise

Therapy
At 3 and 5 weeks post-CCI, IBA1 and GFAP, CCR2, TRAF6 positive cell area ratios were quantified in laminae I-III of
the dorsal horn of the spinal cord (Figure 1B).

The area ratio of IBA1-positive cells in the Normal group was 0.4 £ 0.1% (right side) and 0.6 + 0.1% (left side)
(Figure 2A and M), and the area ratio of the GFAP-positive cells was 0.7 £ 0.2% (right side) and 0.9 + 0.4% (left side)
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(Figure 2B and N). The No-Ex group showed a significant increase in IBA1 and GFAP at both 3 and 5 weeks post-CClI,
as compared to the Normal group (P < 0.01). The area ratio of CCR2-positive cells in the Normal group was 0.4 = 0.1%
(Figure 2C and O), and the area ratio of TRAF6-positive cells was 1.2 + 0.2% (Figure 2D and P).

At 3 weeks post-CCl, the area ratio of IBA1-positive cells was 0.9 £ 0.1% (n = 4) in the Ex group and 1.6 = 0.3% (n
= 4) in the No-Ex group (Figure 2E, I and M). GFAP was significantly lower in the Ex group (P < 0.05) than in the No-
Ex group (P < 0.05). For IBA1, the Ex group (P < 0.05) showed a significant decrease as compared to the No-Ex group,
but there was no significant difference in GFAP (Figure 2F, J and N). Furthermore, at 3 weeks after CCI, the CCR2 area
ratio was 1.2 £ 0.5% (n = 4) in the Ex group and 4.7 + 0.7% (n = 4) in the No-Ex group. The value in the Ex group (P <
0.01) was significantly lower than that in the No-Ex group (Figure 2G, K and O). For TRAF6, the value was 0.8 + 0.1%
in the Ex group (n = 4) and 1.4 + 0.2% in the No-Ex group (n = 4), showing a significant decrease in the Ex group (P <
0.05) as compared to the No-Ex group (Figure 2H, L and P).

At 5 weeks post-CCI, IBA1 was 0.6 + 0.1% (n = 4) in the Ex group and 2.2 + 0.4% (n = 4) in the No-Ex group
(Figure 3A, E and I). These values were 0.9 £ 0.2% (n = 4) in the Ex group and 2.7 £+ 0.4% (n = 4) in the No-Ex group
for GFAP. GFAP was significantly lower in the Ex group (P < 0.05) than in the No-Ex group (Figure 3B, F and J).
Furthermore, at 5 weeks after CCI, CCR2 was 0.6 £ 0.2% (n = 4) in the Ex group and 2.8 + 0.6% (n = 4) in the No-Ex
group (Figure 3C, G and K). The value in the No-Ex group was significantly increased (P < 0.05), while the value in the
Ex group was decreased significantly (P < 0.01) as compared to the Normal group. The value for TRAF6 was 0.8 + 0.2%
(n=4) in the Ex group and 2.4 + 0.4% (n = 4) in the No-Ex group, indicating a significant decrease in the Ex group (P <
0.05) as compared to the No-Ex group (Figure 3D, H and L).

Fluorescence immunostaining of IBA1 and TRAF6, and of GFAP and TRAF6 in the No-Ex group was performed at 5
weeks after CCI (Figure 3M—R). The results showed co-expression and activation of GFAP and TRAF6 (Figure 3R).

DCX and PROXI in the Hippocampal Dentate Gyrus are Activated by Exercise
Therapy

The cell area ratios positive for DCX and PROX1 in the hippocampal dentate gyrus were measured at 3 and 5 weeks after
CCI (Figure 1C). These values were 0.8 £ 0.2% (n = 4) in the Ex group and 0.2 = 0.0% (n = 4) in the No-Ex group at 3
weeks (Figure 4C, E and G). The Ex group showed a significant increase as compared to the No-Ex group (P <0.05). The
No-Ex group showed no significant difference compared to the Normal group. The PROX1-positive cell area ratio was
2.3 £0.5% (n = 4) in the Ex group and 0.7 + 0.1% (n = 4) in the No-Ex group (Figure 4D, F and H). The positive cell
area ratio in the Normal group was 0.5 = 0.0% for DCX (Figure 4A and G) and 7.5 + 0.5% for PROX1 (Figure 4B
and H).

At 5 weeks post-CCI, the Ex group was 0.5 = 0.1% (n = 4) and 0.1 £+ 0.0% in the No-Ex group (n = 4) (Figure 5A,
C and E). There was a significant increase in the Ex group (P <0.01) as compared with the No-Ex group, and there was
a significant decrease in the No-Ex group as compared with the Normal group. In immunofluorescent staining
(Figure 6A-I), DCX was more abundant in the Normal and Ex groups than in the No-Ex group (Figure 6A, D and
G). The PROX1-positive cell area ratio was 4.5 £ 0.6% (n = 4) in the Ex group and 2.2 + 0.3% (n = 4) in the No-Ex
group (Figure 5B, D and F). The Ex group (P < 0.05) showed a significant increase as compared with the No-Ex group.
In fluorescent staining (Figure 6J-R) of PROX1, larger granule cells were observed in the Normal and Ex groups than in
the No-Ex group (Figure 6J, M and P). No simultaneous staining was observed in DCX and NeuN double-staining
(Figure 6L, O and R).

Discussion

The purpose of this study was to investigate the effects of regular exercise on neuropathic pain relief, to elucidate the
mechanism, and to determine the effects of neuropathic pain in the hippocampus. To this end, we investigated activation
of spinal glial cells, expression of CCR2 and TRAF6, and the dynamics of DCX and PROXI1 in the hippocampal dentate
gyrus with and without regular exercise therapy in a rat CCI model of neuropathic pain. We showed that exercise led to
a significantly lower pain response threshold at 5 weeks post-CClI, indicating pain relief. In the spinal cord dorsal horn,
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Figure 2 Photographs of immunoreactive DAB staining for IBAI (A, E and 1), GFAP (B, F and J), CCR2 (C, G and K), and TRAF6 (D, H and L) on the injured side spinal
cord dorsal horn at 3 weeks after chronic constriction injury (CCI). Scale bar = 50 um (A-L). The graph shows the positive cell area ratios for IBA| (M), GFAP (N), CCR2
(O) and TRAF6 on the injured side at 3 weeks after CCl. IBA| immunoreactivity showed a significant increase in the No-Ex group compared the Normal group. However,
the Ex group was significantly reduced as compared with No-Ex (M). GFAP immunoreactivity showed a significant increase in the No-Ex group as compared with Normal
group (N). CCR2 immunoreactivity showed a significant increase in the No-Ex group as compared with the Normal group. However, CCR2 immunoreactivity was
significantly reduced in the Ex group compared with that in the No-Ex (O). TRAF6 immunoreactivity was significantly reduced in the Ex group as compared to the No-Ex
(P). Data are expressed as mean * SE. *P < 0.05, **P < 0.01.
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Figure 4 Photographs of immunoreactive DAB staining for DCX (A, C and E) and PROXI (B, D and F) in the hippocampal dentate gyrus at 3 weeks after chronic
constriction injury (CClI). Scale bar = 50 um (A—F). Graphs show DCX (G) and PROXI (H) positive cell area ratios at 3 weeks post-CCl. There was a significant increase in
DCX immunoreactivity in the Ex group as compared to the No-Ex group (G). PROXI immunoreactivity was significantly reduced in the Ex and No-Ex group as compared to
the Normal group (H). Data are expressed as mean + SE. * P < 0.05, **P < 0.01.

IBA1, CCR2, and TRAF6 expression was markedly lower in the Ex group than in the other groups at 3 weeks post-CCI,
and these proteins as well as GFAP were also expressed significantly less in the Ex group than in the No-Ex group at 5
weeks post-CCI. Hippocampal DCX and PROXI1 expression at 5 weeks post-CCI was markedly increased in the Ex
group compared to the No-Ex and Ex groups.

Neuropathic pain is triggered by central or peripheral nerve injury and plays a fundamental role in the development of
functional allodynia, nociceptive pain, and spontaneous pain by activating microglia and astrocytes in the dorsal horn of
the spinal cord. These cells produce inflammatory substances and abnormal neuronal function in response to nerve cell
damage.

CCL2/CCR2-dependent mechanisms play an important role in the development of neuropathic pain, in NMDAR-
mediated central sensitization, and in the development and maintenance of neuropathic pain.'> Chemokines induce glial

cell activation or promote excitatory synaptic transmission in spinal neurons and exaggerate central sensitization,
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Figure 5 Photographs of immunoreactive DAB staining for DCX (A and C) and PROXI (B and D) in the hippocampal dentate gyrus at 5 weeks after CCI. Scale bar = 50 pm
(A-D). The graph shows the positive cell area ratio for DCX (E) and PROXI (F) at 5 weeks after CCI. There was a significant increase in DCX immunoreactivity in the Ex group
as compared with the No-Ex (E). PROXI immunoreactivity was significantly higher in the Ex group than in the No-Ex (F). Data are expressed as mean *SE. **P < 0.01.

depending on the differential distribution of ligand receptors in neurons and glial cells.?” In addition, nerve injury causes
rapid microglial activation, and delayed and sustained astrocyte activation.”®** In our experiments, activated microglia in
the dorsal horn of the spinal cord at 3 weeks after CCI showed a significant increase in the No-Ex group as compared to
the Normal group, due to the nerve injury. This continued to increase significantly by 5 weeks after CCI, indicating
continued microglial activation. Astrocytes were also significantly increased in the No-Ex group as compared to the
Normal group at both 3 and 5 weeks post-CCI. In addition, levels of CCR2, a chemokine receptor, was significantly
increased in the No-Ex group as compared to the Normal group at both 3 and 5 weeks post-CCI.

TRAF6, which is expressed on astrocytes, maintains neuropathic pain by integrating TNF-a and IL-1p signaling and
activating the JNK/CCL2 pathway.'* In this study, the No-Ex group showed a significant increase in astrocytes when
compared to the Normal at both 3 and 5 weeks post-CCI, but the difference was not significant. These results suggested
that microglia may be more involved in the development of neuropathic pain, and that astrocytes, but not microglial
activation, may be more involved in its maintenance. Additionally, the expression of TRAF6 on astrocytes is important
for the maintenance of neuropathic pain. The continued expression of TRAF6 may contribute to the activation of CCR2
receptors, which are receptors for CCL2 in primary terminals and microglia. CCR2 receptors on microglia may then
activate the INK/CCL2 pathway in astrocytes.'>*° TRAF6 is also likely to be an important therapeutic target as it links
activation of these receptors to downstream signals, thereby performing important functions in a variety of physiological

and pathological processes, including adaptive immunity, innate immunity, inflammation, and tissue homeostasis.>'
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Figure 6 Photographs of DCX (A, D and G), PROXI (J, M and P), NeuN (B, E, H, K, N and Q), Co-expression of DCX and NeuN (C, F and I) and Co-expression of
PROXI and NeuN (L, O and R) immunofluorescence staining in the hippocampal dentate gyrus at 5 weeks after CCl. DCX immunofluorescence staining shows more
expression in the Ex group (D) than No-Ex group (G). PROXI immunofluorescent staining reveals larger PROX| granule cells in the Ex (M) and Normal (J) group.
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Regarding the effect of exercise therapy on neuropathic pain, at 3 weeks post-CCI, microglia and astrocytes in the
dorsal horn of the spinal cord showed a significant decrease in IBA1 in the Ex group, as compared to the No-Ex and
Normal groups. CCR2 expression increased with increased expression of IBA1 after nerve injury, but a comparison of
the No-Ex and Ex groups showed a significant relative decrease in the Ex group, indicating that exercise suppressed
microglial activation and chemokine receptor inhibition. Astrocytes were activated by nerve damage, but no significant
difference was observed between the No-Ex and Ex groups. However, TRAF6 showed a small but significant difference
between the No-Ex and Ex groups. In the dorsal horn of the spinal cord at 5 weeks post-CCI, IBA1 showed a significant
decrease in the Ex group as compared to the No-Ex, and microglial activation was suppressed by exercise. CCR2 also
showed a significant decrease in the Ex group as compared to the No-Ex group at this time point. On the other hand,
GFAP expression at 5 weeks post-CCI was significantly higher in the No-Ex group than in the Ex group at 3 weeks,
confirming that it was suppressed by exercise. In addition, TRAF6, which is involved in astrocyte activation, was also
significantly decreased in the Ex group as compared to the No-Ex group, indicating that its expression was suppressed in
the Ex group. Regarding the effects of neuropathic pain on the hippocampal dentate gyrus, a recent study reported that
the onset of neuropathic pain causes signs of pathological inflammation in the hippocampal dentate gyrus, leading to
a decrease in neurogenesis with memory destruction, which leads to a decrease in DCX.'> Furthermore, a lack of
PROX1, which is required for the maintenance of intermediate nerve progenitor cells in adult neurogenesis, has been
reported to lead to increased apoptosis of DCX-expressing cells and lack of neurogenesis in adults.'®

In this study, we investigated the effects of exercise on the expression of DCX, a neurogenic cell marker, and PROX1,
which is required for the maintenance of intermediate progenitor cells in neurogenesis, in our CCI rat model. No
significant difference was observed between the Normal and No-Ex groups at 3 weeks after CCI. On the other hand,
comparison of the No-Ex and Ex groups showed a significant increase in neurogenesis. PROX1 showed highly
significant differences among groups, with the No-Ex and Ex groups showing a decrease as compared to the Normal
group. New neurons are generated in the adult dentate gyrus throughout life, and the mammalian brain undergoes
a process called adult hippocampal neurogenesis. Hippocampal-mediated behavior, synaptic plasticity, and neurogenesis
are abnormal in cases with neuropathic pain, where therapeutic approaches are particularly challenging.** Our findings
may indicate that neuropathic pain may have led to an inability to maintain intermediate progenitor cells by 3 weeks post-
CCI. Furthermore, at 5 weeks post-CCI, the No-Ex group showed a significant decrease as compared to the Normal and
No-Ex groups. In terms of PROX1, the Normal and No-Ex groups and the Normal and Ex groups continued to show
highly significant differences, with expression being significantly higher in the Ex than in the No-Ex group.

Five weeks after CCI, DCX immunocytochemistry showed a significant decrease in neurogenesis in the No-Ex group
as compared to the Normal. The Ex group showed a significant increase relative to the No-Ex group, indicating that
neurogenesis was activated by the exercise intervention. The significant decrease in PROX1 in the No-Ex group as
compared to the Normal and No-Ex groups at 5 weeks post-CCI may indicate that chronic neuropathic pain may be
a result of difficulty maintaining neural intermediate progenitor cells. Comparing the No-Ex and Ex groups, the Ex group
showed a significantly higher level, but this level was nevertheless significantly lower in the Ex than in the Normal
group. This suggests that, although neuropathic pain affects the maintenance of intermediate progenitor cells, there may
be a recovery trend due to exercise. It is possible that neurogenesis was promoted at 5 weeks post-CCI due to exercise,
although it was somewhat difficult to maintain the intermediate progenitor cells necessary for neurogenesis due to
neuropathic pain, as was observed at 3 weeks post-CCI.

The literature suggests that chronic pain impairs hippocampus-dependent memory formation, particularly spatial
memory, and has been demonstrated in both humans and in rodent models. It has been reported that only chronic pain,
but not acute pain, inhibits spatial memory formation.*® Clinical observations have indicated that many patients with
chronic pain have increased anxiety and depression, making the emotional pain component important.** Cognitive and
emotional-behavioral impairments caused by the onset of neuropathic pain are associated with hippocampal neurogenic
deficits.** Neuropathic pain has also been reported to inhibit differentiation into mature neurons in the hippocampal
dentate gyrus region in parallel with reduced survival of neoplastic cells.'” It has been reported that exercise works to
prevent the onset of pain and eliminate pain after injury, and 58/64 (90%) articles published on the topic of exercise-
induced analgesia showed a positive effect of exercise with only one activity.>> In our study, we also observed a decrease
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in neurogenic pain-induced expression of neurogenic cells at 3 weeks post-CCI. However, at 5 weeks post-CCI, when
exercise is most likely to have an effect, we observed an increase in DCX, a marker of neurogenic cells, and PROX1,
a marker of the intermediate progenitor cells necessary for neurogenesis. These findings suggest that regular exercise
alleviates neuropathic pain and improves the neuropathic pain induced abnormal neurogenic function in the hippocampal
dentate gyrus.

Conclusion

In this study, we found that the expression of spinal glial cells markers, CCR2 and TRAF6, and the dynamics of DCX
and PROX1 in the hippocampal dentate gyrus were related to the effects of regular exercise therapy on the response to
neuropathic pain. These results suggested that regular exercise suppresses microglial activation, which is involved in
the development of neuropathic pain, in the dorsal horn of the spinal cord. It also suppresses expression of CCR2,
a chemokine receptor that may be involved in central sensitization, and that of TRAF6, which integrates TNF-a and IL-
1B signaling. Although often considered with respect to glial cells as a target for therapy, TRAF6 is a noteworthy target
with respect to maintenance in neuropathic pain. In terms of the relationship between neuropathic pain and the
hippocampus, exercise was found to activate DCX and PROXI1 expression in the hippocampal dentate gyrus,
suggesting that the onset of neuropathic pain inhibits neurogenesis, which may be accompanied by memory
destruction.
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