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Exercise combined with administration of adipose-
derived stem cells ameliorates neuropathic pain after 
spinal cord injury

Abstract  
Experimental studies have shown that exercise and human adipose-derived stem cells (ADSCs) play positive roles in spinal cord injury (SCI). However, whether 
ADSCs and/or exercise have a positive effect on SCI-induced neuropathic pain is still unclear. Thus, there is a need to explore the effects of exercise combined 
with administration of ADSCs on neuropathic pain after SCI. In this study, a thoracic 11 (T11) SCI contusion model was established in adult C57BL/6 mice. 
Exercise was initiated from 7 days post-injury and continued to 28 days post-injury, and approximately 1 × 105 ADSCs were transplanted into the T11 spinal 
cord lesion site immediately after SCI. Motor function and neuropathic pain-related behaviors were assessed weekly using the Basso Mouse Scale, von Frey 
filament test, Hargreaves method, and cold plate test. Histological studies (Eriochrome cyanine staining and immunohistochemistry) were performed at the 
end of the experiment (28 days post-injury). Exercise combined with administration of ADSCs partially improved early motor function (7, 14, and 21 days post-
injury), mechanical allodynia, mechanical hypoalgesia, thermal hyperalgesia, and thermal hypoalgesia. Administration of ADSCs reduced white and gray matter 
loss at the lesion site. In addition, fewer microglia and astrocytes (as identified by expression of ionized calcium-binding adapter molecule 1 and glial fibrillary 
acidic protein, respectively) were present in the lumbar dorsal horn in the SCI + ADSCs and SCI + exercise + ADSCs groups compared with the sham group. Our 
findings suggest that exercise combined with administration of ADSCs is beneficial for the early recovery of motor function and could partially ameliorate SCI-
induced neuropathic pain. 
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motor function; spinal cord injury
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Introduction 
As one of the most common and complex clinical problems associated 
with spinal cord injury (SCI), neuropathic pain (NP) occurs in approximately 
75–80% of SCI patients and has a substantial effect on their quality of life 
(Finnerup et al., 2010). Various approaches, including acupuncture, analgesic 
drugs, transcutaneous electrical nerve stimulation, physiotherapy, and 
psychotherapy, are currently used to treat NP (Tong et al., 2021; Saleh et al., 
2022).

Exercise is a physiotherapy-based approach that can be used to treat NP. 
Because of its low cost and non-invasive nature, exercise has recently 

received significant attention from researchers as a treatment for NP. Exercise 
can protect the spine (at or below the injury level) by inducing the release 
of various neurotrophic factors, modulating afferent input or different 
inflammatory mediators, and regulating neuronal plasticity (Richardson et al., 
2019; Dugan et al., 2020, 2021; Li et al., 2020a). Cell therapy is another non-
drug treatment that is used for patients with various neurological conditions, 
including SCI and NP (Eaton, 2004; Zhang et al., 2022). Human adipose-
derived stem cells (ADSCs) have also received substantial attention from 
researchers owing to their availability, safety, and rich stem cell content. For 
example, ADSCs are a good treatment option for pain relief because they 
improve nerve healing, restore structural nerve damage, and decrease anti-
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inflammatory cytokine production (Fodor and Paulseth, 2016; Forouzanfar 
et al., 2018; Dehdashtian et al., 2020). Considering their modulation of 
inflammatory mediators, the combination of exercise and ADSCs may be an 
effective non-drug approach for managing and relieving SCI-induced NP.

Recently, several animal studies have evaluated the co-administration 
of various therapies for SCI (Sarveazad et al., 2017; Fadeev et al., 2021). 
Younsi et al. (2020) reported that treadmill training promotes the survival 
of transplanted neural precursor cells and modulates their differentiation. 
Co-therapy with stem cell and treadmill training leads to better functional 
recovery than individual treatment with either approach (Younsi et al. 2020). 
Similarly, Yousof et al. (2021) reported that combined treatment with ADSCs 
and pregabalin is much more effective for NP than monotherapy. Sarveazad 
et al. (2019) showed that co-administration of ADSCs and low-level laser 
treatment ameliorates SCI-induced NP, but the molecular mechanisms are still 
unclear.

To the best of our knowledge, no study has explored the effects of exercise 
and ADSCs on SCI induced NP recovery. Therefore, the aim of this study 
was to determine the effect of exercise combined with ADSC administration 
on SCI-induced NP in a contusion-induced mouse model of SCI. Changes in 
spinal cord segments below the injury level are important for SCI-induced NP. 
Treadmill training ameliorates thoracic SCI-induced allodynia via increased 
expression of brain-derived neurotrophic factor (BDNF) in the lumbar spinal 
cord (Hutchinson et al., 2004). Given that both exercise and ADSCs can 
modulate the expression of inflammatory mediators, and neuroinflammatory 
responses are implicated in SCI-induced NP in spinal segments below the 
injury level, we also assessed the effect of combined treatment with exercise 
and ADSCs on microglia and astrocyte activation in the lumbar spinal cord 
after thoracic SCI.
 
Methods   
Animals
Our study included 95 adult female C57BL/6 mice weighing 19–26 g (8–10 
weeks old). Based on anatomy of the urinary system, the female animals are 
easier to catheterize. The risk of urinary system infections can be reduced 
(Cheng et al., 2021), thus only female mice were chosen in this study. 
The mice were obtained from the Animal Research Center of Sun Yat-sen 
University (license No. SYXK (Yue) 2022-0002), and the animal experiments 
were approved by the Ethics Committee of the First Affiliated Hospital of Sun 
Yat-sen University (approval No. [2021]864) on December 29, 2021. Mice 
were kept 4–5 per cage with free access to food and water under a 12/12-
hour light/dark cycle. The mice were randomly divided into five groups: 
sham (n = 15), SCI (n = 20, SCI + α-MEM injection), SCI + exercise (n = 20, 
SCI + exercise), SCI + ADSCs (n = 20, SCI + injection of 105 ADSCs), and SCI + 
exercise + ADSCs (n = 20, SCI + exercise + injection of 105 ADSCs)-based on 
their baseline withdrawal rates in the von Frey test prior to SCI induction and 
treatment. The study design and timeline are shown in Figures 1 and 2.

Isolation of human adipose-derived stem cells
All participants provided written informed consent. Abdominal adipose 
samples were collected from healthy young adults (aged < 32 years) who 
underwent liposuction at the First Affiliated Hospital of Sun Yat-sen University. 
ADSCs were isolated by collagenase digestion and cultured as previously 
reported (Bunnell et al., 2008). Briefly, the ADSCs were cultured in alpha 
minimum essential medium (α-MEM, Shanghai Weike Biotechnology Co., Ltd., 
Shanghai, China) supplemented with 10% FBS and in a humidified 5% CO2 
atmosphere at 37°C. When the cultures reached ~80% confluence, the cells 
were detached by treatment with 0.05% trypsin/ethylenediaminetetraacetic 
acid (EDTA, Shanghai Weike Biotechnology Co., Ltd.) and passaged, and the 
culture media were changed every 3 days.

Characterization of human adipose-derived stem cells by flow cytometry 
ADSCs were identified by their surface antigens using flow cytometry 
(eBioscience, Inc., San Diego, CA, USA) and monoclonal antibodies to CD34 
(Thermo Fisher Scientific, Waltham, MA, USA, Cat# 11-0349-41, RRID: 
AB_1518733), CD44 (Thermo Fisher Scientific, Cat# 11-0441-81, RRID: 
AB_465044), CD90 (Thermo Fisher Scientific, Cat# 11-0909-41, RRID: 
AB_10668827), CD105 (Thermo Fisher Scientific, Cat# 12-1057-41, RRID: 
AB_1311125), and HLA-DR (Thermo Fisher Scientific, Cat# 17-9956-41, RRID: 
AB_10671395). A mouse IgG monoclonal antibody was used as a negative 
control.

Spinal cord injury and treatment with human adipose-derived stem cells 
Mice were anesthetized with ketamine (31 mg/kg, Ratiopharm, Ulm, 
Germany) mixed with xylazine (1.5 mg/kg, Ratiopharm) via intraperitoneal 
(IP) injection. Then the skin of the back was incised gently to expose the T8–
T10 vertebrae. To adequately expose the T11 spinal cord segment (located at 
the T9 vertebra), laminectomy was performed. In the SCI groups, mice were 
subjected to moderate spinal cord contusion injury at the T11 spinal cord 
segment by applying a force of 50 kdyn (1 dyn = 10–5 N) (IH-0400 Impactor; 
Precision Systems & Instrumentation, Lexington, KY, USA) as described 
previously (Cheng et al., 2021), using a standard mouse tip impactor size 
(1.3 mm in diameter). For the ADSC treatment groups, 105 cells in a total 
volume of 3 μL were injected into the thoracic spinal cord dorsal horn using 
a 10 μL insulin pen. The injection was administered at two sites (the upper 
and lower boundaries of the injury site). After SCI, the incisions were closed. 
Then, Ringer’s solution (100 μL) was subcutaneously injected in the mice to 
prevent dehydration after SCI. Ampicillin (100 μL, 30 mg/kg; Ratiopharm) was 
subcutaneously injected to prevent infection. Furthermore, artificial bladder 
voiding was conducted twice per day until mice recovered reflexive bladder 
emptying.

Exercise
Running wheels (Kelly et al., 2014) were placed in each cage (Huaibei Jiubai 
Electronic Technology Co., Ltd. Huaibei, Anhui, China) containing mice in 
the exercise groups at 7 dpi. Running behavior in each 24-hour period was 
recorded via a counter connected to the wheel. The distance covered during 
each running session was about 10 cm. The mean total running distance over 
3 weeks was about 421 m and 505 m in the SCI + exercise and SCI + ADSCs 
+ exercise groups, respectively. To avoid inducing a stress response, the 
mice were habituated to the running wheel for at least 2 days before we the 
exercise protocol started.

Behavioral testing
Awake, unrestrained mice were subjected to behavioral tests by a single 
experienced investigator who was blinded to the group assignments. Mice 
were habituated to the testing environment for 1.5 hours every day for 2 days 
before testing, and at least 30 minutes immediately before each test. 

Von Frey test
To assess mechanical sensitivity, the von Frey test was performed as 
previously described (Cheng et al., 2021). Mechanical hypersensitivity 
(allodynia) was assessed using light force filament (0.07 and 0.16 g, Touch 
Test Sensory Evaluators; North Coast Medical, Gilroy, CA, USA) stimulation, 
and mechanical hyposensitivity (hyperalgesia) was assessed using strong force 
filament (1 and 1.4 g, Touch Test Sensory Evaluators; North Coast Medical) 
stimulation. Withdrawal or movement of the tested hind paw was considered 
positive response. The percent response rate to stimulation was calculated 
after a total of 10 stimulations to the hind paws (five times per hind paw). 
The average of two preoperative values for each animal and each filament 
type was defined as baseline mechanical sensitivity. von Frey testing was 
performed 7 dpi and at weekly intervals thereafter for 4 weeks after SCI. 

Thermal sensitivity
The Hargreaves method was used to evaluate thermal sensitivity as described 
previously (Cheng et al., 2021). Briefly, an infrared heat beam (Plantar Test; 
Ugo Basile, Milan, Italy) was used to stimulate the plantar surface of the 
mouse’s hind paw five times on each side. The latency of withdrawal from the 
heat beam in seconds was recorded. The average of two preoperative values 
per animal was defined as baseline thermal sensitivity. The Hargreaves test 
was performed 7 dpi and at weekly intervals thereafter for 4 weeks after SCI.

Cold sensitivity
A 2°C metal plate (Cold Hot Plate Test; Bioseb, Vitrolles, France) was used 

Figure 1 ｜ Study flow chart.
ADSCs: Adipose-derived stem cells; BMS: Basso Mouse Scale; dpi: days post-injury; SCI: 
spinal cord injury.

Figure 2 ｜ Experimental timeline.
ADSCs: Adipose-derived stem cells; BMS: Basso Mouse Scale.
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to evaluate cold sensitivity (Cheng et al., 2021). We recorded withdrawal 
latency from the cold plate in seconds. Shaking and lifting the hind paws 
and/or sudden changes in the pattern of movement were considered 
positive responses. The average of two preoperative values for every mouse 
was defined as baseline cold sensitivity. After surgery, cold sensitivity was 
evaluated 10 dpi (in the middle of the experimental period) and 28 dpi (at the 
end of the experiment).

Basso Mouse Scale assessment
We used the Basso Mouse Scale (BMS) to examine the motor function 
recovery (Basso et al., 2006). A BMS score of 0 indicates that the animal is 
completely paralyzed, whereas a BMS score of 9 indicates normal motor 
function. A BMS score of 3 reflects the mouse’s ability to support its own 
weight or occasionally take a step, indicating the animal can undergo 
behavioral testing. The BMS score was evaluated at baseline, 7 dpi, and at 
weekly intervals thereafter for 4 weeks after SCI.

Eriochrome cyanine staining
To explore the extent of thoracic spinal cord damage after SCI, Eriochrome 
cyanine (EC) staining was conducted to determine the degree of tissue sparing 
at the epicenter of the lesion via myelin staining. First, mice were euthanized 
and perfused transcardially with 0.9% saline. Next, the spinal tissue was 
fixed by pericardial perfusion with 4% paraformaldehyde in 0.1 M phosphate 
buffer transcardially perfusion. The T11 spinal cord segments were collected 
and sliced into 25 μm-thick coronal sections using a cryostat (CM1900, Leica, 
Weztlar, Germany). Eriochrome cyanine staining (Servicebio, Wuhan, Hubei, 
China) of the sections was performed as described previously (Cheng et al., 
2021). An XC30 camera mounted on an Olympus BX530 microscope (Olympus, 
Hamburg, Germany) was used to take images of the stained sections. The 
lesion size was calculated by dividing the remaining white matter area by the 
total cross-sectional area. Two independent investigators blinded to the group 
assignments analyzed the data using ImageJ software (version 1.8.0, National 
Institutes of Health, Bethesda, MD, USA; Schneider et al., 2012).

Immunohistochemistry
L4–L6 spinal cord segments were obtained at the end of the experiment, 
and 25 μm-thick frozen coronal spinal cord sections were used for 
immunohistochemical procedures (Cheng et al., 2021). Sections were 
labeled with rabbit anti-ionized calcium-binding adapter molecule 1 (Iba1; 
1:500; Abcam, Cambridge, MA, USA, Cat# ab178846, RRID: AB_2636859) or 
rabbit anti-glial fibrillary acidic protein (GFAP; 1:1000; Abcam, Cat# ab7260; 
RRID: AB_305808) to evaluate the microglial and astroglial responses, 
respectively. To identify lamina I and II, some sections were double labeled 
with biotinylated isolectin B4 (IB4) (1:250; Sigma, St. Louis, MO, USA, Cat# 
MAB2058, RRID: AB_11214113; integrin B4 from Bandeiraea simplicifolia) and 
rabbit anti-protein kinase Cγ (PKCγ) (1:200; Santa Cruz Biotechnology, Santa 
Cruz, CA, USA, Cat# sc-211, RRID: AB_632234). Donkey anti-rabbit secondary 
antibodies were conjugated to donkey anti-rabbit Alexa Fluor 488 (1:300; 
Abcam, Cat# ab150073; RRID: AB_2636877) for calcium-binding adapter 
molecule 1 (Iba1) and GFAP staining. Alexa Fluor 488-conjugated streptavidin 
(1:300; Jackson ImmunoResearch Laboratories, Suffolk, UK, Cat# 016-540-
084; RRID: AB_2337249) and goat anti-rabbit Alexa Fluor® 594 (1:300; Abcam, 
Cat# ab150080, RRID: AB_2650602) were used to detect IB4 and PKCγ, 
respectively. All primary antibodies were incubated overnight at 4°C, and the 
secondary antibodies were incubated at room temperature for 2.5 hours.
The right and left dorsal horns of three fluorescently labeled sections were 
visualized at 20× magnification under the same conditions for each mouse 
using a confocal laser scanning microscope (LSM 700, ZEISS, Oberkochen, 
Germany). Iba1 and GFAP expression levels in the lumbar dorsal horn lamina 
I–II were quantified using ImageJ software. The percentage of Iba1 and GFAP 
expression in lamina I–II was calculated by dividing Iba1 and GFAP expression 
in lamina I–II by their expression throughout the dorsal horn. 

Statistical analysis
No statistical methods were used to predetermine sample sizes; however, our 
sample sizes were similar to those reported in a previous publication (Cheng 
et al., 2021). The results are presented as mean ± standard error of the mean 
(SEM). One-way analysis of variance with Fisher’s least significant difference 
post hoc test was used to analyze the lesion size and expression levels of 
Iba1 and GFAP. Two-way analysis of variance with Fisher’s least significant 
difference post hoc test was used to analyze the behavioral test data. 
GraphPad Prism 7 software (GraphPad Software, San Diego, CA, USA, www.
graphpad.com) was utilized to conduct the statistical analyses. The statistical 
significance threshold was set to P < 0.05.

Results
Identification of ADSCs and ADSCs-Exos
ADSCs were isolated and characterized at passage 3 (P3) for cell 
transplantation after SCI. When they reached 80–90% confluence, ADSCs 
exhibited strong proliferative capacity and spindle-shaped morphology 
in a relatively homogeneous population (Figure 3A). Flow cytometry was 
performed to evaluate surface antigen expression, and the ADSCs stained 
positively for CD34, CD44, CD90, and CD105, but negatively for HLA-DR (Figure 
3B–F). 

Exercise and ADSCs promote motor recovery in SCI mice
BMS scoring was used to evaluate motor recovery after SCI. Recovery was 

evident in all injured animals, with no obvious differences among the groups 
at 28 dpi (Figure 4). However, the animals in the SCI + ADSCs (7 dpi: P = 0.0075, 
14 dpi: P = 0.0174, 21 dpi: P = 0.9857) and SCI + exercise + ADSCs (7 dpi: P 
< 0.001, 14 dpi: P = 0.0011, 21 dpi: P = 0.003) had higher BMS scores than 
animals in the SCI group at 7, 14, and 21 dpi. 

Exercise and ADSCs ameliorate mechanical allodynia and hypoalgesia in SCI 
mice
After 7 dpi, SCI mice began to develop mechanical hyperalgesia and 
hypoalgesia (Figure 5). Light filament forces (0.07 and 0.16 g) were used to 
evaluate mechanical hypersensitivity (Figure 5A and B). Significantly lower 
response rates were observed in the SCI + ADSCs (0.07 g: P < 0.001; 0.16 g: 
P = 0.0164) and SCI + exercise + ADSCs (0.07 g: P < 0.001, 0.16 g: P = 0.0012) 
groups than in the SCI + exercise group at 7 dpi. In addition, analysis at 
different time points showed significantly lower response rates to the 0.07-
g filament in the SCI + exercise + ADSCs group at 7–28 dpi compared with the 
other groups (P < 0.001). Compared with the single-treatment groups (SCI 
+ exercise or SCI + ADSCs), the combination treatment group (SCI + exercise 
+ ADSCs) exhibited greater relief from SCI-induced mechanical allodynia. 
When strong filament forces (1 and 1.4 g) were used to evaluate mechanical 
hyposensitivity (Figure 5C and D), no difference was observed between the 
SCI group and the SCI + exercise group, indicating that exercise does not have 
a positive effect on SCI-induced mechanical hypoalgesia. However, injured 
animals that were injected with ADSCs (SCI + ADSCs and SCI + exercise + 
ADSCs) exhibited dramatically higher response rates than animals in the SCI 
and SCI + exercise groups (P < 0.0001).

ADSCs ameliorate thermal hyperalgesia and cold hypoalgesia in SCI mice
Animals were exposed to an infrared heat beam (Hargreaves method) and a 
cold plate (2°C) to examine thermal hypersensitivity and cold hyposensitivity 
after SCI (Figure 6). SCI animals had decreased withdrawal latency from 
7 to 28 dpi compared with sham animals (P < 0.0001), indicating that 
injured animals developed thermal hyperalgesia (Figure 6A). Exercise did 
not influence SCI-induced thermal hypersensitivity, but ADSCs significantly 
improved the withdrawal latency compared with exercise alone (P < 0.0001). 
Moreover, SCI mice had an increased response latency in the cold plate test 
compared with sham animals at 10 dpi (P < 0.0001), indicating that SCI mice 
developed cold hypoalgesia (Figure 6B). Cold hypoalgesia was observed 
in SCI mice and did not change significantly throughout the course of the 
experiment. Similarly, SCI-induced cold hyposensitivity was not influenced by 
exercise, but ADSCs significantly reduced the withdrawal latency compared 
with exercise alone (P < 0.0001).

ADSCs have a neuroprotective effect after SCI
Previous studies have reported that exercise does not influence lesion size 
after SCI (Battistuzzo et al., 2012; Cheng et al., 2021). To determine whether 
ADSCs influence lesion size, myelin staining of T11 spinal cord sections was 
performed. There was no statistical significance in lesion size between animals 
in the SCI and SCI + exercise groups (Figure 7). A large part of the gray matter 
and a small part of the white matter were lost at the lesion epicenter in SCI 
mice. ADSCs dramatically reduced gray and white matter loss at the lesion site 
(P < 0.001), revealing that ADSCs have a neuroprotective effect after SCI.

The injury-induced increase in Iba1 and GFAP expression levels is 
attenuated by ADSCs
Previous studies have demonstrated that inflammatory changes in the spinal 
cord dorsal horn below the lesion site are associated with the development 
of NP behaviors (Li et al., 2020b; Iqubal et al., 2021). Therefore, we quantified 
Iba1 and GFAP intensity in the lumbar spinal dorsal horn after SCI at the T11 
level (Figures 8 and 9).

IB4 and PKCγ were used to label lamina I and II, respectively (Figure 8A). Iba1 
expression was dramatically up-regulated in the spinal dorsal horn at levels L4 
to L6 after SCI and was mainly detected in lamina I–II (Figure 8B–F). Exercise 
slightly reduced Iba1 expression, albeit without statistical significance. Animals 
in the SCI + ADSCs and SCI + exercise + ADSCs groups showed a significant 
decrease in Iba1 expression in the L4–L6 dorsal horn comparing with those in 
the SCI and SCI + exercise groups (P < 0.01; Figure 8G).

Similarly, GFAP expression was significantly up-regulated in the L4–L6 
superficial dorsal horn (lamina I–II) in animals in the SCI group compared with 
animals in the sham group (P < 0.001; Figure 9). Animals that received ADSCs 
(SCI + ADSCs and SCI + exercise + ADSCs groups) showed a significantly lower 
GFAP expression level in the L4–L6 dorsal horn compared with SCI animals (P 
< 0.01). GFAP expression was slightly decreased in the dorsal horn in the SCI + 
exercise group, albeit without statistical significance (Figure 9F).

Discussion
The combination of exercise and ADSC administration clearly enhanced motor 
function recovery at an early stage of SCI recovery and alleviated SCI-induced 
hypersensitivity and hyposensitivity compared with exercise alone or ADSCs 
alone. Injection with ADSCs had a neuroprotective effect and decreased lesion 
size after SCI compared with exercise alone. In addition, the combination 
of exercise and ADSC administration significantly decreased Iba1 and GFAP 
expression.
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Figure 3 ｜ Identification of ADSCs.
(A) ADSCs exhibited characteristic spindle-like morphology, as indicated by red 
arrows. The mesenchymal markers CD34 (B), CD44 (C), CD90 (D), CD105 (E) and the 
negative control marker HLA-DR (F) were used to analyze the cells by flow cytometry. 
The indicated markers are presented as solid red peaks, and the isotype controls are 
presented as solid blue peaks. The experiment was independently repeated three times. 
ADSCs: Adipose-derived stem cells.
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Figure 4 ｜ Recovery of motor function.
The Basso Mouse Scale (BMS) scores were higher in the SCI + ADSCs and SCI + exercise + 
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mean ± SEM. ****P < 0.0001, SCI group vs. Sham group; ^^P < 0.01, ^^^P < 0.001, SCI 
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significant difference post hoc test). ADSCs: Adipose-derived stem cells; dpi: day post-
injury; SCI: spinal cord injury.

Figure 5 ｜ Exercise and ADSCs ameliorate mechanical sensitivity after SCI.
(A, B) von Frey filament testing with 0.07 g (A) and 0.16 g forces (B) was performed to 
detect mechanical allodynia. Animals in the SCI, SCI + exercise, SCI + ADSCs, and SCI + 
exercise + ADSCs groups developed mechanical allodynia after 7 days post-injury (dpi). 
However, animals in the SCI + ADSCs and SCI + exercise + ADSCs groups showed a lower 
withdrawal response rate compared with those in the SCI and SCI + exercise groups 
(P < 0.05, P < 0.01, or P < 0.001). Both exercise and ADSCs administration significantly 
ameliorated SCI-induced mechanical allodynia from 14 to 28 dpi (P < 0.0001, P < 0.001, 
or P < 0.0001). (C, D) Mechanical hypoalgesia was evaluated via using von Frey filaments 
with 1 (C) and 1.4 g forces (D). At 7 dpi, animals in the SCI, SCI + exercise, SCI + ADSCs, 
and SCI + exercise + ADSCs groups showed lower withdrawal response rates compared 
with the sham group, indicating mechanical hypoalgesia (P < 0.0001). Exercise had no 
influence on mechanical hypoalgesia, while ADSCs administration significantly improved 
SCI-induced mechanical hypoalgesia (P < 0.0001). The results are presented as the mean 
± SEM. ****P < 0.0001, SCI group vs. Sham group; &P < 0.05, SCI + ADSCs group vs. SCI 
+ exercise group; ##P < 0.01, ###P < 0.001, ####P< 0.0001, SCI + exercise + ADSCs group 
vs. SCI + exercise group; ^^^P < 0.001 and ^^^^P < 0.0001, SCI + exercise + ADSCs group 
vs. SCI group (two-way analysis of variance with Fisher’s least significant difference post 
hoc test). ADSCs: Adipose-derived stem cells; dpi: day post-injury; SCI: spinal cord injury.

Figure 6 ｜ ADSCs improve thermal and cold sensitivity after SCI.
(A) Thermal and cold sensitivitywere assessed using Hargreaves’ method. SCI mice had a 
shorter withdrawal latency than the sham mice at all time points after injury (P < 0.0001). 
Exercise did not affect (P < 0.0001). (B) Injured mice exhibited a longer response latency 
to the cold plate (2°C) than did the sham mice (P < 0.0001) at 10 and 28 days post-injury 
(dpi). In addition, ADSC administration helped relieve cold sensitivity (P < 0.0001). The 
results are presented as the mean ± SEM. ****P < 0.0001, SCI group vs. Sham group; 
&&&&P < 0.0001, SCI + ADSCs group vs. SCI + exercise group (two-way analysis of 
variance with Fisher’s least significant difference post hoc test). ADSCs: Adipose-derived 
stem cells; dpi: day post-injury; SCI: spinal cord injury.
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Figure 7 ｜ ADSCs have a neuroprotective effect on the spinal cord.
(A) Representative images of thoracic spinal cord lesion sizes in the different groups 
using Eriochrome cyanine staining (blue staining indicates white matter). The sham 
animal spinal cords were intact, whereas animals that had undergone SCI showed a 
decrease in white matter. Exercise did not appear to have an effect on tissue sparing, 
while ADSCs administration had a protective effect. Scale bar: 500 μm. (B) Lesion size 
was calculated as the percentage of white matter area (WMA) to the total cross-sectional 
area (TCSA). Compared with sham animals, SCI animals showed a significant loss of white 
matter at the lesion site (***P < 0.001). Exercise did not influence the lesion size, but 
ADSCs administration significantly reduced the lesion size (###P < 0.001). The results are 
presented as the mean ± SEM. One-way analysis of variance with Fisher’s least significant 
difference post hoc test was applied. ADSCs: Adipose-derived stem cells; SCI: spinal cord 
injury.
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Figure 8 ｜ Administration of ADSCs decreases Iba1 expression in lamina I and II of 
the lumbar spinal cord dorsal horn after SCI.
(A) The different lamina in the dorsal horn of the lumbar spinal cord were distinguished 
via isolectin B4  (lamina I, green) and protein kinase Cγ (lamina II, red) staining. (B–
F) Representative images of Iba1 expression in different groups. SCI resulted in an up-
regulation of Iba1 expression in the lumbar spinal dorsal horn, especially in the superficial 
lamina (lamina I–II). ADSCs administration decreased SCI-induced Iba1 overexpression 
in the lumbar spinal dorsal lamina I–II. (G) Quantification of Iba1 intensity in the lumbar 
spinal dorsal horn. Iba1 expression was dramatically higher in the injured groups (SCI 
and SCI + exercise) than in the sham group. Exercise slightly decreased Iba1 expression, 
albeit without statistical significance. ADSCs administration significantly reduced Iba1 
expression in dorsal horn. The combination of exercise and ADSCs administration was 
more effective in reducing Iba1 than ADSCs administration alone. **P < 0.01, ***P < 
0.001. The results are presented as the mean ± SEM. One-way analysis of variance with 
Fisher’s least significant difference post hoc test was applied. ADSCs: Adipose-derived 
stem cells; Iba1: ionized calcium-binding adapter molecule 1; SCI: spinal cord injury.
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Rodent models of contusion SCI have been widely used to explore NP 
development and treatment (Burke et al., 2017; McFarlane et al., 2020). 
Similar to previous studies (McFarlane et al., 2020; Kishima et al., 2021), we 
established a moderate T11 contusion injury mouse model and evaluated 
mechanical, thermal, and cold sensitivity. We found that mice with moderate 
SCI developed obvious mechanical hypersensitivity, hyposensitivity, heat 
hypersensitivity, and cold hyposensitivity. These data indicate that the injured 

mice displayed not only an increase in sensitivity, but also a loss of sensory 
function. The reasons for these findings remain unclear. Injury causing 
loss of descending modulatory inhibition in the spinal cord can lead to 
hyperexcitability of nociceptive neurons, which could explain in part why SCI 
results in central NP. In addition, SCI can lead to abnormal neural plasticity or 
to excitability changes in supraspinal regions, which may integrate nociceptive 
and homeostatic functions, thus inducing NP in response to innocuous 
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stimuli. Owing to the limited reports and understanding regarding the 
mechanisms associated with NP after SCI, it is understandable that treatments 
intended to ameliorate NP have been unsuccessful (Hutchinson et al., 2004). 
Interestingly, both exercise and administration of ADSCs partially resolved 
mechanical allodynia in our study. In addition, ADSC administration partially 
resolved thermal hyperalgesia and loss of sensory function (mechanical 
and cold hypoalgesia). Moreover, administration of ADSCs improved motor 
function at early time points following SCI, although this change was not 
statistically significant. Our results indicate that the combination of exercise 
and ADSCs has better therapeutic effects on SCI-induced NP than ADSCs 
alone. Consistent with our results, exercise improves mechanical hyperalgesia 
but has no effect on thermal hyperalgesia in rat contusion models (Hutchinson 
et al., 2004; Detloff et al., 2014). Non-peptidergic C fibers are associated 
with mechanical sensitivity, while peptidergic C fibers correspond to 
heat sensitivity. Detloff et al. (2014) demonstrated that the mechanical 
hyperalgesia-related increase in non-peptidergic but not peptidergic afferent 
distribution and density within the dorsal horn can be regulated by exercise. 
Whether the combination of exercise and ADSC administration can ameliorate 
NP via modulating non-peptidergic and/or peptidergic C fiber distribution and 
reducing abnormal plasticity is still unclear. Combined laser treatment and 
ADSC administration clearly enhances motor recovery and ameliorates SCI-
induced mechanical allodynia and hyperalgesia via increasing GDNF, BDNF 
and GABA receptor expression (Sarveazad et al., 2019). Laser treatment 
may ameliorate allodynia and hyperalgesia by decreasing BDNF levels, while 
hADSCs may significantly increase GDNF expression levels. Alavi et al. (2021) 
also reported that ADSCs have anti-fibrotic, anti-inflammatory, anti-apoptotic, 
immunomodulatory, and angiogenic properties because they secrete various 
cytokines, and therefore improve locomotion and sensory recovery in 
animal models of SCI. Apart from ADSCs, the combination of exercise and 
transplantation of neural progenitor cells (NPCs) also helps improve NP after 
SCI. Dugan et al. (2020) suggested several monotherapies and combined 
therapies that decrease pro-inflammatory markers and spinal pathology, and 
therefore ameliorate SCI induced allodynia, hyperalgesia, and ongoing pain. 
Tashiro et al. (2018) demonstrated that treadmill running combined with NPC 
transplantation decreases mechanical and thermal hypersensitivity in mice 
with chronic, severe thoracic cord injury by downregulating CGRP-positive 
fibers and increasing GABAergic activity in the posterior horn. Kim et al. 
(2018) reported that the combination of treadmill training and bone marrow 
stromal cell transplantation provides neuroprotective effects after SCI via 
activation of the BDNF-ERK1/2 pathway. Taken together, these studies suggest 
that co-administration of different treatments is a promising direction for the 
treatment of patients with neurological diseases.

To the best of our knowledge, this is the first study to evaluate the effect of 
combined treatment with exercise and ADSC administration on NP after SCI 
in animals. Future studies will explore the mechanisms underlying exercise- 
and ADSC-induced amelioration of NP after SCI. It is unclear why exercise 
selectively ameliorated mechanical, but not thermal, sensitivity, while ADSCs 
influenced both mechanical and thermal sensitivity. In our study, the lesion 
sizes were smaller, and the loss of myelin was less prominent, in the SCI 
+ ADSC group compared with the SCI + exercise group. The greater tissue 
sparing at the lesion site may reduce the loss of sensory function, which could 
explain why ADSC administration or the combination of exercise and ADSC 
administration improved motor function at an early stage of recovery (7 dpi). 
In a non-NP model, ADSCs combined with aspirin promoted the functional 
recovery of optic nerve pathways by ameliorating astrocyte activation and 
attenuating demyelination (Galeshi et al., 2019). In addition, ADSCs enhance 
nerve regeneration and promote angiogenesis in a rat model of peripheral 
nerve injury (Reichenberger et al., 2016).

It has been reported that microglia reactivity is important in the long-
term maintenance of NP (Tawfik et al., 2007; Liang et al., 2021). Microglia 
activity is regarded as an inevitable factor for inducing hyperalgesia after 

peripheral nerve injury (PNI) (Raghavendra et al., 2003). Iba1 is a cytosolic 
calcium-binding protein that is mainly expressed in microglia. In different NP 
models, injury-induced Iba1 up-regulation was related to the development 
of mechanical hyperalgesia (Romero-Sandoval et al., 2008). In accordance 
with the results reported by Romero-Sandoval et al., we found that, following 
SCI, Iba1 expression was up-regulated in the entire dorsal horn of the lumbar 
spinal cord, especially in superficial lamina I–II. It remains unclear why Iba1 
intensity was increased in the dorsal horn below the level of injury. Several 
studies have shown Iba1 to be significantly up-regulated in the lumbar spinal 
cord in response to various molecular signaling events induced by PNI, 
including activation of NF-κB and JAK-STAT3 (Arman et al., 2020; Nishihara 
et al., 2020; Zhou et al., 2021). Recently, Kishima et al. (2021) reported 
that phosphorylated p38 (p-p38)- and Iba1-positive areas were statistically 
significantly up-regulated in the dorsal horn of the lumbar spinal cord after 
T10 spinal cord contusion injury in rats, and that ROCK signaling might be 
involved in this process. PNI-induced astrocytic activation occurs secondary 
to microglial activation. Previous studies have suggested that interleukin-1β 
or matrix metalloprotease-2 can increase GFAP expression in the spinal cord 
and induce a pro-inflammatory astrocyte phenotype that is associated with 
allodynia in different pain models (Guo et al., 2007; Kawasaki et al., 2008). In 
our study we found that GFAP intensity was increased in the dorsal horn of 
lumbar spinal cord after thoracic SCI.

Interestingly, we also found that the combination of exercise and ADSC 
administration clearly ameliorated NP by reducing Iba1 and GFAP expression 
in the lumbar spinal cord dorsal horn. Although the underlying molecular 
mechanisms were not clarified in the current study, this is the first study to 
report changes in microglia and astrocyte reactivity in the spinal cord below 
the level of SCI and investigate the effects of combined treatment with 
exercise and ADSC administration on these changes. ADSCs suppress Iba1 and 
GFAP expression throughout the entire cortex after stroke (Zhou et al., 2015). 
Kazuya et al. (2021) found that ripasudil can ameliorate NP by reducing p-p38- 
and Iba1-immunoreactive cell intensity in the spinal cord dorsal horn of SCI 
rats. Estrogen can also alleviate SCI-induced NP via inhibition of microglia and 
astrocyte activation in the lumbar dorsal horn lamina I–II (Lee et al., 2018). 
Brown et al. (2021) also demonstrated that a persistent pro-inflammatory 
macrophage/microglia response in the superficial dorsal horn was involved 
in SCI-induced NP. Therefore, microglia and astrocyte reactivity in the 
lumbar segments of the spinal cord following thoracic SCI may contribute to 
persistent NP. The combination of exercise and ADSC administration helps 
inhibit this process. However, the underlying molecular mechanism requires 
further investigation. Some data suggest that exercise-mediated changes in 
BDNF and GDNF expression in the spinal cord account for the amelioration 
of mechanical allodynia (Hutchinson et al., 2004; Detloff et al., 2014). In 
contrast, engaging in exercise shortly after SCI results in BDNF-mediated 
mechanical hypersensitivity (Ulmann et al., 2008). BDNF, which is derived 
from activated microglia, may play an important role in central sensitization 
by reducing inhibitory synaptic transmission, enhancing excitatory input, and 
downregulating KCC2 (Lu et al., 2008). Furthermore, the combination of ADSC 
administration and laser treatment can also enhance motor function recovery, 
hyperalgesia, and allodynia by increasing GDNF mRNA expression in the 
spinal cord and increasing the number of axons around the lesion site after 
SCI (Sarveazad et al., 2019). ADSCs also help improve osteoarthritis-induced 
knee pain (Chen et al., 2021; Okamoto-Okubo et al., 2021). In summary, the 
combination of exercise and ADSC administration helps relieve SCI-induced 
NP, with complex underlying mechanisms. Future studies should explore the 
potential role of suppression of Iba1 and GFAP expression in the dorsal horn 
of the lumbar spinal cord in this process.

This study had some limitations that should be noted. First, the molecular 
mechanisms underlying the effects of ADSCs and exercise on SCI-induced NP 
were not investigated in detail in the current study. Future studies should 
use transgenic mice, drugs, and other measures to explore the molecular 
mechanisms underlying the observations made here. Moreover, lumbar 
dorsal root ganglions (DRGs) play an important role in the conduction of 
sensation. We did not investigate microglia and astrocyte activation in the 
L4–L6 DRGs in our study. Exploring whether the combination of exercise and 
ADSC administration influences IBA1 and GFAP expression in the L4–L6 DRGs 
may elucidate how they inhibit IBA1 and GFAP expression in the lumbar dorsal 
horn. Finally, Iba1 and GFAP expression levels were only detected at the end 
of the experiment (28 dpi) in this study. Iba1 and GFAP expression levels 
should be assessed at various time points (7, 14, and 21 dpi) throughout the 
experimental period to better define the relationship between Iba1 and GFAP 
expression, NP, and the effects of combined treatment with exercise and 
ADSC.

In conclusion, the combination of exercise and ADSC administration promoted 
early recovery of motor function and partially ameliorated SCI-induced NP in 
a rat model. Therefore, this combined treatment protocol may be a promising 
therapy for ameliorating NP in patients with SCI.
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Figure 9 ｜ Administration of ADSCs decreases GFAP expression in lamina I and II of 
the lumbar spinal cord dorsal horn after SCI.
(A–E) Representative images of GFAP (green) expression indicating astrocytes in the 
different groups. SCI resulted in GFAP overexpression in the lumbar spinal dorsal horn. 
ADSC administration decreased SCI-induced GFAP overexpression in the lumbar spinal 
dorsal horn (especially lamina I–II). (F) Quantification of GFAP intensity in the lumbar 
spinal lamina I–II. GFAP expression was significantly up-regulated in the injured groups (SCI 
and SCI + exercise) compared with the sham group. There was no statistically significant 
difference in GFAP expression between the SCI group and the SCI + exercise group. 
ADSCs administration significantly reduced Iba1 expression in the dorsal horn, with no 
significant difference between the SCI + ADSCs and SCI + exercise + ADSCs groups. **P 
< 0.01, ***P < 0.001. The results are presented as the mean ± SEM. One-way analysis 
of variance with Fisher’s least significant difference post hoc test was applied. ADSCs: 
Adipose-derived stem cells; GFAP: glial fibrillary acidic protein; SCI: spinal cord injury.
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