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Exercise training modulates glutamic acid
decarboxylase-65/67 expression through
TrkB signaling to ameliorate neuropathic
pain in rats with spinal cord injury

Xiangzhe Li1 , Qinghua Wang2, Jie Ding3, Sheng Wang1,
Chuanming Dong4, and Qinfeng Wu1

Abstract

Neuropathic pain is one of the most frequently stated complications after spinal cord injury. In post-spinal cord injury, the decrease

of gamma aminobutyric acid synthesis within the distal spinal cord is one of the main causes of neuropathic pain. The predominant

research question of this study was whether exercise training may promote the expression of glutamic acid decarboxylase-65 and

glutamic acid decarboxylase-67, which are key enzymes of gamma aminobutyric acid synthesis, within the distal spinal cord through

tropomyosin-related kinase B signaling, as its synthesis assists to relieve neuropathic pain after spinal cord injury. Animal experiment

was conducted, and all rats were allocated into five groups: Sham group, SCI/PBS group, SCI-TT/PBS group, SCI/tropomyosin-

related kinase B-IgG group, and SCI-TT/tropomyosin-related kinase B-IgG group, and then T10 contusion SCImodelwas performed

as well as the tropomyosin-related kinase B-IgG was used to block the tropomyosin-related kinase B activation. Mechanical

withdrawal thresholds and thermal withdrawal latencies were used for assessing pain-related behaviors. Western blot analysis

was used to detect the expression of brain-derived neurotrophic factor, tropomyosin-related kinase B, CREB, p-REB, glutamic acid

decarboxylase-65, and glutamic acid decarboxylase-67 within the distal spinal cord. Immunohistochemistry was used to analyze the

distribution of CREB, p-CREB, glutamic acid decarboxylase-65, and glutamic acid decarboxylase-67 within the distal spinal cord

dorsal horn. The results showed that exercise training could significantly mitigate the mechanical allodynia and thermal hyperalgesia

in post-spinal cord injury and increase the synthesis of brain-derived neurotrophic factor, tropomyosin-related kinase B, CREB,

p-CREB, glutamic acid decarboxylase-65, and glutamic acid decarboxylase-67 within the distal spinal cord. After the tropomyosin-

related kinase B signaling was blocked, the analgesic effect of exercise training was inhibited, and in the SCI-TT/tropomyosin-related

kinase B-IgG group, the synthesis of CREB, p-CREB, glutamic acid decarboxylase-65, and glutamic acid decarboxylase-67 within the

distal spinal cord were also significantly reduced compared with the SCI-TT/PBS group. This study shows that exercise training may

increase the glutamic acid decarboxylase-65 and glutamic acid decarboxylase-67 expression within the spinal cord dorsal horn

through the tropomyosin-related kinase B signaling, and this mechanismmay play a vital role in relieving the neuropathic pain of rats

caused by incomplete SCI.
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Introduction

Neuropathic pain (NPP) is one of the common compli-
cations after spinal cord injury (SCI). It can be mani-
fested as spontaneous pain, allodynia, or hyperalgesia.1,2

Around 53% of patients with SCI have different degrees
of NPP, 76% of which show its typical symptoms one
year after SCI.3 The impact of NPP on patients is far
more than sensory loss and dyskinesia, and post-SCI
pain can also impair the physical and psychological
health of patients in numerous ways and may accompa-
ny patients throughout their lives.2 Although the current
diagnostic methods and treatment techniques are
sustained developing, due to the complicated pathogen-
esis of NPP, the treatment effect on NPP is still not
sufficent.4–6

After SCI, the properties of sensory neurons in the
spinal cord dorsal horn was manifested by increased
responsiveness to peripheral stimulation, prolonged firing
time following a stimulus and enhanced spontaneous
excitability at rest, which could be the important causes
of NPP in the early stage of SCI.5 Currently, it has been
reported that the characteristic changes of spinal dorsal
horn neurons may be closely related to the imbalance of
excitatory and inhibitory neurotransmitter, especially the
decrease of inhibitory neurotransmitter (gamma aminobu-
tyric acid, GABA) synthesis, which lead to the abnormal
excitation of spinal cord dorsal horn neurons and promote
the occurrence of NPP.7–10

GABA, one of the important inhibitory neurotransmit-
ters in the spinal cord, is synthesized by glutamic acid
decarboxylase 65/67 (GAD-65/67)11 and plays a central
inhibitory and analgesic role by activating its receptor pro-
tein GABAA and GABAB.

12 Increasing synthesis of the
GAD-65/67 (GABA) within the spinal cord through gene
transcription or stem cell transplantation can enhance the
inhibitory transmission and dramatically relieve NPP after
SCI.13–15 In addition, the intrathecal injection of Baclofen,
a GABAB receptor agonist, could inhibit the excitatory of
neurons and significantly alleviate the NPP in patients
with SCI.16 Therefore, the dysfunction of GABAergic
inhibition in the spinal cord after SCI could be an impor-
tant cause of NPP. Additionally, increased synthesis of the
GABA or activation of its receptor protein can effectively
reduce NPP after SCI.

Both clinical trials and animal experiments have
shown that various types of exercise training could
relieve NPP caused by SCI or sciatic nerve injury,17–25

which may be associated with exercise training inducing
increased synthesis of the brain-derived neurotrophic
factor (BDNF), coupled with its high affinity receptor-
tropomyosin-related kinase B (TrkB), and the GABA
within the spinal cord.20–25 Overexpression of BDNF
can stimulate TrkB signaling and promote the GAD-
65/67 synthesis within the spinal cord after SCI and

within the cerebrum after vascular occlusion.26,27

However, in the SCI rat model, it is unclear whether

exercise training can increase the GAD-65/67 synthesis

and relieve NPP after SCI through the TrkB signaling.

Therefore, in this study, the TrkB antagonist (TrkB-

IgG) was used to eliminate the activation effects of

BDNF and then explore whether exercise training can

increase the GAD-65/67 synthesis and suppress the

mechanical allodynia and thermal hyperalgesia through

the TrkB signaling in rats with incomplete SCI.

Materials and Methods

Animals and groups

A total of 64 adult female Sprague–Dawley rats (provid-

ed by the Laboratory Animal Center of Nantong

University, Nantong, Jiangsu, China), weighing around

210–230 g, were divided into sham operation group

(Sham group, n¼ 16), SCI/phosphate buffer solution

(PBS) group (SCI/PBS group, n¼ 16), SCI-treadmill

training/PBS group (SCI-TT/PBS group, n¼ 16), SCI/

TrkB-IgG group (n¼ 8), and SCI-TT/TrkB-IgG group

(n¼ 8). All rats were fed in a specific pathogen free envi-

ronment which provides constant temperature (22�
2�C), 50%–60% humidity, free diet, and light/dark

cycle of 12/12 h. The current study was reviewed and

approved by the Medical Ethics Committee of Nanjing

Medical University (2019–792) and conducted in line

with the Chinese Laboratory Animal Guide.

Intrathecal catheter and SCI

One week before SCI, the L3-4 intrathecal catheter oper-

ation was conducted to observe whether this operation

injured the spinal cord or nerve.28 Briefly, all rats were

anesthetized by intraperitoneal injection of 10% chloral

hydrate (0.3ml/100g). The interspace between the L3-4

spinous process was located and exposed, and the dura

mater and subarachnoid cavity were broken through

with a 19G puncture needle. A 6 cm long PE-10 catheter

(Smiths Medical International Ltd., UK) was inserted

into the subarachnoid space for about 2 cm. A 25 ll
microinjector was used to inject 20 ll sterile PBS to

wash the catheter. Then the external opening of the

PE-10 catheter was clamped.
Seven days after intrathecal catheterization, all rats

were anesthetized again, and the T10 incomplete SCI

model was made by Allen’s method.28,29 The Impactor

system was made by New York University (NYU), with

a strike end of 2.5mm diameter, and the dosage of injury

was 10 g� 25mm. The Sham group only exposed the

T10 spinal cord. All rats were injected intraperitoneally

with 2ml normal saline. After SCI, all rats were given
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bladder massage to assist urination twice a day for
5–7 days, until autonomous urination was formed.

Intrathecal administration

After SCI, on the seventh day, recombinant human
TrkB-Fc chimera (0.25mg/mL, TrkB-IgG, R&D
Systems, Minneapolis, USA) was used to block the
TrkB signaling. TrkB-IgG was solubilized into PBS
(0.25 mg/mL) or PBS alone was infused into Alzet osmot-
ic pumps (type 2002, Alzet, Cupertino, USA).20,28

Researchers connected the osmotic pump with the pre-
viously placed PE-10 catheter and place the osmotic
pump subcutaneously on the back (Sham group,
SCI/PBS group and SCI-TT/PBS group implanted
with PBS-infused Alzet osmotic pump, SCI/TrkB-IgG
group and SCI-TT/TrkB-IgG group using TrkB-IgG
solution perfusion Alzet osmotic pump). The working
time of the type 2002 osmotic pump was two weeks, so
the previous operation was repeated after two weeks. The
TrkB signaling was blocked for a total of four weeks.28

Treadmill training

The body weight-supported treadmill training (BWSTT)
was performed on the eighth day after SCI.28 Training
strategy: SCI-TT/PBS group and SCI-TT/TrkB-IgG
group were provided exercise training. Before training,
the bladder area massage was for emptying the urine
from the bladder. The speed of the treadmill was set at
6 m/min. Training intensity: 20min for each time, two
times per day and five days per week for four consecutive
weeks. During training, the weight supported range was
set as 20%–40% of rats’ weight based on the functional
status of the rat.

Pain-related behaviors assessment

Mechanical withdrawal thresholds (MWTs) assessment.

Chaplan et al.30 modified method was used in this assess-
ment. Before operation, rats were placed in transparent
cages of a quiet room-temperature environment for
15min. Then a series of von Frey filaments (0.4 g, 0.6 g,
1.0 g, 1.4 g, 2.0 g, 4.0 g, 6.0 g, 8.0 g, and 15.0 g) were used
to vertically to stimulate the skin of the middle part of the
hind paw of the rat initially from 2.0 g intensity, and
the duration of each stimulation was 6–8 s, according to
the up–down method.31 The rat with foot withdrawing or
licking reaction was recorded as positive (X), and no
response was recorded as negative (O). The assessment
time of each rat should be less than 1min to avoid irrita-
tion. The presence of NPP was considered when the stim-
ulation intensity of von Frey monofilament was less than
4 g.32 Assessment time points are preoperative, postoper-
ative day 1, day 7, day 14, day 21, day 28 and day 35 after
SCI.

Thermal withdrawal latencies (TWLs) assessment. Thermal

withdrawal latency (TWL) assessment references the

method provided by Hargreaves et al.33 Before the

assessment, the rat was placed in a resin glass evaluation

cage to adapt for 15min. All rats were evaluated three

times. The mean value of the foot withdrawing reaction

was recorded as the thermal stimulation latencies of each

rat. To prevent damage, the interval of each evaluation

was set as 10min, and the intensity of thermal stimula-

tion was set as 20%, and the maximum stimulation time
was set as 20 s.20 The evaluation time point was the same

as that of MWTs.

Immunohistochemistry

At the end of the experiment, all rats were anesthetized

(n¼ 4 rats per group), fixed with 4% paraformaldehyde,

and the targeted spinal cord segment (L4–L5) was sepa-

rated according to the corresponding nerve root. All the

segments were put into 4% paraformaldehyde, were

fixed for one night, then dehydrated with alcohol gradi-

ent, and finally embedded into paraffin. Next, these
spinal cord segments were cut horizontally, and the

thickness of each section was 5lm. One was taken

from every six sections and three ones were taken for

each sample. After dewaxing and hydration, incubation

with H2O2, microwave retrieval and serum blocking,

Rabbit anti-CREB monoclonal antibody (ab32515, divi-

sion 1:500, Abcam, USA), Rabbit anti-CREB (phosphe

s133) monoclonal antibody (ab32096, division 1:200,

Abcam, USA), Rabbit anti-GAD65 polyclonal antibody

(ab203063, division 1:200, Abcam, USA), and mouse

anti-GAD67 monoclonal antibody (MAB5406, division

1:1000, Minipore, Germany) were added on each slide

and then incubated overnight at 4�C. The next day, after
PBS washing of the pieces, the goat anti-rabbit or rabbit

anti-mouse antibody labeled with biotin was added and

then incubated in a 37�C incubator for 1 h, and the

expression was visualized by DAB incubation. Pictures

were taken by Olympus DP71 and the Image-Pro Plus

6.0 was used for optical density analysis.

Western blot

After SCI, on the 7th and the 21st day, the rats of Sham

group, SCI/PBS group and SCI-TT/PBS group (n¼ 4

rats per group) were used to analyze the expression of
the BDNF and the TrkB. At the end of the fifth week

after SCI, the rats of all groups (n¼ 4 rats per group)

were used to analyze the expression of the BDNF, the

TrkB, the CREB/p-CREB, and the GAD-65/67. Briefly,

the rats were anesthetized as above, and the L4–L5

spinal cord segments of the rats were isolated. After

grinded, digested, centrifuged, protein concentration

measured, and protein denatured, the sample was
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loaded in 12% SDS-PAGE gel. Gels were undergone
20mA constant current electrophoresis, and then mem-
brane transfer with 100V constant volt for 80min. The
rabbit anti-BDNF monoclonal antibody (dilution
1:1000, Abcam, USA), rabbit anti-TrkB polyclonal anti-
body (dilution 1:1000, Abcam, USA), rabbit Anti-CREB
monoclonal antibody (ab32515, dilution 1:1000, Abcam,
USA), rabbit anti-CREB (phospho S133) monoclonal
antibody (ab32096, dilution 1:500, Abcam, USA),
rabbit anti-GAD65 polyclonal antibody (ab203063, dilu-
tion 1:1000, Abcam, USA), mouse anti-GAD67 mono-
clonal antibody (MAB5406, dilution 1:5000, Minipore,
Germany) or rabbit anti-GAPDH monoclonal antibody
(ab181602, 1:5000, Abcam, USA) was added and incu-
bated overnight at 4�C. The next day, they were incu-
bated with goat anti-rabbit or rabbit anti-mouse IgG
(1:2000) at room temperature for 1 h, and the membrane
was washed by the Tris Buffered saline Tween (TBST).
The Electrochemiluminescence (ECL) method was used
for development, and the Image J software was used for
gray analysis after photographing.

Statistical analysis

Statistical analysis was performed using SPSS20.0 (IBM,
USA) software. All data are expressed as mean
� standard deviation ( �X� S). A general linear model
was established for the MWTs and TWLs data, and
repeated measurement analysis of variance (ANOVA)
was performed on the data. Tukey’s post hoc was then
used to compare the values of the five groups of rats at
the same time point. Immunohistochemistry and
Western blot data were analyzed by one-way ANOVA.
If the one-way ANOVA was statistically different, the
LSD or Bonferroni post hoc analysis was used. P< 0.05
was considered statistically significant.

Results

Dynamic changes of BDNF and TrkB synthesis after
SCI with or without BWSTT

To observe the dynamic changes of the BDNF and TrkB
expression in the distal spinal cord of SCI rats after
BWSTT, the Western blot analysis was used on the
7th, 21st, and 35th day (Figure 1). The results showed
that on the 7th day after SCI, compared with
Sham group, the BDNF and TrkB expressions in both
the SCI/PBS group and the SCI-TT/PBS group were
significantly higher (P< 0.05). However, there was no
significant difference between the SCI/PBS group and
SCI-TT/PBS group (P> 0.05). On the 21st day after
SCI, the BDNF expression in SCI/PBS group was sig-
nificantly lower than those in the Sham group and the
SCI-TT/PBS group (P< 0.05). The difference between

the Sham group and the SCI-TT/PBS group did not exit
statistical significance (P> 0.05). The TrkB expression in
both the Sham group and the SCI/PBS group was signif-
icantly lower than those in the SCI-TT/PBS group
(P< 0.05), while the difference between the Sham group
and the SCI/PBS group was not statistically significant
(P> 0.05). At the end of fifth week after SCI, the relative
expression levels of the BDNF and the TrkB within the
distal spinal cord of the SCI/PBS group were significantly
lower than those in the Sham group and the SCI-TT/PBS
group (P< 0.05). The expression of the BDNF in the SCI-
TT/PBS group was significantly lower than that in the
Sham group (P< 0.05). There was no significant differ-
ence in the TrkB expression between the SCI-TT/PBS
group and the Sham group (P> 0.05).

BWSTT improves the MWTs and the TWLs of SCI
rats through the TrkB signaling

To observe whether the TrkB signaling plays a key role
in reducing NPP in SCI rats after BWSTT, the MWTs
and TWLs of the hind limbs of SCI rats were evaluated
before SCI, first, second, third, fourth, and fifth week
after SCI (Figure 2). A general linear model repeated
measurement analysis of variance was established for
analyzing MWTs and TWLs. The results showed that
the MWTs and the TWLs of all five groups of rats
were different in time effect and group effect
(P< 0.001), and there was an interaction between time
effect and group effect (P< 0.001). One week after SCI,
all rats showed varying degrees of mechanical allodynia
and/or thermal hyperalgesia, and the MWTs and TWLs
were significantly lower than that in the Sham group
(P< 0.05). And at second, third, fourth, and fifth week
after SCI, the MWTs of SCI-TT/PBS group were signif-
icantly higher than that of the SCI/PBS group, the SCI/
TrkB-IgG group and the SCI-TT/TrkB-IgG group
(P< 0.05). At fourth and fifth week after SCI, the
TWLs of the SCI-TT/PBS group were significantly
higher than that of the SCI/PBS group, the SCI/TrkB-
IgG group, and the SCI-TT/TrkB-IgG group (P< 0.05).
There was no significant difference in the TWLs between
the four groups of SCI rats at the second week after SCI
(P> 0.05). And there was no significant difference in the
MWTs and TWLs among the SCI/PBS group, the SCI/
TrkB-IgG group, and the SCI-TT/TrkB-IgG group at
each time point (P> 0.05).

Blocking the TrkB signaling weaken the promoting
effect of BWSTT on CREB and p-CREB synthesis

To further verify whether BWSTT can increase the syn-
thesis of CREB and p-CREB within the distal spinal
cord, and whether blocking the TrkB signaling can
affect the synthesis of CREB and p-CREB within
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Figure 1. The dynamic changes of BDNF and TrkB expression in the distal spinal cord of SCI rats with or without BWSTT. (a), (d), and (g)
show the Western blot image of BDNF and TrkB in the Sham group, the SCI/PBS group, and the SCI-TT/PBS group on the 7th day, the 21st
day, and the 35th day, respectively. (b), (e), and (h) show the statistical graph of the relative density of BDNF on the 7th day, the 21st day,
and 35th day, respectively. (c), (f), and (i) show the statistical graph of the relative density of TrkB on the 7th day, the 21st day, and the 35th
day, respectively. n¼ 4 rats per group. *P< 0.05, **P< 0.01. Statistical analysis was performed using one-way ANOVA followed by the LSD
or Bonferroni test.
BWSTT: body weight-supported treadmill training; TT: treadmill training; SCI: spinal cord injury; PBS: phosphate-buffered saline; BDNF:
brain-derived neurotrophic factor; TrkB: tropomyosin-related kinase B; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; ANOVA:
analysis of variance.
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spinal cord, both immunohistochemistry and Western
blot analysis were applied to manage the two proteins
(Figures 3 and 4).

Western blot and immunohistochemistry results of
CREB showed that there was no significant difference
between the Sham group and the SCI-TT/PBS group
(P> 0.05). Compared with the Sham group and the
SCI-TT/PBS group, the CREB expression levels of the
SCI/PBS group, the SCI/TrkB-IgG group and the SCI-

TT/TrkB-IgG group were significantly decreased
(P< 0.05). There was no significant difference among
the SCI/PBS group, the SCI/TrkB-IgG group and the
SCI-TT/TrkB-IgG group (P> 0.05).

The results of Western blot and immunohistochemis-
try of p-CREB showed that the expression in the SCI-
TT/PBS group was significantly higher than that of the
SCI/PBS group, the SCI/TrkB-IgG group and the SCI-
TT/TrkB IgG group (P< 0.05). In addition, there was

Figure 2. Effects of BWSTT on mechanical withdrawal thresholds (MWTs) and thermal withdrawal latencies (TWLs) in rats with or
without blocking TrkB signaling. (a) Variation trend of MWTs of rats in each group at different time points. (b) Variation trend of TWLs of
rats in each group at different time points. n¼ 8 rats per group. Statistical analysis used repeated measures ANOVA, and Tukey’s post hoc
was then used to compare the values of the five groups of rats at the same time point. Compared with Sham group after 1week of SCI,
***P< 0.001. SCI-TT/PBS group vs SCI/PBS group, #P< 0.05, ##P< 0.01, ###P< 0.001. SCI-TT/PBS group v.s. SCI/TrkB-IgG group,
&P< 0.05, &&P< 0.001. SCI-TT/PBS group vs SCI-TT/TrkB-IgG group, $P< 0.05, $$P< 0.01, $$$P< 0.001. There was no significant differ-
ence in the MWTs and TWLs among the SCI/PBS group, the SCI/TrkB-IgG group, and the SCI-TT/TrkB-IgG group at each time point.
BWSTT: body weight-supported treadmill training; TT: treadmill training; SCI: spinal cord injury; PBS: phosphate-buffered saline; BDNF:
brain-derived neurotrophic factor; TrkB: tropomyosin-related kinase B; Pro-Op: pre-operation.

Figure 3. Effect of BWSTTon CREB and p-CREB synthesis in the distal spinal cord of SCI rats with or without blocking TrkB signaling. (a)
Western blot image of CREB and p-CREB in the Sham group, the SCI/PBS group, the SCI-TT/PBS group, the SCI/TrkB-IgG group, and the
SCI-TT/TrkB-IgG group at the end of the experiment. (b) The statistical graph of the relative density of CREB. (c) The statistical graph of
the relative density of p-CREB. n¼ 4 rats per group. *P< 0.05, **P< 0.01. Statistical analysis was performed using one-way ANOVA
followed by the LSD or Bonferroni test.
BWSTT: body weight-supported treadmill training; TT: treadmill training; SCI: spinal cord injury; PBS: phosphate-buffered saline; TrkB:
tropomyosin-related kinase B; CREB: cAMP-response element binding protein; p-CREB: Phospho-CREB; GAPDH: glyceraldehyde-3-
phosphate dehydrogenase; ANOVA: analysis of variance.
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no significant difference in p-CREB expression among

the SCI/PBS group, the SCI/TrkB-IgG group and the

SCI-TT/TrkB-IgG group (P> 0.05). The optical density

(immunohistochemistry) of the SCI/PBS group was sig-

nificantly higher than that of the SCI/TrkB-IgG group

and the SCI-TT/TrkB-IgG group (P< 0.05), but there

was no significant difference between the SCI/TrkB-IgG

group and the SCI-TT/TrkB-IgG group (P> 0.05).

Blocking the TrkB signaling reduced the promotion

effect of exercise training on GAD-65/67 expression

To further verify whether BWSTT can increase the syn-

thesis of the GAD-65/67 within the distal spinal cord,

and whether blocking the TrkB signaling affects the syn-

thesis of the GAD-65/67 within spinal cord, the above

two proteins were also analyzed by immunohistochem-

istry and Western blot (Figures 5 and 6).
Western blot and immunohistochemical results

showed that the expression levels of the GAD-65 and

the GAD-67 in the four SCI groups were significantly

reduced compared with the Sham group (P< 0.05).

Compared with the SCI-TT/PBS group, the expression

levels of GAD-65 and GAD-67 in the SCI/PBS group,

the SCI/TrkB-IgG group and the SCI-TT/TrkB-IgG

group were significantly reduced (P< 0.05). There was

no significant difference in the relative expression levels

of the two proteins among the SCI/PBS group, the SCI/

TrkB-IgG group and the SCI-TT/TrkB-IgG group

(P> 0.05).

Discussion

The current study observed the effect of exercise training

on NPP after SCI. The results showed that (a) SCI lead

to mechanical allodynia and thermal hyperalgesia,

increased the expression of BDNF in the early stage of

injury, but reduce it in later stage within the distal spinal

cord of rats, (b) in the later stage of SCI, activity-based

exercise training increased the synthesis of BDNF, TrkB,

CREB, p-CREB, GAD-65, and GAD-67 within the

distal spinal cord of rats with SCI, and improve the

Figure 4. Immunohistochemical analysis of the synthesis and distribution of CREB and p-CREB within the spinal cord dorsal horn in five
groups of rats. (a) Immunohistochemical results of CREB and p-CREB showed that the two proteins were widely expressed in the gray
matter of the spinal cord dorsal horn, CREB was mainly expressed in the neuronal cytoplasm, and p-CREB was mainly expressed in the
neuron nucleus. (b) and (c) the statistical graph of the relative density of CREB and p-CREB. **P< 0.01, ***P< 0.001. Scale bar: 100 mm.
Statistical analysis was performed using one-way ANOVA followed by the Bonferroni test.
TT: treadmill training; SCI: spinal cord injury; PBS: phosphate-buffered saline; TrkB: tropomyosin-related kinase B; CREB: cAMP-response
element binding protein; p-CREB: Phospho-CREB; ANOVA: analysis of variance.
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Figure 5. Effect of BWSTTon GAD65 and GAD-67 synthesis in the distal spinal cord of SCI rats with or without blocking TrkB signaling.
(a) Western blot of GAD65 and GAD-67 in the Sham group, the SCI/PBS group, the SCI-TT/PBS group, the SCI/TrkB-IgG group and the
SCI-TT/TrkB-IgG group at the end of the experiment. (b) The statistical graph of the relative density of GAD-65. (c) The statistical graph of
the relative density of GAD-67. n¼ 4 rats per group. *P< 0.05, **P＜0.01. Statistical analysis was performed using one-way ANOVA
followed by the Bonferroni test.
BWSTT: body weight-supported treadmill training; TT: treadmill training; SCI: spinal cord injury; PBS: phosphate-buffered saline; TrkB:
tropomyosin-related kinase B; GAD: glutamic acid decarboxylase; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; ANOVA: analysis
of variance.

Figure 6. Immunohistochemical analysis of the synthesis and distribution of GAD-65 and GAD-67 within the spinal cord dorsal horn in
five groups of rats. (a) The immunohistochemical results of GAD-65 and GAD-67 showed that the two proteins are widely expressed in
the dorsal horn of spinal cord. (b) and (c) The statistical graph of the relative density of GAD-65 and GAD-67. *P< 0.05, **P< 0.01,
***P< 0.001. Scale bar: 100mm. Statistical analysis was performed using one-way ANOVA followed by the Bonferroni test.
TT: treadmill training; SCI: spinal cord injury; PBS: phosphate-buffered saline; TrkB: tropomyosin-related kinase B; GAD: glutamic acid
decarboxylase; ANOVA: analysis of variance.
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MWTs and TWLs, and (c) after blocking of the TrkB

signaling, the synthesis of CREB, p-CREB, GAD-65,

and GAD-67 was significantly reduced in SCI-TT/

TrkB-IgG group compared with SCI-TT/PBS group,

and the analgesic effect of exercise training was signifi-

cantly inhibited.
In the central nervous system, GAD-65 is mainly

expressed in inhibitory neuronal axon terminals, while

GAD-67 is mainly expressed in cell bodies and nerve

terminals, the both of them are key enzymes of GABA

synthesis.11,34 In the spinal cord of rats, GAD-65 and

GAD-67 are widely expressed in the spinal cord gray

matter and presented with immunoreactive punctate

structures especially in the spinal cord dorsal horn.8,11

After SCI, the expression of GAD-65 and GAD-67 in

the spinal cord dorsal horn is significantly decreased,

which may reduce the GABAergic inhibition and lead

to the occurrence of NPP.8,9 This may be due to the loss

of GABAergic neurons in the spinal cord dorsal horn of

rats after SCI, or the lack of inhibition of primary access

fibers by GABAergic neurons.7

Meanwhile, in the early stage of SCI, due to the large

amount of BDNF synthesis in the spinal cord (mainly

secreted by activated glial cells) and the lack of effective

neural regulatory mechanisms, the excessive BDNF in

the spinal cord could potentially contribute the develop-

ment of maladaptive plasticity, promote over-excitation

(central sensitization) and strengthen circuits through

activating of TrkB signaling, then contribute to the

maintenance of chronic pain.35–37 In the later stages of

SCI, the expression of BDNF in the distal spinal cord

will gradually decrease, thereby reducing the remodeling

and repairing of the spinal cord neural circuit.20,28

BDNF, as one of the important neurotrophic factors

in the central nervous system, activates the high-affinity

receptor TrkB to exert the vital effects of neuroprotec-

tion, neuroregulation, synaptic regeneration, neuronal

activities, and so on.38,39 In the cerebral cortex,40–42 cer-

ebellum,43 hippocampus,44,45 midbrain,46 and spinal

cord47 of rodent, BDNF/TrkB may be a critical factor

in the formation and regulation of GABAergic inhibito-

ry neural circuits.
Exercise training as one of the functional rehabilita-

tion training programs after SCI, it can promote the

expression of BDNF and TrkB within the injured

spinal cord by increasing the activation of spinal

sensory-motor neural circuits, enhancing neural plastic-

ity and neural function recovery.20,28,48 Also, it can

adjust spinal neuron excitability, reduce spasticity and

allodynia after SCI.20,49 Studies have shown that exercise

training can regulate spinal neuron excitability by

increasing synthesis of GAD-65 and GAD-67 in the

spinal cord dorsal horn as reducing NPP after SCI and

peripheral nerve injury.23–25 This may be related to the

exercise-induced increase of BDNF and the promotion
of nerve system functional remodeling.7,20,49

CREB is one of the core transcription factors that
mediate gene transcription downstream of the TrkB sig-
naling and exerts an important role in neuromodula-
tion.38,50 Sánchez-Huertas et al.40 found that BDNF/
TrkB could promote p-CREB activating of the
GAD65 promoter (5.5-kb 5’ GAD65-luc construct) and
regulatory regions through Ras/ERK signaling (one of
the TrkB signaling cascades) in cortical inhibitory inter-
neurons. Yin et al.51 found that the GAD-67 level may
be regulated by p-CREB in olfactory bulb cells.
However, the mechanism of the p-CREB promoting
the GAD-67 synthesis needs further study.

Besides, most studies suggest that early exercise train-
ing can reduce NPP after SCI by reducing calcitonin
gene-related peptide,19 increasing glial-derived neurotro-
phic factor,21 and potassium-chloride transporter
expression20 in the spinal cord dorsal horn. However,
some studies have found that early exercise training
can increase the excitability of spinal cord dorsal horn
neurons through the TrkB signaling and then promote
the occurrence of NPP after SCI.22 This phenomenon
may be due to the different exercise methods (the latter
used passive robotic-assisted stepping exercise), because
the activity-based training is mostly used to reduce NPP.
Grau et al.52 suggested that controlled exercise training
(activity-based exercise) may promote neurological
recovery in SCI rats, while uncontrolled training may
have the opposite effect. Additionally, Almeida et al.53

found that exercise training could promote the normal-
ization of BDNF expression in the dorsal root ganglion
(DRG) and reduce sciatic nerve injury induced NPP in a
mouse model. However, it is still unclear whether exer-
cise training can regulate BDNF expression in DRG and
ameliorate NPP in rats with SCI.

It has been discovered that the muscle spindle feed-
back could direct locomotor recovery and neural circuit
reorganization after SCI.54 In addition, blocking the sen-
sory afferents of the spinal cord in neonatal mice can
significantly reduce the plasticity of GABAergic neurons
in the dorsal horn of the spinal cord then may promote
the occurrence of NPP.55 Also, activity-based exercise
training can increase motor sensory input, reduce or
inhibit neuronal apoptosis, promote neural network
functional remodeling, and improve motor and sensory
dysfunction after SCI.7,56 Therefore, we thought that
activity-based exercise therapy may promote the remod-
eling of the neural circuit in the injured spinal cord
through sensory feedback then reduce NPP after SCI.
However, the specific mechanism of exercise training in
reducing NPP still needs further study.

In summary, the results of the current study show
that early activity-based exercise training can increase
the MWTs and TWLs in rats with incomplete SCI by

Li et al. 9



increasing the synthesis of GAD-65/67 within the spinal

cord dorsal horn, and this mechanism may be related to

exercise-induced BDNF synthesis and TrkB signaling

activation. Explanatorily, activity-based exercise train-

ing can regulate the GABAergic inhibition in the

spinal cord dorsal horn through the TrkB signaling,

and ameliorate mechanical allodynia and thermal hyper-

algesia in rats with incomplete SCI. There are several

limitations to this study. First, in the neurotrophic fac-

tors (NTs) family, the current study only observed the

effect of exercise-induced BDNF and TrkB expression

and the blockage of the TrkB signaling but did not

explore other NTs and their receptors. Second, within

the spinal cord, the current study observed the effect of

exercise training on only one neurotransmitter synthesis,

GABA, and did not observe other neurotransmitters.

Finally, this research only observed the regularity of

pain changes within five weeks after SCI and did not

conduct follow-up or long-term observation.

Therefore, further research should explore the effects

of activity-based exercise training on the expression of

other neurotransmitters and proteins in rats with SCI

and conduct long-term segmentation observation studies

to explore the mechanism of exercise training on reliev-

ing NPP in rats with SCI.
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