
INTRODUCTION

Pain is an unbearable suffering physical condition that affects 
more than 1.5 billion people globally, and depression is a wide-
spread mood disorder among more than 280 million people 

worldwide [1, 2]. Severe pain or depression can be the cause of 
suicide, often accompanied by both symptoms. Additionally, pain 
and depression lead to a vicious cycle that exacerbates each other, 
intensifying patients' suffering and drastically reducing their qual-
ity of life [3-5]. As such, the complex symptoms of the two diseases 
are increasingly problematic in individual patients and society, 
and it is urgent to establish fundamental treatment data for them. 
Although individual studies on pain and depression have been ac-
tively conducted [6-8], there is still a lack of understanding of the 
complex relationship between the two diseases. 

Reserpine (RSP), a potent indole alkaloid extracted from the 
roots of Rauwolfia serpentina , is traditionally well known for its 
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Pain accompanied by depressive symptoms is a common reason for seeking medical assistance, and many chronic pain patients experience co-
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suppressed not only the increased expression of BDNF in the DRG and spinal dorsal regions but also the decreased expression of BDNF in the 
hippocampus induced by RSP administration. These findings suggest that repetitive exercise could serve as an effective and non-invasive treatment 
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antihypertensive properties [9, 10]. However, its side effects have 
been identified to deplete monoamine neurotransmitters such as 
serotonin, norepinephrine, and dopamine [11]. While the mecha-
nism of action of RSP in this regard is multifaceted and not fully 
understood, previous studies have shown that it induces pain and 
depression-like behaviors in animal models [12-17]. Pain and 
depression models induced by RSP can be used as animal models 
suitable for understanding the neurobiological mechanisms of 
these complex disorders.

Exercise, which covers a range of activities from systematic exer-
cise to routine physical activity, is widely known for its numerous 
health benefits, even though it is non-invasive and non-pharma-
ceutical. According to various previous studies, exercise has been 
shown to regulate a variety of physiological and psychological 
mechanisms, leading to drug-like effects [18]. Recently, there has 
been an increasing interest in the role of physical exercise as part 
of non-pharmacological treatment methods for managing pain 
[19, 20] and depression [21-23]. The results of these previous stud-
ies suggest that exercise can be a promising complementary or 
independent treatment for patients with pain and depression.

Brain-derived neurotrophic factor (BDNF), a member of the 
neurotrophin family, is well known to play a crucial role in neuro-
nal survival, differentiation, and synaptic plasticity by acting as a 
major ligand for the tropomyosin receptor kinase B (TrkB) [24-27]. 
In addition, it has been shown that dysregulation of BDNF signal-
ing is associated with the pathophysiology of various mental and 
neurological diseases, including Parkinson's disease, Alzheimer's 
disease, depression, and chronic pain [25, 28-30]. Several studies 
have reported that increased levels of BDNF in the DRG and spi-
nal cord affect pain [31, 32], while decreased levels of BDNF in the 
prefrontal cortex and hippocampus are involved in depression [33, 
34]. Based on these backgrounds, the aim of the present study was 
to investigate the effects of exercise on BDNF expression in the pe-
ripheral and central nervous systems in RSP-induced pain-depres-
sion dyad animal models. To do this, we investigated whether: (1) 
subcutaneous administration of RSP induces not only mechani-
cal hypersensitivity and depression-like behaviors but also the 
changes in BDNF expression of the nervous system; (2) repetitive 
physical exercise alleviates the RSP-induced pain-depression dyad 
and the changes in BDNF expression; and finally (3) these actions 
of physical exercise are more effective than gabapentin, a calcium 
channel blocker, or fluoxetine, a selective serotonin reuptake in-
hibitor.

MATERIALS AND METHODS

Animals

Male ICR mice (Samtako, Osan, South Korea) weighing 20 to 
25 g at 5 weeks of age were used in this experiment. All animal 
experimentation adheres to the policy of the Chungnam National 
University regarding the use and care of animals and this study 
was conducted with the approval of the Animal Experiment Ethics 
Committee of Chungnam National University (approval number: 
202309A-CNU-140). Animals were housed in a standard envi-
ronment consisting of a 12-hour light/dark cycle, constant room 
temperature (maintained between 20oC and 25oC), and 40%~60% 
humidity. Food and water were supplied ad libitum.

Drug administration

To induce pain and depression, reserpine (RSP, Cat. No. R0875, 
Sigma, St. Louis, MO, USA) was dissolved in a 1 mg/kg dose of 
physiological saline solution and injected subcutaneously into 
the dorsal region once daily for three consecutive days. As a posi-
tive control group for pain, gabapentin (GBP, Cat. No. PHR1049, 
Sigma), known as a calcium channel blocker, was administered 
intraperitoneally at a dose of 50 mg/kg. Fluoxetine (FLU, Cat. No. 
PHR1394, Sigma), known as a selective serotonin reuptake inhibi-
tor, was used as a positive control for depression and administered 
intraperitoneally at a dose of 10 mg/kg. GBP and FLU were dis-
solved in physiological saline and administered once daily after the 
last administration of RSP. The doses of drugs used in the present 
study were selected based on doses used in the previous literatures 
[16, 35, 36].

Physical exercise

The exercise was performed using the rota-rod Tester (SciTech 
Korea Inc., Seoul, Korea). Mice were placed on a suspended cylin-
drical platform (12 cm wide, 6 cm in diameter) positioned 33 cm 
above the apparatus floor. To prevent mice from escaping, each 
cylinder was divided by a plastic wall on both sides. The rota-rod 
exercise was conducted for 30 minutes every day after the last 
administration of RSP. Rotation was set at two speeds of 15 and 30 
revolutions per minute (RPM) to examine the appropriate exercise 
intensity.

Mechanical allodynia assessments

To assess mechanical sensitivity, the withdrawal threshold of 
both hind paws was measured using a series of von Frey filaments 
(0.07, 0.16, 0.4, 0.6, 1, 1.4, 2 g, North Coast Medical, Morgan Hill, 
CA, USA) with the 'ascending stimuli' method, as previously de-
scribed [37]. Briefly, mice were placed on a metal mesh grid under 
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a plastic chamber and habituated for at least 30 minutes before the 
test. The filaments were applied from underneath the metal mesh 
flooring to each hind paw. Starting with the lowest filament force 
(0.07 g) as the first stimulus, higher forces were applied if there was 
no response. The force that produced a 60% withdrawal response 
was recorded as the withdrawal threshold value. Normal baseline 
values of paw withdrawal responses to mechanical stimulation 
were measured before the injection of RSP. In the exercise group 
and all drug administration groups, measurements were taken 
30 minutes after treatment. The resulting analysis values were ex-
pressed as the means of both hindpaws.

Open field test

The square black acrylic open-field box (40 cm×40 cm×40 cm), 
chosen for optimal contrast with the white mouse, was placed in 
a soundproof testing room equipped with a video camera. Before 
the test, all mice were allowed to adapt to the testing room for 30 
minutes. At the start of the test trial, each mouse was placed in the 
center of the open-field box for 30 seconds, and the subsequent 
5 minutes of behavior were recorded using the EthoVision-XT 
video tracking system (Noldus Information Technology, Nether-
lands). In this study, we examined moved distance and crossing to 
assess the effects of exercise on RSP-induced depression in mice, 
focusing on anti-anxiety-based depressive behaviors.

Forced swimming test

The forced swimming test was conducted following the method 
described by Porsolt et al. [38] with minor modifications. One day 
before the test, mice were placed in a clear plexiglass cylinder (10 
cm×25 cm) filled with 15 cm of water (24oC±0.5oC) for 15 min-
utes. For the main test, conducted 24 hours after the pre-test, mice 
were again placed in the same system for 6 minutes. After an initial 
1-minute period of vigorous activity, the mice showed a period of 
immobility by stopping climbing or swimming and making only 
small forelimb movements to keep their head above water. The 
duration of immobility during the last 5 minutes of the test was 
recorded as immobility time.

Immunofluorescence and image analysis

Immunofluorescence was performed 10 days after RSP injection. 
Mice were deeply anesthetized with avertin and perfused transcar-
dially with heparinized phosphate-buffered saline (PBS, pH 7.4) 
followed by 4% paraformaldehyde (PFA) for 15 minutes. Bilateral 
dorsal root ganglions (DRGs) and spinal cord from the lumbar 
extension (L4-L6) region and brain were immediately extracted. 
Then, collected tissues were incubated in 4% PFA overnight for 
post-fixation. Following fixation, the tissues were immersed in a 

30% sucrose solution with PBS until they sank to the bottom. Sub-
sequently, tissues were frozen after embedding in Surgipath® FSC 
22® frozen section compound (Leica Biosystems, Wetzlar, Ger-
many). For immunohistochemical analysis, all procedures were 
followed as described in the previous report [39]. The compound-
embedded tissue arrays were sliced into 10-μm sections, which 
were then affixed to silane-coated glass slides. To remove the 
embedding compound, sections were washed three times with a 
PBS solution, each time for 10 minutes. Nonspecific bindings were 
blocked with 3% bovine serum albumin in PBS for 1 hour at room 
temperature. After blocking, the sections were incubated with a 
1:1,000 dilution of anti-BDNF antibody (Cat. No. ab108319, Ab-
cam, Cambridge, UK) in the blocking solution overnight at 4°C 
and then washed with PBST. After the wash, the sections were in-
cubated with a 1:1,000 dilution of Cy3-conjugated secondary an-
tibody (Jackson ImmunoResearch Laboratories Inc., West Grove, 
PA, USA) for 1 hour at room temperature. Stained sections were 
mounted with VECTASHIELD® (Vector Laboratories Inc., New-
ark, CA, USA) and visualized with an Axiophot microscope (Carl 
Zeiss, Oberkochen, Germany). The threshold for fluorescence 
intensity was set based on the values of the control group, and the 
positive area of immunoreactive cells was measured and analyzed 
using Image J software.

Statistical analysis

Data values are expressed as the mean±standard error of the 
mean (SEM). Repeated measures of the two-way analysis of vari-
ance (ANOVA) were performed to determine overall effects in the 
time course of nociceptive behavioral tests. Post hoc analysis used 
Dunnett’s test to determine the p-value among the experimental 
groups. Additionally, column analysis employed a Student’s t-test 
to compare the two means. GraphPad Prism 8.0 (GraphPad Soft-
ware Inc., San Diego, CA, USA) was used to perform the statistical 
analysis, and a p-value <0.05 was considered statistically signifi-
cant.

RESULTS

Moderate-intensity physical exercise reduces the  

RSP-induced pain and depression-like behaviors in mice

To determine the effect of physical exercise on the RSP-induced 
pain and depressive symptoms and to set the appropriate exercise 
intensity, exercise at an intensity of 15 or 30 RPM was performed 
after subcutaneous administration of RSP in mice. Repeated ad-
ministration of RSP (1 mg/kg) significantly reduced mechanical 
paw withdrawal threshold (PWT, g) from the second day after ini-
tiation of drug administration as compared to that of the control 
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group (Fig. 1A, B; ***p<0.001 vs Control). This reduction was sup-
pressed by exercise at an intensity of 15 RPM from the second day 
after initiation of exercise, while exercise at an intensity of 30 RPM 
inhibited the RSP-induced reduction of PWT from the 6th day 
after initiation of exercise (#p<0.05, ##p<0.01, ###p<0.001 vs RSP-
treated group). As a result of measuring the weight change of mice 
during the experiment, the control group showed a tendency to 
increase weight variation (%), while this increase was not detected 
in the RSP-treated exercise group at an intensity of 30 RPM (Fig. 
1C, D; *p<0.05, **p<0.01 vs Control). In addition, the exercise at 

an intensity of 30 RPM increased the number of falls in rota-rod 
tester during the 30-minute exercise time as compared to that of 
the exercise group at an intensity of 15 RPM (Fig. 1E; ††p<0.01 vs 
EXR15 group). Moreover, the external appearance of the exercised 
group at an intensity of 30 RPM was not better than that of the 
exercised group at an intensity of 15 RPM (data not shown).

In the forced swimming test, a despair-based behavioral experi-
ment, administration of RSP (1 mg/kg) led to a significant increase 
in immobility time (sec) as compared to that of the control group 
(Fig. 2A; *p<0.05 vs Control). This increase was inhibited by ex-

Fig. 1. Effects of different intensity (15 or 30 RPM) of exercise on the reserpine (RSP, 1 mg/kg)-induced pain and body weight variation in mice. (A, B) 
Physical exercise performed using a rota-rod tester at an intensity of 15 or 30 RPM inhibited the RSP-induced reduction of the paw withdrawal thresh-
old (A). Area under curve was analyzed in control, RSP-treated, and RSP-treated exercised (15 or 30 RPM) groups (B). (C, D) The RSP-treated exercised (30 
RPM) group of mice display lower body weight variation (%) relative to control mice (C). Area under the curve was analyzed and shown in D. (E) The 
number of falls in rota-rod tester during exercise was increased in the exercised group at an intensity of 30 RPM. n=5~7 mice/group. *p<0.05, **p<0.01, 
***p<0.001 vs Control; #p<0.05, ##p<0.01, ###p<0.001 vs RSP; ††p<0.01 vs RSP+EXR15.
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ercise at an intensity of 15 or 30 RPM (#p<0.05, ##p<0.01 vs RSP-
treated group), and more significant inhibition appeared in the 
exercise group at an intensity of 15 RPM (††p<0.01 vs RSP+EXR30 
group). In the Open field test, an anxiety-based behavioral ex-
periment, administration of RSP decreased the moved distance 
(cm) and the number of crossings as compared to those of the 
control group (Fig. 2B~D; *p<0.05 vs Control). This decrease was 
suppressed by the exercise at an intensity of 15 RPM, while the 
exercise at an intensity of 30 RPM did not change the effect of RSP 
in the open field test (#p<0.05 vs RSP-treated group; (†p<0.05 vs 
RSP+EXR30 group). These results suggest that the exercise at an 
intensity of 15 RPM is more effective than 30 RPM to reduce the 
RSP-induced pain and depression-like behaviors. Thus, the exer-

cise at an intensity of 15 RPM was selected and conducted in the 
next experiments based on the above results.

Physical exercise inhibits the RSP-induced changes in 

BDNF immunoreactivity in the DRG, spinal cord, and  

hippocampus

Next, we examined whether RSP administration would change 
the expression of BDNF in the peripheral and central nervous sys-
tems, and whether this change is modulated by physical exercise. 
For comparison with the exercised group, the effect of gabapentin, 
an α2δ1 calcium channel blocker, or fluoxetine, a selective sero-
tonin reuptake inhibitor, on BDNF expression was also evaluated 
as a positive control. Administration of RSP (1 mg/kg) increased 

Fig. 2. Effects of different intensity (15 or 30 RPM) of exercise on the reserpine (RSP, 1 mg/kg)-induced depression-like behaviors in mice. (A) Physical 
exercise performed using a rota-rod tester at an intensity of 15 or 30 RPM inhibited the RSP-induced increased immobility time (sec) during the forced 
swimming test. (B~D) Representative images for visualization of the path of movement during the open field test (B). The RSP-treated exercised (15 
RPM) group of mice showed a significant increase in the total moved distance (C) and the number of crossings in the box during the open field test (D). 
n=5~7 mice/group. *p<0.05, **p<0.01, ***p<0.001 vs Control; #p<0.05, ##p<0.01 vs RSP; †p<0.05, ††p<0.01 vs RSP+EXR30.
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BDNF immunoreactivity in the lumbar DRG and spinal cord dor-
sal horn of mice as compared to that of the control group (Fig. 3A, 
B; ***p<0.001 vs Control). This increase was significantly inhibited 
not only by physical exercise at an intensity of 15 RPM but also 
by GBP (50 mg/kg) or FLU (10 mg/kg) administration (#p<0.05, 
###p<0.001 vs RSP-treated group). However, FLU administration 
was less effective than physical exercise or GBP administration 
(‡p<0.05, ‡‡p<0.01, ‡‡‡p<0.001 vs RSP+FLU-treated group).

By contrast, administration of RSP decreased BDNF immuno-
reactivity in the hippocampus of mice as compared to that of the 

control group (Fig. 3C; ***p<0.001 vs Control). This decrease was 
significantly restored by physical exercise and GBP or FLU admin-
istration (###p<0.001 vs RSP-treated group), but physical exercise 
was more effective than GBP and FLU administration (†p<0.05 vs 
RSP+GBP, ‡p<0.05 vs RSP+FLU-treated group). The representative 
images of BDNF immunostaining in the DRG, spinal cord, and 
hippocampus of mice shown in Fig. 3D.

Fig. 3. Effects of physical exercise (15 RPM), gabapentin (GBP, 50 mg/kg), and fluoxetine (FLU, 10 mg/kg) on BDNF immunoreactivity in the DRG, 
spinal cord, and hippocampus of reserpine (RSP, 1 mg/kg)-treated mice. (A~F) Physical exercise at an intensity of 15 RPM inhibited the RSP-induced 
changes in BDNF-immunoreactive area in the DRG (A, B), spinal cord dorsal horn (C, D), and hippocampus (E, F). Administration of GBP or FLU sup-
pressed the RSP-induced modulation of BDNF expression, but less effectively than physical exercise. White dotted lines in C indicate the laminae I-V in 
the spinal cord dorsal horn, and those in E indicate the hippocampal subfields CA1 and the dentate gyrus (DG). Scale bar=20 µm. n=5~7 mice/group. 
***p<0.001 vs Control; #p<0.05, ###p<0.001 vs RSP; †p<0.05 vs RSP+GBP; ‡p<0.05, ‡‡p<0.01, ‡‡‡p<0.001 vs RSP+FLU.
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Antinociceptive and antidepressive effects of physical 

exercise are more effective than gabapentin or fluoxetine 

administration

To investigate whether the antinociceptive and antidepressive 
effects of physical exercise are more effective than those of gaba-
pentin and fluoxetine, these drugs were administrated once daily 
consistent with the schedule of physical exercise. Administration 
of GBP (50 mg/kg) or FLU (10 mg/kg) significantly inhibited the 
RSP-induced reduction of PWT (Fig. 4A, B; ###p<0.001 vs RSP-
treated group). Statistical significance of antinociceptive effect of 
GBP was detected from the second day after initiation of drug 
administration similarly with that of physical exercise, while FLU 

administration had an effect on PWT from the 6th day after initia-
tion of drug administration. The result of weight variation analysis 
during the experiments showed that there was no significant dif-
ference in the body weight variation between control and experi-
mental groups (Fig. 4C, D).

In the forced swimming test, administration of GBP or FLU 
significantly reduced the immobility time that was increased by 
RSP administration (Fig. 5A; ###p<0.001 vs RSP-treated group), 
but physical exercise was more effective than GBP and FLU ad-
ministration (†††p<0.001 vs RSP+GBP-treated group; ‡‡p<0.01 vs 
RSP+FLU-treated group). Similar to the results obtained from the 
forced swimming test, administration of GBP or FLU significantly 

Fig. 3. Continued 1.
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restored the RSP-induced reduction of the moved distance and 
the number of crossings (Fig. 5B~D; ##p<0.01, ###p<0.001 vs RSP-
treated group). However, the exercised group showed a more sig-
nificant increase in the moved distance and the number of cross-
ings than the GBP- or FLU-treated group did (†p<0.05, ††p<0.01 vs 
RSP+GBP-treated group; ‡p<0.05, ‡‡p<0.01 vs RSP+FLU-treated 
group).

DISCUSSION

Various health benefits of physical exercise have already been 
validated through numerous studies [18]. Recent studies have 
shown that exercise can regulate different neurobiological path-
ways in the nervous system. In animal models of pain, physical 
exercise has been shown to regulate not only pro-inflammatory 
cytokines in the central and peripheral nervous systems but also 
neurotrophins such as nerve growth factor and BDNF [40-43]. 
Moreover, exercise can enhance the production of mood-related 

Fig. 3. Continued 2.
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neurotransmitters, promote neurogenesis through increased se-
cretion of various neurotrophic factors, and decrease the release of 
cortisol, the stress hormone, ultimately leading to antidepressant 
effects [44-47]. On the other hand, studies have shown that exces-
sive intensity of physical exercise causes mitochondrial dysfunc-
tion, oxidative stress, and mood disturbance [48-50]. This suggests 
that moderate intensity exercise is more effective in ameliorating 
the pain-depression dyad. As a result, it was confirmed that 15 rpm 
was the moderate intensity among the exercise intensities used in 
this study. In the present study, moderate intensity of physical ex-
ercise modulated the expression of BDNF in the DRG, spinal cord, 
and hippocampus as well as the RSP-induced mechanical hyper-
sensitivity and depressive-like behaviors in mice. These results sug-
gest that physical exercise could reduce both pain and depression 
dyad and play a critical role in the modulation of BDNF-mediated 
signaling in the nervous system.

There have been various arguments regarding the role of BDNF 
in the peripheral and central nervous systems in animal models 

of pain and depression. Previous studies using acute and chronic 
pain animal models have shown that the increase of BDNF in 
DRG and spinal cord is directly and/or indirectly involved in pro-
nociception [32, 51-53]. In addition, previous studies using vari-
ous cause-induced depressive animal models have confirmed that 
BDNF in multiple regions of the brain is reduced, and in particu-
lar, BDNF in the hippocampal region has been found to play a key 
role in depression [54-57]. This is consistent with the present study 
showing that BDNF immunoreactivity was increased in both the 
DRG and spinal cord, and decreased in the hippocampus in RSP-
administrated mice. Regarding that these changes were inhibited 
by physical exercise with a similar pattern of suppressive effect on 
pain and depression-like behaviors, the mechanisms underlying 
exercise-induced antinociceptive and antidepressive effects may 
be at least partially involved in the changed BDNF expression.

Previous studies have shown that peripheral inflammation or 
nerve damage increases BDNF synthesis in DRG neurons and is 
widely released into the spinal cord via anterograde transport [31, 

Fig. 4. Effects of physical exercise (15 RPM), gabapentin (GBP, 50 mg/kg), and fluoxetine (FLU, 10 mg/kg) on the reserpine (RSP, 1 mg/kg)-induced pain 
and body weight variation in mice. (A, B) Not only physical exercise at an intensity of 15 RPM but also GBP or FLU administration inhibited the RSP-
induced reduction of the paw withdrawal threshold, but FLU was less effective than physical exercise and GBP administration (A). Area under curve 
was analyzed in control, RSP-treated, RSP-treated exercised (15 RPM), RSP and GBP-treated, RSP and FLU-treated groups (B). (C, D) There was no dif-
ference in body weight variation (%) between control and experimental groups (C). Area under the curve was analyzed and shown in D. n=10~14 mice/
group. ###p<0.001 vs RSP; ‡‡‡p<0.001 vs RSP+FLU.
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58, 59]. Relatedly, increased BDNF levels in the DRG and spinal 
cord may lead to the increase in the phosphorylation of TrkB, N-
methyl-D-aspartate (NMDA) receptor, and α-amino-3-hydroxy-
5-methylisoxazole-4-propionic acid (AMPA) receptor, which can 
contribute to central sensitization [51, 60-64]. Thus, it is possible 
that the RSP-induced increased BDNF expression in the DRG and 
spinal cord plays an important role in mechanical hypersensitivity. 
In addition, various biomarkers of the brain region for depression 
have been identified. Among them, the major neurophysiological 
changes in depression is the inhibition of neurogenesis, such as 

decreased hippocampal size, synaptogenesis, and neuronal com-
munications, due to the depletion of BDNF and monoamines [65]. 
Although the relationship between monoamines and BDNF is 
not fully understood, it has been suggested that the key factors are 
monoamine reduction and BDNF alterations across the periph-
eral and central nervous systems in the pain-depression complex 
symptoms caused by RSP [66-68]. The detailed mechanisms by 
which BDNF and monoamines regulate pain and depression need 
to be further investigated in the future studies.

Studies have been conducted to use various antidepressants as 

Fig. 5. Effects of physical exercise (15 RPM), gabapentin (GBP, 50 mg/kg), and fluoxetine (FLU, 10 mg/kg) on the reserpine (RSP, 1 mg/kg)-induced 
depression-like behaviors in mice. (A) Administration of GBP or FLU inhibited the RSP-induced increased immobility time (sec) during the forced 
swimming test, but less effectively than physical exercise. (B~D) Representative images for visualization of the path of movement during the open field 
test (B). Administration of GBP or FLU restored the RSP-induced decrease in the total moved distance (C) and the number of crossings in the box dur-
ing the open field test, but less effectively than physical exercise (D). n=10~14 mice/group. ##p<0.01, ###p<0.001 vs RSP; †p<0.05, ††p<0.01, †††p<0.001 vs 
RSP+GBP; ‡p<0.05, ‡‡p<0.01 vs RSP+FLU.
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treatments for pain. Among them, selective serotonin reuptake 
inhibitors (SSRI) showed less pronounced analgesic effects, while 
tricyclic antidepressants and serotonin noradrenaline reuptake 
inhibitors (SNRI) showed significant effects [69-71]. In this regard, 
we also determined that administration of fluoxetine, a type of 
SSRI, exhibited less analgesic effect on the RSP-induced pain com-
pared to those of exercise or GBP administration. These results 
suggest a possible role of noradrenaline in the analgesic effects 
of antidepressants. In the central nervous system, as known to all 
noradrenaline nuclei are located in the brainstem, and the largest 
noradrenaline nuclei called locus coeruleus (LC) contain more 
than 50% of all noradrenaline neurons [72, 73]. The descending 
noradrenaline pathway, from the ventral LC to α2-adrenergic re-
ceptors (α2Rs) in the spinal dorsal horn, plays an important role 
in endogenous analgesia [74]. In normal physiological conditions, 
noradrenaline released from the descending axon produces anti-
nociceptive effects by reducing neuronal excitability in the spinal 
dorsal horn through stimulation of α2R coupled with inhibitory G 
proteins [75]. Additionally, in the cholinergic interneurons of the 
spinal cord, the α2R converts inhibitory G proteins to excitatory 
G proteins (G-protein switch; from Gi to Gs) through the BDNF-
induced activation of TrkB receptor. Consequently, stimulation of 
the α2R with BDNF signaling leads to the release of acetylcholine, 
resulting in a stronger analgesic effect [76, 77]. Thus, it could be 
possible that this descending pain suppression pathway plays a 
critical role in a vicious cycle of pain and depression, which is re-
lated to the interaction between BDNF and monoamine, especially 
noradrenaline.

Reserpine binds to vesicular monoamine transporters, blocking 
neurotransmitter uptake into the vesicles, and causing irreversible 
monoamine depletion in the central nervous system, resulting in a 
variety of side effects including depression [11, 78-80]. In addition, 
it has been reported that RSP increases the mechanical sensitivity 
of cutaneous C-fibers, causing alterations in the function of the 
peripheral nervous system [81]. As such, the animal model admin-
istered RSP causes neurological changes in both the peripheral 
and central nervous systems, making it a suitable model for study-
ing the complex relationship between pain and depression. The 
administration of RSP causes changes in the peripheral nervous 
system, increasing BDNF expression in the DRG and spinal cord, 
which leads to pain. Simultaneously, it irreversibly depletes mono-
amines in the central nervous system, affecting all related mecha-
nisms of the brain and causing depression-like behaviors. Accord-
ingly, it can be inferred that the abnormal BDNF-monoamine 
interaction increases due to the impaired noradrenaline-related 
mechanism, suppressing the endogenous analgesic pathway and 
activating the signals related to pro-nociception. These results 

strongly suggest that BDNF may be a key therapeutic target to 
break the vicious cycle between pain and depression. Although the 
present study has limitations in that it has only been investigated 
in animal models administered with RSP, the results obtained 
from the present study and the previous studies support that selec-
tive targeting of BDNF signaling pathway could be an important 
approach to treat both pain and depression.

In conclusion, moderate-intensity physical exercise regulates 
BDNF expression in the nervous system as well as has strong anal-
gesic and anti-depressive effects in a mouse model of RSP-induced 
pain-depression dyad. The results of this study suggest that the 
mechanisms underlying the regulation of BDNF expression may 
be a key therapeutic target against pain-depression complex symp-
toms and show that exercise can be one of the non-pharmacologi-
cal and non-cost alternative treatments for patients suffering from 
pain and depression.
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