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Abstract

The purpose of this study was to investigate the effects of treadmill exercises utilizing CIMT as performed by white rats, in which
crushed sciatic nerves were induced, by time of measurement through neurological motor-behavior tests. The rats were randomly as-
signed to a control group, a CIMT group, and an exercise group after being affected by sciatic nerve damage. To evaluate the effects of
the nerve regeneration therapy on motor nerves, the SFI of rats across all groups were measured after application of the treatment. The
ladder walking test was used to measure the degrees of deficit or recovery of sensory functions. To analyze gait behavior following sciat-
ic nerve damage recovery, the gait behaviors of rats in all groups were measured using the Dartfish program after application of the
treatment. As the result, there was no statistically significant difference in all groups at 1, 7 days (p>.05), but there was a significant dif-
ference at 14, 21 days on SFI, ladder rung walking test, and ankle angle. In conclusion, the combined use of CIMT and exercise therapy
had the greatest positive effect on nerve recovery after nerve injury.
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1. Introduction

Peripheral nerves undergo a very slow therapeutic recovery process after being damaged and the degree of recovery is often shown to be
incomplete[1]. Peripheral nerve damage reduces partial or total motor nerve, sensory nerve, and autonomic nerve control for the dener-
vated areas and reduces functional activity capacity and quality of life due to said impaired sensory and motor abilities[2]. The areas
innervated by the damaged nerves are accompanied by abnormal sensations such as spontaneous pain, mechanical allodynia, temperature
hypersensitivity, hyperesthesia, and sympathetic pain. In addition, damage is caused to the nerves in the spinal ganglia and the anterior
and posterior spinal horns over time and microcirculatory disturbances occur that block nourishment of the nerves, which results in im-
paired delivery functions and degeneration of innervated muscles[3][4]. If muscles are not normally innervated due to peripheral nerve
damage, denervated muscle atrophy will occur as a result of decreased intramuscular protein synthesis and increased proteolysis[5]. Wal-
lerian degeneration—in which axons and myelin sheaths at the distal side of a lesion are degenerated by Schwann cells and macrophag-
es—occurs within 24 hours after peripheral nerve damage, resulting in a microenvironment favorable to neuronal response, axonal re-
growth, and axon elongation. This stage of degeneration lasts one to two weeks[6].

To promote nerve regeneration and redistribution, axotomized nerves must be switched to the phenotype for the ability to survive and
regenerate during an early stage of recovery. It is known that damage to peripheral nerves leads to the death of a large number of axoto-
mized nerves. After damage to sciatic nerves, approximately 10-30% of sensory nerves in the dorsal root ganglia are known to die, while
only 0-10% of post-endothelial nerve injury nerves are known to die, and only 0-10% of motor nerve cells die[7]. On the contrary, dam-
age to the ventral root leads to the degenerative death of 50-80% of motor nerve cells over several weeks[8]. When posterior nerves
among the sympathetic nerves have been damaged, approximately 50% of the nerve cells die within 3 days of the posterior nerve dam-
age. When the anterior nerves of a nerve ganglion have been damaged, the nerve cells of the spinal cord decrease by 40-60%][9]. Nerve
cell death after axonotmesis is affected by age, the degree of damage, and the distance between the cell body and the damaged area, ma-
ture nerves are less affected by the killing conditions than immature nerves and nerve cell bodies closer to damaged areas show a higher
ratio of cell death[10]. If axon regeneration is suppressed, the nerve cell death process will last longer, causing more serious damage.
Neurogenic vacuolization and apoptosis following nerve damage will gradually increase for one month and then decrease little by little
for up to six months[11]. To date, studies have been actively conducted on the promotion of axonal regeneration, survival of nerve cells,
and the maintenance of neurotrophic factors after nerve damage[12]. After peripheral nerve damage, the mature peripheral nervous sys-
tem increases the availability of neurotrophic factors through autocrine and lateral secretion. Neurotrophic factors activate neuronal mol-
ecules and other factors necessary for axon reaction and regeneration, which leads to nerve recovery after damage to peripheral
nerves[13].
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Since disabilities due to peripheral nervous system damage have negative effects on independent functions necessary to engage in daily
life activities, getting appropriate treatment is an important element that will affect the promotion of recovery. Treatment methods for
peripheral nerve damage include invasive procedures such as injection therapy and surgical restoration, and non-invasive methods such
as electrical stimulation therapy, exercise therapy, hydrotherapy, and medication[14][15]. An important element of treatment for periph-
eral nerve damage is the formation of an environment that can maximize neuroplasticity. Decreasing the use of the affected area can
cause abnormal movement, decreased muscle strength, stiffness, soft tissue shortening, and pain. A clinically developed treatment to
control this learned nonuse is Constraint Induced Movement Therapy (CIMT).

CIMT is defined as a therapy characterized by high-intensity training over a short period of time and an enhancement of the function and
use of the affected side by restricting the movement of the unaffected side to better induce movement of the affected side[16]. CIMT has
been reported to stimulate the sensory motor cortex in the uninjured cortical circuit and the area adjacent to the damaged area through
continuous and repeated functional movement learning, thereby facilitating local terminal firing and reorganization of functional synap-
ses to improve precise and delicate movements[16][17]. However, as patients may feel burdened by the training, experience psychologi-
cal stress, and face safety issues, Page et al. (2001) performed a modified CIMT[18]. The modified CIMT was applied to constrain the
unaffected side for only the five most active hours of a patient's day. The therapeutic effects of the modified CIMT were proven by com-
paring it to the therapeutic effects of other treatments[18][19]. Although most studies of CIMT have focused on improving upper limb
function in patients with central nervous system damage, a more recent study indicates that gait ability and balance were improved
through CIMT thanks to a reported improvement of upper limb function[20]. In addition, Rostami et al. (2016) reported that when CIMT
was applied to patients with damage to the median or ulnar nerve, it was effective in treating peripheral nerve injuries[21]. Although
many studies echo these reports, CIMT is not widely used as a therapeutic intervention in clinical practice at this time. This may be at-
tributable to the fact that, despite the application of the modified CIMT, the problems mentioned above could not be completely resolved.
Therefore, the purpose of this study was to investigate the effects of treadmill exercises utilizing CIMT as performed by white rats, in
which crushed sciatic nerves were induced, in order to solve the ethical problem of being unable to apply CIMT to humans.

The purpose of this study was to investigate the effects of treadmill exercises utilizing CIMT performed by white rats with crushed sciat-
ic nerves on nerve regeneration and functional recovery over time.

An important element for the treatment of peripheral nerve damage is the formation of an environment that can maximize neuroplasticity.
Decreased use of the affected side can cause abnormal movements, muscle weakness, stiffness, shortening of the soft tissues, and pain.
CIMT is a treatment method clinically developed to control this learned non-use. However, CIMT is not widely used as a therapeutic
intervention in clinical practices at this time. This is considered attributable to the fact that, despite the application of a modified CIMT,
problems such as the patient feeling burdened by the training, psychological stress, and patient safety issues could not be completely
solved. Therefore, the purpose of this study was to investigate the effects of treadmill exercises utilizing CIMT as performed by white
rats, in which crushed sciatic nerves were induced, by time of measurement through neurological motor-behavior tests in order to solve
the ethical problem of being unable to apply CIMT to humans.

2. Main body

2.1. Subject

This study was conducted using 45 male Sprague-Dawley rats aged 8 weeks and weighing 250-300g. Sprague-Dawley rats aged 8 weeks
belongs to the human adolescence, and a prior study using white rats usually uses the age of white rats to see the effects of a quick recov-
ery. During the experimental treatment period, the temperature of the laboratory was maintained at 23 + 2 °C and the humidity was main-
tained at 50 + 5%. Four rats were housed per cage in the laboratory and light and dark cycles of 12 hours each per day were applied. The
rats were randomly assigned to a control group (CG, n = 15) that would not to receive any therapeutic intervention after being affected by
sciatic nerve damage, a CIMT group (CEG, n = 15) that would undergo treadmill exercises utilizing CIMT after being affected by sciatic
nerve damage, and an exercise group (EG, n = 15) that would only undergo treadmill exercise after being affected by sciatic nerve dam-
age. Three days after inducing crushed sciatic nerves in the rats, the first intervention method was implemented immediately after con-
firming the nerve damage. The rats were treated 5 times per week for 2 weeks with the aforementioned therapeutic intervention methods.

2.2. Experimental procedure

2.2.1 Induction of Crushed Sciatic Nerves

To put the rats under general anesthesia, Rompun and Zolethyl were mixed at a ratio of 1:1 and 2 ml of the mixture per 1 kg of body
weight was injected intraperitoneally. After identifying the state of anesthesia with the presence or absence of avoidance responses fol-
lowing artificially induced pain, the rats were affixed to the operating table and hair in the region between the right hip joint and knee
joint was removed. After removing the hair, the skin was incised about 2 cm in length, the sciatic nerves were isolated from the muscles
surrounding them, and then the area before where they branch into the shin nerve and peroneal nerve—which is about 7 cm proximal to
the ankle joint—was continuously pressed for 30 seconds using a pair of straight hemostatic forceps. To prevent damage due to the blade
of the straight hemostatic forceps during compression, the forceps were covered with a soft plastic and disinfected with 70% alcohol
before the crush was induced. To apply nerve damage to a certain area with the same force, a marking was made at a point 5 mm inward
from the end of the hemostatic forceps and the same three-step pressure was applied to all rats[22].

Disinfection was performed to prevent post-crush infections. The wounds were sutured using animal suture threads. Thereafter, the an-
imals were put into plastic cages—four animals were housed in each plastic cage and were introduced to the feeding room for stabiliza-
tion.

2.2.2 Constraint Induced Movement Therapy (CIMT)

The CIMT intervention method in this study was applied to the unaffected hind leg that was not given a crushed sciatic nerve to prevent
the overuse of the unaffected side during treadmill exercises, thereby inducing use of the affected side.
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CIMT was applied by wrapping the unaffected hind leg—while maintaining the extension of the knee joint and the ankle joints—with a
PET bottle to prevent excessive compression of the local region and wrapping the PET bottle with Kinesio tape to affix the bottle to the
leg. Exercise on the treadmill was applied thereafter. The CIMT device was removed immediately after completion of the treadmill exer-
cise to minimize stress.

2.2.3 Treadmill Exercise Treatment Method

The exercise intervention in this study was an exercise program applied to all groups except for the control group using a small animal
treadmill(JD-A-09 type, JEUNGDO Bio & Plant Co., Ltd., Korea). In a study conducted earlier by Shepherd and Gollnick (1976), the
V02 max of Sprague-Dawley rats were measured with seven steps of speeds with in the range of 16-67 m/min and the researchers re-
ported[23]. Based on the results of the study, to minimize stress and adverse effects from exercise intensity in this study, a low-intensity
exercise program was applied with an intervention application time of 30 minutes, a gradient of 0°, and an exercise speed of 8 m/min.

All groups had a resting period of 3 days after the crushed sciatic nerve was induced; sciatic nerve damage was confirmed thereafter and
the exercise program was applied to all groups except for the control group. The intervention was applied 5 times per week for 3 weeks
and the exercise was performed during a dark cycle time zone (7:00 p.m.) when the rats were active to maintain their biorhythms and
enhance the effects of training. To prevent the rats from ceasing to exercise, a device that would apply an electrical stimulation of 15
volts was installed at the back of the belt of the treadmill, thereby inducing continuous exercise(Fig. 1).

2.3 Result measurement method

2.3.1. Sciatic Functional Index (SFI)

To evaluate the effects of the treadmill exercise using CIMT on motor nerves, the SFIs of rats across all groups were measured at day 1,
day 7, day 14, and day 21 after application of the treatment.

Chinese ink was applied to the soles of the rats, which were then induced to walk through a 50 cm long, 8 cm wide, and 10 cm high dark
passage with white paper spread on the floor to obtain footprints. A dark room was crafted at the end of the passage in the direction of
progression so that the rat could proceed forward. The rats were allowed to walk twice so that they could acquaint themselves with the
direction of the passage and each rat was induced to walk three times repeatedly to ensure that footprints were left. In this case, all exter-
nal elements that could affect the walking habits of the rats were removed[24].

For the footprint analysis of the rats, the distance from the heel to the third toe, the distance between the first and fifth toes, and the dis-
tance between the second and fourth toes were measured. Using these measured values allowed the SFls to be calculated. The SFls were
near 0 in the case of normal rats and toward -100 as the damage would be recorded as more severe[25].

The calculation method for evaluating SFI is as follows.

PLF(print length factor) = (EPL — NPL) / NPL

TSF(toe spread factor) = (ETS — NTS) / NTS

ITF(intermediary toe spread factor) = (EIT — NIT) / NIT

PL : distance from the heel to the third toe, the print length

TS : distance from the first to the fifth toe, the toe spread

IT : distance from the second to the fourth toe, the intermediary toe spread

2.3.2. Ladder Walking Test

The ladder walking test was used to measure the degrees of deficit or recovery of sensory functions. This test was conducted by filming
the rats with a video camera while they traversed a horizontally placed, 1 m long, 10 cm wide ladder with a consistent distance of 1.5 cm
between cross bars[26].

As for the scoring method: 0 points were given when the rat could not step on the ladder and dropped its feet, 1 point was given when the
rat slipped its weight-bearing foot off the ladder, 2 points were given when the rat slipped on its weight-bearing foot but could continue
to traverse the ladder without dropping its foot or losing balance, 3 points were given when the rat could not bear weight although its feet
remained on the ladder and quickly moved to other cross bars, 4 points were given when the rat quickly repositioned its foot in cases
where one foot passed the targeted cross bar and stepped on another cross bar, 5 points were given when the big toe and heel of the
weight-bearing foot were placed on the cross bar, and 6 points were given when the rat was completely bearing its weight with the mid-
dle region of its sole. When different score requisites occurred simultaneously, the lowest score was recorded. The cases that would result
in 0, 1, or 2 points being given were defined as mistakes; a mistake score was obtained and recorded by dividing the total number of mis-
taken steps by the total number of steps and converting that value into a percentage. To measure only consecutive steps, the first, second,
penultimate, and final step were excluded from the record[27].

2.3.3. Dartfish Program

To analyze gait behavior following sciatic nerve damage recovery, the gait behaviors of rats in all groups were measured using the Dart-
fish program at day 1, day 7, day 14, and day 21 after application of the treatment. The Dartfish program used for the gait analysis is
software that can analyze and interpret movement and track an object's trajectory using video. This program is widely used in rehabilita-
tion therapy, sports, diagnosis, and exercise prescriptions[28].

Before filming the videos, the coxofemoral region of each rat's hind leg was disinfected with 70% alcohol, shaved, and then the greater
trochanter of the coxal articulation around the region where the sciatic nerve was crushed, the lateral epicondyle of the knee, the lateral
ankle bone, and the metatarsophalangeal joint of the fifth toe were all marked with black dots. Each rat was induced to walk along a 100
c¢m long, 8 cm wide, and 10 cm high passage with one transparent side used to film the video. A dark room was made at the end of the
passage to induce the rat forward. The rats were allowed to walk twice so that they could become acquainted with the direction of the
passage and each rat was induced to walk three times repeatedly while the video was being filmed. The average values were used as re-
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sults. Videos were filmed on the sagittal plane at a distance of 1 m from the passage using a 60 Hz digital video camera. From the videos
filmed, the angles of the ankle joint on the affected side according to gaits were analyzed using the Dartfish program[29]. Only those
videos that showed perfect gait cycles from the initial ground contact phase to the next initial ground contact phase were used as meas-
ured values in the gait analysis[30].

2.4. Data analysis

The results of the experiments obtained in this study were described as mean + standard deviation. One-way ANOVAs were conducted
for comparison and analysis between groups and between measurement times, and ex post facto tests were assessed using LSD. Statisti-
cal processing was performed using the PASW Win. 18.0 package and the level of statistical significance () was set to 0.05.

Selection of subjects (n=45)

Crushed Sciatic Nerves

CEG EG
(n=15) (n=15) (nC:(fS)
CIMT & exercise Only exercise No exercise
5 times per week 5 times per week
for 3 weeks
for 3 weeks for 3 weeks

Pre-test (1 day)
(SFI, LRWT, Dartfish program)

Post-test (7, 14, 21 days)
(SFI, LRWT, Dartfish program)

Statistical analysis
(PASW for windows ver. 18.0)

Fig. 1: flow chart

2.5. Results

2.5.1. Sciatic Functional Index (SFI)

The results of SFI assessment was no statistically significant difference in all groups at 1, 7 days (p>.05), but there was a significant dif-
ference at 14, 21 days (p<.05)(Table 1)(Fig. 2). The post hoc test showed significant differences among all groups at 14, 21 days (p<.05).
Significant differences were found between CEG and EG, EG and CG (p<.05)(Table 2)(Table 3)(Table 4).

Table 1. Comparison of SFI in each group

CEG EG CG F p
1 day -82.49+5.99 -80.8945.73 -81.63+5.19 1.341 533
7 days -66.34+6.91 -68.82+7.33 -72.03+4.87 5.127 .069
14 days -32.87+7.01 -40.11+8.30 -47.3915.77 31.533 .000"
21 days -21.66+7.12 -31.38+8.88 -39.23+5.91 26.932 .000"
"p<.05
Unit : score

Mean+SD: meanzstandard deviation

CEG: constraint-induced movement therapy & exercise group
EG: exercise group

CG: control group

SFI: sciatic functional index
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Table 2. Comparison of SFl in CEG

SFI F p
1 day -82.55+5.99
7 days -66.34+6.91 .
241.413 .000

14 days -32.87+£7.01

21 days -21.66+7.12
“p<.05
Unit: score

Mean+SD: meanzstandard deviation
CEG: constraint-induced movement therapy & exercise group
SFI: sciatic functional index

Table 3. Comparison of SFlin EG

SFI F D
1 day -80.8945.73
7 days -68.82+7.33 .
201.061 .000
14 days -40.1148.30
21 days -31.38+8.88
“p<.05
Unit: score

Mean+SD: meanzstandard deviation
EG: exercise group

Table 4. Comparison of SFl in CG

SFI F p
1 day -81.63+5.19
7 days -72.03+4.87 .
106.561 .000
14 days -47.3945.77
21 days -39.23+5.91
“p<.05
Unit: score

Mean+SD: meanzstandard deviation
CG: control group
SFI: sciatic functional index

2.5.2. Ladder Walking Test

The results of ladder rung walking test was no statistically significant difference in all groups at 1, 7 days (p>.05), but there was a signif-
icant difference at 14, 21 days (p<.05)(Table 5)(Fig. 3). The post hoc test showed significant differences among all groups at 14, 21 days
(p<.05). Significant differences were found between CEG and EG, EG and CG (p<.05)(Table 6)(Table 7)(Table 8).

Table 5. Comparison of LRWT on hind limb in each group

CEG EG CG F p
1 day 99.11+0.93 99.09+1.22 98.46+1.03 0.452 877
7 days 77.17+4.33 86.3016.83 87.64+3.68 1.438 157
14 days 36.12+7.54 46.83+9.47 50.74+7.47 13.441 .000"
21 days 7.34£3.50 18.76+4.31 32.11+11.60 9.633 .000"
"p<.05
Unit: %

MeanSD: meanzstandard deviation

CEG: constraint-induced movement therapy & exercise group
EG: exercise group

CG: control group

LRWT: ladder rung walking tes

Table 6. Comparison of LRWT on hind limb in CEG

Error ratio F p
1 day 99.11+0.93
7 days 77.17+4.33 .
56.692 .000

14 days 36.12+7.54

21 days 7.34+3.50
"p<.05
Unit: %

Mean+SD: meanzstandard deviation
CEG: constraint-induced movement therapy & exercise group
LRWT: ladder rung walking test
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Table 7. Comparison of LRWT on hind limb in EG

Error ratio F p
1 day 99.09+1.22
7 days 86.30+6.83 .
49.133 .000

14 days 46.83+9.47

21 days 18.76+4.31
“p<.05
Unit: %

Mean+SD: meanzstandard deviation
EG: exercise group
LRWT: ladder rung walking test

Table 8. Comparison of LRWT on hind limb in CG

Error ratio F p
1 day 98.46+1.03
7 days 87.64+3.68 .
45.878 .000
14 days 50.74+7.47
21 days 32.11+£11.60
“p<.05
Unit: %

Mean+SD: meanzstandard deviation
CG: control group
LRWT: ladder rung walking test

2.5.3. Dartfish Program

The results of ankle angle assessment was no statistically significant difference in all groups at 1, 7, 14 days (p>.05), but there was a
significant difference at 21 days (p<.05)(Table 9)(Fig. 4). The post hoc test showed significant differences among all groups at 21 days
(p<.05). Significant differences were found between CEG and EG, EG and CG (p<.05)(Table 10)(Table 11)(Table 12).

Table 9. Comparison of ankle angle on pre-swing in each group

CEG EG CG F p
1 day 50.68+5.34 49.66+8.92 51.31+7.30 961 .653
7 days 44.23+5.81 45.24+8.77 46.45+6.22 A73 763
14 days 57.3346.62 54.35+4.16 53.87+7.13 5.411 .064
21 days 101.7548.11 83.76+7.73 72.97+12.43 12.682 .008"
"p<.05
Unit: ©

MeanSD: meanztstandard deviation

CEG: constraint-induced movement therapy & exercise group
EG: exercise group

CG: control group

Table 10. Comparison of ankle angle on pre-swing in CEG

Ankle angle F p
1 day 50.68+5.34
7 days 44.23+5.81 .
28.620 .000
14 days 57.3316.62
21 days 101.75+8.11
“p<.05
Unit: ©

Mean+SD: meanzstandard deviation
CEG: constraint-induced movement therapy & exercise group

Table 11. Comparison of ankle angle on pre-swing in EG

Ankle angle F p
1 day 49.66+8.92
7 days 45.24+8.77 .
22111 .000
14 days 54.35+4.16
21 days 83.76+7.73
"p<.05
Unit: ©

Mean+SD: meanzstandard deviation
EG: exercise group
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Table 12. Comparison of ankle angle on pre-swing in CG

Ankle angle F p
1 day 52.23+6.32
7 days 46.45+6.22 .
11.381 .000
14 days 53.87+7.13
21 days 72.97+12.43
“p<.05
Unit: ©

Mean+SD: meanzstandard deviation
CG: control group

3. Discussion

This study was carried out to investigate the effects of treadmill exercise utilizing sciatic nerve constraint induced movement therapy on
functional recovery and nerve regeneration in rats with crushed sciatic nerves.

The rat model with crushed sciatic nerves utilized in the experiment is a known model widely used for evaluating the effects and mecha-
nisms of impaired peripheral nerve regeneration in the medical and physiotherapeutic fields[31].

Peripheral nerve damage brings about partial or complete loss of motor, sensory, and autonomic functions that are transmitted according
to the size and severity of damage to the denervated segments because of the cell deaths in the axotomized neurons, the degeneration of
nerve fibers distal to the damaged area, and the interruption of axon continuity. Peripheral nervous system damage results in major per-
sonal or social repercussions when viewed from a perspective of life with secondary problems, such as a substantial loss of function,
permanent sensory and motor dysfunction, and neuropathic pain[2].

Nerve damage is classified according to the degree of histological damage and functional recovery. The nerve block recovers over a peri-
od of several weeks to several months due to the local damage to the myelin sheath leading to the blockage of nerve conduction. Axon
damage causes Wallerian degeneration to the region distal to the damage and the prognosis is generally worse than nerve block, although
there are some differences. Neurotmesis requires surgery in most cases because spontaneous recovery cannot be expected since the
nerves were entirely severed[32]. When peripheral nerves have been damaged, dorsal root ganglion cells—which are the primary sensory
nerve cells—begin to undergo histologically diverse changes, including the dissolution of Nissl bodies in nerve cell bodies, changes in
neuropeptides such as substance P, along with apoptosis. The surviving nerve cells undergo regeneration and show an increased gene
expression and protein production necessary for the generation of growth cones and axonal elongation required to form new connections
with peripheral target organs. In addition, the surviving nerve cells temporarily promote the production of NGF and NGFR, like target
organs, and form new cell receptors on the surfaces of cell membranes to promote axon regeneration[33].

Nerve damage due to ischemic injury and inflammatory reactions causes denaturation to adjacent areas. Even nerve cell bodies and dam-
aged nerve cells begin to undergo a regenerative process because regeneration occurs by centering on surviving cells. Even once recov-
ered, the functions of nerve cells cannot be completely regained, which eventually leads to significant disabilities. One of the changes
caused by damage to peripheral nerves is that the axons, which are neurites, separate from cell bodies due to the damage, lose functions,
and are gradually denatured. The substances liberated while axons are denatured sometimes initiate inflammatory reactions when they
gather in macrophages. The damaged peripheral nerves have the ability to regenerate axons, which has been attributed to the fact that
retinoic acid induces the synthesis of numerous cytokines that regulate the regeneration process[34].

Peripheral nerve damage not only causes changes in the nerves but also brings about changes in sensory nerve cells and motor nerve cells
to promote the survival of nerves and the regeneration of axons in the damaged area, eventually enhancing functional recovery[35].
Among cases of damage to peripheral nerves, in those where the damage is due to pressure, the axons in marginal zones are severed in
many cases whereas the nerve membranes that surround the nerves are not damaged in most cases. Thanks to this characteristic, the
nerve membranes that have not been damaged will act as physiologic conduits in the regeneration of axons as targets, thus leading to
axon function recovery close to normal levels over the regeneration process. The damaged area can be re-innervated through the regener-
ation of axons or the formation of side branches from surrounding undamaged axons. After peripheral nerves are crushed, a series of
changes is induced in the damaged nerves and the nerve cell bodies in sensory and motor neurons, leading to the survival of nerves in the
lesion regions and the regeneration of axons to achieve functional recovery. Such changes are triggered through the activation of the gene
program and signal transmission processes in the local cells and cell adhesion molecules are expressed by the Schwann cells, and sub-
strate glycoproteins of cells and fibroblasts increase, as changes in the nerves leading to the regeneration of axons[12][35].

After peripheral nerve damage, distal axons are disconnected from the nerve cell bodies and denatured, and then the phenotypic process
known as nerve reactions and chromatolysis progresses. Wallerian degeneration provides the creation of a microenvironment at the distal
region of the damage and causes the generation of nerve reactions and axon regrowth, which are essential for regeneration and axonal
elongation. When the peripheral nerves have been damaged, the distal axons and myelin sheaths are degenerated due to Wallerian degen-
eration, and the proximal region is also affected. The final product of degeneration is removal by the joint action of Schwann cells and
macrophages. The first stage of degeneration occurs within 24 hours after damage and progresses for about 1-2 weeks. The removal of
myelin sheaths enables the removal of reproductive-inhibitory materials associated with them while maintaining their associated glyco-
proteins within the peripheral nerves. These processes occur because Schwann cells quickly separate myelin sheaths after axonotmesis as
tyrosine kinase receptors take action. Once 2—3 days have passed since the initial damage was sustained, macrophages enter the nerves
that have been denatured due to the stimulation by the leukemia inhibitors secreted from damaged Schwann cells and cytokines, such as
interleukin[36].

Distal nerve Schwann cells are stimulated by proteins secreted by the axons that were separated due to the loss of axonal connections and
by cytokines secreted by macrophages. Schwann cells show the highest increase 3 days after damage and then slowly decrease for 2-3
weeks. The rate of nerve regeneration is low at the beginning and the axons of damaged nerve cells are connected 3—4 days later. The
regulation of nerve regeneration is influenced by various factors, but those factors in the damaged area carry the most significant effects,
and axonal elongation requires appropriate actions by the neurotrophic factors produced by the action of an extracellular matrix and
Schwann cells in the denatured nerve regions[37].
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The sprouting of the nerves proceeds from the proximal to the distal axons, and due to this process, the number of nerve cells in the distal
axons remains greater than the axons in the proximal segment for a long time. When the distal axons have been connected to peripheral
tissues, a large number of axon buds are gradually localized. In this connection process, if some of the regenerative nerve fibers come
into contact with distal axons in the wrong way, re-innervation becomes impossible. In the case of functional nerve regeneration, the
recovery of distal nerve segments lost due to denaturation and re-innervation of target tissues acts as an important element. However, in
the process of nerve regeneration, the reconstruction of nerves that perform normal functions does not occur when the general lesion area
is serious. The diameter, conduction velocity, and excitability of those axons that have been regenerated after nerve damage and recovery
are maintained at lower levels than normal for a long time. As a result, the recovery of organs where re-innervation occurred becomes
incomplete and maladaptation often occurs. If a loss of nerve connection occurs in the lesion area, nerve regeneration restrictions are

further exacerbated and as the gaps in the damaged area in-
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crease, nerve regeneration decreases. Therefore, external stimulation methods that can assist the appropriate progression of nerve sprout-
ing and adaptation should be used to enhance nerve regeneration ability[38].

Although the regions of peripheral nerve axon damage can be regenerated, re-innervation does not always result in the recovery of motor
and sensory functions. There are special rules for the reconnection of damaged regions after nerve damage and regeneration. Nerve re-
connection shows diverse patterns depending on the characteristics of the distal axons that are combined with the sprouts of the proximal
axons and the morp developed by Taub and was based on hology of the terminal organs to which the damaged nerves are connected. The
Schwann cells present in the motor nerves and sensory nerves selectively regulate axon regeneration methods through differences in the
secretion of cell adhesion substances. Conversion into the phenotype for the ability to survive and regenerate axotomized nerves should
occur at an early stage to promote nerve regeneration and re-innervation[39].

CIMT was developed by Taub and was based on behavioral neuroscience research[16]. The conventional CIMT is a rehabilitation pro-
gram that constrains the unaffected side to limit its use for 90% of the patient's waking time for 2 weeks while engaging them in high-
intensity training and task repetition of the affected side, thereby inducing the use of the affected upper limbs[16]. However, despite the
positive effects of CIMT, the fact that patients feel the burden of this challenging training, experience stress, and face other safety prob-
lems were pointed out. Page et al. (2001) therefore implemented a modified form of CIMT. The modified CIMT was implemented for 30
minutes per session, 3 times per week for 10 weeks. The unaffected side was constrained only for the 5 most active hours of the subject's
day. The therapeutic effects of the modified CIMT were proven through changes in effects before and after treatment and when com-
pared with the therapeutic effects of other treatments[18][19].

Functional assessments related to peripheral nerve recovery are divided into those for motor nerve recovery and sensory nerve recovery.
In relation to motor nerve recovery, SFI, which is a functional assessment for nerve damage in rodents, was known as the most reliable
test method and used by previous study making functional assessments regarding regeneration after nerve damage possible. The SFI
shows the ratio of insufficient functions when the normal gait is regarded as 0%. An SFI value of 0 indicates normal conditions and an
SFI1 value of -100 indicates complete damage[24][25]. The SFls obtained from the rats with crushed sciatic nerves per measurement peri-
od after the rats performed treadmill exercise using CIMT can be an objective index to evaluate the recovery of motor functions. In addi-
tion, the ladder walking test is a useful tool for assessing the waling ability of the forelegs and hind leg in relation to aging and damage to
the motor system. The mistake scores of the ladder walking test show a significant correlation with the degree of neurological damage.
Therefore, for the assessment of functional recovery, the SFI, the ladder walking test, and the angles of the ankle during walking were
measured in this study. According to the results, in a comparison between the groups, the group that utilized CIMT showed statistically
significant functional improvements compared to the control group at day 14 and day 21 of treatment. This indicates that the exercise
group using CIMT and the exercise group subject to injection therapy further improved their walking ability compared to the control
group. These results suggest that sensory fibers and motor fibers were effectively regenerated and re-innervated thanks to the stimulation
of cell healing based on the principle of sensory motor integration therapy to improve functional activities.

The deconstruction of the ribosome bundles indicates chromatolysis, which is a morphologic change in the damaged nerve associated
with anabolic reactions. Not using muscles due to chromatolysis and neuroparalysis is a cause of continuous innervated muscle atrophy
after peripheral nerve damage and maximal atrophy occurs 2 weeks after damage. As such, chromatolysis is caused by biochemical
changes, such as decreased DNA inhibition, increased RNA synthesis accompanied by cytoplasmic migration of nuclear RNA, and in-
creased protein contents. Biochemical changes immediately after axonotmesis and morphological changes due to chromatolysis occur
simultaneously. While the production of neurotransmitters and cytoskeletal proteins decreases, the enzymatic synthesis of pentose phos-
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phate necessary for RNA synthesis increases. In order for the axotomized nerves to progress from the delivery stage to the regeneration
stage, decreases in the synthesis of neurotransmission-related substances and appropriate changes in the expression of genes related to
growth-related proteins and the components of nerve cell membranes are all necessary. In previous study, it was reported that the weights
and cross-sections of the gastrocnemius muscle and the soleus muscle on the affected side significantly decreased compared to the unaf-
fected side over time after nerve damage[5][32].

The limitations of this study include the fact that not all the experiment results conducted using rats can be generalized and the treatment
program based on such experiments should be appropriately adjusted in terms of intensity and time if it is to be applied to humans. In
addition, since the application of treadmill exercise using CIMT immediately after inducing a crushed sciatic nerve was difficult, only
low-intensity exercises were performed. In addition, since CIMT could not be applied for a long period of time, it was applied only while
exercises were being performed. Although walking patterns of white mouse and humans are different, improving the walking capacity of
white mouse means improving their functional motor skills. To complement the limitations of this study, many more studies on CIMT
applied to humans should be conducted.

4. Conclusion

In this study investigated the effect of exercise therapy combined with CIMT on neurological recovery after nerve injury. This study
was conducted using 45 male Sprague-Dawley rats aged 8 weeks and weighing 250-300g. The rats were randomly assigned to a control
group that would not to receive any therapy after nerve injury, a CIMT group that would undergo treadmill exercises utilizing CIMT
after nerve injury, and an exercise that would only undergo treadmill exercise after nerve injury. The results of this study showed that
there was no statistically significant difference at the beginning of SFI, ladder rung walking test, and ankle angle but there was a signifi-
cant difference between the groups at 14th and 21st. In other words, exercise therapy combined with CIMT was able to maximize nerve
recovery by inducing more nerve regeneration than CIMT alone. The results of this study can be used as a basic data to enable CIMT to
be used as a method for neural recovery in clinical practice.
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