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Objective To evaluate the effects of electric cortical stimulation in the experimentally induced focal traumatic
brain injury (TBI) rat model on motor recovery and plasticity of the injured brain.

Method Twenty male Sprague-Dawley rats were pre-trained on a single pellet reaching task (SPRT) and on a
Rotarod task (RRT) for 14 days. Then, the TBI model was induced by a weight drop device (40 g in weight, 25
cm in height) on the dominant motor cortex, and the electrode was implanted over the perilesional cortical
surface. All rats were divided into two groups as follows: Electrical stimulation (ES) group with anodal continuous
stimulation (50 Hz and 194 pus duration) or Sham-operated control (SOC) group with no electrical stimulation.
The rats were trained SPRT and RRT for 14 days for rehabilitation and measured Garcia’s neurologic examination.
Histopathological and immunostaining evaluations were performed after the experiment.

Results There were no differences in the slice number in the histological analysis. Garcia’s neurologic scores &
SPRT were significantly increased in the ES group (p<0.05), yet, there was no difference in RRT in both groups. The
ES group showed more expression of c-Fos around the brain injured area than the SOC group.

Conclusion Electric cortical stimulation with rehabilitation is considered to be one of the trial methods for
motor recovery in TBI. However, more studies should be conducted for the TBI model in order to establish better
stimulation methods.
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INTRODUCTION

Traumatic brain injury (TBI) occurs in various patterns
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depending on the patient’s nationality, age, sex, and cul-
ture. It is commonly accompanied by the impairments
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of the physical, cognitive, and psychosocial functions.
In addition, it also commonly occurs as a result of a car
accident or a fall, or a trauma during exercise, and its oc-
currence is more than two times higher in men than in
women.' For patients with TBI, neurosurgical treatments
should be made in the early period and rehabilitation
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should be accompanied afterwards. The methods of re-
habilitation training are to recover the impaired brain
function, to maximize residual function, to induce ana-
tomical reconstruction of the brain, to use an orthosis or
a device, and to reduce functional impairment by alter-
ing the environment. All of these treatment methods can
be used concomitantly as well.' In recent years, studies
for gene and stem therapy are under investigation but are
too far from becoming available in a clinical setting. Vari-
ous types of pharmacological treatments have also been
used but are of limited use to adjust the brain activity to a
desirable extent. So in recent years, neuromodulation of
brain has therefore become popular as additional reha-
bilitation that enhances brain plasticity.”

The neuromodulation of brain is advantageous in that
it can be done with no respect to space and time and can
suppress the competing brain regions by using inhibi-
tory stimuli as well as stimulate the specific regions of the
brain using excitatory stimuli; further, it can also be used
with drug therapy. Moreover, it can achieve recovery of
the brain function and brain plasticity through the treat-
ment effect (after-effect).’® The electricity and magnetic
fields are commonly used for neuromodulation therapy,
and transcranial direct current stimulation (tDCS) and
cortical electrical stimulation are representative methods
for electrically stimulating the cerebral cortex. Of these,
the electric cortical stimulation is advantageous in main-
tainining the duration of stimulus, stimulating the target
region selectively, and being used in rehabilitation.”

Studies of cortical electrical stimulation were first at-
tempted by Tsubokawa et al.® in 1994, who stimulated
the motor cortex for treatment of chronic pain following
the onset of stroke. These authors reported that some
patients achieved recovery of the motor paralysis during
treatment. Since then, many studies have been conduct-
ed. Up to the present, most of the studies on cortical elec-
trical stimulation have examined the degree of recovery
of motor function in an animal experimental model or in
patients with cerebral infarction. Furthermore, electrical
stimulation (ES) combined with rehabilitation training
was found to result in motor functional improvements in
many studies.” "’

Unlike cerebral infarction, TBI originates from injury to
superficial layers of the cerebral cortex and then leads to
diffuse the injury to white matter. With an increase in the
acceleration and deceleration, it progresses to deep lay-
ers of the cerebral cortex. Though it has different patho-

physiology from cerebral infarction, which occurs along
the blood vessels, to this day, there are a few reports on
animal experimental studies or clinical studies applying
the cortical electrical stimulation therapy to TBI. There-
fore, through an investigation, we aimed to establish
baseline data for a variety of animal experimental studies
on cortical electrical stimulation. In order to conduct the
investigation, we inflicted trauma upon the motor area
of the brain in rats and thereby created an animal experi-
mental model of focal brain injury. We then examine the
degree of recovery of the motor function and the brain
plasticity after cortical electrical stimulation through re-
habilitation.

MATERIALS AND METHODS

Animals

Twenty male Sprague-Dawley rats aged 120 days and
weighing 250-300 grams (Samtako Biokorea, Daejeon,
Korea) were used. They were housed in a transparent rat
cage in the standard environment at a temperature of 21-
24°C under a 12 hour light-dark cycle. All animal experi-
ment protocols were carried out in accordance with the
guidelines of animal experiments, edited by the Korean
Academy of Medical Science (KAMS).

Group assignments of the animals: All rats were ran-
domly divided into two groups; both groups were pre-
trained on a single pellet reaching task (SPRT) and rotar-
od task (RRT) for 14 days prior to the induction of brain
injury. In both groups, TBI was induced. In the sham-
operated control (SOC) group, an electrode was im-
planted and rehabilitation training was performed with-
out electrical stimulation. In the electrical stimulation
(ES) group, the rats received implantation of the cortical
electrical stimulator electrode and received electrical
continuous stimulation with rehabilitation training. To
minimize the sacrifice of rats, behavioral test, neurologi-
cal evaluation, and immunohistochemical staining was
performed in serial order for each animal.

Animal experimental model of post TBl using rats
After all of the rats were given an intramuscular injec-
tion anesthesia with a mixture of ketamine hydrochloride
(60 mg/kg) and xylazine hydrochloride (7 mg/kg), they
were placed in a stereotaxic frame, the Model 900 Small
animal stereotaxic instrument® (David Kopf Instruments,
Tjunga, USA) adapting for their skull in a prone position.
www.e-arm.org
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The rat’s body temperature was maintained at 37.0+0.5°C
by using the Homeothermic Blanket System® (Harvard
apparatus Ltd, Edenbridge, UK). The cortical impact
point was 1.0 mm anterior and 3.0 mm lateral to the
bregma, which was the contralateral side of the dominant
forelimb referred to rat brain map.'* After exposing 3 mm
size of the rat’s skull by a midline incision of 2.5 cm, the
dura mater was dissected and the impact was generated
by dropping the 2 mm rounded piece of brass onto the
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rat’s skull. TBI trauma device, the weight drop model,
was applied according to the technique modified by Fee-
ney et al.," adapting the method of Ducker” in order to
induce a spinal cord injury. To induce TBI, the pieces of
brass were dropped from a designated height through a
stainless guided steel tube, which is perpendicular to the
floor. Within the guided tube, we created small holes at a
1 cm gap in order to reduce the air resistance during the
falling.

Fig. 1. (A) The guided tube was
kept at a 90 degree angle and was
perforated at 1 cm intervals to pre-
vent air compression in the guided
tube, (B) A free weight is released
directly onto the exposed dura.

Fig. 2. (A) Circular injured lesion
(arrow) in the right motor cortex
of rat, (B) Implantation of stimu-
lation electrode over the right
hemisphere, (C) Stimulator for
continuous electrical stimulation,
and (D) Connection of stimulator
and electrode in traumatic brain-
injured rat model.
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Since there is a tendency that rats, unlike humans, do
not sustain a decreased motor function but achieve a
good recovery, despite a certain level of injury, we have
therefore attempted to trigger and examine a brain injury
of moderate to severe degree. In order to do conduct such
injury, we induced the dropping of a 40 g falling weight from
a height of 25 cm at a pressure of 1.0 kg/cm? (Fig. 1). *°

Cortical electrical stimulation

Electrode implantation for cortical stimulation: After
the creation of the rat model of TBI, we applied the corti-
cal electrical stimulation following the procedure by Yang
et al."” in a rat experimental model of cerebral infarction.
A 3 mm diameter round bipolar stimulating electrode,
made of stainless steel Oscor® (Tampa, Florida, USA),
was inserted to the anterior margin of the target site. The
surface of the electrode covered the damaged brain tissue
and its adjacent tissue on the dura mater. A 1 mm diam-
eter stainless steel reference electrode was fixed -1.5 cm
(posterior) to the electrode on the skull. Both electrodes
were fixed using polymethylmethacrylate (PMMA), and
the skin edges were approximated around the implant
except for the electrode and commutator system (Fig. 2).

Cortical electrical stimulation: After the creation of
the rat model of brain injury with electrode implanta-
tion, the electrode cable was connected to HSRG Neuro®
(Cybermedic Corp., Iksan, Korea), an electrical stimula-
tor designed to select the intensity of stimulus, the time
interval between the stimuli, and the frequency of stimu-
lation and the anode (Fig. 2). In the ES group, the level
of stimulation was determined to be set at the 50% of the
motor threshold, which was defined as the lowest current

to produce visible vibrissae movement. Starting from 0.8
V, the motor threshold was measured once per two days,
increasing the intensity by 0.1 V. An electrical stimulator
was designed to control the program, using the anodal
electrical current of the pulse wave. The stimulator fre-
quency was 50 Hz with pulse duration of 194 microsec-
onds. Electrical stimulation was induced on the rats 24
hours a day from days 1 to 14.

Rehabilitation program

Subsequent to the creation of the rat model of TBI,
the SPRT and the RRT were performed once daily in the
morning and in the afternoon for 14 days.

SPRT: The SPRT was conducted following the design
adapted from Vergara-Aragon et al.'® Rats were pre-
trained to reach through the window in order to retrieve
a single piece of food, a 45-mg single sucrose pellet (Bio-
serve Inc., Frenchtown, USA), for adaptation. Each rat
performed the reaching trials 20 times each morning
and in the afternoon for 20 min during the 14 days. The
location of the food was reset to make the rats use their
dominant forelimb. A clear Plexiglas box (35 cm longx35
cm widex45 cm high) was made for functional assess-
ment and electrical stimulation, with the food shelf on
the lateral side of the box (5 cm longx4 cm widex5 mm
high) below the 1x15 cm window, which is 2 cm from the
floor to the top of the box (Fig. 3)." On post lesion day 1,
if the rats were successful in reaching at least one of the
20 trials, they were excluded from the current experiment
because they were considered not to have enough brain
injury of moderate to severe degree.

RRT: Following the creation of the rat model of TBI,

=

- (B)

Fig. 3. (A) SPRT with electric corti-
cal stimulation, (B) RRT with elec-
tric cortical stimulation.
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the rotarod task was performed to improve sensorimo-
tor integration. This is based on the method proposed by
Hunter et al.”’ The rats were trained on the rotarod device
consisting of five cylinders, in which the velocity was
gradually accelerated from 4 to 40 rpm for a maximum
of 5 minutes. On the floor below the cylinder, there was
a sensor that responded to the weight; thus, the training
device was spontaneously stopped if the rat was dropped
from the cylinder (Fig. 3). Animals were trained for 14
days three times each in the morning and in the after-
noon, while receiving continuous electrical stimulation.

Measurements

We trained both the SPRT and RRT during a 14 day
behavioral training period prior to the induction of the
brain injury. The data was collected from two days prior
to the preparation of the TBI rat model to the very day of
the induction for baseline data (Fig. 4).

Neurological score: Neurological motor and sensory
function were assessed in this study using the scoring
system in rats with cerebral ischemic model, proposed by
Garcia et al.” The post-brain injury animals were scored
by an examiner who was blind to the stimulation status
at certain times at every other day from the post-brain in-
jury date. The neurological score of Garcia et al. included
the following six parameters: (1) Spontaneous activity,
(2) Symmetry in the movement of four limbs, (3) Forepaw
outstretching, (4) Climbing, (5) Body proprioception,
and (6) Responses to vibrissae touch. Of the six param-

eters, the first three have a minimum score of 1, and the
remaining three have 0 as their minimum score. In addi-
tion, all of the six parameters have a maximum score of
3; thus, if an animal is scored totally, the minimal neuro-
logical score is 3 and the maximum is 18. If the rats ob-
tained a score of more than 12 on the neurological scores
proposed by Garcia et al., they were considered not to
have brain injury of moderate or higher severity and were
excluded from the experiment.

SPRT: The data from the afternoon session were cho-
sen from the training sessions that were performed for
20 minutes each in the morning and in the afternoon.
This analysis was based on the percentage of the success
rate of rats reaching for food and that of the number of
the pellets grasped with the forelimb and brought to the
mouth without dropping, knocking, and missing. The
scores were calculated based on the following formula:
The success rate of SPRT (%)=(The number of successful
mouth consumption/20)x100.

RRT: Following the onset of the brain injury to the mo-
tor cortex in rats, the overall degree of functional recov-
ery was assessed on the RRT. The mean time of the values
of the 3 performances between pre and post-brain injury
was calculated as %.

The performance rate (%)=(The mean time of session of
post-brain injury/The mean time of session of pre-brain
injury)x100.

Histopathological study: After the end of the last train-
ing session, the rats were perfused transcardially with
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Fig. 4. Diagram of experimental design. After 14 days of preoperative training, all rats underwent traumatic brain
injury in the motor cortex and implantation of stimulating electrode (D0). Only the experimental rats were trained
with continuous electrical stimulation from day 1 (D1) to day 14 (D14) post-injury. P: Preoperative day, GNE: Garcia’s
neurologic examination, CCS: Continuous electric cortical stimulation, ES: Electric cortical stimulation group, SOC:

Sham-operated control group.
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1% paraformaldehyde (PFA), followed by 4% PFA fixa-
tives. The brains were removed and were post-fixed in 4%
paraformaldehyde (PFA) at 4°C for four hours and were
subsequently replaced in 30% sucrose solution for more
than 12 hours. The brain fixations were sectioned at a
thickness of 40-pum with a 400-ym gap along the coro-
nal plane using a Cryotome® (Thermo Fisher Scientific,
Loughborough, UK). Tissue sections were then stained
using a Hematoxylin (YD diagnostics, Yongin, Korea) and
Eosin (PMC Histolab, Jeonju, Korea) dye mounted on a
slide, which was smeared with poly-L-Lysine.
Immunohistochemical staining: To explore the tissue
remodeling of the brain that mediates recovery of mo-
tor function in the impaired forelimb, we performed an
immunohistochemistry. Among the selected, the coro-
nal plane of 4 mm anterior and posterior to the center
of the lesion, the 40 pm sections, which was present on
+1.80 mm, were used for lesion exploration.'” All tissue
samples were immersed in distilled water for 30 minutes
and were incubated with 0.3% hydrogen peroxide solu-
tion (H,0,) in order to block the activity of endogenous
peroxide. The sections were rinsed with Tris Buffer Solu-
tion (TBS) for 10 minutes and then permeabilized using
0.5 % Triton X-100” (Sigma-Aldrich, St. Louis, USA) for 30
minutes, and then rinsed again with TBS for 10 minutes.
After 1 hour of immersion with TBS containing 5% milk,
c-Fos antibody (Calbiochem, Darmstadt, Germany) was
applied to the sections for 24 hours at 4°C, diluted in TBS

of 10 ug/ml concentration. The sections were rinsed with
TBS and then incubated with secondary Streptavidin
Horseradish Peroxidase Conjugate antibody (Glostrup
Denmark/Dakocytomation) for 20 minutes, 20-fold di-
luted for reaction, with ABC solution (Vector Laboratory
Inc., Burlingame, USA) for 1 hour, and reacted with per-
oxide substrate solution (DAB) (Invitrogen Inc., Carnaril-
lo, USA) for 5-10 minutes. The sections were rinsed with
TBS between the reactions. The sections were washed
with distilled water, dehydrated, immersed in xylene, and
completely fixed with a mounting solution. The same
sampling method was applied to the sections of the con-
trol group for comparison.

Statistical analysis

Statistical analysis was done using SPSS v.12.0 (SPSS
Inc., Chicago, IL). Mann-Whitney tests were utilized
in order to compare the volume of lesion, the number
of tissue sections, neurological scores, and behavioral
measures between the ES and the SOC groups. Wilcoxon
signed ranks tests were used to examine the effect of
treatment in each group. The significance levels were set
at a p-value of <0.05.

RESULTS

Focal TBl lesion in the cortex
By 2 weeks post injury, all brain tissues sectioned from

Fig. 5. The hematoxylin-eosin (HE) staining showed the traumatic injured area of the affected hemisphere; note the
large cavity that involved the cortex at the site of injury (A), and the red arrow that shows the nuclear vacuolation in
the brain cell after the traumatic brain injury (B).
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the rats had well developed trauma-induced lesions. On
a microscopy, there were variable degrees of coagulation
necrosis, cystic change within the necrotic tissue, and
cavities due to the degeneration of the nucleus (Fig. 5).
The number of tissue resections extracted from the brain-
injured site was measured and compared between the
two groups, and no significant differences were observed
in the volume of the lesion between the two groups (Table

1).

Neurological scores

In both the ES group and the SOC group, the neurologi-
cal scores of Garcia et al. were improved as time elapsed.
By day 6 post-brain injury, the ES group combined with
the rehabilitation training had begun to show greater re-
covery compared to the SOC group (p<0.05) (Table 2) (Fig.
6).

Changes in the SPRT scores

Prior to the creation of the rat model of focal TBI, the
mean success rate of SPRT showed no significant differ-
ences between the SOC group and the ES group. Follow-
ing the brain injury, both groups showed an abrupt de-
crease in the SPRT scores to 0 points by post-lesion day 2.
In the ES group, the SPRT scores began to rise from post-
lesion day 3 and improved to 54.00+13.55% after 2 weeks
later. In the SOC group, the SPRT scores were 0 points

Table 1. The Comparison of the Slice Number and the To-
tal Volume of the Injured Area between the ES and SOC
at 2 Weeks Post-injury

ES (n=10) SOC (n=10) p-value
Injured volume (mm®) 32.00+2.79 31.20+2.97 0.786
9.70+1.06 9.80+1.48 0.823

Total slice number

Values are mean+SD
ES: Electric cortical stimulation group, SOC: Sham-oper-
ated control group

by post-lesion day 3 and were gradually improved start-
ing at post-lesion day 4 to 18.00+£10.06% after 2 weeks.
The degree of recovery was significantly greater in the ES
group compared to the SOC group from post-lesion day 5
(p<0.05) (Table 3) (Fig. 7).

Changes in the RRT scores

Prior to the onset of brain injury, there were no sig-
nificant differences in the mean value of the RRT score
between the two groups (p>0.05). During the 2 week
post-injury observation period, by post-lesion day 3, the
mean value of RRT score was significantly greater in the
SOC group but was lower at post-lesion day 6 compared
with the ES group. However, this was not statistically sig-
nificant. The mean value of RRT scores also observed no
significant differences between the two groups (p>0.05).

187  _—a— Garcia-ES
164 —* Garcia-SOC . *
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Fig. 6. Garcia’s neurological score of the ES group and
the sham-operated control group. There was a significant
improvement in the ES group after the post-operation 6
days. Garcia-ES: Garcia neurological examination score
of the electric cortical stimulation group, Garcia-SOC:
Garcia neurological examination score of the sham-
operated control group. *p<0.05 by Mann-Whitney test
between the two groups.

Table 2. Changes of the Garcia’s Neurological Scores on Every Other Day after Traumatic Brain Injury

DO D2 D4 D8 D10 D12 D14
ES (n=10) 3.33x0.42  3.20+0.42 4.10+£0.99  8.10£2.02* 11.10+2.23* 13.10+1.66* 14.00+1.33* 14.30+1.25*
SOC (n=10) 3.30+£0.48 3.30+0.48 3.70+0.82 4.90+1.45 6.60+1.51  8.40+2.27 10.50+2.32 11.80+2.15

Values are mean+SD

ES: Electric cortical stimulation group, SOC: Sham-operated control group, D: Date from traumatic brain injury from

the very day (DO) to day 14 (D14)
*p<0.05 by Mann-Whitney test
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Table 3. Comparison of the SPRT and the RRT Scores between ES and SOC

Day SPRT RRT
ES (n=10) SOC (n=10) p-value* ES (n=10) SOC (n=10) p-value*
-2 78.00+3.54 77.00+£5.37 0.901 72.00+£12.31 68.00+14.41 0.427
-1 87.00+3.50 87.00+4.22 0.869 77.00£15.05 69.00+£10.23 0.120
0 88.00+4.22 88.00+4.25 0.745 77.00£10.11 74.00+£7.33 0.494
1 0 0 1.000 3.00+3.53 3.00+3.96 0.966
2 0 0 1.000 6.00+£4.11 7.00£5.40 0.819
3 2.00+2.42 0 0.067 10.00+4.65 18.00+6.16 0.059
4 9.00+5.80 5.00+£2.84 0.073 16.00+£7.45 20.00+5.13 0.120
5 19.00+£9.94 7.00£3.50 0.002* 21.00£10.15 25.00£10.00 0.319
6 28.00+£14.58 11.00+5.16 0.001* 25.00+£10.07 23.00+8.82 0.820
7 35.00+£18.26 13.00£7.91 0.001* 26.00+9.21 24.00+9.82 0.705
8 37.00+14.18 13.00+8.23 <0.001* 26.00+9.59 21.00+4.76 0.172
9 42.00+£11.32 14.00x£7.47 <0.001* 26.00+£8.91 24.00+6.67 0.544
10 43.00£9.50 15.00£7.62 <0.001* 24.00+8.97 26.00+9.06 0.850
11 43.00+8.25 16.00+£8.43 <0.001* 26.00+£14.77 25.00+4.58 0.593
12 48.00+8.88 16.00+8.96 <0.001* 27.00+£9.54 24.00+3.98 0.819
13 50.00+£10.27 18.00+9.50 <0.001* 40.00+5.81 37.0016.29 0.343
14 54.00+13.55 18.00+10.06 <0.001* 58.00+5.82" 53.00+9.72" 0.103

Values are mean+SD
ES: Electric cortical stimulation group, SOC: Sham-operated control group, SPRT: Single pellet reaching task, RRT: Ro-

tarod task

*p<0.05 by Mann-Whitney test, 'p<0.05 by Wilcoxon signed ranks test

100 1
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Fig. 7. Success rates of the single pellet reaching task
(SPRT) of ES and SOC. The success rate of ES was higher
than that of SOC from day 5 after the traumatic brain in-
jury. ES: Electric cortical stimulation group, SOC: Sham-
operated control group. *p<0.05 by Mann-Whitney test
between the two groups.

At 2 weeks post-injury, both ES and SOC groups exhib-
ited significant recovery compared to post-lesion day 1
(p<0.05) (Table 3) (Fig. 8).

T T T T T T T T T T T T T T T T 1
2-10 12 3 456 7 8 91 1121314
Day

Fig. 8. The Rotarod task of ES and SOC. There were no
significant differences for two weeks between ES and
SOC but both groups showed general improvement af-
terwards. ES: Electric cortical stimulation group, SOC:
Sham-operated control group. 'p<0.05 by Wilcoxon
signed ranks test.

Immunohistochemical findings

The expression of c-Fos on the injured motor cortex
was observed in both the ES group and the SOC group.
The degree of c-Fos expression was more marked in the

Www.e-arm.org 603



Yong-Soon Yoon, et al.

ES group compared to the SOC group. The expression of
c-Fos was also observed on the contralateral side of the
lesion in the ES group, but showed less expression com-
pared to the lesion side. In addition, it was predominant-
ly found in the infragranular layer of the cerebral cortex
(Fig. 9).

Adverse effects during the experiment

Following the electrical stimulation, there were no find-
ings of motor disturbances in the head or extremities and
severe spasticity. Also, there were no findings of epilepsy
throughout the experiment period. Moreover, there were
no findings of behavioral abnormalities due to the in-
tracranial infections or abscess on the histopathologic
evaluations following the electrode implantation.

DISCUSSION

There are various types of neuromodulatory treatment
that are performed for patients with brain injury. Of
these, transcranial magnetic stimulation (TMS), transcra-
nial direct current stimulation (tDCS), cortical electrical

www.e-arm.org

stimulation (ES), and deep brain stimulation (DBS) are
performed to mediate the recovery of the brain function
with direct stimulation of the brain, using the mainly
electrical current or magnetic field. Although cortical ES
has a disadvantage of relatively high invasiveness com-
pared with the other methods, requiring surgical opera-
tion under general anesthesia, it is the most excellent
method in the perspective of energy efficiency, accuracy
of stimulation, and the possibility of combining with re-
habilitation.”

To date, most studies about cortical ES have been
performed related to cerebral infarction. Brown et al."”
reported that the ES of motor cortex enhances brain
function, promotes cortical reorganization, and blocks
inhibitory action in the subcortical level. In addition,
Kleim et al.” and Plautz et al."’ reported that the cortical
ES can drive brain plasticity and potentiate a new net-
work instead of a damaged one.”>*

According to the study about the frequency for the
cortical ES of Adkins-Muir and Jones,” a rat model of ce-
rebral infarction divided into 50 Hz stimulation and 250
Hz stimulation groups showed greater rates of improve-

Fig. 9. Immunohistochemical
staining for c-Fos protein in the
motor cortex. (A) The ipsilesional
motor cortex of the electric corti-
cal stimulation group, (B) the con-
tralateral motor cortex of the elec-
tric cortical stimulation group, (C)
the ipsilesional motor cortex of
the sham-operated control group,
and (D) the contralateral mo-
tor cortex in the sham-operated
control group. Note the increase
of c-Fos expression in the perile-
sional area of the motor cortex of
the electric cortical stimulation
group and (A) c-Fos expression in
the infragranular cell layer of the
contralateral cortex (B).
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ment with the impaired forelimb in the 50 Hz stimulation
group, but showed no significant improvement in the
250-Hz stimulation group. Also, Teskey et al.” found that
the group that received 50 Hz to 100 Hz showed signifi-
cantly greater efficacy in the rat model of cerebral infarc-
tion. Therefore, in the present study, we used the 50 Hz
frequency stimulation.

According to the study of Moon et al.”’ on continuous
stimulation (CS) and intermittent stimulation (IS) in a
rat model of cerebral infarction, CS showed better results
in the animal group with severe infarction, whereas IS
showed greater recovery in the animal group with infarc-
tion of lower to moderate severity. These authors as-
sumed that the CS in the rat model of moderate degree
infarction might induce additional injuries in the cere-
bral neurons of the penumbra area. However, this might
be minimized following the IS because there was a rest-
ing period in the acute and subacute period. These au-
thors also noted that prolonged stimulation was required,
rather than minimizing additional injury in the acute
period, in order to recruit the neural plasticity, because
the severe degree infarction rat model group lacked of
the remaining plastic motor cortex due to irreversible in-
jury. We therefore used the continuous stimulation in an
animal model of moderate to severe degree brain injury
in the current study.

Rat models of TBI include weight drop model, con-
trolled cortical impact (CCI) model, and fluid percussion
injury (FPI) model.”** Of these, the weight drop model
is inexpensive, easy to perform requiring simple devices,
and can reproduce brain edema and contusion, which
replicates TBI that occurs in a clinical setting. However,
it has a disadvantage of not being able to quantify the
severity of the brain injury. The CCI model has advan-
tages such that it can quantify the impacts causing brain
injuries and can also prevent the occurrence of injuries
due to repulsive force. However, it can reproduce insuf-
ficient impact to induce the brain edema and contusion,
needing longer time of the impacts and thus, it may not
trigger a severe brain injury. The FPI model is a method
for inflicting brain injuries by application of a fluid pres-
sure pulse. Advantages of the FPI model are that the
magnitude, velocity, and intensity of the impacts can be
controlled accurately; yet, the disadvantage is that air in
the cylinder can generate resistance so that the accelera-
tion is not reflected. Therefore, in our study, we dropped

the same gram of weight from the same height in order
to compensate the demerits of the weight drop model,
which can replicate the most natural type of TBI. In ad-
dition, we modified our guided tube with holes at a 1-cm
gap in order to reduce air resistance as much as pos-
sible.”

Since the methods for evaluation of a specific func-
tion in a TBI rat model have not been found in previous
reports, we used the methods of that which evaluate the
functions in a rat model of cerebral infarction. Methods
for evaluating the function in a rat model of cerebral in-
farction include the neurological evaluations of Garcia,
Tray reaching task (TRT),” Single pellet reaching task
(SPRT),” sunflower seed-eating test,” cylinder test,*
swimming test,” and tongue protrusion test.** Neurologi-
cal evaluations of Garcia have been used to examine as
to whether there is a cerebral infarction in a rat model of

cerebral infarction,**

whose results can be graded based
on numerical scores. They also contain the assessment of
the functions of the forelimb. In this study, we assessed
whether TBI was made with the neurological scores of
Garcia, and we also examined the degree of recovery with
that. Such methods of sunflower seed-eating test, cylin-
der test, swimming test, and tongue protruding test have
a disadvantage as to the great discrepancy in the test out-
comes resulting from the subjective judgment of the ob-
servers. They also require not only a complicated device
but also a large place for the installation of the device.
By contrast, TRT, SPRT, and RRT can be performed even
with the use of a simple device in a small space. They also
have the advantage of being able to use objective scores
1.”” found that
TRT reflected the functional deficit in the early stage of

for the assessment. Among them, Kim et a

the brain injury, yet it did not correlate with the outcomes
of functional recovery. As a result, we did not use TRT for
the functional assessment in this study. Although RRT
was not sufficient to obtain the constant data, we used
RRT in order to examine the overall pattern of functional
recovery and the changes in the sensory and motor func-
tions because we developed a moderate to severe graded
injured rat model. Kim et al.*’ found that SPRT was one of
the most appropriate methods for assessing the recovery
of function following the loss of brain function after brain
injury.*”® SPRT was closely correlated with the magnetic
resonance imaging (MRI) and histopathological find-
ings; it further reflected the functional outcomes in the
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rat model of cerebral infarction. Hence, we used SPRT for
the functional assessment in this study.

In our study, we have conducted the RRT in order to
assess the motor coordination functions, equilibrium,
and motor learning ability. It requires a high level of in-
tegrated motor functions with proprioception, balance,
delicate motor control, perception of height, and anxiety.
It is known that RRT has a lack of consistency in the pre-
vious results in the animal experimental studies.”” This
lack of consistency might be due to the ability of the ex-
perimental animals adapting to the environment as well
as multiple factors, such as the anxiety level and balance,
having an effect on the assessment. Yet, in our study, the
RRT was performed in order to see the changes in higher
motor functions after TBI. We have observed the overall
recovery of brain injury in both groups. Recovery in high-
er motor functions might be followed after the recovery
of the brain injury. The differences of functional recovery
between the ES group and SOC group might have not ful-
ly exhibited with the short duration of training because
the rat’s higher motor function, including concentration
and balance capability, were the major variables for the
RRT test. Besides, the ability of height perception, anxiety
level, and equilibrium in each rat can affect the RRT test;
therefore, the accurate comparison about difference of
the groups was not examined in this study. Future stud-
ies will be required to observe more accurate outcomes,
using long-term training, which can restore the connec-
tions between proprioception and motor functions and
equilibrium and motor functions with the overall recov-
ery of the motor function.

c-Fos is one of the genes that is expressed in the cell
when tissue injury and inflammation is induced. It is
promptly expressed in the post-synaptic neurons in re-
sponse to various stimuli. Hence, due to the sensitivity,
it is used as a neurological marker for the activation of
neurons in the brain and spinal cord following the cen-
tral nervous system (CNS) injury.* As to the immunohis-
tochemistry in the current study, the ES group exhibited
an increased expression of c-Fos around the brain le-
sion more than the other group. Presumably, the cranial
neurons might be enhanced to recover more in the ES
group compared with the SOC group. The expression of
c-Fos was also observed on the contralateral hemisphere
of the brain lesion. In view of our findings, ES can affect
the contralateral hemisphere so that it may cause c-Fos
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expression, or ES can induce the activation of the contra-
lateral hemisphere. A majority of c-Fos expression on the
contralateral side of the lesion is primarily shown in the
infragranular layer of the brain. Considering that pyrami-
dal cells are mainly distributed in the infragranular layer
in the brain and descending fibers are sprouted to the
brain stem or spinal cord, the activation of the lesion by
stimulation might affect the contralateral side.

A limitation of this study was the method of producing
a TBI model of the brain. Since we followed an experi-
mental model of focal TBI by dissecting the skull and
inducing a direct injury to the brain, the results of this
study did not accurately reflect the clinical TBI state with
the widespread diffuse axonal injury component com-
bined to focal injury by moderate to severe impact on the
brain. Further study will be useful to observe the various
outcomes if the diffuse axonal injury is produced by the
impact on the brain without skull excision. This study
was conducted to observe the 14 day-outcome after cor-
tical ES combined with rehabilitation training in a TBI rat
model. Moreover, further complemented studies will be
required to determine the specific time points when the
ES has effects in achieving the recovery of functions on
pathophysiology. This should also be accompanied by
long-term follow-up studies.

Furthermore, it is also needed that further trials should
be conducted to identify the most appropriate methods
of ES based on the various frequency, duration of stimu-
lation, and the types of rehabilitation training following
the creation of an animal experimental model of TBI by
applying various methods and intensity.

CONCLUSION

In this study, we investigated the degree of recovery
through the evaluation of functional test after undergo-
ing the cortical ES combined with rehabilitation training.
In addition, we also examined the brain plasticity using
histopathologic examination and immunohistochemical
staining. Our results showed that in rat models of focal
TBI, there was a significant recovery in the ES group that
received the cortical ES combined with rehabilitation
training, compared to the SOC group receiving training
alone. Also, there was a significant recovery in the neuro-
logical scores of Garcia and in the behavioral test based
on the SPRT. However, there was no significant difference
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in the RRT that indicated the sensory and motor func-
tions between the two groups.

Together, these findings suggest that electrical cortical
stimulation combined with rehabilitation training en-
hances the improvement of motor function impairments
and also enhances plasticity of the injured brain lesion.
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