
Han et al. BMC Neuroscience           (2022) 23:76  
https://doi.org/10.1186/s12868-022-00763-3

RESEARCH

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Open Access

BMC Neuroscience

Transcranial direct current stimulation 
combined with amantadine in repetitive mild 
traumatic brain injury in rats
Soo Jeong Han, Gahee Park*† and Jee Hyun Suh*† 

Abstract 

Background:  Balance and memory deficits are common in patients with repetitive mild traumatic brain injury 
(mTBI).

Objective:  To investigate the combined effects of amantadine and transcranial direct current stimulation (tDCS) on 
balance and memory in repetitive mTBI rat models.

Methods:  In this prospective animal study, 40 repetitive mTBI rats were randomly assigned to four groups: tDCS, 
amantadine, combination of amantadine and anodal tDCS, and control. The tDCS group received four sessions of 
anodal tDCS for four consecutive days. The amantadine group received four intraperitoneal injections of amantadine 
for four consecutive days. The combination group received four intraperitoneal injections of amantadine and anodal 
tDCS for four consecutive days. Motor-evoked potential (MEP), rotarod test, and novel object test results were 
evaluated before mTBI, before treatment, and after treatment.

Results:  All groups showed significant improvements in the rotarod and novel object tests, particularly the 
combination group. The combination group showed a significant improvements in duration (p < 0.01) and maximal 
speed in the rotarod test (p < 0.01), as well as an improvement in novel object ratio (p = 0.05) and MEP amplitude 
(p = 0.05) after treatment. The combination group exhibited a significant increase in novel object ratio compared to 
the tDCS group (p = 0.04). The GFAP integral intensity of the left motor cortex and hippocampus was the lowest in the 
combination group.

Conclusion:  Combination treatment with amantadine and tDCS had positive effects on balance and memory 
recovery after repetitive mTBI in rats. Therefore, we expect that the combination of amantadine and tDCS may be a 
treatment option for patients with repetitive mTBIs.
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Introduction
In the United States, approximately 2.5 million cases of 
traumatic brain injury (TBI) occur each year, 75–90% of 
which are estimated to be mild [1, 2] Patients with mild 

TBI (mTBI) present not only cognitive symptoms such 
as memory impairment, reduced processing speed, and 
difficulty in focusing attention, but also motor symp-
toms such as difficulties in gait and balance [3, 4] A large 
proportion of patients with mTBI have suffered for an 
extended period because of the symptoms of mTBIs. In 
addition, when mTBI occurs repetitively, the prognosis is 
poor. Recent studies have demonstrated the cumulative 
effects of repetitive mTBI, which results in the excessive 
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accumulation of tau protein [5] Previous studies have 
shown that repetitive mTBI can lead to an increased like-
lihood of developing neurodegenerative diseases such as 
Alzheimer’s disease, Parkinson’s disease (PD), or chronic 
traumatic encephalopathy [6] Accordingly, there is grow-
ing awareness of repetitive mTBI and a recognition of the 
need for effective treatment options for repetitive mTBI.

Transcranial direct current stimulation (tDCS) is a 
non-invasive treatment modality that modulates neural 
membrane potential by delivering subthreshold electrical 
currents to brain neuroinflammation [7] Anodal tDCS 
has been reported to increase neural plasticity, leading 
to motor improvements in a rat model of TBI [7]. Our 
previous study showed that anodal tDCS could signifi-
cantly improve balance function in a repetitive mTBI rat 
model [8] However, only a few studies have investigated 
the effects of anodal tDCS on memory in repetitive mTBI 
cases.

Amantadine is a noncompetitive N-methyl-D-aspartate 
(NMDA) antagonist that may provide neuroprotection 
through the inhibition of excitatory glutamate receptors 
[9] Previous studies have shown that amantadine has the 
potential to improve motor and cognitive function in TBI 
rats [10] In contrast, another study reported no statisti-
cally significant effect of amantadine on cognitive func-
tion in subjects with TBI [11]

To date, there have been no studies on the combination 
therapy of amantadine and tDCS for the treatment of bal-
ance impairment and memory deficits in repetitive mTBI 
cases. Hence, this study aimed to investigate the effect of 
this combination therapy. We hypothesized that amanta-
dine and tDCS have positive effects on balance and mem-
ory improvements in repetitive mTBI rats.

Material and methods
This prospective, randomized animal study was approved 
by the Institutional Animal Care and Use Committee 
(approval number ESM13-0235). 4-week-old healthy 
male Sprague–Dawley rats (Orient Bio, Seongnam, 
Korea) weighing 80–90  g supplied by a single-source 
breeder were used in this study. 4-week-old rats were 
used in this study as this age corresponds to the teenag-
ers and young adults in rats, which is a common age of 
mTBI occurrence in humans [12] Only male rats were 
used in this study as the hormonal levels could influence 
the cortical excitability and the neurotransmitter levels 
could affect the tDCS response [13–15] The male would 
receive more current at the cortex than the female due to 
the cortical bone structure [16] Furthermore, males make 
up a larger percentage of cases than females in mTBI 
[17] For these reasons, in this study, only male rats were 
included. The animals were under standard conditions 
with 12-h light–dark cycle, and had free access to tap 

water and regular rat chow. All animals received human 
care in compliance with the National Institutes of Health 
guidelines for the use of experimental animals. This study 
was carried out in compliance with the ARRIVE guide-
lines. This study was performed using protocols approved 
by the Institutional Animal Care and Use Committee 
(Approval number ESM13-0235).

Repetitive mTBI models
mTBI was induced in rats using a modified weight-drop 
device and a protocol previously described by Tang et al 
[18] Through previous studies, we have demonstrated 
that the weight-drop device used in this study causes only 
mild traumatic brain injury without causing histological 
changes or imaging changes such as cerebral hemorrhage 
[8, 19, 20] The animals were anesthetized by intramuscu-
lar injection of tiletamine/zolazepam (10 mL/kg; zoletilⓇ, 
Vibac, France), and placed on the wooden platform of 
the device in the prone position. A 175 g steel weight was 
briefly dropped from a height of 30 cm through a polyvi-
nyl chloride tube with an inner diameter of 11 mm ter-
minating on the bregma of the rat. NCAA Concussion 
Study (1999–2001) showed the average interval between 
first and repeat concussion was 5.59 days. [21] This is a 
time interval equivalent to 0.89  h in rats. And atheletes 
reporting a history of 3 or more previous concussions 
were 3.0  times more likely to have an incident concus-
sion than atheletes with no concussion history [22] Based 
on these previous studies, the mTBI procedure was per-
formed 3  times at 1-h intervals for a repetitive mTBI 
model.

Experimental design
Forty rats underwent repetitive mTBIs (Day 1) and were 
randomly assigned to one of four groups: amantadine 
group (n = 10) that received intraperitoneal injections of 
amantadine alone, tDCS group (n = 10) that underwent 
anodal tDCS alone, combination of amantadine and 
anodal tDCS (amantadine + tDCS) group (n = 10) that 
underwent both amantadine intraperitoneal injections 
and anodal tDCS, and control group (n = 10) that did not 
undergo additional treatment. In the combination group, 
amantadine injection was administered first, followed by 
tDCS. All treatments were performed 4  times for four 
consecutive days (Days 2–5), once a day. The treatment 
and test schedules are shown in Fig. 1.

Experimental procedure
The day after three inductions of mTBI (Day 2), amanta-
dine injection and anodal tDCS were conducted (Fig. 1a). 
The amantadine and combination groups received daily 
intraperitoneal injections of amantadine hydrochloride 
(10  mg/kg; Sigma Chemical Co., St. Louis, MO, USA) 
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[23]. Amantadine hydrochloride was dissolved in 0.9% 
sterile saline and administered. Amantadine hydrochlo-
ride was injected once a day for 4  days (Days 2–5). Ion 
combination group, amantadine injection was adminis-
tered before tDCS application.

In tDCS and combination groups, anodal tDCS was 
performed under isoflurane-induced anesthesia (2% iso-
flurane in a 1:2 mixture of O2/N2O) [20] A tDCS was 
applied using a constant-current stimulator, PhoresorIIⓇ 
(IOMED, Salt Lake City, UT, USA). A constant direct 
current was delivered for 30  min at an intensity of 
0.2  mA and a density of 0.255  mA/cm2 (0.2  mA/0.785 
cm2). The fur around the bregma was removed to ensure 
tight attachment of the anodal electrode. A 1 cm-diam-
eter cup–shaped anodal electrode was placed on the 
scalp over the left motor cortex, 3 mm to the left of the 
bregma, and 2  mm in front of the interaural line, using 
a high-conductivity fixation cream (Fig. 1b). A 30 mm × 
30 mm rectangular rubber cathodal electrode was affixed 
to the abdomen [8, 20, 24]. Anodal tDCS was conducted 
once a day for 4 days (Day 2–5, Fig. 1a). tDCS was per-
formed by a single experienced physiatrist.

Measurements
Behavioral tests
In this study, two behavioral tests were performed; the 
rota rod test and the novel object test. These tests were 
conducted pre-mTBI (Day 1), post-mTBI (Day 2) and one 
day after the last session of treatment (Day 6), to elimi-
nate anesthetic effects (Fig. 1a). For evaluation of the bal-
ance control and motor coordination, the rotarod test 

was used [25] A rat was placed on the rotarod treadmill. 
The rotation speed was started at 4  rpm and acceler-
ated to 40 rpm over a 4 min period [7] The duration of 
the rolling rotarod before falling and the maximal speed 
on the rotarod were recorded and analyzed. Three trials 
were performed, and the average value was calculated. 
For the evaluation of the memory function, the modi-
fied version of the novel object test developed by Enna-
ceur and Delacour was used [10, 26, 27] Two identical 
objects were placed in an acryl room with black walls and 
floors, and the rats were allowed to explore for 5  min. 
One hour later, one of the objects was swapped for a dif-
ferent object, the rat was placed back in the room, and 
the time spent exploring each object was measured. The 
ratio between the times spent exploring the new object 
and the time spent exploring the familiar object was then 
compared. The objects were changed in every trial. In the 
first trial, the familiar object was a tetrahedron, and the 
new object was a cuboid. In the second trial, the famil-
iar object was a cylinder, and the new object was a coni-
cal flask model. In the third trial, the familiar object was 
a narrow tetrahedron, and the new object was a narrow 
cuboid. A higher ratio meant that more time was spent 
exploring the new object, which was interpreted as a bet-
ter memory function.

Motor‑evoked potentials (MEP)
To evaluate the functional integrity of the motor system, 
transcranial MEP was evaluated. MEPs are muscle 
action potentials elicited by transcranial magnetic brain 
stimulation [28] In this study, MEP measurements were 

Fig. 1  Experiment schedule and the position of electrodes during tDCS. a Experiment schedule. b The position of anodal and cathodal electrodes 
during anodal tDCS. A cup–shaped anodal electrode was placed on the scalp over the left motor cortex, and a rectangular rubber cathodal 
electrode was affixed to the abdomen
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evaluated pre-mTBI (day 1), post-mTBI (day 2), and 
post-tDCS (day 6) to evaluate the excitability of the 
corticospinal pathway (Fig.  1). MEP at the right tibialis 
anterior muscle of the hindlimb was evaluated. The MEP 
was recorded from the tibialis anterior muscle of the 
right hindlimb, which resulted from left motor cortex 
stimulation. The monopolar uninsulated stainless-steel 
active needle electrode was inserted into the belly of 
the tibialis anterior muscle, and the reference needle 
electrode was inserted into the distal part of the tibialis 
anterior muscle. The ground electrode was placed on an 
opposite footpad. The MEP test was performed using a 
Medtronic KeypointⓇ laboratory computer (Medtronic 
Inc., Jacksonville, FL, USA). The measurement settings 
were a sweep velocity of 5 ms with a sensitivity of 200 μV, 
and the bandpass filter setting was 20 Hz–10 kHz. Single-
pulse transcranial magnetic stimulation was administered 
over the left motor cortex, which was anterior and left 
lateral to the bregma, with a figure-of-eight magnetic 
coil (diameter of one widening = 50 mm, peak magnetic 
field = 4.0Tesla) using a magnetic stimulator, MagstimⓇ 
(Magstim Company, Whiteland, Wales, United 
Kingdom). The center of the coil was positioned on the 
left motor cortex, whose center was anterior and lateral 
to the bregma on the right side of the hindlimb, where 
the active needle electrode was inserted. A total of 20 
MEPs were recorded at 10  s inter-stimulus intervals 
[29] TMS intensity was recorded as percent machine 
output (MO), with 100% corresponding to the maximal 
amplitude electrical current conducted through the 
magnetic coil. We set the stimulation intensity to 100% 
MO [20]. The intensity of the stimulation was maintained 
constant throughout the procedure. The average latency 
and largest peak-to-peak amplitude of the MEP waves 
were recorded and analyzed.

Glial fibrillary acidic protein (GFAP) immunohistochemistry
GFAP is a protein found only in the central nervous 
system. GFAP levels are increased when astrocytes are 
damaged [30]. A low GFAP integral intensity indicates a 
decrease in reactive astrocytosis, which can play a neu-
rotoxic role and aggravate neural death [31, 32] Previ-
ous study showed that GFAP could determine patients 
with mTBI with subtle injuries detected only through 
MRI [33] 30  days after all treatments and evaluations 
(Day 36), 12 rats (3 rats from each group were randomly 
selected) were euthanized by carbon dioxide inhalation 
using an approved standard protocol. The brain tissue 
washed PBS for removing the bound and unbound rea-
gents/serum component. The fresh brain is fixed in 10% 
formalin to prevent deformation or deterioration due to 
autolysis. Formalin-fixed tissue undergoes tissue process-
ing and then is embedded in paraffin wax to create the 

paraffin block. Embedding is important in preserving 
tissue morphology and giving the tissue support dur-
ing sectioning. Brain slices were sectioned to a thickness 
of 4  μm. The tissues incubated using the free floating 
method. Immunohistochemical staining was performed 
to assess axonal damage and astrocytes. The slices were 
incubated with primary antibody against GFAP ( 1:500 
dilution, Ab4674, Abcam, Cambridge, United Kingdom) 
at room temperature for 30  min, and with conjugated 
secondary antibodies (1: 200 dilution, Ab6877, Abcam, 
Cambridge, United Kingdom) for 20 min [20] After stain-
ing, the tissue sections were washed with running water 
and mounted using a universal mount (Dako, Carpin-
teria, CA, U.S.A.). Left motor cortex and hippocampus 
were assessed and averaged in a blinded manner. In this 
study, respectively one representative left motor cortex 
tissue slice and hippocampus slice were selected and ana-
lyzed in each brain. Total twelve left motor cortex slices 
and twelve hippocampal slices were included. After tissue 
sections were obtained. Immunohistochemical study was 
performed with Bond Max (Leica Biosystems, Newcastle, 
UK). The mean integral intensity of GFAP was calculated 
and analyzed. A computer-assisted image analysis pro-
gram, AnalySISⓇ (Soft Imaging System, GmbH, Munster, 
Germany) was used to measure GFAP expression [20] 
Images were captured from left motor cortex and hip-
pocampus. The software automatically changed the color 
of all immunolabeled elements beyond the threshold 
range into red pixels and changed the color of the rest of 
the image into gray pixels. The software then estimated 
the intensity of pure red pixels [20, 34]

Statistical analysis
To verify the effects of mTBI, Wilcoxon signed-rank test 
was performed to compare the results of pre-mTBI and 
post-mTBI evaluation results for all rats. After treat-
ment, to compare the effects among the four groups, 
each treatment effect was measured with changes in 
each parameter (post-treatment values minus post-mTBI 
(pre-treatment) values; △). The Kruskal–Wallis test 
was used to compare the effects between groups. If the 
Kruskal–Wallis test was positive, the Mann–Whitney 
test was used for comparison between the two groups. 
In addition, to analyze the within-group effectiveness of 
treatments, we used the Wilcoxon signed test. Statisti-
cal analysis was performed using SPSS version 21.0 (IBM 
SPSS, Armonk, NY, USA), and p-values of 0.05 or less, 
were considered statistically significant.

Results
When comparing the pre-mTBI and post-mTBI results in 
40 repetitive mTBI rats, there were significant differences 
in all behavioral and MEP tests (Table 1, Fig. 2).



Page 5 of 13Han et al. BMC Neuroscience           (2022) 23:76 	

Behavioral tests
After treatment, the combination and tDCS groups 
showed significantly longer duration on rotarod (Com-
bination, p < 0.01; tDCS, p < 0.01) and faster speed on 
rotarod test (Combination, p < 0.01; tDCS, p < 0.01) 
(Table 2). The Amantadine group showed no significant 
difference in the rotarod test between the post-mTBI 
and post-treatment values. The combination and aman-
tadine groups also showed a significant increase in 
the object ratio of the novel object test (Combination, 
p ≤ 0.05; Amantadine, p ≤ 0.05) (Table  2). The tDCS 
group did not show a significant improvement in the 
novel object test after treatment. There was no signifi-
cant improvement in the behavior of the control group.

There were significant differences among the four 
groups in the rotarod test (△duration, p = 0.01; 
△maximal speed, p < 0.01) and novel object test 
(p = 0.01) (Table  3, Fig.  3). In rotarod test, the 
combination and tDCS groups showed significantly 
longer △duration on rotarod (combination, p < 0.01; 
tDCS, p < 0.01) (Fig.  3a) and significantly faster 
△maximal speed on rotarod (combination, p < 0.01; 
tDCS, p < 0.01) (Fig.  3b) than the control group. The 
amantadine group showed no significant difference 
compared with the control group in the rotarod 
test. There was no significant difference between the 
combination group and the other treatment groups 
in the rotarod test. In novel object test, combination 
group showed significantly greater increase of △object 
ratio than the control (p < 0.01) and tDCS groups 
(p = 0.04) (Fig. 3c). The amantadine group also showed 
a significantly greater increase in △object ratio than 
the control group (p = 0.04) (Fig. 3c). The combination 
group did not show a significant difference compared 
to the amantadine group. The tDCS group showed 
no significant difference compared to the control and 
amantadine groups in the novel object test.

MEP test
Combination group showed significantly increased 
amplitude of MEP after treatments (p = 0.05) (Table  2). 
In the tDCS group, the amplitude of MEP showed an 
increasing tendency after treatment compared to before 
treatment (p = 0.06) (Table  2). Amantadine and control 
groups showed no significant changes in MEP amplitude 
after treatment. There were no significant changes in the 
MEP latency in any of the groups.

There was a significant difference in △MEP amplitude 
among the four groups (p = 0.02) (Table 3, Fig. 4(a)). In each 
group comparisons, the tDCS group showed a significantly 
greater increase of △MEP amplitude compared to the 
other groups (control, p = 0.01; amantadine, p = 0.02; 
combination, p = 0.04) (Fig.4b). The combination group 
showed a tendency of a greater increase of △MEP 
amplitude compared with the control group (p = 0.09) 
(Fig.  4b). The amantadine group showed no significant 
difference compared with the control group. There was no 
significant difference in △MEP latency between the groups 
(Fig. 4a).

Immunohistochemical findings
Three brains in each four groups, a total of 12 brains were 
underwent the immunohistochemical study with GFAP 
stain. Reactive astrocytosis was observed in all slides, and 
the integral intensities were measured. The integrated 
intensities of GFAP in the treatment groups were lower than 
those in the control groups. In the left motor cortex, the 
integral intensity was the lowest in the combination group, 
followed by the tDCS, amantadine, and control groups 
(Fig.  5, 6a). The integral intensity of GFAP at the motor 
cortex was 209.43 ± 39.18  μm2 in the combination group, 
220.74 ± 36.39  μm2 in tDCS group, 243.00 ± 90.73  μm2 in 
amantadine group, and 279.84 ± 17.59 μm2 in control group 
(Fig. 5, 6a). In the left hippocampus, the integral intensity of 
GFAP was the lowest in the combination group, followed by 
the amantadine, tDCS, and control groups (Fig. 5, 6b).

Discussion
In this study, the amantadine group showed an 
improvement in object ratio. The tDCS group showed 
improvements in duration and maximal speed in the 
rotarod test, as well as amplitude in the MEP study. The 
combination group, which received both amantadine and 
tDCS treatments, showed significant improvements in 
duration and maximal speed in the rotarod test, as well 
as object ratio, when compared to the control group. In 
addition, the combination group showed the greatest 
improvements in the GFAP integral intensities of the left 
motor cortex and hippocampus compared to the tDCS 
and amantadine groups, respectively. This study suggests 

Table 1  The effects of repetitive mTBIs in behavioral tests and 
MEP. There were significant differences in all behavioral and MEP 
tests between pre-mTBI and post-mTBI

mTBI mild traumatic brain injury; results represent mean value ± standard error 
of mean
a  ≤ 0.05

Pre-mTBI Post-mTBI p-value

Duration on rotarod (sec) 136.61 ± 4.91 109.60 ± 6.40a  < 0.01

Maximal speed on rotarod 
(rpm)

20.60 ± 0.68 16.60 ± 5.75a  < 0.01

Object ratio (%) 182.30 ± 21.08 94.68 ± 8.77a  < 0.01

Latency of MEP (ms) 4.47 ± 0.11 5.04 ± 0.13a  < 0.01

Amplitude of MEP (μV) 194.93 ± 18.99 10.15 ± 8.20a  < 0.01
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Fig. 2  Box plot of the effects of repetitive mTBIs in behavioral tests and MEP. When comparing the pre-mTBI and postmTBI results in 40 repetitive 
mTBI rats, there were significant differences in all behavioral and MEP tests. (a) There were significant differences in the duration of rotarod between 
pre-mTBI and post-mTBI. (b) There were significant differences in the maximal speed on rotarod between pre-mTBI and post-mTBI. (c) There were 
significant differences in the object ratio between pre-mTBI and post-mTBI. (d) There were significant differences in the latency of MEP between 
pre-mTBI and post-mTBI. (e) There were significant differences in the amplitude of MEP between pre-mTBI and post-mTBI
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Table 3  Calculated differences (post-treatment values minus post-mTBI (pre-treatment) values; △) between pre-treatment (post-
mTBI) and post-treatment evaluations

In rotarod test, the combination and tDCS groups showed significantly longer △duration on rotarod and significantly faster △maximal speed on rotarod than the 
control group. In novel object test, combination group showed significantly greater increase of △object ratio than the control and tDCS groups. In MEP study, the 
tDCS group showed a significantly greater increase of △MEP amplitude compared to the other groups. mTBI mild traumatic brain injury, tDCS transcranial direct 
current stimulation, MEP motor-evoked potential. Results represent mean value ± standard error of mean
a  ≤ 0.05 significant difference compared with the control group by MannWhitney test
b  ≤ 0.05 significant difference among the four groups by Kruskal-Wallis test
C  ≤ 0.05 significant difference compared with the amantadine group by MannWhitney test
d  ≤ 0.05 significant difference compared with the tDCS group by Mann–Whitney test

Control Amantadine tDCS Combination

△Duration on rotarodb(sec) 2.20 ± 8.43d 30.75 ± 20.34 47.55 ± 8.89a 48.15 ± 12.25a

△Maximal speed on rotarodb(rpm) − 0.20 ± 1.05d 4.60 ± 2.75 6.80 ± 1.08a 6.60 ± 1.81a

△Object ratiob (%) − 13.18 ± 20.28c 52.58 ± 21.29a 29.64 ± 22.28 99.58 ± 23.13a,d

△MEP latency(ms) 0.15 ± 0.41 0.37 ± 0.27 − 0.24 ± 0.26 − 0.29 ± 0.23

△MEP amplitudeb(μV) − 22.60 ± 17.72d 13.30 ± 15.69d 83.60 ± 41.30a,c 22.90 ± 9.54d

Fig. 3  Comparison of the treatment effects on behavioral tests. a tDCS and combination groups showed significant increase of duration on rotarod 
compared with control group (p < 0.01). b tDCS and combination groups showed significant increase of maximal speed on rotarod compared with 
control group (p < 0.01). c In novel object recognition test, combination group showed a higher increase of object ratio than control and tDCS 
group (p < 0.01, p = 0.04). Amantadine group showed a significant increase of object ratio compared with control group (p = 0.04) tDCS; transcranial 
direct current stimulation, *p ≤ 0.05
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that tDCS and combination treatment may be beneficial 
for improving motor coordination and balance function, 
while amantadine and combination treatment may help 
improve memory function. Hence, the combination 
treatment of tDCS and amantadine has positive effects 
not only on balance, but also on memory function in 
repetitive mTBI rat models.

According to the pathophysiology of TBI, NMDA 
receptors are activated following TBI, which results 
in the acceleration of calcium accumulation, leading 
to neuronal death [35]. In addition, neurotransmitters 
are also altered, especially in the glutamatergic system, 
which is also related to NMDA receptors. Alterations 
in neurotransmitter levels can cause neuronal death 
and balance dysfunction [36]. Therefore, amantadine, 

an NMDA receptor antagonist, may be effective in 
reducing neural damage. Amantadine, a nonselective 
NMDA receptor antagonist, is a dopaminergic agent 
that presynaptically facilitates the release of dopamine 
and inhibits its reuptake, thereby increasing the 
concentration of dopamine in the synaptic cleft. 
Amantadine also has a direct postsynaptic effect on 
dopamine receptors, increasing their density and/or 
altering their configuration. Previous studies have shown 
that amantadine improves cognitive function related to 
arousal, memory, and aggression in TBI [37] Based on 
this mechanism, the object ratio of the novel object test 
in the amantadine and the combination groups in this 
study may improve.

mTBI is responsible for a 56% higher risk of develop-
ing PD [38] Amantadine is currently used in the man-
agement of gait disorders and balance disturbance 
mechanisms in patients with PD through dopaminergic 
and non-dopaminergic mechanisms [39] Amantadine has 
been shown to stabilize the NMDA receptor channel in 
the closed conformation, thus antagonizing this receptor 
[40] Amantadine also increases extracellular dopamine 
levels, which may be due to NMDA receptor inhibition 
[41] Additionally, studies on rat pheochromocytoma sug-
gest that amantadine may stimulate gene expression of 
L-amino acid decarboxylase, the enzyme responsible for 
converting levodopa to dopamine [42]. The improved 
balance of the combination group compared to the tDCS 
group in this study may be attributed to this mechanism 
of amantadine.

Anodal tDCS at the motor cortex (M1) improved the 
duration and maximal speed in the rotarod test, as well as 
amplitude in the MEP study. This is consistent with the 
results of our previous study [8]. In our previous study, 
anodal tDCS over M1 improved balance function by acti-
vating the corticospinal and pyramidal tract neurons in 
repetitive mTBI rat models [8].

In this study, the amantadine and combination groups 
showed a significant improvement in object ratio in 
the novel object test compared to the control group. 
Although not statistically significant, the greatest 
improvement was observed in the combination group. 
This suggests that anodal tDCS may have a positive effect 
on memory. A previous study showed that anodal tDCS 
over the M1 area enhanced visual recognition memory 
[43]. One possible mechanism of memory improvement 
by anodal tDCS over M1 is that such effects might be 
attributed to the remote effects of stimulating the primary 
motor cortex using tDCS, which resulted in influencing 
prefrontal regions [44] that play significant roles in 
memory, such as the premotor cortex, supplementary 
motor area,[45, 46] dorsolateral prefrontal cortex,[47] 
and cerebellum [48]. In this study, tDCS had a positive 

Fig. 4  Comparison of the treatment effects in MEP test. a There 
was no significant difference in the aspect of MEP latency. b MEP 
amplitude was significantly increased in tDCS group, compared 
with control, amantadine and combination groups (p ≤ 0.05) MEP; 
motor-evoked potential, tDCS; transcranial direct current stimulation, 
*p ≤ 0.05
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effect on memory improvement in a repetitive mTBI rat 
model through this mechanism.

In this study, the integral intensity of GFAP at the 
motor cortex and hippocampus were lower in the treat-
ment group. A previous study demonstrated that amanta-
dine prevents neuronal death induced by various toxins. 
Amantadine protects the retinal ganglion, nucleus basalis 
magnocellularis, and cortical and mesencephalic neurons 
from NMDA-induced toxicity [49–52]. Further, anodal 
tDCS can provoke neuroplasticity in repetitive mTBI rat 
models [20]. In a previous study, tDCS has been shown to 
reduce neuronal death resulting from transient cerebral 
ischemia. Thus, amantadine and tDCS had a preventive 
and positive effect on neuronal death, suggesting that 
the integral intensity was the lowest in the combination 
group.

Limitations
The present study has several limitations. First, we did 
not conduct follow-up evaluations. The long-term effects 
are important for the application of treatments in clinical 
settings. Further studies involving long-term treatment 
and follow-up are required. Second, only a small number 
of repetitive mTBI rat models were included.

Conclusion
This study demonstrated that combination treatment 
with amantadine and tDCS has positive effects on 
balance and memory recovery after repetitive mTBI 
in rats. In particular, the combination treatment 
group may have beneficial effects on balance and 
memory function compared to the control group. 
Amantadine acts as an NMDA receptor antagonist that 
reduces neural damage after mTBI. tDCS contributes 
to balance recovery by increasing motor cortex 

Fig. 5  Representative photographs of the left motor cortex and hippocampus with GFAP immunostain labeling. (a–d): ×40 magnification, (e)–(l): 
×200 magnification, (e)–(h): motor cortex, (i)–(l): hippocampus, (a, e, i): control group, (b, f, j): amantadine group, (c, g, k): tDCS group, (d, h, l): 
combination group). The calibration bar is 100 μm
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excitability. Therefore, we expect that the combination 
of amantadine and tDCS may be a treatment option for 
patients with repetitive mTBIs.
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