Received: 10 February 2023

Revised: 13 April 2023

Accepted: 21 April 2023

DOI: 10.1096/fba.2023-00017

RESEARCH ARTICLE

FASEB BioAdvances WILEY

Bilateral transcranial direct-current stimulation promotes
migration of subventricular zone-derived neuroblasts
toward ischemic brain

Ruixue Lei'” | Shu Wang® | Anchun Liu’? | Jing Cheng® | Zhifeng Zhang® |

Jinyang Ren® | Xujin Yao® | Xiangyi Kong® | Wenlong Ma®> | Fengyuan Che® |

Juan Chen’® | Qi Wan***

'Department of Pathology, Anyang Tumour Hospital, The Affiliated Anyang Tumor Hospital of Henan University of Science and Technology,

Anyang, Henan, China

“Department of Physiology, School of Medicine, Wuhan University, Wuhan, China

*Institute of Neuroregeneration & Neurorehabilitation, Department of Neurosurgery, Qingdao University, Qingdao, China

“Central Laboratory, Department of Neurology, Linyi People's Hospital, Qingdao University, Linyi, Shandong, China

SDepartment of Neurology, the Central Hospital of Wuhan, tongji medical collof Huazhong University of Science & Technology, Wuhan, China

Qingdao Gui-Hong Intelligent Medical Technology Co. Ltd, Qingdao, China

Correspondence

Qi Wan, Institute of Neuroregeneration
& Neurorehabilitation, Qingdao
University, 308 Ningxia Street, Qingdao
266071, China.

Email: giwanl@hotmail.com

Juan Chen, Department of Neurology,
the Central Hospital of Wuhan,

Tongji Medical College of Huazhong
University of Science & Technology, 26
Shengli Street, Wuhan 430013, China.
Email: chenjuan0828@163.com

Abstract

Ischemic insult stimulates proliferation of neural stem cells (NSCs) in the sub-
ventricular zone (SVZ) after stroke. However, only a fraction of NSC-derived
neuroblasts from SVZ migrate toward poststroke brain region. We have previ-
ously reported that direct-current stimulation guides NSC migration toward
the cathode in vitro. Accordingly, we set up a new method of transcranial
direct-current stimulation (tDCS), in which the cathodal electrode is placed
on the ischemic hemisphere and anodal electrode on the contralateral hemi-
sphere of rats subjected to ischemia-reperfusion injury. We show that the
application of this bilateral tDCS (BtDCS) promotes the migration of NSC-
derived neuroblasts from SVZ toward the cathode direction into poststroke
striatum. Reversing the position of the electrodes blocks the effect of BtDCS on
the migration of neuroblasts from SVZ. BtDCS protects against neuronal death
and improves the functional recovery of stroke animals. Thus, the migration of
NSC-derived neuroblasts from SVZ toward poststroke brain region contributes
to the effect of BtDCS against ischemia-induced neuronal death, supporting a
potential development of noninvasive BtDCS as an endogenous neurogenesis-

based stroke therapy.
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1 | INTRODUCTION

Neurogenesis in the subventricular zone (SVZ) is greatly
enhanced after cerebral ischemia, which promotes the
proliferation of neural stem cells (NSCs) in the SVZ and
induces NSC-derived neuroblast migration from SVZ to-
ward the damaged brain region.''° However, only a frac-
tion of NSC-derived neuroblasts are found to migrate from
SVZ to the damaged brain region,' which is a critical bar-
rier to prevent the potential of endogenous neurogenesis-
based brain repair. While much investigations have been
focused on the development of exogenous stem cell-
based stroke therapy, little effort has been made toward
the development of therapeutic approaches that utilize
the regenerative potential of endogenous neurogenesis
in ischemic stroke.!’ While promoting the mobilization
of endogenous stem cells seems beneficial to ischemic
brain repair, effort needs to increase the stem cell pool in
focal ischemic stroke.!' As the first step, we sought to de-
velop a noninvasive strategy that promotes NSC-derived
neuroblast migration from SVZ toward damaged brain
in ischemic stroke. We have previously provided the first
evidence that direct-current stimulation guides and facil-
itates the migration of neuroblasts toward the cathode in
cultured embryonic explants.'? Recent study shows that
electrical stimulation guides the migration of transplanted
human neural stem cells in rat brain."* These studies sup-
port a notion that direct-current stimulation could be de-
veloped as a practical approach to repair brain damage by
directing NSC-derived neuroblast migration from SVZ to
the injured brain regions.**

Experimental evidences show that transcranial direct-
current stimulation (tDCS) exerts a measurable neuropro-
tective effect in an animal model of ischemic stroke.>™’
It has been reported that tDCS exerts its beneficial effects
through multiple neurobiological mechanisms, includ-
ing the modulation of cortical excitability, expression
of growth factors, neuroinflammation, and neural stem
cell activation, and the long-term changes in cortical
excitability by tDCS mediates changes in N-methyl-D-
aspartate receptors and Ca*™* channels.”>'*** Clinical
trials have investigated the potential efficacy of tDCS in
poststroke motor recovery.”" Based on recent findings
by us and others, we reasoned that the efficacy of tDCS
in poststroke recovery could be enhanced by promot-
ing NSC-derived neuroblast migration from SVZ toward
the damaged brain region. As tDCS is a noninvasive and

interference-controllable technique, investigating the ef-
fect of tDCS on NSC-derived neuroblasts may lead to the
development of novel therapeutic strategies for stroke
patients.

In this study, we test the effect of tDCS on NSC-derived
neuroblast migration in the rat model of middle cerebral
artery occlusion (MCAO). We show that application of bi-
lateral tDCS (BtDCS), in which the cathodal electrode is
placed on the ischemic hemisphere and anodal electrode
on the contralateral hemisphere, promotes migration of
the neuroblasts from SVZ toward the direction of the cath-
ode to the poststroke striatum. Reversing the position of
cathodal and anodal electrodes prevents BtDCS-induced
neuroblast migration. Application of BtDCS reduces the
number of neuronal deaths in the damaged brain region
and improves functional outcomes in stroke animals. This
study provides direct evidence for the effect of direct-
current stimulation on endogenous neuroblast migration
in poststroke brain and supports a potential application of
noninvasive BtDCS as a biophysical therapy in ischemic
stroke.

2 | MATERIALS AND METHODS

2.1 | Animals and MCAO

The adult male Sprague-Dawley rats weighing 270-
300 g were employed to create 60-min MCAO ischemia
model. The standard method of the MCAO model has
been described by us in detail previously.**** Animals
were anesthetized with 4% isoflurane in 70% N,O and
30% O, using a mask. A midline incision was made in the
neck, the right external carotid artery (ECA) was care-
fully exposed and dissected, and a 3-0 monofilament
nylon suture was inserted from the ECA into the right
internal carotid artery to occlude the origin of the right
middle cerebral artery (MCA) (~22mm). After 90 min of
occlusion, the suture was removed to allow reperfusion,
the ECA was ligated, and the wound was closed. Sham-
operated rats underwent identical surgery except that
the suture was inserted and withdrawn immediately.
Rectal temperature was maintained at 37.0+0.5°C
using a heating pad and heating lamp. At 24h after
MCAO, rats were decapitated after reperfusion with
ice-cold 0.9% saline after being anesthetized with 4%
isoflurane in 70% N,O and 30% O,, and the brains were
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rapidly removed. The stroke animals were observed for
recovery for 22h after ischemia onset, and the BtDCS
was applied at 2days after ischemia-reperfusion injury.
All animal experiments were approved and carried out
in compliance with the IACUC guidelines of Wuhan
University School of Medicine and Qingdao University
School of Medicine. All animal use and experimental
protocols were approved and carried out in compli-
ance with the IACUC guidelines and the Animal Care
and Ethics Committee of Wuhan University School of
Medicine and Qingdao University School of Medicine.

2.2 | BtDCS application

The BtDCS was applied in rats without anesthesia by a
constant current stimulator purchased from Schneider
Electronics that was specifically designed for the appli-
cation of low-intensity currents in small mammals.**¢
The currents were applied transcranially to the tempo-
ral area of the animals. The electrodes were fixed di-
rectly onto the cranium to ensure a defined contact area
over the cortex. The epicranial electrode, composed of
a tubular plastic jacket, was fixed onto the skull 7days
before the ischemia onset. One plastic jacket was posi-
tioned on each side of the cranium over the dorsolateral
prefrontal cortex in a symmetrical way and fixed with
nontoxic glass ionomer cement. The plastic jacket was
filled with saline before stimulation. The contact area
of the electrode toward the skull was 3.5mm?.>*® The
electrode over the ischemic cortex was connected to
the cathodal terminal and the other electrode was con-
nected to anodal terminal. The animals in the I/R group
as control received the same BtDCS-setup as the stimu-
lated animals with the stimulator turned off and these
animals went through the same procedure with the im-
plantation of epicranial electrodes.

2.3 | BrdU labeling

To label the proliferative cells, the S-phase marker BrdU
(Sigma-Aldrich) was intraperitoneally injected (50mg/
body weight)!*” and given at 8h intervals twice daily for
13 days starting 1day after MCAO. Animals were killed
for BrdU staining on 14 days after MCAO.

2.4 | Lentivirus-GFP labeling

To determine whether the new neurons detected in the is-
chemic region were immigrated from SVZ, we labeled the
cells in the SVZ by injecting self-inactivating lentiviruses
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expressing GFP (lentivirus-GFP; GeneChem) into the
SVZ 1day before inducing stroke.**** The animals were
anesthetized, and 2pL of high titers (1x 10’ units/mL)
lentivirus-GFP was injected stereotaxically in 2 coordi-
nates for each SVZ (distance relative to bregma, anterior,
+2.0mm; lateral, +£1.1 mm; depth, 4.6 mm; and anterior,
+0.2mm,; lateral, +2.0 mm; depth, 3.4 mm).

2.5 | Immunocytochemical staining and
microscopical analysis

The immunocytochemical staining was performed as de-
scribed previously."** Animals were decapitated under
anesthesia with a Ketamine/Xylazine mix (K: 100 mg/kg
and X: 10mg/kg; i.p.). After transcardial perfusion with
4% ice-cold phosphate-buffered paraformaldehyde, brains
were postfixed in 4% paraformaldehyde and sectioned in
the coronal plane at 30 pm. The sections were then dou-
ble stained for BrdU and Dcx. Dcx was also stained in
lentivirus-GFP-labeled brain sections. Sections were de-
natured by incubation in 1 M hydrochloric acid at 65°C for
30min before BrdU staining. Sections were then incubated
for 36 h with antibody against BrdU (Sigma) and anti-Dcx
antibody (Santa Cruz Biotechnology). Microscopical anal-
yses were performed according to the method described
previously.' The analyses were performed with a confocal
laser scanning microscope. Dcx-labeled cells were counted
in three 30-um sections from rostrocaudal levels. Double
labeling of Dcx with BrdU or GFP was determined by ran-
dom sampling of 100 or more labeled cells for analysis.

2.6 | Nisslstaining and infarct volume
measurement

At 14 days after MCAO, animals were decapitated under
anesthesia with a Ketamine/Xylazine mix (K: 100 mg/kg
and X: 10mg/kg; i.p.), and perfused transcardially with 4%
paraformaldehyde and 0.9% saline at 4°C. The Nissl stain-
ing was performed with thionin according to the protocol
reported previously.*’ Twelve sequential 10pm coronal
Nissl sections were prepared every 500 pm. Infarct vol-
ume was calculated by integrating the cross-sectional area
of damage on each section and the distance between the
various levels. In each stained section, the necrotic area
was identified and outlined at a magnification of x 2.5 and
measured using an image analysis software (Image-Pro
Plus Version 6.0). The infarct volume (V) was calculated
by the following formula: V=X (A4;x T¢Xxn), where A; is
the ischemic area measured at the section, T is the sec-
tion thickness (10 pm), and n is the number of sections
between two adjacent levels.*!
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2.7 | Neurobehavioral tests

The modified neurological severity score (mNSS) test for
evaluating neurological function,*” the Beam walk test for
measuring animals’ complex neuromotor function**** and
the adhesive-removal test, a modified sticky tape (MST)
test, for evaluating forelimb function*’ were described in
detail in our previous study.***

2.8 | Statistical analysis

SPSS and Microsoft Excel served for statistical analy-
ses. Values are means + SEM. Numbers of labeled cells
were analyzed with the ANOVA test. The data of infarct
volumes were analyzed using ANOVA followed by the
Fisher's least significant difference test. The data for neu-
robehavioral tests were evaluated using ANOVA and the
subsequent post hoc Bonferroni's test.

3 | RESULTS
3.1 | BtDCS increases the number of
neuroblasts in the ischemic brain

According to our previous finding that direct-current stimu-
lation guides the migration of neuroblasts toward the cath-
ode in vitro,'* we set up to test in vivo the effect of BtDCS on
NSC-derived neuroblast migration in the injured rat brain
subjected to MCAO. A constant current stimulator that was
specifically designed for current stimulation in small mam-
mals was used.** The electrodes were positioned on each
side of the cranium over the temporal area in a symmetrical
manner, with the cathodal electrode placed on the ischemic
hemisphere and the anodal electrode on the contralateral
hemisphere, which allowed the currents to pass through
the SVZ. The contact area of the electrode toward the skull
was 3.5mm? (Figure 1).

The adult male Sprague-Dawley rats were used to create
a 60-min MCAO ischemia-reperfusion model.**** Based
on the established safe strength of tDCS and stimulation
time-point tested in rats previously,'>*>“¢ the MCAO ani-
mals were applied with 150pA (current density: 42.9A/
m?) of BtDCS for 30min of continuous exposure per day
for 12days starting at 2days after ischemia-reperfusion in-
jury in nonanesthesia conditions. The rats in the ischemia—
reperfusion group received the same BtDCS-setup as the
stimulated animals with the stimulator turned off (sham
stimulation) and these animals went through the same pro-
cedure with the implantation of epicranial electrodes.

An antibody against the S-phase marker BrdU
(5-bromr-2'-deoxyuridine) was used to label the

Current stimulator

Ischemic__--x=7:
region.

FIGURE 1 A schematic diagram showing the setup of BtDCS
application. The effect of BtDCS on NSC-derived neuroblast
migration was tested in the injured rat brain subjected to MCAO.
A constant current stimulator was used. The electrodes were
positioned on each side of the cranium over the temporal area in

a symmetrical manner, with the cathodal electrode placed on the
ischemic hemisphere and the anodal electrode on the contralateral
hemisphere, which allowed the currents to pass through the SVZ.
The contact area of the electrode toward the skull is 7.0 mm?.

proliferative cells and an antibody against Dcx (double-
cortin, a marker of neuroblast) was used to label neuro-
blasts. The colocalization of BrdU/Dcx was measured to
determine whether BtDCS application altered the number
of neuroblasts in the poststroke brain region. As shown
in Figures 2 and 3, the application of BtDCS increases
the colocalization of BrdU/Dcx in the ischemic striatum
at 14days after ischemia-reperfusion. These data suggest
that BtDCS increases the number of neuroblasts in the
ischemic brain region.

3.2 | BtDCS promotes migration of
neuroblasts from SVZ toward the
direction of cathode to the ischemic
brain area

To determine whether the BtDCS-induced increase of neu-
roblasts in the ischemic striatum is immigrated from SVZ,
we labeled the NSCs in the SVZ by injecting self-inactivating
lentiviruses expressing GFP (lentivirus-GFP) into the SVZ
at 1day before rat stroke onset. The colocalization of GFP/
Dcx is measured to detect the immigrated neuroblasts
in the ischemic region. The animals in the ischemia-
reperfusion group received sham stimulation with the stim-
ulator turned off and these animals went through the same
procedure with the implantation of epicranial electrodes.
Our data show that BtDCS treatment for 12days increases
the colocalization of GFP/Dcx in the ischemic striatum at
14days after ischemia-reperfusion (Figures 4 and 5).
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Dcx (green)+BrdU (red) overlay

IIR

I/R+BtDCS

FIGURE 2 Colabeling of Dcx and BrdU in the ipsilateral
striatum of MCAO rat after BtDCS treatment. Representative
images show that BtDCS application for 150 pA for 30 min per
day for 12days at 2days after MCAO in nonanesthesia conditions
increases the number of colabeling of Dcx and BrdU in ipsilateral
striatum at 14 days after ischemia-reperfusion injury. Scale
bar=100 pm.

To provide further evidence that the neuroblasts identi-
fied in the ischemic striatum are immigrated from SVZ, we
reversed the electrode placement with the anodal electrode
placed on the ischemic hemisphere and the cathodal elec-
trode on the contralateral hemisphere. A continuous ex-
posure of BtDCS (150pA) for 30min per day is applied in
ischemic animals for 12days after ischemia-reperfusion in-
jury. We show that the reversed BtDCS decreases the colocal-
ization of GFP/Dcx in the ischemic striatum at 14 days after
ischemia-reperfusion injury (Figures 4 and 5). Together,
these results indicate that noninvasive BtDCS guides and
promotes the migration of NSC-derived neuroblasts, from
SVZ toward cathode direction, to the ischemic brain region.

3.3 | BtDCS protects against neuronal
death after ischemia-reperfusion injury

To explore the therapeutic potential of BtDCS in is-
chemic stroke, we tested the effect of BtDCS on the

FAS E B BioAdvoncestl LEYE

9000
D E
235 8000;
2T *
=%  7000-
QQ
35 6000
Q5
T2 5000/
G o
L S
3T 4000,
@E 30001
o €
(7)) |
€3 2000
E2
Sg 1000
0.

FIGURE 3 BtDCS treatment increases the number of colabeled
Dcx and BrdU in the ipsilateral striatum of MCAO rat. Summarized
data show that BtDCS increases the colocalization of BrdU/Dcx in
the ischemic striatum at 14 days after ischemia-reperfusion (n=7,
*p<0.05 vs. I/R, Student ¢ test).

infarct volume of stroke animals. The Nissl staining was
performed to measure the infarct volume as previously
described.*" The animals in the I/R group as control re-
ceived the same BtDCS-setup as the stimulated animals
with the stimulator turned off and these animals went
through the same procedure with the implantation of
epicranial electrodes. We demonstrated that BtDCS
treatment for 12days reduced the infarct volume of
stroke animals at 14 days after rat ischemia-reperfusion
injury (Figure 6A-B, D).

3.4 | BtDCS promotes functional
recovery of stroke animals

To determine the functional consequence of BtDCS in
stroke animals, we performed a battery of neurobehavio-
ral tests including modified neurological severity scores
(mNSS) test, beam-walking test, and modified sticky
tape (MST) test on 1 day before MCAO, and at 3, 7, 14
and 28days after MCAO.**** The animals in the sham
and I/R group as experimental control received the same
BtDCS-setup as the stimulated animals with the stimula-
tor turned off and these animals went through the same
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FIGURE 4 Colabeling of Dcx with GFP-labeled cells in the
ipsilateral striatum of MCAO rat after BtDCS treatment. (A-B)
Representative images show that BtDCS exposure of 150 pA for
30min per day for 2days after MCAO for 12days, increases the
colocalization of Dcx with GFP in ipsilateral striatum at 14 days
after ischemia-reperfusion injury. Scale bar =100 um. (C) BtDCS
exposure of 150 pA for 30 min per day for 2days after MCAO

for 12days, with the anodal electrode placed on the ischemic
hemisphere, decreases the colocalization of GFP with Dcx in the
ischemic striatum at 14 days after ischemia-reperfusion injury.
Scale bar =100 pm.

procedure with the implantation of epicranial electrodes.
Our data show that rats treated with BtDCS for 12days
have significantly lower scores of mNSS test on day 14 and
28 after MCAO (Figure 7A), lower scores of beam-walking
test on day 14 and 28 after MCAO (Figure 7B), and higher
ratio of modified sticky tape (MST) test on day 14 and 28
after MCAO (Figure 7C). Together, these results provide
functional evidence for the possible role of BtDCS in pro-
moting endogenous neurogenesis-mediated neurobehav-
ioral effects in stroke animals.

=€ 18001
23 *
28T 1600
R
S e 14001
%5
as 12001
- .2
Se 10001
ac
w = 800
N
o € 6004
58
2 4, 400
EZ
z° 2001 *
0
@ S D
\ %’@(’ d’\
Sl
\ \Q\X

FIGURE 5 BtDCS increases the colocalization of Dcx with
GFP-labeled cells in ipsilateral striatum. Summarized data show
that BtDCS treatment for 12 days increases the colocalization

of GFP/Dcx in the ischemic striatum at 14 days after ischemia-
reperfusion injury (n=8, *p <0.05 vs. I/R, *p <0.05 vs. I/R + BtDCS,
ANOVA test).

/R I/R+BtDCS

© " 1001 24 IR

I/R+BtDCS

Infarct volume (mm3)

FIGURE 6 BtDCS treatment reduces the infarct volume.
(A-B) Representative images of Nissl staining show that BtDCS
application for 150 pA for 30 min per day for 12 days at 2 days after
MCAO reduces the infarct volume of MCAO animals at 14 days
after ischemia-reperfusion injury. IR = ischemia-reperfusion
injury. (C) Summarized data of Nissl staining indicate that BtDCS
application for 150 pA for 30 min per day for 12 days at 2 days after
MCAO reduces the infarct volume of MCAO animals at 14 days
after ischemia-reperfusion injury (n =8 rats for each group,
*p<0.05vs. I/R, Student t test).
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FIGURE 7 BtDCS improves the neurobehavioral function

of stroke animals. (A) Summarized data show that rats treated
with BtDCS for 150 pA for 30 min per day for 12 days have
significantly lower scores of mNSS tests on day 14 (I/R group
score="7.2+1.02; I/R+BtDCS score=4.8 +0.77) and day 28 (I/R
group score =6.2+0.85; I/R+BtDCS score =4.0+0.67) after
MCAO, (n=7 rats for each group, *p <0.05 vs. I/R; ANOVA and
subsequent post hoc Bonferroni's test). (B) Summarized data show
that rats treated with BtDCS for 150 pA for 30 min per day for
12days have significantly lower scores of beam-walking test on day
14 (I/R group score =3.2+0.48; I/R + BtDCS score =2.1+0.35) and
day 28 (I/R group score =2.8 +0.43; I/R+BtDCS score=1.7 +0.22)
after MCAO, (n=09 rats for each group, *p <0.05 vs. I/R; ANOVA
and subsequent post hoc Bonferroni's test). (C) Summarized data
show that rats treated with BtDCS for 150 pA for 30 min per day
for 12days have a significantly higher ratio of a modified sticky
tape test on day 14 (I/R group score =0.21+0.03; I/R+BtDCS
score=0.40+0.06) and day 28 (I/R group score=0.24+0.03;

I/R + BtDCS score =0.46 + 0.06) after MCAO (n=7 rats for

each group, *p <0.05 vs. I/R; ANOVA and subsequent post hoc

4 | DISCUSSION

Endogenous neurogenesis-mediated therapeutic poten-
tial in ischemic stroke remains unexplored.>’ Although
ischemia injury is known to stimulate the neurogenesis in
the SVZ, it is noticed that there are only a small amount
of NSC-derived neuroblasts that can migrate from SVZ to-
ward poststroke brain region,! which apparently reduces
the possibility of endogenous neurogenesis-mediated
recovery. We sought to identify the therapeutic strategy
to promote the migration of SVZ-derived neuroblasts to-
ward ischemic brain region to protect against the brain
damage.'? We previously provided the first evidence that
direct-current stimulation guides NSC-derived neuroblast
migration toward the cathode in cultured embryonic ex-
plants.'? This finding led us to hypothesize that direct-
current stimulation guides and promotes migration of
adult NSC-derived neuroblasts from SVZ toward ischemic

In this study, we demonstrated that BtDCS promoted
the migration of NSC-derived neuroblasts from SVZ to-
ward the cathode direction into poststroke striatum.
Reversing the position of cathodal and anodal elec-
trodes prevents BtDCS-induced neuroblast migration.
Application of BtDCS reduces the number of neuronal
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deaths in the damaged brain region and improves func-
tional outcomes in stroke animals. This study provides
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direct evidence for the effect of direct-current stimulation
on endogenous neuroblast migration in poststroke brain,
suggesting that immigration of NSC-derived neuroblasts
from SVZ at least in part leads to the neuroprotective effect
of BtDCS against neuronal death after cerebral ischemia-
reperfusion injury.

An important reason that leads us to develop an
interference-controllable biophysical approach in regulat-
ing NSC migration in the ischemic brain is because it is
apparently hard to apply chemical therapy to guide NSC
migration in the ischemic brain. However, chemical ther-
apy could be used to enhance the neurogenesis in the SVZ
after ischemic stroke. It is possible that BtDCS application,
combined with chemical therapy to promote neurogene-
sis, would enhance the migration of NSC-derived neuro-
blasts from SVZ toward the poststroke brain region.

While our data suggest that BtDCS-induced neuropro-
tection is in part mediated through immigrated neuro-
blasts from SVZ after ischemia-reperfusion injury, other
mechanisms underlying the neuroprotective effect of
BtDCS need to be explored in the future. The following
possibilities are proposed: (1) Immigrated new neurons
replace the lost neurons in the injured brain region to re-
pair the brain damage'; (2) immigrated new neurons, new
glial cells or neuroblasts release cell survival-promoting
factors in the injured brain region to protect against isch-
emic neuron death'!; (3) BtDCS treatment may increase
the release and/or enhance the activity of cell survival-
promoting signals in the existing neurons and/or glial
cells of the injured brain, thus protecting against ischemic
brain damage*’; (4) immigrated new neurons enhances
the local cerebral blood flow (LCBF) in the peri-infeurct.11

Clinical trials have investigated the potential efficacy
of tDCS in poststroke motor recovery.”>***® Although
tDCS is proved safe for stroke patients, the functional out-
comes are inconsistent.” The discrepancy is possibly due
to multiple reasons.* In this study, we establish a new
setup of tDCS, the BtDCS, by positioning the electrode on
each side of the cranium over the dorsolateral prefrontal
cortex with the cathodal electrode placed on the ischemic
hemisphere and the anodal electrode on the contralat-
eral hemisphere, which promotes the migration of NSC-
derived neuroblasts from SVZ toward the damaged brain
region. Based on our findings, we reason that the efficacy
of tDCS in poststroke recovery could be enhanced in part
by promoting NSC-derived neuroblast migration from
SVZ toward the damaged brain region. Since BtDCS is a
noninvasive and interference-controllable technique, un-
covering the effect of BtDCS on NSC-derived neuroblasts
would lead to the development of novel therapy for isch-
emic stroke patients.

As the first step of this study, we focused our in-
vestigation on the effect of BtDCS on the migration of

SVZ-derived neuroblasts toward ischemic brain. In fu-
ture, it is important to examine the effect of BtDCS on
the proliferation and/or differentiation of the neuro-
nal progenitor populations in our experimental model.
Whether or not the immigrated new neurons replace
the lost neurons in the injured brain region to repair
the brain damage. Whether or not the immigrated new
neurons and/or new glial cells releases cell survival-
promoting factors in the injured brain region to protect
against ischemic neuron death. Whether or not BtDCS
treatment may increase the release and/or enhance the
activity of cell survival-promoting signals in the existing
neurons and/or glial cells of the injured brain, thus pro-
tecting against ischemic brain damage. Whether or not
the immigrated new neurons enhance the local cerebral
blood flow (LCBF) in the peri-infarct. Whether or not the
immigrated new glial cells contribute to BtDCS-induced
neuroprotection. It is also necessary to examine whether
BtDCS is neuroprotective if BtDCS is applied at 24h,
48h, or 72h after ischemia injury.

In summary, this study provides direct evidence for
the effect of direct-current stimulation on regulating en-
dogenous neuroblast migration in poststroke brain, and
supports a potential application of noninvasive BtDCS as
an endogenous neurogenesis-based biophysical therapy in
ischemic stroke.
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