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treatment group. Thus, combining SM-345431 treatment
with specific rehabilitation is a reasonable and promising
approach to the treatment of SCL

Other possible mechanisms underlying motor function
recovery could include remyelination and angiogenesis.
We noticed that, with increases in afferent sensory input,
the step lengths of the SM-345431 groups while walking
on the treadmill exhibited a linear and gradual improve-
ment throughout the experimental period. The animals
treated with SM-345431 showed enhanced remyelination
at the lesion site (Figure 4E-J), which could be relevant to
a recent study reporting the effects of semaphorin3A on
myelination [36]. In general, myelination significantly
increases conduction velocity (sometimes up to 100-fold
[54]), which results in increased motor function. Thus,
remyelination after SM-345431 treatment may have also
partially contributed to the enhancement of motor function
recovery on the treadmill. Angiogenesis also plays an im-
portant role in reducing secondary damage and enhancing
tissue repair after SCI, and the extent of angiogenesis corre-
lates with the extent of axon regeneration after SCI [33].
Angiogenesis was significantly enhanced after SM-345431
treatment alone, although combined treatment did not
further enhanced this effect statistically (Figure 4A-D).
Therefore, angiogenesis may also have contributed to
motor function recovery. Interestingly, at the end of the ex-
perimental period (3 months post-injury), the incremental
effects of the treatment on motor performance, specifically
in terms of step height and step cycle area, tended to be
more robust in the SM-345431 treatment group than in
the combined treatment group (Figure 6D-F). These data
indicate that combined treatment may also have expedited
motor function recovery and decreased the overall time
needed for recovery.

Conclusions

Collectively, our data demonstrate that the administration
of SM-345431 via a novel DDS utilizing silicone sheets
significantly enhanced axonal regeneration, remyelination
and angiogenesis, thereby promoting motor function
recovery after SCT in adult rats. Additionally, combining
SM-345431 with extensive treadmill training resulted
in improved motor function recovery that included con-
tinuous plantar step walking on a treadmill with a BSS.
This comprehensive effect of combined treatment presum-
ably resulted from the reinforcement of spinal networks in
the caudal spinal stump and the rewiring/refinement
of regenerated axons. Thus, combining semaphorin3A
inhibitor treatment with extensive treadmill training has
great potential as a new treatment for SCL In addition,
this study highlights the importance of combining treat-
ments that promote axon regeneration with specific and
appropriate rehabilitations that promote rewiring for the
effective treatment of SCIL
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Methods

Overall experimental outline

Rats were randomly divided into the following three
experimental groups: 1) untrained + placebo, 2) untrained +
SM-345431 and 3) trained + SM-345431. SCT was per-
formed, and SM-345431 or placebo was administered at
the lesion site via the newly developed DDS, which is
described in detail below. Starting 1 week post-injury,
treadmill training commenced with a BSS. Kinematic
tests were performed monthly for 3 months after SCT using
a rodent robotic device (Rodent robot 3000, Robomedica
Inc.) that primarily assessed the performance of plantar
stepping on a treadmill. Treadmill training was continued
throughout the experimental period.

Animals and surgical procedures

A total of 53 adult female Sprague-Dawley rats (200-250 g,
10-12 weeks old) were used in this study (3 rats died during
the experimental period and were excluded from the
statistical analysis). All procedures were approved by thé-
experimental animal care committee of Keio University,
School of Medicine and Murayama Medical Center (ap-
proval #12-8). All rats were anesthetized with an intra-
peritoneal injection of ketamine (100 mg/kg)/xylazine
(10 mg/kg). The spinal cord at the level of the T10 lamina
was exposed by T10 laminectomy, and the dorsal dura
mater was opened. The exposed spinal cord was cut along
the inner edge of the vertebra with a sharp micro-scissor.
Two more cuts were made at the gap of the transected
spinal cord by a scalpel to ensure total transection. SM-
345431 or placebo was administered to the transected site
via the newly developed DDS as described in detail below
(Figure 1G-I). After these procedures, the back muscles
and skin were closed. Rats were kept warm in an incubator
(37°C) after surgery. To prevent dehydration in the rats,
10 ml of saline was subcutaneously injected daily until day
7. Ampicillin (04 g/kg) was also injected intramuscularly
daily to prevent infection until day 7. The bladder was
evacuated manually until autonomous emptying of the
bladder was achieved. The re-transection procedure was
performed at the same level as the primary SCT (15 rats
total; 5 rats from each group). Kinematic data were re-
corded using similar procedures prior to re-transection
surgery (on the same day) and on the day following re-
transection surgery. For CST tracing, 10% BDA was
injected as follows. Nine weeks after SM-345431 or
placebo administration, BDA (10000 MW, Molecular
Probes) was injected into six different sites of the sen-
sorimotor cortices of the rats under general anesthesia
(site 1: 2.0 mm lateral, 0 mm to bregma; site 2: 2.0 mm
lateral, 2 mm posterior to bregma; site 3: 2.0 mm lateral,
4 mm posterior to bregma; site 4: 4 mm lateral, 0 mm to
bregma; site 5: 4 mm lateral, 2 mm posterior to bregma
and site 6: 4 mm lateral, 4 mm posterior to bregma). For
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each site, injections were performed at two different depths
(1.2 mm and 1.6 mm), and 3 p of 10% BDA was injected at
a rate of 0.15 pl/min using a micro-injector. Three weeks
after the BDA injection, rats were sacrificed and used for
immunohistochemistry.

Growth cone collapse assay and collagen co-culture assay
The growth cone collapse assay and collagen co-culture
experiments were performed as previously described [20].
To examine the effects of SM-345431-silicone, small pieces
(2 x 1 x 0.3 mm; approximately 1 mg containing 1 pg of
SM-345431) of the SM-345431-silicone or control-silicone
were placed in a collagen gel adjacent to E8 chick DRGs
and COS7 cell aggregates, as shown in Figure 1C.

Drug delivery system

A novel matrix silicone preparation was developed to
allow continuous drug delivery at the site of injury. The
amount of drug released from this matrix silicone prepar-
ation i vitro was measured as described in Figure 1. Matrix
silicone sheets (0.3 mm thick) containing SM-345431 were
trimmed into 3-mm-square pieces to fit into the opened
dura. After SCT, one piece of silicone sheet was placed on
the transected spinal cord gap so that it could act on the
spinal cord directly. Silicone sheets of the same size that
did not contain SM-345431were used for the control

group.

Training protocol

A robotic device (rodent robot 3000, Robomedica Inc.) [55]
was used to train the SCT rats. Briefly, the device consisted
of a computer-controlled BSS, two lightweight robotic arms
and a treadmill with variable motorized speeds. The ankles
of the hindlimbs of rats were held with a pair of releasable
rope cuffs, which were then secured to robotic arms
to track ankle trajectory in the horizontal and vertical
directions. A computer-controlled body support arm
was used to control the load that was applied to the
hindlimbs and to maintain body equilibrium. Rats were
secured in a cloth vest and attached to the body support
arm with a hook-and-loop fabric. Hard rope cuffs were
attached to the hindlimbs of rats with the robotic arm
during training.

In our pilot study, we found that it was possible to
train spinal cord-transected rats soon after SCT via
voluntary walking evoked by sensory input. Additionally,
improvements in motor performance were more obvious
when the treadmill training was initiated at earlier time
points after SCT. Therefore, training was initiated as early
as 1 week after SCT. The fixed parameters were set
at 50% body weight support (BWS), 20 min/day and
5 days/week. The animals were adapted to the training via
increasing velocity; a velocity of 1 cm/s was used in the
first week, and then the velocity was increased by 2 cm/s
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every 2 weeks for the first 2 months after injury (ie.,
1 am/s to 3 cm/s to 5 cm/s). In the first week of training,
rats frequently did not adapt to the acceleration of the
treadmill, and this resulted in dragging of the hindlimbs.
Once the rats dragged their hindlimbs and stopped walking
on the treadmill, a trainer brought their bodies back to the
original walking position. The step ability of SCT rats on
the treadmill improved gradually over the course of the
first 2 months following injury. However, this improve-
ment was attenuated at time points later than 2 months
after injury. Hence, at the time points later than 2 months
after injury, the velocities of the treadmill were adjusted to
5 to 9 em/s according to the improvement observed in the
hindlimb motion of the rats.

Detailed motor function analysis using kinematics

To evaluate the locomotor capability of SCT rats in detail,
the aforementioned robotic device was employed. Each
robotic arm tracked the two-dimensional movement of
the ankle, and the trajectory of the ankle movement was
then recorded on a computer for kinematic analyses. Not
all the rats were able to walk by themselves on the treadmill
by the last time point of the experiment. Therefore, when
performing the tests, the degree of BWS and treadmill
speed were titrated to obtain the maximum walking
performance on the treadmill. As a result of this titration,
the behavioral tests were performed at 70% BWS and a
treadmill velocity of 1 ¢m/s each month after SCT. The
duration of testing was 1 min per rat to minimize training
effects during testing. The methods of previous reports
[44,56] were followed with slight adaptations. Briefly, the
ankle trajectory in each plane was recorded by the robotic
arm and a computer. Then, the toe off (TO) and paw con-
tact (PC) events in each step cycle were identified using
Rodent Robot 3000 software. All kinematic characteristics
were obtained when TO and PC were identified; as a re-
sult, parameters such as the duration phase, the swing
phase of the step cycle and the length and height of the
step were calculated. The number of animals used in these
behavioral tests was 32 (control: n =9, SM-345431: n =12,
combined: n = 11).

Immunohistochemistry

Twelve weeks after SCT, rats were deeply anaesthetized by
an intraperitoneal injection of 14% chloral hydrate and
then perfused intracardially with 4% paraformaldehyde
(PFA) in 0.1 M phosphate-buffered saline (PBS). The
spinal cord tissues were dissected and post-fixed in 4%
PFA (24 h) and placed in 10% sucrose in 0.1 M PBS
(24 h) followed by 30% sucrose in 0.1 M PBS (24 h). All the
rats other than 3 rats died during the experimental period
were used for the histological analysis. Segments of spinal
cords were embedded in Optimal Cutting Temperature
compound (Tissue Tek) and stored at -80°C. Frozen spinal
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cord tissues were cut with a cryostat into 20-pm-thick
sections. For diaminobenzidine (DAB) staining, sections
were washed with 0.1 M PBS and then presoaked for
30 min in 0.03% H;O, with methanol. After an additional
presoak in TNB (0.10 M Tris-HCI, 0.15 M NaCl, 0.5%
BMP) for 60 min, sections were incubated at 4°C with
rabbit anti-GAP43 (1:300; Millipore), mouse anti-rat
RECA-1 (1:500; Serotec) or rabbit polyclonal anti-synapsin-
1 (1:300; Chemicon) for 24 h. Subsequently, the sections
were washed in 0.1 M PBS and incubated with biotinylated
secondary antibodies (1:1,000; Jackson Immunoresearch)
for 1 h. Next, the sections were washed and then incu-
bated with an avidin-biotin complex (ABC) (Vectastain
Elite ABC Kit, Vector Laboratories) in TNB (1:100) and
visualized using DAB (Sigma). Sections were rinsed in PBS,
dehydrated using ethanol and xylene and cover-slipped
with permount. To identify 5-HT-positive axons that pene-
trated into the scar tissue area after the treatment, we used
a previously described double-staining method [28]. 5-HT
was visualized using goat anti-serotonin (5-HT) antibody
(1:500; ImmunoStar) and DAB with nickel-glucose oxidase,
which produced a black stain. Sections were washed and
then incubated with rabbit monoclonal anti-glial fibrillary
acidic protein (GFAP; 1:1,000; BD Bioscience Pharmingen)
and visualized with DAB, which produced a brown stain.
Following these procedures, we identified the range of the
scars and quantified the number of 5-HT-positive axons
that penetrated into the scar tissue area. To evaluate the
status of axonal myelination, immunofluorescent double
staining was performed using rabbit anti-GAP43 (1:1,000;
Miillipore) and rat monoclonal anti-MBP (1:50; Abcam)
antibodies. Immunohistochemical analysis for c-Fos in
spinal neurons was performed using procedures similar
to those previously described [24,41,43]. Briefly, rats
were trained using the aforementioned training method of
continuous hindlimb bipedal stepping. After 45 min of
continuous hindlimb bipedal stepping at 3 cm/s with 50%
BWS with a hard nylon rope attachment, rats were
allowed a 60-min rest. Subsequently, the rats were anes-
thetized and perfused intracardially with 4% PFA in PBS.
After perfusion, the spinal cords were dissected, post-fixed
for 24 h at 4°C and cryoprotected in 30% sucrose in PBS
for 3 days. The L1-L5 segments were mounted and frozen,
and 20-pum-thick axial sections were cut using a cryostat.
All sections were pretreated with 0.03% H,0, and metha-
nol for 30 min and then incubated with rabbit polyclonal
anti-c-Fos antibody (1:200; Santa Cruz Biotechnology) for
24 h (at 4°C). Subsequently, the sections were washed
in 0.1 M PBS and incubated in biotinylated secondary
antibody (1:1,000; goat antibody against rabbit; Jackson
ImmunoResearch) for 1 h. The remaining procedures
were identical to those performed for DAB staining, as
described above. All images were obtained using either
an Axioskop 2 Plus microscope (Zeiss) for DAB staining
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or a LSM510 confocal microscope (Zeiss) for immuno-
fluorescent staining.

Electron microscopic analysis

For electron microscopic analysis, rats from the 3 groups
were sampled 72 days after injury. Rats were perfused
with 4% PFA in PBS, and the spinal cords were dissected
and post-fixed with 2.5% glutaraldehyde overnight at 4°C.
After 90 min of fixation with 0.5% osmium tetroxide, the
spinal cords were dehydrated with ethanol, acetone and
QY1 and then embedded. Ultrathin sections at the epicen-
ter of the lesion sites were prepared at a thickness of 80 nm
and stained with uranyl acetate and lead citrate for 15 and
12 min, respectively. The sections were observed with a
transmission electron microscope (JEOL model 1230),
and images were acquired using Digital Micrograph 3.3
(Gatan Inc.).

Quantitative immunohistochemistry analyses
Immunohistochemical image analyses were performed for
all sections of each animal using microscopy, and quanti-
tative analyses were performed by an examiner who was
blind to the identities of the animals. Each value is pre-
sented as the average value per section (unless otherwise
indicated). The number of animals used for quantitative
analysis of each staining set ranged from 15 to 21 (5 to
7 animals per group). To quantify the area of GAP-43-
positive axons, 5-HT-positive axons and RECA-1-positive
vessels, sagittal sections of the spinal cord at the injury site
(approximately 1.2 ¢cm in length) were scanned with a
CCD camera (DXC-390; Sony). Pictures of the sagittal
sections at 1 mm to 3 mm rostral and 1 mm to 3 mm
caudal from the injury epicenter were captured for quanti-
tative analyses. The images were analyzed with a Micro
Computer Imaging Device (MCID; Imaging Research
Inc.). Threshold values were maintained at constant levels
for all analyses. 5-HT axons that penetrated into the scar
tissue were counted manually. For image analysis, c-Fos-
positive (c-Fos+) nuclei from all sections was superimposed
onto Molander’s cytoarchitectonic maps of the rat thoracic
and lumbosacral cord [57]. The expression of synapsin-1
was examined within lamina IX of the L1-L5 segments of
the spinal cord using transverse sections and DAB staining.
For the quantification of BDA tracing, we followed the
methods reported previously [58,59]. The number of
CST-positive axons at each distance from the lesion was
divided by the number of CST-positive axons at the level
of C1 for standardization.

Statistical analyses

For statistical analyses, one-way analyses of variance (one-
way ANOVA) and Bonferroni post hoc tests were primarily
employed to determine significance. Significance was
determined using P-values, and the data are presented
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as the means + S.E.M. For the analysis of 5-HT immuno-
staining, data were analyzed with the Kruskal-Wallis H
test. Behavioral data after re-transection were analyzed
with t-tests.

Additional file

Additional file 1: Video Representative movies of the detailed
kinematic analysis of hindlimb motor performance on a treadmill at
the end of the experimental period. Plantar step walking with a B5S
was not observed in control group anirals (A). Limited plantar step
walking with a BS5 was observed in SM-345431 treatment group animals
(B). Significantly enhanced plantar step walking with a BSS was observed
in the combined treatment group animals. All animals in the combined
treatment group continued plantar step walking with a BSS for at least
30 min (O).
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Abstract

Transcranial direct current stimulation (tDCS) has been used as a useful
interventional brain stimulation technigue to improve unilaterai upper-limb motor
function in healthy humans, as well as in stroke patients. Although {DCS
applications are supposed to modify the interhemispheric balance between the
motor cortices, the tDCS after-effects on interhemispheric interactions are still
pooriy undersiood. To address this issue, we investigated the tDCS after-effects on
interhemispheric inhibition (IHI) between the primary motor cortices (M1) in healthy
humans. Three types of iDCS electrode montage were tested on separate days;
anodal tDCS over the right M1, cathodal tDCS over the left M1, bilateral t{DCS with
anode over the right M1 and cathode over the left M1. Single-puise and paired-
pulse transcranial magnetic stimulations were given to the left M1 and right M1
before and after tDCS to assess the bilateral corticospinal excitabilities and mutual
direction of IHI. Regardless of the electrode montages, corticospinal excitability was
increased on the same side of anodal stimulation and decreased on the same side
of cathodal stimulation. However, neither unilateral tDCS changed the corticospinal
excitability at the unstimulated side. Unilateral anodal tDCS increased IH! from the
facilitated side M1 to the unchanged side M1, but it did not change IHI in the other
direction. Unilateral cathodal tDCS suppressed IHI both from the inhibited side M1
to the unchanged side M1 and from the unchanged side M1 to the inhibited side
M1. Bilateral tDCS increased IH! from the facilitated side M1 to the inhibited side M1
and attenuated IHI in the opposite direction. Sham-tDCS affected neither
corticospinal excitability nor IHI. These findings indicate that tDCS produced
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polarity-specific after-effects on the interhemispheric interactions between M1 and
that those after-effects on interhemispheric interactions were mainly dependent on
whether {DCS resulted in the facilitation or inhibition of the M1 sending
interhemispheric volleys.

Introduction

Transcranial direct current stimulation (tDCS) is a widely used interventional
brain stimulation technique that improves unilateral upper-limb motor function
in healthy humans [1-6] and hemiparetic stroke patients [7—11]. Based on the
polarity-specific after-effects [12], anodal tDCS is applied to the motor cortex
innervating the target limb muscles to enhance corticospinal excitability [5, 8],
and cathodal tDCS targets the contralateral motor cortex to suppress the
contralateral corticospinal excitability [5, 9], which is assumed to contribute to the
reduction of transcallosal inhibition from the contralateral side of the primary
motor cortex (M1) to the target M1 side [13, 14]. Based on these strategies,
recently, anodal and cathodal tDCS are simultaneously applied to one motor
tDCS is supposed to combine the effects of anodal and cathodal tDCS and result
in larger after-effects compared with unilateral tDCS [3, 10]. However, the
advantage of bilateral tDCS is still under debate [15-17, 19] because it has not
been fully elucidated how tDCS affects transcallosal inhibition underlying
interhemispheric balance between motor cortices.

Studies using transcranial magnetic stimulation (TMS) have demonstrated that
transcallosal inhibition is affected by the modulation of intracortical motor
circuits in both M1 that project and receive callosal volleys [21-24]. Hence, it is
possible that tDCS-induced neuromodulation in the M1 neural circuits affects
transcallosal inhibition. Indeed, Lang et al. [25] demonstrated that transcallosal
inhibition measured by the duration of ipsilateral silent period (iSP) was increased
and decreased by anodal and cathodal tDCS, respectively, that were unilaterally
delivered to the motor cortex receiving transcallosal inhibition. However, the
robust effects on iSP were not observed after unilateral tDCS given to the motor
cortex projecting callosal volleys [25]. These findings may not be in line with the
idea that tDCS given to a motor cortex influences the contralateral motor cortex
through the modulation of transcallosal pathways. Subsequently, Williams et al.
[5] investigated short-interval interhemispheric inhibition (IHI) elicited by
paired-pulse TMS and found that IHI was suppressed after the application of
bilateral tDCS combined with unimanual motor training. Although the reduction
of IHI was accompanied by the decrease of corticospinal excitability in the side of
motor cortex projecting callosal volleys, their causal association was not fully
elucidated [5].
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IHI and iSP are thought to be mediated by different neuronal populations in
the transcallosal pathways [26], suggesting the possibility that tDCS does not
affect their different neuronal populations in a similar way. Indeed, Gilio et al.
[27] demonstrated that 1 Hz repetitive TMS (rTMS) given to the left M1
suppressed THI from the left M1 to right M1 with minor effects on iSP. Given
these physiological backgrounds, we hypothesized that tDCS given at rest would
induce polarity-specific after-effects on THI from the stimulated M1 in which the
corticospinal excitability was changed. To examine this hypothesis, we
investigated the after-effects of tDCS applied at rest with three different electrode
montages (i.e., unilateral anodal, unilateral cathodal, and bilateral). Each montage
was intended to elicit either facilitation of right corticospinal excitability,
inhibition of left corticospinal excitability, or both. It should be noted that the
intended relative change between the left and right corticospinal excitabilities was
the same across the three electrode montages, with right greater than left. Before
and after each tDCS, single-pulse TMS and paired-pulse TMS were given to the
left M1 and right M1 in order to assess the corticospinal excitability and mutual
direction of THI.

Methods

Participants

Participants were sixteen healthy right-handed volunteers (22-34 years old, 3
females). All participants gave their written informed consent to participate in this
study. The experimental and consent procedures were approved by the ethical
review board of the National Rehabilitation Center for Persons with Disabilities
and which was in accordance with the guidelines established in the Declaration of
Helsinki. All participants were naive to the purpose of the experiments.

Recordings

Electromyography (EMG) was recorded from the bilateral first dorsal interosseous
(FDI) muscles. Self-adhesive Ag/AgCl electrodes were placed over the muscle belly
and the metacarpophalangeal joint. The EMG signals were amplified and filtered
(bandwidth, 20-3000 Hz) with a conventional bioamplifier (BIOTOP 6R12, NEC
San-ei, Tokyo, Japan). Their digital data were acquired with a sampling rate of
5 kHz with a CED 1401 A/D converter (Cambridge Electronic Design,
Cambridge, UK) and stored on a computer for off-line analysis.

TMS

Corticospinal excitability and IHI were investigated by single-pulse and paired-
pulse TMS, respectively. TMS was delivered to the left M1 and the right M1 with a
figure 8-shaped coil (70-mm diameter) connected to a Magstim 200 (Magstim,
Whitland, UK). The stimulus location was determined to be the hot spot where
weak stimulation could elicit the largest motor evoked potential (MEP) in the FDI
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muscle. The coil was held tangentially over the scalp with the handle pointing
backward and 45° lateral away from the midline. The resting motor threshold
(RMT) was defined as the minimum stimulus intensity that produced MEPs that
were greater than 50 pV in at least 5 out of 10 consecutive trials. For the single-
pulse TMS, the intensity of test stimulation (TS) was set at 120% of the RMT.
Stimuli were consecutively delivered about every 10 s. Both the left and right
hemispheres were examined sequentially with a randomized order across the
participants. Fifteen MEPs were obtained at each hemisphere. Paired-pulse TMS
was used to elicit IHI both from the left M1 to the right M1 and from the right M1
to the left M1. A suprathreshold conditioning stimulation (CS) with an intensity
at 120% of RMT was delivered to M1 on one side 10 ms before a TS was delivered
to M1 on the other side. For a few participants, it was impossible to place both
coils at the optimal direction due to the size of the coil. Thus, the handle of the
coil for the CS was pointed backward and more than 45° away from the midline
until both coils did not contact each other. The TS intensity was adjusted so that
the peak-to-peak amplitude of the MEP was about 1 mV. The paired-pulse
stimulation and TS alone were randomly given every 10 s. Fifteen control MEPs
and 15 conditioned MEPs were obtained at each side of tested FDI. For both
single-pulse and paired-pulse TMS, if trials showed more than 20 pV of EMG
activity in the window of 100 ms before TMS, additional stimuli were given
instead of those trials.

tDCS

Direct current stimulation was delivered by a battery-driven constant-current
stimulator (Eldith DC-Stimulator, NeuroConn, Ilmenau, Germany) through a
pair of rubber electrodes (5x 5 c¢cm) covered with saline-soaked sponges

(5% 6 cm). We examined three kinds of electrode montages; anodal tDCS over
the right M1, cathodal tDCS over the left M1, and bilateral tDCS over the right
M1 and left M1. For anodal tDCS, the anode and cathode were positioned on the
right M1 (i.e., the hot spot of the left FDI) and the superior edge of the left orbit,
respectively (Figure 1A). For cathodal tDCS the anode and cathode were
positioned on the superior edge of the right orbit and the left M1 (i.e., the hot
spot of the right FDI), respectively (Figure 1B). For bilateral tDCS, the anode and
cathode were over the right M1 and left M1, respectively (Figure 1C). The current
polarity at each electrode was masked to the participants. 1.5 mA of direct current
stimulation was delivered for 15 min. The current was gradually increased and
decreased during the first and last 10 s of the stimulation, respectively. Sham-
tDCS was conducted for 15 min with the montages of anodal tDCS and bilateral
tDCS (Figure 1D, F). The 1.5 mA of direct current stimulation was delivered for
first 30 s subsequent to 10 s of current increment.
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Figure 1. tDCS after-effects on MEPs and IHI. From top to bottom, real-anodal tDCS (A, B), real-cathodal
tDCS (C, D), real-bilateral tDCS (E, F), sham-anodal tDCS (G, H), and sham-bilateral tDCS (1, J). The left and
right sides of the traces are MEPs that are elicited by single-pulse TMS over the left M1 and right M1,
respectively. The black and gray lines indicate MEPs that were elicited before and after DCS, respectively.
The left bar graphs (A, C, E, G, J) show the average data of MEP of all participants. The sets of the left- and
the right-sided columns represent MEP amplitude elicited by left (L) M1 stimulation and right (R) M1
stimulation, respectively. The rights bar graphs (B, D, F, H, J) show the average data of IHI of all participants.
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IHI was expressed as the ratio of the conditioned MEP amplitude normalized by the control MEP amplitude
(i.e., larger value indicates less IHI). The sets of the left- and right-sided columns represent IHI from the left M1
to the right one (L to R) and that from the right M1 to the left one (R to L), respectively. The black and gray
columns represent before and after tDCS, respectively. Error bas show standard error of means. The asterisks
indicate a significant difference; * p<0.05.

doi:10.1371/journal.pone.0114244.9001

Experimental procedures

The experiments were composed of real-tDCS and sham-tDCS sessions. 12
participants joined the real-tDCS session and 9 participants joined the sham-tDCS
session. 5 out of 16 participants were involved in both sessions; three of them
participated in the real-tDCS session first and two of them participated in the
sham-tDCS session first. Each kind of electrode montage was tested on a different
day. At least 3 weeks were interleaved across the experimental days. At each tDCS
session, the order of the electrode montages was randomized across participants.
In the experiments, the participants sat comfortably on a reclining chair with their
shoulders and elbows semi-flexed. Both of their hands were placed on the table
with palms downward. Before the tDCS application, RMT was measured in both
MI1. Then, the single-pulse and paired-pulse TMS protocols were conducted. After
these baseline measurements were made, real- or sham-tDCS with an electrode
montage was given for 15 min. After tDCS application, the same measurements
were conducted on each side of M1.

Data analysis

For the evaluation of corticospinal excitability, the peak-to-peak amplitudes of the
MEPs elicited by single-pulse TMS were measured in the window 18-50 after the
TMS trigger. The extent of after-effects was expressed as the ratio of the MEP
amplitude obtained after tDCS to the baseline MEP amplitude obtained before
tDCS. In order to evaluate IHI, the amplitude of the conditioned MEPs elicited by
paired-pulse stimulation were normalized by the amplitude of the control MEPs
evoked by TS alone. Trials with more than 20 pV of peak-to-peak amplitude in
background EMG activity for 100 ms pre-stimulus period were discarded from
the analysis. For the statistical analysis, a three-way analysis of variance (ANOVA)
with repeated measures was performed with factors of time (before and after
tDCS), tDCS type (real-anodal, real-cathodal, real-bilateral, sham-anodal, sham-
bilateral), and TS side (left and right M1). In case a significant interaction between
three factors was obtained, appropriate follow-up two-way ANOVA was
conducted to examine the interaction of time and TS side factors at each tDCS
type. In order to compare the magnitude of after-effects across conditions, one-
way ANOVA with repeated measures was conducted with factor of tDCS type at
each TS side. For the comparison of baseline level in each measurement, two-way
ANOVA with repeated measures was performed with factors of tDCS type and TS
side. Post-hoc comparisons were conducted by Tukey’s test.
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According to the findings in the previous studies [12, 16], we expected that real-
tDCS induced the polarity-specific modulation in the M1 underneath the active
electrode. Thus, we anticipated that real-tDCS influenced the excitability of
callosal neurons in the same M1. Therefore, to examine the relationship between
the after-effects on MEP amplitude and IHI, we also conducted Pearson
correlation analysis in the real-tDCS after-effects between MEP amplitude and
IHI. P values less than 0.05 were recognized as statistically significant in all
analyses. Group data are presented as the mean + standard deviation in the text.

Results

RMT, MEP

RMT was different across TS sides (F; 49=5.53, p=0.02). TMS given to the left M1
showed slightly lower RMT than the right M1 (Table 1). However, tDCS did not
affect RMT (F, 49=0.43, p=0.51) regardless of tDCS type (F,49=0.70, p=0.59).
Three-way ANOVA did not show any significant interactions (time x tDCS type,
F; 49=0.07, p=0.99; time x TS side, F; 49=0.26, p=0.62; tDCS type x TS side,
Fy490=0.24, p=0.92; time X tDCS type x TS side, F; 40=1.00, p=0.42).

Figure 1A illustrates representative example of MEPs elicited before and after
tDCS. Consistent with the findings in the previous studies [12, 16], facilitation
and inhibition were observed in the MEPs elicited by single-pulse TMS over the
M1 under the anode and the cathode, respectively. Three-way ANOVA revealed
significant interactions of time and tDCS type and TS side (F, 49=4.39, p=0.004)
on MEP amplitude, indicating that the interaction of time and TS side was
dependent on the tDCS type. Then, we performed follow-up two-way ANOVA for
each tDCS type. Regardless of electrode montage, real-tDCS showed significant
interaction of time and TS side (real-anodal, F; ;;=8.32, p=0.02; real-cathodal,
F,,11=5.76, p=0.04; real-bilateral, F; ;;=23.53, p<<0.001), indicating that all
electrode montage had tDCS after-effect on MEP amplitude such that their tDCS
after-effects were different depending on the TS side. Post-hoc analysis revealed
that after real-anodal tDCS over the right M1, the MEP elicited from the right M1
was increased (232.04144.7%, p<<0.001) and the MEP elicited from the left M1
was unchanged (111.1+41.7%, p=0.54) compared with the baseline (Figure 1A).
After real-cathodal tDCS over the left M1, the MEP elicited from the left M1 was
decreased (76.2 +27.6%, p=0.01) and the MEP elicited from the right M1 was
unchanged (109.0 +36.5%, p=0.45, Figure 1C). After real-bilateral tDCS (anode
over the right M1, cathode over the left M1), the MEP elicited from the right M1
was increased (157.6 +68.2%, p<<0.001) and the MEP elicited from the left M1
was decreased (75.4+28.3%, p=0.01, Figure 1E). In contrast to real-tDCS, nether
of sham-tDCS showed significant main effect of time (sham-anodal, F; 3=0.38,
p=0.55; sham-bilateral, F, g3=1.36, p=0.28) or TS side (sham-anodal, F; 3=1.17,
p=0.31; sham-bilateral, F; =0.66, p=0.44), or their interaction (sham-anodal,
F) 3=2.68, p=0.14; sham-bilateral, F; 3=0.05, p=0.84, Figure 1G, I). Two-way
ANOVA revealed that baseline level of MEP amplitude before tDCS was not
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Table 1. Resting motor threshold (% maximal stimulator output).

Values are mean + standard deviation.

doi:10.1371/journal.pone.0114244.1001

different across tDCS types (Fy49=0.96, p=0.44) or TS sides (F; 49=3.79, p=0.06)
with no interaction of their factors (F,49=0.07, p=0.99).

To sum up, facilitation and inhibition were observed in the MEPs elicited from
the M1 under the anode and the cathode, respectively. With real-anodal and real-
cathodal tDCS, the MEP elicited from the unstimulated M1 was unchanged. The
magnitude of after-effects was not different across the conditions that showed
significant facilitation (real-anodal 232.0 4-144.7%, real-bilateral 157.6 +68.2%,
p=0.20) or inhibition (real-cathodal 76.2 +27.6%, real-bilateral 75.4 +28.3%,
p=0.99).

IHI

Both before and after tDCS, IHI was examined both from the left M1 to the right
M1 and from the right M1 to the left M1. By adjusting the TS intensity to elicit a
1 mV MEP, the amplitude of the control MEP was not different across conditions.
Three-way ANOVA revealed significance of neither main effect of time
(FL49=0.07, p=0.80), tDCS type (F449=0.1.74, p=0.16), TS side (F, 49=0.33,
p=0.57), nor their interactions (time x tDCS type, Fy49=0.76, p=0.59; time X
TS side, F 40=0.10, p=0.76; tDCS type x TS side, F;40=0.40, p=0.81; time x
tDCS type x TS side, Fy40=0.24, p=0.91).

The three-way repeated measures ANOVA revealed significant interaction of
time and tDCS type and TS side (Fy49=2.64, p=0.04) on IHI, indicating that the
interaction of time and TS side was dependent on the tDCS type. Then, we
performed follow-up two-way ANOVA for each tDCS type. Real-anodal and real-
bilateral tDCS showed significant interaction of time and TS side (real-anodal,
F) 11=8.36, p=0.02; real-bilateral, F; ;;=20.08, p<<0.001). On the other hand,
real-cathodal tDCS had only main effect of time (F; §=9.42, p=0.01) but not
main effect of TS side (F; 3=0.001, p=0.98) or interaction of time and TS side
(F,5=1.78, p=0.21). That is, in the real-tDCS session, all electrode montages had
tDCS after-effect on IHI. The tDCS after-effect was different depending on the TS
side (i.e., direction of IHI) after real-anodal and real-bilateral tDCS. On the other
hand, the after-effect of real-cathodal tDCS was independent of TS side. Post-hoc
analysis demonstrated that after real-anodal tDCS over the right M1, IHI from the
right M1 to the left M1 was significantly increased compared with baseline
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(p<<0.001). However, IHI from the left M1 to the right M1 was unchanged
(p=0.16, Figure 1B). After real-cathodal tDCS over the left M1, a reduction in THI
magnitude was observed both from the left M1 to the right M1 and from the right
M1 to the left M1 (p=0.01, Figure 1D). After real-bilateral tDCS (anode over the
right M1, cathode over the left M1), IHI from the left M1 to the right M1 was
decreased compared with baseline (p=0.001). In contrast, IHI from the right M1
to the left M1 was increased compared with baseline (p=0.003; Figure 1F). Again,
neither of sham-tDCS affected IHI (Figure 1H, J). Two-way repeated measures
ANOVA did not show any significant effect of time (sham-anodal, F; =0.0003,
p=0.99; sham-bilateral, F; 3=0.28, p=0.61), TS side (sham-anodal, F; 3=0.11,
p=0.75; sham-bilateral, F; §=5.10, p=0.06), or their interaction (sham-anodal,
F; 3=0.62, p=0.45; sham-bilateral, F; 3=1.68, p=0.23). Baseline level of IHI
before tDCS was generally larger from the left M1 to the right M1 than the
opposite direction. Two-way repeated measures ANOVA showed significant effect
of TS side on the baseline level of IHI (F; 49=10.78, p=0.002), but not main effect
of tDCS type (Fy49=0.40, p=0.81) or interaction of tDCS type and TS side
(F4,49=0.67, p=0.62), indicating that although an asymmetry of IHI was observed
across IHI directions, the baselines of IHI on each direction was similar level
across tDCS types.

In summary, IHI from the M1 under the anode was increased. In contrast, THI
from the M1 under the cathode was decreased. IHI from the unstimulated M1
showed a decrease after cathodal tDCS, but it was unchanged after anodal tDCS.
Finally, we tested the correlation of tDCS after-effects between MEP amplitude
and IHI. However, we did not find any significant correlations between the
modulations of MEP amplitude and IHI regardless of TS side (Table 2).

Discussion

The present study demonstrated that tDCS produced polarity-specific after-effects
on IHI from the stimulated M1 at which the corticospinal excitability was
changed. Regardless of unilateral or bilateral tDCS, IHI was generally increased
from the M1 at which the corticospinal excitability was increased and decreased
from the M1 at which the corticospinal excitability was decreased. Bilateral tDCS
simultaneously produced the opposite directional modulation in IHI from the left
to the right M1 and in IHI from the right to the left M1 in addition to the
bidirectional corticospinal modulation. Although unilateral anodal tDCS did not
affect the corticospinal excitability at the side of unstimulated hemisphere or IHI
from the M1 on that unstimulated hemisphere, unilateral cathodal tDCS
suppressed IHI from the M1 on the unstimulated hemisphere even though the
corticospinal excitability was unchanged at the unstimulated side.

In most cases, the modulations of THI were parallel to the modulations of
corticospinal excitability at the side sending callosal volleys. Thus, it is likely that
the tDCS after-effects on IHI are relevant with the excitability change in the motor
cortex sending callosal volleys. However, we did not observe any significant
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Table 2. Relationships in the after-effects of real-tDCS on MEP amplitude and IHI.

Values were obtained by Pearson correlation analysis.

doi:10.1371/journal.pone.0114244.1002

relationships between the modulations of MEP amplitude and THI. If THI is
mainly derived from the collateral discharges of corticospinal neurons and the
tDCS-induced modulation in IHI resulted from the changes in collateral
discharges, the modulations in MEP amplitude and IHI could have been
correlated. Therefore, the modulation of transcallosal pathways could be partly
independent of the changes in corticospinal descending pathways. Transcallosal
inhibition is assumed to be derived from the discharge of callosal neurons that are
distinct from corticospinal neurons [24, 28,29]. Accordingly, tDCS might have
similarly influenced both corticospinal and callosal neurons in the same M1. In
some previous studies, IHI has been evaluated by matching the size of CS-induced
MEPs in order to normalize the CS effect [24,30,31]. However, the adjusted CS
intensity may not be sensitive enough to detect the excitability change in callosal
neurons when both corticospinal and callosal neurons are modulated in parallel
[24,31,32]. In the present study, we used the same CS intensity across before and
after the tDCS sessions according to the RMT. Therefore, the modulation of THI
could be observed by detecting parallel modulation in the excitabilities of
corticospinal and callosal neurons.

Our findings of the modulation of transcallosal inhibition are partly
inconsistent with a previous study that used iSP [25], although the corticospinal
excitability was modulated in a similar way. The previous study did not observe
changes in iSP from the modulated M1 underneath the tDCS electrode [25]. One
possible explanation for this discrepancy may be the differences in the tDCS
parameters. The present experiments used a higher intensity (1.5 mA) and a
longer duration (15 min) of tDCS compared to the previous study (1.0 mA
intensity, 10 min duration). The tDCS after-effects have been shown to increase
up to a certain extent of intensity and duration: [12, 33, 34]. Furthermore, because
the threshold for eliciting transcallosal inhibition is known to be higher than the
RMT for MEPs [29,35-37], callosal neurons might require a relatively high
intensity and long duration of tDCS to be modulated. Another possibility is the
different neural populations mediating transcallosal inhibition because partly
different sets of callosal neurons and target neurons receiving callosal volleys have
been assumed to mediate short-interval IHI and iSP [26]. In addition, iSP appears
as the inhibition of static voluntary activity, although IHI is the inhibition of
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synchronized corticospinal discharges that TMS artificially evokes [29].
Accordingly, such physiological differences might relate to the different
susceptibilities to tDCS. Indeed, previous study using r'TMS demonstrated the
modulation of THI without robust changes of iSP [27].

We also observed a reduction of THI from the unchanged M1 after unilateral
cathodal tDCS, although unilateral anodal tDCS did not modulate IHI from the
unchanged M1. These findings suggested that unilateral tDCS affected
interneuronal circuits that presynaptically regulate callosal transmission and/or
relay them to the corticospinal neurons [25]. Indeed, tDCS-induced plastic
modulation has been shown in some intracortical interneurons that mediate
gamma-aminobutyric acid activity [38—40]. One potential reason that unilateral
anodal tDCS failed to modulate IHI in this direction might be due to the
asymmetry in transcallosal inhibition. Generally, transcallosal inhibition is greater
from the left M1 to the right M1 than from the right M1 to the left M1 in right-
handers [41,42], which was also confirmed in our study. Furthermore, previous
study reported asymmetric effects of tDCS [4]; tDCS applied over the left
dominant hemisphere was more effective than that over the right non-dominant
hemisphere. In our study, anodal and cathodal stimuli were given to the different
hemispheres. Hence, the lack of modulation of IHI toward the facilitated right-
side M1 might be also attributed to the decreased efficiency of tDCS that is
applied over the non-dominant hemisphere.

The effect of interventional brain stimulation on transcallosal inhibition has
been tested by several stimulation protocols such as low-frequency rTMS [27, 43],
theta burst stimulation [44, 45], paired associative stimulation [46], tDCS [5, 25],
and quadripulse TMS [47]. Even though their protocols were able to elicit
bidirectional modulation on the corticospinal excitability, the modulation of
transcallosal inhibition was not always observed [44,45]. Presumably, the neural
elements involving with transcallosal inhibition might have different suscept-
ibilities according to the type of brain stimulation protocol. Although our results
show that bilateral tDCS was able to elicit the bidirectional modulation in
transcallosal inhibition between left M1 and right M1 in addition to the left and
right corticospinal excitabilities, it is worth noting that the extent of MEP
modulation by bilateral tDCS was not different compared to that by unilateral
tDCS. This finding was also reported in recent studies [16, 17]. Additionally, in
line with previous studies [16, 25, 48], neither the polarity of unilateral tDCS
affected the corticospinal excitability in the contralateral unstimulated motor
cortex even though transcallosal inhibition toward that motor cortex showed
short-lasting after-effects (Figure 1). These findings suggest that transcallosal
inhibition modulated by tDCS might have minor static effects on the corticospinal
excitability in the contralateral motor cortex. Nevertheless, previous studies
demonstrated that bilateral tDCS was more effective for improving hand motor
performance compared to unilateral anodal tDCS over the target motor cortex
[3, 10], and that unilateral cathodal tDCS over a motor cortex results in
substantial improvement of ipsilateral hand motor function in healthy [2,4] and
stroke individuals [7,9,11,49]. These facts could provide us rationale to suppose
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that suppressed transcallosal inhibition contributes to the contralateral cortical
motor activity. Indeed, Williams et al. [5] demonstrated a functional relationship
between the suppression of transcallosal inhibition and improvements in motor
performance using bilateral tDCS. Conceivably, it might be that a functional role
of the decreased transcallosal inhibition can be observed in a time-specific motor
event like movement initiation. Transcallosal inhibition is gradually decreased
according to the time course of movement initiation [50,51]. Therefore, a
sustained reduction of transcallosal inhibition could contribute to such a situation
of motor performance rather than a static enhancement of corticospinal
excitability. To support this notion, recent studies using functional magnetic
resonance imaging demonstrated that motor task-related M1 activation was
greater in bilateral tDCS compared to unilateral anodal tDCS, and that the M1
activation changes in laterality were correlated with microstructural status of
transcallosal motor fibers [18] although resting-state interhemispheric functional
connectivity between the left M1 and the right M1 did not show after-effects
regardless of unilateral anodal or bilateral tDCS [20]. Therefore, it seems
conceivable that modulated transcallosal pathways contribute to the motor
performances without marked changes in the corticospinal excitability at rest.

From the methodological point of view, we need to consider tDCS parameters
as limitations of our study. First, strong intensity and long duration of direct
current stimulation has a risk of over stimulating that causes reversing facilitatory
effect of cathodal tDCS on the corticospinal excitability. A recent study
demonstrated that cathodal tDCS with 2 mA of intensity and 20 min of duration
facilitated the corticospinal excitability [52]. Because tDCS with a high intensity
(2 mA) and a short duration (5 min) retained the general polarity-specific after-
effects [16], the combination of intensity and duration might be a specific factor
for the tDCS after-effects. Second, small number of participants should be
considered as another limitation. Though we found significant tDCS after-effects
on MEP amplitude and IHI, some insignificant results may be due to small sample
size. We should make a point that the participants were not completely identical
across real-tDCS and sham-tDCS sessions. Finally, our study cannot completely
rule out spinal effects [53, 54]. Though THI was demonstrated to be mediated by
cortical circuits through transcallosal pathways [55, 56], potential contribution of
subcortical circuits to IHI need to be considered [57].

As a therapeutic tool, tDCS has been frequently applied in patients with
hemiparetic stroke [58]. Thus, our findings that tDCS modulated transcallosal
inhibition with polarity-specific manner could provide a useful perspective on the
understanding of the tDCS therapeutic effect on the recovery of motor function
after stroke. In terms of interhemispheric neural modulations, the application of
cathodal tDCS to contralesional hemisphere appears to be reliable as demon-
take into account the tDCS effect on the uncrossed ipsilateral motor pathway
[59,60]. A recent study demonstrated that cathodal tDCS over a motor cortex
affected presumed uncrossed cortico-propriospinal pathway [60]. As the severely
impaired motor function is potentially compensated by ipsilateral cortical activity
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[61], it is important to note the potential risk that cathodal stimulation over
ipsilesional hemisphere deteriorates motor function [62].

In conclusion, the present study demonstrated that tDCS produced polarity-
specific after-effects on transcallosal inhibition between motor cortices.
Comprehensively, IHI was increased from the M1 at which the corticospinal
excitability was increased and decreased from the M1 at which the corticospinal
excitability was decreased, suggest that tDCS is capable of modulating neuronal
activities that are involved with sending and receiving callosal discharges.
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