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Transcranial direct current stimulation
(tDCS) is a method of non-invasive brain
stimulation that induces changes in corti-
cal excitability by applying a weak electric
current transcranially. The direction of
tDCS-induced cortical excitability change
depends on the stimulation polarity. In
general, anodal tDCS increases and cathodal
tDCS decreases motor cortex excitability
(Nitsche and Paulus, 2000). In addition to
reducing ipsilateral excitability, cathodal
tDCS can increase contralateral excitability
by decreasing interhemispheric inhibition.
(O’Shea et al., 2014). Furthermore, tDCS
can also be applied bilaterally. For exam-
ple, the anode might stimulate one pri-
mary motor cortex (M1) while the
cathode simultaneously stimulates the
contralateral M1 (Vines et al., 2008).

Because tDCS can modulate differ-
ently each hemisphere, it might be useful
for rehabilitation after stroke, which is a
major cause of motor dysfunction. In
fact, there is some evidence that tDCS
applied either during or before training
improved motor function of stroke pa-

tients (Zimerman et al., 2012; Allman et
al., 2016). Furthermore, bilateral tDCS
(or dual-tDCS) has been proposed for
rectifying interhemispheric imbalances
after stroke. In the healthy brain, each
hemisphere equally inhibits the other via
the corpus callosum. However, after
stroke, excitability in the ipsilesional
hemisphere is reduced. As a result, inhibi-
tion from the stroke-affected hemisphere
to the contralateral hemisphere is de-
creased; the contralesional hemisphere
thereby becomes more excitable and ex-
erts stronger inhibition on the ipsilesional
hemisphere. These excitability imbal-
ances often impair recovery after stroke
(Boddington and Reynolds, 2017). Re-
versing them with bilateral tDCS (placing
the anode over the ipsilesional hemi-
sphere, and the cathode over the contral-
esional hemisphere) might therefore
improve recovery.

Despite the theoretical benefits of
tDCS in stroke, the latest Cochrane re-
view, a collection of high-quality evidence
in the medical field, reports that the evi-
dence that tDCS improves performance
of activities of daily in living in stroke pa-
tients is inconclusive (Elsner et al., 2016).
One possible reason for this conclusion is
that interindividual and intra-individual
response variability obscures the possible
effects of tDCS (López-Alonso et al., 2014,
2015; Guerra et al., 2017). A previous

study using a large sample size and cluster
analysis reported the presence of “re-
sponders” who showed the expected re-
sponse to tDCS and “non-responders”
who did not (López-Alonso et al., 2014).
Moreover, López-Alonso et al. (2015)
showed that most responders and over
half of the non-responders displayed sim-
ilar responses in the first and second ses-
sion, indicating that intra-participant
variability was lower than inter-parti-
cipant variability. The sources of this
response variability are unclear, but indi-
vidual anatomical characteristics might be
a factor.

In stroke rehabilitation, motor learn-
ing beneficially contributes to functional
recovery. Recently, it has become appar-
ent that tDCS applied to M1 affects motor
learning, possibly by altering GABA
concentrations. In healthy participants,
GABA concentration decreases in the M1
during motor learning (Kolasinski et al.,
2018), and anodal tDCS can enhance cor-
tical excitability while decreasing GABA
concentration in M1 (Stagg et al., 2011a).
Furthermore, Stagg et al. (2011a) found a
positive correlation between the magni-
tude of the tDCS-induced GABA decrease
in M1 and the degree of motor learning.
Therefore, GABA is a candidate bio-
marker for potential plasticity in response
to tDCS, and assessing the effects of vari-
ous tDCS montages on GABA concentra-
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tion in M1 might help to maximize motor
learning.

In a recent report in The Journal of
Neuroscience, Bachtiar et al. (2018) exam-
ined the effect of anodal, cathodal, and
bilateral tDCS on neurochemical changes
in M1 using two-voxel magnetic-resonance
spectroscopy (MRS). Briefly, current was
delivered via electrodes applied over the
M1 of 12 healthy participants. For unilat-
eral stimulation, the stimulating electrode
was placed over the left M1, and the refer-
ence was placed over the right supraor-
bital ridge. For bilateral stimulation, the
anode was placed over the left M1 and
the cathode was placed over the right
M1. Neurochemical changes, including
changes in GABA and glutamate concen-
trations, were quantified at five time
points: before tDCS (baseline), during
tDCS, and at three time points after tDCS
(Post 1: 1–13 min, Post 2: 14 –26 min, and
Post 3: 27–39 min after tDCS).

For unilateral stimulation protocols,
anodal stimulation decreased GABA con-
centration in both the stimulated and
unstimulated M1, whereas cathodal tDCS
decreased GABA concentration only in the
unstimulated M1. These tDCS-induced
GABA changes lasted for at least 30 min
after stimulation. Glutamate concentra-
tion was not affected by stimulation in ei-
ther M1 with any montage. These results
using MRS are generally consistent with
those of a previous study using electro-
physiological verification, in which the
effects of tDCS on motor-evoked poten-
tial were examined as an indicator of
corticospinal excitability (O’Shea et al.,
2014). Thus, these results supported tDCS-
induced changes in excitability, based on
both electrophysiological changes and neu-
rochemical changes.

For bilateral stimulation, Bachtiar et
al. (2018) found that GABA concentra-
tion decreased only in the cathode-
targeted M1. Although bilateral tDCS is
theoretically a sum of anodal and cathodal
tDCS, this result indicates that the physi-
ological effects of bilateral stimulation
were not simply the sum of the constitu-
ent unilateral montages (anodal and cath-
odal tDCS). One clear reason for this is
that current flows differently between the
electrodes in the various montages. Spe-
cifically, currents are directed in a dorsal
to ventral manner in the unilateral mon-
tages, whereas they are directed in a lateral
to medial manner in the bilateral montage
(Wagner et al., 2007). In addition, the pat-
tern of change in network connectivity
critically depends on the montage. Sehm
et al. (2012) showed that bilateral mon-

tage modulated network connectivity in
the primary motor, secondary motor, and
prefrontal areas, whereas unilateral mon-
tage affected prefrontal, parietal, and cer-
ebellar areas; these findings indicated that
the modulated networks differed between
bilateral and unilateral tDCS. Thus, al-
though Bachtiar et al. (2018) demon-
strated that both bilateral and unilateral
tDCS decrease M1 GABA levels, this result
might have been mediated by different
underlying physiological mechanisms op-
erative in bilateral versus unilateral mon-
tages. Further studies are needed to
investigate the influence of electrode po-
sition (particularly with regard to polarity
and current flow direction) on the tDCS-
induced physiological effect.

Next, Bachtiar et al. (2018) investi-
gated how the GABA reduction seen in the
unstimulated hemisphere with unilateral
tDCS might relate to the microstructure
of white-matter fibers running between
the M1s in the corpus callosum (CC).
They found that cathodal tDCS-induced
GABA change in the unstimulated M1
was negatively correlated with the struc-
tural integrity of the M1-to-M1 callosal
fibers; specifically, greater structural in-
tegrity in the CC was associated with a
greater decrease in GABA levels in the un-
stimulated M1. In contrast, there were no
significant correlations between GABA
levels in the unstimulated M1 and the in-
tegrity of two other fiber tracts: the section
of CC connecting the stimulated M1 to
the unstimulated somatosensory cortex
and the corticospinal tract. Thus, cathodal
tDCS-induced GABA changes in the un-
stimulated M1 depend on the integrity of
a specific interhemispheric connection.
This might be a significant contributor to
the variability in therapeutic results ob-
tained with tDCS. Bachtiar et al. (2018)
hypothesized that stroke patients with
structurally intact callosal fibers might
benefit from cathodal tDCS applied to the
contralesional M1.

Regarding future clinical application
of tDCS, several animal studies have
shown that extrasynaptic GABAergic in-
hibition in the cortex influences recovery
from focal stroke. Clarkson et al. (2010)
showed that tonic neuronal inhibition
mediated by extrasynaptic GABAA recep-
tor in the peri-infarct cortex increased af-
ter stroke, and that this increased tonic
inhibition worsened functional recovery,
likely because the increased tonic inhibi-
tion limits the cortical plasticity necessary
for recovery. Indeed, reducing extrasyn-
aptic GABAergic inhibition enhanced
functional recovery after stroke (Lake et

al., 2015; Orfila et al., 2017). Because the
MRS-assessed GABA level likely reflects
extrasynaptic GABAergic tone (Stagg et
al., 2011b) and Bachtiar et al. (2018)
showed that all three tDCS montages de-
crease M1 GABA levels as assessed by
MRS, all tDCS montages might enhance
functional recovery after stroke by decreas-
ing extrasynaptic GABAergic inhibition.

In conclusion, Bachtiar et al. (2018) re-
vealed the effect of three tDCS montages
on neurochemical changes in bilateral
M1, and the relation between neurochem-
ical changes in the unstimulated hemi-
sphere and the microstructure of the
white matter connecting bilateral M1s.
Furthermore, their study results suggested
that structural integrity in the CC could be
an indicator of cathodal tDCS-induced
GABA changes beyond the stimulated re-
gion. These findings increase our under-
standing of the wider motor network
underpinning tDCS-induced motor plastic-
ity and might help to explain the tDCS re-
sponse variability in stroke rehabilitation.
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