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Role of GABA plasticity in stroke
recovery

Stroke is a leading cause of long-term disability. Most stroke
patients regain their function partially or fully during the first
3-6 months depending on location and size of the lesion.
During this functional recovery phase, cortical reorganization
or plasticity occurs, and physiological responsiveness or neu-
ronal excitability is altered in the ipsilesional and contrale-
sional areas. However, how to drive successful plastic changes
or successful stroke recovery are not fully elucidated yet.

y-Aminobutyric acid (GABA) is the dominant inhibitory
neurotransmitter in the brain and GABA plasticity is known
to play an important role in stroke recovery. The role of
GABAergic modulation in motor cortical plasticity is well
established in rat brains, however, the role of peri-lesional
inhibition in human adult brain is less well understood, yet
(Bachtiar and Stagg, 2014). Some animal studies found that
GABA activity in the peri-infarct cortex initially increases
but decreases over time during functional recovery and mo-
tor improvement (Clarkson et al., 2010), whereas, human
studies indicated that intracortical inhibition was reduced
after stroke when measure with transcranial magnetic stimu-
lation (TMS) (Liepert et al., 2000). This discrepancy between
animal and human brains might be due to difference in time
onset after the stroke or difference in species.

Stroke and GABA: GABAergic signaling in the motor cortex
plays an important role in the development of peri-lesional
or use-dependent plasticity after stroke.

Previous studies have shown that cortical excitability was
reduced in the affected hemisphere when measured cortico-
spinal and intracortical excitability using TMS (Manganotti
et al., 2008). In contrast, some studies have demonstrated that
short-interval intracortical inhibitions, a marker of GABA
synaptic activity was decreased in both hemispheres and this
was associated with functional recovery after stroke (Butefisch
et al., 2008). Lazar et al. (2010) found that the administration
of the GABA agonist, midazolam re-induced clinical deficits
after stroke, which suggest a clinical relevance for the speci-
ficity of GABA-sensitive pathways for stroke recovery.

In animal models of cerebral ischemia, decreased GABA,
receptor density with increased extracellular GABA concen-
tration has been demonstrated in in vivo and in vitro studies
(Schwartz-Bloom and Sah, 2001). After a stroke, tonic neu-
ronal inhibition is increased in the peri-infarct zone in mice
(Clarkson et al., 2010). This tonic inhibition has been shown
to be mediated by extrasynaptic GABA receptors. A specific
suggested mechanism is the dysfunction in GABA reuptake
from extracellular fluid mediated by GABA transporter pro-
teins (GATs). A reduced level of GAT function was demon-
strated in the peri-infarct zone in an animal model (Clarkson
etal., 2010).

We also observed that the GABA receptor availability was

2026

significantly increased in the ipsilesional cortical area (supra-
marginal cortex, Bradmann area (BA) 40) and contralateral
cerebellum as compared to age-matched healthy controls at
the initial stage of stoke (Kim et al., 2014) (Figure 1A).

Recovery after stroke and GABA: Cortical reorganization or
plasticity is enduring change in morphological or functional
properties, and is of major interest because it is engaged in
motor learning and functional recovery after stroke. Among
them, GABA plasticity plays an important role for motor
improvement after stroke (Lazar et al., 2010).

A decrease in GABA-related inhibition facilitates use-de-
pendent plasticity with the expansion of trained represen-
tations in the human motor cortex, whereas the pharmaco-
logical administration of GABA agonists, such as lorazepam,
can reduce use-dependent plasticity in the human motor
cortex. Studies on monkeys also demonstrated that acti-
vating GABA, receptors in the medial motor cortex with a
GABA agonist increased error rates during motor sequence
production. Thus, increased GABA, receptor binding in the
motor cortex could be related to poor functional linking of
the neurons for complex motor skills with less effective plas-
ticity. In a rat stroke model, it was also demonstrated that
peri-lesional chronic tonic GABAergic inhibition, mediated
by extrasynaptic GABA, receptors impaired the motor re-
covery (Clarkson et al., 2010).

In cases with good functional recovery, there is initially re-
duced cortical excitability in the ipsilesional brain areas and
transfer of increased cortical exitability to the contralateral
cortex, which subsequently returns to the peri-infarct and ip-
silesional networks when studied with transcranial magnetic
stimulation or neuroimaging study. In a rat stroke model, ear-
ly application of an inverse agonist specific to the benzodiaze-
pine binding site on extrasynaptic GABA, receptors, resulted
in early and sustained motor function recovery by lowering
the tonic neuronal inhibition. Genetic knockdown of GABA,
receptors containing a5 and § subunits, found primarily in
extrasynaptic GABA, receptors, also resulted in a similar in-
creased functional recovery (Clarkson et al., 2010).

Using magnetic resonance spectroscopy, a more direct
measure of the local concentration of GABA is possible.
Blicher et al. (2014) also measured GABA content in pri-
mary motor cortex in relation to motor recovery during 2
weeks of constraint-induced movement therapy in stroke
patients at 3-12 months after the onset. Before the training,
stroke patients showed a significantly lower GABA activity
than healthy controls. After training, patients improved sig-
nificantly on motor function, and the extent of this motor
improvement correlated significantly with the decreases in
GABA activity.

GABA PET evidence: ["°F]flumazenil (["*F]JFMZ) is a spe-
cific, high-affinity neutral antagonist that binds reversibly
to the benzodiazepine site of the GABA, receptor complex,
which is located on axodendritic synapses, with a wide cor-
tical distribution closely following the local density of neu-
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rons. Therefore, it is a useful marker for the assessment of
neuronal density and integrity.

Recently, FMZ PET imaging studies demonstrated the
plasticity of GABA, receptors. Regional FMZ binding was
altered without any change in the volume of the gray matter
or the affinity of the benzodiazepine site, but was affected
by the functional state of GABAergic neurons (i.e., the re-
lease and uptake of the transmitter during activity). Using
FMZ PET, the functional alteration of GABAergic neurons
has been investigated in several neuropsychiatric disorders.
Damaged cortex could be also detected by reduced FMZ
binding (Heiss et al., 1998) or by decreased benzodiazepine
receptor concentration. Excellent reproducibility and reli-
ability of FMZ PET quantification has also been reported
(Salmi et al., 2008). Therefore, FMZ PET study can reflect
the functional alteration and neuronal density of GABA in
stroke patients.

To better understand the mechanism of physiological
plasticity during the recovery phase of stroke, a longitudinal
observation of the changes in cerebral GABA activity was
undertaken.

We examined the changes in cerebral GABA activity in pa-
tients with subcortical stroke using FMZ positron-emission
tomography (PET) during the recovery and motor improve-
ment period (Kim et al., 2014). In our study, global GABAer-
gic activity was increased compared with the age-matched
controls 1 month after stroke and returned to the control
level at 3 months after stroke. This pattern of brain activa-
tion corroborates the results of other group’s study (Clarkson
et al,, 2010), and these findings suggest that changes in the
regional GABA, receptor binding are related to motor recov-
ery in stroke patients.

In our stroke patients, GABAergic activity decreased
throughout the cerebral cortex and cerebellum, especially in
the contralateral hemisphere, during the funational improve-
ment period (Kim et al., 2014) (Figure 1B, C). This might
be related to decreased intracortical inhibition or decreased
transcallosal inhibition from the contralesional hemisphere
to the ipsilesional hemisphere. The change in the relative
inter-hemispheric GABAergic activity might reflect a change
in the strength of inter-hemispheric interactions, which are
important for the normal coordination of hand movements
and stroke motor recovery. We also observed that a great-
er decrease in contralateral cortical and subcortical GABA
availability was correlated with more improvement in motor
function.

Although we observed a change in brain activation in
patients with subcortical infarction, it is also expected that
cortical stroke patients follows a similar longitudinal pattern
of the GABAergic activity based on the report by Cramer
(2008); cortical excitability is reduced initially and then
increases over time, and that behavioral outcome might be
correlated with the extent of this increase.

The reorganization maps could present not only in the
primary motor cortex but also in the sensory, auditory, and
visual cortices, and even in the white matter and basal ganglia.

Our patients also showed a decrease in GABA, receptor

binding in the temporal lobe contralateral to the lesions and
a trend towards decreased receptor binding in the ipsilateral
thalamus. Changes in the connectivity of motor cortex with
the thalamus might be related to the cortico-basal-gan-
glia-thalamo-cortical loop, which is involved in processing
information regarding motor control and learning motor
sequences. In our study, motor recovery also correlated with
changes in GABAergic activity in the thalamus. This change
might reflect a reorganization of the cortico-basal gan-
glia-thalamo-cortical loop necessary for motor recovery.

The GABAergic activity increased in the contralateral cer-
ebellum 1 month after stroke and persisted 3 months after
stroke, but to a lesser extent. The reason for this increased
GABAergic activity in the contralateral cerebellum might
be to increase contralateral cortical excitability to promote
functional recovery. It has been demonstrated that corti-
comotor excitability was associated with level of inhibition
from the contralateral cerebellum (cerebello-cerebral inhibi-
tion), and the decrease in this cerebello-cerebral inhibition
was associated with improvement in motor function.

Future perspectives and challenges: Measuring GABA ac-
tivity could serve as a potential biomarker for post-stroke
recovery. Future studies with a larger sample size correlating
GABAergic activation patterns with functional recovery are
needed to identify the neuroanatomical substrates that sub-
serve functional recovery. Such researches might also guide
the development of more effective rehabilitative interventions
for functinal improvement after a stroke.

Important mechanisms for mediating reorganization in
the cerebral cortex involve the unmasking of existing, but la-
tent, horizontal connections and modulation of GABAergic
inhibition and synaptic efficacy. This approach could be a
novel strategy to promote motor recovery after stroke. Inter-
ventions that lead to the reduction of GABAergic inhibition
are means of facilitating plastic changes in the motor cortex.
This understanding of cortical reorganization may enable
us to design rational strategies to enhance beneficial plastic
changes in stroke patients, for example, promotion of repet-
itive behavioral training or avoiding inhibitory drive such as
GABAergic drugs or applying neuromodulation techniques
such as transcranial magnetic stimulation and transcranial
direct current stimulation in an appropriate way.
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Figure 1 The GABA receptor availability in stroke patients seen with ['*FJFMZ PET.

Receptor availability on ['*F]JEMZ PET was calculated as the regional uptake ratio, in which the regional uptake is relative to the activity of the
pons, where receptor sites are negligible. Then, significant differences in receptor availability in the 1- and 3-month PET were compared with those
of age-matched healthy controls using general linear models in a voxel-based manner. (A) The GABA receptor availability in stroke patients was
increased in the ipsilesional cortical area (supramarginal cortex, BA 40) and contralateral cerebellum in comparison with age-matched healthy con-
trols at 1 month after stroke. (B) The findings were similar at 3 months after stroke, with a more widespread reduction in GABA receptors in the
cortical and subcortical white matter in the contralateral cerebellum. The greater receptor availability in the contralateral cerebellum persisted, but
to a lesser extent, and the higher perilesional receptor availability was no longer significant. (C) A comparison of the PET study between 1 month
and 3 months after stroke (A=3 month—1 month) revealed that the GABA receptor availability generally decreased throughout the cerebral cortex
and cerebellum during the functional recovery period, especially in the contralateral hemisphere. The mean uptake ratio of FMZ PET in the brain
was also decreased significantly at 3 months as compared to at 1 month after stroke (Kim et al., 2014). This figure has been reproduced with per-
mission. GABA: y-Aminobutyric acid; [ *F]JFMZ PET: ["*F]flumazenil positron emission tomography.
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