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ARTICLE INFO ABSTRACT

Keywords: Stroke is a major cause of death and chronic neurological disability. Despite the improvements in stroke care, the
GABA number of patients affected by stroke keeps increasing and many stroke survivors are left permanently disabled.

Stroke recovery Current therapies are limited in efficacy. Understanding the neurobiological mechanisms underlying post-stroke

E\g recovery is therefore crucial to find new therapeutic options to address this medical burden. Long-lasting and
EEG widespread alterations of y-aminobutyric acid (GABA) neurotransmission seem to play a key role in stroke re-

covery. In this review we first discuss a possible model of GABAergic modulation of post-stroke plasticity. We
then overview the techniques currently available to non-invasively assess GABA in patients and the conclusions
drawn from this limited body of work. Finally, we address the remaining open questions to clarify GABAergic
changes underlying post-stroke recovery, we briefly review possible ways to modulate GABA post stroke and
propose a novel approach to thoroughly quantify GABA in stroke patients, by integrating its concentration, the

activity of its receptors and its link with microstructural changes.

1. Introduction

With more than 13 million cases worldwide annually, stroke is a
major cause of death and chronic neurological disability (Feigin et al.,
2021). Ischemic stroke accounts for about 85% of cases (Sedova et al.,
2021). Despite improvements in prevention, control of risk factors and
acute stroke care, the number of strokes almost doubled in the past years
(Feigin et al., 2014), with an exponential increase in stroke incidence
among young adults (Lindsay et al., 2019).

Stroke often disrupts motor systems, leaving half of stroke survivors
permanently disabled and a third of them dependent on others for
normal daily activities (Lawrence et al., 2001). To date, physical therapy
remains the gold standard intervention to minimize functional disability
(Hubbard et al., 2009). Several approaches have been shown to reduce
patients’ deficits: robotic and mirror therapy ((Mehrholz et al.,) Thieme
et al., 2012), constraint-induced movement therapy (Smania et al.,
2012), electro-mechanical gait training (Mehrholz et al., 2020), tread-
mill training (Mehrholz et al., 2017), and brain stimulation (eg.,
Transcranial Magnetic Stimulation -TMS-, Grefkes & Fink, 2020; trans-
cranial Direct Current Stimulation -tDCS-,Hordacre et al., 2021). Un-
fortunately, access to rehabilitation centers and stroke expert therapists
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is limited and expensive (Teasell et al., 2020). Physical protocols typi-
cally require extensive repetitions of motor exercises, which can be
unengaging and tiring, jeopardizing compliance (Ward et al., 2019).
Additionally, it is still debated whether these protocols improve motor
recovery above what is expected due to spontaneous biological recovery
mechanisms alone (Stinear et al., 2020). Therefore, there is a pressing
need to develop adjunct therapies to promote brain plasticity and
enhance the efficacy of physical therapy. To do so, the neurobiological
mechanisms underlying post-stroke recovery must be thoroughly
understood.

Ischemic stroke results from a reduction of blood supply, which
initiates a cascade of metabolic failure, excitotoxicity and neuro-
inflammation, and eventually causes irreversible tissue damages (Doyle
et al., 2008). While neurons die within minutes from lack of oxygen and
nutrients in the ischemic region, connected regions can undergo various
degrees of axonal degeneration, synapse loss and neuronal dysfunction
(Baron et al., 2014). Once the immediate damage has been done, this
acute phase is followed by a window of heightened neuroplasticity: the
subacute recovery phase, which is typically said to last about 3 months
(Bernhardt et al., 2017). During this period, endogenous processes
including axonal sprouting and spine morphogenesis mediate the
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structural and functional changes underlying sensory and motor
remapping (Nishibe et al., 2015). The plastic processes of the subacute
phase progressively decline, leaving the recovery rate of the chronic
phase about 10% of what is observed during the subacute phase (Mur-
phy & Corbett, 2009; Wolf et al., 2010). In addition, there are critical
differences between the nature of functional improvements in the sub-
acute and chronic phases: true “recovery”, as opposed to adaption and
functional improvements, can only be said to occur in the subacute
phase (Krakauer & Carmichael, 2022). Interventions aimed at widening
and lengthening the spontaneous plasticity marking the subacute phase
are therefore foreseen to optimize post-stroke recovery.

A better understanding of the mechanisms underlying the sponta-
neous plasticity observed in the subacute phase is a prerequisite to tailor
restorative therapies to the individual patient. Long-lasting and wide-
spread alterations of inhibitory neurotransmission after stroke seems to
be one crucial potential mechanism (Redecker et al., 2002). Indeed, a
decrease in y-aminobutyric acid (GABA) promotes neuroplasticity both
in humans (Ziemann et al., 2001) and animals (Hess et al., 1996), and
stimulates long-term potentiation, a cellular process of plasticity and
learning (Hagemann et al., 1998).

In this review we first discuss a possible model of GABAergic mod-
ulation of post-stroke plasticity in the subacute phase. We then overview
the techniques currently available to assess non-invasively GABA in
patients and briefly review the conclusions drawn from this limited body
of work as well as possible ways to modulate GABA post stroke. Finally,
we address the remaining open questions to clarify GABAergic changes
underlying post-stroke recovery and propose a novel approach to thor-
oughly quantify GABA in stroke patients, by integrating its sheer
amount, the activity of its receptors and its link with microstructural
changes.

2. Neurobiological basis of GABAergic modulation in post-stroke
neuroplasticity

The brain has a remarkable capacity to reorganize its circuits
following an intrinsic or extrinsic perturbation (Cramer et al., 2011).
This neuroplasticity is expressed at various levels (e.g., cell, brain net-
works, behavior) throughout the lifespan (Murphy & Corbett, 2009). It
is maximal during development (Hensch, 2005) but is also enhanced
during the subacute phase of stroke. This post-stroke sensitive period
(Dromerick et al., 2021) is associated with the expression of genes and
proteins implicated in neuronal growth, synaptogenesis, and prolifera-
tion of dendritic spines (Hattiangady et al., 2005; Cramer & Chopp,
2000). Stroke animal models have suggested that the presence of critical
periods and training-dependent effects after stroke might indicate that
synapse-based learning rules, involved both in wiring and refining brain
connections, are implicated in stroke recovery (Song et al., 2000). These
learning rules are mainly mediated by Hebbian (Hebb, 1949b) and ho-
meostatic (Turrigiano & Nelson, 2004) plastic mechanisms. In the next
two sections we discuss the evidence from animal studies for these two
forms of plasticity, highlighting the role played by GABA in neuroplastic
phenomena.

2.1. Hebbian plasticity

Classical Hebbian plasticity arises from repeated coordinated firing
of two connected neurons and results in the strengthening (long-term
potentiation) or weakening (long-term depression) of the neurotrans-
mission (Hebb, 1949a). Spike timing across synapses also conveys crit-
ical information as the order of coincident spikes can either strengthen
or weaken a given synapse (a phenomenon referred to as spike timing
dependent plasticity, Caporale & Dan, 2008). Both forms of synaptic
plasticity result in long-lasting functional and structural changes which
mediates task-relevant shaping of neuronal population activity (for
more detail see previous reviews, e.g., Magee & Grienberger, 2020).

GABAergic modulation appears to be important in regulating
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synaptic plasticity and has thus been hypothesized to have a role in
regulating many stages of memory formation and consolidation.
GABAergic interneurons seem to set the temporal coincidence require-
ment for plasticity and integrate spatial context switching principal cells
between plastic and non-plastic mode of operation (for a complete re-
view on the role of inhibitory circuits in memory see Topolnik & Tam-
boli, 2022). Fast spiking parvalbumin + GABAergic interneurons are
involved in certain forms of learning (Hu et al., 2014): suppression of
these interneurons is necessary for visual plasticity (Kuhlman et al.,
2013), associative fear learning (Wolff et al., 2014) and reward seeking
behavior (Sparta et al., 2014). Moreover, GABAergic circuits have also
been shown to shape spike-timing-dependent plasticity and operate as
Hebbian/anti-Hebbian switch (Paille et al., 2013). GABA has therefore
been proposed as a third factor acting on the classical two-factor Heb-
bian learning equation, where the two factors index the presynaptic and
postsynaptic activities. This third factor may gate Hebbian plasticity by
providing a global information on how well the whole network is per-
forming (Kusmierz et al., 2017).

Animal studies suggest that stroke rehabilitation relies on Hebbian
plasticity (Plautz et al., 2003). Following stroke, surviving circuits with
sufficient drive to produce coherent pre- and postsynaptic paired action
potentials, and thus presumed behaviorally relevant, are strengthened
(via Long Term Potentiation [LTP]). There is also some evidence that
asynchronously active synapses are weakened (via Long Term Depres-
sion [LTD], Murphy & Corbett, 2009). However, complex systems based
only on Hebbian mechanisms are intrinsically unstable. Indeed, Hebbian
learning exhibits a positive feedback instability that could cause path-
ological runaway dynamics of neural activity. First, continuous synaptic
potentiation would cause synaptic saturation, loss of selectivity and
excess of excitability (Rochester et al., 1956). Second, spurious corre-
lation between pre and postsynaptic firing would cause maladaptive
Hebbian plasticity (Sejnowski, 1977). Therefore, Hebbian plasticity
likely requires stabilization by additional compensatory processes. A
diversity of homeostatic plasticity phenomena found in neural circuits
could play this role.

2.2. Homeostatic plasticity

Homeostatic plasticity serves as a stabilizing mechanism that pre-
vents neural circuits from becoming hyper- or hypoactive. It can broadly
be defined as neuronal changes that optimize neuronal activity to sense
and adapt to a changing environment: while neurons forced to rest
become hyperexcitable, those potentiated by intense synaptic activity
have to reduce their excitability (Nelson & Turrigiano, 2008). These
adjustments are achieved by a combination of synaptic and intrinsic
homeostatic phenomena that act on the balance between excitatory and
inhibitory inputs (Turrigiano et al., 1998) or between inward/outward
voltage-dependent current (Turrigiano et al., 1994), respectively.

Synaptic scaling is a global, cell-dependent process favoring synaptic
homeostasis (Turrigiano, 2008) that allows neurons to detect changes in
their own firing/depolarization rate and adjust it to a target value
(Gainey et al., 2009). The same paradigm that scales up excitatory
postsynaptic currents, scales down inhibitory ones via a combination of
various changes in the accumulation of postsynaptic GABA, receptors,
synapse number and GABA packaging and release (Hartman et al., 2006;
Kilman et al., 2002). However, focusing on synaptic homeostasis only
gives us a limited picture of how neural circuits evolve over time. To
maintain an appropriate electrical activity, neurons need to alter their
intrinsic electrical proprieties on top of regulating the strengths of their
synaptic connections (Desai, 2003). Blocking GABA, receptors has been
shown to dramatically impact intrinsic plasticity in cerebellar granule
cells: firing frequencies increase and spike threshold decreases, indi-
cating that GABA-mediated tonic inhibition may control the cell’s
excitability (Brickley et al., 2001).

Synaptic homeostasis adjusts the gain of the input thus modifying the
excitation/inhibition balance. By contrast, intrinsic homeostasis
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modifies the contribution of a neuron to circuit function by changing the
inward/outward current densities, enhancing firing, and promoting
structural changes (e.g., in the axon initial segment). The interplay be-
tween synaptic and intrinsic plasticity is still debated although recent
computational models have shown the efficacy of echo state networks
with a synergistic plasticity learning rule, which simultaneously
consider the regulation of synaptic weights and the adjustment of
neuronal intrinsic excitability (Wang et al., 2021). Following network
disruption, synaptic mechanisms might come first into play with
intrinsic processes triggered in a second step (Turrigiano, 2011) to
maintain synaptic strength in a functional range.

Normal pathways of synaptic activity are altered or interrupted after
stroke both in the peri-infarct area (Carmichael et al., 2004) and in
distant functionally related structures (Biitefisch et al., 2003). Homeo-
static plasticity might promote a series of changes to restore synaptic
activity and keep the network activity at a desired stable set point, by
modulating synaptic homeostasis. Such changes could be suggested by
the hyperexcitability observed throughout the subacute phase (Winship
& Murphy, 2008), which results from a decrease in inhibition and
altered intrinsic electrophysiological properties of the neurons (Schiene
et al., 1996). More than just regulating synaptic activity, homeostatic
mechanisms could also favor structural changes by increasing dendritic
spine production, axonal sprouting, and the unmasking of horizontal
connections in the peri-infarct area, which would compensate for lost
circuits and help to reinstate the post-stroke synaptic activity to a certain
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set point (Stroemer et al., 1995). The interplay between Hebbian and
homeostatic synaptic plasticity after stroke, however, is still under
debate.

2.3. A possible model of stroke recovery and the role of GABA

Whether Hebbian and homeostatic mechanisms cooperate or
compete in normal brain plasticity (Galanis & Vlachos, 2020), let alone
in pathological brain conditions such as stroke, remains unsettled.

During the subacute phase of stroke, homeostatic mechanisms might
initially lead to a transient loss of inhibition and the proliferation of new
connections (Winship & Murphy, 2008) in such a way that the activity of
surviving neurons is reset to the pre-stroke input (Murphy & Corbett,
2009). Cortical hyperexcitability, resulted by a relatively reduced inhi-
bition and an increase in glutamate transmission, might facilitate the
transmission of subthreshold inputs after stroke (Schiene et al., 1996), in
particular in the peri-infarct cortex (Michalettos & Ruscher, 2022).
Simultaneously, growth promoting genes might be upregulated (Car-
michael, 2006), and create a favorable environment for axonal sprouting
(Stroemer et al., 1995), synaptogenesis (Brown et al., 2007), and the
unmasking of latent horizontal connections (Carmichael et al., 2001).
This initial proliferation of new connections might restore neuronal
circuitry and mediate sensory-motor remapping (Winship & Murphy,
2009). The increase in the excitation/inhibition ratio characterizing the
subacute phase of stroke might be reminiscent of the environment
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Fig. 1. Possible model of stroke recovery. Before the stroke, the human cortex has a normal network structure. Neurons fire in response to inputs and are inter-
connected. Connected neurons are here represented with the same color. During the first week after stroke, in the acute phase, neurons in the core stroke areas die,
while the surviving neurons in the peri-lesional area undergo dendritic spines loss and connections disruption. This phase is characterized by oxidative stress,
neuroinflammation and a glutamate-mediated excitotoxicity. An increase in inhibition might be necessary to quickly reverse this excitotoxicity and avoid irrevocable
damages. Once the neurons survive the acute phase, homeostatic mechanisms might lead to a shift in the excitation/inhibition balance (reduced inhibition and
increased excitation) to support neural repair and neuroplasticity. The promoted circuit excitability and the upregulation of growth promoting genes might favor
axonal sprouting, synaptogenesis, and the unmasking of latent horizontal connections (early phase). This hyperexcitability and continuous response to external
inputs might lead to coincidental presynaptic and postsynaptic activity. The resulting novel connections might be secondarily pruned by Hebbian-like mechanisms
which optimize the restored neural circuits in response to relearning skills (late phase). The figure was created with BioRender.com.BioRender.com
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observed during neurodevelopment when plasticity is maximal. The
resulting novel connections might be secondarily refined by Hebbian-
like mechanisms which strengthens and retains properly wired con-
nections (behaviorally relevant ones) (Fig. 1). Later on, in the chronic
phase, inhibition drive might thrive again as the potential for sponta-
neous recovery declines (Grigoras & Stagg, 2021) (for a complete review
on the possible mechanisms favoring post-stroke plasticity see Murphy
& Corbett, 2009).

Overall, animal evidence suggests a critical role of GABA in regu-
lating the post-stroke plasticity. Nevertheless, the extent to which this
hypothesis applies to humans remains undetermined.

3. Quantifying GABA neurotransmission in the human brain
Assessing how GABA affects neural repair and recovery during the

subacute phase of stroke in human needs complementary non-invasive
techniques: molecular imaging and clinical neurophysiology (Fig. 2).
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3.1. Magnetic Resonance spectroscopy (MRS)

Proton MRS (H-MRS) provides a reliable quantification of neuro-
chemicals, including GABA and the main excitatory neurotransmitter
glutamate, usually in a discrete region of the brain, e.g., the primary
motor cortex (M1) (Stagg & Rothman, 2013). MRS is one of the most
widely used methods to study neuroplastic GABAergic changes in
humans. GABA concentration has been shown to decrease in situations
thought to elicit LTP-like plasticity, such as learning (Floyer-Lea et al.,
2006) and tDCS (Stagg et al., 2009), and to closely correlate with the
individual learning potential (Sumner et al., 2010; Stagg et al., 2011a).
The few studies using MRS to investigate GABA alterations post-stroke
revealed a decreased GABA concentration in chronic patients undergo-
ing constraint-induced motor therapy (Blicher et al., 2015; Gtodzik-
Sobanska et al., 2004), and a significant lower GABA concentration in
the contralateral primary motor cortex compared to healthy age-
matched controls (Cirillo et al., 2020). In keeping with animal studies,

these results might provide a twofold description of GABAergic role in
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Fig. 2. Integrated assessment of GABA in the human brain. A synaptic connection is zoomed in with the presynaptic and the postsynaptic terminal represented in
light blue and violet, respectively. GABA is synthesized transported, stored, and released in the synaptic cleft. GABA inhibitory effects result from an interaction of a
fast (phasic) and a slow (tonic) inhibition. Synaptically released GABA mediates the phasic effect through binding to two main classes of receptors: ionotropic fast-
acting ligand-gated chloride GABA, receptors, or metabotropic GABAg receptors. For the purpose of this review, here we focus on GABA, receptors only. GABA
spillover activates instead extrasynaptic GABA, receptors, which sense the GABA level in the extracellular space and modulate tonic inhibition. Magnetic Resonance
Spectroscopy (MRS) measures non-invasively free extracellular GABA. However, by using MRS alone, one would picture just a part of the complex GABA dynamics.
Other electrophysiological techniques, able to probe synaptic GABA activity, would therefore be ideal to complement the MRS measure. Two techniques might assess
non-invasively in humans the activity of synaptic GABA, receptors: Positron emission tomography (PET) and Transcranial Magnetic Stimulation (TMS) both when
coupled with electromyography (in paired-pulse, ppTMS, protocols) and with electroencephalography (TMS-EEG). PET can provide a direct quantification of GABAy
activity by measuring the emissions from radioactive tracers specifically targeting GABA, receptors. ppTMS, instead, detects synaptic GABA, activity by measuring
the reduction of a motor evoked potential after activating cortical interneurons. TMS-EEG, instead, provides a measure of synaptic GABA, activity by either
measuring the late peaks of the TMS-evoked potential (TEP), known to be related to GABA function, or by modeling the TEP with a Neural Mass Model (NMM) which
provides a mesoscopic description of GABA4 receptor density (see Fig. 3 for a graphical representation of the NMM). MEG and fMRI are not represented in the figure
as they provide indirect measures of GABA. The figure was created with BioRender.com.BioRender.com


https://biorender.com/

L Paparella et al.

plasticity: a low initial GABA concentration may indicate a high po-
tential for cortical plasticity, while a further decrease in GABA may
result from subsequent learning. Longitudinal studies are very difficult,
but quantifying GABA throughout the acute, subacute, and chronic
phases would be compelling to characterize GABA dynamics after stroke
and determine their potential to predict individual recovery.

In spite of being a promising technique, one limitation of MRS is its
current inability to distinguish between the various functional
GABAergic pools (cytoplasmic, vesicular, free extracellular), which are
believed to play different role in metabolism, synaptic neurotransmis-
sion (Martin & Rimvall, 1993), and cortical inhibition (Belelli et al.,
2009). However, neural models recently provided a mechanistic account
of the MRS-derived metrics: MRS seems to detect GABAergic tonic and
neuromodulatory role in cortical inhibition by measuring free extra-
cellular GABA acting on extrasynaptic GABA, receptors (Lea-carnall
et al., 2021). Clearly, complementary electrophysiological techniques
that probe specific aspects of GABAergic signaling (with a particular
focus on GABA, activity), are needed.

Other MRI-based methods, particularly chemical exchange satura-
tion transfer (CEST), can map endogenous molecules important for brain
metabolism and function. Relative to MRS, CEST has the advantage of
collecting data at the whole-brain level both faster and with higher
spatial resolution (Wu et al., 2016). However, MRS can quantify mul-
tiple compounds simultaneously, while CEST can typically only acquire
one or two compounds at a time, with higher specificity and spectral
resolution (Shaffer Jr et al., 2020). Moreover, the gains in signal-to-
noise-ratio and measurement precision at ultra-high field (7 T) MRI
(Pradhan et al., 2015) and the recent advances in the field of magnetic
resonance spectroscopy imaging (MRSI) might allow the high-resolution
3-D imaging of metabolic profiles over large regions of the brain (Lemke
et al., 2015), which confer an enhanced clinical translatability to MRS.

3.2. Transcranial Magnetic stimulation (TMS)

TMS can probe the activity of different neurochemical systems if
administered in paired-pulse (ppTMS) protocols. In ppTMS, two pulses
are applied over the same scalp location, the first below the intensity
needed to elicit a motor evoked potential (MEP) and the second above
threshold. The first pulse stimulates the cortical interneurons, thus
decreasing the amplitude of the MEP elicited by the second pulse (Stagg
et al., 2011b). The activity within different neurotransmitter systems
can be assessed by varying the inter-stimulus interval (ISI) between the
two paired pulses. Intervals of 1 to 5 ms cause short intracortical inhi-
bition (SICI), which is thought to be a putative measure of GABA, re-
ceptors activity (Stagg et al., 2011b), reflecting either synaptic (2-5 ms
ISI) or extrasynaptic inhibition (1 ms ISI) (Stagg et al., 2011c). Inhibition
can also be modulated by GABAg receptors through an enhancement of
extrasynaptic GABA receptors (Connelly et al., 2013). Postsynaptic
GABAg receptor activity can be assessed by long intracortical inhibition
(LICD), obtained by increasing the interval between the two TMS pulses
of about 100-200 ms (McDonnell et al., 2006). Late cortical disinhibi-
tion (LCD), which is observed after LICI, is instead thought to be
mediated by presynaptic GABAg receptor activity (Cash et al., 2010).

Several studies have used ppTMS to investigate GABAergic changes
after stroke, mainly in the chronic phase. Broadly, they have revealed
that SICI acquired at rest is reduced in the ipsilesional motor cortex
(Swayne et al., 2008a) and, importantly, is inversely correlated with
motor recovery (Talelli et al., 2006). However, during movement
preparation, there is a blunting of the normal release of GABA as stroke
survivors go to move (Hummel et al., 2009). Taken together this sug-
gests that there is less resting inhibition in the cortex after stroke, but
that it does not decrease to allow movements to occur. Likewise, in the
subacute phase, GABA, activity (indexed by SICI) has been shown to be
significantly reduced causing an overall higher excitation-inhibition
ratio in the affected hemisphere (McDonnell & Stinear, 2017). Less
conclusive is the interpretation of GABAg changes after stroke. A recent
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study reported a bi-hemispheric increase in GABAg activity (indexed by
LICI) in the subacute phase of stroke (Cirillo et al., 2020) in contradic-
tion to previous studies (Schambra et al., 2015; Swayne et al., 2008b).

TMS is dependent on a measurable motor output (such as the MEP),
making the use of TMS in stroke patients somewhat limited, as lesions of
the corticospinal tract after stroke can impair MEPs. An alternative
approach to provide a validated mesoscopic description of inhibitory
activity (as indexed by GABA, receptor activity) in stroke patients
without relying on a motor output is to concurrently register the brain
response to the TMS pulse.

3.3. TMS coupled with electroencephalography (EEG)

A TMS pulse produces a time-locked depolarization of underlying
neurons and trans-synaptic activation of local and distal cortical net-
works. This activity can be recorded by scalp electroencephalograpy
(EEG) as deflections in the EEG signal, known as TMS-evoked potential
(TEP) (Tremblay et al., 2019). A TEP can be recorded from few milli-
seconds after the stimulation and lasts around 200 to 300 ms spreading
to the homologous contralateral areas around 20 ms later (Ilmoniemi
et al., 1997). Pharmacological studies using TMS-EEG have suggested
that TEP’s early peaks (such as the positive peak at 30 ms, P30), are
likely to reflect excitatory activity, while later peaks (N45, N100), reflect
cortical inhibition (Darmani & Ziemann, 2019). Pharmaco-TMS-EEG
interventions, despite their recent development, have already pro-
vided important insights into the activity of GABAergic receptors. The
N45 component of the TEP, for instance, is thought to be mediated by
GABA, receptor activity (Darmani et al., 2016; Premoli et al., 2014) as
its amplitude is increased by GABAs-mediated drugs (alprazolam, zol-
pidem and diazepam) only. Moreover, separate inhibitory mechanisms
seem to differently affect the production and mediation of oscillatory
activity in the human brain, such that early alpha-band synchronization
seems to be increased by GABAj-mediated activity and decreased by
GABAg-mediated one, whereas both GABA, and GABAg-mediated ac-
tivity increased late beta-band desynchronization (Premoli et al., 2017).

TMS-EEG allows the study of cortical inhibition/excitation mecha-
nisms also by applying an in-silico Neural Mass Model (NMM) (Friston
et al., 2003) to the registered TEP. NMM is part of the Dynamic Causal
Modeling (DCM) framework, which has mainly been used to investigate
macroscopically the influence of one brain region over another in the
context of multi-region network responses. However, recently, advanced
versions of these models were applied to single region to describe mo-
lecular factors underlying local brain activity (Moran et al., 2011a).
NMM models event-related potentials as the response of a network to
exogenous inputs, by inferring that neuronal states within a given
cortical area comprise up to 4 subpopulations of neurons, namely deep
and superficial pyramidal cells, excitatory stellate cells, and inhibitory
interneurons, each in a particular cortical layer. These subpopulations
exhibit self-inhibition controlling neuronal gain and communicate
through excitatory and inhibitory connections: inhibitory neurons,
placed in the supragranular layer, receive inputs from excitatory pyra-
midal cells, which in turn are driven by excitatory spiny cells (For a more
detailed explanation please refer to Moran et al., 2011a, (Moran et al.,
2013)). The connectivity of each neural subpopulation is summarized in
Fig. 3. More recent versions of the NMM include also active currents that
describe ligand-gated excitatory and inhibitory ion flow, mediated
through fast glutamatergic (a -amino-3-hydroxy-5-methyl-4-iso-
xazolepropionic acid receptors, AMPA, and N-methyl-D-aspartate,
NMDA) and GABAergic (GABA,) receptors (Moran et al., 2011b). NMM
can be applied to model the initial part of the TMS-evoked EEG response
(e.g., the first 50 ms) and isolate simultaneously excitation and inhibi-
tion drives from different neuronal subpopulation in vivo and non-
invasively by using forward models for evoked EEG responses and
then fitting these models using a Bayesian inversion scheme (i.e., EEG
source reconstruction) (Friston et al., 2003). A mesoscopic description of
GABAergic activity can then be provided by either extracting a model-
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Fig. 3. Graphical representation of the Neural Mass Model (NMM). NMM in Dynamic Causal Modeling decomposes a cortical area into 4 neuronal subpopulations:
superficial and deep pyramidal cells (represented in yellow), spiny stellate cells (represented in green) and inhibitory interneurons (represented in light grey). Each
subpopulation is assigned to a particular cortical layer and projects to the other subpopulations via excitatory (red) and inhibitory (blue lines) connections and have
inhibitory feedback-loops controlling neuronal gain. Furthermore, NMM also provides information on the density and the activity of three mains receptors: AMPA
and NMDA, mediating excitatory connections and GABA, mediating inhibitory ones (Moran et al., 2013), therefore represented in red and blue respectively. GABA,,
AMPA and NMDA measures are the rate constant of the receptors lumped over the entire circuit. A mesoscopic description of GABAergic activity can then be provided
by 1) GABA, receptor density; 2) cell-to-cell connectivity parameter (connections from inhibitory interneurons to stellate and superficial pyramidal cells); 3)
quantification of tonic (inhibitory self-connections) and phasic (inhibitory projections to pyramidal cells). The figure was created with BioRender.com.BioR

ender.com

based metric of GABA, receptor function (based on its time constants) or
a cell-to-cell connectivity parameter (obtained by calculating the
inhibitory connections from inhibitory interneurons to stellate and su-
perficial pyramidal cells) (Chellappa et al., 2016). Interestingly, NMM
allows the distinction between inhibitory self-connections and inhibi-
tory projections from interneurons to pyramidal cells, which are thought
to mediate tonic background inhibition and phasic inhibition respec-
tively (Adams et al., 2021). Support to the validity of NMM was provided
by human studies using pharmacological intervention, sometimes
compared to equivalent invasive interventions in animals (Moran et al.,
2011b; Muthukumaraswamy et al., 2013; Muthukumaraswamy et al.,
2015).

TMS-EEG is a complex technique whose quality depends on the ex-
perimenter’s proficiency and that requires many measurements. Besides
stimulating the cortex, TMS also stimulates peripheral somatosensory
neurons and produces a loud click that, if not properly masked, elicits
auditory evoked responses (Conde et al., 2019). This opened a debate
focused on the importance of disentangling genuine cortical responses
from concomitant sensory activations. This debate shed light on the
challenges of TMS-EEG, whose resolution is an ongoing active research

effort (see for instance Russo et al., 2022). When applied in standard
procedures and in effective experimental designs (Belardinelli et al.,
2019), TMS-EEG could provide a reproducible way to non-invasively
investigate inhibitory activity while bypassing spinal-cord excitability
and eventual lesion, which are known to influence MEP measurements.

3.4. Other non-invasive techniques to probe GABAergic activity: Positron
Emission Tomography (PET), Magnetoencephalography (MEG) and
functional Magnetic Resonance Imaging (fMRI)

PET allows the quantification of postsynaptic GABAergic receptors
(for a complete review see (Andersson et al., 2019). GABA, receptors are
widely distributed in the brain and can be targeted by various PET
tracers such as [HC]ﬂumazenil, [*8F]flumazenil and [''CJR015-4513
(Kassenbrock et al., 2016). GABA, activity was found to be decreased 3
months post-stroke, and such decrease was significantly correlated with
recovery (Kim et al., 2014). PET currently plays an important role as
diagnostic tool but the potential hazard of ionizing radiations exposure
has become an increasingly issue (Brix et al., 2009). PET creates a
modest radiation-induced mortality risk especially when performed
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repeatedly (Nievelstein et al., 2012), which would be needed if one
wants to assess GABAergic variations throughout the 3 months of the
stroke subacute phase. Moreover, despite its ability of detecting
GABAergic modulations several months after stroke, detecting GABA
receptor changes in density with PET short after stroke is much more
complex and leads to contradictive results (Richter et al., 2020).

MEG can also probe some aspects of the GABAergic system. GABA-
enhancing agents showed localized increases in occipital and frontal
gamma, sensorimotor beta and gamma and occipitotemporal alpha
rhythms (Jensen et al., 2005). In a single case study of a patient with a
pathological increase in beta rhythm following unilateral temporal lobe
lesion, a sub-sedative dose of zolpidem (a GABA, positive modulator)
reduced the pathological rhythm thus improving cognitive performance
(Hall et al., 2010). Driving gamma frequency oscillations using trans-
cranial Alternate Current Stimulation (tACS) significantly decreases
local resting GABA, inhibition, which is closely related with perfor-
mance in a motor learning task (Nowak et al., 2017). Interestingly, the
peak frequency of slow gamma sub-band (~30-60 Hz) seems to be
positively related with endogenous GABA signaling during movement
preparation whereases the power of the mid gamma sub-band (60-90
Hz) predicted performance in a subsequent motor task (Zich et al.,
2021). Some MRS- and PET-MEG studies showed a positive correlation
between gamma oscillation frequency and both resting GABA concen-
tration and GABA, receptor density in the visual cortex. However, these
results are not consistently replicated (Cousijn et al., 2014; Gawne et al.,
2020), which suggests that cortical gamma oscillations do not have a
consistent relationship to excitatory/inhibitory network such that more
research is needed to further clarify their role.

The significant expansion of multimodal MRS-fMRI studies has
enabled a more detailed examination of the interaction between
neurochemistry and neurophysiology in the human brain. GABA con-
centration was shown to be negatively correlated with regional neural
activation within the occipital (Bednarik et al., 2015) and the temporal
cortex (Jung et al., 2017) and the anterior cingulate cortex/medial
prefrontal cortex (Chen et al., 2019). These findings could be supported
by previous animal studies showing that pharmacological increases in
GABA produced weaker neural activation or stronger deactivation
(Chen et al., 2005). However, such clear relationship is not found any-
where in the brain. Indeed, the sensorimotor cortex, which would be one
of the main regions of interest to investigate for motor recovery after
stroke, exhibits no association between GABA level and neural activity
(Bhattacharyya et al., 2017). More MRS-fMRI studies are needed to
overcome the lack of substantial conclusions on the relationship be-
tween metabolites and neural activity and to increase the effect size,
which, to date, is moderate at best only for glutamate (for a complete
review on the topic see (Kiemes et al., 2021).

4. Future directions and conclusions

Given the increasing number of stroke survivors, post-stroke long-
term disability represents an urgent clinical burden to address by
developing new interventions aimed at augmenting and lengthening the
plasticity naturally occurring during the subacute phase of stroke. Un-
derstanding the mechanisms underlying post-stroke plasticity is, there-
fore, essential. In this review, we provided convergent evidence that
GABAergic activity is crucial for plasticity. However, its implication in
stroke recovery, although promising, remains to be established. The
pattern of inhibitory changes after stroke are complex and GABA could
have a twofold role post-stroke: increased inhibition might be protective
during the acute phase of stroke and decreased inhibition might support
plasticity afterwards.

The acute phase of stroke (1-7 days post-stroke) is characterized by
oxidative stress, neuroinflammation and a glutamate-mediated excito-
toxicity, which needs to be quickly reversed to avoid irrevocable dam-
ages (Doyle et al., 2008). At this stage, countering excitotoxicity with an
increase in inhibition, might be necessary to protect neurons from injury
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and death. Once neurons survive the acute phase, the excitotoxicity has
subsided and the environment becomes predominantly inhibitory, a
shift in the excitation/inhibition balance (reduced inhibition and
increased excitation) might be needed to support neural repair and
neuroplasticity (Kumar & Kitago, 2019). This hypothesis needs to be
tested in stroke patients by measuring GABA at different stroke stages
(especially acute and subacute). However, MRS, TMS and TMS-EEG, the
main techniques with a clear clinical translatability to non-invasively
measure GABA in stroke patients, can detect or probe just specific as-
pects of GABA dynamics. Therefore, integrative approaches are crucial
to obtain a comprehensive description of GABA: its sheer concentration,
its signaling and the activity of its receptors.

A first attempt of integration was proposed by linking the concen-
tration of GABA in M1, as measured with MRS, with the activity of its
receptors, as measured by ppTMS (Stagg et al., 2011c), even if this result
has not been consistently replicated both in healthy participants
(Mooney et al., 2017) and chronic stroke patients (Mooney et al., 2019).
One reason for this lack of replication could be that MRS commonly
quantifies GABA concentration across a relatively large region of tissue
centered on the anatomical hand knob in M1, whereas ppTMS targets
the functional hotspot, defined as the stimulation site providing the
largest MEPs, which is much smaller (in the order of a few mm?®) and is
also sometimes outside M1, most frequently anteriorly over the pre-
central or middle frontal gyrus (Ahdab et al., 2016). Given that we do
not know currently how consistent GABAergic function is between brain
regions, the fact that the anatomical and the functional hotspot do not
always overlap could account for the inconsistent link between MRS and
ppTMS-based GABA measures. If true, this issue could be easily over-
come by using MEP-free techniques where the measurements could be
restricted over the same region targeted with MRS. Another possible
reason could be that ppTMS and MRS quantify distinct GABAergic
mechanisms and their relationship is complex, especially in the context
of dynamic changes. In particular, MRS seems to depict tonic inhibition,
which originates from extracellular GABA acting on extrasynaptic
GABA, receptors, other than to vesicular GABA acting on synaptic
GABA, (as mostly assessed by ppTMS) (Stagg et al., 2011c; Cuypers
et al.,, 2021). In this sense, NMM applied on TMS-EEG data would be
useful as it could allow the differentiation between tonic and phasic
inhibition. If the different GABA metrics converge, they could offer a
complete characterization of GABA. If they do not, they could still
provide complementary information to comprehensively assess
GABAergic activity. Moreover, the role of GABA in plasticity could be
further developed by linking GABA with some microstructural signa-
tures of plasticity. Advances in MRI now allows the quantification of
microstructural parameters, such as myelin, iron and water content
which bear unprecedented insight into the mechanisms grounding brain
plasticity. Indeed, learning potentially increases the rate of remyelina-
tion resulting in an augmentation of intracortical myelin content
(Matuszewski et al., 2021), which might be related to the decrease
observed in GABA concentration and activity.

A comprehensive assessment of GABAergic changes after stroke will
extend our current understanding of the pathophysiology of post-stroke
plasticity. Determining if GABA is implicated in stroke recovery would
impact patients’ care. For instance, the routinely administration of
baclofen (GABAp agonist) to treat patients’ spasticity could be
cautiously reconsidered, as it has been shown that a single dose of
baclofen impairs visuomotor learning in healthy adults (Johnstone et al.,
2021), though this relationship was not straightforwardly recapitulated
in stroke survivors (Johnstone et al., 2022). Understanding the role of
GABA post-stroke would also inform novel interventions aimed at
modulating GABA to create a “pro-plastic” neurochemical milieu during
the subacute phase of stroke, and hence improve functional recovery.

There are potentially several ways to modulating GABA in humans.
Non-invasive brain stimulation (NIBS) has extensively been used to
either increase or decrease cortical excitability. We have already dis-
cussed the potential of TMS as a tool to quantify GABAergic activity.
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However, when applied as a train of pulses at a set frequency, repetitive-
TMS (rTMS) it can decrease GABA levels and improve learning (e.g.,
Chen et al., 2021), as have transcranial direct current stimulation (tDCS)
(e.g, Antonenko et al., 2017) and transcranial alternate current stimu-
lation (tACS). There is already a cumulative evidence of a beneficial
effect of NIBS (especially of rTMS, Fisicaro et al., 2019 and tDCS, Kang
etal., 2016) in stroke patients. However, many of the effect sizes of NIBS
in clinical trials are moderate at best and are likely to be even smaller if
one considers the high inter-subject variability of the effects. Further
research is therefore needed to define stimulation protocols where the
start, duration and frequency are tailored to the individual patients, thus
maximizing the potential therapeutic effect of NIBS.

Some drugs can also modulate GABA and act on performance/
learning, though drugs that decrease GABAergic signaling have high-
risk of inducing seizures and therefore have to be cautiously consid-
ered. Benzodiazepine, for instance, can increase GABAergic signaling
through direct interactions with the GABA receptor complex, and can
have region-specific effects in vivo (Sigel, 2002). Gaboxadol is a selec-
tive extrasynaptic receptor agonist that acts on a §-containing GABA,
receptor subtype found exclusively outside of the synapse (Wafford &
Ebert, 2006). Finally, the Z-drugs (e.g., zolpidem, zaleplon, and eszo-
piclone) have modulatory proprieties on GABA, receptors. Notably,
zolpidem has shown to enhance motor recovery when given 1-3 days
post-stroke in mice (Hiu et al., 2016) and rats (Oh et al., 2018), but not
when given after 2 weeks (Richter et al., 2020). Pharmacological in-
terventions of this type are rather scarce in humans given the non-
specific, brain-wide effect of these drugs which have potential pro-
convulsive and psychomimetic properties. More specific effects may be
achieved by administering compounds that target limited subsets of
GABA, subunits.

An innovative and promising intervention could be focused ultra-
sound (FUS), which offers the unique ability to non-invasively and
precisely intervene in key damaged circuits (Meng et al., 2021). The
blood brain barrier (BBB) can be temporarily and reversibly disrupted
through the intravascular injection of microbubbles coupled with low-
intensity ultrasound (Hynynen et al., 2005). Such BBB permeabiliza-
tion lasts a few hours and holds promise for targeted uncaging of
nanodroplets for drug delivery (Marty et al., 2012). FUS has been used to
open the BBB in either the visual (Constans et al., 2020) or the so-
matosensory cortex (Todd et al., 2019) of non-human primates and rats,
respectively, followed by an intra-venous injection of GABA leading to a
GABA-dose-dependent decrease in activity. Importantly, the neuro-
modulation induced by FUS has been shown to be spatially and
temporally limited and to drive secondary changes in brain regions that
are functionally connected to the sonicated area (Wang et al., 2018).
Despite being relatively new FUS has the potential for a non- invasive,
controllable, repeatable, and reversible neuromodulation of targeted
brain areas.

To conclude, tailored and optimized interventions in stroke patient
will not be possible without a detailed understanding of the cellular and
network mechanisms underlying the plasticity of the subacute phase.
Among these processes, changes in GABAergic neurotransmission seems
to play a particularly important role in the functional recovery and
deserve a special attention.
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