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Abstract

Gamma-aminobutyric acid (GABA), the most important inhibitory neurotransmitter in the human brain, has long
been considered essential in human behavior in general and learning in particular. GABA concentration can be quan-
tified using magnetic resonance spectroscopy (MRS). Using this technique, numerous studies have reported associa-
tions between baseline GABA levels and various human behaviors. However, regional GABA concentration is not fixed
and may exhibit rapid modulation as a function of environmental factors. Hence, quantification of GABA levels at sev-
eral time points during the performance of tasks can provide insights into the dynamics of GABA levels in distinct
brain regions. This review reports on findings from studies using repeated measures (n=41) examining the dynamic
modulation of GABA levels in humans in response to various interventions in the perceptual, motor, and cognitive
domains to explore associations between GABA modulation and human behavior. GABA levels in a specific brain area
may increase or decrease during task performance or as a function of learning, depending on its precise involvement
in the process under investigation. Here, we summarize the available evidence and derive two overarching hypoth-
eses regarding the role of GABA modulation in performance and learning. Firstly, training-induced increases in GABA
levels appear to be associated with an improved ability to differentiate minor perceptual differences during percep-
tual learning. This observation gives rise to the ‘GABA increase for better neural distinctiveness hypothesis’. Secondly,
converging evidence suggests that reducing GABA levels may play a beneficial role in effectively filtering perceptual
noise, enhancing motor learning, and improving performance in visuomotor tasks. Additionally, some studies suggest
that the reduction of GABA levels is related to better working memory and successful reinforcement learning. These
observations inspire the ‘GABA decrease to boost learning hypothesis’, which states that decreasing neural inhibition
through a reduction of GABA in dedicated brain areas facilitates human learning. Additionally, modulation of GABA
levels is also observed after short-term physical exercise. Future work should elucidate which specific circumstances
induce robust GABA modulation to enhance neuroplasticity and boost performance.
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Introduction

Information processing in the brain occurs through an
interplay between excitatory and inhibitory processes.
Gamma-aminobutyric acid (GABA) is the major inhibi-
tory neurotransmitter in the human brain that reduces
the excitability of nearby neurons. More specifically,
when GABA is released in the synaptic cleft, it inhibits
the activity of the post-synaptic neurons by hyperpolar-
izing their membrane potential and reducing their like-
lihood of firing. On the contrary, lower synaptic GABA
concentration increases the excitability of the post-syn-
aptic neurons, making them more prone to activation
by other neurotransmitters, such as glutamate (Glu). By
reducing the excitability of the post-synaptic neurons and
modulating the synaptic activity, GABA plays a crucial
role in orchestrating and refining the activity of neuronal
networks. This points to GABA as an important modu-
lator of neural communication to support behavior and
flexible adaptation to environmental changes.

Regulation of the GABAergic activity is considered a
prerequisite for inducing long-term potentiation (LTP)-
like cortical plasticity, which constitutes the neural basis
of learning [1, 2]. Learning is defined as sustained behav-
ioral modifications that result from experience or dedi-
cated practice. Numerous studies using animal models
have shown that the administration of drugs that facili-
tate or hinder GABAergic transmission can modulate
learning outcomes [3] and the formation of memories [4,
5]. These findings further highlight the critical role of the
GABAergic system in learning.

The advent of 'H magnetic resonance spectroscopy (‘H
MRS) has made it possible to reliably measure GABA
levels in the human brain in vivo. So far, numerous stud-
ies have reported associations between MRS-assessed
baseline GABA concentrations and different types of
behavior. A recent review of these studies resulted in the
proposition of three preliminary hypotheses that high-
light the potential role of baseline GABA levels in per-
ceptual distinctiveness, interference suppression, and
cognitive flexibility [6]. First, the GABA-distinctiveness
hypothesis states that the inhibition induced by higher
levels of baseline GABA in the perceptual processing
brain regions leads to higher perceptual sensitivity and
an increased ability to discriminate perceptual features.
Second, the GABA-interference suppression hypoth-
esis suggests that higher baseline GABA levels may pre-
vent irrelevant stimuli or preponderant responses from
interfering during the execution of goal-oriented tasks.
Third, the GABA-flexibility hypothesis proposes that
lower levels of baseline GABA reduce the brake on neural
activity, leading to higher excitability and behavioral flex-
ibility. These hypotheses suggest a crucial role for base-
line GABA levels in human performance and learning.
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Despite the previous focus on static GABA, it is impor-
tant to keep in mind that GABA levels are dynamic and
adaptive to the internal and external demands faced
by organisms. As such, static resting-state GABA lev-
els, measured at a single time point, may not provide a
comprehensive picture of the dynamics of inhibitory
processes and their role in behavioral performance [6].
Conversely, MRS studies involving repeated GABA
measurements provide complementary insights into the
relationship between GABAergic dynamics and changes
in brain activity and behavior, such as during skill learn-
ing or following brain stimulation. Study designs using
repeated MRS acquisitions enable the comparison of
neurometabolites obtained from specific brain areas at
rest and during or after the execution of a particular task
within the same individual, providing insights into the
interplay between excitatory and inhibitory modulations
required for behavioral performance. During the past
decades, a growing number of MRS studies have looked
into the modulations of GABA levels resulting from task
performance and learning. A recent systematic review
and meta-analysis has reported on functional MRS
(fMRS) studies of Glu, Glx (Glutamate + Glutamine), and
GABA in response to external stimuli such as pain, visual
stimulation, and motor tasks. Our approach differs from
this review because we primarily focus on assessment of
dynamic modulation of GABA levels in humans follow-
ing various types of interventions and their association
with behavioral performance [7]. Even though the focus
of this review is on GABA modulations, it is relevant to
also summarize intervention-related Glu modulations, as
they reflect excitatory neuromodulation, thereby exerting
an influence on the excitatory/inhibitory (E/I) balance
necessary for successful task performance. It is note-
worthy that while the Glu peak is reliably detectable in
the spectrum acquired using specific MRS sequences, it
overlaps with the glutamine (GIn) peak in several conven-
tional MRS sequences. In the latter cases, the obtained
measurement is referred to as the concentration of the
Glx compound (Glu+ Gln).

The procedure for the search and selection of stud-
ies was conducted according to the PRISMA guidelines
[8]. The selection included relevant studies published
before June 16, 2023, extracted from the PubMed, Web
of Science, and Embase databases. We focused on inter-
ventional studies that acquired repeated MRS-assessed
GABA measurements to investigate the effect of sensory
stimulation, behavioral training, or other interventions
promoting learning. Any further interventions, such as
pharmacological and brain stimulation, were excluded
from this review. More detailed information about inclu-
sion criteria, the search strategy, and the selection of
publications can be found in the Supplementary Material.
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The systematic search yielded a sample of 33 studies.
Additionally, eight records were identified through other
sources, such as references, leading to a final sample of
41 studies. Figure 1 illustrates the PRISMA chart of
this search. A summary of the singular features of each
study can be found in Table 1. Even though these stud-
ies commonly investigated dynamic changes in GABA
resulting from behavioral intervention, it is noteworthy
that the reported methods greatly vary in intervention
type, intervention length, the time interval between the
intervention and MRS acquisitions, behavioral meas-
urements, the sample of participants, and target brain
regions. Figure 2 illustrates the variations in the timing of
MRS data acquisitions in the studies reporting dynamic
changes in GABA. Hence, because of the heterogeneity
in the included studies, a qualitative—narrative review
was considered more suitable than a systematic—quanti-
tative one. Furthermore, the selected studies were classi-
fied according to the behavioral protocols employed for
intervention. One limitation inherent in research is the
prevalence of publication bias towards null findings. In
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our investigation, we stumbled upon references revealing
null findings concerning GABA, which were not indexed
by PubMed. It’s likely that numerous studies with non-
significant GABA findings either remained unpublished
or did not report such results, implying a potential bias
in our review.

GABA modulation in response to perceptual
stimulation and plasticity

Perceptual stimulation

Perception can be understood as the processing of sen-
sory information to create mental representations of our
environment. The link between neurometabolic changes
(particularly GABA) and perceptual processing has trig-
gered considerable attention because it is considered
a useful framework to understand how excitatory and
inhibitory systems modulate information processing in
the brain. So far, numerous studies have investigated neu-
rometabolic alterations during visual and tactile stimula-
tion and plasticity, which are discussed next. However,

Records identified through
database searching
(PubMed n =548,
Embase n =753,
Web of science n = 346)

Additional records identified through
other sources

(n=8)
v v
Records after duplicates removed
(n=962 +8)
Titles and abstracts
excluded (n = 851)
\ 4
Records screened Full- text excluded
(n=111+8) (n=78)
1. Only measure GABA levels once (n = 44)
2. Non-typical behavior: subconscious
behavior/pain/stress etc. (n=6)
3. Impulsiveness, other personality tendency (n =1)
®| 4. Interventions are non-invasive brain stimulation
$ (n=19)
5. Subjects are patients (n =1)
Records screened . -
i 6. Pharmacological study (n =2)
(n=41) 7. Pilot study (n=1)
8. Other interventions such as alcohol, acute
deafferentation, etc. (n = 4)

Fig. 1 PRISMA flowchart. Titles and abstracts of 962 full-length articles, found by the search were screened; 851 studies were excluded based

on the exclusion criteria (see supplementary materials) to yield 111 studies for full-text screening. Subsequently, the same investigators scrutinized
the full texts of relevant articles (n=111) against the proposed inclusion and exclusion criteria, which resulted in further exclusion of 78 articles.
This resulted in 33 articles included in the qualitative synthesis. Another eight publications were manually added when screening reference lists

of retrieved articles
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MRS timing - multiple measurements

* Pre- and Post-task MRS:

* Pre- and during task MRS:

=) "

* Pre-, during and Post-task MRS:

=) 9 £)

* During task MRS:
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Fig. 2 Timing of the MRS data acquisition in studies that used a repeated measurement design

no study has yet explored neurometabolic alterations in
response to auditory stimulations.

Visual stimulation

The encoding, processing, and transmission of visual
inputs are of great importance for daily life. Thus far, sev-
eral studies have investigated neurometabolic activity in
the visual cortex following different types of visual stimu-
lation, among which the flickering checkerboard is the
most commonly used. This type of stimulation has been
widely implemented in electroencephalography (EEG)
and functional magnetic resonance imaging (fMRI) stud-
ies as a reliable paradigm to induce evoked potentials
and blood oxygen level-dependent (BOLD) responses,
respectively. However, the observed neurochemical mod-
ulations following various visual stimuli have not always
been consistent across the different paradigms.

The perception of visual stimuli has been reported
to induce detectable changes in the levels of MRS-
assessed GABA. For example, in one study, participants
were exposed to a visual stimulation protocol, start-
ing with closed eyes in darkness, followed by opened
eyes in darkness, and finally, watching a flickering
checkerboard. The GABA-to-creatine levels (GABA/
Cr) and GIx/Cr levels in the occipital cortex (OCC)
during these three states were found to change differ-
ently. Specifically, GABA/Cr levels decreased from the
eyes-closed to eyes-open states but did not change
with the visual checkerboard stimuli, whereas the Glx/
Cr levels did not change significantly from the eyes-
closed to eyes-open state but increased with the visual
checkerboard stimuli [9]. These results indicate that
modulations in the excitation/inhibition balance are
visual-state dependent. Additionally, Koush et al. [10]
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found a significant reduction of OCC GABA/NAA
(N-acetylaspartate) levels and an increase of Glx/NAA
levels when participants were exposed to a flickering
checkerboard as compared to a cross-fixation condi-
tion. Furthermore, they found that a greater reduction
of GABA/NAA and a greater increase of GIx/NAA
were correlated with a higher task-related BOLD acti-
vation during the visual stimulation. In another study,
Lin et al. [11] used contrast-defined wedges mov-
ing towards or away from a fixation cross as a visual
stimulation paradigm, which is considered to induce
less neural adaptation through time as compared with
a checkerboard. They also reported an increase in Glu
levels (with water as an internal reference) during vis-
ual stimulation. However, changes in the GABA levels
did not reach significance, and both GABA and Glu lev-
els returned to the resting state levels after removing
the visual stimuli. Altogether, results obtained from the
aforementioned studies [9-11] suggest that an increase
in the cortical excitability induced by increased Glu
and/or reduced GABA levels may play an important
role in the activation of the primary visual cortex when
exposed to visual stimulation. Additionally, an increase
in Glu levels along with checkerboard stimulation was
observed consistently at ultra-high field strengths with
event-related study designs [12-14]. Even though the
latter studies did not reveal significant GABA modu-
lations, the obtained findings generally support the
notion of increases in excitation in the primary visual
cortex when exposed to a visual stimulus.

Not only can the neurometabolite levels be modu-
lated in response to the perception of different visual
stimuli, but they can also change in response to the
perception of different features of the same stimuli. Ip
et al. [15] introduced a variation of the checkerboard
paradigm by presenting a flashing checkerboard in
four different blocks with a distinct degree of contrast
in each one. Results showed an increase of Glu under
the highest contrast and a significant effect of image
contrast on Glu modulation. However, GABA levels in
the visual cortex remained constant across the differ-
ent contrast conditions and in reference to the baseline.
These findings suggest that while adjusting features of
the perceived images (such as contrast) modulates Glu
levels, this might not be sufficient to induce detectable
MRS-assessed GABA changes in the primary visual
cortex. In another study, Boillat et al. [16] observed
that when the perceived images elicited different BOLD
responses (positive or negative), these changes in brain
activity were accompanied by different dynamics of
both GABA and Glx. More specifically, in the group
that was exposed to an image inducing a positive BOLD
response, the Glx levels were increased, whereas, in the
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group exposed to an image inducing a negative BOLD
response, both Glx and GABA levels were decreased.

Additionally, one study has addressed GABA modu-
lations during visual stimulation presented in only one
hemifield, such that the unstimulated hemisphere could
act as a control region. Mekle et al., [17] measured con-
centrations of GABA in the right OCC in two visual stim-
ulation conditions. In the “voxel activation” condition,
half of a rotating checkerboard in the form of a torus
was presented in the left visual field, while in the “con-
trol activation” condition, the mirror-symmetric stimulus
was presented in the right visual field. Results showed a
significant GABA decrease of 5% in the right OCC in the
“voxel activation” condition as compared with the “con-
trol activation” condition [17], suggesting reduced neu-
ronal inhibition during the activation of primary visual
cortex.

Tactile stimulation

Thus far, a limited number of studies have addressed
whether tactile stimulation induces neurometabolic
changes in the human brain and whether such neuromet-
abolic fluctuations vary as a function of the frequency of
tactile stimulation. As the first to investigate this hypoth-
esis, Heba et al. [18] measured GABA levels in the bilat-
eral sensorimotor (SM1) cortex at baseline and after 45
min of high-frequency repetitive tactile stimulation, and
they observed no significant changes in GABA levels.
Hence, tactile stimulation could not induce measurable
changes in the SM1 GABA levels [18], suggesting that not
all types of perceptual stimulation are effective modula-
tors of GABA levels.

Aiming to investigate perceptual adaptation under dif-
ferent stimulation frequencies, Lea-Carnall et al. [19]
applied tactile stimulation with two different stimulation
frequencies in two separate sessions of 46 min. In one
session, the stimulation frequency was set to match the
average endogenous frequency of the sensorimotor cor-
tex (at-resonance), whereas in the other session, it was set
above this frequency (above-resonance). MRS data were
acquired in the early (first 12 min) and late (last 12 min)
phases of the stimulation to assess adaptive changes as a
result of the stimulation. Results showed that the above-
resonance stimulation induced tactile discrimination
impairments, as indexed by higher mis-location error in
a forced-choice tactile discrimination task and significant
decreases in the S1 GABA/NAA levels. However, the
adaptive behavioral effect was not significantly correlated
with the amount of GABA modulation at the individual
level. Furthermore, the results of the fMRI data from the
latter study revealed that the above-resonance stimu-
lation led the digit regions in the motor cortex to come
closer to each other while the functional connectivity
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among them increased [19]. The findings were inter-
preted as evidence for GABA modulation to play a role in
allowing the brain to adapt and reorganize its digit map-
ping in response to tactile input, especially when the sen-
sorial stimulation fell outside the endogenous range.

Summary

Altogether, current evidence seems to point to an
increase in excitation and a reduction of inhibition as
a result of visual or tactile stimulation. Firstly, using a
regular visual stimulation paradigm (such as a flickering
checkerboard), reductions in GABA levels were observed
in a few reported studies [9, 10, 17], but not in some oth-
ers [11-15]. Additionally, increases in Glx or Glu levels
were observed consistently along with dynamic visual
stimulation [9-15]. Therefore, the available evidence
seems to support the idea that reduction of inhibition, as
indexed by increased Glu levels and/or reduced GABA
levels, may play an important role in visual processing in
the primary visual cortex. Secondly, a reduction of GABA
levels was also observed in tactile stimulation [19]. It is
important to note that the interventions in this study
seem to have an evident element related to adaptation-
induced neuroplasticity.

Overall, whereas consistent increases in OCC Glx or
Glu levels have been observed along with dynamic visual
stimulation, modulation of OCC GABA in response to
the perception of images has only been observed in a lim-
ited number of studies and it appears to be more strongly
induced by changes in the eye status, for example, tran-
sitioning from closed to open eyes. Therefore, we specu-
late that in contrast to Glu (or Glx), GABA modulation
in response to visual inputs might be more difficult to
induce or it may exhibit a greater and quicker tendency
to return to the baseline level as a result of perceptual
habituation. For example, when the visual stimuli are very
simple, there is a greater likelihood of visual habituation
effects. An electrocorticographic study has shown that
continuously being exposed to a simple visual stimulus
may lead to a decrease in the magnitude of the response
in the visual cortex over time [20]. In contrast, it is pos-
sible to defy the perceptual habituation effect by present-
ing the stimuli in a less ordinary fashion, for example,
presenting them in only one hemifield. Thus, there may
be a higher chance of inducing GABA modulation in the
latter condition.

Perceptual plasticity

Perceptual learning and adaptation are forms of plastic-
ity whereby neural representations of the world change in
response to repeated exposure to a specific stimulus or
task, leading to improved performance. Perceptual learn-
ing and adaptation can occur in various sensory domains,
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such as vision, hearing, and touch. Although it has been
observed that baseline GABA levels in the sensory cortex
relate to perceptual discrimination ability [6, 21], less is
known about the modulations of GABA during or after
perceptual training, such as perceptual discrimination
or noise suppression training. A few pioneering stud-
ies focusing on perceptual learning have documented
the associations between GABA modulations in brain
regions involved in perception.

Visual learning and adaptation after monocular deprivation

Visual learning 1In a study by Frangou et al. [22], two
types of visual perceptual training were carried out to
assess learning ability with regard to visual signal extrac-
tion and fine feature discrimination. The signal-in-noise
task (SN) presented patterns embedded in noisy dots,
whereas the feature difference task (FD) presented pat-
terns with delicate morphological characteristics (radial
or concentric). For both tasks, observers were required
to judge whether the presented dotted images had either
radial or concentric patterns. The behavioral training con-
sisted of 7—8 runs, with each run comprising 36 trials for
each training stimulus. Participants were provided with
feedback on their average performance, specifically the
percentage of the correct responses, every 10-15 trials.
GABA levels in the posterior occipitotemporal (OCT)
cortex and posterior-parietal cortex (PPC) were meas-
ured before and after the training (~40 min) using a 3T
MR scanner. On a group level, no significant differences
were observed between GABA levels before and after the
behavioral training. However, on an individual level, the
training-induced performance improvements in these
two tasks consistently showed a correlation with OCT
GABA changes but no significant correlation with PPC
GABA changes. More specifically, a larger reduction in
the right OCT GABA levels was associated with a faster
learning rate in the SN task (extracting signals by sup-
pressing noisy background), whereas a larger increase in
the right OCT GABA levels was related to a better final
learning outcome in the FD task (extracting signals by
discriminating fine feature differences) [22]. These results
imply that building refined visual representations through
learning is associated with significant increases in OCT
GABA levels (FD task). Potentially, these GABA increases
induce increased neural inhibition. Conversely, sufficient
suppression of visual noise through learning is associated
with greater release from inhibition, possibly induced by
the reduction of OCT GABA levels (SN task). To further
scrutinize the dynamic modulation of neurotransmitters
during these SN and FD tasks, Frangou et al. conducted
another study in which they identified OCT and PPC
GABA and Glu levels at baseline and three consecutive
times during training using a 7T MR scanner [23]. 400 tri-
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als of stimuli were presented during each MRS measure-
ment and trial-by-trial feedback was provided. On a group
level, results showed that the OCT GABA levels changed
in opposite directions during training of the two tasks, i.e.,
decreased in SN but increased in FD. However, the PPC
GABA levels increased with training in both tasks. More-
over, this training-induced modulation was only observed
for GABA and was not detectable for Glu. Compatible
with their previous results [22], the larger improvement
of individual perceptual sensitivity, measured as the per-
ceptual change in accuracy between the best performance
block and the first block, divided by accuracy in the first
block, was associated with a larger decrease in the OCT
GABA levels in the SN task while it was associated with
a larger increase in the OCT GABA levels in the FD task.
Furthermore, this correlation was only observed for the
OCT GABA levels and not for either the OCT Glu levels
or the PPC GABA levels [23]. The results of the aforemen-
tioned studies [22, 23] highlight the specificity of neuro-
metabolites, brain regions, and tasks in the associations
between behavioral learning and the modulation of neu-
rometabolites.

Based on the promising role of OCT GABA levels
in predicting perceptual learning after single-session
training [22, 23], Ziminski et al. [24] further investi-
gated whether GABA modulation related to perceptual
improvement following a multisession training protocol.
In this study, the SN task was trained on three consecu-
tive days, with 800 trials of concentric and 800 trials of
radial patterns on each day. Trial-by-trial feedback was
provided for all trials during training. Moreover, GABA
and Glu levels in the OCT and PPC were measured
before and after the multisession behavioral training,
during which participants completed the behavioral tests
(200 trials) without feedback. Consistent with the role of
decreased GABA levels in a single session of perceptual
learning [22, 23], a greater decrease in OCT GABA from
pre- to post-measurement related to greater behavioral
progress as measured by the accuracy difference between
the post-test and pre-test. Furthermore, this brain-behav-
ior association was specific to OCT GABA levels and did
not generalize to PPC neurometabolites and OCT Glu
levels [24].

Visual overlearning Besides perceptual learning, neu-
rometabolic modulations during perceptual overlearning
have also been investigated. Overlearning refers to extra
practice of an already mastered skill. Although overlearn-
ing may seem inefficient because performance gains are
not always detected [25], many skills show improvement
over months and even years of practice, as demonstrated
by athletes, musicians, or factory employees. Shibata et al.
[26] used an orientation detection learning task to study
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the modulation of the excitation/inhibition balance in two
groups of participants: a non-overlearning group that was
trained on the task for ~ 20 min and an overlearning group
that was trained on the task for ~40 min. Additionally,
they also investigated the association between the changes
of neurometabolites and the anterograde interference of
learning, which refers to the phenomenon whereby prior
learning disrupts subsequent learning. For this purpose,
the authors compared the Glu/GABA ratio from pre- and
post-training MRS measurements in groups undergo-
ing different learning stages, i.e., non-overlearning and
overlearning stages. Participants were asked to select a
stimulus that contained a Gabor patch out of two inter-
leaved masked stimuli, and the task difficulty was modu-
lated by changing the signal-to-noise ratios in the Gabor
patch. Neurochemically, the OCC Glu/GABA ratio meas-
ured 30 min after the end of training was increased in
the non-overlearning group and decreased in the over-
learning group. However, at 3.5 h after the end of train-
ing, it returned close to baseline levels in both groups.
When looking at each neurometabolite separately, they
observed trends toward an increase in GABA levels in the
overlearning group and an increase in Glx levels in the
non-overlearning group 30 min after the training. These
marginally significant results (0.05<p-value <0.1) might
suggest that an excitation/inhibition ratio could be a more
sensible measure than GABA or Glu alone for showing
the plasticity of the visual cortex. Interestingly, in a sub-
sequent control experiment, the modulation of the OCC
Glu/GABA ratio was only observed in the non-overlearn-
ing and overlearning groups and not in the non-learning
group. Behavioral results revealed that overlearning of a
certain orientation detection made it much more resil-
ient, such that it even interfered with subsequent learning
of a new orientation. In addition, the degree of OCC Glu/
GABA ratio reduction from baseline to after overlearn-
ing was positively associated with a greater magnitude of
stronger anterograde interference that was observed in a
second grating orientation being learned in a subsequent
session [26].

Using the same perceptual learning task, Frank et al.
[27] further compared GABA modulation in both
children and adults while continuous measurements
of GABA levels were taken in the early visual cortex
throughout three phases: pre-training (9 min), during
training (12 min), and post-training the task (18 min).
Behaviorally, perceptual learning progress was not signif-
icantly different between the children and adult groups.
However, the neurochemical data analysis showed that
children exhibited a rapid increase of GABA during vis-
ual training, and it persisted until the end of training,
whereas GABA levels in adults remained unchanged.
Inspired by the previous study investigating overlearning
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and stabilization [26], the authors predicted that this
boost of GABA relates to the fast stabilization of learning
in children. To investigate this, behavioral experiments
were conducted wherein both children and adults under-
went training on two different orientations, with a 10-
(Experiment 1) and 60-min (Experiment 2) intermission.
Confirming the prediction, significant perceptual learn-
ing was observed in both trained orientations in children,
suggesting no retrograde interference in children. How-
ever, perceptual learning was only observed in the second
trained orientation but not in the first trained orienta-
tion in adults, suggesting that retrograde interference
occurred in adults. In general, these findings provide
support for the notion that children might exhibit rapid
stabilization of learned content by means of a prompt
increase in GABA levels within the brain [27].

Visual learning reactivation Bang et al. [28] studied
GABA modulation during the reactivation of an already
learned and consolidated Gabor orientation. In this para-
digm, participants learned a Gabor orientation on the first
day and did a short test on the second day to reactivate the
neural networks of this task. Meanwhile, on the second
day, the OCC Glu/GABA ratios were measured before the
pre-test, immediately after the post-test, and 3.5 h later.
Their results showed that compared to the pre-test meas-
urement, the OCC Glu/GABA ratio increased during the
reactivation and decreased to baseline level at the 3.5 h
post-test [28]. Consistent with the results of the study by
Shibata et al. [26], the modulation of GABA and Glu alone
was not significant, again suggesting that the excitation/
inhibition ratio is a more sensitive measure for plasticity
induced by visual perceptual learning.

Visual adaptation after monocular deprivation Another
study used monocular deprivation interventions (i.e.,
covering one eye with an eyepatch). Lunghi et al. [29]
measured the changes in binocular rivalry performance
and the MRS-assessed GABA levels in the OCC region
and posterior cingulate cortex (PCC, as a control region)
before and after a 150-min monocular deprivation of the
dominant eye. They investigated whether monocular dep-
rivation could induce changes in visual perception (quan-
tified by measuring binocular rivalry performance) and
neuroplasticity (quantified by measuring MRS-assessed
neurometabolite levels). Binocular rivalry occurs when
two dissimilar images are displayed to each eye simulta-
neously, causing the perception to switch between them.
Their findings revealed a significant reduction of the OCC
GABA levels, but not the PCC GABA levels, following
monocular deprivation. Furthermore, a higher reduction
in the OCC GABA levels correlated with a greater incre-
ment in the predominance of the deprived eye, as assessed
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by a deprivation index, which was transformed from the
mean perceptive duration of each eye [29]. Therefore, this
report not only showed modulation of GABA levels dur-
ing a visual intervention but also linked the changes in
GABA levels to binocular rivalry performance. This opens
perspectives for using interventions to modulate neuro-
transmitter levels in the visual cortex to achieve behavio-
ral improvement.

Summary Overall, in the orientation detection learn-
ing tasks mentioned [26, 28], the critical component to
success appeared to be learning to better suppress visual
interference and filtering background noise from the tar-
get signal (the grating orientation). The increased OCC
Glu/GABA ratio during learning and reactivation showed
that optimizing the ability to cope with interference may
be accomplished by a release from inhibition, consistent
with the findings by Frangou et al. and Ziminski et al. [22—
24], which linked a larger magnitude of GABA reduction
to better learning in visual noise suppression.

Audio-motor mapping learning

Van Vugt et al. [30] investigated the role of GABA modu-
lation in the discrimination of audio perception and the
ability to map motor responses with perceived sounds.
In this audio-motor mapping learning task, participants
used their right hand to make a center-out movement,
which corresponded to a feedback sound with a specific
frequency. In each trial, participants were required to
make a movement with an angle they thought was corre-
sponding to the target sound. After each movement, the
correct feedback sound corresponding to their movement
was delivered. Participants learned to map their move-
ment to a target sound with a specific frequency, and the
reaching error was the behavioral metric. Additionally,
the MRS-assessed left SM1 GABA levels were measured
before, during, and after behavioral training. The results
showed that the left SM1 GABA levels increased along
with training, and larger increases in GABA levels were
associated with greater behavioral learning [30]. Nota-
bly, the key to improvement in this audio-motor mapping
task was learning to distinguish between variations in
frequency, memorize the sound-movement combination,
and finally generate the precise movement. As such, the
link between the increment in SM1 GABA levels and bet-
ter learning outcomes may be due to the beneficial role of
GABA modulation in the formation of distinctive audio-
motor representations.

Summary

Although higher resting-state (baseline) GABA lev-
els in perceptual brain areas were suggested to mediate
both better distinctiveness and interference suppression
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function in our previous review [6], enhancing percep-
tion to discriminate fine differences and to filter noise
through learning appears to be achieved through dif-
ferential adjustment of GABA levels, i.e., an increase for
distinguishing features and a decrease for interference
suppression.

Specifically, when the critical component to success
was learning to better suppress visual interference and
filter background noise from the target signal (the grating
orientation), the increased OCC Glu/GABA ratio during
learning and reactivation suggested that optimizing the
ability to cope with interference may be accomplished
by a decrease in inhibition [22-24, 26, 28], which linked
the bigger magnitude of GABA reduction with better
learning in visual noise suppression. In contrast, when
building distinctive representations is a crucial compo-
nent in learning, dynamic increases in GABA levels are
associated with a maximal learning outcome [22, 23, 30].
Surprisingly, the accumulation of GABA has also been
observed in the SM1 during an audio-motor mapping
learning task, which again suggests that this role may
not necessarily be restricted to the perceptual processing
areas.

Additionally, the decreased OCC Glu/GABA ratio,
mainly driven by GABA increase, during overlearning
indicates that an increase of inhibition may play a role in
the process of the learning stabilization along with over-
learning, where the brain becomes specialized in a spe-
cific task and can shield the interference from other tasks
[26]. This rapid increase in GABA levels during training
may have comparable effects in facilitating the swift con-
solidation of acquired knowledge in children [27].

GABA modulation in response to physical exercise
and motor learning

Physical exercise

Physical exercise has been associated with the preven-
tion of cognitive decline [31]. Importantly, recent stud-
ies have shown the beneficial effects of cardiovascular
exercise on boosting neuroplasticity as mediated by, for
example, increases in brain-derived neurotrophic fac-
tor (BDNF) [32, 33]. Additionally, several MRS studies
have looked into neurometabolic changes in the human
brain as a result of physical exercise. Regarding physi-
cal exercise specifically targeting the upper limb, Chen
et al. [34] used a motor training task that included a
5-min rest arranged before and after a 10-min hand-
clenching exercise, during which MRS measures were
continuously obtained. They found a pronounced
decrease in SM1 GABA levels and an increase in SM1
Glx levels. Andrushko’s study [35] measured the lev-
els of GABA and Glx in the left primary motor cortex
(M1), right M1, left supplementary motor area (SMA),
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and right SMA before and after a nine-minute session
of right handgrip contraction at both 5% and 50% maxi-
mum voluntary contraction (MVC). Additionally, the
study recorded MVC as well as the reaction times of a
response task of both hands before and after the hand
contraction training. The results showed that the 50%
MVC contractions of the right hand resulted in better
performance of the contralateral hand, i.e., decreased
reaction times in the left hand. In contrast to Chen’s
study, their results showed no significant difference in
GABA levels before and after the right-hand contrac-
tion at the group level. However, at the individual level,
a greater decrease in GABA levels in the left M1, left
SMA, and right SMA was linked to larger improve-
ments in reaction times of the left hand [35]. Hence,
these findings imply that disinhibition of motor areas
may facilitate contralateral hand movements.

Regarding physical exercises that predominantly
involve gross motor activity and cardiovascular endur-
ance, Coxon et al. [36] investigated modulations in neu-
rometabolite levels after a 20-min high-intensity interval
exercise performed on a stationary bicycle ergometer and
observed a significant increase in the SM1 GABA lev-
els but not in SM1 Glu levels or dorsolateral prefrontal
cortex (DLPFC) neurometabolic levels [36]. These find-
ings support the notion that physical exercise affects
regional GABA levels. In another study, Maddock et al.
[37] conducted a series of MRS experiments to inves-
tigate modulations in GABA and Glu after a course of
vigorous cycling (up to 20 min). They acquired MRS
data from the primary visual cortex and anterior cin-
gulate cortex (ACC) before vigorous cycling and two or
three times after a 1-min cool-down period following
the exercise. The GABA/Cr levels in the primary visual
cortex were found to be significantly higher after vigor-
ous cycling on the first post-exercise measurement and
then decreased on the second post-exercise measure-
ment, no longer being significantly different from base-
line. Additionally, increased Glu/Cr levels in the primary
visual cortex and ACC were also observed after 20 min
of cycling [37]. Even though the latter findings support
the idea that GABA neurometabolism induced by physi-
cal exercise or other physical interventions is not limited
to SM1, it remains to be investigated to what extent the
GABA changes induced by physical exercise are region-
ally specific or cover broader brain territory.

In addition to cycling training, yoga exercise has also
been implemented as a form of physical intervention. In a
long-term (12 weeks) yoga training paradigm, the authors
did not observe significant changes in thalamic GABA
levels [38]. It is possible that modulations of GABA are
not detectable after a long-term period of yoga training,
or it may occur in other brain regions than the thalamus.
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Overall, the aforementioned scarce evidence shows a
GABA decrease along with hand clenching [34], as well
as an association between a larger GABA decrease and
a larger improvement in reaction times [35]. However,
GABA increases seem to be rather consistently induced
by short-term physical exercise involving full-body exer-
cise or cardiovascular endurance [36, 37]. This modula-
tion of GABA seems to occur in certain brain regions and
may be modulated by different exercise intensities, struc-
tures, and durations. Consequently, these findings collec-
tively appear to indicate that GABA metabolism plays a
significant role in physical exercise.

Motor learning

Motor learning broadly refers to the process of improving
the accuracy and/or speed of previously unfamiliar motor
behavior through experience or dedicated practice [39,
40]. In principle, the neural basis of expert motor perfor-
mance refers to the formation of neural connections that
can satisfy the motor requirements in a stable manner
[41]. However, performing a new task efficiently may not
only require building of new motor activation patterns
but also suppression of pre-existing default coordina-
tion patterns (such as in-phase inter-hand coordination)
that intrude into learning the new task [42—-44]. Modula-
tion of the GABAergic system has been proposed to play
a crucial role in the neural rewiring and reorganization
processes underlying motor learning [45].

Visuomotor coordination learning

Visuomotor coordination refers to the ability to integrate
visual information with performance of precise and coor-
dinated movements.

The first study conducted in humans exploring changes
in the MRS-assessed SM1 GABA levels during motor
learning was conducted by Floyer-Lea et al. [46]. This
seminal study made use of a 30-min repetitive force-
tracking task, utilizing a pressure sensor positioned
between the thumb and fingers of the right hand. Partici-
pants were required to continuously modulate the pres-
sure between the thumb and fingers to match a target
force on the screen. Therefore, inter-finger coordination
is important for performing this task. GABA levels in the
left SM1 were continuously measured during the per-
formance of the task and decreased steadily during the
task, yet partially recovered 20 min after completion of
the training. Interestingly, these GABA modulations were
not observed in a group merely executing random force-
tracking movements without a learning component and
in a resting (no movement) group. Furthermore, GABA
modulations were not observed in the ipsilateral sensori-
motor cortex during the same motor learning task.
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Juggling is considered a visuomotor coordination task
because individuals must visually track the trajectory
of objects (such as juggling balls) and simultaneously
coordinate their hand and arm movements to catch and
throw these objects in a rhythmic sequence. Sampaio-
Baptista investigated the effect of long-term training
on juggling on the SM1 GABA levels [47]. As such, in
a 6-week juggling practice protocol, participants were
assigned to either a high-intensity group (30 min daily)
or low-intensity group (15 min daily). While the groups
ended up with comparable levels of behavioral perfor-
mance, the SM1 GABA levels decreased from baseline
to after 6 weeks of training in the low-intensity practice
group, whereas no significant modulations in SM1 GABA
were observed in the high-intensity training group. These
peculiar findings appear to suggest that different inten-
sities of practice schedules may be associated with dif-
ferential neurochemical dynamics across a larger time
epoch despite similar final behavioral outcomes. The
authors speculated that GABA might have changed dur-
ing the training period in the higher-intensity group but
recovered after the end of training. More research about
long-term effects of GABA is certainly warranted.

Another interesting avenue of research is to assess how
GABA modulation relates to different learning proto-
cols that have the potential to maximize skill acquisition
and consolidation. Chalavi et al. [48] used a bimanual
visuomotor task and investigated the acquisition of a
set of three subtasks under a blocked or a random prac-
tice schedule across three days of training in a sample
of young and older adult group [48]. Participants were
instructed to closely track a white dot on the screen by
rotating two dials simultaneously with their wrists/fin-
gers. Participants in the blocked practice group only
learned one of the subtasks on each training day, while
participants in the random practice group were exposed
to a randomized presentation of all three subtasks across
each practice day, leading to a richer but also more
demanding training context. Notably, the MRS-assessed
GABA levels in the SM1 and OCC voxels were obtained
before and after task training during the first and last
training days. At the behavioral level, blocked practice led
to a better performance during the training phase, while
random practice led to a better performance during the
retention phase (representing the ultimate test of learn-
ing). At the neural level, neither learning condition sig-
nificantly modulated the SM1 GABA levels. In contrast,
it was observed that the OCC GABA levels increased in
the blocked, but decreased in the random condition as a
result of within-day practice, and this effect was mainly
driven by the older group. The authors argued that the
decreased levels of GABA in the OCC region may be due
to the more challenging learning condition in the random



Li et al. Behavioral and Brain Functions (2024) 20:22

as compared to the blocked practice conditions, as the
participants needed to frequently switch task sets and
re-plan hand movements in the former condition. On the
other hand, increased levels of GABA in the OCC region
may have supported the building of specific neural rep-
resentations, as required for the execution of this visuo-
motor task under blocked practice [48]. Due to the lower
difficulty of the bimanual training during blocked prac-
tice, participants might have already performed the task
in a stable manner. Consequently, the increased levels of
GABA in the OCC region may contribute to the stabili-
zation of acquired information.

Another study assessed GABA levels before, during,
and after a unimanual/bimanual action selection task
in a sample of young and older adults [49]. Participants
were instructed to place their fingers on a device with
force sensors and lift specific finger(s) of the left and/
or right hand as cued on the screen. In both young and
older adults, GABA levels within left SM1 were found to
decrease during the task and returned to baseline levels
afterwards. Even though investigating the learning effect
was not the focus of this study, some degree of implicit
learning seems to have occurred as the behavioral per-
formance improved during the course of the experiment.
Interestingly, a greater decrease in GABA was related to
better bimanual performance as assessed by movement
accuracy, in older adults but not in young adults [49].

Motor sequence learning
Motor sequence learning refers to the process by which
individuals acquire and refine the ability to perform a
sequence of movements or actions with increasing profi-
ciency over time. It is often studied through tasks such as
finger tapping and serial reaction time task (SRTT).
Kolasinski et al. [50] used a visually cued explicit
SRTT in which participants pressed the target button
using a specific finger of the right hand as fast and as
accurately as possible following the appearance of the
cue. Participants were randomly assigned to a learn-
ing group, a movement group, or a rest group. For the
learning group, the sequence consisting of 16 cues was
repeated, whereas for the movement group, the same
task was presented without a learnable sequence (pseu-
dorandom sequences), and the rest group only watched
a video during the scan session. During the entire
experiment of ~30 min, the left SM1 MRS data were
continuously acquired at six time points. Over time, the
SM1 GABA levels were observed to decrease continu-
ously in the learning group, such that the GABA levels
obtained during the last measurement were signifi-
cantly lower than those obtained during the first meas-
urement. However, no significant changes in GABA
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levels were observed in the movement group and the
rest group. However, using the same button-pressing
SRTT and a cross-over design, Bell and colleagues did
not observe any significant modulation of GABA or Glx
levels in either the motor learning or the movement
control condition [51]. The authors speculated that
using a lower magnitude field (3T) MRI scanner, a rela-
tively bigger voxel size, and different analysis software
may account for the discrepancies between their find-
ings and those of Kolasinski et al. [50] (using 7T).

While findings of the aforementioned studies sug-
gest modulations (i.e. decreases) in the SM1 GABA
levels induced by motor learning, other studies did
not observe these modulations but found a relation-
ship between the individual modulation of GABA and
performance improvement. For instance, King et al.
[52] tested dynamic GABA modulations in older adults
using a motor sequence learning task in which par-
ticipants were required to tap their fingers following
a repeated sequence. While no significant differences
were found between the SM1 GABA levels measured at
the pre-measurement and post-measurement epochs,
at the individual level, a greater reduction of GABA
levels following motor training was related to a greater
learning magnitude. When interpreting findings of
GABA modulations in aging samples, it is important
to consider that baseline GABA levels decline with
increasing age [53-55], hence the modulatory capac-
ity of GABA may be decreased. Along the same line,
in the latter study, a larger learning-related reduc-
tion of GABA was also associated with higher baseline
GABA levels and lower age [52]. These results indi-
cated that the participants with lower age exhibited a
greater decrease in GABA and greater learning gains.
Consequently, the authors tentatively concluded that a
minimum amount of resting-state GABA seems neces-
sary such that enough GABA modulation in relation to
learning can take place.

In another study, Maruyama et al. [56] used a sequen-
tial finger-tapping learning task in which participants
repeated the same movement sequence with their left
hand, and concentrations of neurometabolites in the
right M1 were collected before, during, and after train-
ing of the task. They observed motor learning-induced
increases in Glu/Cr but no significant change in GABA/
Cr. Additionally, they found that a greater decrease in
the right M1 GABA/Glu correlated with a faster aver-
age reaction time. It is noteworthy that the MRS data
during task performance were acquired 13 min after
the initiation of task training (i.e., during training).
Therefore, GABA level may already have reached a
steady-state level at this advanced stage of training.



Li et al. Behavioral and Brain Functions (2024) 20:22

Visuomotor adaptation learning

In another visuomotor task, participants were instructed
to make ballistic movements to move a cursor through
one of eight radial targets using their right hand in two
sessions on two separate days [57]. During each training
session, participants performed a visuomotor task with
either a rotation component (adaptation condition) or
no rotation component (control condition), and meas-
urements of magnetic resonance spectroscopic imag-
ing (MRSI) covering bilateral cerebellum were taken
four times (9 min each) at baseline, early task, late task,
and after training. At the group level, adaptation-driven
GABA, as measured by the GABA difference between
the adaptation and control session at each time point, in
the left cerebellar nuclei and the right cerebellar nuclei
diverged. Specifically, adaptation-driven GABA levels
in the left cerebellar nuclei increased significantly, while
changes in the right cerebellar nuclei were not signifi-
cant. Moreover, at the individual level, a greater decrease
of GABA in the right cerebellar nuclei in the early learn-
ing phase was related to better motor adaptation [57].

Summary

Overall, relatively consistent results have been reported
for the modulation of GABA during the learning of
motor skills. On a group level, training-induced reduc-
tions of GABA levels were observed in the context of var-
ious motor learning paradigms, including force tracking
[46], serial reaction time [50], bimanual tracking under
random practice conditions [48], and juggling [47] tasks.
Additionally, the modulation of GABA was only observed
in motor learning conditions rather than non-learning
practice conditions [46, 50]. Furthermore, several stud-
ies have reported that a more pronounced decrease in
GABA levels at the individual level is associated with
larger behavioral improvements [51, 52, 57]. These find-
ings support the hypothesis that repeated practice of a
specific task, rather than movement per se or rest, leads
to a reduction in the SM1 GABA levels. A few studies did
not observe GABA modulation along with motor learn-
ing at a group level, and this may be related to the tim-
ing of the MRS measurement, among other accounts.
For example, in the study by Maruyama et al. [56], the
MRS measurement was only acquired after 13 min fol-
lowing initiation of the 30-min motor training. As such,
the critical window for GABA modulation may have been
missed. Moreover, when the post-MRS measurement
was acquired 15 min after completion of practice, GABA
modulation may have already returned to the baseline
level [52]. This prompts questions about the critical tem-
poral window for the detection of motor learning-related
GABA modulation in relation to task complexity. The
discrepancy observed among the findings of the existing
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literature also raises the question regarding the critical
brain regions for assessing GABA modulation. For exam-
ple, decreases in GABA levels following short-term train-
ing were observed in other regions than the SM1 (i.e., in
the OCC) and this may relate to the specific nature of the
task and its sensory requirements [48].

GABA modulation in response to cognitive task
performance and learning

Thus far, the relationship between cognitive task perfor-
mance and dynamic modulation of GABA levels has been
investigated in relation to working memory, associative
learning, and inhibition and self-regulation, as discussed
next.

Attention and working memory

Attention and working memory, which are two important
executive functions, are both crucial for task performance
and learning new information. Although it is apparent
that these processes are closely intertwined, they each
possess their unique characteristics. Attention allows us
to select and also take in useful information, while work-
ing memory helps store this information instantly and
retrieve it when it is still active. The DLPFC is regarded as
a crucial node in executive functions, as it is involved in
attentional control and updating of information [58, 59].

Regarding neurometabolite modulations during dif-
ferent levels of attentional load, Frank et al. [60] tested
whether GABA and Glx levels in the parieto-insular ves-
tibular cortex vary with attentional load. Visually track-
ing 1 or 2 targets out of 8 objectives was considered a low
cognitive load and tracking 3 or 4 targets out of 8 objec-
tives was considered a high cognitive load. The results
revealed that Glx levels decreased while GABA levels
remained stable from low to high visual attentional load
[60], indicating that manipulating visual attentional load
is not enough to induce MRS-detectable GABA changes.

Regarding neurometabolite modulations in the work-
ing memory task, Vijayakumari et al. [61] used the let-
ter N-back task to assess working memory performance
while the DLPFC GABA and Glu levels were obtained
at baseline, during, and after task performance. In the
N-back task, participants respond when the current
stimulus is a specific letter (0-back) or when it is identical
to the one preceding it (1-back), depending on the task
condition. Their findings revealed no significant change
in DLPFC GABA levels across different time points. In
contrast, there was a significant increase in the Glu levels
during the task and a decrease after the task [61].

In another study, Michels et al. [62] investigated the
baseline and dynamics of GABA levels in the DLPFC
during the Sternberg working memory training task.
Five or seven letters were displayed on the screen for 2 s,
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and participants were required to retain these stimuli in
memory for 5 s, after which they were asked to determine
whether a single presented item was part of the previ-
ous stimulus set. The task was executed during four MRS
blocks (10 min each) with a preceding resting MRS block.
During the first working memory block, the DLPFC
GABA showed a significant increase relative to baseline,
followed by a significant decrease in the subsequent task
runs, whereas no changes were observed in the DLPFC
Glx levels. Moreover, the GABA reductions after the ini-
tial training block co-occurred with a faster reaction time
and higher accuracy as a result of training. The authors
proposed that an increased GABA release and an inhib-
itory-excitatory rebalance became evident following ini-
tial practice. The discrepancy in results between these
two working memory studies may be due to differences
in the required cognitive load or attention. It appears that
cognitive load was significantly lower in the first (0-back
and 1-back) as compared to the second experiment (5
and 7 letters). Additionally, the deployment of atten-
tion seems to be of greater importance in the 0-back and
1-back tasks, while working memory plays a more impor-
tant role in the retention of multiple letters in memory. It
is possible that GABA modulation is more likely detected
when cognitive processing demands are higher, but this
hypothesis requires further investigation. Additionally, it
is important to note that in the first study, neurometabo-
lites were measured using the PRESS sequence, which is
a non-edited sequence with lower reliability for measur-
ing GABA levels.

In summary, even though GABA modulations have
been observed in working memory tasks with relatively
higher cognitive load, it is currently not possible to draw
solid conclusions from the aforementioned scarce and
incompatible evidence. In terms of attention, it appears
that manipulating visual attentional load may not suffice
to trigger MRS-detectable GABA changes within atten-
tion-related brain regions.

Associative learning

Associative learning refers to the type of learning
whereby an individual associates two or more stimuli
with each other and/or forms connections between
stimuli or behaviors. Reinforcement learning is a type of
associative learning, in which behaviors are strengthened
or weakened based on their consequences. One study
made use of a probability discrimination reinforcement
learning task in which participants were faced with two-
alternative forced-choice auditory stimuli correspond-
ing to a different probability of monetary loss or gain in
three successive experimental conditions, namely uncer-
tainty (high cognitive load: 50/50 loss/gain probability),
discrimination (lower cognitive load: 80/20 loss/gain
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probability), and control (null condition: 00/00 loss/gain
probability) [63]. Given that dorsal anterior cingulate
cortex (dACC) is crucial for reward- and error-guided
learning [64, 65], levels of neurochemicals in dACC
were determined at baseline, during each condition and
post-learning. During the uncertainty condition, as com-
pared to the discrimination condition, the dACC GABA
levels increased, and Glx/GABA decreased. In addition,
no difference was observed between the initial and final
resting-state JACC GABA. Glx levels did not show sig-
nificant changes during the whole study. It was argued
that the observed GABA modulation potentially reflects
the recruitment of inhibitory networks during practice
under high cognitive load (high uncertainty) conditions.
These results appear to suggest that GABA modulations
are more easily induced in more, as compared to less,
challenging task conditions, which is in line with the
previously reported evidence from the working memory
task.

Furthermore, changes in GABA levels have also been
investigated following a 21-day period of facial associa-
tive learning [66]. Fifty-two out of 200 facial pairs were
randomly chosen and studied each day, and retrieval
performance after practice was measured on each day.
GABA and GIx levels in the hippocampal, insular, and
thalamic regions were measured on the first and last days
of training. The results revealed no significant changes
in GABA or GIx levels in the three tested regions from
the pre- to post-training epochs. However, consider-
ing that the period of 21 days is relatively long, it can be
speculated that this study design may have missed the
modulation of neurometabolites that may have occurred
between the first and final days of training.

Koolschijn et al. [67] implemented a novel imaging
sequence, which allowed them to alternatively measure
near-whole brain fMRI together with fMRS in the pri-
mary visual cortex to further investigate the changes in
both brain activity and neurometabolites levels during
the recall of memory. The task was learned through a
mixed protocol involving associative and reinforcement
learning. Their protocol consisted of 3 training days: on
the first day, participants associated sounds with visual
patterns; on the second day, different visual patterns
were conditioned to a monetary reward or with a neu-
tral stimulus; on the third day, participants were asked
to predict whether the presented sound would lead to
a reward. The task-related fMRI and fMRS data were
obtained on the third day. During this test, an increase
in the OCC Glu/GABA ratio (driven by a decrease in
GABA levels) occurred when participants made the right
inferences relative to erroneous answers. Moreover, the
BOLD signal response in the hippocampus predicted the
Glu/GABA increase and GABA decrease during correct
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associative inferences. Accordingly, the evidence sup-
ports the authors” hypothesis that the hippocampus may
orchestrate the E/I dynamics distributed across the neo-
cortex in order to recall memories [67].

Inhibition and self-regulation

To investigate response conflict monitoring, Kithn et al.
[68] used a Color/Word Stroop task and measured lev-
els of ACC neurometabolites at baseline, during, and
after the 13-min task. During the task, names of some
colors were presented on the screen, where half of them
were congruent (e.g., the word ‘red’ printed in red color)
and the other half were incongruent (e.g., the word
‘red’ printed in green color). During the latter condi-
tion, participants were required to inhibit the prepotent
word reading tendency in order to indicate the printed
color of the presented word. The ACC was regarded as
the targeted function-related brain area as it is involved
in detecting and monitoring response conflict [69].
The results showed that the ACC GABA and Glu levels
increased during the performance of the manual Stroop
task and decreased after the completion of the task. Fur-
thermore, a greater increase in GABA levels during the
task performance was associated with less increase in
BOLD activation in the congruent and incongruent con-
ditions [68], which suggests an increased inhibitory func-
tion of ACC GABA levels when coping with conflicting
information.

GABA modulations have also been studied following
long-term self-regulation training. Specifically, Namgung
et al. [70] tested the effect of a 10-day relaxation training
program on GABA levels in young women with subclini-
cal levels of stress. The training consisted of 30 min of
cognitive relaxation training (cognitive restructuring for
automatic thinking and progressive muscle relaxation)
and 10 min of breathing-relaxation training. GABA levels
were measured in the medial prefrontal cortex before and
after the 10-day training. A significant decrease in the
levels of GABA was observed after the training, although
this change was not related to the levels of stress reported
post-intervention.

Summary

The limited evidence in the field of short-term and long-
term cognitive task learning is greatly diverse, making
it difficult to draw solid conclusions at the current time.
The preliminary evidence appears to suggest that task-
induced reduction of GABA levels is related to better
working memory [62] and to more successful reinforce-
ment learning [67]. However, modulation of GABA levels
is not observed after long-term learning [66]. Further-
more, modulation of GABA in the higher cognitive brain
areas (such as ACC and DLPFC) is more easily induced
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when the behavioral task poses a higher cognitive load or
demand. Additionally, an increment of GABA levels in
the ACC during conflicting [68] or uncertain situations
[63] has been observed. As ACC is involved in conflict
resolution and reinforcement-based learning, enhanced
GABA may help maintain inhibition or prevent excessive
excitation, allowing the individual to cope better with the
interference along with decision-making.

Discussion

This review summarizes research on the dynamics of
MRS-assessed GABA (and, when available, Glu or Glx)
in humans following various types of intervention and
their associations with or implications for behavioral per-
formance. Figure 3 summarizes the interventions that
have been reported to induce GABA modulations in the
human brain.

GABA modulation in human learning

The regulation of GABAergic activity is widely consid-
ered a crucial process in facilitating plasticity and learn-
ing. In recent work reviewing evidence for the role of
‘baseline GABA’ in behavior, we proposed the GABA-
distinctiveness hypothesis, which implies that maintaining
appropriate neural suppression in perceptual processing
regions via higher baseline GABA levels is associated
with more distinctive perceptual performance [6]. Con-
sistent with this hypothesis, the present review identified
converging evidence for a beneficial role for the task-
induced GABA increase in effectively discerning subtle
perceptual differences and possibly building distinct per-
ceptual neural representations in the context of percep-
tual feature difference learning tasks (section "Perceptual
plasticity"). We refer to this as the GABA increase for bet-
ter neural distinctiveness hypothesis.

Taken together, we tentatively speculate that higher
GABA levels at baseline and the increase of GABA levels
during task performance may improve the distinctiveness
of neural representations. In this context, representations
mainly refer to the way that internal or external infor-
mation is encoded and stored in the brain. This can be
expressed at various levels, i.e., from the firing patterns
of individual neurons to the activation of complex brain
networks.

From the perspective of the cellular level, the distinc-
tiveness of neural representations might be achieved
through intricate adjustments and refinements in the
functioning and connectivity of neurons, which is known
as neuronal fine-tuning. For example, animal studies
showed that the tuning curves of neurons are improved
as a result of the administration of GABA and GABA
agonists. More specifically, in a study by Leventhal
et al. [71], it was observed that neuronal tuning became



Li et al. Behavioral and Brain Functions (2024) 20:22

Decrease in inhibition (GABA decrease)

Page 30 of 38

(GABA increase) Increase in inhibition

Inhibition and Behavior

Monocular deprivation

o @

Perceptual stimulation (4
Perceptual learning ~ 9@ ~ GO
& reactivation @O

Force modulation

Motor sequence (},{%
& coordination ﬂ

learning

Cognitive Relaxation ’
& associative learning

Audio-motor learning

i & visual-motor adaptation

=3
& Visual discrimination
learning
~ O Visual discrimination
.®G) overlearning & stabilization

.
. 3

35

Physical exercise

RED

()

Conflict resolution

Fig. 3 The presumed associations reported in current literature between human behavior and GABA modulation in brain areas,
including the cortex, subcortex, and cerebellum. Please note that the studies reporting no GABA modulation were not visualized in this figure

increasingly selective in old monkeys after the adminis-
tration of GABA and its agonists, resembling the tuning
functions observed in younger counterparts [71]. These
GABAergic functional changes ultimately resulted in
enhanced visual function. This evidence appears to sup-
port the GABA increase for better neural distinctiveness
hypothesis.

From the perspective of brain activity using fMRI tech-
niques, a higher distinctiveness of neural representations
can become expressed by lower levels of overlap among
representations as a function of different task condi-
tions. For example, a number of studies have shown that
the distributed patterns of brain activation elicited by
visual stimuli [72, 73] or motor tasks [74] are less selec-
tive in older than in young adults. Although the role of
GABA was not tested in the abovementioned studies, it
can be speculated that the age-related decline in base-
line GABA levels is (at least) partially responsible for the
reduced selectiveness of patterns of brain activity in older
adults. To directly test the GABA increase for better neu-
ral distinctiveness hypothesis, future studies could inte-
grate MRS and fMRI techniques. This integration would
allow us to examine the potential correlation between
increased GABA levels and reduced overlap in brain acti-
vation patterns for different stimuli or task conditions as
behavioral skills develop. Additionally, randomized con-
trolled trials combining MRS techniques and pharma-
cological interventions may offer a promising approach

to establishing causal relationships between neuronal
GABA levels and human behavior.

However, in contrast to the aforementioned studies
supporting a beneficial effect for GABA increases in neu-
ral distinctiveness, findings of other studies suggested
beneficial effects of training-induced GABA reduction,
not only in enhancing perceptual noise filtering capacity
(section "Perceptual plasticity” ) but also in (visuo)motor
task improvement (section "Motor learning" ). Addition-
ally, limited evidence provides first hints that the reduc-
tion of GABA levels is related to better working memory
and successful (reinforcement) learning, again suggesting
a beneficial role for GABA reduction in learning (sec-
tion "Attention and working memory" and section "Asso-
ciative learning" ). Therefore, we coin this as the GABA
decrease to boost learning hypothesis, which implies
that decreasing neural inhibition through a reduction of
GABA boosts human learning.

Regarding the underlying mechanisms, the reduc-
tion of GABA levels may decrease the overall inhibition
among neuronal ensembles, thereby promoting neural
communication and reorganization as underlying mech-
anisms of human learning. It has been established that
the temporary activation of the N-methyl-D-aspartate
(NMDA) receptor system is essential for the induction
of LTP [75], which serves as the neural basis for learn-
ing. Notably, the activation of the NMDA receptor sys-
tem could be modulated by GABA-mediated synaptic
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inhibition. This modulation occurs through the effect of
GABAj autoreceptors on the presynaptic membrane. By
exerting an effect on these receptors, the presynaptic cell
inhibits its own GABA release, depolarizing the postsyn-
aptic membrane and facilitating adequate activation of
NMDA receptors, permitting the induction of LTP [76].
Given the relationship observed between MRS-assessed
GABA levels and human behavior, one might speculate
that when a decrease in GABA release from the pre-syn-
aptic neuron is induced by human behavior, the synaptic
GABA concentration diminishes, consequently result-
ing in reduced MRS-assessed GABA levels. This mecha-
nism may account for the consistent GABA reduction
observed through MRS in numerous learning conditions.
Nevertheless, there may also be other mechanisms com-
ing into play.

GABA modulation according to the different phases
of learning
MRS studies in the field of learning have primarily
addressed the early stage in the process of encoding, stor-
age, and retrieval of information that takes place dur-
ing task practice. However, learning also encompasses a
phase in which temporary, fragile memories are trans-
formed into a more stable, long-lasting form, known as
memory consolidation. Preliminary findings indicate
that modulation direction of GABA may vary according
to the specific phase (early or late) of task learning. For
example, the OCC Glu/GABA ratio exhibited an increase
following the learning phase of a visual learning task,
whereas it demonstrated a decrease after the overlearn-
ing phase [26]. More specifically, within the domain of
perceptual learning, only two studies have delved into
the role of GABA in learning stabilization or consolida-
tion. The preliminary findings point to a beneficial effect
of increased GABA levels in aiding the fast online (not
sleep-dependent) consolidation of acquired information
and guarding against subsequent interference. Previous
studies that made use of zolpidem, a GABA, agonist, to
modulate sleep patterns during a daytime nap and over-
night sleep showed an improvement in hippocampal-
dependent episodic memories after this pharmacological
intervention [77, 78], suggesting that increased GABA
activity during sleep is related to memory consolidation.
Currently, the limited studies on MRS and learning sug-
gest that higher inhibition induced by increased GABA
levels during learning supports consolidation and guards
against interference. Further research is certainly neces-
sary to validate and substantiate these findings.

Although GABA modulation has been observed in
various learning conditions, it is noteworthy that such
changes are not unique to learning. GABA modulation
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has been observed in other conditions as well, as dis-
cussed below.

GABA modulation in other human behaviors

besides learning

In addition to the study of learning processes, GABA
modulation has been observed in some conditions with
an implicit learning component as well as in various non-
learning conditions, such as exposure to perceptual stim-
ulation, physical exercise, and performance of cognitive
tasks.

In the context of perceptual stimulation, a form of
adaptive plasticity in perceptual processing areas can be
induced. Specifically, the release from inhibition caused
by the modulation of Glx and/or GABA co-occurs with
most of the stimulation paradigms (3.1 perceptual stim-
ulation). This is in line with results from animal studies,
which have shown that stimulus-specific adaptation in
the perceptual cortex is exhibited by both excitatory neu-
rons and inhibitory interneurons [79, 80]. Specifically, the
neuron’s response to a frequently occurring perceptual
stimulus differs from its reaction to a rare stimulus, and
this stimulus-specific neuroplasticity is mediated by the
excitatory and inhibitory system. At the cellular level, the
substantial facilitation caused by an increase in excita-
tion and/or reduction of inhibition is thought to enhance
overall cortical responsiveness to perceptual task stimuli
[81]. Hence, the release from inhibition (facilitation) in
perceptual brain regions induced by visual stimuli may be
beneficial for general perceptual information processing.

In the context of physical exercise, increases in GABA
have been observed following intensive short-term cardi-
ovascular endurance activity, such as cycling, but GABA
modulation has also been connected with yoga. Con-
versely, decreases in GABA have also been observed after,
for example, repeated hand movement practice (sec-
tion "Physical exercise" ). This suggests that the brain’s
adaptive plasticity may vary in response to different types
of physical activity intervention. Lastly, it remains to
be studied whether modulations of GABA following an
exercise intervention benefit subsequent behavioral per-
formance and learning of motor or other tasks. For exam-
ple, can exercise-induced GABA modulation create the
optimal conditions for increased neuronal interactions
associated with learning new skills (section "Perceptual
plasticity” and section "Motor learning" )?

In the context of cognition, increases in GABA levels
have been observed in tasks with high cognitive load lev-
els, such as conflict resolution (section "Inhibition and
self-regulation” ). Nevertheless, given the notable varia-
tions in cognitive task subtypes, it is premature to draw
firm conclusions at this stage.
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GABA modulation varies according to the function of brain
areas

Converging evidence suggests that GABA modulation
exhibits brain regional specificity. On the one hand, this
refers to a dynamic GABA modulation in those brain
areas that are involved in the performance of a given task,
while no strong modulation occurs in brain areas that
are less relevant for that task. For instance, given that the
SM1 brain region serves as the primary brain region for
motor control, it is expected that cycling training results
in modulations of GABA levels in the SM1 region and
not in the cognitive processing-related brain regions [36].
On the other hand, different directions of GABA modu-
lation in the task-involved brain areas may take place. For
example, during the signal-in-noise (SN) task requiring
participants to discern the presented patterns embedded
in noisy dots, GABA levels increased in the PPC, whereas
they decreased in the OCT [23]. Future research should
address whether broader changes across the entire brain
(global changes) can also be induced by interventions or
whether they primarily affect specific brain regions (local
changes). Furthermore, under which circumstances can
local versus global changes in neurochemical modulation
be accomplished?

The effect of perceptual stimulus complexity, task difficulty
and cognitive demand on GABA modulation

Using fMRI, a number of studies have shown that the
scope of brain activity in the multiple demand system
varies depending on the difficulty of the behavioral task
[82-84]. Nevertheless, there remains a gap in research
specifically designed to directly investigate the modula-
tion of MRS-assessed GABA in response to variations in
behavioral task difficulty.

In the perceptual domain, it has been shown that pres-
entation of an experimental stimulus, such as a checker-
board or wedges, as compared to a simple fixation cross,
is more likely to induce GABA modulation [9-11]. Addi-
tionally, presentation of abnormal perceptual stimula-
tion, such as monocular deprivation [29], seems to better
induce GABA modulation as compared to often used
experimental stimuli, such as a checkerboard.

The motor tasks addressed in this review included visu-
omotor coordination learning, motor sequence learning,
visuomotor adaptation learning, and various types of
physical exercise, etc. Thus, comparing the difficulty of
motor tasks across studies becomes challenging. How-
ever, it was reported that training of a visually-guided
bimanual coordination task resulted in decreased OCC
GABA levels in the more challenging (random practice)
as compared with the less challenging (blocked practice)
motor learning condition [48].
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In the cognitive domain, across studies, it appears that
GABA modulation occurs in working memory tasks
with relatively higher cognitive load rather than those
with lower cognitive load [61, 62]. However, attempts to
induce GABA modulation by manipulating visual atten-
tional load in a visual tracking study were unsuccessful
[60].

Overall, the current state of the literature does not pro-
vide sufficient evidence to draw definitive conclusions on
the relationship between task complexity or difficulty and
GABA modulation. Future studies may look into GABA
modulations of more generic (pre-frontal) brain regions,
such as DLPFC, that become activated when increased
cognitive effort is required, especially during the initial
phase of various types of learning.

Factors influencing the accuracy of MRS-assessed GABA
Quantifying GABA levels accurately is essential and a
prerequisite for exploring their associations with behav-
ior. Thus, it is crucial to assess whether proper MRS
measurement techniques have been used in the reported
studies. Although a detailed comparison of the outputs of
different MRS techniques falls outside the main scope of
this review, here we list several factors that affect MRS
measurement accuracy, including MR field strength, MR
sequence type and the methodology employed to elimi-
nate the macromolecule contamination. Additionally, we
provide suggestions for improving the overall accuracy of
GABA measurement in practice.

MR field strength

Higher MR field strength leads to better signal-to-noise
ratios, which contributes to higher MRS measurement
accuracy. Therefore, studies conducted at ultra-high MR
field strengths (>7T) are likely to obtain more sensitive
and reliable results than those conducted under 3T or
1.5T. In this review, 63.4% of the included articles utilized
a 3T magnetic field strength, 31.7% employed a 7T field
strength (31.7%) and 4.9% employed a 4T field strength.

MRS sequence type
GABA signal overlaps with signals from other molecules
in the brain. Therefore, accurate quantification of GABA
requires the employment of an edited sequence that can
isolate GABA signals from those of overlapping mol-
ecules. The edited MRS sequences exploit known J-cou-
pling relationships to distinguish signals originating from
low-concentration metabolites, such as GABA, from
stronger overlapping signals [85].

Detailed distribution of the type of MR sequences
used in the reviewed studies is reported in Table 2. It is
noteworthy that over half of the included studies (56%)
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Table 2 The employed MR sequences in the reviewed studies
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MRS sequence Edited Percentage Reference details
Corrected for MM Uncorrected or not mentioned
3T, MEGA-PRESS Yes 43.9% (18) Floyer-lea 2006%, Frank 2022, Heba 2016, Kurcyus 2018, Lea-Carnall 2020, Ziminski 2023,
Namgung 2021, Bell 2023, Chalavi 2018, Coxon 2018, King 2020, Maddock 2016, Maes
Shibata 2017/ 2022, Bezalel 2019, Frank 2021, Michels 2012,
3T, 2D J-PRESS Yes 2.4% (1) - Frangou 2018
3T, Yes 2.4% (1) - Suprny 2020
3D-MRSI with MEGA-LASER
4T, MEGA-STEAM Yes 24% (1) - Koush 2021
4T, MEGA-PRESS Yes 24% (1) - Streeter 2010
7T, MM-eliminated Yes 2.4% (1) Chen 2017} -
MEGA-sLASER
7T, sSLASER No 12.2% (5) Bednaiik 2015%, Frangou 2019,
P 2019%, Kolasinski 2019,
Lunghi 2015%,
7T, STEAM No 7.3% (3) Lin 2012%, -
Mangia 2007%,
Maruyama 202147
7T, SPECIAL No 4.9% (2) Melke 20174, -
Schaller 20137
3T, SPECIAL No 49% (2) Sampaio-Baptista 2015,
Kihn 2016
3T, MRSI-sLASER No 4.9% (2) Andrushko 2023/, —
Nettekoven 20224
7T, semi-adiabatic-SPECIAL ~ No 2.4% (1) Boillat 2020/ -
3T, PRESS No 24% (1) van Vugt 20207 -
3T, sSLASER No 2.4% (1) - Vijayakumari 2018
7T, fMRI-fMRS sequence No 24% (1) - Koolschijn 2021

MM: macromolecule. *An inversion-recovery sequence, fa symmetric-suppression editing; Aa set of macromolecule basis functions during fitting

utilized an edited sequence. Furthermore, the most com-
monly employed edited sequence was MEGA-PRESS,
accounting for 78.3% of the reported studies utilizing
the edited sequence. Less than half of the included stud-
ies (44%) used a non-edited sequence, which delivers
broader spectral information from multiple metabolites
rather than focusing specifically on GABA. The choice of
non-edited sequences varies across studies, with no clear
preference for any specific sequence.

Macromolecule contamination

Although spectral editing allows the detection and quan-
tification of GABA, the edited signal contains a signifi-
cant contribution from the macromolecular signal when
using conventional editing approaches. It is important to
note that failure to account for macromolecule contami-
nation may lead to inaccurate estimation of metabolite
levels and misinterpretation of their relationship with
human behavior. While macromolecule contamination
is an acknowledged problem, there is currently no clear
consensus on the best approach to tackle it. Methods
used in the correction of macromolecules in the reviewed
studies are reported in Table 2. Among the 41 studies

analyzed, only 16 employed methods to eliminate the
contamination of macromolecules, of which six stud-
ies employed an inversion-recovery sequence to acquire
a macromolecule spectrum during data collection; two
studies used a symmetric-suppression editing, and eight
studies used a set of macromolecule basis functions
during fitting. A detailed discussion of these three tech-
niques and their caveats has been reported by Mullins
et al. [86]. Even though over half of the included studies
did not account for contaminating macromolecule sig-
nals, it is assumed that this is not a major confounder for
studies focused on GABA changes (using repeated meas-
ures) rather than those reporting a one-time measure-
ment. This is because macromolecule signals are believed
to be relatively stable within healthy participants during
multiple measurements in MRS studies.

MRS measurement time points

The precise time course of neurochemical modulations
is still unclear, and therefore, no definite consensus
exists on the temporal resolution that is necessary to
detect neurometabolic fluctuations with optimal sen-
sitivity and reliability. Stated differently: what is the
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critical window for GABA modulation to occur in the
context of task performance and learning? It appears
likely that GABA modulation occurs within millisec-
onds, but changes over minutes, hours, days, or weeks
can also possibly take place. This prompts questions
about setting up the appropriate experimental para-
digms for capturing the window of change that scien-
tists wish to investigate while taking into account the
current MRS imaging constraints (relatively long meas-
uring time: 8—10 min for each brain area).

Figure 2 provides an overview of the MRS timing
designs in various studies, summarized as pre-post,
pre-during, pre-during-post, and continuous meas-
urement during task performance. It is important to
mention that even with similar MRS timing designs,
the exact measurement times may differ across stud-
ies. For example, most of the studies conducted the
post measurement immediately after the end of train-
ing, but a few studies acquired MRS data with some
time delay following the end of training. The time gap
between task completion and MRS measurement may
impact results because GABA levels could return to
baseline over time. Moreover, adaptation and/or habit-
uation processes may occur rapidly such that the con-
centrations of neurometabolites recover to the resting
state level before or during the post-MRS measure-
ment. In addition, MRS measures assessed during task
performance can show different modulation directions
depending on the different phases of task performance/
learning. Accordingly, scientists should give careful
consideration to the design of behavioral tasks when
planning the timing of the MRS acquisition and provide
highly detailed, accurate, and replicable descriptions of
their experimental setup when reporting their findings.

Recent progress in event-related fMRS techniques
allows continuous collection of MRS data at a time
resolution of seconds during the presentation of inter-
mixed experimental conditions in a sequence of trials
[87]. As compared to measuring the GABA modula-
tion via repeated measures, this event-related method
appears very promising to detect the dynamics of neu-
rometabolites with a comparably high temporal resolu-
tion. However, the other side of the temporal spectrum
is also of interest and addresses questions about the
sustainability of training-induced neurochemical
changes. At least some evidence suggests that neuro-
chemical modulation occurs across a time window of
weeks of training, even though it is not yet clear how
neurochemical concentrations evolve after training
has been completed [47]. It is important to gain deeper
insights into the temporal characteristics of task-related
neurochemical fluctuations in order to decide upon the
appropriate MRS measurement protocol.
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Calculating GABA modulation

Throughout the reviewed studies, substantial incon-
sistencies exist with regard to the methods employed to
assess the modulation of GABA at a group level. Here,
we use ‘scan 1’ to refer to the first MRI scan across these
studies, which is often measured during a resting state
before the task or intervention starts. We use ‘scan 2’
to refer to the subsequent MRI scans, which are often
measured during or after the performance or training
of a task. Initially, most studies (around 60%) addressed
the “absolute” GABA changes, which are calculated by
the difference between ‘scan 2’ and ‘scan 1’ (scan 2-scan
1). In contrast, around 36% of the studies took the base-
line GABA levels into consideration to normalize or
standardize the GABA modulation, i.e., GABA modula-
tion was obtained by calculating the difference between
‘scan 2’ and ‘scan 1; divided by ‘scan 1’ [(scan 2- scan 1)/
scan 1]. Furthermore, only a limited number of studies
(about 4%) reported their results using both calculation
methods. There is currently no gold standard for which
method to use. However, it is important to acknowledge
that results obtained through different calculation proce-
dures are not always consistent.

Individual differences approach

Even though task- or training-induced changes in
GABA and/or Glx at the group level have been demon-
strated, it is fruitful to complement this with an individ-
ual differences approach to explore whether changes in
neurometabolites exhibit different directions across indi-
viduals. The same experimental manipulation may cause
increases, decreases, or no changes in neurometabolites
in different individuals. This prompts questions about
the potential interactions between baseline levels of neu-
rometabolites and the directions of modulation as well
as their range of modulation. For example, does a higher
baseline level of GABA in learners imply that they have
a larger window for change available to reduce GABA
during task practice? Will the larger modulation further
promote inter-neuronal interactions and increase neural
plasticity? Preliminary evidence provides some hints that
this might be the case. A motor sequence learning study
in older adults revealed that higher baseline GABA levels
were associated with a larger training-induced reduction
of GABA, even though the age of the participants may
potentially have mediated this effect. Moreover, in the lat-
ter study, a greater reduction of GABA levels following
motor training was related to a greater learning magni-
tude [52]. However, it is noteworthy that the dynamics of
neural circuits are highly intricate and non-linear [88, 89],
and hence the brain-behavior associations might also fol-
low a non-linear and more complex relationship. There-
fore, further research is required to confirm such findings
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and to explore whether causal interventions to boost
baseline GABA promote task-induced GABA change.
This may have important implications for those individu-
als confronted with decreased GABA as a result of normal
aging [52-54] or in pathological conditions associated
with acute or chronic GABA depletion [90, 91].

GABA, Glu and E/I balance

In the present review, GABA levels were the primary
focus because recent studies have suggested that GABA-
induced disinhibition is tightly related to the learning
process [50]. However, it is crucial to bear in mind that
the majority of GABA is synthesized directly from Glu
[92]. Consequently, there may be an association between
GABA and Glu levels during the resting state. Addition-
ally, the modulation of GABA levels may coincide with
changes in Glu levels, influencing E/I balance. Moreover,
the optimal MRS sequences for GABA and Glu may dif-
fer. Therefore, measuring both metabolites simultane-
ously using a sequence targeted at either GABA or Glu
may reduce the accuracy of the other.

Concerning the associations between baseline MRS-
assessed GABA and Glu (or Glx) levels, previous
research has yielded inconsistent findings [93—-95]. More
specifically, while Rideaux discovered evidence against a
positive correlation in both the visual and motor cortices,
Steel et al. showed a positive link between MRS-assessed
GABA +and GlIx levels in the posterior cingulate gyrus.
These discrepancies could be explained by different func-
tions of the brain areas investigated. However, the latest
work using a large sample size attempting to resolve this
inconsistency showed that there is a regionally non-spe-
cific common ratio between MRS-assessed GABA and
Glu levels [96]. Overall, these results suggest the exist-
ence of a inter-individual common ratio between base-
line GABA and Glu levels. Concerning the associations
between the modulation of MRS-assessed GABA and
Glu (or Glx), to the best of our knowledge, there is only
one study addressing this question and reporting a posi-
tive correlation between both [56].

Here, we summarized and reported the associations
between the modulation of MRS-assessed GABA and
various human behaviors. Since this is still a relatively
new area of research and the current literature focusing
on GABA does not always report the E/I balance, we can-
not provide conclusive evidence on the effect of GABA
modulation on Glu modulation and how the E/I balance
changes along with behavior.

We recommend that future studies investigating the
associations between human behavior and E/I balance
also report the results on independent neuro-metabo-
lites, such as GABA and Glu. This would enable us to
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discern which metabolites drive the observed correla-
tions between E/I balance and behaviors.

Conclusion

Neurochemical modulation is an emerging area of
research with important implications for behavioral
neuroscience. GABA modulation has been observed
in both learning and non-learning conditions. The
current review has led us to propose two prelimi-
nary hypotheses regarding GABA modulation in the
brain in the context of learning across a broad range
of tasks: the ‘GABA increase for better neural distinc-
tiveness’ hypothesis and the ‘GABA decrease to boost
learning hypothesis’. These preliminary hypotheses
may encourage scientists from various disciplines
to further investigate neurochemical dynamics in
order to establish a solid body of knowledge for the
field of (cognitive) neuroscience. From the behavioral
side, further refinement of task protocols is required
to capture the dynamics of learning, memory, and
retention and to select appropriate brain regions of
interest. Moreover, the temporal resolution of neu-
rometabolite modulation in the human system needs
to be considered across the time scale from millisec-
onds to weeks or months. From the technical side, it
will be of utmost importance to further optimize cur-
rent MRS sequences and software procedures in order
to capture the temporal dynamics of neurochemical
modulation and to explore larger brain territory with
increased (sub)regional resolution. We are only at the
initial stage of this exciting field of neurochemical
modulation in the human system.

Abbreviations

ACC Anterior cingulate cortex

BOLD  Blood oxygen level-dependent
BTT Bimanual tracking task

Cr Creatine

dACC Dorsal anterior cingulate cortex

DLPFC  Dorsolateral prefrontal cortex

EEG Electroencephalography

B/ Excitatory/inhibitory

FD Feature difference task

fMRI Functional magnetic resonance imaging
GABA  Gamma-aminobutyric acid

Glx Glutamate + glutamine

Glu Glutamate

MRS Magnetic resonance spectroscopy

MRSI Magnetic resonance spectroscopic imaging
NAA N-acetylaspartic acid

LTP Long-term potentiation

ol@ Occipital cortex

OCT Occipitotemporal cortex

pCC Posterior cingulate cortex

PPC Posterior-parietal cortex

SM1 Primary sensorimotor cortex

SN Signal-in-noise task

SRTT Serial reaction time task
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