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Introduction
According to the World Health Organization (WHO) the 
global population over the age of 60 is projected to be over 2.1 
billion by 2050. This growth is expected to coincide with an 
increase in aging-related pathologies, including those related to 
brain health. However, the progression to pathological condi-
tions is not an inevitable part of aging. Engaging in a healthy 
lifestyle, particularly activities that improve cardiovascular fit-
ness, is a means that appears to offer the greatest benefits for 
maintaining preserved cognitive health in older age.1 However, 
to date, underlying mechanisms are not yet fully elucidated.

Recent evidence suggests that brain health may be associ-
ated with maintaining a homeostatic balance between excita-
tory and inhibitory functions. Cortical excitability, which refers 
to the strength of neuronal response to a stimulus, must be 
carefully balanced between excitatory and inhibitory activity to 
ensure normal brain function.2 Inhibitory and excitatory neu-
rotransmitters regulate this delicate balance, specifically 
gamma-aminobutyric acid (GABA) and glutamate (Glx), 
respectively. Disruptions to this balance, such as excessive exci-
tation or insufficient inhibition, have been implicated in a 
range of neurological disorders, including epilepsy,3 migraines,4,5 

and movement disorders.6,7 However, gradual changes in corti-
cal excitability have been demonstrated in the aging process.8 
As we age, the homeostatic cortical excitability may become 
disrupted due to changes in the balance of excitatory and 
inhibitory neural communication (E/I balance).8 This disrup-
tion is associated with cognitive and motor declines related to 
aging and an increased risk for neurological disorders.9

Therefore, investigating cortical excitability and neuro-
transmitter levels helps better understand age-related changes 
in brain function, leading to effective interventions to maintain 
brain health and function throughout one’s lifespan. Recent 
research suggests that exercise can modify GABA levels and 
thus affect cortical excitability.10,11 However, the implications 
for changes in brain state following exercise on cognitive and 
motor systems in aging remain elusive. Thus, continued inves-
tigation into the complex interplay between cortical excitabil-
ity, neurotransmitter levels, exercise, aging and behavioral 
outcomes is crucial for developing effective interventions that 
must be tailored to individual needs of older adults.

In the present review, we describe the effects of aging and 
exercise on the dominant inhibitory neurotransmitter GABA. 
We will start by introducing concepts of the functional relevance 
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of GABA in the aging nervous system, including measurement 
and clinical significance. We then describe the effects of exercise 
in the aging brain and highlight resent work examining changes 
in GABA with exercise. Lastly, because modulating cortical inhi-
bition through aerobic exercise may be an effective therapeutic 
intervention to promote successful aging, we present future direc-
tions that can inform both mechanistic GABA study and reha-
bilitation research.

GABA in aging

The primary inhibitory neurotransmitter system in the brain is 
GABA, which exerts powerful control of cortical plasticity.12,13 
GABA is synthesized in the neuron through a metabolic path-
way known as the GABA shunt (Figure 1), which occurs in 
conjunction with cellular respiration to help maintain suffi-
cient extrasynaptic GABA tone. Importantly, frank disruption 
of GABAergic metabolism has been associated with several 
diseases that present severe central nervous system dysfunc-
tion.14 The preserved metabolic stability of GABA in an aging 
model indicates that associated behavior declines are more 
likely a reflection of altered receptor dynamics and/or GABA 
density. The predominant techniques to noninvasively measure 
these aspects of GABA function in the human brain involve 
transcranial magnetic stimulation (TMS) and magnetic reso-
nance spectroscopy (MRS), respectively. Consequently, these 
very different modalities have been employed in the study of 

cortical excitability in aging and have complementary findings 
that must be interpreted within the limits of each technology 
and target signal (see Table 1 for outline of relevant aging & 
TMS/MRS literature).

MRS

GABA concentrations can be measured in vivo in the human 
brain using proton 1-H MRS. In brief, 1-H MRS quantifies 
the chemical signal associated with bound proton (hydrogen 
atoms) configurations across a range of neurochemical com-
pounds. Each compound has a magnetic resonance of a par-
ticular frequency largely dominated by water, which, when 
suppressed, yields a frequency spectrum that delineates proton 
configurations. The position of the proton moieties results in a 
specific frequency/chemical shift in the compounds. It is this 
chemical shift that is measured via spectroscopy. As the GABA 
signal in MRS cannot be separated from other metabolites 
(homocarnosine) at commonly measured field strengths (3T), 
we will refer to MRS concentrations of GABA as GABA+.

While early studies yielded somewhat inconsistent findings 
on cortical GABA+ concentration differences across the lifes-
pan,30,31 increased sample sizes and improved MRS editing/
analyses from more recent work have shown with relative con-
sistency that sensorimotor GABA+ levels decrease as a func-
tion of aging32,33 (see Li et al34 for excellent review). However, 
the uniformity of aging-induced changes in GABA+ levels 

Figure 1.  GABA metabolism and the GABA Shunt. GABA is created as a metabolite from the breakdown of glutamate via glutamic acid decarboxylase 

(GAD) in neuronal cells. Two GAD isoforms are present denoted by molecular weight in Daltons (GAD67 and GAD65). GAD67 breaks down glutamate 

(Glu) into GABA within the cytosol after which GABA diffuses across GABA transporters (GABA-t) into extracellular space. In addition, GAD65 catabolizes 

glutamate into GABA at the outer mitochondrial membrane in the neuron. It is believed that this GABA is packaged into synaptic vesicles for 

neurotransmission at the synaptic cleft (not represented). GABA is preserved, particularly, during periods of stress through the GABA shunt. The GABA 

shunt is afforded by the breakdown of GABA to succinic semialdehyde, which is entrant into the Krebs cycle in the astrocyte mitochondria producing 

glutamate, which transports to astrocytes for breakdown to glutamate completing the shunt.
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require further study, as regional differences in age group com-
parisons have been previously reported.35-37 For example, 
Cuypers et al38 reported aging-related decreases in GABA+ 
concentration in the dominant primary motor cortex (M1) but 
not the non-dominant M1. Nevertheless, a recent meta-analy-
sis by Porges et al39 shows that despite numerous sources of 
variance (different MRI platforms, acquisition parameters, 
spectral analyses), the measurement of cortical GABA+ in 
frontal regions tended to be lower in older adults (>65) across 
8 studies (722 participants) when compared to younger adults.39 
As the reports of GABA+ expand in the literature, a consensus 
on region-specific effects of aging (likely decreases) in GABA 
levels will continue to emerge. As such, some degree of caution 
is warranted regarding the specificity of the GABA concentra-
tion changes based on bulk tissue distribution within the region 
of inquiry.35 This is particularly notable in assessing prefrontal 
brain regions, which experience a higher degree of cortical 
atrophy.40,41

Importantly, the developments in MRS technology/meth-
odology are affording its functional assessment (fMRS), and 
thus a growing body of literature is examining the dynamic 
relation between neurometabolic profiles and motor systems 
control (see Pasanta et al42 for recent review). In a seminal 
study by Floyer-Lea et al, younger adults engaging in a motor 
learning task (targeted force production) showed progressive 
decreases in GABA+ levels as compared to resting conditions 
or during random force generation.25 It was postulated that 
this decrease in GABA+ may co-vary with increasing gluta-
matergic activity to facilitate long-term potentiation. The 
mechanism by which this occurs is still not clear, but it may be 
associated with changes in receptor function in inhibitory 
interneurons, as dysregulation of these receptors (both 
GABA-a and GABA-b subtypes) have deleterious effects on 
motor learning in younger adults.12,43 This likely reflects 
GABA's regulatory role in selectively increasing excitability to 
facilitate long-term potentiation. fMRS inquiry across the 
lifespan is a ripe target for study, particularly given more recent 
reports of functional sequelae of differences in cortical inhibi-
tion.32,33,44,45 One cross-sectional study examined age effects 
on M1 GABA+ concentrations before, during, and after a 
series of uni-/bi-manual action-selection tasks. Both healthy 
younger and older adults exhibited transient reductions in 
GABA+ during online motor training, however, the older 
adults showed lower GABA+ levels across all 3 time 
points.33,46 While this suggests that reduced resting-state 
GABA+ may not directly constrain the capacity to modulate 
GABA+, the variability in older individuals’ GABA+ modu-
lation was a strong predictor of their task performance. That 
is, individuals who exhibited a greater capacity to reduce 
GABA+ during online practice showed superior motor per-
formance. Additional work using multiple acquisitions of 
GABA during a functional task could yield insight into a 
potential GABAergic contribution to individual differences in 

motor skill learning. These data would have significant impli-
cations for rehabilitation after neural injury, as neural aging 
may require more individualized approaches based on changes 
in neurometabolic profiles during therapeutic interventions.

TMS

Over the past 20 years, TMS has been the primary modality for 
in vivo assessment of GABA receptor-mediated inhibition at 
the systems level. Two primary receptor subtypes of GABA, 
GABA-a and GABA-b can be assessed using paired-pulse 
TMS (ppTMS; Figure 2). Briefly, GABA-a and GABA-b 
receptors mediate fast and slow timescales of inhibition, respec-
tively, and thus short and long inter-stimulus intervals have 
been employed to examine their specific contributions to intra-
cortical (ICI)47 and inter-hemispheric inhibitory (IHI) con-
trol48 (Figure 2). There is mounting evidence that motor cortical 
ICI and IHI (GABA-a & GABA-b) are significantly reduced 
as a function of age, with a notable portion of older adults 
exhibiting a disinhibitory response to ppTMS49,50 (Figure 2). 
Additional work has implemented single-pulse TMS during 
active muscle contraction to elicit a period of muscle quiescence 
in EMG activity51 (Figure 2). The duration of this phenome-
non, operationally termed the cortical silent period, can be 
induced via contralateral or ipsilateral M1 stimulation to meas-
ure intracortical (cSP) or interhemispheric inhibition (iSP), 
respectively. Consistent with the ppTMS literature, cortical 
silent-period durations have also been shown to reduce with 
age,49-53 and while lower cSP duration is attributed primarily to 
altered GABA-b dynamics,54 the receptor-specific contribu-
tions to diminished iSP duration is less well understood.

The above literature provides collective evidence of aging-
induced alterations in GABA-a and GABA-b receptor-medi-
ate neurotransmission within and between the primary motor 
cortices. Changes in circuitry so fundamental to neuroplasti-
city, particularly in a cortical network so relevant to motor 
coordination/control/skill acquisition, have led to the assump-
tion that decreased inhibition may confer behavioral deficits 
known to occur in parallel with aging. Indeed, there is empiri-
cal evidence supporting the assertion that reduced interhemi-
spheric inhibition may constrain motor function, as older 
individuals exhibiting shorter iSP durations and reduced SIHI 
& LIHI have demonstrated impaired psychomotor speed,16 
reaction-time performance,19,55 and manual dexterity45 com-
pared to older individuals with relatively preserved inhibition. 
Thus, this loss of IHI attributed to transcallosal GABAergic 
circuitry may play a mechanistic role in the loss of functional 
segregation of the motor networks, a phenomenon predomi-
nantly described through fMRI-based studies showing that 
greater bilateral M1 activity is associated with poorer motor 
performance.15,16

Diminished ICI with aging has also been assumed to reflect 
a degradative process. However, support for this assumption 
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has been largely based on studies showing reduced SICI/LICI 
along with poorer motor performance outcomes when com-
paring group-level differences between younger and older 
adults.22,56,57 Heise et al,21 one of the seminal works demon-
strating SICI reductions across the lifespan, examined the 
functional significance of this phenomenon by collecting sim-
ple and choice reaction-time performance from a subset of 
their participant pool (n = 23; 23-83 years). They found that 
individuals with reduced SICI showed slower reaction times in 
both simple and choice tasks. Conversely, a study by Clark  
et al found that older individuals with reduced LICI levels 
exhibited superior hand grip strength (a motor action largely 
mediated via increased excitatory drive) compared to individu-
als showing LICI values more consistent with healthy younger 
adults.58 Such findings align with the contending theory that 
reduced intracortical inhibition may be a compensatory process 
that maintains excitatory: inhibitory balance in lieu of aging-
related reductions in excitatory drive.59 Consequently, a great 
deal of additional study is necessary to understand the 

functional significance of change in GABAergic neurotrans-
mission within, between, and across cortical networks.

Exercise in aging

Although “aging” has not typically been considered a target for 
rehabilitation, the literature consistently shows that cognitive 
and motor declines are not only particularly prevalent in sed-
entary older adults60 but can also be mitigated by exercise. In 
the cognitive domain, exercise has been demonstrated to 
improve various aspects of function throughout the entire cog-
nitive system, as indicated by improved performance in psy-
chomotor and processing speed, working memory, and 
cognitive-executive functions.15,61-66 Further confirmation of 
exercise’s influence is derived from task-based fMRI models, 
which consistently show that older adults who are aerobically 
fit exhibit brain activity patterns similar to those of younger 
adults, suggesting that exercise can counteract age-related 
cognitive decline.67,68 For example, older adults with higher 

Figure 2.  Graphical illustration of the paradigms used to assess GABA receptor-specific cortical inhibition within (SICI, LICI, cSP) and between (SIHI, 

LIHI, iSP) the primary motor cortices. For Paired-pulse TMS paradigms (SICI/LICI & SIHI/LIHI), single magnetic pulse stimulation (TS) is delivered to the 

motor cortex to induce a motor evoked potential (MEP). This MEP amplitude (gray EMG signal) is then used as a comparator to MEP amplitudes from the 

same target muscle (blue EMG signals) under various paired-pulse TMS (ppTMS) conditions. In healthy younger adults (illustrated by SICI/LICI & SIHI/

LIHI EMG) MEP amplitudes are reduced during ppTMS due to GABA receptor mediated inhibition. Aging SICI/LICI/SIHI/LIHI plots illustrate an example of 

an older adult showing disinhibition (increased MEP with ppTMS), which is thought to reflect diminished GABA receptor function. For single-pulse TMS 

paradigms, a single magnetic pulse is administered to the contralateral (cSP) or ipsilateral (iSP) motor cortex during active contraction of a target hand 

muscle. This stimulation evokes transient cessation of EMG activity, the duration of which is denoted as the cortical silent period. The aging iSP/cSP plot 

illustrates aging-related reductions in the duration of this silent period, which is also associated with diminished GABA receptor function.
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aerobic capacity produce cortical activity patterns similar to 
young adults in the dorsolateral prefrontal area during an 
executive function task.69 Furthermore, sedentary individuals, 
who are at an increased risk of cognitive decline, participated 
in a 6-month exercise intervention. Their results revealed that 
these individuals exhibited brain activity patterns typical of 
aging at baseline, However, after exercise training, their brain 
activity patterns resembled those of young and healthy adults, 
indicating that exercise can enhance brain function and pre-
vent cognitive decline in sedentary older adults.70

The influence of exercise extends systemically, as indicated 
by works from MRI and voxel-based morphometry that have 
highlighted the capabilities of exercise to exert powerful 
effects on general brain function in physically active versus 
sedentary older adults, including cortical re-structuring70,71 
and increased volume in overall brain mass, as well as white 
and gray matter at the frontal cortex and hippocampus.71,72 
Additionally, electroencephalography has revealed changes in 
oscillatory frequencies in older adults depending on level of 
physical activity73,74 and after exercise interventions.75,76

The above findings support the beneficial impact of exer-
cise on both brain structure and function in aging adults. 
However, it is important to note that studies examining the 
impact of exercise on brain health in aging have reported 
findings where exercise did not lead to significant improve-
ments in cognition77,78 or brain structure.79 For example, the 
Aerobic Center Longitudinal Study followed a large cohort 
of middle-aged and older adults to assess the effects of aero-
bic fitness on health outcomes, including cognitive function. 
While the study found associations between higher aerobic 
fitness and better cognitive function cross-sectionally, the 
longitudinal analyses did not demonstrate that changes in 
aerobic fitness over time were associated with changes in cog-
nitive function.80 The conflicting research highlights the 
complexity of studying cognitive outcomes in relation to 
exercise and the importance of better understanding of indi-
vidualized variability in such studies. Therefore, it is impor-
tant to better understand individual parameters such as 
baseline cognitive function, genetics, and overall health status, 
each may contribute to whether exercise definitively leads to 
cognitive benefits in older adults. Of additional importance, 
the intensity, duration, and type of exercise may influence the 
outcomes. Studies that did not find cognitive improvements 
often used different exercise protocols compared to those 
showing positive effects (eg, walking81 vs high intensity sta-
tionary cycling67). This suggests that the specifics of exercise 
regimen could play a role in determining cognitive outcomes 
which requires further investigation.

The exposition of the vast literature on exercise and aging is 
beyond the scope of this work. We will focus now on the spe-
cific effects of exercise on GABA and refer the reader to excel-
lent recent reviews of exercise in aging.9,82-84

Exercise & GABA

Interestingly, exercise has been shown to influence GABA 
concentrations, with research suggesting that exercise can 
maintain or even enhance GABA levels in the brain. For 
example, Maddock et al looked at the visual cortex before and 
after a single dose of stationary cycling in healthy young 
adults and demonstrated that GABA levels increased by 7% 
after exercise, with glutamate following a similar trend at the 
anterior cingulate cortex (executive region).11 This research 
also recorded physical activity levels in the week preceding 
exercise and found that more physically active participants 
exhibited higher levels of resting glutamate (Glx). As an 
extension, Coxon et al demonstrated that M1 GABA levels 
increase by an average of 20% after a single bout of high 
intensity interval training (HIIT), and importantly, the indi-
vidualized degree of GABA change correlated positively with 
blood lactate accumulation.10

Relating GABA to cortical excitability, TMS studies have 
shown differences in measures of intra-hemispheric inhibition 
after acute aerobic exercise. Specifically, a recent meta-analysis 
demonstrated that acute aerobic exercise exerts transient reduc-
tions in SICI outcomes in young healthy adults.85 Importantly, 
recent work by Hendy et al86 observed similar reductions in 
SICI from sedentary older adults after a single bout of high-
intensity interval cycling. Consistent with previous findings 
from the young healthy population, this sedentary group also 
exhibited increased cortical excitability as assessed by suprath-
reshold single-pulse TMS. While it is postulated that this net 
increase in cortical excitability may produce optimal conditions 
for augmenting cortical neuroplasticity, the longer-term neuro-
plastic effects from chronic exercise on intracortical GABAergic 
circuitry is currently unknown.

There is preliminary evidence suggesting that interhemi-
spheric inhibition is also transiently reduced with acute exer-
cise in healthy young adults.87 While acute exercise effects on 
IHI in the aging cortex is currently unknown, there is support-
ing evidence for GABAergic plasticity from chronic exercise. 
Specifically, McGregor et al55 compared ipsilateral silent-
period (iSP) durations and task-based fMRI-BOLD activity in 
a sample of healthy younger, physically active older, and seden-
tary older adults. They found that sedentary older adults exhib-
ited reduced interhemispheric inhibition (shorter iSP’s), and 
greater ipsilateral M1 BOLD activation during motor tapping. 
This suggests that increased physical activity may play a role in 
decreasing aging-related losses of interhemispheric inhibition 
and subsequently cortical desegregation. In further examining 
effects of longitudinal exercise on interhemispheric inhibition, 
McGregor et al45 found that 12-weeks of aerobic exercise 
effectively increased iSP durations in sedentary older adults. 
Moreover, the degree of increase in iSP duration correlated 
positively with the extent of motor dexterity improvements 
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observed at the individual level. This work collectively supports 
the notion that GABAergic circuitry may be preserved and/or 
recovered through exercise. However, futire research must aim 
to understand the specific mechanisms that promote healthy 
inhibition (ie, increased GABA-a and GABA-b receptor den-
sity, receptor sensitivity, etc).

GABA helps regulate neuronal excitability and synaptic 
plasticity, which are essential mechanisms for cognitive and 
motor functions. Considering the relationship between GABA 
changes and exercise's benefits, exploring the underlying 
mechanism of action by which exercise preserves GABA is 
important, particularly in aging. A possible link between exer-
cise and changes in GABA concentration may be due to the 
metabolic load placed on the brain from exercise. Rigorous 
physical activity is one of the most energy-consumptive tasks 
the brain can encounter.88 Higher-intensity activity is particu-
larly taxing, with the brain metabolic rate (O2 consumption/
glucose consumption) shifting to burn 30% to 50% more glu-
cose (as compared to only 5%-10% more oxygen).

Interestingly, not all glucose production can be accounted 
for by simple energy demands. The enhanced neuronal activity 
stimulated by more intense exercise activates neurotransmitter 
cycling in the astrocytes. Even a small increase in the size of 
these neurotransmitter pools, which includes GABA, would 
correspond to a notable amount of glucose being utilized.88 It 
is postulated that due to the correlation between GABA con-
centration and blood lactate levels during exercise (as demon-
strated by Coxon et al), non-oxidative metabolism converts 
lactate to GABA by α-ketoglutarate transamination.11 This 
stimulation of acute neurotransmitter cycling, and increased 
demand of these chemicals, may help explain the increase that 
exercise exhibits on resting levels of glutamine and GABA. 
This notion supports the hypothesis that increased nonoxida-
tive carbohydrate metabolism during exercise supports the de 
novo synthesis of neurotransmitters.89,90 Therefore, glutamate 
and GABA are readily synthesized from carbon skeletons 
derived from CHO substrates utilized during exercise. Overall, 
exercise's ability to preserve and enhance GABA function 
offers a potential mechanism for its positive effects on cogni-
tive and motor function in aging individuals.

Future directions for GABA and exercise in aging 
research

Understanding the effects of exercise and aging, specifically its 
influence on GABA levels, is crucial for rehabilitation research. 
Knowing how exercise affects GABA levels in an aging popu-
lation could allow for more targeted and effective interven-
tions, ultimately improving rehabilitation outcomes. To achieve 
this, future research on the development of techniques to 
acquire dynamic task-dependent GABA signals using MRS is 
warranted. An additional avenue of benefit would involve 
probing the dynamic relations between neurotransmitter 

concentrations and receptor function using combined MRS 
and TMS during neuromodulation (endogenous: motor learn-
ing, exogenous: TMS, transcranial direct-current stimulation 
or tDCS). For example, employing an edited MRS sequence to 
index GABA dynamics (resting levels, direction/magnitude of 
change) during motor skill training in older adults can inform 
the behavioral significance of GABA tone to induce neuro-
plastic change (learning). These MRS data and motor skill per-
formance metrics could then be correlated with measures of 
GABA receptor function as characterized by TMS. As aging 
may associated with decreased levels of tonic GABA, we expect 
MRS measures of GABA concentration will predict group dif-
ferences in measures of intracortical inhibition in TMS (SICI, 
LICI, SICF), possibly due to aging-related increases in recep-
tor concentration.38,91,92

Lastly, our work (and others) continues to substantiate the 
benefits of aerobic exercise to improve behavioral and physio-
logical outcomes in multiple populations. However, we have yet 
to identify the neurophysiological mechanism responsible, and 
we have yet to uncover how exercise modifies neurotransmitter 
function in the context of learning. Future studies should iden-
tify the interrelationship of GABA and exercise in promotion 
of a healthy neurochemical environment. These efforts could 
pave the way for the development of improved, evidence-based 
rehabilitation strategies that optimize the potential benefits of 
exercise for the aging brain.

Abbreviations
WHO, World Health Organization; GABA, gamma-amin-
obutyric acid; MSR, magnetic resonance spectroscopy; TMS, 
transcranial magnetic stimulation; ICI, intracortical inhibition; 
IHI, inter-hemispheric inhibition; HIIT, high intensity inter-
val training; tDCS, transcranial direct-current stimulation

Author Contributions
TN, KM, LK, CW, AE, AW, KM, and JN contributed to man-
uscript writing. TN, KM, and JN, performed manuscript revi-
sion. TN, KM, LK, CW, AE, AW, KM, and JN performed 
search and collation of relevant literature. TN created figures. 
TN and CW created a supplementary table. KM, and JN pro-
vided financial support. All authors contributed to this article 
and have approved the submitted version.

Significance Statement
Understanding the effects of exercise and aging, specifically its 
influence on GABA levels, is crucial for rehabilitation research 
and the field of neuroscience. Knowing how exercise affects 
GABA levels in an aging population could allow for more tar-
geted and effective interventions, ultimately improving reha-
bilitation outcomes.

ORCID iD
Joe R Nocera  https://orcid.org/0000-0002-3338-9927

https://orcid.org/0000-0002-3338-9927


Novak et al	 9

References
	 1.	 Chen C, Nakagawa S. Physical activity for cognitive health promotion: an 

overview of the underlying neurobiological mechanisms. Ageing Res Rev. 
2023;86:1-15.

	 2.	 Rowley NM, Madsen KK, Schousboe A, Steve White H. Glutamate and GABA 
synthesis, release, transport and metabolism as targets for seizure control. Neuro-
chem Int. 2012;61:546-558.

	 3.	 Parviz M, Vogel K, Gibson KM, Pearl PL. Disorders of GABA metabolism: 
SSADH and GABA-transaminase deficiencies. J Pediatr Epilepsy. 2014;3: 
217-227.

	 4.	 Coppola G, Schoenen J. Cortical excitability in chronic migraine. Curr Pain 
Headache Rep. 2012;16:93-100.

	 5.	 Nguyen BN, McKendrick AM, Vingrys AJ. Abnormal inhibition-excitation 
imbalance in migraine. Cephalalgia. 2016;36:5-14.

	 6.	 Ammann C, Dileone M, Pagge C, et al. Cortical disinhibition in Parkinson’s 
disease. Brain. 2020;143:3408-3421.

	 7.	 Foliaki ST, Schwarz B, Groveman BR, et al. Neuronal excitatory-to-inhibitory 
balance is altered in cerebral organoid models of genetic neurological diseases. 
Mol Brain. 2021;14:156.

	 8.	 Bhandari A, Radhu N, Farzan F, et al. A meta-analysis of the effects of aging on 
motor cortex neurophysiology assessed by transcranial magnetic stimulation. 
Clin Neurophysiol. 2016;127:2834-2845.

	 9.	 Sujkowski A, Hong L, Wessells RJ, Todi SV. The protective role of exercise 
against age-related neurodegeneration. Ageing Res Rev. 2022;74:101543.

	10.	 Coxon JP, Cash RF, Hendrikse JJ, et al. GABA concentration in sensorimotor 
cortex following high-intensity exercise and relationship to lactate levels. J 
Physiol. 2018;596:691-702.

	11.	 Maddock RJ, Casazza GA, Fernandez DH, Maddock MI. Acute modulation of 
cortical glutamate and GABA content by physical activity. J Neurosci. 
2016;36:2449-2457.

	12.	 Butefisch CM, Davis BC, Wise SP. Mechanisms of use-dependent plasticity in 
the human motor cortex. Proc Natl Acad Sci. 2000;97:3661-3665.

	13.	 Lehmann K, Steinecke A, Bolz J. GABA through the ages: regulation of cor-
tical function and plasticity by inhibitory interneurons. Neural Plast. 
2012;892784:1-11.

	14.	 Jakobs C, Jaeken J, Gibson KM. Inherited disorders of GABA metabolism. J 
Inherit Metab Dis. 1993;16:704-715.

	15.	 McGregor KM, Nocera JR, Sudhyadhom A, et al. Effects of aerobic fitness on 
aging-related changes of interhemispheric inhibition and motor performance. 
Front Aging Neurosci. 2013;5:66.

	16.	 McGregor KM, Crosson B, Krishnamurthy LC, et al. Effects of a 12-week aero-
bic spin intervention on resting state networks in previously sedentary older 
adults. Front Psychol. 2018;9:2376.

	17.	 Talelli P, Waddingham W, Ewas A, Rothwell JC, Ward NS. The effect of age 
on task-related modulation of interhemispheric balance. Exp Brain Res. 
2008;186:59-66.

	18.	 Fujiyama H, Garry MI, Levin O, Swinnen SP, Summers JJ. Age-related differ-
ences in inhibitory processes during interlimb coordination. Brain Res. 2009; 
1262:38-47.

	19.	 Fujiyama H, Hinder MR, Schmidt MW, Garry MI, Summers JJ. Age-related 
differences in corticospinal excitability and inhibition during coordination of 
upper and lower limbs. Neurobiol Aging. 2012;33:1484.e1-1484.e14.

	20.	 Peinemann A, Lehner C, Conrad B, Siebner HR. Age-related decrease in 
paired-pulse intracortical inhibition in the human primary motor cortex. Neuro-
sci Lett. 2001;313:33-36.

	21.	 Heise K-F, Zimerman M, Hoppe J, et al. The aging motor system as a model for 
plastic changes of GABA-mediated intracortical inhibition and their behavioral 
relevance. J Neurosci. 2013;33:9039-9049.

	22.	 Opie GM, Ridding MC, Semmler JG. Age-related differences in pre- and post-
synaptic motor cortex inhibition are task dependent. Brain Stimul. 2015;8: 
926-936.

	23.	 He JL, Fuelscher I, Coxon J, et al. Individual differences in intracortical inhibi-
tion predict motor-inhibitory performance. Exp Brain Res. 2019;237:2715-2727.

	24.	 Sale MV, Semmler JG. Age-related differences in corticospinal control during 
functional isometric contractions in left and right hands. J Appl Physiol. 2005; 
99:1483-1493.

	25.	 Floyer-Lea A, Wylezinska M, Kincses T, Matthews PM. Rapid modulation of 
GABA concentration in human sensorimotor cortex during motor learning. J 
Neurophysiol. 2006;95:1639-1644.

	26.	 Stagg CJ, Bestmann S, Constantinescu AO, et al. Relationship between physi-
ological measures of excitability and levels of glutamate and GABA in the human 
motor cortex. J Physiol. 2011;589:5845-5855.

	27.	 Stagg CJ, Bachtiar V, Johansen-Berg H. The role of GABA in human motor 
learning. Curr Biol. 2011;21:480-484.

	28.	 Kim S, Stephenson MC, Morris PG, Jackson SR. tDCS-induced alterations in 
GABA concentration within primary motor cortex predict motor learning and 

motor memory: a 7 T magnetic resonance spectroscopy study. Neuroimage. 2014; 
99:237-243.

	29.	 Kolasinski J, Hinson EL, Divanbeighi Zand AP, et al. The dynamics of cortical 
GABA in human motor learning. J Physiol. 2019;597:271-282.

	30.	 Gao F, Edden RA, Li M, et al. Edited magnetic resonance spectroscopy detects 
an age-related decline in brain GABA levels. Neuroimage. 2013;78:75-82.

	31.	 Tremblay S, Beaulé V, Proulx S, et al. Relationship between transcranial mag-
netic stimulation measures of intracortical inhibition and spectroscopy measures 
of GABA and glutamate+glutamine. J Neurophysiol. 2013;109:1343-1349.

	32.	 Cassady K, Gagnon H, Lalwani P, et al. Sensorimotor network segregation 
declines with age and is linked to GABA and to sensorimotor performance. Neu-
roimage. 2019;186:234-244.

	33.	 Maes C, Cuypers K, Heise KF, et al. GABA levels are differentially associated 
with bimanual motor performance in older as compared to young adults. Neuro-
image. 2021;117871:1-32.

	34.	 Li H, Heise K-F, Chalavi S, et al. The role of MRS-assessed GABA in human 
behavioral performance. Prog Neurobiol. 2022;212:102247.

	35.	 Maes C, Hermans L, Pauwels L, et al. Age-related differences in GABA levels 
are driven by bulk tissue changes. Hum Brain Mapp. 2018;39:3652-3662.

	36.	 Porges EC, Woods AJ, Edden RA, et al. Frontal gamma-aminobutyric acid con-
centrations are associated with cognitive performance in older adults. Biol Psychi-
atr Cogn Neurosci Neuroimaging. 2017;2:38-44.

	37.	 van der Veen JW, Shen J. Regional difference in GABA levels between medial 
prefrontal and occipital cortices. J Magn Reson Imaging. 2013;38:745-750.

	38.	 Cuypers K, Verstraelen S, Maes C, et al. Neurophysiological modulations in the 
(pre)motor-motor network and the role of GABA+ levels underlying age-related 
reaction time slowing. Brain Stimul. 2021;14:1592-1593.

	39.	 Porges EC, Jensen G, Foster B, Edden RA, Puts NA. The trajectory of cortical 
GABA across the lifespan, an individual participant data meta-analysis of edited 
MRS studies. eLife. 2021;10:1-25. doi:10.7554/eLife.62575

	40.	 Shaw ME, Sachdev PS, Anstey KJ, Cherbuin N. Age-related cortical thinning 
in cognitively healthy individuals in their 60s: the PATH through Life study. 
Neurobiol Aging. 2016;39:202-209.

	41.	 Yao Z, Hu B, Liang C, Zhao L, Jackson M; Alzheimer's Disease Neuroimaging 
Initiative. A longitudinal study of atrophy in amnestic mild cognitive impair-
ment and normal aging revealed by cortical thickness. PLoS One. 2012;7:e48973.

	42.	 Pasanta D, He JL, Ford T, et al. Functional MRS studies of GABA and gluta-
mate/Glx – a systematic review and meta-analysis. Neurosci Biobehav Rev. 
2023;144:104940.

	43.	 Irlbacher K, Brocke J, Mechow JV, Brandt SA. Effects of GABA(A) and 
GABA(B) agonists on interhemispheric inhibition in man. Clin Neurophysiol. 
2007;118:308-316.

	44.	 King BR, Rumpf JJ, Verbaanderd E, et al. Baseline sensorimotor GABA levels 
shape neuroplastic processes induced by motor learning in older adults. Hum 
Brain Mapp. 2020;41:3680-3695.

	45.	 McGregor KM, Crosson B, Mammino K, et al. Influences of 12-week physical 
activity interventions on TMS measures of cortical network inhibition and upper 
extremity motor performance in older adults—a feasibility study. Front Aging 
Neurosci. 2018;9:422.

	46.	 Maes C, Cuypers K, Peeters R, et al. Task-related modulation of sensorimotor 
GABA+ levels in association with brain activity and motor performance: a 
multimodal MRS–fMRI study in young and older adults. J Neurosci. 2022; 
42:1119-1130.

	47.	 Kujirai T, Caramia MD, Rothwell JC, et al. Corticocortical inhibition in human 
motor cortex. J Physiol. 1993;471:501-519.

	48.	 Ferbert A, Priori A, Rothwell JC, et al. Interhemispheric inhibition of the 
human motor cortex. J Physiol. 1992;453:525-546.

	49.	 Davidson T, Tremblay F. Age and hemispheric differences in transcallosal inhi-
bition between motor cortices: an ispsilateral silent period study. BMC Neurosci. 
2013;14:1-11.

	50.	 Giovannelli F, Borgheresi A, Balestrieri F, et al. Modulation of interhemispheric 
inhibition by volitional motor activity: an ipsilateral silent period study. J Physiol. 
2009;587:5393-5410.

	51.	 Orth M, Rothwell JC. The cortical silent period: intrinsic variability and relation 
to the waveform of the transcranial magnetic stimulation pulse. Clin Neuro-
physiol. 2004;115:1076-1082.

	52.	 Matsunaga K, Uozumi T, Tsuji S, Murai Y. Age-dependent changes in physio-
logical threshold asymmetries for the motor evoked potential and silent period 
following transcranial magnetic stimulation. Electroencephalogr Clin Neurophysiol 
Mot Control. 1998;109:502-507.

	53.	 Oliviero A, Profice P, Tonali PA, et al. Effects of aging on motor cortex excitabil-
ity. Neurosci Res. 2006;55:74-77.

	54.	 Chu J, Gunraj C, Chen R. Possible differences between the time courses of pre-
synaptic and postsynaptic GABAB mediated inhibition in the human motor cor-
tex. Exp Brain Res. 2008;184:571-577.

	55.	 McGregor KM, Zlatar Z, Kleim E, et al. Physical activity and neural correlates 
of aging: a combined TMS/fMRI study. Behav Brain Res. 2011;222:158-168.



10	 Neuroscience Insights 

	56.	 Hermans L, Maes C, Pauwels L, et al. Age-related alterations in the modulation 
of intracortical inhibition during stopping of actions. Aging. 2019;11:371-385.

	57.	 Mooney RA, Cirillo J, Byblow WD. Neurophysiological mechanisms underly-
ing motor skill learning in young and older adults. Exp Brain Res. 2019;237: 
2331-2344.

	58.	 Clark BC, Taylor JL, Hong SL, Law TD, Russ DW. Weaker seniors exhibit 
motor cortex hypoexcitability and impairments in voluntary activation. J Gerontol 
A Biol Sci Med Sci. 2015;70:1112-1119.

	59.	 Gleichmann M, Chow VW, Mattson MP. Homeostatic disinhibition in the 
aging brain and Alzheimer's disease. J Alzheimers Dis. 2011;24:15-24.

	60.	 Wheeler MJ, Dempsey PC, Grace MS, et al. Sedentary behavior as a risk factor 
for cognitive decline? A focus on the influence of glycemic control in brain 
health. Alzheimers Dement Transl Res Clin Interv. 2017;3:291-300.

	61.	 Erickson KI, Prakash RS, Voss MW, et al. Aerobic fitness is associated with hip-
pocampal volume in elderly humans. Hippocampus. 2009;19:1030-1039.

	62.	 Holzschneider K, Wolbers T, Röder B, Hötting K. Cardiovascular fitness modu-
lates brain activation associated with spatial learning. Neuroimage. 2012;59: 
3003-3014.

	63.	 Nocera JR, McGregor KM, Hass CJ, Crosson B. Spin exercise improves seman-
tic fluency in previously sedentary older adults. J Aging Phys Act. 2015;23:90-94.

	64.	 Prakash RS, Voss MW, Erickson KI, Kramer AF. Physical activity and cognitive 
vitality. Annu Rev Psychol. 2015;66:769-797.

	65.	 Prakash RS, Voss MW, Erickson KI, et al. Cardiorespiratory fitness and atten-
tional control in the aging brain. Front Hum Neurosci. 2011;4:229.

	66.	 Smith JC, Nielson KA, Woodard JL, et al. Interactive effects of physical activity 
and APOE-ε4 on BOLD semantic memory activation in healthy elders. Neuro-
image. 2011;54:635-644.

	67.	 Nocera J, Crosson B, Mammino K, McGregor KM. Changes in cortical activa-
tion patterns in language areas following an aerobic exercise intervention in older 
adults. Neural Plast. 2017;2017:6340302.

	68.	 Zlatar ZZ, Towler S, McGregor KM, et al. Functional language networks in sed-
entary and physically active older adults. J Int Neuropsychol Soc. 2013;19:625-634.

	69.	 Colcombe S, Kramer AF. Fitness effects on the cognitive function of older 
adults: a meta-analytic study. Psychol Sci. 2003;14:125-130.

	70.	 Colcombe SJ, Kramer AF, McAuley E, Erickson KI, Scalf P. Neurocognitive 
aging and cardiovascular fitness: recent findings and future directions. J Mol 
Neurosci. 2004;24:9-14.

	71.	 Colcombe SJ, Erickson KI, Raz N, et al. Aerobic fitness reduces brain tissue loss 
in aging humans. J Gerontol A Biol Sci Med Sci. 2003;58:176-180.

	72.	 Zlatar ZZ, McGregor KM, Towler S, et al. Self-reported physical activity and 
objective aerobic fitness: differential associations with gray matter density in 
healthy aging. Front Aging Neurosci. 2015;7:5.

	73.	 Dustman RE, Emmerson RY, Shearer DE. Life span changes in electrophysio-
logical measures of inhibition. Brain Cogn. 1996;30:109-126.

	74.	 Jafari A, Aminisani N, Shamshirgaran SM, Rastgoo L, Gilani N. Predictors of 
mobility limitation in older adults: a structural equation modeling analysis. Baltic 
J Health Phys Act. 2020;12:20-31.

	75.	 Chaire A, Becke A, Düzel E. Effects of physical exercise on working memory 
and attention-related neural oscillations. Front Neurosci. 2020;14:239.

	76.	 Pedroso RV, Lima-Silva AE, Tarachuque PE, Fraga FJ, Stein AM. Efficacy of 
physical exercise on cortical activity modulation in mild cognitive impairment: a 
systematic review. Arch Phys Med Rehabil. 2021;102:2393-2401.

	77.	 Liu-Ambrose T, Nagamatsu LS, Graf P, et al. Resistance training and executive 
functions: a 12-month randomized controlled trial. Arch Intern Med. 2010; 
170:170-178.

	78.	 Sink KM, Espeland MA, Castro CM, et al.; LIFE Study Investigators. Effect of 
a 24-month physical activity intervention vs health education on cognitive out-
comes in sedentary older adults: the LIFE randomized trial. JAMA. 2015; 
314:781-790.

	79.	 Wing D, Eyler L, Lenze E, et al. Fatness but not fitness linked to brainage: lon-
gitudinal changes in brain aging during an exercise intervention. Med Sci Sports 
Exerc. 2024;56(4):655-662.

	80.	 Willis BL, Gao A, Leonard D, DeFina LF, Berry JD. Midlife fitness and the 
development of chronic conditions in later life. Arch Intern Med. 2012;172: 
1333-1340.

	81.	 Pahor M, Guralnik JM, Ambrosius WT, et al. Effect of structured physical 
activity on prevention of major mobility disability in older adults: the LIFE study 
randomized clinical trial. JAMA. 2014;311:2387-2396.

	82.	 Craighead DH, Freeberg KA, Seals DR. The protective role of regular aerobic 
exercise on vascular function with aging. Curr Opin Physiol. 2019;10:55-63.

	83.	 Naruse M, Trappe S, Trappe TA. Human skeletal muscle-specific atrophy with 
aging: a comprehensive review. J Appl Physiol. 2023;134:900-914.

	84.	 Stillman CM, Esteban-Cornejo I, Brown B, Bender CM, Erickson KI. Effects 
of exercise on brain and cognition across age groups and health states. Trends 
Neurosci. 2020;43:533-543.

	85.	 Youssef L, Harroum N, Francisco BA, et al. Neurophysiological effects of acute 
aerobic exercise in young adults: a systematic review and meta-analysis. Neurosci 
Biobehav Rev. 2024;164:105811.

	86.	 Hendy AM, Andrushko JW, Della Gatta PA, Teo W-P. Acute effects of high-
intensity aerobic exercise on motor cortical excitability and inhibition in seden-
tary adults. Front Psychol. 2022;13:814633.

	87.	 Neva JL, Brown KE, Mang CS, Francisco BA, Boyd LA. An acute bout of exer-
cise modulates both intracortical and interhemispheric excitability. Eur J Neuro-
sci. 2017;45:1343-1355.

	88.	 Dalsgaard MK. Fuelling cerebral activity in exercising man. J Cereb Blood Flow 
Metab. 2006;26:731-750.

	89.	 Dalsgaard MK, Volianitis S, Yoshiga CC, Dawson EA, Secher NH. Cerebral 
metabolism during upper and lower body exercise. J Appl Physiol. 2004;97: 
1733-1739.

	90.	 Maddock RJ, Casazza GA, Buonocore MH, Tanase C. Vigorous exercise 
increases brain lactate and Gl x (glutamate+glutamine): a dynamic 1H-MRS 
study. Neuroimage. 2011;57:1324-1330.

	91.	 Pandya M, Palpagama TH, Turner C, et al. Sex- and age-related changes in 
GABA signaling components in the human cortex. Biol Sex Differ. 2019;10:5.

	92.	 Verstraelen S, Cuypers K, Maes C, et al. Neurophysiological modulations in 
the (pre)motor-motor network underlying age-related increases in reaction 
time and the role of GABA levels - a bimodal TMS-MRS study. Neuroimage. 
2021;243:1-53.


