
REVIEW

ABSTRACT
Gamma-aminobutyric acid (GABA) is a ubiquitous inhibitory neurotransmitter critical to 
the control of movement both cortically and subcortically. Modulation of GABA can alter 
the characteristic rest as well as movement-related oscillatory activity in the alpha (8–12 
Hz), beta (13–30 Hz, and gamma (60–90 Hz) frequencies, but the specific mechanisms by 
which GABAergic modulation can modify these well-described changes remains unclear. 
Through pharmacologic GABAergic modulation and evaluation across the age spectrum, 
the contributions of GABA to these characteristic oscillatory activities are beginning to 
be understood. Here, we review how baseline GABA signaling plays a key role in motor 
networks and in cortical oscillations detected by scalp electroencephalography and 
magnetoencephalography. We also discuss the data showing specific alterations to 
baseline movement related oscillatory changes from pharmacologic intervention on 
GABAergic tone as well as with healthy aging. These data provide greater insight into the 
physiology of movement and may help improve future development of novel therapeutics 
for patients who suffer from movement disorders.
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1. INTRODUCTION

Gamma-aminobutyric acid (GABA), is a critically important 
inhibitory neurotransmitter within the central nervous 
system shown to impact cortical electrographic activity [1]. 
A growing body of data in animals and humans supports 
its critical importance in movement generation and the 
characteristic oscillatory changes detected on scalp 
electroencephalography (EEG) during movement [1–3]. 
Furthermore, modulating GABA in hyperkinetic movement 
disorders, such as dystonia and essential tremor, can 
improve physical symptoms as well as mitigate abnormal 
movement-related oscillatory changes detected on EEG 
and subcortical microelectrodes [1, 3–7]. Thus, investigating 
the GABAergic effect on movement-related oscillatory 
changes is critical to understanding the functional anatomy 
of normal and disordered movements with the goal of 
developing more targeted and better tolerated treatments. 

Since first being described by Gastaut et al. in 1952, 
scalp EEG has been used to capture the movement 
related potentials of synchronized activity involving 
large regions of the cortex [8]. Later, in 1972, magnetic 
brain activity measurements were first detected 
and became the foundation for the development of 
magnetoencephalography (MEG) [9]. Through advances 
in EEG and MEG technology [10], the anatomic location 
of these movement-related potentials has been better 
localized and characterized as to the frequency and power 
shifts from baseline [10–12]. These alterations have been 
categorized as event-related desynchronizations (ERD) [13] 
and event-related synchronizations (ERS) [14]. Although 
these oscillatory changes are well described, the underlying 
mechanisms of these changes remain unclear. 

This review is divided into four main parts. First, in 
section one, we summarize the overall importance of GABA 
for motor control and review normal movement-related 
oscillatory changes measured with scalp EEG and MEG. 
Next, in section two and three, we provide an overview of 
the currently known alterations to these oscillatory changes 
seen using GABAergic modulation with pharmacologic 
interventions, as well as normal aging. In the discussion, 
we provide an overview of how GABA may ultimately affect 
movement-related oscillations and therefore, movement. 
Finally, we discuss potential future explorations to better 
understand GABAergic contributions to movement and 
how this may lead to the development of novel treatments 
for movement disorders. 

1.1. GABA AND PHYSIOLOGIC NETWORKS
GABA is a neurotransmitter that is ubiquitous among 
inhibitory neurons throughout the brain [15]. GABA binds 
to two main classes of receptors, GABAA and GABAB. 

Ionotropic ligand-gated GABAA receptors mediate fast 
synaptic inhibition by allowing an influx of chloride ions 
that hyperpolarize neurons. They represent the majority 
of GABAergic receptors in the brain, and, given the diverse 
receptor subunits and potential isoform combinations, 
they have the most pharmacologic binding sites. 
Metabotropic GABAB receptors mediate slow, prolonged 
inhibitory signaling through G-coupled proteins [16]. 
These two receptor classes are distributed across specific 
brain regions in different isoform combinations, and 
contributing to the unique synaptic activity of each brain 
region [17].

In the context of motor control, there are three major 
network elements by which GABA might exert inhibitory 
action. The first is through interneurons in motor and 
premotor cortex. Interneurons are markedly diverse in their 
connections and signaling, but are all primarily inhibitory 
and GABAergic in nature [18]. They can project locally 
and powerfully inhibit other interneurons in Layer II/III 
or pyramidal cells in Layer V, including those that project 
subcortically to the basal ganglia, pons, or directly to spinal 
cord motor neurons via the corticospinal tract [19]. 

In rat studies, characteristic beta oscillations were 
noted to arise from the pyramidal cells of Layer II and 
V with frequency modulation resulting from GABAergic 
interneurons providing phasic GABA mediated inhibition 
at beta frequencies [20]. Furthermore, in recordings at 
the primary motor cortex, beta and gamma oscillations 
were abolished with the GABAA antagonists picrotoxin and 
gabazine [21, 22]. Additionally, study of pyramidal cells 
from Layer V of rats have also confirmed that GABA agonist 
administration was sufficient to yield the characteristic 
beta power increase seen on standard scalp EEG at the 
cellular level [23]. 

The second network is in the basal ganglia, where 
medium spiny neurons integrate input from diverse cortical 
and subcortical sources, sending progressively convergent, 
inhibitory GABAergic projections to subcortical and thalamic 
targets [24, 25]. Microinjection of GABAergic medications 
into the globus pallidus has been shown to alter inhibitory 
postsynaptic current as well as cause alterations in rodent 
behavior with resultant turning that can be rescued with 
concomitant administration of flumazenil [26, 27]. 

The third is in the cerebellum, which uses GABA as a 
major transmitter in Purkinje cells [28] and prominently 
affects movement [29]. Modulation of cellular and 
movement-related activity with GABAergic manipulation 
has also been confirmed in cerebellar slices and animal 
models, respectively [30, 31]. Thus, GABA is quite obviously 
integral for the development of cortical oscillatory rhythms 
and its modulation is sufficient to affect beta frequency 
oscillations in in vitro studies. 
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1.2 BASELINE MOVEMENT-RELATED 
OSCILLATORY CHANGES
ERD is characterized by a decrease in the power of alpha (8–
12 Hz) and beta (13–30 Hz) frequencies in the primary motor 
cortex prior to and during movement [32]. This decrease 
in power can be detected up to two seconds before the 
initiation of movement and persists through the movement 
[11]. The onset of ERD is first detected contralateral to 
the side of movement, but then is detected bilaterally at 
movement onset [32]. Alpha and beta-frequency changes 
are temporally and spatially independent. The beta event 
related desynchronization (beta-ERD) occurs prior to and 
ends before the alpha event related desynchronization [33]. 
The beta frequency is detected at the precentral (motor) 
cortex, whereas the alpha frequency is detected at the 
postcentral (somatosensory) cortex [34]. Beta frequency 
modulation of movement is not limited to the motor 
cortex, though. Connections between the motor cortex and 
the supplementary motor cortex, inferior frontal gyrus, and 
parietal cortex are shown to affect accuracy of movement 
and be modulated with the beta band frequency [35, 36]. 

The alpha-ERD is thought to correlate with decreased 
inhibition for sensorimotor modulation of task-specific 
information [37]. This information then assists with the 
planning phase of movement [38]. The beta-ERD is thought 
to arise more from the thalamo-cortical networks that 
specifically activate motor areas of the cortex by reducing 
excitability thresholds [11]. Furthermore, the beta-ERD is 
suspected to contribute to movement through contributing 
information related to the duration, speed, and type of 
movement to be generated [39]. Given the evidence of 
GABAergic contribution to beta frequency generation in 
cortical interneurons [20–23], the generation of ERDs 
appear inherently tied to the inhibitory drive of GABAergic 
interneurons that project to interneurons in Layer II/III or 
pyramidal cells in Layer V [19]. 

ERS occurs in the primary motor cortex at two time 
points within the movement which are associated with two 
different frequencies: gamma (60–90 Hz) [40] at the initiation 
of movement and beta at the termination of movement 
[12]. The first ERS at gamma frequency occurs at, or 
immediately prior to, the initiation of movement with a short 
lasting (<1 s) burst of gamma frequency synchronization. 
This movement-related gamma synchronization (MRGS) 
occurs in the sensorimotor cortex contralateral to the side 
of movement [12]. The second ERS occurs in the bilateral 
precentral (motor) cortex at the cessation of movement in 
the beta frequency range (beta-ERS). This event raises the 
beta frequency power above baseline for roughly 1 second 
[11, 41]. Both beta and gamma power returns to baseline 
before the next movement is initiated if movements are not 
continuously repeated [12].

MRGS is considered to be more associated with planning 
or initiation of movement than with its continuation [42, 
43]. Furthermore, excessive phase-amplitude-coupling 
(PAC) of alpha/beta frequencies with gamma frequencies 
in the motor cortex has been observed in hypokinetic 
disorders, such as Parkinson’s disease, and is believed to 
be one mechanism for the observed movement deficits in 
Parkinson’s disease [44, 45]. Whereas, beta-ERS has been 
suggested to represent an inhibition of the motor cortex [46] 
or somatosensory reafference [47] for which there is debate 
as to the importance of GABAergic mediation [1, 3, 7]. 

2. PHARMACOLOGIC GABAERGIC 
MODULATION OF CORTICAL 
POTENTIALS

Given significant evidence that GABA is integral to the 
control of neuronal network oscillations within the beta 
frequency range of the motor cortex, most early studies of 
GABAergic contributions to movement-related oscillatory 
changes were conducted using pharmacologic evaluation 
[1]. From this work, the use of GABAergic medications, 
as well as GABA levels, have been shown to alter both 
movement-related and rest oscillatory changes within the 
primary motor cortex [1, 3, 7, 48, 49]. 

2.1 EVENT-RELATED DESYNCHRONIZATIONS
GABAergic medications, such as benzodiazepines (GABAA 
positive allosteric modulator) and tiagabine (GABA reuptake 
inhibitor), alter movement-related beta-ERD significantly 
[1, 7]. Administration of diazepam increases beta power at 
rest which leads to a larger total decrease in power during 
ERD than is seen when the onset of beta-ERD starts at 
baseline without GABAergic medications [7]. Thus, the rate 
of desynchronization increases to accommodate the drop in 
beta power that is required for movement [1]. Moreover, the 
beta peak frequency (frequency with the largest observed 
power) is decreased after administration of diazepam 
[1]. Of note, the effect of in vivo GABA levels on ERD as 
measured by magnetic resonance spectroscopy (MRS), has 
not been reported. For alpha frequencies, administration of 
diazepam was not noted to lead to significant changes to 
power until higher doses of diazepam were used. Even at 
that point, however, power was only slightly reduced [50].

2.2 EVENT-RELATED SYNCHRONIZATIONS
With movement, there are two ERS events: MRGS and 
beta-ERS. MRGS occurs first, roughly at movement onset, 
but neither MRGS power nor frequency are altered by 
pharmacologic modulation of the GABAergic system [1, 7]. 
However, GABA levels measured by MRS in the sensorimotor 
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cortex do positively correlate with MRGS peak frequency, 
though no correlation is seen with power [3].

The second ERS event occurring at the cessation of 
movement, is the (beta-ERS). Pharmacologic GABAergic 
modulation can affect beta-ERS, but the results have 
been mixed. With administration of diazepam, there is an 
additional increase in beta-ERS power from baseline, but 
does not show any significant change in residual power 
with respect to spontaneous beta power [1]. However, 
beta-ERS power has less increase from baseline after 
administration of tiagabine [7]. With either drug, though, 
the beta-ERS peak frequency decreases compared to 
placebo [1, 7]. When measuring with MRS, baseline GABA 
levels in the sensorimotor region were positively correlated 
with beta-ERS power [3, 51], but no correlation was found 
with beta-ERS peak frequency [51].

2.3 CORTICAL REST FREQUENCIES 
Benzodiazepine administration increases resting beta 
frequency power but decreases beta frequency peak power 
[1]. Additionally, beta peak frequency is positively correlated 
with GABA levels in the sensorimotor cortex contralateral 
to the side of movement, but not ipsilateral, as measured 
by MRS [49]. Administration of zolpidem (GABAA positive 
allosteric modulator) has been shown to reduce alpha 
power, diazepam has had more mixed results in effect on 
alpha power, and tiagabine has been noted to have no 
significant change on alpha frequency power [48, 52–54].

Gamma frequency oscillations during rest are not 
affected by GABAergic modulation with benzodiazepines 
[1]. Further investigation of the effects of GABA levels on 
rest gamma frequency peak power and peak frequency 
power at the sensorimotor cortex in the literature is lacking. 
However, through analysis of the visual cortex, GABA levels 
as measured by MRS have been shown to positively correlate 
with rest gamma frequency, but not rest gamma power [55].

2.4 GABAERGIC MEDICATIONS SUMMARY
These above-mentioned medications, such as 
benzodiazepines, increase GABAergic tone, increase overall 
inhibition, and modulate overall movement [1, 48, 49]. As 
such, these medications are frequently used for therapeutic 
interventions in hyperkinetic movement disorders, such 
as dystonia and essential tremor, that are demonstrated 
to have abnormalities in inhibitory signaling [4, 56–61], 
but also in Parkinson disease, a movement disorder with 
significant hypokinesis [62]. Thus, modulating GABA and 
overall inhibitory signaling is vital to the treatment of 
movement disorders, but improved understanding of these 
medications is critical given that our current GABAergic 
medications have frequent side effects of sedation, 
increased fall risk, and potential for abuse [63, 64]. 

Zolpidem has been shown to increase rest beta 
frequencies but decrease alpha frequencies [52]. However, 
tiagabine showed increases in power for delta through beta 
frequencies, but the increases in beta and alpha frequencies 
were absent to reversed in the parietal/occipital regions 
[52]. Similar medication-specific effects have been seen 
in transcranial magnetic simulation (TMS)-evoked EEG 
changes between diazepam, alprazolam, zolpidem, and 
baclofen [65]. These effects may even be dose dependent 
as low dose zolpidem appears to increase GABAA receptors in 
a kinetically slow desensitized state while higher doses favor 
rapid transitions into and out of desensitized states [23]. 

Within patients with Parkinson disease, this difference in 
effect may manifest clinically as administration of low dose 
zolpidem improved speed of movement compared to higher 
doses that appeared to worsen it [5]. Furthermore, baseline 
GABA levels may ultimately affect the pharmacologic 
or neuromodulatory effect of these medications [66]. 
Thus, further exploration of the pharmacological and 
pharmacokinetic effect of GABAergic medications is 
needed to better understand their effect and design better 
medications with less significant side effects.

3. EFFECTS OF AGING ON MODULATION 
OF CORTICAL POTENTIALS

In addition to the above-noted effects of pharmacologic 
GABAergic modulation on movement-specific and rest 
oscillatory changes, advancement in age has also been 
shown to alter the cortical oscillatory patterns of neurons 
within the primary motor cortex region [39, 67–70]. With 
aging, there is an apparent decrease in GABA levels in 
various regions throughout the brain [70–74]. However, it is 
not clear that these GABA changes are sufficient to account 
for all movement-related oscillatory changes.

3.1 EVENT-RELATED DESYNCHRONIZATIONS
With increasing age, beta-ERD is noted to be greater (larger 
decrease in power from baseline) comparing younger 
healthy adults to older healthy adults, and linearly changes 
over time [39, 68]. The etiology of this increased ERD is due 
to an elevated beta frequency power at rest. [39]. When 
comparing beta-ERD in adults and children, it has been 
noted that adults have onset of beta-ERD as early as two 
seconds prior to the onset of movement, leading to a longer 
overall duration of beta-ERD, whereas children have onset 
of beta-ERD when movement is initiated [69]. Furthermore, 
children have smaller amplitude beta-ERD compared to 
adults, though older children (ages 11–13) have a larger 
amplitude beta-ERD than younger children (ages 4–6) [69, 
75]. Reporting on laterality of this finding has been mixed 
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with findings being reported both as only unilateral to the 
movement [68] and bilateral [39]. 

3.2 EVENT-RELATED SYNCHRONIZATIONS
MRGS is detected in children as young as four years old and 
remains present throughout life. However, among healthy 
adults, the peak frequency decreases with advancing age 
[3, 69]. Interestingly, MRGS power has been shown to be 
greatest in 11–13 year old subjects compared to 4–6 year 
old and adult subjects, though the etiology of this difference 
is unclear [69]. Across the age spectrum, adults have higher 
beta-ERS power compared to children. Additionally, beta-
ERS power appears to increase with age (ages 4–6 vs ages 
11–13 vs adults), although reliable detection of beta-ERS 
power in young children (ages 4–6) has been difficult [69]. 

3.3 CORTICAL REST FREQUENCIES
Within the beta frequency range, there is an increased 
power at rest [39, 68] and a reported non-significant trend 
(p = 0.06) toward a lower peak beta-frequency associated 
with aging in adults [68]. Rest gamma frequency power 
has in contrast been found to increase with age [67]. It 
is not clear whether the gamma peak frequency changes 
with healthy aging, but it has been reported at least in one 
study that peak frequency and power are not correlated 
with each other [55].

3.4 AGING SUMMARY
With healthy aging there appears to be a general decrease 
in inhibitory tone [71–73, 76] noted by alterations in 
movement related synchronizations, decreased GABA 
levels [70–74], and reduced inhibition by measuring short-

interval intracortical inhibition (SICI) [73, 74, 77]. These 
noted alterations in inhibitory signaling are potentially 
clinically significant. Gamma oscillation transcranial 
alternating current stimulation (gamma-tACS) is known 
to modulate and enhance GABAergic neurotransmission. 
However, within older adults (65.3+/– 9.5 years old), this 
modulation is reduced and negatively correlated with age 
[77]. Further, subjects with less increase in GABA inhibition 
from gamma-tACS show slower short-term learning [78]. 
This inhibitory deficit has been also noted to impact 
the speed of reaction in older adults [72]. Enhancing 
the GABAergic neuron in the hippocampus of a mouse 
model Alzheimer’s disease also showed improvement in 
cognitive tasks as well as baseline cortical rhythms [79]. 
As such, reduced inhibitory signaling within the aging brain 
has significant clinical impact and merits further study, 
but the full spectrum of movement associated changes 
seen on EEG are likely a result of a more complicated 
aging process involving neurotransmitter imbalance, as a 
purely GABAergic explanation is unable to account for the 
discrepancies in movement-related oscillatory changes 
seen between young and old [80]. Thus, further work 
is needed to better understand the contributions and 
changes from other important neurotransmitters such as 
serotonin, dopamine, norepinephrine, etc.

4. DISCUSSION

Baseline movement-related oscillations have characteristic 
alterations related to both pharmacologic GABAergic 
modulation and aging (Table 1). Interestingly, the reported 

ELECTROGRAPHIC ACTIVITY GABAERGIC PHARMACOLOGIC 
MODULATION

AGING

Beta Frequency (13–30 Hz) 
Event Related Desynchronization

Power ↑ ↑

Peak Frequency ↓ ─

Beta Frequency (13–30 Hz) 
Event Related Synchronization

Power ↔D

↓T

↑

Peak Frequency ↓ ─

Gamma Frequency (60–150 Hz) 
Event Related Synchronization

Power ↔ ─

Peak Frequency ↔ ↓

Rest Cortical Beta Frequency Power ↑ ↑

Peak Frequency ↓ ↓*

Rest Cortical Gamma Frequency Power ↔ ↑

Peak Frequency ↔ ─

Table 1 Cortical power and peak frequencies as a function of pharmacologic modulation and age. 

Legend: ↑ (increased), ↓ (decreased), ↔ (unaltered), ─ (unreported), * (not statistically significant), D (diazepam), T (tiagabine).
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oscillatory activity during movement is similar for these two 
states despite some possible differences in the inhibitory 
state of the two conditions. Intrinsic GABAergic modulation 
is critical for the control of movement as measured 
through electrophysiologic recordings of the cortex, 
but the understanding of the impact of pharmacologic 
manipulation and aging on the underlying pathophysiology 
remains unclear.

4.1 GABA EFFECT ON ELECTROPHYSIOLOGIC 
MEASURES
The beta-ERD is strongly linked to GABAergic inhibition and 
reflects the amount of inhibitory signaling [19]. Thus, with 
increased inhibition from GABAergic medications that increase 
beta frequencies, there is a strongly increased beta-ERD [7]. 
As such, an increased beta-ERD would be expected to be 
associated with impaired movement given the extra amount 
of desynchronization required for movement initiation. In 
subjects who have taken benzodiazepines [81] and older 
individuals there was a larger beta-ERD that was associated 
with increased duration of movements [39]. However, older 
adults are also noted to have decreased overall inhibitory 
signaling on neurochemical as well as electrophysiologic 
measures as opposed to increased inhibition [71, 72]. Thus, 
an increased beta-ERD seems to be consistently associated 
with impaired movement, but the factors contributing to 
an abnormal beta-ERD can be multifactorial and not simply 
related to GABAergic alterations. 

For the alpha-ERD, GABAergic manipulation 
pharmacologically has not been shown to have significant 
effect. Thus, a leading hypothesis has been that alpha-ERD 
is not primarily a GABAergic process [50, 54]. This is further 
supported by evidence of it representing an excitatory state 
that promotes targeted movement [37, 82]. With training 
of a given movement, however, the alpha-ERD is noted 
to decrease, especially in athletes, as less overall cortical 
activation is needed to yield the desired movements [83]. 
In older individuals vs younger individuals, a larger alpha-
ERD is noted to correlate with slower movements [84]. 
As such, the slower speed of movements seen in older 
individuals may not be directly related to an underlying 
inhibitory/GABAergic process as suggested in the combined 
evidence with the beta-ERD. 

The overall GABAergic dependence of MRGS is not well 
established. Within the visual system, peak frequency of 
MRGS is well described to be positively correlated with GABA 
levels, but this is less clear in the sensorimotor cortex [85]. 
Peak gamma frequency appears to decrease with age [3], 
while GABA is decreasing [70–74]. However, modulation 
with tiagabine and diazepam does not appear to affect 
MRGS [1, 7] nor was it linked to GABA levels measured by 
MRS [3]. Nevertheless, MRGS likely plays a role in movement 

as the peak frequency of MRGS may be dependent upon 
the motion produced as it assists with motor initiation [85].

Finally, the beta-ERS as noted above, does not have 
a proven direct connection with the GABAergic system 
[1, 3, 7]. However, there is strong support for beta-ERS 
to represent active inhibition of motor cortex related to 
processes over distributed networks [47, 86]. As such, 
the beta-ERS may represent more of top-down inhibitory 
control through a more widely integrated sensorimotor 
network. Overall parameters of beta-ERS including the 
amplitude and time-to-peak of beta-ERS can be modulated 
via altered task duration, force output, and rate of force 
development [87, 88].

4.4 FUTURE EXPLORATIONS
One significant limitation of current studies of the effects 
of GABAergic modulation and aging on movement related 
oscillatory changes is the inability to evaluate electrographic 
activity outside of the cerebral cortex. GABAergic signaling 
is critical to movement control in the basal ganglia and 
the cerebellum, both of which modulate the cortical signal 
[29, 89, 90]. Given their limited anatomic accessibility, 
though, the basal ganglia and cerebellum has been largely 
unexplored in normal, healthy human controls. However, 
dysfunction in these key areas of the motor network is 
linked to several movement disorders including Parkinson 
disease, dystonia, and essential tremor and have known 
importance in GABA associated movement generation 
[91–93]. These movement disorders are known to have 
altered movement-related oscillatory changes and can be 
symptomatically improved with pharmacologic modulation 
of GABA [1, 3–7, 94]. As such, they represent an opportunity 
for deeper investigation of movement control. 

A key opportunity for improved exploration of GABAergic 
modulation of subcortical structures is through deep brain 
stimulation (DBS). As part of the treatment for several 
movement disorder, DBS is used to target structures 
including the subthalamic nucleus (STN), globus pallidus 
internus (GPi), and thalamus. The electrode placement 
allows opportunity to both record as well as then modulate 
activity at these structures. As an example, animal models 
have shown that modulation of the GPi is sufficient to 
induce beta frequency oscillations in the cortex [95]. 
Furthermore, in human movement disorders, DBS of the 
GPi increases GABAergic inhibition within the GPi leading to 
a decrease in thalamocortical activity, improved pathologic 
cortical activity, and disease symptomatology of both 
dystonia and Parkinson disease [5, 6, 90, 96–99]. 

The cerebellum, in contrast to subcortical structures that 
are only accessible through medical treatments of a select 
number of movement disorders, has a more accessible 
location. As such, with advanced imaging capabilities, it has 
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begun to be studied for its role in movement generation 
in normal, healthy controls. MEG imaging in children and 
adolescents of the cerebellum has shown a movement-
related beta-ERD as well as beta-ERS that coincides with 
the observed oscillatory changes in the cortex [100]. Thus, 
the cerebellum provides a unique structure for potential 
exploration and development of therapeutic interventions 
for movement disorders.  

5. CONCLUSION

In summary, both pharmacological modulation of the 
GABAergic system and aging have clear and identifiable 
consequences on movement-related oscillatory changes. 
However, the full etiology of these changes remains unclear. 
These two states yield similar electrophysiologic findings 
despite the apparently disparate GABAergic alterations. 
However, as there is a significant lack of reported findings 
related to GABAergic modulation on alpha-frequency ERD 
and MRGS, these perceived similarities may only exist for 
beta-frequency movement-related oscillatory changes. 
Furthermore, the underlying mechanisms for generation of 
the beta-ERD in aging may be more complex and involve a 
neurotransmitter imbalance associated with aging.

Future studies will be needed to specifically address the 
correlation between movement-related oscillatory changes 
across all frequencies and GABA levels within the motor 
network (i.e., motor cortex, thalamus, basal ganglia, and 
cerebellum) in response to pharmacologic management 
and aging. Such studies will help disambiguate the 
overall effect GABA levels have on oscillatory changes. 
Furthermore, conceptual understanding of the 
pharmacologic effects from GABAergic medications, such 
as benzodiazepines, will help to advance future therapeutic 
developments. GABAergic medications are frequently 
used to treat a myriad of neurologic disorders, but they 
are also frequently associated with significant side effect 
of sedation, increased fall risk, and potential for abuse 
that limit their current usage and overall safety [63, 64]. 
Development of targeted, channel specific medications 
may very well lead to significant improvements in overall 
disease management.

Additionally, a greater understanding of how the 
basal ganglia and cerebellum impact event-related 
synchronizations/desynchronizations through GABAergic 
changes remains an area that needs further research. 
Both structures have significant GABAergic involvement, 
as well as clearly evident impacts on movement and 
cortical movement-related oscillatory changes when GABA 
is modulated. Future exploration of the effects of DBS on 
cortical and subcortical GABAergic activity in movement 
disorders provides an exciting opportunity to study 

network connections. Furthermore, advanced capabilities 
in EEG and MEG technology is will allow similar insight 
into cerebellar function, but in a potential healthy control 
population. As such, an improved overall understanding 
of these structures, including their electrophysiologic 
alterations with movement and their connections with the 
entire motor network, will assist with developing of novel 
treatments for multiple movement disorders. 
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