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Spontaneous and “event-related” motor cortex oscillations in the beta (15-30Hz)
frequency range are well-established phenomena. However, the precise functional
significance of these features is uncertain. An understanding of the specific function
is of importance for the treatment of Parkinson’s disease (PD), where attenuation of
augmented beta throughout the motor network coincides with functional improvement.
Previous research using a discrete movement task identified normalization of elevated
spontaneous beta and postmovement beta rebound following GABAergic modulation.
Here, we explore the effects of the gamma-aminobutyric acid type A modulator,
zolpidem, on beta power during the performance of serial movement in 17
(15M, 2F; mean age, 66 + 6.3 years) PD patients, using a repeated-measures,
double-blinded, randomized, placebo-control design. Motor symptoms were monitored
before and after treatment, using time-based Unified Parkinson’s Disease Rating Scale
measurements and beta oscillations in primary motor cortex (M1) were measured
during a serial-movement task, using magnetoencephalography. We demonstrate that a
cumulative increase in M1 beta power during a 10-s tapping trial is reduced following
zolpidem, but not placebo, which is accompanied by an improvement in movement
speed and efficacy. This work provides a clear mechanism for the generation of
abnormally elevated beta power in PD and demonstrates that perimovement beta
accumulation drives the slowing, and impaired initiation, of movement. These findings
further indicate a role for GABAergic modulation in bradykinesia in PD, which merits
further exploration as a therapeutic target.
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FIGURE 2 | Functional measurements before and after placebo and zolpidem during magnetoencephalography (MEG) scanning. (A) Change (%) in latency of reaction
time (RT) measured during the cued index-finger response task before and after placebo (black) and zolpidem (red). No significant effect of drug was observed (p =
0.78). (B) Mean change (%) in the number of taps completed in 10's following placebo (black) and zolpidem (red) shows a significant difference (#) between
conditions, as a result of an increase in the zolpidem condition (*p = 0.03). (C) Change (%) in the mean ITI during the completion of the 10-s tapping task following
placebo (black) and zolpidem (red). Shows a significant difference (#) between conditions (o = 0.02). (D) Change (%) in the intertap variance (SD) following placebo
(black) and zolpidem (red). Shows a significant difference (#) between conditions (p = 0.05). (Ei) Change (%) in EMG power in the 3-7 Hz frequency range following
placebo (black) and zolpidem (red), which reveals a significant difference (#) following zolpidem (o = 0.04). (Eii) Shows the complete power spectral density profile of
the EMG during baseline and after placebo and zolpidem. Gray box shows 3-7 Hz range.

oscillatory power throughout the motor network of PD patients
(27, 28, 42), which appears to be reduced following effective
therapeutic treatment that improves symptomatic presentation
(31-33). Importantly, however, although numerous studies
imply a connection between the beta signal and movement
impairments in PD, the causal association is at present

inconclusive (43, 44). However, the changes observed in these
cases are typically modest, offering an inconclusive explanation
for augmented spontaneous beta power as a mechanism for
inhibition of movement. A common limitation of laboratory
studies exploring motor function is the discrete nature of the
tasks, in which participants are typically required to perform
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FIGURE 3 | Beta power accumulation during the serial movement phase. Morlet-wavelet time—frequency spectrograms showing grand average power change,
normalized to the pre-movement period for: (A) placebo and (B) zolpidem. Dashed lines indicate the start and end of movement in each condition. (C) Cumulative
power (NnAm?/Hz) in the beta (15-30 Hz) frequency bin during performance of the rapid tapping task. Graph demonstrates accumulation of beta power during baseline
and placebo (dashed and solid back) and baseline and zolpidem (dashed and solid red), respectively. A clear increase in beta power is observed in both baseline and
placebo conditions, but not following zolpidem, where suppression below baseline levels occurs. Gray box indicates the time interval where a significant difference (o
< 0.05) can be seen between zolpidem and placebo conditions. (D) Mean cumulative beta (nMAm?/Hz) in the baseline-and-placebo (black) and baseline-and-zolpidem
(red) conditions. Significant difference (###p = 0.05) between drug conditions, with a significant difference (*) between zolpidem and baseline (o = 0.03), but not

between placebo and baseline conditions (p = 0.52). (E) Power spectral density plot during the tapping period following placebo (black) and zolpidem (red).
Significant reduction in the beta power to be centered around 25 Hz. Gray box shows the 15-30 Hz bin used to compute the power change.

individual movements separated by several seconds. Given
that the majority of movements and the impairments that
arise PD are serial in nature and form part of a sequence
of repeated or interconnected actions, it is unsurprising that
studies of discrete individual movements are unable to offer
adequate explanation for the effect of augmented beta power
on movement. Specifically, while mean spontaneous beta power
may be augmented, it is by no means continuous and tends
to manifest as “bursts” of elevated beta power at rest (29, 45),
which is possibly a consequence of the temporal fluctuations in
endogenous dopamine (DA) release (43). A causal association
between elevated beta and impaired movement could be implied
by an increased statistical probability of impaired movement
associated with the burst period, a concept that is supported
by the observed success of adaptive deep brain stimulation,
whereby stimulation is applied in response to elevated beta power
(46). Recent studies in the STN demonstrate that beta bursts
persist during movement and coincide with reduced velocity,
consistent with bradykinesia and with mechanistic theories of
adaptive deep brain stimulation (47, 48). This is in contrast to a

positive correlation between gamma burst amplitude and velocity
(49). Moreover, stimulation of M1 in control participants using
tACS shows that stimulation at beta frequency reduces motion
amplitude during a repetitive movement paradigm (50).

Here, we demonstrate the inhibitory nature of a functionally
related neuronal network feature, perimovement beta. This
observation is consistent with the exaggerated PMBR that we
have previously shown to be abnormally elevated and sustained
in PD (29). PMBR, an inhibitory signature, is unavoidably
generated following movement and, therefore, when elevated and
sustained in PD, has a greatly increased probability of impairing
subsequent movements. In the present study, we demonstrate
the impact of an accumulation of beta power (Figure 3C)
and propose this as a critical mechanism in the inhibition
of continuous movement in PD. We further demonstrate the
relationship between the amplitude of individual beta-peak
events and ability of patients to initiate subsequent movements.
The observation of cumulative cortical beta power during
sequential FT is an important addition to our understanding, as
healthy controls exhibit persistent beta suppression in the motor
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FIGURE 4 | Perimovement beta power and movement execution. (A) Method for determining the relationship between high perimovement beta and movement
execution. Trace shows rectified electromyography (EMG) trace (example from a single participant) from which the onset of movement was determined (blue
diamonds) and temporally coregistered with the peak of each beta peak (red dots), determined from magnetoencephalography (MEG) virtual electrode (black line
indicates task “Start” cue). (B) The amplitude peak beta (normalized as a percentage of the largest response) was computed following each event and assigned to the
corresponding number of movements (taps) generated in the subsequent ITl. Mean amplitude of beta peaks and lines of best fit are shown for events in the placebo
(black dots and line) and zolpidem (red dots and line) conditions. Plot shows the association between peak beta power and number of taps and significant reduction
in the amplitude of beta in zero movement condition following zolpidem. (C) The mean number of taps per peak beta event (independent of power) is shown for the
placebo (black) and zolpidem (red) conditions. There is no significant difference in the mean number of events but a notable reduction in the variance of the number of
taps following zolpidem. (D) The change in the composition of missed, single, and multiple taps in the placebo (black) and zolpidem (red) condition. A significant
increase (**) in the number of single taps (o = 0.008).

cortex during continuous movement (23), and this is also seen in
the STN of PD patients (21).

GABAergic Improvement of Serial

Movement

There is substantial evidence in support of the role of DA
dysfunction underlying motor symptoms in PD (51). In
particular, a decline in dopaminergic nigrostriatal projections
in the basal ganglia (BG) resulting in reduction in excitatory
drive to the direct pathway and inhibitory drive to the indirect
pathway (52, 53). However, while DA undoubtedly plays a critical
role in regulating the activity of cortico-BG-thalamic circuit,
the predominant connections within this system are GABAergic
and glutamatergic. Within the BG, GABAergic projections are
the predominant connection between the striatum and globus
pallidus [pars interna (GPi) and pars externa (GPe)], GPe to
GPi, GPi to STN, GPi to thalamus, and GPi to brainstem [see
(54) for a summary]. In addition, activity in the M1 and primary
somatosensory cortex (S1) is GABAergically mediated (1, 8, 55,
56). It is, therefore, unsurprising that administration of a specific

GABA-A alpha-1 modulator such as zolpidem elicits a change in
motor function in PD.

These findings raise several important questions on the
mechanistic nature of elevated PMBR and GABA-mediated
desynchronization and improvement in PD. Previous studies
have demonstrated that M1 beta power is driven by GABAergic
interneuron-mediated synchrony, which is contingent upon
excitatory inputs (56). Prevailing PD theories suggest that an
increase in inhibitory GP to thalamic drive reduces excitatory
input to the cortex (57), which suggests that PMBR does
not occur in response to thalamo-cortical inputs. One might
speculate that thalamo-cortical inputs to a putative M1 layer
4 (58) may be temporally aligned to postmovement sensory
feedback from S1. This would present a mechanism for motor
efficiency, whereby sensory information elicits direct influence
over motor feedback from the cortico-BG-thalamocortical loop,
providing an opportunity for optimization through plastic
change. A potential consequence of such integration is the
attenuation of the strength of feedback from S1 to MI,
primarily in layers II/IIT (59, 60). Given the influence of S1-M1
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connectivity on oscillatory power in the beta frequency range
(55), this presents an appealing hypothesis for PMBR function
and abnormal attenuation in PD. This suggestion is consistent
with that of afferent feedback and sensorimotor recalibration
following a period of change (18).

The mechanism by which GABAergic modulation attenuates
abnormally elevated PMBR, as previously reported (29), is
uncertain. Previous studies observe that GABA-A modulators
augment spontaneous beta power in the motor cortex, through
increased drive to local interneurons in healthy control
participants (1, 2, 55, 56). Further observations in healthy
controls, that PMBR is unaffected by GABA-A modulation (8),
raises the possibility that a separate subcortical mechanism,
involving GABAergic projections in the BG, is a plausible
site of action for the effects observed here. An alternative
cortical mechanism, specific to the low-dose administration of
zolpidem, has previously been described (61), in which low-
dose zolpidem selectively augments interneuron (fast spiking)
specific GABA-A mediated tonic currents, resulting in reduction
in beta oscillatory power. Regardless of the precise mechanism
by which these changes occur, these findings reiterate the
relatively untapped potential for engagement with GABAergic
projections throughout the motor system, as a target for
therapeutic development in PD. The observed zolpidem-specific
improvements and associated oscillatory changes in the present
study raises further questions about the potential impact of
low-dose modulation in non PD participants. While the results
of previous research (29) shows that discrete movements
and associated oscillatory changes are unchanged in healthy
participants, the addition of an age-matched control group would
serve to clarify the current findings further. In conclusion,
these findings provide consistent evidence for the role of beta
oscillations in the symptomatic presentation in PD. In particular,
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