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Enhancing Gamma Oscillations Restores Primary Motor
Cortex Plasticity in Parkinson’s Disease
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In humans, c oscillations in cortical motor areas reflect asynchronous synaptic activity and contribute to plasticity processes.
In Parkinson’s disease (PD), c oscillatory activity in the basal ganglia-thalamo-cortical network is altered and the LTP-like
plasticity elicited by intermittent theta burst stimulation (iTBS) is reduced in the primary motor cortex (M1). In this study,
we tested whether transcranial alternating current stimulation (tACS) delivered at c frequency promotes iTBS-induced LTP-
like plasticity in M1 in PD patients. Sixteen patients (OFF condition) and 16 healthy subjects (HSs) underwent iTBS during
c-tACS (iTBS-c tACS) and during sham-tACS (iTBS-sham tACS) in two sessions. Motor-evoked potentials (MEPs) evoked by
single-pulse transcranial magnetic stimulation and short-interval intracortical inhibition (SICI) were recorded before and after
the costimulation. A subgroup of patients also underwent iTBS during b tACS. iTBS-sham tACS facilitated single-pulse MEPs
in HSs, but not in patients. iTBS-c tACS induced a larger MEP facilitation than iTBS-sham tACS in both groups, with similar
values in patients and HSs. In patients, SICI improved after iTBS-c tACS. The effect produced by iTBS-c tACS on single-pulse
MEPs correlated with disease duration, while changes in SICI correlated with Unified Parkinson’s Disease Rating Scale Part
III scores. The effect of iTBS-b tACS on both single-pulse MEPs and SICI was similar to that obtained in the iTBS-sham
tACS session. Our data suggest that c oscillations have a role in the pathophysiology of the abnormal LTP-like plasticity in
PD. Entraining M1 neurons at the c rhythm through tACS may be an effective method to restore impaired plasticity.
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Significance Statement

In Parkinson’s disease, the LTP-like plasticity of the primary motor cortex is impaired, and g oscillations are altered in the
basal ganglia-thalamo-cortical network. Using a combined transcranial magnetic stimulation-transcranial alternating current
stimulation approach (iTBS-g tACS costimulation), we demonstrate that driving g oscillations restores the LTP-like plasticity
in patients with Parkinson’s disease. The effects correlate with clinical characteristics of patients, being more evident in less
affected patients and weaker in patients with longer disease duration. These findings suggest that cortical g oscillations play a
beneficial role in modulating the LTP-like plasticity of M1 in Parkinson’s disease. The iTBS-g tACS approach may be poten-
tially useful in rehabilitative settings in patients.

Introduction
In physiological conditions, neurophysiological recordings per-
formed at the cortical level have demonstrated neuronal oscilla-
tions at the g frequency band, which are generated by the
interaction between inhibitory interneurons and pyramidal neu-
rons, reflecting intracortical synchronization processes (Traub et

al., 2003; Bartos et al., 2007; Cardin et al., 2009; Otte et al., 2010;
Giovanni et al., 2017). g oscillatory activity at 60-80Hz is particu-
larly relevant within the motor network, and its changes correlate
with movement execution (Cassidy et al., 2002; Ball et al., 2008;
Cheyne et al., 2008; Litvak et al., 2012). Experimental studies in
animals and humans have also suggested that g oscillations pro-
mote synaptic plasticity in cortical motor areas (Diba and Buzsáki,
2007; Izaki and Akema, 2008; Girardeau et al., 2009; Nowak et al.,
2017, 2018). In line with these observations, we have recently dem-
onstrated that, in healthy subjects, transcranial alternating current
stimulation (tACS), delivered over the cortical motor areas at
70Hz together with intermittent theta burst stimulation (iTBS),
promotes LTP-like plasticity in the primary motor cortex (M1)
(Guerra et al., 2018b).

In patients with Parkinson’s disease (PD), recent neurophysio-
logical studies using iTBS demonstrated an impaired LTP-like
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plasticity in M1 (Suppa et al., 2011, 2016, 2017a,b; Udupa and
Chen, 2013; Bologna et al., 2016), and neurophysiological record-
ings from basal ganglia nuclei and cortical motor areas demon-
strated reduced g oscillations in the basal ganglia-thalamo-
cortical network (Anzak et al., 2012; Florin et al., 2013; Jenkinson
et al., 2013; Oswal et al., 2013; Little and Brown, 2014; Giovanni et
al., 2017; Lofredi et al., 2018). Whether in patients with PD there
is a relationship between the abnormal LTP-like plasticity in M1
and reduced g oscillations is unknown. We here hypothesize that
enhancing g oscillations by means of 70Hz tACS would promote
processes of LTP-like plasticity in M1 in PD patients.

To explore this issue, we designed a single-blind, crossover,
placebo-controlled study in which PD patients underwent iTBS
during g -tACS (iTBS-g tACS) and sham-tACS (iTBS-sham
tACS) in two separate, randomized sessions. g tACS was deliv-
ered at 70Hz since intracortical elements of M1 involved in
motor control and plasticity processes have been shown to be
particularly resonant at this specific high-g frequency (Nowak et
al., 2017, 2018; Guerra et al., 2018b, 2019a; Bologna et al., 2019).
We assessed the excitability of M1 before and after the combined
stimulation by recording motor-evoked potentials (MEPs)
evoked by single transcranial magnetic stimulation (TMS) pulses
and short-interval intracortical inhibition (SICI), a paired-pulse
TMS measure reflecting intracortical GABA-A-ergic inhibition
(Kujirai et al., 1993; Di Lazzaro et al., 2007). SICI is known to be
impaired in PD and is involved in brain plasticity mechanisms
(Ridding et al., 1995; Berardelli et al., 2008; Teo et al., 2009; Di
Lazzaro et al., 2018). Since our objective was to test the possible
interaction between g oscillations, synaptic plasticity, and the
disease per se, we assessed all patients OFF therapy. Also, to ver-
ify whether the effect of M1 oscillations on LTP-like plasticity
was specific for the g frequency, a subgroup of patients under-
went iTBS during tACS delivered at the b frequency (20Hz), a
different cortical rhythm involved in motor control (Joundi et
al., 2012; Oswal et al., 2013; Little and Brown, 2014; Guerra et al.,
2016, 2018a; Giovanni et al., 2017; Bologna et al., 2019). Finally,
in all participants, we verified the effects of g -tACS (delivered
alone) on M1 excitability by recording MEPs evoked by single-
pulse TMS and SICI before, during and after tACS.

Materials and Methods
Participants
Sixteen PD patients (12 males; 67.86 9.9 years; Table 1) and 16 healthy
subjects (HSs; 9 males; 66.56 9.9 years) participated. Patients were
recruited from the Department of Human Neurosciences, Sapienza
University (Rome). The diagnosis of PD was based on clinical criteria
(Berardelli et al., 2013; Postuma et al., 2015). The clinical assessment
included Hoehn & Yahr Scale, the motor section of the Unified
Parkinson’s Disease Rating Scale Part III (UPDRS-III) (Goetz et al.,
2008), Montreal Cognitive Assessment (MoCA) (Nasreddine et al.,
2005), Frontal Assessment Battery (FAB) (Dubois et al., 2000), and Beck
Depression Inventory Scale (BDI-II) (Beck et al., 1961). All participants
were right-handed, as assessed by the Edinburgh Handedness Inventory
(Oldfield, 1971). No subject had additional neuropsychiatric comorbid-
ities or contraindications to the use of TMS or tACS (Rossi et al., 2009;
Antal et al., 2017). No participant was taking drugs known to influence
brain excitability or plasticity. The experimental procedures conformed
to the Declaration of Helsinki, and all participants gave their informed
consent to the study.

TMS
Single and paired-pulse TMS was performed using a MAGSTIM 200
connected to a figure-of-eight coil delivering monophasic pulses
(Magstim). The optimal scalp position (hotspot) to elicit MEPs in the
first dorsal interosseus muscle was assessed with the coil’s handle

pointing backward and laterally. The procedure was repeated twice: first,
to center the tACS stimulating electrode over the hotspot; and second,
after electrodes had been positioned over the scalp. Resting (rMTs) and
active motor thresholds (AMTs) were then determined according to
international guidelines (Rossini et al., 2015), along with the intensity
that elicited MEPs of �1mV amplitude (MT1mV). MEPs were recorded
using a pair of electrodes placed over the first dorsal interosseus (right
side in HSs and most affected side in patients). EMG activity was ampli-
fied (Digitimer D360; Digitimer), digitized at 5 kHz (CED 1401 interface;
Cambridge Electronic Design), and stored on a computer for offline
analyses (Signal software; Cambridge Electronic Design). A stereotaxic
neuro-navigation system (SofTaxic Navigator System; EMS) was used to
ensure accurate and reproducible positioning of the TMS coil over the
identified hotspot.

SICI was tested according to standardized protocols (Kujirai et al.,
1993; Berardelli et al., 2008). Paired pulses were delivered using an inter-
stimulus interval of 2ms, with a conditioning stimulus intensity of 80%
AMT and the test stimulus at MV1mV, so as to avoid possible contami-
nations by short-interval intracortical facilitation (Peurala et al., 2008).
iTBS was delivered using a high-frequency biphasic magnetic stimulator
(Magstim SuperRapid; Magstim). The stimulation protocol consisted of
bursts of three pulses at 50Hz, repeated at 200ms intervals (5Hz).
Bursts were delivered in short trains lasting 2 s with an 8 s pause between
consecutive trains (20 trains, 600 total pulses). The stimulation intensity
was set at 80% AMT (Huang et al., 2005, 2017; Suppa et al., 2016). Since
TBS elicits comparable MEP changes when delivered over the dominant
and nondominant hemispheres in healthy subjects (Suppa et al., 2008),
iTBS was always applied over the dominant hemisphere in the control
group.

tACS
tACS was performed using conductive rubber electrodes (5� 5 cm)
enclosed in sponges soaked with saline solution through a BrainSTIM
(EMS). The stimulating electrode was centered over the first dorsal inter-
osseus hotspot, while the reference electrode was placed over Pz (Guerra
et al., 2016, 2018a,b; 2019a; Bologna et al., 2019), and secured in place
using rubber strips around the head. Impedance was kept at ,10 kX.
tACS was delivered with no direct current off-set, a peak-to-peak ampli-
tude of 1mA, and 3 s of ramping-up and ramping-down periods.
Stimulation frequencies were set at 70Hz (g -tACS) and 20Hz
(b -tACS), as in previous research demonstrating significant neurophys-
iological and behavioral effects on M1 (Joundi et al., 2012; Guerra et al.,
2016, 2018a; Moisa et al., 2016; Bologna et al., 2019). Sham-tACS con-
sisted of a short-lasting stimulation (7 s) at 70Hz. Accordingly, it

Table 1. Clinical-demographic characteristics of PD patientsa

Subject
no.

Age
(yr) Gender

Disease
duration (yr)

UPDRS-III

H&Y MoCA FAB BDI-II LEDDsSham g

1 64 M 6 24 23 1 24 13 11 460
2 61 M 3 23 26 2 26 18 13 860
3 53 M 7 27 28 2 27 16 10 1000
4 53 M 3 12 12 1 28 18 1 200
5 75 M 5 45 44 2 26 15 17 700
6 79 M 10 38 36 2 24 16 9 400
7 76 F 4 21 21 2 27 15 6 800
8 64 F 9 44 49 2 24 18 9 500
9 69 M 1 11 10 1 29 17 5 200
10 81 M 4 55 52 2 28 13 4 550
11 65 M 6 28 29 2 30 16 3 605
12 52 M 2 17 13 1 30 17 1 420
13 67 M 10 40 42 2 29 16 7 700
14 76 M 4 13 14 1 30 14 2 500
15 68 F 4 25 26 2 24 12 5 450
16 82 F 12 36 47 2 24 12 5 300
Mean 67.8 — 5.6 28.7 29.5 1.7 26.9 15.4 6.7 540.3
SD 9.9 — 3.2 13.1 14.0 0.5 2.4 2.1 4.5 227.7

H&Y, Hoehn & Yahr Scale; LEDDs, L-Dopa equivalent daily doses.
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terminated before the onset of iTBS in sham sessions. No participant
reported visual or cutaneous sensations during tACS.

Experimental design
The experimental design (Fig. 1) consisted of three different sets of
experiments performed on separate days.

Effects of iTBS-g tACS. All participants underwent two randomized
sessions: (1) iTBS combined with g -tACS (iTBS-g tACS); and (2) iTBS
combined with sham-tACS (iTBS-sham tACS). Thirty-two TMS stimuli
(16 single-pulse at MT1mV and 16 SICI) were randomly delivered
before (T0), and 5 (T1), 15 (T2), and 30min (T3) after iTBS. The inter-
stimulus interval was 4.5-5.5 s to avoid habituation. tACS started �10 s
before the application of the iTBS protocol; and in the iTBS-g tACS ses-
sion, it was switched off immediately after the end of iTBS. Accordingly,
iTBS-g tACS stimulation lasted �3min and 30 s. iTBS-sham tACS and
iTBS-g tACS sessions took place at comparable times of the day and
were performed �7 d apart. All patients were studied in the OFF condi-
tion, at least 12 h after the intake of their usual dose of L-dopa.

Effects of iTBS-b tACS. In a subgroup of 8 patients (63.4 6
8.0 years), we tested the effects of iTBS combined with b -tACS (iTBS-b
tACS). In a separate session, 32 TMS stimuli (16 single-pulse at MT1mV
and 16 SICI) were delivered at T0, T1, T2, and T3 after the costimula-
tion. All patients were studied in the OFF condition.

Effects of g -tACS alone on M1 excitability. In all participants, we
tested the effect of g -tACS alone (without iTBS) on corticospinal excit-
ability: 16 single-pulse at MT1mV and 16 SICI were recorded before,
during, and 15min after tACS.

Statistical analyses
Peak-to-peak MEP amplitude was measured and averaged for each con-
dition and time point. SICI was expressed as the ratio between the am-
plitude of MEPs evoked by paired-pulse TMS and the amplitude of
single-pulse MEPs.

Differences in age, MoCA, BDI-II, and FAB between patients and
HSs were evaluated using the Mann–Whitney U test. Wilcoxon test was
used to analyze differences in UPDRS-III scores in patients. Differences
in gender distribution were evaluated using Fisher’s exact test.

A repeated-measures ANOVA with group (levels: PD, HSs) and ses-
sion (iTBS-sham tACS, iTBS-g tACS) as factors was used to compare
AMT and rMT, as well as single-pulse MEPs and SICI at T0. To compare
the effect of iTBS-g tACS in patients and HSs, we normalized single-
pulse MEPs and SICI obtained after iTBS to pre-iTBS (T0) values. Two
repeated-measures ANOVAs with group, session, and time point (levels:
T1, T2, T3) as factors were then applied. To compare the effect of iTBS-
b tACS with that induced by iTBS-sham tACS and iTBS-g tACS, we
first verified possible differences in AMT, rMT, single-pulse MEPs, and

Figure 1. Experimental design. A, Effects of iTBS-g tACS. Neurophysiological assessment started with the montage of tACS electrodes. Then, rMT, AMT, and the intensity able to induce an
MT1mV were measured. In both iTBS-g tACS (top line) and iTBS-sham tACS (bottom line) sessions, 32 TMS stimuli (16 single pulses and 16 SICI) were randomly delivered before and 5, 15,
and 30min after the costimulation. B, Effects of iTBS-b tACS. In a separate session involving a subgroup of patients, 16 single pulses and 16 SICI were randomly delivered before and 5, 15,
and 30min after iTBS-b tACS. C, Effects of g -tACS alone on M1 excitability. Sixteen single-pulse MEPs and 16 SICI were recorded before, during, and after g -tACS.
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SICI at T0 by using repeated-measures ANOVAs with session (levels:
iTBS-sham tACS, iTBS-g tACS, iTBS-b tACS) as factor. Then, we per-
formed separate repeated-measures ANOVAs with session and time
point as factors on single-pulse MEPs and SICI. Finally, to evaluate the
effects of g -tACS (alone) on single-pulse MEPs and SICI, we performed
two repeated-measures ANOVAs with group and time point (levels:
before, during, after tACS) as factors.

Greenhouse-Geisser corrections were applied when a violation of
sphericity in Mauchly’s tests was detected. Post hoc comparisons were
performed using Bonferroni-corrected t tests. The level of significance
was set at p, 0.05.

Pearson’s correlation test was used to assess possible correlations in
neurophysiological parameters. Spearman’s rank-correlation test was
applied to evaluate possible relationships between the effects of iTBS-g
tACS and clinical-demographic characteristics of patients. For these pur-
poses, we measured the overall extent of iTBS-tACS-induced changes on
single-pulse MEPs and SICI (average of T1-T3). Then, synthetic meas-
ures that quantify the amount of modulation induced by iTBS-g tACS
were created (i.e., ratio single-pulse iTBS-g tACS/sham tACS, ratio SICI
iTBS-g tACS/sham tACS). Values are presented as mean 6 SD.
Statistical analyses were performed using Statistica (StatSoft).

Results
No significant differences in age (p = 0.66), gender (p = 0.23),
MoCA (p = 0.1), BDI-II (p = 0.12), or FAB scores (p = 0.16) were
detected between PD patients and HSs. UPDRS-III scores were
comparable in the two experimental sessions (p = 0.79). No study
participant reported any adverse effect after combined iTBS-
tACS stimulation.

Pre-iTBS measures
AMT (group: F(1,30) = 0.01, p = 0.92; session: F(1,30) = 0.14, p =
0.71; group � session: F(1,30) = 1.06, p = 0.31), rMT (group:
F(1,30) = 3.02, p = 0.09; session: F(1,30) = 2.92, p = 0.1; group� ses-
sion: F(1,30) = 0.01, p = 0.9), and single-pulse MEP amplitude at
T0 (group: F(1,30) = 0.25, p = 0.62; session: F(1,30) = 0.24, p = 0.63;
group � session: F(1,30) = 0.14, p = 0.71) were similar in patients
and HSs, in the two experimental sessions. Conversely, SICI at
T0 differed between groups, being higher (weaker inhibition) in
patients than HSs in both sessions (group: F(1,30) = 4.62, p = 0.04,
hp

2 = 0.13; session: F(1,30) = 2.89, p = 0.1; group � session: F(1,30)
= 0.35, p = 0.56).

Effects of iTBS-c tACS
When comparing the effects of iTBS-g tACS on single-pulse
MEPs (Fig. 2, top), repeated-measures ANOVA disclosed a sig-
nificant group � session interaction (F(1,30) = 6.82, p = 0.01, hp

2

= 0.18). A significant effect of the factors session (F(1,30) = 27.69,
p, 0.001, hp

2 = 0.48) and time point (F(2,60) = 3.42, p = 0.04,
hp

2 = 0.10) also emerged, whereas the other factors or interac-
tions were nonsignificant (group: F(1,30) = 2.42, p = 0.13; group�
time point: F(2,60) = 0.37, p = 0.69; session � time point: F(2,60) =
0.19, p = 0.83; group � session � time point: F(2,60) = 0.86, p =
0.43). Two separate between-group repeated-measures ANOVAs
conducted for each session demonstrated that MEP facilitation
after iTBS-sham tACS differed in PD patients and HSs, as shown
by the significant factor group (F(1,30) = 12.53, p, 0.01, hp

2 =
0.29) and the lack of group � time point interaction (F(2,60) =
1.31, p = 0.28). Post hoc analysis highlighted lower MEP facilita-
tion in patients than HSs at T2 (p = 0.03) and T3 (p = 0.03).
Conversely, the amount of facilitation after iTBS-g tACS was
comparable between groups (group: F(1,30) = 0.14, p = 0.71; group
� time point: F(2,60) = 0.03, p = 0.97). Notably, the extent of MEP
facilitation after iTBS-g tACS was higher than that observed

after iTBS-sham tACS in both groups, as confirmed by two
repeated-measures ANOVAs conducted separately in HSs (ses-
sion: F(1,15) = 6.68, p = 0.02, hp

2 = 0.31) and patients (session:
F(1,15) = 21.03, p, 0.001, hp

2 = 0.58).
When comparing the effects of iTBS-g tACS on SICI (Fig. 2,

bottom), the repeated-measures ANOVA revealed a significant
group � session interaction (F(1,30) = 5.56, p = 0.02, hp

2 = 0.16)
and a significant factor session (F(1,30) = 12.90, p, 0.01, hp

2 =
0.30). The effect of the factors group (F(1,30) = 3.93, p = 0.06) and
time point (F(2,60) = 0.03, p = 0.97), as well as the group � time
point (F(2,60) = 1.59, p = 0.21), session � time point (F(2,60) =
0.64, p = 0.53), and group � session � time point interactions
(F(2,60) = 0.39, p = 0.68) were nonsignificant. Separate between-
group repeated-measures ANOVAs demonstrated comparable
changes in SICI in patients and HSs after iTBS-sham tACS
(group: F(1,30) = 0.19, p = 0.66; group � time point: F(2,60) = 1.75,
p = 0.18). Conversely, SICI differed in patients and HSs after
iTBS-g tACS (group: F(1,30) = 14.12, p, 0.001, hp

2 = 0.32; group
� time point: F(2,60) = 0.22, p = 0.8). Two additional repeated-
measures ANOVAs clarified that, in HSs, SICI did not change af-
ter costimulation in either of the experimental sessions (session:
F(1,15) = 0.70, p = 0.41; session � time point: F(2,30) = 0.28, p =
0.76). Conversely, in PD, SICI was differently modulated by

Figure 2. Effects of iTBS-g tACS costimulation. Top, Effect of iTBS-g tACS on MEPs
evoked by single TMS pulses. A significantly greater facilitation of MEPs occurred after iTBS-
g tACS than after iTBS-sham tACS in both HSs and patients with PD. Of note, no MEP facili-
tation was present in the iTBS-sham tACS session in patients. Bottom, Effect of iTBS-g tACS
on SICI. A significant reduction in SICI (greater inhibition) occurred after iTBS-g tACS than af-
ter iTBS-sham tACS in patients. MEP amplitudes (average 6 SEM) at 5 (T1), 15 (T2), and
30min (T3) after iTBS are compared with pre-iTBS (T0) values (set as 100%). *Significant dif-
ferences between groups or sessions in the repeated-measures ANOVA. #Significant differen-
ces between iTBS-g tACS and iTBS-sham tACS at post hoc analyses of PD patients.
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iTBS-sham tACS and iTBS-g tACS (session: F(1,15) = 19,22,
p, 0.001, hp

2 = 0.56; session � time point: F(2,30) = 0.94, p =
0.40). In particular, SICI was not modified by iTBS-sham tACS
(time point: F(3,45) = 0.53, p = 0.67), whereas it decreased (greater
inhibition) after iTBS-g tACS (time point: F(3,45) = 5.41,
p, 0.01, hp

2 = 0.26), at T2 and T3 (T0 vs T1: p = 0.32; T0 vs T2:
p, 0.01; T0 vs T3: p, 0.01).

Clinical-neurophysiological correlations
In patients, no correlation between the effects exerted by iTBS-g
tACS on single-pulse MEPs and SICI was found (r = 0.02, p =
0.9).

The effect produced by iTBS-g tACS on single-pulse MEPs
negatively correlated with disease duration (r = �0.55, p = 0.02);
that is, the longer the disease duration, the lower the MEP facili-
tation. Also, the effect exerted on SICI positively correlated with
the UPDRS-III score (average of the two sessions; r = 0.57, p =
0.01); that is, the less severe the motor symptoms, the lower
(greater inhibition) the SICI after iTBS-g tACS (Fig. 3).

Effects of iTBS-b tACS
AMT (F(2,14) = 0.32, p = 0.73), rMT (F(2,14) = 0.03, p = 0.89), sin-
gle-pulse MEPs (F(2,14) = 1.36, p = 0.29), and SICI (F(2,14) = 0.55,
p = 0.59) at T0 were similar in iTBS-sham tACS, iTBS-g tACS,
and iTBS-b tACS sessions.

The effect of iTBS-b tACS on both single-pulse MEPs and SICI
was similar to that obtained in the iTBS-sham tACS session (single-
pulse MEPs: frequency: F(1,7) = 0.38, p = 0.55; frequency � time
point: F(2,14) = 2.49, p = 0.12; SICI: frequency: F(1,7) = 0.77, p = 0.41;
frequency � time point: F(2,14) = 0.99, p = 0.39), and differed from
that observed after iTBS-g tACS (single-pulse MEPs: frequency:
F(1,7) = 5.95, p = 0.04; frequency � time point: F(2,14) = 0.31, p =
0.74; SICI: frequency: F(1,7) = 5.44, p = 0.05; frequency� time point:
F(2,14) = 1.09, p = 0.36). These data overall suggest no aftereffects of
iTBS-b tACS onM1 excitability (Fig. 4).

Effects of c-tACS alone on M1 excitability
In both PD patients and HSs, the amplitude of MEPs evoked by
single-pulse TMS did not change during or after g -tACS (time
point: F(2,60) = 2.33, p = 0.11; group: F(1,30) = 0.54, p = 0.47; time
point� group: F(2,60) = 0.1, p = 0.9). Conversely, SICI was modu-
lated by g -tACS in both groups, as suggested by the significant

factor time point (F(2,60) = 6.74, p, 0.01, hp
2 = 0.18) and the

lack of a time point � group interaction (F(2,60) = 0.26, p = 0.77).
Post hoc analyses indicated higher SICI values during g -tACS
(during vs before tACS: p = 0.01), an effect that disappeared

Figure 3. Clinical-neurophysiological correlations. Left, Negative correlation between the effect of iTBS-g tACS on single-pulse (SP) MEP amplitude (ratio SP iTBS-g tACS/sham tACS) and
disease duration; that is, the greater the facilitation of MEPs after iTBS-g tACS, the shorter the disease duration. Right, Positive correlation between the effect of iTBS-g tACS on SICI (ratio
SICI iTBS-g tACS/sham tACS) and the UPDRS-III score; that is, the greater the reduction (i.e., lower values) of SICI after iTBS-g tACS, the lower the UPDRS-III score.

Figure 4. Effects of iTBS-b tACS. iTBS-b tACS did not change single-pulse MEP ampli-
tude (top) or SICI (bottom). As a result, the effects of iTBS-b tACS were comparable with
those of iTBS-sham tACS and differed from those produced by iTBS-g tACS. *Significant dif-
ferences between sessions.
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when the stimulation ended (during vs after tACS: p, 0.01;
before vs after tACS: p = 0.99).

Discussion
We have provided the first evidence suggesting that cortical g
oscillations play a beneficial role in modulating the LTP-like
plasticity of M1 in PD. Our data showed that iTBS-induced plas-
ticity was impaired in the iTBS-sham tACS session in patients
(no MEP facilitation after stimulation), whereas it returned to
normal levels after iTBS-g tACS. Also, SICI, a neurophysiologi-
cal measure altered in patients, became more effective (greater
MEPs inhibition) after iTBS-g tACS. The effect of iTBS-g tACS
on SICI was related to the severity of motor symptoms, whereas
the improved iTBS-induced plasticity correlated with disease du-
ration. iTBS-b tACS did not modulate single-pulse MEP ampli-
tude and SICI. Finally, g -tACS delivered alone reduced SICI
during stimulation but did not induce long-lasting changes in
M1 excitability.

The main finding of our study is that impaired LTP-like plas-
ticity of M1 in PD patients can be restored by using g-tACS dur-
ing the application of iTBS. Consistent with previous studies
(Suppa et al., 2011, 2016, 2017a; Udupa and Chen, 2013; Bologna
et al., 2016), in the iTBS-sham tACS session, we found a lack of
LTP-like plasticity in M1 in patients. By comparing the effects of
iTBS-g tACS on single-pulse MEPs with those produced by
iTBS-sham tACS, we also confirmed that combined stimulation
boosts the LTP-like plasticity of M1 in healthy subjects (Guerra
et al., 2018b). More importantly, we showed that iTBS-g tACS
improved LTP-like plasticity in PD patients, restoring it to nor-
mal levels. iTBS combined with b -tACS did not modulate M1
plasticity, thus suggesting that the effects produced by iTBS-
tACS are frequency-specific. It is thought that tACS entrains
the activity of “resonant” neuronal assemblies at the stimulating
frequency, thus enhancing the power of the entrained cortical
oscillations (Fröhlich and McCormick, 2010; Schutter and
Hortensius, 2011; Reato et al., 2013). Accordingly, we propose
that g -tACS synchronized neuronal elements in M1 at the g fre-
quency and boosted g oscillatory activity during the induction
of plasticity through iTBS. Since we found that the application of
g -tACS alone did not increase corticospinal excitability, we
believe that the improved plasticity resulted from a positive inter-
action between g oscillations, enhanced by tACS, and LTP-like
plasticity mechanisms, activated by iTBS. In motor areas, g is
considered a prokinetic rhythm. M1 neurons synchronize at the
g frequency at 60-80Hz during movement execution (Crone et
al., 1998; Cheyne et al., 2008), and g tACS improves voluntary
movement parameters in healthy subjects (Joundi et al., 2012;
Moisa et al., 2016; Guerra et al., 2018a). Notably, animal (Diba
and Buzsáki, 2007; Izaki and Akema, 2008; Girardeau et al.,
2009) and human studies (Sederberg et al., 2003, 2007; Osipova
et al., 2006; Nowak et al., 2017; Guerra et al., 2018b, 2019a) dem-
onstrated that g activity is involved in brain plasticity processes.
In PD, cortical g oscillations are reduced in OFF (Bosboom et
al., 2006; Stoffers et al., 2007) and increase in ON conditions
(Williams et al., 2002; Lalo et al., 2008; Litvak et al., 2012).
Accordingly, it has been suggested that g activity may be benefi-
cial in PD by counteracting excessive antikinetic b in the basal
ganglia-thalamo-cortical network (Florin et al., 2013). Our find-
ings indicate that the purported positive role played by g oscilla-
tions in PD also encompasses the facilitation of LTP-like
plasticity processes. This effect may be mediated by g -resonant

neurons that are part of the motor network, such as GABA-A-
ergic fast-spiking parvalbumin-positive interneurons, which are
known to contribute to the generation of g oscillations (Otte et
al., 2010; Hu et al., 2014; Tremblay et al., 2016) and are also cru-
cially involved in LTP-like plasticity (Benali et al., 2011; Suppa et
al., 2016; Huang et al., 2017).

Another novel finding of our study concerns the effects pro-
duced by g -tACS on SICI in patients. In keeping with previous
studies (Berardelli et al., 2008; Bologna et al., 2018; Guerra et al.,
2019b), we found that SICI, a measure reflecting GABA-A-ergic
activity within M1 (Di Lazzaro et al., 2007), was less effective
(reduced inhibition) in patients than controls. However, g -tACS
modulated SICI in both groups by decreasing inhibition during
stimulation. This result agrees with studies on healthy subjects
(Nowak et al., 2017; Guerra et al., 2018b, 2019a), but it is surpris-
ing to find it in PD since SICI was impaired at baseline.
Accordingly, it may suggest that GABA-A-ergic M1 circuits res-
onant at g frequency are abnormal, though still functionally
active in PD. Consistent with this hypothesis, we found that SICI
became more effective in patients after iTBS-g tACS, suggest-
ing enhanced GABA-A-ergic neurotransmission, in parallel
with the improvement in LTP-like plasticity. This beneficial
effect was present at 15 and 30min, but not at 5min after
stimulation. This may be due to the intrinsic variability of
iTBS neurophysiological effects, which sometimes occur after
several minutes and are generally more reliable �15min after
stimulation (Guerra et al., 2020a,b). Although the effect of
iTBS-g tACS on SICI and that on single-pulse MEPs did not
correlate, we hypothesize that the enhanced activity in g -reso-
nant GABA-A-ergic circuits plays a role in promoting LTP-
like plasticity in PD. The opposite modulation of SICI found
during g -tACS (alone) and after iTBS-g tACS is not easy to
explain but may reflect the involvement of different cortical-
subcortical circuits. Indeed, tACS (alone) is thought to modu-
late neurons located in the superficial cortical layers, whereas
the effect of tACS when combined with iTBS implies the acti-
vation of multiple circuits and a complex interaction between
neurons located in different layers (Guerra et al., 2018b,
2019a). Therefore, the intracortical GABA-A-ergic activity
may be differently modulated in the two conditions.

Importantly, the beneficial effects exerted by iTBS-g tACS
correlated with some clinical characteristics of PD patients. The
magnitude of the effect on SICI was positively related to the se-
verity of motor symptoms (UPDRS-III scores); that is, the more
severe the parkinsonian features, the less effective the SICI (i.e.,
higher values) after the costimulation. Also, the amount of
improvement in the LTP-like plasticity of M1 was negatively
associated with disease duration; that is, the longer the disease
duration, the lower the enhancement in plasticity after the costi-
mulation. The aforementioned correlations suggest that mecha-
nisms underlying the beneficial effects of iTBS-g tACS are
influenced by the severity of motor symptoms and deteriorate as
the disease progresses. A possible hypothesis is that cortical neu-
rons resonant at g rhythms, and, potentially responsible for
improved LTP-like plasticity and GABA-A-ergic activity of M1,
are sensitive to the neurodegeneration of the nigrostriatal path-
way. Alternatively, these neurons may directly degenerate with
disease progression. A further possibility is that g oscillations
within the basal ganglia-thalamo-cortical network progressively
decrease during the course of the disease. Accordingly, g -tACS
would be less effective in entraining g cortical activity in more
advanced PD stages.
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When interpreting our results, it is important to note that the
study design allowed us to exclude several confounding factors.
MoCA, FAB, and BDI-II scores were similar in patients and HSs,
allowing us to exclude that cognitive or depressive comorbidities
could have biased our results. Baseline (pre-iTBS) levels of M1
excitability were comparable between patients and HSs as well as
between iTBS-sham tACS and iTBS-g tACS sessions. Sham-
tACS was used as a placebo condition, and g -tACS did not
induce skin or visual sensations in any participant, thus ensuring
that subjects were blinded to the stimulation’s paradigm. A
neuro-navigation system was used in all experiments to ensure a
precise stimulation of the target throughout the assessments. The
sessions were conducted at least 1 week apart, thus avoiding car-
ryover effects. The UPDRS-III score was comparable between
sessions, thus excluding any possible influence of motor symp-
toms on our results.

This study, however, has some limitations. First, we could not
directly assess the effect of tACS on M1 g oscillations due to the
presence of tACS artifact, which is several orders of magnitude
greater than cortical activity. Also, our patients were stable res-
ponders to L-dopa, in the early-to-intermediate stage of the dis-
ease. Since previous evidence suggests that clinical characteristics
of patients influence TBS-induced plasticity (Huang et al., 2011;
Kishore et al., 2012), our results cannot be generalized to more
advanced stages of PD. Furthermore, it is important to consider
that the effect of g -tACS (delivered alone or in combination
with TBS) may be different if L-dopa-induced dyskinesia occurs,
a clinical condition associated with specific intracortical abnor-
malities (Guerra et al., 2019b) and increased g oscillations in M1
(Dupre et al., 2016; Swann et al., 2016). Finally, the exact dura-
tion of iTBS-g tACS effects is unknown since no time point was
assessed beyond 30min after stimulation.

In conclusion, in this study, we provided the first evidence
that boosting g oscillations through tACS during iTBS restores
the LTP-like plasticity of M1 while simultaneously improving
the impaired GABA-A-ergic neurotransmission in PD. These
neurophysiological effects correlate with disease severity being
more evident in less affected patients, and deteriorate as the dis-
ease progresses. The iTBS-g tACS costimulation may be poten-
tially useful in rehabilitative settings to verify whether restoring
brain plasticity enhances clinical motor outcomes in PD patients.
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