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a b s t r a c t

Background: Transcranial Alternating Current Stimulation (tACS) consists in delivering electric current to
the brain using an oscillatory pattern that may entrain the rhythmic activity of cortical neurons. When
delivered at gamma frequency, tACS modulates motor performance and GABA-A-ergic interneuron activity.
Objective: Since interneuronal discharges play a crucial role in brain plasticity phenomena, here we co-
stimulated the primary motor cortex (M1) in healthy subjects by means of tACS during intermittent
theta-burst stimulation (iTBS), a transcranial magnetic stimulation paradigm known to induce long-term
potentiation (LTP)-like plasticity.
Methods: We measured and compared motor evoked potentials before and after gamma, beta and sham
tACS-iTBS. While we delivered gamma-tACS, we also measured short-interval intracortical inhibition
(SICI) to detect any changes in GABA-A-ergic neurotransmission.
Results: Gamma, but not beta and sham tACS, significantly boosted and prolonged the iTBS-induced
after-effects. Interestingly, the extent of the gamma tACS-iTBS after-effects correlated directly with
SICI changes.
Conclusions: Overall, our findings point to a link between gamma oscillations, interneuronal GABA-A-
ergic activity and LTP-like plasticity in the human M1. Gamma tACS-iTBS co-stimulation might repre-
sent a new strategy to enhance and prolong responses to plasticity-inducing protocols, thereby lending
itself to future applications in the neurorehabilitation setting.

© 2018 Elsevier Inc. All rights reserved.
Introduction

Over the last decade, a growing number of studies have
demonstrated that the most important limitation of transcranial
magnetic stimulation (TMS) techniques such as theta-burst stim-
ulation (TBS), which have been designed to assess plasticity in the
human primary motor cortex (M1), is the variability and the rela-
tively short duration of their effect [1e4]. These factors have limited
sting motor threshold; tACST,
anscranial Magnetic Stimula-
BS, intermittent theta-burst

euroscience, and Neuromed
ersit�a, 30, 00185, Rome, Italy.
Berardelli).
the application of TMS protocols in clinical and neurorehabilitation
settings. New protocols that enhance and prolong TMS-induced
plasticity in M1 would be useful.

Transcranial Alternating Current Stimulation (tACS), a novel
non-invasive neurophysiological technique, can deliver electric
current to the brain using an oscillatory pattern [5]. tACSmodulates
the firing rate and timing discharge of cortical neurons, and ‘en-
trains’ susceptible neuronal populations, synchronizing them to the
stimulation frequency or harmonically related frequencies [6,7].
The effects of tACS depend on the frequency used and the cortical
area being stimulated. Hence, the ability of tACS to entrain brain
rhythms is higher when the externally superimposed oscillation
matches, or is close to, the natural frequency of the cortical area
being stimulated (resonance principle) [8,9]. tACS delivered
within the range of beta (13e30Hz) or high-gamma (60e90Hz)
frequencies modulates M1 activity, as shown by motor evoked
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potential (MEP) recordings or behavioral measurements [10e14].
For instance, tACS facilitates motor performances by increasing the
synchronization of M1 circuitries in the gamma frequency band
[14,15]. Recent TMS studies have also demonstrated that 70Hz tACS
modulates the activity of interneuronal networks in M1 by
inducing an early reduction in GABA-A-ergic inhibitory neuro-
transmission, as measured by short-interval intracortical inhibition
(SICI), and by reversing this effect after a longer stimulation period
[16]. Interneurons are key physiological elements of M1 circuitries
essential for several motor functions, including motor control and
learning [17e19]. Importantly, modulation of the interneuronal
discharge is also known to be involved in brain plasticity phe-
nomena [20e23].

Although two studies have tested the interaction between tACS
and TMS protocols driving long-term depression-like plasticity
[24,25], none have yet explored whether tACS can strengthen and
prolong paradigms inducing long-term potentiation (LTP)-like
plasticity in M1. One approach that may shed light on this issue
consists in delivering tACS over M1 during intermittent TBS (iTBS),
a patterned protocol that is considered more powerful, more reli-
able and more easily applicable than other TMS protocols [26].
Since gamma oscillations in M1 have been found to be related to
the induction of LTP in animal models [27e30], we hypothesized
that the after-effects of iTBS may be modulated by applying tACS at
gamma frequencies over M1. In addition, in view of evidence of
GABA-A neurotransmission involvement in brain plasticity mech-
anisms and of SICI modulation during gamma tACS, we wished to
verify whether the effects of gamma tACS on iTBS-induced plas-
ticity are related to changes in GABA-A interneuronal activity.

To achieve these aims, we designed a protocol based on gamma
tACS-iTBS co-stimulation over M1 of the dominant hemisphere in
healthy subjects and examined post-intervention effects by moni-
toring MEP amplitudes over time. To verify whether any after-
effects induced by tACS-iTBS are frequency-dependent, we also
tested the effect of beta tACS-iTBS and applied sham tACS-iTBS co-
stimulation. Lastly, wemeasured the level of SICI before and during
gamma tACS.

Material and methods

Participants

Fourteen right-handed healthy young subjects (10 males; mean
age± 1 SD: 27.6± 3.34, age range: 24e33 years) were enrolled in
the study. None of them had history of neurological/psychiatric
disorders, nor were taking medications acting on brain excitability.
Also, no participant had contraindications to non-invasive brain
stimulation [31]. The study was approved by the local ethics com-
mittee and conducted in accordance with Declaration of Helsinki.

TMS

Single-pulse TMS was carried out by using MAGSTIM 200 and a
standard figure-of-eight 70mm coil delivering monophasic mag-
netic pulses (Magstim Company Limited). The optimal scalp posi-
tion to elicit MEPs (i.e. ‘hotspot’) in the right first dorsal
interosseous (FDI) muscle was determined with the TMS coil held
at 45� to the midsagittal line with the handle pointing posteriorly.
This procedure was conducted in order to center the tACS stimu-
lating electrode and was then repeated after the electrodes had
been positioned on the participant's head. At this stage, this site
was marked over the sponge to ensure reproducible coil posi-
tioning. The MEPs were recorded through a pair of surface elec-
trodes placed on the FDI muscle of the right hand in a belly/tendon
montage. Electromyographic (EMG) signals were amplified
(Digitimer D360 amplifier; Digitimer Ltd), digitized at 5 kHz (CED
1401 interface; Cambridge Electronic Design), and stored on a
computer for off-line analysis (Signal software version 5.08; Cam-
bridge Electronic Design). Resting motor threshold (RMT) (i.e. the
output required to elicit MEPs of�50 mV peak-to-peak amplitude in
at least 5 of 10 consecutive stimuli) was determined, as well as the
minimum intensity needed to reliably produce MEPs of z1mV in
size (MT1mV).

Intermittent theta-burst stimulation (iTBS)
iTBS was delivered by using a high-frequency biphasic magnetic

stimulator (Magstim SuperRapid; Magstim Company Limited)
connected to a figure-of-eight coil placed over the right FDI hotspot.
The stimulating protocol consisted of ten bursts of three pulses at
50 Hz, repeated at 200-ms intervals, delivered in short trains last-
ing 2 s, with an 8-s pause between consecutive trains (20 trains,
600 pulses in total). Stimulation intensity for TBS was set at 80% of
the active motor threshold (AMT) [32]. AMT was defined as the
minimum stimulus intensity required to evoke a 200 mV peak-to-
peak MEP in at least 5 of 10 consecutive trials while subjects
maintained z30% of the FDI maximum contraction [31].

Short-interval intracortical inhibition (SICI)
SICI was tested according to a standardized protocol [33,34].

Paired-pulses were delivered with an inter-stimulus interval (ISI) of
2 ms and at the following intensities: the conditioning stimulus
(CS) was set at 70% of the RMT while the test stimulus (TS) was set
at the MT1mV. We used these ISI and CS intensities to avoid any
possible contamination by short-interval intracortical facilitation
[35,36].

tACS

tACS was delivered through conductive rubber electrodes
enclosed in saline-soaked sponges by means of a BrainSTIM stim-
ulator (EMS, Italy). The stimulating electrode (5� 5 cm) was
centered over the FDI ‘hotspot’ whereas the reference electrode
(5� 5 cm) was positioned over Pz, according to the International
10e20 EEG system [13]. The electrodes were secured in place using
rubber strips around the head. Impedance was kept at < 10 kU tACS
was delivered at two different frequencies: 20 Hz (b) and 70Hz (g).
A sham tACS stimulation, consisting of ramping-up and ramping-
down periods, and 1 s of stimulation, was used as a control. Sin-
ewave stimulationwas delivered with no direct current offset and a
peak-to-peak amplitude of 1mA with a 3-s ramping-up and
ramping-down. If this intensity induced obvious phosphenes or
uncomfortable skin sensations, the stimulation amplitude was
gradually lowered until they were nomore present. This resulted in
a stimulation intensity of 0.58 ± 0.30mA (mean± SD) for b tACS.
The intensity did not need to be adjusted for g tACS in any partic-
ipant. Accordingly, the mean current density was 23.2 mA/cm2 for b
tACS and 40 mA/cm2 for g tACS.

Experimental design

Three different experimental paradigms were used (Fig. 1).
Throughout the experimental sessions, the subjects were seated
comfortably in a chair with their arms fully relaxed in a natural
position and their hands resting on a pillow.

Experiment 1: effect of iTBS-tACS co-stimulation
Fourteen subjects underwent four separate sessions in a ran-

domized order, which were performed at least 1 week apart: i) iTBS
without tACS (iTBS); ii) iTBS combined with 20 Hz tACS (iTBS-b
tACS); iii) iTBS combined with 70Hz tACS (iTBS-g tACS) and iv) iTBS



Fig. 1. Experimental design. The early part of every experiment consisted in identifying the hotspot of the first dorsal interosseous muscle and estimating the resting motor
threshold (RMT), active motor threshold (AMT) and intensity that induced a motor evoked potential of about 1mV in amplitude (MT1mV). Experiment 1: effect of iTBS-tACS co-
stimulation. Twenty single TMS pulses were delivered, at rest, before and 5, 15 and 30min after the intermittent theta burst (iTBS) protocol. The four different sessions were
conducted in a random order at least one week apart. Experiment 2: time course of iTBS-g tACS co-stimulation. Twenty single pulse MEPs were recorded before and 5, 15, 30, 60, 90
and 180min after the iTBS-g tACS protocol. Experiment 3: effect of g tACS on corticospinal excitability and GABA-A interneurons. Twenty single TMS pulses and twenty paired (SICI
protocol) TMS pulses were delivered in a random order, at rest, before tACS was activated and during g tACS stimulation on M1.
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during sham tACS (iTBS-sh tACS). When stimulation was combined
(magnetic-electric), tACS started about 7 s before the iTBS protocol
started and ended immediately after the iTBS protocol ended. The
duration of the tACS stimulation was thus equal to that of the iTBS
protocol (i.e. 3min and 20 s). Note that iTBS bursts were not phase-
locked to the tACS sinewave (phase-independent co-stimulation).
Twenty single-pulse TMS stimuli were delivered at rest before
(T0) and 5min (T1),15min (T2) and 30min (T3) after iTBS. The TMS
inter-trial stimulus interval was set at 4.5e5.5 s so as to avoid
habituation [33,35,37].
Experiment 2: time course of iTBS-g tACS co-stimulation
The experiment was performed in a subgroup of eight subjects.

The stimulation method was exactly the same as that used in
Experiment 1, the only difference being that we followed the MEP
amplitude changes for up to 180min after iTBS-g tACS by adding
three additional time points (60min -T4; 90min -T5; 180min -T6).
Experiment 3: effect of g-tACS on corticospinal excitability and
GABA-A inhibitory interneurons

This experiment was performed on all the fourteen subjects
who participated in Experiment 1. We recorded twenty single-
pulse MEPs at the MT1mV intensity as well as twenty MEPs for
SICI in a randomized order in all the participants, in both the
baseline condition (g-tACS OFF) and during 70Hz tACS (g-tACS
ON). We started testing the effects of g-tACS about 7 s after the
electric stimulator was switched on.
Control experiment: after-effects of g-tACS
A subgroup of eight subjects underwent an additional experi-

ment. We recorded twenty single-pulse MEPs at MT1mV intensity
before (T0) and 5 (T1), 15 (T2) and 30min (T3) after delivering g-
tACS on M1. The electrical stimulation lasted 3min and 20 s, i.e. the
exact duration of the iTBS protocol we used, and the intensity was
1mA as before.
Data analysis

Peak-to-peak MEP amplitudes were measured by means of a
customized script on Signal software. Each trial was visually
inspected and those displaying EMG activity greater than 0.1mV in
a 200ms time-window preceding TMS were rejected (�2 trials per
condition). We then averaged peak-to-peak MEP amplitudes for
each condition. SICI was expressed as the ratio between the mean
conditioned MEP amplitude and the mean unconditioned MEP
amplitude. A synthetic measure that reflected the overall extent of
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iTBS-induced potentiation was also created by averaging the per-
centage of MEP facilitation at the original three post-stimulation
time points (T1-3).

Statistical analysis

Three separate within-group repeated measures (rm) ANOVAs
were used to compare RMTs, AMTs and MT1mV in the different
sessions. A rmANOVA with factors ‘session’ (4 levels: iTBS, iTBS-b
tACS, iTBS-g tACS, iTBS-sh tACS) and ‘time point’ (3 levels: T1, T2,
T3) was used to test iTBS-induced changes in MEPs in each session
in Experiment 1. To test the time course of iTBS-g tACS (Experi-
ment 2), we used a rmANOVA with ‘time point’ (7 levels: T0, T1,
T2, T3, T4, T5, T6) as factor. A rmANOVA with factors ‘g tACS’ (2
levels: g-tACS OFF, g-tACS ON) and ‘TMS paradigm’ (2 levels:
unconditioned and conditioned MEP) was used to test the effect of
g-tACS on corticospinal excitability and intracortical inhibition, as
evaluated by SICI in Experiment 3. Pearson's correlation test was
used to assess any correlation between the SICI g-tACS ON/SICI g-
tACS OFF ratio and the extent of MEP potentiation post-iTBS-g
tACS. To test possible changes in MEPs after the application of g-
tACS (Control experiment), we used a rmANOVA with ‘time point’
(4 levels: T0, T1, T2, T3) as factor. Greenhouse-Geisser corrections
were applied whenever we found a violation of sphericity in
Mauchly's tests. In the presence of significant interactions, post-
hoc comparisons were performed by means of paired t-tests.
The level of significance was initially set at P < 0.05, with Bon-
ferroni's correction subsequently being applied to multiple com-
parisons. Unless otherwise stated, all the values are presented as
mean ± standard error of means (SEM). Statistical analyses were
performed using SPSS Statistics for Windows (version 20.0.0;
IBM).

Results

Motor thresholds and pre-TBS baseline comparisons

The analysis revealed that motor thresholds (RMT, AMT, MT1mV)
were comparable across the tACS sessions (Table 1), as shown by
the lack of any significant effect of the main factor ‘session’ in three
separate rmANOVAs (RMT: F(2,26)¼ 0.23, p¼ 0.79; AMT:
F(2,26)¼ 0.36, p¼ 0.7; MT1mV: F(2,26)¼ 0.05, p¼ 0.89). No differ-
ences emerged in the baselineMEP amplitudes, i.e. pre-iTBS (T¼ 0),
as shown by the lack of any significant effect of the main factor
‘session’ (4 levels: iTBS, iTBS-b tACS, iTBS-g tACS, iTBS-sh tACS) in
the rmANOVA (F(3,39)¼ 2.64, p¼ 0.08).

Experiment 1: effect of iTBS-tACS co-stimulation

Having confirmed that the MEP size did not differ between
sessions at baseline, we normalized the post-iTBS MEP amplitudes
to their corresponding baseline and expressed the values as a
percentage. A two-way rmANOVA identified a significant main
Table 1
Transcranial alternating current stimulation (tACS) intensity, resting motor threshold (RM
tential of about 1mV in amplitude (MT1mV) for each session in Experiment 1 (mean and

tACS intensity
(mA)

RMT (%) AMT (%

b tACS g tACS baseline sh tACS b tACS g tACS baseline

mean 0.58 1 47.1 52.3 52.1 53.1 40.7
SD 0.3 e 6.8 6.9 6.5 8.0 6.5
effect of both ‘session’ (F(3,39)¼ 13.56, p< 0.001) and ‘time point’
(F(2,26)¼ 7.05, p¼ 0.004), whereas no interaction was detected
between the two factors (F(6,78)¼ 1.82, p¼ 0.11). The post-hoc
analysis on ‘session’ revealed greater MEP facilitation in the iTBS-
g tACS condition than in the other conditions (iTBS-g tACS vs iTBS:
p¼ 0.001; iTBS-g tACS vs iTBS-b tACS: p¼ 0.005; iTBS-g tACS vs
iTBS-sh tACS: p¼ 0.01) (Fig. 2A). No differences were observed
when the other conditions were compared with one another (all p
values> 0.05). The post-hoc analysis on ‘time point’ revealed that
iTBSmodulatedMEP facilitation over time (T1 vs T2: p¼ 0.01; T2 vs
T3: p¼ 0.16; T1 vs T3: p¼ 0.29), regardless of session.

We also assessed whether the lack of effect of iTBS-b tACS might
be due to the fact that the stimulation intensity applied during
iTBS-b tACS was lower than that applied during iTBS-g tACS. We
used two different approaches to test this hypothesis. First, using a
median split procedure [16], we divided the participants in two
groups according to the intensity of the stimulation used for b-
tACS: low-b intensity (7 subjects, 0.31± 0.07mA) and high-b in-
tensity (7 subjects, 0.84± 0.17mA).We then conducted a rmANOVA
with the within-group factor ‘time point’ and the between-group
factor ‘stimulation intensity’. This rmANOVA did not detect any
significant effect of ‘stimulation intensity’ (F(1,12)¼ 0.48; p¼ 0.5)
nor any ‘stimulation intensity’ x ‘time point’ interaction
(F(2,24)¼ 0.76; p¼ 0.48). Secondly, we investigated a possible
correlation between the stimulation intensity and the overall level
of MEP potentiation after iTBS-b tACS. This analysis did not yield
any significant results either (r¼ 0.06; p¼ 0.84). Accordingly,
although we did not use modelling to estimate whether sufficient
current density reached the target cortical area in all subjects, our
statistical analyses on MEPs suggested a lack of any effect of iTBS-b
tACS at any of the intensities achieved in the current study.

To sum up, the results demonstrate that when g-tACS is
continuously delivered during iTBS, it yields a greater MEP ampli-
tude facilitation, which may reflect an enhancement of the iTBS-
related LTP-like effects.

Experiment 2: time course of iTBS-g tACS co-stimulation

Experiment 2 was performed in order to determine the duration
of MEP facilitation observed in the iTBS-g tACS condition. A rmA-
NOVA conducted onMEP amplitudes revealed a significant effect of
the factor ‘time point’ (F(2.66,18.65)¼ 18.38; p< 0.001). The post-
hoc analysis showed that the MEP size at T0 was smaller than
those recorded at all the other time points but T6, i.e. 180min after
iTBS (T0 vs T1: p¼ 0.04; T0 vs T2: p¼ 0.01; T0 vs T3: p¼ 0.01; T0 vs
T4: p¼ 0.048; T0 vs T5: p¼ 0.01; T0 vs T6: p¼ 0.35) (Fig. 2B). To
sum up, iTBS-g tACS co-stimulation of M1 induced a marked LTP-
like effect that peaked at 15min and remained stable at 30min,
but gradually decreased thereafter. The potentiation in MEP
amplitude was still present 90min after iTBS-g tACS but gradually
returned toward baseline values at 180min.

We also verified whether the extent of MEP potentiation
differed from that induced by iTBS-g tACS in Experiment 1. A two-
T), active motor threshold (AMT) and intensity used to evoke a motor evoked po-
standard deviation - SD - values).

) MT1mV (%)

sh tACS b tACS g tACS baseline sh tACS b tACS g tACS

45.1 44.5 45.8 56.3 64.7 65.1 65.0
7.0 5.1 7.0 8.2 9.7 9.3 10.2



Fig. 2. A, Effect of tACS-iTBS co-stimulation. When g-tACS was delivered during iTBS, a significant MEP facilitation was observed compared with the other sessions (rm ANOVA
with the factors ‘session’ and ‘time point’ identified a significant main effect of ‘session’ (p < 0.001); * ¼ significant post-hoc t-tests for the factor ‘session’, p < 0.01). No differences
were detected between iTBS (no tACS), iTBS-sham tACS and iTBS-b tACS. MEP amplitudes (average ± SEM) for each time point (i.e. after 5 min - T1, 15 min - T2, and 30 min - T3)
after-iTBS are compared with pre-iTBS values (set as 100% - T0). B, Time course of iTBS-g tACS. MEPs were recorded at six different time points after iTBS and compared with pre-
iTBS (T0) MEP amplitude values: after 5 min (T1), 15 min (T2), 30 min (T3), 60 min (T4), 90 min (T5) and 180 min (T6). Average MEP amplitude ± SEM is shown. * ¼ time points that
were significantly different from T0 after post-hoc comparisons (p < 0.05). P values are presented after Bonferroni's correction for multiple comparisons.
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way rmANOVA with factors ‘session’ (2 levels: Experiment 1 and
Experiment 2) and ‘time point’ (3 levels: T1, T2, T3) did not detect
an effect for the main factor ‘session’ (F(1,7)¼ 1.74; p¼ 0.23) or any
‘session’ x ‘time point’ interaction (F(2,14)¼ 0.97; p¼ 0.4). In
addition, the data collected in Experiment 2 allowed us to test the
consistency of the effect of iTBS-g tACS. For this purpose, we
calculated the overall extent of potentiation and the peak of
potentiation induced by iTBS-g tACS in Experiments 1 and 2 and
then tested a possible correlation between the sessions. Despite the
relatively low number of subjects, a strong trend toward signifi-
cance emerged for both measures (overall extent of potentiation:
r¼ 0.68, p¼ 0.06; peak of potentiation: r¼ 0.64, p¼ 0.08).

To sum up, these results demonstrate that iTBS-g tACS co-
stimulation significantly extends the duration of the after-effects
on M1 excitability compared with the original iTBS protocol [26].
Moreover, the resulting effect may be relatively stable and reliable
over repeated sessions.
Experiment 3: effect of g-tACS on corticospinal excitability and
GABA-A inhibitory interneurons

In this experiment, we first explored whether g-tACS per se
modifies corticospinal excitability and/or GABA-A neurotransmis-
sion. A rmANOVA with factors ‘g-tACS’ and ‘TMS paradigm’

revealed a significant interaction between the two factors
(F(1,13)¼ 13.98; p¼ 0.002). The post-hoc analysis showed that the
conditioned MEP, i.e. SICI, was modified by tACS (p< 0.001)
whereas the unconditioned MEP was not (p¼ 0.89) (Fig. 3A).

We also testedwhether themodulation of the SICI induced by g-
tACS was correlated, at the individual level, with the increase in
MEP amplitude after iTBS-g tACS co-stimulation. To quantify any
changes in SICI modulation due to g-tACS, we calculated the ratio
between the SICI during g-tACS and the SICI in the tACS OFF con-
dition (i.e. SICI g-tACS ON/SICI g-tACS OFF). We then investigated
any correlations between these values and both the overall extent



Fig. 3. A, Effect of g tACS on single pulse TMS (left panel) and short-interval intracortical inhibition (SICI - right panel). Average MEP size (and SEM) is displayed for single
pulse TMS data. SICI values are expressed as the ratio of the test stimulus (TS); TS inhibition was significantly reduced when SICI was tested during g-tACS (*p < 0.001). B, Cor-
relation between modulation of SICI induced by g tACS and increased plasticity during iTBS-g tACS. SICI modulation was calculated as the ratio between the SICI obtained
during g-tACS and that obtained at baseline (no tACS condition), i.e. the higher the ratio, the greater the reduction in SICI due to g-tACS (x axis). The level of plasticity induced by
iTBS-g tACS co-stimulation was evaluated both as a percentage of overall potentiation (mean percentage of MEP facilitation obtained at T1, T2 and T3 e empty circles) and as a
percentage of the peak of potentiation (percentage of MEP facilitation obtained at the individual time peak of potentiation after iTBS e full triangles). Both correlations were
significant at Pearson's correlation test (SICI ratio and overall potentiation: r¼ 0.57, p¼ 0.03; SICI ratio and peak of potentiation: r¼ 0.54, p¼ 0.04). The dotted line shows the trend
for the global potentiation values; the continuous line shows the trend for the peak of potentiation values.
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of potentiation (see data analysis) and the peak of potentiation (i.e.
percentage of MEP facilitation obtained at the individual time peak
of potentiation after iTBS) induced by iTBS-g tACS. The analysis
revealed a positive correlation between these two measures (SICI
ratio and overall potentiation: r¼ 0.57, p¼ 0.03; SICI ratio and peak
of potentiation: r¼ 0.54, p¼ 0.04; Fig. 3B).

To sum up, our results confirm that g-tACS delivered over M1
induces a short-term reduction in GABA-A inhibitory intracortical
neurotransmission, though without any marked change in the
overall level of corticospinal excitability [16]. Moreover, our results
suggest that the increased LTP-like effect induced by iTBS-g tACS
co-stimulation is likely due to the modulation of GABA-A
interneurons.

Control experiment: after-effects of g-tACS

This additional experiment was designed to evaluate possible
after-effects of g-tACS on MEPs. A rmANOVA conducted on MEP
amplitudes revealed no significant effect of the factor ‘time point’
(T0: 0.99± 0.09mV, T1: 0.96± 0.09mV, T2: 1.03± 0.11mV, T3:
1.02± 0.09mV; F(3,21)¼ 0.74; p¼ 0.54), thus suggesting no rele-
vant after-effects of g-tACS on M1 excitability.

Discussion

Here, we provide the first evidence suggesting that tACS deliv-
ered at a gamma frequency can significantly boost and prolong
iTBS-induced LTP-like plasticity in human M1. By contrast, tACS
delivered at a beta frequency leaves the iTBS-related LTP-like
plasticity unchanged. Lastly, g-tACS boosts iTBS by modulating
GABA-A inhibitory intracortical interneurons: the moremarked the
tACS-related reduction in GABA-A neurotransmission, the greater
the iTBS-induced LTP-like plasticity.

The first finding that emerges from the present study is that g-
tACS boosts and prolongs the iTBS-induced after-effects in human
M1. tACS may act to entrain susceptible neuronal populations
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where susceptibility is determined at least in part by resonance
[6,7]. Beta constitutes the main intrinsic oscillatory activity in M1
[38], and tACS at 20 Hz is able to synchronize some GABA-A-ergic
neurons in M1, as evinced by the tACS phase-dependent modula-
tion of GABA-A-ergic SICI [13]. However, b-tACS did not promote
the after-effects induced by iTBS. Therefore, we can exclude the
possibility that the simple M1 ‘resonance’ of any externally deliv-
ered rhythm can increase the extent of LTP-like plasticity. Instead
tACS in the gamma band promoted the after-effects induced by
iTBS, raising the possibility of entrainment of a different gamma-
resonant subpopulation of GABA-A-ergic neurons in M1. Synchro-
nized oscillations in the gamma frequency are also a feature of the
motor cortex, typically occurring before and during movement
[39e45]. We suggest that tACS at 70 Hz may have promoted the
after-effects of iTBS by interaction with a gamma-resonant sub-
population of GABA-A-ergic neurons in M1. It should however be
noted that we have not directly demonstrated resonance, although,
as will be discussed later, there is considerable evidence linking
GABA-A-ergic neurons to gamma band resonant activity. In
contrast, the ability of g-tACS to boost and prolong the LTP-like
effect of iTBS cannot be explained by simple modifications in M1
excitability or by a hypothetical additive effect of g-tACS on brain
plasticity (i.e. electric stimulation after-effects þ iTBS after-effects).
In keeping with previous experimental observations [11,16,46,47],
we confirmed that tACS delivered at a gamma frequency does not
change the overall level of corticospinal excitability as evaluated by
single pulse TMS. Moreover, we tested possible MEPs changes up to
30min post g-tACS and, in line with previous studies [16,46,47], we
demonstrated that this does not induce any significant after-effects.

g-tACS potentiates iTBS by modulating GABA-A interneurons within
M1

When delivered at gamma frequency, tACS modulates inter-
neuronal GABA-A neurotransmission. We recently demonstrated
that SICI, a TMS measure that reflects the activity of GABA-A
inhibitory interneurons within M1 [19,33,35], is reduced when
tested early during g-tACS stimulation [16]. Here we confirm and
extend these results: reduced SICI can be considered an immediate
(on-line) effect as it is observed a few seconds after tACS is acti-
vated. More importantly, we now demonstrate that the increase in
M1 plasticity due to g-tACS co-stimulation is correlated with the
ability of g-tACS to modulate GABA-A inhibitory intracortical in-
terneurons, i.e. the more marked the tACS-related reduction in
GABA-A neurotransmission, the greater the iTBS-induced brain
plasticity.

Physiological mechanisms responsible for g-tACS effect on iTBS in
M1

There is a body of evidence that points to a link between gamma
oscillations and interneurons at the M1 level. Studies based on
animals [48e50], humans [51] and biophysical or theoretical
models [52e54] have demonstrated that GABA-ergic interneuronal
activity contributes to the generation of gamma oscillatory activity.
Moreover, gamma oscillations probably originate from superficial
layers 2/3 (L2/3) of the neocortex, which are mainly populated by
interneurons [55]. Evidence also exists of specific interneuronal
subpopulations with an intrinsic responsivity to gamma-band
synchrony, which suggests resonance in this frequency band
[56,57]. GABA-A interneuronal activity also plays a crucial role in
driving LTP plasticity. In animal models, the induction of LTP-like
plasticity significantly reduces the amount of proteins expressed
in inhibitory interneurons and related to GABA-ergic neurotrans-
mission [21,58,59]. In humans, epidural recordings have shown that
iTBS modulates the late I-waves [22], which are produced by
cortical circuits selectively targeted by inhibitory projections acti-
vated in the SICI protocol [19,60,61]. Lastly, studies conducted on
slice preparations and at the macroscopic level have revealed a
significant involvement of oscillatory activity at the gamma fre-
quency in LTP-induced plasticity [27e29,62e64]. A recent TMS-
electrocorticography study on monkeys demonstrated that the
LTP-like after-effects induced by iTBS are paralleled by an increase
in high-gamma band activity in sensorimotor cortices [30]. To date,
a unifying demonstration of a causal link between gamma oscilla-
tions, GABA-A interneuronal activity and LTP-like induced plasticity
in M1 has been lacking. We posit that we could strongly enhance
the LTP-like after-effects of iTBS by synchronizing selected neural
elements of M1 in the gamma frequency band by means of tACS at
this frequency. Thus the effect correlated with the ability of g-tACS
to suppress the activity of GABA-A inhibitory interneurons. Our
data raise the possibility that gamma activity, intracortical inhibi-
tory interneurons and LTP-like plasticity may be mechanistically
interconnected in human M1. We speculate that specific subset of
neocortical interneurons are resonant to gamma oscillations in
addition to being implicated in GABA-A neurotransmission and
directly involved in LTP-like plasticity induction. Candidate in-
terneurons include those in L2/3 and layer 1 (L1) neurogliaform
cells. Involvement of the latter might be made more likely by the
low intensity of stimulation, so that tACS may preferentially sup-
press intracortical inhibitory activity by modulating more superfi-
cial cortical layers. Indeed, recent studies have described a complex
inhibitory circuit composed of L1 neurogliaform cells with recip-
rocal connections with L2/3 interneurons, which in turn inhibit
pyramidal cells [65]. Owing to their superficial location, the axons
of L1 neurons might be activated by low intensity magnetic stim-
ulation, leading to the suppression of corticospinal cell excitability
in the SICI protocol [19], whereas the same population of in-
terneurons might be modulated by g-tACS. Gamma-tACS may
enhance the activity of superficial inhibitory interneurons, which
would in turn inhibit the function of GABA-Aergic interneurons in
deeper layers.

Lastly, whether g-tACS enhances cortical plasticity-modulating
GABA-A-ergic interneurons by acting through homeostatic or
non-homeostatic metaplasticity deserves comment [66e68]. We
can reasonably exclude the involvement of homeostatic meta-
plasticity since it is generally based on priming approaches that
alter the level of postsynaptic activity in the corticospinal neurons
to trigger homeostatic responses [67,69,70]. Our observations
instead fit well with the involvement of non-homeostatic meta-
plasticity, particularly with the phenomenon of ‘gating’, whereby
LTP-like plasticity in M1 is boosted by reducing the excitability of
GABA-A-ergic inhibitory circuits in plasticity-inducing protocols
[71e74].

Conclusions

In this study, we demonstrate that g-tACS boosts and prolongs
iTBS-induced LTP-like plasticity in human M1. We also provide
evidence showing that this effect is directly related to changes in
GABA-A-ergic interneuronal activity. Our findings are compatible
with a link between gamma oscillations, GABA-A interneuronal
activity and LTP-like plasticity in human M1. Also, they may have
important translational implications. Indeed, traditional neuro-
modulation techniques are characterized by a relatively short
duration and occasionally weak effects [2,4,68]. By contrast, the
tACS-TMS co-stimulation protocol we propose both enhances and
prolongs M1 plasticity. However, our findings cannot be necessarily
extended to all the LTP-like plasticity-inducing protocols, owing to
the different physiological processes induced by these paradigms.
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For example, Paired Associative Stimulation (PAS) [70] depends on
plasticity arising from sensori-motor integration, whereas iTBS
reflects intrinsic M1 plasticity. Future studies should be performed
with other plasticity-inducing protocols, including PAS, to clarify
the generalisability or otherwise of the effect of co-stimulation
[2,3], and test the possible phase-dependency of after-effects. It
remains to be seen whether the current paradigm might provide a
means of promoting motor recovery after acute brain damage in a
neurorehabilitation setting [75] or even in chronic neurodegener-
ative disorders affecting the motor system [76].
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