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Abstract

Cerebellar-prefrontal connectivity has been recognized as important for behaviors ranging from motor coordination to cognition.
Many of these behaviors are known to involve excitatory or inhibitory modulations from the prefrontal cortex. We used cerebellar
transcranial magnetic stimulation (TMS) with simultaneous electroencephalography (EEG) to probe cerebellar-evoked electrical
activity in prefrontal cortical areas and used magnetic resonance spectroscopy (MRS) measures of prefrontal GABA and glutamate
levels to determine if they are correlated with those potentials. Cerebellar-evoked bilateral prefrontal synchrony in the theta to gamma
frequency range showed patterns that reflect strong GABAergic inhibitory function (»=— 0.66, p = 0.002). Stimulation of prefrontal
areas evoked bilateral prefrontal synchrony in the theta to low beta frequency range that reflected, conversely, glutamatergic excitatory
function (»=0.66, p = 0.002) and GABAergic inhibitory function (»=—0.65, p = 0.002). Cerebellar-evoked prefrontal synchroniza-
tion had opposite associations with cognition and motor coordination: it was positively associated with working memory performance
(r=0.57, p=0.008) but negatively associated with coordinated motor function as measured by rapid finger tapping (»=—10.59,
p=0.006). The results suggest a relationship between regional GABA levels and interregional effects on synchrony. Stronger
cerebellar-evoked prefrontal synchrony was associated with better working memory but surprisingly worse motor coordination,
which suggests competing effects for motor activity and cognition. The data supports the use of a TMS-EEG-MRS approach to
study the neurochemical basis of large-scale oscillations modulated by the cerebellar-prefrontal connectivity.
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While a primary function of the cerebellum is feedback con-
trol of motor function, cerebellar-prefrontal circuitry also has
been recognized as important in cognitive function [1, 2]. The
cerebellum is well interconnected with prefrontal cortices in
both feedforward and feedback directions [3—6]. Multiple,
segregated fronto-cerebellar circuits have been characterized
in nonhuman primates using transneuronal tracing techniques
[7, 8] and in humans using functional connectivity magnetic
resonance imaging (MRI) [9]. Transcranial magnetic stimula-
tion (TMS) targeting the cerebellar cortex represents a novel
way to modulate the excitability of remote cortical regions.
TMS to the cerebellum has been shown to modulate the de-
fault mode network [10], attention networks [2, 10], and cer-
ebellar functional connectivity with frontal and other regions
[11]. Therefore, TMS provides a prospective approach to test
the function of cerebellar-prefrontal circuitry. Unlike previous
TMS cerebellar studies that focused on fMRI-based
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assessments of regional brain networks, the purpose of this
study was to measure modulation of the prefrontal circuitry
oscillations using electroencephalography (EEG) when the
cerebellum was stimulated. The electrophysiology-based pre-
frontal synchrony assessment provides a temporally precise
assessment for the network response to cerebellar TMS.

Besides coordinating motor function through cerebello-
thalamocortical pathways [12, 13], the cerebellum likely sup-
ports higher cognitive functions. This is supported by
transneuronal tracing methods in nonhuman primate showing
the cerebellum projects to the dorsolateral prefrontal cortex (area
46), a region known for its role in higher order cognition
[14—17]. Resting-state functional connectivity studies showed
that the cerebellum can be divided into two subregions where
the supramodal region is functionally correlated with prefrontal
and posterior-parietal cortex [18, 19]. The cerebellum has been
implicated in verbal working memory, language, executive, and
emotional processing functions [16, 20-24]. For example, dam-
age to the cerebellum impairs working memory [25]; transcra-
nial direct current stimulation or TMS over the cerebellum has
been shown to modulate verbal working memory [26-28]; and
meta-analysis suggests lobule VI and Crus I of the cerebellum
are involved in verbal working memory [17].

Theoretical modeling and nonhuman studies suggest that
local and long-distance neural synchronization is regulated by
the interactions between GABAergic and glutamatergic sig-
naling [29, 30]. The contrasting GABAergic vs. glutamatergic
control of synchronized oscillations is thought to be present in
humans, but direct evidence remains elusive. Synchronized
neuronal firing is part of the brain’s mechanisms for coordi-
nation and integration of cognitive operations [31, 32]. Our
approach is to use TMS over the cerebellum while recording
synchronized electrical activity in prefrontal areas, and assess
whether the synchronized electrical activities follow a pattern
consistent with GABAergic inhibitory and glutamate-
excitatory control of the prefrontal cortical synchrony.

We hypothesized that the relative balance of prefrontal gluta-
mate and GABA levels would be associated with prefrontal elec-
trical synchrony induced by stimulation to the cerebellar-
prefrontal circuitry. To test this, TMS pulses with different levels
of intensity were applied to posterior cerebellum and we used
prefrontal EEG to assess cerebellar perturbed prefronto-
prefrontal synchrony, and whether prefrontal glutamate/GABA
modulated this synchrony. The combination of TMS and simul-
taneous EEG may allow a more direct assessment of cortical
excitability and its oscillatory response compared to TMS and
simultaneous fMRI [33-35]. GABA and glutamate levels were
noninvasively measured by proton magnetic resonance spectros-
copy (MRS) [36, 37]. Their levels are relatively stable within
subjects but vary across individuals [38], which, combined with
TMS/EEG, provide a means to estimate how variations in back-
ground tissue levels of glutamate/GABA chemistry modulate the
prefrontal chemistry-electricity interaction.
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Materials and Methods
Participants

Twenty medically and psychiatrically healthy volunteers (7
females, age 2062 years) participated in the study. All sub-
jects were interviewed with the Structured Clinical Interview
for DSM-IV (SCID) to exclude psychiatric and substance
abuse diagnosis. Potential subjects with major medical and
neurological illnesses were also excluded. TMS screening in-
terviews confirmed that none of the subjects had contraindi-
cations for TMS. All subjects gave written informed consent
approved by the University of Maryland Baltimore
Institutional Review Board.

Working Memory and Motor Coordination Tasks

All participants completed a working memory and a motor
coordination task. Working memory capacity was assessed
using the digit sequencing task [39]. Participants were present-
ed with randomly ordered series of numbers that steadily in-
creased length. They were asked to report the numbers in
order, from lowest to highest. The number of trials in the
correct order was recorded. Working memory was chosen as
a behavioral indicator for prefrontal cognitive functioning.
Strong GABAergic mediated prefrontal synchronization is
thought to be critical for working memory [40, 41].

Motor coordination was indexed by using a finger tapping
task, one of the most common paradigms to study human
motor coordination [42, 43]. Subjects were instructed to use
their dominant right-hand index finger to tap on a button as
many times as possible in the 10-s period. This was repeated
10 times, with inter-trial intervals >1 min. Mean tapping
scores were calculated as the number of taps per trial averag-
ing across the ten trials. As good motor performance in this
task requires highly automated motor control, it was expected
that stronger prefrontal synchrony could actually interfere
with this finger tapping task.

Magnetic Resonance Spectroscopy

Each participant completed a MRS scan prior to TMS assess-
ment, including a structural MRI for TMS location navigation.
Imaging data were collected using a Siemens 3T Trio scanner
and a 32-channel head coil located at the University of
Maryland Center for Brain Imaging Research. A T1-
weighted structural MRI was obtained by a magnetization
prepared sequence with an adiabatic inversion contrast-
forming pulse (TE/TR/TT=3.04/2100/785 ms, flip angle =

11 degrees) at isotropic spatial resolution of 0.8 mm. A retro-
spective motion-correction technique was used to reduce sub-
ject motion-related artifacts.
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MRS was performed in three prefrontal cortex sites within
the same scanning session: left, medial and right prefrontal
areas (PFC) under electrodes F3, FZ and F4, respectively.
The same size of voxel was used (all 4 x 3 x2 cm or 24 ml)
in all three sites but with orientation adjusted in left and right
PFC to include as much cortical area as possible. Because the
glutamate/GABA measurements from the three sites were
found to be very similar in the initial subjects (see Results),
only the medial prefrontal cortex (Fig. 1a) was sampled for the
rest of the subjects to represent glutamate/GABA in the pre-
frontal cortex. The medial prefrontal area extensively connects
to bilateral prefrontal areas [44, 45]. All MRS scanning and
processing procedures were otherwise the same and the re-
maining descriptions focus only on the medial prefrontal cor-
tex. For detection of glutamate, spectra were acquired using
phase rotation STEAM: TR/TM/TE =2000/10/6.5 ms, VOI ~
6 cm3, NEX =256, 2.5 kHz spectral width, 2048 complex
points, and phases: ¢@;=135° @,=22.5° @;3=112.5°,
©apc =0° [46]. A water reference (NEX =16) was also ac-
quired for phase and eddy current correction as well as quan-
tification. A basis set of 19 metabolites was simulated using
the GAVA software package [47] (Fig. 1b). The basis set was
imported into LCModel (6.3-0I) and used for quantification
[48]. Only metabolites with mean standard deviations less
than 20% were included in statistical analyses. Spectra with
LCModel reported linewidths greater than 0.1 Hz and signal-
to-noise ratio less than 10 were excluded from further analy-
ses. We have shown that the short-TE STEAM method pro-
duces excellent reproducibility for glutamate and glutamine

d TMS at posterior cerebellum

[49]. For detection of GABA, spectra were acquired from
the same voxel using macromolecule suppressed MEGA-
PRESS: TR =2000, TE = 68 ms, 20.36 ms length and 44 Hz
bandwidth full width at half maximum editing pulses applied
at 1.9 (ON) and 1.5 (OFF) ppm, and 256 averages (128 ON
and 128 OFF); water unsuppressed 16 averages [50]. MEGA-
PRESS for GABA has established excellent reproducibility
[38, 51]. GABA spectra were frequency and phase corrected
and quantified with GANNET 2.0 toolkit, a MATLAB pro-
gram specifically developed for analysis of GABA MEGA-
PRESS spectra. Metabolite levels are reported in institutional
units and corrected for the proportion of the gray matter, white
matter, and cerebrospinal fluid within each spectroscopic vox-
el using in-house MATLAB code [52, 53]. The primary mea-
sure was the glutamate/GABA ratio, which was taken to index
a potential biological signature for the excitatory/inhibitory
balance. Association analyses with glutamate and GABA
levels separately were also performed to further ensure that
any significant findings on the glutamate/GABA ratio were
consistent with the glutamate-excitatory vs. GABA-inhibitory
hypothesis.

Transcranial Magnetic Stimulation

Single pulse TMS was administered over the posterior cere-
bellum, stereotactically localized using the individual’s high
resolution structural MRI (Fig. 1a). At the beginning of each
TMS session, TMS to the left motor cortex (M1) was used to
determine resting motor threshold (RMT), which was then
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Fig. 1 TMS, MRS, EEG locations. a Illustrations of electrode positions
(F3, F4, FZ) and the transcranial magnetic stimulation (TMS) sites at
posterior cerebellum and left prefrontal cortex (green coils). Magnetic
resonance spectroscopy (MRS) for GABA and glutamate (Glu) levels

was obtained from a large medial frontal lobe voxel (white box) located
below FZ. Yellow dot: EEG recording location. Red dot: TMS target. b
An example of the MRS spectra for GABA and glutamate
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Table 1 Associations of TMS-

evoked prefrontal synchrony to Prefrontal PLV Glutamate/ Glutamate GABA Working memory Motor
neurochemicals and behavioral GABA ratio coordination
functions
Cerebellar stimulation
Suprathreshold + n.s - + -
Subthreshold + n.s -
Left PFC stimulation
Suprathreshold + + -
Subthreshold + n.s -
Sham stimulation n.s n.s n.s
Resting state EEG n.s n.s n.s

TMS-evoked prefrontal phase locking value (PLV) was indexed by F3-F4 PLV. PFC: prefrontal cortex. EEG:
electroencephalography. n.s indicates not significant. + indicates significant with positive correlations. — indicates

significant with negative correlations

used to guide TMS stimulation intensity. For comparison,
TMS was also applied to the left prefrontal cortex (PFC)
(Fig. 1a). PFC stimulation provides an active control by local-
ly affecting PFC-PFC synchrony, as compared to the cerebel-
lum stimulation that aimed to affect the PFC-PFC synchrony
remotely. All participants participated in both TMS sites and
all TMS intensity levels including the shams.

Focal magnetic stimuli were given through a figure-eight
coil (70 mm outer diameter of each wing) using Magstim 200
Magnetic stimulators with a 20-ps single pulse monophasic
current waveform (Magstim Co., Whitland, UK). The ana-
tomical images were imported into the Brainsight™ TMS
Frameless Navigation system (Rogue Research Inc.,
Montreal, Canada) for precise coil positioning. For left motor
cortex, the stimulus target for each participant was the scalp
position above the left hemisphere (averaged MNI stereotaxic
coordinates: —38, —11, 64) where TMS induced the maximum
peak-to-peak motor evoked potential (MEP) amplitude from
the right first dorsal interosseous muscle. The coil was held by
a mechanical arm with the coil handle pointing backward and
rotated 45° away from the midline to induce currents that
traveled in a posterior-to-anterior direction across the central
sulcus [54]. Participants were instructed to remain relaxed
throughout the application of TMS, while the muscle was
monitored for relaxation, confirmed by visual inspection of
the EMG.

The TMS coil was pointed to the middle (i.e., along the
midline) of the bilateral Crus I/II of the posterior cerebellum
that has known connectivity to PFC BA 9 and 46 through
thalamus [7, 13]. This location was defined as the midpoint
ofbilateral Crus I/II (averaged MNI stereotaxic coordinates: 0,
=79, —26). Although other types of coils can be used to stim-
ulate cerebellum, such as iron core coil [55, 56] or double cone
coil [57-59], we selected the figure-of-eight coil for cerebel-
lum stimulation as in many recent studies [e.g., 10, 11,
60—-62]. The coil handle was pointing upward for posterior
cerebellum stimulation. Participants were positioned in a
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chin-to-chest flexion position so that the posterior cerebellum
was exposed as much as possible. This neck and coil relation-
ship also reduced the chance of stimulating the occipital lobe
and allowed positioning the coil to be as close to the posterior
cerebellum as possible. Although the MRI images and a
neuronavigation system were used to ensure the precise posi-
tioning of the coil, we also checked for accidental stimulation
to the occipital lobe by asking participants after the experi-
ment whether they perceived phosphenes, which is an indica-
tion of visual cortex TMS stimulation [63, 64]. Only two out
of 20 participants reported possible perception of phosphenes,
and both reported that the possible phosphenes occurred only
rarely during the suprathreshold stimulations.

Left PFC was defined at the junction of the middle and
anterior thirds of the middle frontal gyrus by neuronavigation
using each participant’s MRI (averaged MNI stereotaxic co-
ordinates: —39, 33, 38), corresponding to the junction between
posterior regions of Brodmann area (BA) 9 and the superior
section of BA 46 [65, 66]. The coil was held with the coil
handle pointing backward. The participant was sitting in an
upright position with chin-rest and two head-supports were
used to stabilize the head during PFC TMS.

Sham TMS was conducted by delivering the same
suprathreshold stimulation while turning the TMS coil 90°
and moving it away from skull (1~2 cm). The sounds of
TMS stimulation were mostly preserved while delivering a
highly attenuated magnetic pulse to the brain. Participants
wore earplugs to muffle the sounds in all conditions, although
the sounds remained audible in all conditions and as such, the
sham condition resembled a non-TMS, auditory stimulation
condition. Two subjects’ sham condition data were not record-
ed due to technical problems.

For each site, suprathreshold (120% RMT), subthreshold
(80% RMT) and sham TMS were delivered in separate
blocks, with the order of the blocks randomized across sub-
jects. The effects of TMS intensity can be evaluated by com-
paring suprathreshold and subthreshold conditions. There
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were 60 TMS repetitions in one block for each TMS intensity
and sham in each TMS location. The inter-trial intervals with
each block ranged from 4 to 10 s. Blocks were separated by
about 5 min.

Resting Motor Threshold (RMT)
and Electromyography (EMG) Recording

Surface electromyography (EMG) was recorded from the
right first dorsal interosseous (FDI) muscle with Ag/AgCl disc
electrodes (CareFusion Inc., Middleton, WI) placed in a
tendon-belly montage. A ground electrode was placed over
the right ulnar styloid. EMG was recorded with a NeuroScan
Synamp2 amplifier (Charlotte, NC) amplified (gain of 10) and
sampled at 5 kHz [67-69]. Peak-to-peak amplitude of the
motor-evoked potentials was measured. RMT was defined
according to conventional criteria as the minimum intensity
needed to elicit a MEP of >50 pV in at least 5 out of 10
consecutive stimuli. RMT is reported as a percentage of the
maximum stimulator output. RMT was identified using left
M1 stimulations. The averaged RMT was 46.5+7.1% of
maximum output of the Magstim 200 Magnetic stimulator.

Electrophysiology

TMS-evoked potential was recorded using a Neuroscan
SynAmp?2 (Charlotte, NC) and an electrode cap designed for
accommodating the simultaneous TMS/ERP experiment. The
electrodes F3, FZ, and F4 were used according to the extended
10-20-system of electrode positions (Fig. 1a). The locations
of the electrodes were digitized with an optical tracking sys-
tem (Brainsight, Rogue Research Inc., Montreal, Canada) and
superimposed on a three-dimensional MRI scan of the sub-
ject’s head. TMS-related EEG was recorded at a 1 kHz sam-
pling rate with bandpass filtering at 0.1-200 Hz. The ground
electrode was placed on the forehead. A nose electrode served
as a reference. Electrode impedance was kept below 5 k().
Saturation of the EEG amplifiers by the TMS pulse was
prevented by using the de-blocking function 4 ms before
and 4 ms after each TMS pulse through a sample-and-hold
circuit that pinned the amplifier output below the maximum
level. Potential electrode polarizations were minimized by
using non-polarizable Ag/AgCl electrodes [70]. The offline
analysis was conducted by using Scan 4.3 software
(Neurosoft, Inc., EI Paso, TX) and MATLAB (MathWorks,
Inc., Natick, MA). Resting EEG was recorded in a 5-min
session with eyes open at baseline without TMS and partici-
pants were asked to relax. Resting EEG was epoched every
4.3-4.6 s and was otherwise processed using the same data
processing procedures. The resting EEG was employed to
assess if there were associations between neural oscillations
and neural chemicals during resting.

Eye-blink artifacts on the EEG were removed using a
VEOG-based eye-blink spatial filter routine implemented in
Neuroscan software [71]. In this EOG correction method, the
proportion of signals removed from EEG channels are esti-
mated from the eye movement averages which increase the
accuracy of EOG correction. Records were then filtered at 1—
100 Hz in 24db/octaves, epoched from —1000 to 2800 ms pre-
and post-TMS, baseline-corrected, threshold-filtered at
+400 pV for any additional TMS artifact rejection, followed
by visual inspection to exclude any missed artifacts from mus-
cle contractions. Prefrontal phase-synchrony was defined by a
metric of the difference between phase values of the single
trial neural oscillations across two locations, in the 1-50 Hz
range. To extract single-trial oscillatory responses, the artifact-
free EEG records were filtered at 1-50 Hz. A long epoch was
used to minimize edge effects. The continuous complex
Morlet wavelet transform (CWT) was applied to each trial to
decompose the oscillatory activities. We quantified the pre-
frontal interhemispheric phase locking between F3 and F4
electrodes by computing the phase-locking value (PLV) [32,
72] across the whole trial from 1 to 50 Hz. The PLV for two
recording channels m and » at a particular center frequency f;
and time ¢ is defined as

PLan(t,fo) — i g el‘(iPZ’(fﬁf'o)_@Z(fvfo))
K |

Where K denotes the number of trials, and ¢} (¢, f,y) and ¢}
(¢,f,) denote the instantaneous phases of the two channels
that were computed during the 4-th trial using the wavelet
transform with center frequency fy. Thus, the PLV ranged from
0 to 1. The higher the phase similarity between these two
electrodes, the higher the PLV. PLV close to zero indicates
lack of phase alignment of the two electrodes and PLV close
to 1 indicates that phase value at one electrode closely matches
the phase value of the other electrode.

Data Analyses

Comparisons of glutamate/GABA ratios among brain regions
were made using repeated measures ANOVA. The synchrony
between bilateral frontal areas was represented by the PLVs
between F3 and F4 electrodes on single trials, which were then
averaged across subjects to generate PLV time-frequency maps.
The relationships between PLV time-frequency maps and
glutamate/GABA ratio were then assessed using a Pearson’s
correlation matrix, which yielded maps representing the strength
of the correlations across time and frequency. To identify clus-
ter(s) that represent statistically significant PLV and glutamate/
GABA correlations after controlling the family-wise error rate,
we adopted a cluster-based permutation test approach [73]. In
this approach, the correlation coefficients (») and corresponding
significance level (p) between PLV and glutamate/GABA levels
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were computed for each time and frequency point, which yields
a time-frequency map. For each map, a threshold was set
(p <0.05) to identify formation of segregated clusters within
the map, where r values at adjacent time or frequency points
were summed to produce a cluster-level r value for each cluster.
To determine whether these cluster values were formed above
chance at >99%, we used permutation with 1000 repetitions by
randomly assigning glutamate/GABA ratio values to each par-
ticipant and calculating the PLV and glutamate/GABA correla-
tions. To use maximum cluster-level statistics [74, 75], the most
extreme cluster-level r values from each of the 1000 permuta-
tions were used to derive a null hypothesis distribution. The
p value of each cluster was derived from its ranking in this null
hypothesis distribution and the significance level («) was set at
<0.01. To further account for multiple correlation maps, the
false discovery rate (FDR) method was applied to obtain
corrected p value after correcting for the number of correlation
maps. Finally, to visualize the PLV and glutamate/GABA rela-
tionship within the significant clusters, mean PLV values within
the clusters were plotted against the glutamate/GABA ratio
values using scatter plots. The same process was repeated for
glutamate and GABA separately. Age was regressed out for
behavior performances, and the residuals were used to test as-
sociations with glutamate/GABA and PLV measures.

Results

Left, Medial and Right Frontal Glutamate/GABA
Levels

Repeated measures ANOVA was used to compare glutamate/
GABA levels among three areas (left, medial, and right PFC)
in six individuals. There was no significant effect of location
(F(2, 9.34)=0.82, p=0.47), suggesting a similar basal
glutamate/GABA composition across the PFC sites. As such,
MRS for the remaining participants was obtained only from
the mPFC site under FZ (Fig. 1).

Associations Between Frontal Glutamate/GABA
and TMS-Evoked Oscillations by Cerebellar
Stimulation

The relationship between glutamate/GABA and cerebellar-
stimulation evoked oscillations was explored by calculating a
Pearson correlation between glutamate/GABA ratio and the
PLV map. We examined TMS-evoked oscillations and calculat-
ed PFC synchrony by computing PLV [32, 72] across 1 to 50 Hz
between bilateral PFC electrodes (F3 and F4) (Fig. 2c and d)
when the posterior cerebellum was stimulated. Prefrontal
glutamate/GABA ratio was significantly associated with
suprathreshold cerebellar-evoked PFC-PFC synchrony
(r=0.67,p=0.001) in a wide frequency range (4-50 Hz), where

GRO @ Springer

the significant frequency and time areas were defined by the
cluster-based permutation test (Fig. 2h and 1). Within this statis-
tically significant broadband, the stronger association was in the
alpha and beta frequency range at 9-25 Hz (»=0.79, p = 0.0003;
this and all reported significant clusters below were significant
after FDR correction for multiple comparisons).

Exploring glutamate and GABA levels separately, there
was a negative correlation between GABA and cerebellar-
evoked PFC synchrony in the 11-45 Hz range (»=-0.66,
p=0.002) (Fig. 2m and n) as defined by the cluster-based
permutation tests, while glutamate showed no significant re-
lationship (r=0.24, n.s.) (Fig. 2r and s; Table 1). Therefore,
the ratio effect mainly reflects a negative relationship with
GABA, which is consistent with a GABAergic inhibitory
effect on phase-locked synchrony.

Similar results were found with subthreshold stimulation
(Fig. 2¢, g, 1, q; Table 1). Thus, GABA was strongly and
inversely related to PFC alpha-beta-gamma synchrony when
evoked by the cerebellar stimulation.

Further comparisons were made using PFC synchrony
from resting state EEG (5 min EEG recording without TMS;
Fig. 2a), which showed only weak PFC-PFC PLV that was not
significantly correlated with glutamate/GABA, GABA, or
glutamate (Fig. 2e, j, o; Table 1). No significant correlations
were found during sham stimulation (Fig. 2f, k, p) (all
corrected p > 0.05; Table 1). Thus, oscillations evoked by cer-
ebellar TMS appear to reveal the relationship between PFC
synchronization and glutamate/GABA ratio.

Associations Between Frontal Glutamate/GABA
and TMS-Evoked Oscillations by Left PFC Stimulations

When left PFC was stimulated by suprathreshold TMS, the
glutamate/GABA ratio was also significantly associated with
PFC evoked PFC-PFC synchrony (r=0.62, p=0.004) in 4—
48 Hz, where the frequency and time area was defined by the
cluster-based permutation test (Fig. 3d and e). Within this
statistically significant broadband, the stronger association
was at the theta to low beta frequency range at 4-16 Hz
(r=0.72, p=0.0004).

Taking glutamate and GABA levels separately, there was a
negative correlation between GABA and PLV in the theta to
beta frequency (clustered at 4-16 Hz; r=-0.65, p =0.002)
(Fig. 3g and h; Table 1) and a positive correlation between
glutamate and PLV in 5-13 Hz range (»=0.66, p =0.002)
(Fig. 3j and k; Table 1). Therefore, the ratio effect reflected
both a positive relationship with glutamate and a negative
relationship with GABA, and as such the relationships are
consistent with the opposing GABAergic-inhibitory vs.
glutamatergic-excitatory hypothesis, involving a broad band
that was most robust at the theta to beta range. Similar, but
weaker correlations were found during subthreshold TMS
(Fig. 3c, f, i; Table 1).
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Fig. 2 Cerebellar TMS evoked prefrontal phase sychroniztion and
neurochemistry. Prefrontal phase-locking values (PLV) in resting (record-
ed before TMS) (a), sham (sound only) (b), subthreshold cerebellar TMS
(¢), and suprathreshold cerebellar TMS (d). x-axis: time; y-axis: frequen-
cy. First row: Heat maps are time-frequency maps of the F3-F4 PLV
values (a—d). Second row: Heat maps of correlations between
glutamate/GABA ratio and the four conditions: resting (e), sham (f),
subthreshold TMS (g), and suprathreshold TMS (h). Statistically signif-
icant correlations after correction for multiple comparisons were found in
a4-48 Hz cluster (red enclosure) under suprathreshold TMS with GABA.

Different Relationships of Cerebellar TMS Evoked
Prefrontal Synchrony to Working Memory and Motor
Coordination

The functional role of prefrontal synchrony was explored by
estimating the association between prefrontal synchrony and
behavioral assessments (i.e., working memory and motor co-
ordination performance). Glutamate/GABA ratio or GABA
and glutamate levels themselves were not correlated with
working memory or finger tapping scores (all p > 0.05); but
cerebellum TMS-evoked PFC synchrony was positively
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The mean values from the significant cluster are plotted to aid visual
inspection (i). For comparison purposes, the mean PLV values from the
sham conditoin were also plotted using the same cluster boundary (black
data points). A similar pattern with smaller clusters was observed under
subthreshold TMS (green enclosure) with Glu/GABA ratio (g) and
GABA (1), but not with glutamate (q). Third row: Correlations between
GABA level and PLV (j—n). Fourth row: Correlations between glutamate
and PLV (o-s). Note that the color scales for GABA and glutamate are
reversed to facilitate direct comparisons of correlation strength

associated with working memory in theta, low beta and gam-
ma frequency bands (»=0.57, p=0.008) (Fig. 4a and b;
Table 1), suggesting that PLV may have a more direct rela-
tionship with working memory than glutamate/GABA. In
comparison, cerebellum TMS-evoked PFC synchrony was
negatively correlated with finger tapping scores in alpha, beta
and low gamma frequency bands (r=-0.59, p=0.006)
(Fig. 4c and d; Table 1), supporting that cerebellum TMS-
evoked PFC synchrony may have opposite effects on working
memory vs. motor coordination. No such correlations were
found with PFC TMS-evoked synchrony (all p > 0.05).
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Fig. 3 Left prefrontal cortex TMS evoked prefrontal phase
sychronization and neurochemistry. Prefrontal phase-locking values
(PLV) in subthreshold TMS (a), and suprathreshold TMS (b). x-axis:
time; y-axis: frequency. First row: Heat maps are time-frequency maps
of the F3-F4 PLV values (a and b). Second row: Heat maps of correla-
tions between glutamate/GABA ratio and the subthreshold TMS (¢) and
suprathreshold TMS (d). Statistically significant correlations after correc-
tion for multiple comparisons were found in a 4-50 Hz cluster (red en-
closure) under suprathreshold TMS with glutamate/GABA ratio (d). The

Discussion

The cerebellum is known to project via the thalamus to mul-
tiple cortical areas, such as motor, prefrontal, and posterior-
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mean values from the significant cluster are plotted to aid visual inspec-
tion (e). For comparison purposes, the mean PLV values from the sham
conditoin were also plotted using the same cluster boundary (black data
points). Similar pattern with smaller clusters was observed under sub-
threshold TMS (green enclosure) with glutamate/GABA ratio (¢). Third
row: Correlations between GABA level and PLV (f-h). Fourth row:
Correlations between glutamate and PLV (i—k). Note that the color scales
for GABA and glutamate are reversed to facilitate direct comparisons of
correlation strength

parietal cortices [7, 8, 13, 76, 77]. Cerebellar TMS stimulation
send signals to the PFC through cerebellar-thalamic-prefrontal
cortical circuit and reflected by the observed PFC-PFC syn-
chrony. Interestingly, the PFC synchrony induced by this
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Fig. 4 Working memory and finger tapping associations with cerebellar
TMS evoked phase locking value (PLV). Pearson’s correlations between
PLV time-frequency and working memory were shown in the time-
frequency maps. Time-frequency components that were statistically sig-
nificant are in a dark red color, mostly in theta, low beta and gamma band
ranges (a). Most of the significant correlations between PLV and finger
tapping fell within alpha, beta and low gamma frequency bands (c). To
show the direction of the correlations, the PLV values from all of the

stimulation was strongly predicted by basal PFC glutamate/
GABA ratio (r=0.67). Since TMS was delivered to the cere-
bellum, this chemical-electrical association likely reflects a
long-range circuitry-based effect rather than a local TMS in-
duced secondary effect [78].

Repeating the experiment using local PFC TMS, a similar-
ly strong PFC glutamate/GABA ratio vs. PFC synchrony re-
lationship was observed (r = 0.62). Regardless of the location
of TMS, the induced PFC synchrony was negatively correlat-
ed with GABA levels (r=-0.66 and —0.65 for cerebellum
and PFC TMS induced synchrony, respectively), where higher
basal PFC GABA levels were associated with lower PFC
synchrony. The results are consistent with the hypothesis that
a PFC GABAergic inhibitory effect in humans can be indexed
by TMS evoked PFC synchrony regardless of whether the
input source is remote (cerebellum) or local (PFC).

Two levels of TMS intensity were utilized to evaluate the
TMS strength required for effective stimulation of the PFC
and cerebellum. In the present study, a similar pattern of

significant PLV-working memory time-frequency components in panel
(a) were extracted and plotted against working memory performance.
All measures were residuals after age was covariated out: individuals with
higher working memory functions were associated with stronger TMS-
evoked prefronto-prefrontal synchronization (b). Individuals with higher
finger tapping performance were associated with weaker TMS-evoked
prefronto-prefrontal synchronization (d)

results occurred with subthreshold (80% RMT) and
suprathreshold (120% RMT) stimulations (Fig. 2g, h, 1, m, q
and r; Fig. 3c, d, f, g, 1 and j). As suprathrehsold stimulations
usually induce larger discomfort than subthreshold stimula-
tion, the similar pattern of results indicates that these findings
are unlikely due to TMS induced discomforts. Moreover, the
effective subthreshold stimulation has been demonstrated in
the previous research [79]. Research also strongly supports
that a subthreshold pulse may facilitate (intracortical facilita-
tion) or inhibit (intracortical inhibition) following a
suprathreshold pulse with the proper inter-stimulus intervals
[67, 80, 81]. These results suggest that even subthreshold
stimulation could effectively stimulate cerebellum.
Synchronized network oscillations are among the most pre-
served phenotypes in brain evolution [82]. Neural synchrony
can self-organize to preserve input traces even after the input
has ceased in support of cognitive operations [82, 83]. TMS-
induced effects are known to have large inter-individual dif-
ferences [84-86]. Here we show that a proportion of TMS-
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induced synchronized response variance can be explained by
the glutamate/GABA ratio with stimulation input specificity:
while GABA levels were negatively correlated with the syn-
chronized PFC response regardless of inputs from cerebellum
vs. PFC, glutamate levels were positively correlated with syn-
chronized response primarily from local PFC TMS.

Reciprocal cortico-cortical glutamatergic projections, reg-
ulated by inhibitory neurons are thought to mediate cross-
regional synchrony [87, 88]. High levels of GABA may favor
local effects and allow each region to inhibit incoming activity
[68, 87, 88], resulting in reduced synchronized output.
Although it’s not fully clear how local GABA concentrations
affect TMS evoked synchrony, one possible explanation is
that high local GABA levels inhibits the spread of TMS
evoked activities, further leading to a lower synchronization.
The relationship with glutamate seems to be in the opposite
direction. The observed relationships between glutamate/
GABA ratio and synchrony are also consistent with the idea
that cortical excitation is glutamatergic while lateral inhibition
of the excitation is mediated by local inhibitory GABAergic
inputs that control the spread of synchronized oscillations in
the cortex [89, 90].

TMS stimulation may improve synchronized activity from
the stimulated area to other regions [91]. Halko et al. (2014)
showed that intermittent TBS over the lateral cerebellum sub-
stantially changed the functional connectivity between the
cerebellum and medial prefrontal cortex [10]. Schutter and
colleagues stimulated the medial cerebellum with repetitive
TMS and found a shift in the anterior asymmetry of the gam-
ma frequency band at the prefrontal cortex [92]. Single-pulse
cerebellar TMS has also been shown to modulate frontal EEG
activity [56]. Furthermore, the role of the cerebellum in cog-
nitive performance has been well demonstrated [e.g., 2, 23],
especially in working memory [93-99]. For example, single-
pulse TMS over cerebellum in healthy individuals during the
encoding phase of a verbal working memory task resulted in
increased reaction times for the working memory [28].
Transcranial direct current stimulation (tDCS) over the cere-
bellum also impaired the practice-dependent improvement in
verbal working memory [26]. Consistent with the literature,
we found that cerebellar TMS evoked PFC PLVs at theta, low
beta, and gamma bands were associated with better working
memory performance. This suggests that cerebellar modula-
tion of PFC synchronization may contribute to working mem-
ory performance (Fig. 4a and b).

Interestingly, cerebellar TMS-evoked PFC PLV at alpha to
gamma bands was negatively associated with finger tapping
scores. This task involves engagement of brain areas that in-
clude the primary sensorimotor cortices, supplementary motor
area, premotor cortex, inferior parietal cortices, basal ganglia,
and cerebellum, thought to responsible for rapid, automated
motor coordination [42, 100]. Individuals with stronger
cerebellum-evoked PFC synchronization at high beta band
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tended to have poorer self-paced finger tapping task perfor-
mance (Fig. 4c and d). One interpretation is that high capacity
for cerebellar-evoked PFC synchronization is required to per-
form working memory, but may interfere with a primarily
motor task that requires automated performance. The negative
correlation between cerebellar-evoked PFC synchronization
and finger tapping performance is also consistent with the
known phenomenon of cerebellum-brain inhibition [101].
For instance, Ugawa et al. showed that TMS over the contra-
lateral cerebellar hemisphere decreases the excitability of pri-
mary motor cortex for 5—7 ms after the stimulation [102]. The
opposite roles of cerebellar TMS-evoked PFC synchroniza-
tion highlight the different circuit-level requirements for per-
formance of working memory that requires maintaining infor-
mation over time vs. a simple motor task with a speed
requirement.

Some limitations of this study include a potential confound
in that TMS may change local chemical levels [103—105].
Such changes have been previously found to be small (in 0
to 10% range) [103, 104] and should not primarily contribute
to the strong glutamate/GABA and PLV correlations. PFC
chemistry-synchrony patterns revealed by cerebellar TMS
were even less likely caused by TMS induced PFC GABA
changes. GABA and glutamate were measured in mPFC un-
der FZ, but not under other PFC regions. We took this ap-
proach because this mPFC area has extensive fibers to bilat-
eral PFC in primates [44], and initial data showed that there
were no significant differences in glutamate/GABA levels in
left, right, and medial PFC. Future studies measuring MRS
from additional PFC areas could clarify the distribution of
GABA and glutamate at different parts of the prefrontal cor-
tex. We should also note that GABA and glutamate are not the
only neurotransmitters regulating synchronized networks. For
example, cholinergic neurotransmitters have been shown to
influence neural oscillations [106, 107]. Furthermore, MRS
cannot differentiate between intracellular vs. extracellular
pools of GABA and glutamate, but instead measures total
tissue levels. Additional work is needed to understand the
relationship between overall levels and the presumed
GABAergic vs. glutamatergic signaling. Another limitation
was that we did not use the occipital lobe as a control.
Although few participants reported possible phosphenes dur-
ing the suprathreshold stimulations, it is still possible that
rTMS may have stimulated the occipital cortex, which may
lead to a cortico-cortical interaction between occipital and
frontal areas [108]. However, previous studies comparing
rTMS to medial cerebellum vs. occipital lobe showed that
rTMS to cerebellum, but not occipital lobe, altered prefrontal
gamma band [92]. The potential artifacts induced by volume
conduction or cranial muscle contraction could also be con-
founds, although such sources cannot fully explain the results.
Those artifacts were mainly within 200 ms after delivering
TMS pulse (e.g., Figs. 2d and 3b), but most of the significant
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clusters were after 200 ms (e.g., Fig. 2g, h, 1 and m). Finally,
the observed associations between MRS indices and neural
synchrony could be driven by a third unknown variable.
This is possible especially for cerebellum stimulation, because
the modulation from cerebellum to frontal cortex needs to pass
through subcortical regions (e.g., thalamus) and those subcor-
tical regions could affect the observed relationship. Future
studies stimulating subcortical areas with deep brain stimula-
tion techniques may help to clarify the current results.

We tested how cerebellar inputs may impact the prefrontal
synchrony and its modulation by basal glutamate/GABA
levels using a relatively new TMS-EEG-MRS approach. We
further demonstrated that the cerebellar-evoked prefrontal
synchrony is likely functionally relevant in influencing brain
functions from higher order cognition to basic motor coordi-
nation. The opposing GABAergic-inhibitory vs. glutamatergic-
excitatory relationship has been extensively described in basic
neuroscience literature although its direct demonstration in hu-
man studies remains rare [109, 110]. The robust inverse asso-
ciation between GABA and prefrontal interhemispheric syn-
chrony supports the basic principle of GABAergic inhibition
affecting the spread of oscillations in human brains [111-113].
Using TMS-induced EEG to assess chemical-electrical interac-
tions may lead to a better understanding of the mechanisms
underlying neural synchrony in humans.
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