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The cerebellum is involved in sensorimotor, cognitive, and emotional functions through
cerebello-cerebral connectivity. Cerebellar neurostimulation thus likely affects cortical
circuits, as has been shown in studies using cerebellar stimulation to treat neurological
disorders through modulation of frontal EEG oscillations. Here we studied the effects
of different frequencies of cerebellar stimulation on oscillations and coherence in the
cerebellum and prefrontal cortex in the urethane-anesthetized rat. Local field potentials
were recorded in the right lateral cerebellum (Crus I/ll) and bilaterally in the prefrontal
cortex (frontal association area, FrA) in adult male Sprague-Dawley rats. Stimulation
was delivered to the cerebellar vermis (lobule VII) using single pulses (0.2 Hz for 60 s),
or repeated pulses at 1 Hz (30 s), 5 Hz (10 s), 25 Hz (2 s), and 50 Hz (1 s). Effects
of stimulation were influenced by the initial state of EEG activity which varies over
time during urethane-anesthesia; 1 Hz stimulation was more effective when delivered
during the slow-wave state (Stage 1), while stimulation with single-pulse, 25, and 50 Hz
showed stronger effects during the activated state (Stage 2). Single-pulses resulted
in increases in oscillatory power in the delta and theta bands for the cerebellum, and
in frequencies up to 80 Hz in cortical sites. 1 Hz stimulation induced a decrease
in 0-30 Hz activity and increased activity in the 30-200 Hz range, in the right FrA.
5 Hz stimulation reduced power in high frequencies in Stage 1 and induced mixed
effects during Stage 2. 25 Hz stimulation increased cortical power at low frequencies
during Stage 2, and increased power in higher frequency bands during Stage 1.
Stimulation at 50 Hz increased delta-band power in all recording sites, with the strongest
and most rapid effects in the cerebellum. 25 and 50 Hz stimulation also induced
state-dependent effects on cerebello-cortical and cortico-cortical coherence at high
frequencies. Cerebellar stimulation can therefore entrain field potential activity in the
FrA and drive synchronization of cerebello-cortical and cortico-cortical networks in a
frequency-dependent manner. These effects highlight the role of the cerebellar vermis in
modulating large-scale synchronization of neural networks in non-motor frontal cortex.
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INTRODUCTION

There has been growing evidence supporting cerebellar
involvement  in  cognitive and affective  functions
(Hoppenbrouwers et al., 2008; Strick et al.,, 2009; Bostan et al,,
2013). The cerebellum may promote synchronization of large-
scale networks and influence extra-cerebellar networks through
multiple cortical and subcortical projections (Courtemanche
et al., 2013; Farzan et al., 2016). The cerebellum shows regional
variations in its relatively uniform circuitry (Cerminara et al,
2015) and, through its wide connectivity, can modulate specific
circuits involved in motor control, cognition, and affect
(Schmahmann, 2004, 2019). Because of its contribution to
several neurological disorders and its extensive connectivity with
extra-cerebellar structures, the cerebellum has been used as a
therapeutic target for non-invasive stimulation techniques such
as transcranial magnetic stimulation (TMS) and transcranial
direct current stimulation (tDCS) (Hoppenbrouwers et al,
2008; van Dun et al.,, 2017, 2018). Stimulation of the vermis,
the most medial region of the cerebellum, results in positive
effects on cognition and mood associated with modulation of
frontal oscillations (Schutter et al., 2003; Schutter and van Honk,
2006, 2009; Demirtas-Tatlidede et al., 2010). Stimulation of the
fastigial nucleus (FN) following middle cerebral artery occlusion
and chronic mild stress in rats also improves neuroprotection
by suppressing death of cerebellar Purkinje cells and alleviates
depressive-like behaviors (Zhang et al., 2017). Stimulation of the
FN also affects local field potential (LFP) oscillations in the frontal
cortex of anesthetized cats, where high frequency stimulation
attenuates slow rhythms, and enhances 20-40 Hz oscillations
(Steriade, 1995). Low frequency FN stimulation (1 Hz) was also
shown to inhibit epileptogenic activity in the rat (Wang et al.,
2008), while stimulating lateral cerebellar projections at 2 Hz has
been shown to rescue medial frontal cortex delta activity in a rat
model of schizophrenia (Parker et al., 2017).

Brain imaging studies in humans have demonstrated
functional connectivity between the cerebellum and prefrontal
cortex (PFC) (O’Reilly et al.,, 2009; Buckner et al., 2011; Sang
et al., 2012; Farzan et al, 2016). The underlying connections
have also been well characterized in non-human primates (Kelly
and Strick, 2003; Strick et al., 2009) and rodents (Watson et al.,
2009, 2014; Suzuki et al, 2012) using neuroanatomical and
electrophysiological approaches. In the urethane-anesthetized
rat, stimulation of the medial PFC (prelimbic cortex; PrL)
evoked responses in the contralateral vermis (lobule VII), while
stimulation of the fastigial nucleus resulted in evoked potentials
in the PrL, indicating reciprocal long-range interactions between
the medial PFC and medial cerebellum (Watson et al., 2009,
2014). Watson et al. (2014) also observed synchronous LFP
activity in the theta range (5-10 Hz) between the fastigial nucleus
and PrL during active locomotion and at rest.

Coherent synchronization of rhythmic neuronal population
activity between distant cortical regions is thought to
reflect mechanisms that enhance communication between
structures, and that coordinate contributions of brain regions to
sensorimotor integration and cognitive function (Engel et al.,
2001; Fries, 2015). There is growing interest in understanding

how cerebello-cortical network interactions synchronize to
modulate higher-order functions. The dorsolateral PFC and
the vermis have been implicated in the pathogenesis of several
neurological disorders (Baxter et al., 1989; Andreasen et al., 1996;
Maeda et al., 2000a; Andreasen and Pierson, 2008; Koenigs and
Grafman, 2009; Fatemi et al., 2012). Anatomical evidence in
monkeys (Kelly and Strick, 2003) and functional connectivity
studies in humans (Buckner et al., 2011; Farzan et al., 2016) have
demonstrated pathways mediating communication between the
vermal lobule VII and dorsolateral PFC. However, little is known
concerning the frequencies of activity that promote coherent
LFP oscillations in these structures most effectively, and to what
extent the induction of coherent LFP activity may depend on the
initial oscillatory state.

In the current study, we investigated the effects of various
frequencies of cerebellar vermis stimulation on the power
and coherence of LFP oscillations in Crus I/II of the right
lateral cerebellum (RCb) and bilateral dorsolateral PFC (frontal
association area; FrA) in the urethane-anesthetized rat. Urethane
is permissive to oscillations, and results in cyclic alternations
between states similar to slow-wave nREM sleep and active REM
sleep (Clement et al., 2008; Ros et al., 2009). Based on previous
anatomical and functional connectivity studies (Akgoren et al.,
1996; Kelly and Strick, 2003; Buckner et al., 2011; Farzan
et al., 2016), stimulation of the vermis was expected to strongly
modulate LFP activity in the FrA and in the RCb. Stimulation was
delivered to the most superficial layer of the cerebellar cortex to
activate Purkinje cells (PCs) that project to the fastigial nucleus,
which can modulate cortical areas via the thalamus and the
cerebellar hemispheres via parallel fibers (Akgoren et al., 1996;
Lisberger and Thach, 2013). Inhibitory interneurons would also
likely be activated by stimulation, which could result in complex
frequency-specific interactions (Dugué et al., 2009). The goals of
this study were to (1) characterize spontaneous LFP activity in the
lateral Cb and bilateral dorsolateral PFC [FrA in the rat; (Uylings
et al., 2003)] as well as coherence within this network during
urethane-anesthesia, (2), assess the effectiveness of different
frequencies of vermal stimulation in inducing changes in power
and coherence in LFP activity in the lateral Cb and FrA, and
(3), determine how slow-wave and activated stages of urethane
anesthesia may modulate the responsivity of the network to
stimulation. Lower frequencies of stimulation were expected to
have a greater impact on slow oscillatory activity and coherence,
and higher frequencies were expected to drive cortical beta and
gamma oscillations (Steriade, 1995; Schutter et al., 2003; Schutter
and van Honk, 2006; Wang et al., 2008; Parker et al., 2017).

MATERIALS AND METHODS
Surgery

Six adult male Sprague-Dawley rats were used in this study. The
anesthesia procedures were the same as used by Frederick et al.
(2014). Briefly, rats were anesthetized with a 5% isoflurane and
95% oxygen mixture, and a catheter was placed in the jugular
vein. Urethane (0.8 g/ml) was then administered intravenously
to maintain anesthesia, and level of anesthesia was verified by
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ensuring that the foot-withdrawal reflex was absent throughout
the experiment. Rats were placed in a stereotaxic apparatus
and a regulated heating pad and insulating blanket were used
to maintain body temperature near 37°C. All procedures were
in accordance with the guidelines of the Canadian Council on
Animal Care and approved by the Concordia University Animal
Research Ethics Committee.

The skin was cut to expose the skull and a 2-2.5 mm
craniotomy was performed in the occipital bone over the right
cerebellar Crus I/II lobule. Holes were also drilled bilaterally
over the FrA, and over the cerebellar vermis lobule VII. Bipolar
electrodes, constructed from Teflon-coated stainless-steel twisted
wire (125 pm tip diameter, with tips 1 mm apart in depth), were
anchored to the stereotaxic apparatus. The stimulation electrode
was inserted into the vermis lobule VII (AP -13.0; ML 0; V 3.3),
and recording electrodes were inserted into the FrA (AP 4.7;
ML =+ 1.8; V 2.2). The recording electrode in the right Crus I/II
was inserted at a 45° angle, 3.2 mm lateral from the midline, to a
depth of 1 mm from the surface of the cerebellum (Figure 1A).
The stereotaxic apparatus was grounded, and a bare stainless-
steel reference electrode (5 mm long) was placed between the
skull and the surface of the temporal lobe. Two monopolar
recordings and one bipolar differential recording were obtained
from each site. Both types of recordings can be used to record
LFP activity yet electrode placement must be aligned to a
dipole to obtain an optimal bipolar signal (Buzsaki et al., 2012).
Bipolar recordings were thus used when the signal amplitude was
optimal, otherwise monopolar recordings were used.

Recording Procedures

Recordings in each animal were initiated with a 2 min recording
of spontaneous baseline LFP activity in the RCb and FrA.
LFP signals were band-pass filtered between 0.01 and 500 Hz,
amplified (x1000; A-M Systems Model 1700), and digitized
onto the computer’s hard drive at a sampling rate of 1024 Hz
using SciWorks software (Datawave Technologies, Loveland, CO,
United States). LFPs were recorded bilaterally in the FrA in
three animals, in the left FrA (LFrA) in one animal, and in
the right FrA (RFrA) in two animals. Each recording trial, in
which a different stimulation frequency was tested, lasted 2 min.
Following a 30 s baseline period, stimulation was delivered
for 1-60 s, depending on the frequency of stimulation, and
this was followed by a post-stimulus recording (Figure 1B).
Biphasic square-wave pulses (0.1 ms duration) were delivered
to the vermis using a stimulus generator (A-M Systems, Model
2100; Sequim, WA, United States). In addition to a single-pulse
condition, in which pulses were delivered every 5 s for 60 s,
stimulation frequencies were selected within all major frequency
bands. Repeated pulses were delivered at 1 Hz (30 s duration,
delta), 5 Hz (10 s, theta), 25 Hz (2 s, beta), and 50 Hz (1 s,
gamma). Stimulation was delivered in ascending order (from
lowest to highest frequency) in three animals and was delivered
in randomized order in the other three animals. There were
no significant effects of testing order on measures of power or
coherence. Each frequency of stimulation was delivered at an
intensity of 500, 750, and 1000 LA resulting in three trials at
each stimulation frequency (two trials at each intensity were

obtained in one animal; Table 1). Following recordings, animals
were euthanized with an intravenous overdose of urethane.

Signal Processing and Analysis

Recordings were imported into MATLAB (Mathworks, Natick,
MA, United States) for analysis. Signals were filtered using the
function filtfilt, with a FIR equiripple low-pass at 250 Hz. Power
spectral density analyses (short-time Fourier transform) were
conducted using the spectrogram function with windows of 512
samples (0.5 s) and a 50% overlap. This resulted in good temporal
resolution (0.25 s), allowing slow components of the signal to
be quantified. Spectrograms were constructed to represent the
frequency content of the signal as a function of time.

For coherence analysis, the filtered signals were divided into
epochs of 2 s. The magnitude-squared coherence, which indicates
how closely related two signals (x and y) are in power across
frequencies and the consistency of the phase relationship between
the two signals at each frequency, was computed for each
electrode pair using the mscohere function:

[Pyy(f) 12
Cy = —u
D= b Py ()

where Pxx(f) and Pyy(f) are the power spectral densities of x and
y, and Pxy(f) is the cross power spectral density.

Each bipolar recording electrode provided two monopolar
channels and one differential recording channel for each
recording site (RCb, RfrA, and LFrA). One channel was chosen
for analysis for each recording site. The differential bipolar
recordings were chosen when possible, but the largest amplitude
monopolar recording channel was used when similarity of the
monopolar channels resulted in very low power in bipolar
recordings. Coherence was calculated between RCb-LfrA (contra
Cb-FrA), RCb-RfrA (ipsi Cb-FrA), and LfrA-RfrA (FrA-FrA),
using the selected channels.

Power and coherence values were integrated within each
frequency band: delta (A, 0.01-3 Hz), theta (6, 3-8 Hz), alpha
(o, 8-15 Hz), beta (B, 15-30 Hz), low gamma (low vy, 30-55 Hz),
high gamma (65-80 Hz), and fast (80-200 Hz), and normalized
by dividing by the number of frequency bins within each band.
Frequencies between 55 and 65 Hz were left out to eliminate
60 Hz noise. Spectrograms and coherograms were inspected to
assess the time-course of changes following stimulation, and
power and coherence values were averaged across periods of
6 s. This resulted in five pre-stimulation periods (30 s period),
4 post-stimulation periods for single-pulse stimulation, and 8
post-stimulation periods for all other conditions. The relative
changes in post-stimulation values of power and coherence were
calculated from the mean pre-stimulation values for each period.

Neocortical activity at ~1°Hz (delta) is associated with the
slow-wave state under urethane anesthesia, and low-amplitude
faster cortical oscillations are present during the activated state
(Clement et al., 2008). To address the impact of the state-changes
during anesthesia, we divided the trials into either the slow-
wave state (Stage 1) or the activated state (Stage 2) based on the
amount of power in the delta band in cortical channels during
the pre-stimulation period. The z-scores of cortical power in the

Frontiers in Systems Neuroscience | www.frontiersin.org

October 2019 | Volume 13 | Article 60


https://www.frontiersin.org/journals/systems-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/systems-neuroscience#articles

Tremblay et al. Cerebello-Cerebral Rhythmic Entrainment

Anesthesia
Surgery
Euthanasia

Stim1 Stim2 Stim3 Stim4 Stim5

Baseline

2 min 2 min 2 min 2 min 2 min

x3 x3 x3 x3 x3

2 min

FIGURE 1 | Schematic diagram of the location of stimulation and recording sites, and the experimental timeline. (A) Recording sites in the right cerebellum and the
left and right frontal association area are represented by black dots, and the stimulation site in the cerebellar vermis is indicated by a red dot. Arrows represent
coherence between sites. (B) After anesthetizing the animal, electrodes were inserted stereotaxically during surgery, and a baseline period of 2 min was recorded.
There was also a baseline period of 30 s (blue) at the start of each 2 min trial. The duration of the stimulation depended on stimulation frequency and varied from 1 to
60 s (dark blue = 60 s, pink = 30's, green = 10 s, orange = 2 s, dashed line = 1 s). Three trials were conducted for each of the five stimulation frequencies, and the

animal was euthanized following recordings.

TABLE 1 | Recording sites, number of trials per stimulation pattern and order of
stimulation pattern delivery for each animal.

Rat Recording sites # trials/stim type Order of stim delivery
1 RCb, RFrA 3 Low to high frequency
2 RCb, RFrA 3 Low to high frequency
3 RCb, LFrA 3 Low to high frequency
4 RCb, LFrA, RFrA 3 Randomized

5 RCb, LFrA, RFrA 6 Randomized

6 RCb, LFrA, RFrA 3 Randomized

delta band for all trials were plotted on a histogram (Figure 2A)
and trials above the 60th percentile were classified as slow-wave,
and trials below the 50th percentile were classified as activated
state. Trials between the 50th and the 60th percentiles were
considered as being in transition and were excluded from the
stage analysis (see example in Figure 2B). The two subgroups
of trials formed for each animal were used to determine if the
stage of anesthesia has an impact on frequency-dependent effects
of stimulation. Effects of stimulation did not typically outlast the
2 min trial duration, and this state-dependent analysis ensured
that only trials representative of the slow-wave or activated state
were included in the respective analyses.

Statistical Analysis

Repeated-measures ANOVAs were conducted using Tibco
Statistica (Dell Software, Round Rock, TX, United States).
Stimulation intensity had no significant effect on power [one
rat in which 2 trials per intensity per stimulation frequency
were obtained: F(3288) = 1.92, p = 0.15]. Therefore, trials of
different intensities were grouped together for each stimulation
frequency. The order in which the stimulation patterns were
delivered also had no significant effect on measures of power
[StimOrder: F(1, 230) = 0.31, p = 0.860; Stim by StimOrder
interaction: F(4, 230) = 0.485, p = 0.747] or coherence [StimOrder:
F(1, 211y = 0.008, p = 0.927; Stim by StimOrder interaction:
F4, 211y = 0410, p = 0.802]. The data were therefore
combined together.

For initial analyses, the dependent variables were LFP power
and LFP-LFP coherence, while the independent variable was the
type of stimulation. Repeated measures ANOVAs, with 7 levels
of frequency bands and levels of time (1 Baseline and 4-8 Post
windows, depending on the condition) as repeated measures, and
stimulation type (Stim-SP, Stim-1 Hz, Stim-5 Hz, Stim-25 Hz, and
Stim-50 Hz) and site (RCb, LfrA, RfrA) as categorical factors,
were performed on the relative changes from baseline for LFP
power. A similar analysis was done for coherence but included
the pair of recording sites (contra Cb-FrA, ipsi Cb-FrA, and FrA-
FrA) as a categorical factor. Results were considered statistically
significant if p < 0.05.

To assess state-dependent differences in response to
stimulation, separate repeated-measures ANOVAs for each
stimulation frequency assessed changes in power or coherence
in a given frequency band relative to baseline as a function of
the time window and stage. These analyses were performed
within each recording site for LFP power, and between each
pair of recording sites for coherence (site or comparison type
as categorical factor). Fisher’s post hoc analyses (p < 0.05) were
used to identify which components differed in statistically
significant interactions.

RESULTS

Spontaneous Power and Coherence

Prior to assessing the effects of cerebellar rhythmic stimulation,
spontaneous LFP power within each recording site, and
coherence between each pair of recording sites were evaluated.
Power was typically highest in the delta band in all animals,
consistent with the slow-wave activity reported in urethane-
anesthetized rats (Clement et al., 2008; Frederick et al., 2014).
Baseline power spectra in all sites showed peaks in the delta
band at about 2 Hz. This activity co-occurred with activity
in the beta, low gamma and high gamma bands, which was
superimposed on the slow waves. This higher-frequency activity
was not always clear in power measures but was readily evident
in coherence measures. The example in Figures 3A-C shows
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FIGURE 2 | Discrimination of trials recorded during slow-wave and activated states. (A) Histogram of z-scores of power in the delta band in cortical recordings
during the 30 s baseline period, for all trials. The peak on the right represents greater delta power during the slow-wave state, and the peak on the left represents
lower delta power during the activated state. The area between the red lines was identified as a transition period and corresponds to the median and to the 60th
percentile of the distribution. The trials between the 50th and 60th percentiles were excluded from the stage-based analyses. (B) Example of trials attributed to the
slow-wave or activated states in one animal (rat 5). Power in the delta band is plotted for a monopolar recording in the left frontal association area, and stimulation
frequencies tested during each consecutive trial are indicated on the x-axis. Trials with values within the shaded blue area were excluded from analysis, and trials

above and below the shaded areas were classified as representing the slow-wave, or activated states, respectively. SP, single-pulse.

coherent activity in both delta and low gamma bands between
the left and right FrA.

LFP recordings also showed periods in which delta band
activity was weaker, and there was a more broadband distribution
that sometimes included periods of increased power and
coherence around 8-10 Hz. The example in Figures 3D-F shows
marked coherence in the alpha band (10 Hz) between the
cerebellum and contralateral cortex, consistent with previous
electrophysiological evidence in the cerebellum and neocortex
(O’Connor et al, 2002). These periods when slow-wave
activity subsides to give way to faster activity in neocortical
sites are consistent with the activated state described by
Clement et al. (2008).

Effects of Stimulation

An initial analysis was used to evaluate how LFP power and
coherence were modulated by different frequencies of stimulation
across all recorded trials. The time by stimulation frequency
interaction was significant [Fi¢, 930) = 2.28, p = 0.003], with 50 Hz
stimulation inducing more rapid effects on power, and single-
pulse stimulation inducing more delayed effects. There was also
a trend for a stimulation type by site interaction [F(g, 245) = 1.84,
p = 0.071], with the cerebellar site differing from cortical sites in
the responses to stimulation frequencies, and a significant time
by site interaction [Fg 9g0) = 2.44, p = 0.013] due to earlier
responses of the cerebellar recording to stimulation compared to
the two cortical sites. No main effects or interactions were seen
for coherence in this overall analysis.

Stage-Dependent Effects of Stimulation

The initial analysis indicated that vermal stimulation had
frequency-dependent effects on LFP activity in both cerebellum
and cortical sites, but baseline LFP activity differed markedly
between the slow-wave state and the activated states. We

therefore separated trials between the slow-wave (Stage 1) and
activated (Stage 2) states and conducted ANOVAs to evaluate
specific effects of stimulation frequency during each stage, on LFP
and coherence measures in specific sites for each frequency band.

Overall, the stimulation patterns affected power to a greater
extent than coherence. Stimulation at 1 Hz had larger effects
when delivered during the slow-wave state (Stage 1), while
single-pulse, 25 and 50 Hz stimulation had stronger effects in
the activated state (Stage 2). Figure 4 indicates maximal post-
stimulus changes in power in each frequency band induced by
each stimulation frequency for all sites; the left panels show power
changes during slow-wave activity, and those on the right show
changes during the activated state. Relative % change for the
different stimulation patterns, in numerical values, are given in
the Supplementary Material.

Single-Pulse Stimulation

Single-pulse stimulation (slow-wave: n = 10 trials from 4 rats;
activated state: n = 8 trials from 3 rats) had several effects on
power in cerebellar and cortical sites, but no significant effect
on cerebello-cortical or cortico-cortical coherence. In general,
single-pulse stimulation had a more robust effect on LFP power
when delivered in the activated state (Stage 2). Single-pulse
stimulation in Stage 2 resulted in increases in power in the A and
0 bands in the cerebellum, and in a broader range of frequency
bands in cortical sites (up to low y in the LFrA and up to high y
in the RFrA). On the other hand, single-pulse stimulation during
Stage 1 activity resulted in mixed effects on power in all sites.
Maximal changes in power ranged between 5 and 15% from
baseline (see Figure 4, Stim-SP).

Statistical comparisons showed main effects of Stage in A
[F(l’ 39y = 11.21, p = 0.002], 6 [F(l’ 39) = 6.65, p = 0.014], and
B [F(1, 39) = 5.04, p = 0.031], with Stage 2 being affected to a
greater extent in all cases. During Stage 1, A was reduced in the
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cerebellum and in the RFrA, but during Stage 2, A power was
increased in all sites. The main effect of stage in 6 and B, was also
due to increases in power during Stage 2, especially for the RFrA.
Single pulse stimulation therefore induced the greatest increases
in cortical power when delivered in the activated state, in a wide
range of frequencies (Figures 4D,F). There was also a main effect
of site in A [F(z’ 39) = 3.87, p = 0.029], 0 [F(z’ 39) = 4.80,
p = 0.014], and B [F(o39) = 3.75, p = 0.032], with the RFrA
showing the greatest changes. Overall, there were more increases
in power in the RFrA following single-pulse stimulation, and
those increases were mainly in the activated state.

1 Hz Stimulation

Stimulation at 1 Hz had a much stronger effect on power during
the slow-wave state than during the activated state. There were
several changes in power in all sites in Stage 1 but very few in
Stage 2 (Figure 4, Stim-1 Hz). We did not find any main effects
or interactions in the ANOVA for coherence.

1 Hz stimulation during Stage 1 increased power in the RCb in
the o and P bands, but decreased RCb 6 power in Stage 2. In Stage
1, there were decreases in 6, o, f and high y in the LFrA. In the
RFrA, power in slow frequencies (A, 6, a, and p) decreased, while

power in faster frequencies (low vy, high vy, and Fast) increased
(Figure 4C). These changes ranged between 33% decreases (in
A) and 15% increases (low y). Figure 5 shows example LFP traces
and power spectra of 1 Hz stimulation trials in the slow-wave state
(Figures 5A,C), examples in the activated state (Figures 5B,D),
and the mean percent changes in power relative to baseline in
the delta (Figure 5E) and low gamma bands (Figure 5F) for
the group of rats (slow-wave: n = 7 trials from 4 rats; activated
state: n = 14 trials from 6 rats). These state-dependent effects
on power were supported by statistically significant Stage by site
interactions in the A band, with the RFrA showing a reduction
during Stage 1 [F(2, 45) = 5.31, p = 0.009], and in the 6 band,
with reductions in the R and LFrA during Stage 1 [F(2, 45) = 3.52,
p =0.038]. Overall, the RFrA showed the greatest change between
stages. This implies that 1 Hz stimulation during the slow-wave
state can shift LFP activity to higher frequencies, decreasing
0-30 Hz activity while increasing activity in the 30-200 Hz range.

5 Hz Stimulation

5 Hz stimulation (slow-wave: n = 8 trials from 3 rats; activated
state: n = 8 trials from 4 rats) led to marked changes in power
during both Stage 1 and Stage 2, but there were no main effects
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FIGURE 4 | Overall effects of the various stimulation types on power across the different frequency bands, by site. Maximal increases and decreases in mean power
within each frequency band induced by stimulation of the cerebellar vermis are summarized here for the different frequencies of stimulation. Panels on the left show
changes in mean power relative to the pre-stimulus baseline in the trials when stimulation was delivered during the slow-wave state, and panels on the right show
changes in power induced during the activated state. The magnitude of relative changes in power from baseline in percent are represented by the color scales at the
right of each panel; white indicates no significant change. Results are shown for the power of LFP activity in the right cerebellum (RCb; A,B), right frontal association
area (RFrA; C,D), and left frontal association area (LFrA; E,F). Note the different patterns of changes in power induced by cerebellar stimulation that were dependent
upon the presence of either the slow-wave or the activated state. SP, single-pulse; A, delta; 6, theta; «, alpha; B, beta; y, gamma.
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of stimulation or interactions for the coherence measures. In
Stage 1, stimulation at 5 Hz led mainly to decreases in power,
especially in high frequency bands (8, low v, high y, and Fast
for cortical sites; high y, and Fast for the RCb). During Stage
2, there were both increases and decreases in power at different
recordings sites distributed across all frequency bands (Figure 4,
Stim-5 Hz). There was a main effect of time for the low y band
[F(s, 288) = 2.47, p = 0.013], due to a more pronounced drop
in power at Post4, indicating a strong decrease in 30-55 Hz
oscillatory power about 25 s post-stimulus. There also was a Stage
by time interaction for § [F(s, 288) = 2.12, p = 0.034] with greater
power during Stage 2 than during Stage 1 at all delays except
Post3; Stage 2 had an increase in p power while Stage 1 had a
decrease. Overall, stimulation at 5 Hz decreased high frequency
(15-200 Hz) power in cortical sites during slow-wave activity.

25 Hz Stimulation
Stimulation at 25 Hz induced greater effects on power and
coherence during the activated state. During Stage 2, there were

large increases in the A band in all sites (66% in the RFrA, 13% in
the LFrA, and 41% in the RCb). Power also increased in 6 in the
LFrA andin 6, o, B, and low y in the RFrA. In Stage 1, stimulation
at 25 Hz decreased cortical power in high frequency bands (LFrA:
30-200 Hz; RFrA: 15-200 Hz). 25 Hz stimulation therefore had
strong, state-dependent effects on LFP activity in cortical sites,
with an increase of lower frequency activity in the activated state
and a decreased activity in faster bands in the slow-wave state
(Figures 4C-F, Stim-25 Hz). These state-dependent effects of
25 Hz stimulation are illustrated in Figure 6 where example
LFP traces and power spectra in both stages (Figures 6A-D),
and the mean percent changes in power relative to baseline in
the delta (Figure 6E), theta (Figure 6F), and low gamma bands
(Figure 6G), for the group of rats (slow-wave: n = 7 trials from 4
rats; activated state: n = 7 trials from 5 rats), are shown.
State-dependent effects of 25 Hz stimulation were reflected by
main effects of Stage in A [F(1, 30) = 13.81, p = 0.001], 0 [F(q,
30) = 10.78, p = 0.003], B [F(1. 30) = 5.96, p = 0.021], and Fast
[F(1, 30) = 5.56, p = 0.025], with Stage 2 being higher in all cases.
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occurred only during the slow-wave state (blue lines) in the RFrA.
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FIGURE 5 | Stimulation at 1 Hz for 30 s during the slow-wave state decreases delta activity and increases low gamma activity in the right frontal association area
(RFrA). (A,C) Examples are shown in which 1 Hz stimulation (during the period between the vertical red dashed lines) was followed by either greatly reduced
slow-wave activity (A, rat 2), or a more moderate reduction in slow-wave activity (C, rat 6). Power spectra show corresponding reductions in power in the delta band
from pre-stimulation (Pre-stim, black line) to post-stimulation (Post-stim, green line). (B,D) During the activated state, 1 Hz stimulation did not significantly affect
power in the delta band in the RFrA. Examples of LFP traces in the RFrA and corresponding power spectra are shown for two animals (B, rat 2; D, rat 4) in which
there were minimal changes post-stimulation. (E,F) The mean percent changes in power relative to baseline are shown for the group of animals (slow-wave: n = 7
trials from 4 rats; activated state: n = 14 trials from 6 rats) for the delta band (E) and for the low gamma band (F) for all three recording sites. Results are shown for
the eight 6 s time windows following stimulation (Post1-Post8). The reduction in power in the delta band, and the increase in power in the low gamma band
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A Stage by time interaction in A [F(g, 240) = 2.21, p = 0.028], with
greater increases in power during Stage 2 at multiple time points
(Post3-6), also indicates the sensitivity of the activated state to
25 Hz stimulation. There was a main effect of time in p [Fs,
240) = 244, p = 0.015], low y [F(s’ 240) = 1.98,p = 0.049], high Y
[F(g, 240) = 3.68,p = 0.001], and Fast [F(g, 240) = 4.33,p = 0.00007]
frequency bands with mostly decreases post-stimulus, meaning
that there was a general decrease in high frequency power after
stimulation. A time by site interaction in A [F(16, 240) = 2.33,
p = 0.003] was also present, with the cerebellar site showing an
early increase, and the RFrA showing a later increase.

Analysis of changes in coherence following 25 Hz stimulation
showed a main effect of Stage in B [F(1, 24) = 6.61, p = 0.017],
with greater increases in coherence during Stage 2. We also found
a Stage by Comparison effect in B [F(3, 24) = 4.84, p = 0.017]

in which the contra Cb-FrA comparison showed the greatest
difference between Stages. 25 Hz stimulation therefore induced
larger increases in coherence in the activated state, especially in
the contra Cb-FrA comparison where coherence was increased
during Stage 2 and decreased during Stage 1. This shows that
25 Hz stimulation can entrain and synchronize activity in the
B band in cerebello-cortical networks when delivered in the
activated state.

50 Hz Stimulation

Overall, stimulation at 50 Hz (slow-wave: n = 9 trials from 4 rats;
activated state: n = 9 trials from 5 rats) had a greater effect on
power during the activated state. Once again, more effects were
noted for power than for coherence. There were increases in A
power in all sites in Stage 2 and a large increase in the RCb (80%)
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FIGURE 6 | In cortical sites, stimulation at 25 Hz for 2 s increases power in low frequency bands in the activated state and decreases low gamma activity in the
slow-wave state. (A,C) During the slow-wave state, representative examples of local field potential (LFP) traces and power spectra in the right frontal association
area (RFrA) (A) and LFrA (C) showing no marked changes in response to 25 Hz stimulation (vertical red dashed line; rat 5) as clear peaks in the power spectrum at
high frequencies were rarely visible. (B,D) During the activated state, LFP traces and power spectra in the RFrA (B) and LFrA (D) showed increased power in the
delta band following stimulation (Post-stim, green line) compared to pre-stimulation (black line; rat 4). (E-G) The mean percent changes in power in cortical sites
relative to baseline are shown for the group of animals (slow-wave: n = 7 trials from 4 rats; activated state: n = 7 trials from 5 rats) for the delta band (E), theta band
(F), and low gamma band (G). Results are shown for the eight 6 s time windows following stimulation (Post1-Post8). Increases in power in the delta and theta bands
occurred in the activated state (red line), while reductions in power in the low gamma band were more reliable in the slow-wave state (blue line).

in Stage 1. Power also increased in a, , and high y in the LFrA
in Stage 1, while it decreased in the 3-30 Hz range in Stage 2
(Figure 4, Stim-50 Hz).

There was a main effect of Stage in A [F(1, 36) = 6.47,
p = 0.015] with increases in power being greater in Stage 2,
suggesting that the activated state was the most responsive within
the 0-3 Hz range. A significant Stage by time interaction in A
[Fs, 288) = 2.11, p = 0.035] showed that power increased at Post1
in both stages, but then decreased slightly below baseline in Stage
1 while remaining elevated in Stage 2. There was also a time by
site interaction in A [F(16, 288) = 2.06, p = 0.010], indicating
the cerebellar site was affected earlier and more strongly by the
stimulation. We also saw a Stage by site interaction for low y [F (2,
36) = 4.18, p = 0.023], in which the power in the cerebellum was
also affected more strongly than cortical sites. This implies that

the effects 50 Hz stimulation differed the most as a function of
stage in the cerebellar site.

Analysis of coherence showed that there was a main effect of
time in high y [F(s, 248) = 2.49, p = 0.013], with an early increase,
followed by a slight decrease in coherence. When exploring
specific Stage by site by frequency interactions for high vy, it was
found that ipsi Cb-FrA and FrA-FrA coherence increased and
contra Cb-FrA coherence decreased following 50 Hz stimulation.

DISCUSSION

The cerebellum is thought to play an important role in
cognitive function through its interactions with the prefrontal
cortex (Hoppenbrouwers et al., 2008; Stricketal.,2009;
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Bostan et al., 2013). Both slow and fast oscillatory rhythms
are thought to coordinate interactions between the cerebellum
and cortical sites (O’Connor et al., 2002; Courtemanche and
Lamarre, 2005; Ros et al, 2009; Courtemanche et al., 2013;
Popa et al, 2013; Chen et al,, 2016), and rhythmic cerebellar
stimulation has been used as a therapeutic intervention in
some disorders (Schutter et al., 2003; Schutter and van Honk,
2006, 2009; Demirtas-Tatlidede et al., 2010). The present study
has examined the effects of cerebellar vermal stimulation at
various rhythms on the entrainment of cerebellar and cortical
LFPs under urethane anesthesia. Our results show that there
are frequency-specific effects of cerebellar stimulation on both
cerebellar and cerebral cortical LFP spectral properties, and that
cerebellar stimulation at high frequencies (25 and 50 Hz) can
also promote coherence in this cerebello-cortical network. Our
findings also indicate that the effects of vermal stimulation are
highly dependent upon the initial state of the networks, and that
markedly different patterns of results were obtained, particularly
for cortical sites, when stimulation was applied during the
slow-wave versus the activated state.

Cerebellar vermal stimulation during either the slow-wave
state or activated state produced different effects on cerebellar
hemispheric LFPs. Single-pulse and 50 Hz stimulation led to
opposite changes in LFP power when delivered during the slow-
wave state as opposed to the activated state (Figures 4A,B).
For this site, stimulation at a low rate would produce variable
effects on the slower frequency bands; at higher rates, the effect
was mostly to decrease the power at low gamma frequency and
higher. This effect was clear for the 5, 25, and 50 Hz stimulations,
and was most potent during slow-wave activity. There was also
an effect of the 25 and 50 Hz stimulation in increasing power
in the delta band.

Stimulation of the vermis induced markedly different effects
on the prefrontal cortex LFPs depending on the initial state. In
the slow-wave state, 5 and 25 Hz stimulation induced a strong
decrease in power in the beta to Fast frequency bands in both the
right and left FrA. Stimulation at 1 Hz during the slow-wave state
also had a strong effect: delta-to-beta activity decreased, while
the low gamma-to-fast activity increased in the right FrA. In the
activated state, however, stimulation using single pulses, and at 5,
25, and 50 Hz resulted in an overall increase in power across the
delta-to-beta bands.

State-Dependent Effects of Stimulation

One of the main findings in our study is that the effects of
stimulation were influenced by the stage of urethane anesthesia
(Clement et al., 2008). This highlights the importance of
the initial oscillatory state in determining the susceptibility
of target structures for changes in LFP oscillations and
entrainment within different frequency bands. Previous
research investigating the effects of vermal stimulation on
frontal oscillations in humans, cats, and rodents showed
that low frequency stimulation mainly affects slow activity,
while stimulating at higher frequencies increased activity in
faster bands (Steriade, 1995; Schutter et al., 2003; Schutter
and van Honk, 2006; Parker et al, 2017). Experiments
reported here used various stimulation frequencies, and

demonstrated a range of effects that were dependent on baseline
oscillatory state.

Pathways Mediating the Effects of Stimulation
Reciprocal anatomical connections have been well established
between the cerebellum and prefrontal cortex, via cerebello-
thalamo-cortical and cortico-ponto-cerebellar pathways (Kelly
and Strick, 2003; Strick et al., 2009; Watson et al., 2009, 2014;
Buckner et al., 2011; Farzan et al., 2016), but how rhythmic
cerebellar output modulates cortical activity is still an open
question. The stimulation in the cerebellar vermis, in reaching
the prefrontal cortex, likely coursed through the fastigial nucleus
and then to the thalamus (Bostan et al., 2013; Lisberger and
Thach, 2013). Stimulation of Purkinje cells, in the outermost
layer of the cerebellum, leads to changes in the cerebellar
output, which in turn modulates the output of deep cerebellar
nuclei (DCN) (Oulad Ben Taib and Manto, 2013, 2016; Das
et al., 2017). Because inputs from Purkinje cells to the DCN
are inhibitory, increased activation of Purkinje cells with high
frequency stimulation (Maeda et al., 2000b; Hallett, 2007) inhibits
the tonic activity of the DCN. This would in turn decrease
excitation in the thalamus. However, it is also quite possible
that DCN neurons could also show rebound excitation (Buzsaki,
2006). Subsequent activation of extra-cerebellar areas via the
thalamus may thus occur through rebound excitation within the
DCN (Buzsaki, 2006; Hoebeek et al., 2010). This phenomenon
has been reported mainly in thalamic, cortical, and DCN neurons
(Grenier et al., 1998; Buzsaki, 2006; Hoebeek et al., 2010; Boehme
et al, 2011). After the initial inhibition induced by stimulation,
the T-channel is activated causing Ca?™ influx, which leads to
a slow rebound spike. Thus, the initial hyperpolarization of the
fastigial nuclei, induced by electrical stimulation of the vermis,
would lead to a burst of rebound spikes in the DCN up to
100 ms after the hyperpolarization ceases. If these spikes occur
in synchrony and interact with the necessary opposing currents
(mixed cation current, Ij), oscillations could be generated and
would then propagate to thalamocortical pathways (McCormick
and Pape, 1990; Buzsaki, 2006). The emergence of different
oscillatory patterns thus depends not only on the strength and
frequency of the applied stimuli, but also on factors regulating
the intrinsic excitability and rhythmicity of neurons. Indeed, in
this mode, when the effects of stimulation on oscillations rely
on rebound excitation mechanisms (high frequency stimulation),
the initial state of the neuron strongly impacts the effects of
inputs (Buzsaki, 2006). This is in line with the state-dependent
effects of stimulation that we have found here, with stimulation at
high frequencies (25 and 50 Hz) leading to greater changes when
initially in the activated state, and stimulation at 1 Hz inducing
more effects in the slow-wave state.

Low frequency stimulation on the other hand may cause
a decrease in activity of Purkinje cells (Chen et al., 1997),
which would reduce inhibitory input to the fastigial nucleus,
and result in greater excitatory drive to the thalamus. In a study
investigating responses to different types of stimulation, single-
pulse stimulation of the cerebellar cortex (paravermal lobules
VI/VII) increased the chance of spiking for a short period post-
stimulation (after a latency of ~8 ms), but did not alter the firing
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frequency of DCN neurons (Hoebeek et al., 2010). Although the
mechanisms are not fully understood, this effect on spike timing
occurred in the absence of rebound excitation.

In this study, vermal stimulation could entrain cerebello-
cortical networks. However, given the duration of the changes
observed, stimulation was unlikely to have induced long-term
potentiation (LTP). For instance, high frequency stimulation
(100 Hz in bursts of 15 pulses, for a total of 1500 pulses) applied
to the parallel fibers, in the most superficial layer of the cerebellar
cortex, has been shown to induce LTP at synapses between
parallel fibers and Purkinje cells (Jorntell and Ekerot, 2002).
Therefore, although we did not assess induction of LTP in this
study, the number of pulses delivered in our study was likely too
low to lead to lasting plastic changes.

Cortical Effects

Our results show that the effects of stimulation are
state-dependent. Indeed, LFP activity fluctuates in urethane-
anesthetized rats in cyclic alternations that are similar to sleep
stages (Clement et al., 2008). When applied in the slow-wave
state, the faster (5, 25, and 50 Hz) stimulations produced a
noticeable decrease in cortical power for the faster frequency
bands. In the activated state, the same stimulations produced
an overall increase in power across the slower bands. The bands
most affected were thus markedly different between the two
states. The influence of the initial brain state on the effects
of stimulation has been investigated in humans, in studies
using TMS or direct cortical stimulation, as well as in rats
(Jackson et al., 2008; Alagapan et al., 2016; Connolly et al., 2016;
Silvanto et al., 2017).

The effects of the stimulation at 1 and 25 Hz provide good
examples of this modulation by state. During the slow-wave
state, 1 Hz stimulation would increase power in the 30-200 Hz
range, while decreasing power in the 0-30 Hz band, however,
1 Hz stimulation did not show any effects in cortical sites during
the activated state. The effects produced by 1 Hz stimulation
can be interpreted partially by the mechanism of generation of
slow-wave activity in thalamocortical networks, modulated by
thalamic neuronal activity. Delta activity in the brain, sleeping
and anesthetized, stems from an interaction between thalamic
and cortical oscillators (Steriade, 2003). Optogenetic stimulation
of thalamocortical neurons at 1 Hz triggers their firing of bursts
of action potentials, and is also an optimal frequency for inducing
cortical slow waves; stimulations at 1.5 Hz or higher on the other
hand failed to entrain EEG activity (David et al., 2013). It is
possible that 1 Hz stimulation of the cerebellar cortex in our
recordings disrupted thalamic mechanisms that mediate delta
activity, in a manner specific to the slow-wave state. This could
decrease activity in the delta range while increasing activity in
faster frequency bands. Optogenetic stimulation of cerebellar
projections at 2 Hz was also shown to re-establish normal levels
of delta activity in an awake rat model of schizophrenia, which
shows lower delta activity in the medial frontal cortex similar
to observations in schizophrenic patients (Parker et al., 2017).
The threshold stimulation frequency for the cerebellar cortex to
entrain delta activity would likely then be affected by the initial
state in the cerebral cortex. As our results show, the initial state

strongly affects the optimal stimulation pattern for entrainment
at various frequencies.

Conversely, in the slow-wave state, 25 Hz stimulation
produced a decrease of power in a wide range of higher
frequencies (15-200 Hz), while inducing a strong increase
in the 0-55 Hz band in cortical sites during the activated
state. This can be compared to the work of Steriade (1995),
who used 300 Hz stimulation of the fastigial nucleus in
ketamine/xylazine anesthetized cats, and showed an attenuation
of slow rhythms, and an enhancement of 20-40 Hz oscillatory
activity in the frontal cortex. We did not find this strong
effect of high-frequency stimulation in decreasing slow-wave
activity in our recordings, but we did find an increase in
beta/gamma power following 25 Hz stimulation in the activated
state. In addition, using stimulation at 100-200 Hz of the
brachium conjunctivum (i.e., afferents to the thalamus from
the cerebellar nuclei), the same team (Timofeev and Steriade,
1997) found an activation of the cat EEG at 30-100 Hz during
ketamine/xylazine anesthesia. Again, we found a similar increase
in power in these bands only during 25 Hz stimulation in
the activated state. Differences in these results could be due
in part to the type of anesthetic used, or to the different
axon conduction speed and synaptic delays characteristic of
different species (Buzsdki et al., 2013). Differences could also be
due to the much higher stimulation frequencies used in those
studies (Steriade, 1995; Timofeev and Steriade, 1997). In the
rat, in order to increase motor cortical excitability, stimulation
of the lateral cerebellar nucleus at different frequencies showed
a greater facilitation at 30 Hz, similar to our effects at
25 Hz in the activated state (Baker et al, 2010). Similarly,
stimulation of the same nucleus at 30-50 Hz increased
contralateral cortical excitability, measured as motor evoked
potentials, in a rat model of stroke (Park et al, 2015). It
would be interesting to monitor the oscillatory state differences
prior to stimulation in these awake animals, as it could
have played a role in the optimal responsivity to stimulation.
Overall, it does appear that prefrontal cortex networks can
generate and resonate with beta and gamma rhythms and that
activity in these bands can be modulated by cerebellar output
(Sherfey et al., 2018).

Cerebellar Effects and Minimal Effects on
Cerebello-Cortical Coherence

We assessed here whether different frequencies of patterned
stimulation can entrain cerebellar frequency-specific patterns
that have been previously described (Courtemanche et al,
2013). In the slow-wave state, stimulation at 1 and 50 Hz
produced more effects on cerebellar oscillatory activity. These
stimulation frequencies caused an augmentation of 8-30 Hz
power, which corresponds to the range of oscillatory activity
in the granule cell layer (GCL) of the cerebellum, and this
effect could have been mediated directly, or through pathways
projecting to the GCL such as the parallel fibers. In addition,
stimulation at 50 Hz also caused a strong increase in delta
power, which could be due in part by the brief nature of this
stimulation train, which may have activated multiple cerebellar
units in-phase, likely through parallel fibers, especially if the
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stimulation was timed with the ascending phase or peak of a
slow rhythm. In the activated state, effects within the 8-30 Hz
range were mostly absent, but stimulations at 25 and 50 Hz
had strong effects on the 0-8 Hz activity in the cerebellum.
This could be again due to a phasic increase in excitation
timed with a slow cerebellar rhythm. The 5 Hz stimulation
also increased power in the theta band, potentially affecting a
theta-related oscillatory pattern already present in the cerebellum
(Courtemanche et al., 2013).

Our results showed significant effects of stimulation mainly
for measures of power across frequency bands, and less so
for coherence measures. Synchronized activity between the
cerebellum and cortex has been observed in a variety of
contexts. Coherent activity in the alpha and beta frequency
ranges occurs in the cerebellum and sensorimotor cortex
during actions requiring somatosensory monitoring (O’Connor
et al., 2002; Courtemanche and Lamarre, 2005). Functionally
as well, synchronization of LFPs between the medial prefrontal
cortex and the cerebellum at 5-12 Hz has been linked
with adaptive performance in eyeblink conditioning during
the early stages of learning (Chen et al., 2016). Multiple
brain regions, including the amygdala, hippocampus, medial
prefrontal cortex, and cerebellum must coordinate to acquire
a variety of learned responses, such as the conditioned
eyelid response in the eyeblink conditioning paradigm (Lee
and Kim, 2004). Coherent activity between the cerebellum
and prefrontal cortex across a variety of bands may thus
contribute to acquiring appropriate behaviors through associative
learning and during performance. There are other clear
indications that the cerebellum is important in cortical
synchronization (Courtemanche et al., 2013). The functional
role of the cerebellum in gamma-band coherence between
areas of the cerebral cortex has been demonstrated in rats;
inactivating the cerebellum with a muscimol injection disrupted
cortical coherence in gamma between the sensory and motor
cortices, potentially interrupting transmission of sensorimotor
information between these areas (Popa et al., 2013). Finally,
a recent study also showed Purkinje cell simple spike timing
is related to coherent cerebral cortical oscillatory activity
(McAfee et al., 2019).

Why did we not find clear effects on coherence? An
obvious first consideration is the anesthetic state. The anesthetic
state carries with it clearly different patterns of large-scale
oscillations and coherence than the awake state (Steriade, 2003),
but urethane anesthesia has been shown to be permissive to
network oscillations (Maggi and Meli, 1986; Clement et al,
2008; Frederick et al., 2014; Robinson et al., 2017). Coherent
activity in our preparation was abundant (see Figure 3), and
the coherent slow-wave state represented a majority of the
total duration of our recordings (e.g., see Figure 2). Ros et al.
(2009) have shown that the cerebellum can generate slow
oscillations that are synchronized with those of the neocortex,
and that neocortical oscillations drive cerebellar rhythms. The
strong slow-wave state throughout the recordings may have
hindered our capacity to detect coherence effects. The state
of the network in this study was likely similar to a resting-
state condition, first described in idling states and during early

stages of sleep in fMRI studies, but also in the anesthetized
state in humans, monkeys, and rodents (Lu et al., 2007; Raichle,
2015). It is thus quite possible that during anesthesia, as in
sleep, large-scale coherent slow-wave mechanisms protect the
cortical circuits from outside disturbance via the thalamocortical
circuit isolation properties (Steriade, 2003), and that this may
reduce effects of stimulation on coherence. It is possible
that over our particular anesthesia modes, coherent activity
between sites acts as a filtering mechanism to suppress external
inputs, as happens during functional inhibition to optimize
performance (Courtemanche et al., 2003; Jensen and Mazaheri,
2010). Another consideration is that the placement of our frontal
lobe recording electrodes and/or our cerebellar stimulation
electrodes was perhaps not optimal to evaluate between-site
synchrony. The methodological approach of evaluating the
location of cerebral cortical best response to stimulation through
evoked potentials could help determine an optimal electrode
alignment (Watson et al., 2009, 2014) and might further help in
finding coherent sites.

Effects of Cerebellar Stimulation on
Frontal Cortical Networks

Cerebro-cerebellar loops involving prefrontal cortical areas have
received increased attention over the last few decades. The
initial explorations concerned cerebro-cerebellar relationships
in sensorimotor circuits (Allen and Tsukahara, 1974; Sasaki,
1979; Bloedel and Courville, 1981; Morissette and Bower, 1996;
Courtemanche and Lamarre, 2005). In parallel, the identification
of cognitive roles for the cerebellum was being progressively
characterized through neuropsychological testing and studies
in patients (Leiner et al., 1991; Akshoomoft and Courchesne,
1992; Courchesne et al., 1994; Akshoomoft et al., 1997; Mangels
et al, 1998). Advances in brain imaging also indicated a
cerebellar role in cognition (Roland, 1993; Allen et al., 1997,
2005; Schmahmann, 1997; Allen and Courchesne, 2003; Buckner,
2013; Schmahmann, 2019). Anatomical reports showed precise
functional connections between the cerebellum and prefrontal
cortex in the primate (Schmahmann and Pandya, 1997a,b;
Kelly and Strick, 2003) which could mediate cerebro-cerebellar
loops involved in cognitive operations. The cerebello-cerebral
connectivity displays multiple parallel loops mediating processes
related to sensation, movement, and thought (Middleton and
Strick, 2000; Strick et al., 2009; Bostan et al., 2013; Bostan and
Strick, 2018). Even though the nature of the prefrontal cortex
in rodents is the object of some debate, multiple cognitive
and executive functions are performed by prefrontal cortex
or similar regions in rats (Kolb, 1984; Uylings et al., 2003;
Dalley et al., 2004; Kesner and Churchwell, 2011; Leonard,
2016). Cerebello-prefrontal cortex connectivity has also been
confirmed using physiological and anatomical measures (Suzuki
et al,, 2012), and has been explored electrophysiologically, by
evaluating cerebellar evoked potential and cellular responses
obtained through medial prefrontal cortical stimulation, as well
as through measures of prefrontal cortex neurophysiological
activity following fastigial nucleus stimulation (Watson et al.,
2009; Watson et al.,, 2014). In addition, related to the results
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presented here, Watson et al. (2014) found a cerebello-cerebral
directed coherence pattern in the theta range that was prominent
during active locomotion, showing that these connections could
support cerebello-cerebral communication. Our current study
has contributed to understanding how different frequencies of
cerebellar oscillations modulate oscillations and coherent activity
within cerebello-cortical networks (Courtemanche et al., 2013).

The effects of cerebellar stimulation on the activity of
cerebello-prefrontal loops remains largely unexplored in the rat,
in which the underlying neuronal pathways and mechanisms
can be assessed. Our findings show that even under anesthesia,
cerebello-cortical network interactions can be modulated
through cerebellar stimulation. A multi-site multi-electrode
approach could enhance the fine-grained mapping through
evoked responses and/or unit activity to study the spatio-
temporal properties of cerebello-cortical connectivity. Such
an approach would also allow changes in evoked synaptic
responses to be monitored in association with ongoing EEG
rhythms and state (Ozen et al, 2010; Marquez-Ruiz et al,
2014), to provide some insight into the strength of synaptic
pathways during oscillations (Timofeev et al., 1996; Rosanova
and Timofeev, 2005). Future studies could also investigate
the effects of cerebellar stimulation in awake animals, during
behavior or rest. These would require the study of oscillatory
and synchronous networks at smaller timescales, with analytical
methods able to follow fast changes in network configuration,
such as phase synchrony analysis (Lachaux et al., 1999). The
initial oscillatory or activation state can be expected to strongly
impact the effects of stimulation. In the activated state, the
cerebellar stimulation with single-pulses, as well as with repeated
pulses at 25 Hz, was optimal in generating increased delta-
gamma band activity, which could correspond to an analog
of cortical cross-frequency entrainment (Helfrich et al.,, 2014,
2016). It would also be interesting to test the physiological
effects of cross-frequency coupled nested rhythms in the awake-
behaving animal. As the cerebellum contributes to higher-order
functions, understanding how cerebello-cerebral loops operate
and respond to stimulation is essential in uncovering the
underlying physiology, but also in developing new methods to
address numerous disorders.

REFERENCES

Akgoren, N., Dalgaard, P., and Lauritzen, M. (1996). Cerebral blood flow
increases evoked by electrical stimulation of rat cerebellar cortex: relation
to excitatory synaptic activity and nitric oxide synthesis. Brain Res. 710,
204-214.

Akshoomoff, N. A., and Courchesne, E. (1992). A new role for the cerebellum in
cognitive operations. Behav. Neurosci. 106, 731-738.

Akshoomoff, N. A., Courchesne, E., and Townsend, J. (1997). Attention
coordination and anticipatory control. Int. Rev. Neurobiol. 41, 575-598.

Alagapan, S., Schmidt, S. L., Lefebvre, J., Hadar, E., Shin, H. W., and Frohlich,
F. (2016). Modulation of cortical oscillations by low-frequency direct cortical
stimulation is state-dependent. PLoS Biol. 14:¢1002424. doi: 10.1371/journal.
pbio.1002424

Allen, G., Buxton, R. B., Wong, E. C., and Courchesne, E. (1997). Attentional
activation of the cerebellum independent of motor involvement. Science 275,
1940-1943.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

ETHICS STATEMENT

The animal study was reviewed and approved by Concordia
University Animal Research Ethics Committee.

AUTHOR CONTRIBUTIONS

ST, CC, and RC designed and prepared the experiments, acquired
the data, and wrote the manuscript. ST and RC analyzed the data.

FUNDING

Funding for this study was provided by a grant from the
Concordia VPRGS to RC and CC, and from grants from
the FRQS (Québec) to the Center for Studies in Behavioral
Neurobiology. CC was funded by NSERC. ST received the
William R. Sellers graduate award for this thesis work.

ACKNOWLEDGMENTS

We thank Dr. Thanh Dang-Vu for comments on the design and
data analysis of the study, to Dr. Jennifer Robinson for support in
some experiments, to Ariana Frederick for graphical examples,
and to Marie-Eve Dumas for providing some coding support
in the analysis.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnsys.
2019.00060/full#supplementary-material

Allen, G., and Courchesne, E. (2003). Differential effects of developmental
cerebellar abnormality on cognitive and motor functions in the cerebellum: an
fMRI study of autism. Am. J. Psychiatry 160, 262-273.

Allen, G., McColl, R., Barnard, H., Ringe, W. K., Fleckenstein, J., Cullum,
C. M, et al. (2005). Magnetic resonance imaging of cerebellar-prefrontal and
cerebellar-parietal functional connectivity. Neuroimage 28, 39-48.

Allen, G. L, and Tsukahara, N. (1974). Cerebrocerebellar communication systems.
Physiol. Rev. 54, 957-1006.

Andreasen, N. C., O’Leary, D. S, Cizadlo, T., Arndt, S., Rezai, K,
Ponto, L., et al. (1996). Schizophrenia and cognitive dysmetria: a
positron-emission  tomography study of dysfunctional
thalamic-cerebellar ~ circuitry. Proc.  Natl. Acad.  Sci.
9985-9990.

Andreasen, N. C., and Pierson, R. (2008). The role of the cerebellum in
schizophrenia. Biol. Psychol. 64, 81-88.

Baker, K. B., Schuster, D., Cooperrider, J., and Machado, A. G. (2010). Deep
brain stimulation of the lateral cerebellar nucleus produces frequency-specific

prefrontal-
US.A. 93,

Frontiers in Systems Neuroscience | www.frontiersin.org

October 2019 | Volume 13 | Article 60


https://www.frontiersin.org/articles/10.3389/fnsys.2019.00060/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnsys.2019.00060/full#supplementary-material
https://doi.org/10.1371/journal.pbio.1002424
https://doi.org/10.1371/journal.pbio.1002424
https://www.frontiersin.org/journals/systems-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/systems-neuroscience#articles

Tremblay et al.

Cerebello-Cerebral Rhythmic Entrainment

alterations in motor evoked potentials in the rat in vivo. Exp. Neurol. 226,
259-264. doi: 10.1016/j.expneurol.2010.08.019

Baxter, L. R., Schwartz, J. M., Phelps, M. E., Mazziotta, J. C., Guze, B. H., Selin,
C.E, etal. (1989). Reduction of prefrontal cortex glucose metabolism common
to three types of depression. Arch.Gen.Psychiatry 46:243.

Bloedel, J. R., and Courville, J. (1981). “Cerebellar afferent systems,” in Handbook
of Physiology. Section 1: The Nervous System. Volume II. Motor Control, Part 2,
ed. V. B. Brooks (Bethesda: American Physiological Society), 735-829.

Boehme, R., Uebele, V. N., Renger, J. J., and Pedroarena, C. (2011). Rebound
excitation triggered by synaptic inhibition in cerebellar nuclear neurons is
suppressed by selective T-type calcium channel block. J. Neurophysiol. 106,
2653-2661. doi: 10.1152/jn.00612.2011

Bostan, A. C., Dum, R. P., and Strick, P. L. (2013). Cerebellar networks with the
cerebral cortex and basal ganglia. Trends Cogn. Sci. 17, 241-254. doi: 10.1016/].
tics.2013.03.003

Bostan, A. C., and Strick, P. L. (2018). The basal ganglia and the cerebellum: nodes
in an integrated network. Nat. Rev. Neurosci. 19, 338-350. doi: 10.1038/s41583-
018-0002-7

Buckner, R. L. (2013). The cerebellum and cognitive function: 25 years of insight
from anatomy and neuroimaging. Neuron 80, 807-815. doi: 10.1016/j.neuron.
2013.10.044

Buckner, R. L., Krienen, F. M., Castellanos, A., Diaz, J. C., and Yeo, B. T. T. (2011).
The organization of the human cerebellum estimated by intrinsic functional
connectivity. J. Neurophysiol. 106, 2322-2345. doi: 10.1152/jn.00339.2011

Buzsaki, G. (2006). Rhythms of the Brain. New York, NY: Oxford University Press.

Buzsaki, G., Anastassiou, C. A., and Koch, C. (2012). The origin of extracellular
fields and currents—-EEG, ECoG, LFP and spikes. Nat. Rev. Neurosci. 13, 407-
420. doi: 10.1038/nrn3241

Buzsdki, G., Logothetis, N., and Singer, W. (2013). Scaling brain size, keeping
timing: evolutionary preservation of brain rhythms. Neuron 80, 751-764. doi:
10.1016/j.neuron.2013.10.002

Cerminara, N. L., Lang, E. ], Sillitoe, R. V., and Apps, R. (2015). Redefining the
cerebellar cortex as an assembly of non-uniform Purkinje cell microcircuits.
Nat. Rev. Neurosci. 16, 79-93. doi: 10.1038/nrn3886

Chen, H., Wang, Y.-J,, Yang, L., Sui, J.-F,, Hu, Z.-A., Hu, B,, et al. (2016). Theta
synchronization between medial prefrontal cortex and cerebellum is associated
with adaptive performance of associative learning behavior. Sci. Rep. 6:20960.
doi: 10.1038/srep20960

Chen, R., Classen, J., Gerloff, C., Celnik, P., Wassermann, E., Hallett, M., et al.
(1997). Depression of motor cortex excitability by low-frequency transcranial
magnetic stimulation. Neurology 48, 1398-1403.

Clement, E. A., Richard, A., Thwaites, M., Ailon, J., Peters, S., Dickson, C. T,
etal. (2008). Cyclic and sleep-like spontaneous alternations of brain state under
urethane anaesthesia. PLoS One 3:€2004. doi: 10.1371/journal.pone.0002004

Connolly, M. J., Gross, R. E., and Mahmoudi, B. (2016). The influence of the pre-
stimulation neural state on the post-stimulation neural dynamics via distributed
microstimulation of the hippocampus. Conf. Proc. IEEE Eng. Med. Biol. Soc.
2016, 1810-1813. doi: 10.1109/EMBC.2016.7591070

Courchesne, E., Townsend, J., Akshoomoff, N. A., Saitoh, O., Yeung-Courchesne,
R, Lincoln, A. ], et al. (1994). Impairment in shifting attention in autistic and
cerebellar patients. Behav. Neurosci. 108, 848-865.

Courtemanche, R., Fujii, N., and Graybiel, A. M. (2003). Synchronous, focally
modulated beta-band oscillations characterize local field potential activity in the
striatum of awake behaving monkeys. J. Neurosci. 23, 11741-11752.

Courtemanche, R., and Lamarre, Y. (2005). Local field potential oscillations in
primate cerebellar cortex: synchronization with cerebral cortex during active
and passive expectancy. J. Neurophysiol. 93, 2039-2052.

Courtemanche, R., Robinson, J. C., and Aponte, D. I. (2013). Linking oscillations
in cerebellar circuits. Front. Neural. Circ. 7:125. doi: 10.3389/fncir.2013.00125

Dalley, J. W., Cardinal, R. N., and Robbins, T. W. (2004). Prefrontal executive and
cognitive functions in rodents: neural and neurochemical substrates. Neurosci.
Biobehav. Rev. 28, 771-784.

Das, S., Spoor, M., Sibindi, T. M., Holland, P., Schonewille, M., De Zeeuw, C. L,
et al. (2017). Impairment of long-term plasticity of cerebellar purkinje cells
eliminates the effect of anodal direct current stimulation on vestibulo-ocular
reflex habituation. Front. Neurosci. 11:44. doi: 10.3389/fnins.2017.00444

David, F., Schmiedt, J. T., Taylor, H. L., Orban, G., Di Giovanni, G., Uebele, V. N.,
et al. (2013). Essential thalamic contribution to slow waves of natural sleep.
J. Neurosci. 33, 19599-19610. doi: 10.1523/J]NEUROSCI.3169-13.2013

Demirtas-Tatlidede, A., Freitas, C., Cromer, J. R., Safar, L., Ongur, D., Stone,
W. S., et al. (2010). Safety and proof of principle study of cerebellar vermal
theta burst stimulation in refractory schizophrenia. Schizophr. Res. 124, 91-100.
doi: 10.1016/j.schres.2010.08.015

Dugué, G. P., Brunel, N., Hakim, V., Schwartz, E., Chat, M., Lévesque, M., et al.
(2009). Electrical coupling mediates tunable low-frequency oscillations and
resonance in the cerebellar golgi cell network. Neuron 61, 126-139. doi: 10.
1016/j.neuron.2008.11.028

Engel, A. K,, Fries, P., and Singer, W. (2001). Dynamic predictions: oscillations and
synchrony in top-down processing. Nat. Rev. Neurosci. 2:704.

Farzan, F., Pascual-Leone, A. Schmahmann, J. D., and Halko, M. (2016).
Enhancing the temporal complexity of distributed brain networks with
patterned cerebellar stimulation. Sci. Rep. 6:23599. doi: 10.1038/srep23599

Fatemi, S. H., Aldinger, K. A., Ashwood, P., Bauman, M. L., Blaha, C. D., Blatt, G. J.,
et al. (2012). Consensus paper: pathological role of the cerebellum in autism.
Cerebellum 11, 777-807. doi: 10.1007/s12311-012-0355-9

Frederick, A., Bourget-Murray, J., Chapman, C. A., Amir, S., and Courtemanche,
R. (2014). Diurnal influences on electrophysiological oscillations and coupling
in the dorsal striatum and cerebellar cortex of the anesthetized rat. Front. Syst.
Neurosci. 8:145. doi: 10.3389/fnsys.2014.00145

Fries, P. (2015). Rhythms for cognition: communication through coherence.
Neuron 88, 220-235. doi: 10.1016/j.neuron.2015.09.034

Grenier, F., Timofeev, 1., and Steriade, M. (1998). Leading role of thalamic over
cortical neurons during postinhibitory rebound excitation. Proc. Natl. Acad. Sci.
U.S.A. 95, 13929-13934.

Hallett, M. (2007). Transcranial magnetic stimulation: a primer. Neuron 55, 187—
199.

Helfrich, R. F., Herrmann, C. S., Engel, A. K., and Schneider, T. R. (2016). Different
coupling modes mediate cortical cross-frequency interactions. Neuroimage 140,
76-82. doi: 10.1016/j.neuroimage.2015.11.035

Helfrich, R. F., Schneider, T. R., Rach, S., Trautmann-Lengsfeld, S. A., Engel, A. K.,
and Herrmann, C. S. (2014). Entrainment of brain oscillations by transcranial
alternating current stimulation. Curr. Biol. 24, 333-339. doi: 10.1016/j.cub.2013.
12.041

Hoebeek, F. E., Witter, L., Ruigrok, T. J., and De Zeeuw, C. I. (2010). Differential
olivo-cerebellar cortical control of rebound activity in the cerebellar nuclei.
Proc. Natl. Acad. Sci. U.S.A. 107, 8410-8415. doi: 10.1073/pnas.0907118107

Hoppenbrouwers, S. S., Schutter, D. J. L. G., Fitzgerald, P. B., Chen, R., and
Daskalakis, Z. J. (2008). The role of the cerebellum in the pathophysiology and
treatment of neuropsychiatric disorders: a review. Brain Res. Brain Res. Rev.
59:185. doi: 10.1016/j.brainresrev.2008.07.005

Jackson, J., Dickson, C. T., and Bland, B. H. (2008). Median raphe stimulation
disrupts hippocampal theta via rapid inhibition and state-dependent phase reset
of theta-related neural circuitry. J. Neurophysiol. 99, 3009-3026. doi: 10.1152/jn.
00065.2008

Jensen, O., and Mazaheri, A. (2010). Shaping functional architecture by oscillatory
alpha activity: gating by inhibition. Front. Human Neurosci. 4:186. doi: 10.3389/
fnhum.2010.00186

Jorntell, H., and Ekerot, C.-F. (2002). Reciprocal bidirectional plasticity of parallel
fiber receptive fields in cerebellar Purkinje cells and their afferent interneurons.
Neuron 34, 797-806.

Kelly, R. M., and Strick, P. L. (2003). Cerebellar loops with motor cortex and
prefrontal cortex of a nonhuman primate. J. Neurosci. 23, 8432-8444.

Kesner, R. P., and Churchwell, J. C. (2011). An analysis of rat prefrontal cortex
in mediating executive function. Neurobiol. Learn. Mem. 96, 417-431. doi:
10.1016/j.nlm.2011.07.002

Koenigs, M., and Grafman, J. (2009). The functional neuroanatomy of depression:
distinct roles for ventromedial and dorsolateral prefrontal cortex. Behav. Brain
Res. 201, 239-243. doi: 10.1016/j.bbr.2009.03.004

Kolb, B. (1984). Functions of the frontal cortex of the rat: a comparative review.
Brain Res. 320, 65-98.

Lachaux, J. P., Rodriguez, E., Martinerie, J., and Varela, F. J. (1999). Measuring
phase synchrony in brain signals. Hum. Brain Mapp. 8, 194-208.

Frontiers in Systems Neuroscience | www.frontiersin.org

October 2019 | Volume 13 | Article 60


https://doi.org/10.1016/j.expneurol.2010.08.019
https://doi.org/10.1152/jn.00612.2011
https://doi.org/10.1016/j.tics.2013.03.003
https://doi.org/10.1016/j.tics.2013.03.003
https://doi.org/10.1038/s41583-018-0002-7
https://doi.org/10.1038/s41583-018-0002-7
https://doi.org/10.1016/j.neuron.2013.10.044
https://doi.org/10.1016/j.neuron.2013.10.044
https://doi.org/10.1152/jn.00339.2011
https://doi.org/10.1038/nrn3241
https://doi.org/10.1016/j.neuron.2013.10.002
https://doi.org/10.1016/j.neuron.2013.10.002
https://doi.org/10.1038/nrn3886
https://doi.org/10.1038/srep20960
https://doi.org/10.1371/journal.pone.0002004
https://doi.org/10.1109/EMBC.2016.7591070
https://doi.org/10.3389/fncir.2013.00125
https://doi.org/10.3389/fnins.2017.00444
https://doi.org/10.1523/JNEUROSCI.3169-13.2013
https://doi.org/10.1016/j.schres.2010.08.015
https://doi.org/10.1016/j.neuron.2008.11.028
https://doi.org/10.1016/j.neuron.2008.11.028
https://doi.org/10.1038/srep23599
https://doi.org/10.1007/s12311-012-0355-9
https://doi.org/10.3389/fnsys.2014.00145
https://doi.org/10.1016/j.neuron.2015.09.034
https://doi.org/10.1016/j.neuroimage.2015.11.035
https://doi.org/10.1016/j.cub.2013.12.041
https://doi.org/10.1016/j.cub.2013.12.041
https://doi.org/10.1073/pnas.0907118107
https://doi.org/10.1016/j.brainresrev.2008.07.005
https://doi.org/10.1152/jn.00065.2008
https://doi.org/10.1152/jn.00065.2008
https://doi.org/10.3389/fnhum.2010.00186
https://doi.org/10.3389/fnhum.2010.00186
https://doi.org/10.1016/j.nlm.2011.07.002
https://doi.org/10.1016/j.nlm.2011.07.002
https://doi.org/10.1016/j.bbr.2009.03.004
https://www.frontiersin.org/journals/systems-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/systems-neuroscience#articles

Tremblay et al.

Cerebello-Cerebral Rhythmic Entrainment

Lee, T., and Kim, J. J. (2004). Differential effects of cerebellar, amygdalar, and
hippocampal lesions on classical eyeblink conditioning in rats. J. Neurosci. 24,
3242-3250.

Leiner, H. C,, Leiner, A. L., and Dow, R. S. (1991). The human cerebro-cerebellar
system: its computing, cognitive, and language skills. Behav. Brain Res. 44,
113-128.

Leonard, C. M. (2016). Finding prefrontal cortex in the rat. Brain Res. 1645, 1-3.
doi: 10.1016/j.brainres.2016.02.002

Lisberger, S. G., and Thach, W. T. (2013). “The Cerebellum,” in Principles of Neural
Science, 5th Edn, eds E. R. Kandel, J. H. Schwartz, T. M. Jessell, S. A. Siegelbaum,
and A. J. Hudspeth (New York, NY: McGraw-Hill), 960-981.

Lu, H., Zuo, Y., Gu, H., Waltz, J. A., Zhan, W., Scholl, C. A., et al. (2007).
Synchronized delta oscillations correlate with the resting-state functional MRI
signal. Proc. Natl. Acad. Sci. U.S.A. 104, 18265-18269.

Maeda, F., Keenan, J. P., and Pascual-Leone, A. (2000a). Interhemispheric
asymmetry of motor cortical excitability in major depression as measured by
transcranial magnetic stimulation. Br. J. Psychiatry 177:169.

Maeda, F., Keenan, J. P., Tormos, J. M., Topka, H., and Pascual-Leone, A. (2000b).
Interindividual variability of the modulatory effects of repetitive transcranial
magnetic stimulation on cortical excitability. Exp. Brain Res. 133:425.

Maggi, C. A, and Meli, A. (1986). Suitability of urethane anesthesia for
physiopharmacological investigations in various systems. Part 1: general
considerations. Experientia 42, 109-114.

Mangels, J. A, Ivry, R. B., and Shimizu, N. (1998). Dissociable contributions of
the prefrontal and neocerebellar cortex to time perception. Cogn. Brain Res. 7,
15-39.

Marquez-Ruiz, J., Leal-Campanario, R., Wendling, F., Ruffini, G., Gruart, A.,
Delgado-Garcia, J. M., et al. (2014). “Transcranial electrical stimulation in
animals,” in The Stimulated Brain, ed. R. C. Kadosh (London, UK: Academic
Press), 117-144.

McAfee, S. S., Liu, Y., Sillitoe, R. V., and Heck, D. H. (2019). Cerebellar lobulus
simplex and crus I differentially represent phase and phase difference of
prefrontal cortical and hippocampal oscillations. Cell Rep. 27:2328-2334.e3.
doi: 10.1016/j.celrep.2019.04.085

McCormick, D. A., and Pape, H. C. (1990). Properties of a hyperpolarization-
activated cation current and its role in rhythmic oscillation in thalamic relay
neurones. J. Physiol. 431, 291-318.

Middleton, F. A., and Strick, P. L. (2000). Basal ganglia and cerebellar loops: motor
and cognitive circuits. Brain Res. Brain Res. Rev. 31, 236-250.

Morissette, ., and Bower, J. M. (1996). Contribution of somatosensory cortex to
responses in the rat cerebellar granule cell layer following peripheral tactile
stimulation. Exp. Brain Res. 109, 240-250.

O’Connor, S., Berg, R. W, and Kleinfeld, D. (2002). Coherent electrical activity
between vibrissa sensory areas of cerebellum and neocortex is enhanced during
free whisking. J. Neurophysiol. 87, 2137-2148.

O'Reilly, J. X., Beckmann, C. F., Tomassini, V., Ramnani, N., and Johansen-
Berg, H. (2009). Distinct and overlapping functional zones in the cerebellum
defined by resting state functional connectivity. Cereb. Cortex 20, 953-965.
doi: 10.1093/cercor/bhp157

Oulad Ben Taib, N., and Manto, M. (2013). Trains of epidural DC stimulation
of the cerebellum tune corticomotor excitability. Neural Plast. 2013:613197.
doi: 10.1155/2013/613197

Oulad Ben Taib, N., and Manto, M. (2016). The in vivo reduction of afferent
facilitation induced by low frequency electrical stimulation of the motor cortex
is antagonized by cathodal direct current stimulation of the cerebellum. Cereb.
Ataxias 3:15. doi: 10.1186/s40673-016-0053-3

Ozen, S., Sirota, A., Belluscio, M. A., Anastassiou, C. A., Stark, E., Koch, C., et al.
(2010). Transcranial electric stimulation entrains cortical neuronal populations
in rats. J. Neurosci. 30, 11476-11485. doi: 10.1523/JNEUROSCI.5252-09.
2010

Park, H.-J., Furmaga, H., Cooperrider, J., Gale, J. T., Baker, K. B., Machado,
A. G, et al. (2015). Modulation of cortical motor evoked potential after stroke
during electrical stimulation of the lateral cerebellar nucleus. Brain Stimul. 8,
1043-1048. doi: 10.1016/j.brs.2015.06.020

Parker, K., Kim, Y., Kelley, R., Nessler, A., Chen, K., Muller-Ewald, V., et al.
(2017). Delta-frequency stimulation of cerebellar projections can compensate
for schizophrenia-related medial frontal dysfunction. Mol. Psychiatry 22:647.
doi: 10.1038/mp.2017.50

Popa, D., Spolidoro, M., Proville, R. D., Guyon, N., Belliveau, L., and Léna, C.
(2013). Functional role of the cerebellum in gamma-band synchronization
of the sensory and motor cortices. J. Neurosci. 33, 6552-6556. doi: 10.1523/
JNEUROSCI.5521-12.2013

Raichle, M. E. (2015). The brain’s default mode network. Ann. Rev. Neurosci. 38,
433-447.

Robinson, J. C., Chapman, C. A., and Courtemanche, R. (2017). Gap junction
modulation of low-frequency oscillations in the cerebellar granule cell layer.
Cerebellum 16, 802-811. doi: 10.1007/s12311-017-0858-5

Roland, P. E. (1993). Partition of the human cerebellum in sensory-motor
activities, learning and cognition. Can. J. Neurol. Sci. 20(Suppl. 3),
S75-877.

Ros, H., Sachdev, R. N, Yu, Y., Sestan, N., and McCormick, D. A. (2009).
Neocortical networks entrain neuronal circuits in cerebellar cortex. J. Neurosci.
29, 10309-10320. doi: 10.1523/J]NEUROSCI.2327-09.2009

Rosanova, M., and Timofeev, I. (2005). Neuronal mechanisms mediating the
variability of somatosensory evoked potentials during sleep oscillations in cats.
J. Physiol. 562, 569-582.

Sang, L., Qin, W, Liu, Y., Han, W., Zhang, Y., Jiang, T, et al. (2012). Resting-
state functional connectivity of the vermal and hemispheric subregions of
the cerebellum with both the cerebral cortical networks and subcortical
structures. Neuroimage 61, 1213-1225. doi: 10.1016/j.neuroimage.2012.
04.011

Sasaki, K. (1979). “Cerebro-cerebellar interconnections in cats and monkeys,” in
Cerebro-Cerebellar Interactions, eds J. Massion, and K. Sasaki (Amsterdam:
Elsevier/North-Holland Biomedical Press), 105-124.

Schmahmann, J. D. (1997). The Cerebellum and Cognition - International Review
of Neurobiology. San Diego, CA: Academic Press.

Schmahmann, J. D. (2004). Disorders of the cerebellum: ataxia, dysmetria of
thought, and the cerebellar cognitive affective syndrome. J. Neuropsychiatry
Clin. Neurosci. 16:367.

Schmahmann, J. D. (2019). The cerebellum and cognition. Neurosci. Lett. 688,
62-75. doi: 10.1016/j.neulet.2018.07.005

Schmahmann, J. D., and Pandya, D. N. (1997a). Anatomic organization of
the basilar pontine projections from prefrontal cortices in rhesus monkey.
J. Neurosci. 17, 438-458.

Schmahmann, J. D., and Pandya, D. N. (1997b). The cerebrocerebellar system. Int.
Rev. Neurobiol. 41:31-60.

Schutter, D. J., van Honk, J., d’Alfonso, A. A., Peper, J. S., and Panksepp, J. (2003).
High frequency repetitive transcranial magnetic over the medial cerebellum
induces a shift in the prefrontal electroencephalography gamma spectrum: a
pilot study in humans. Neurosci. Lett. 336, 73-76.

Schutter, D. J. L. G., and van Honk, J. (2006). An electrophysiological link
between the cerebellum, cognition and emotion: frontal theta EEG activity to
single-pulse cerebellar TMS. NeuroImage 33, 1227-1331.

Schutter, D.]. L. G., and van Honk, J. (2009). The cerebellum in emotion regulation:
a repetitive transcranial magnetic stimulation study. Cerebellum 8, 28-34. doi:
10.1007/s12311-008-0056-6

Sherfey, J. S., Ardid, S., Hass, J., Hasselmo, M. E., and Kopell, N. J. (2018).
Flexible resonance in prefrontal networks with strong feedback inhibition. PLoS
Comput. Biol. 14:¢1006357. doi: 10.1371/journal.pcbi.1006357

Silvanto, J., Bona, S., and Cattaneo, Z. (2017). Initial activation state, stimulation
intensity and timing of stimulation interact in producing behavioral
effects of TMS. Neuroscience 363, 134-141. doi: 10.1016/j.neuroscience.2017.
09.002

Steriade, M. (1995). Two channels in the cerebellothalamocortical system. J. Comp.
Neurol. 354, 57-70.

Steriade, M. (2003). Neuronal Substrates of Sleep and Epilepsy. Cambridge:
Cambridge University Press.

Strick, P. L., Dum, R. P, and Fiez, J. A. (2009). Cerebellum and nonmotor function.
Ann. Rev. Neurosci. 32, 413-434.

Suzuki, L., Coulon, P., Sabel-Goedknegt, E. H., and Ruigrok, T. J. (2012).
Organization of cerebral projections to identified cerebellar zones in the
posterior cerebellum of the rat. J. Neurosci. 32, 10854-10869. doi: 10.1523/
JNEUROSCI.0857-12.2012

Timofeev, I, Contreras, D., and Steriade, M. (1996). Synaptic responsiveness of
cortical and thalamic neurones during various phases of slow sleep oscillation
in cat. J. Physiol. 494(Pt 1), 265-278.

Frontiers in Systems Neuroscience | www.frontiersin.org

October 2019 | Volume 13 | Article 60


https://doi.org/10.1016/j.brainres.2016.02.002
https://doi.org/10.1016/j.celrep.2019.04.085
https://doi.org/10.1093/cercor/bhp157
https://doi.org/10.1155/2013/613197
https://doi.org/10.1186/s40673-016-0053-3
https://doi.org/10.1523/JNEUROSCI.5252-09.2010
https://doi.org/10.1523/JNEUROSCI.5252-09.2010
https://doi.org/10.1016/j.brs.2015.06.020
https://doi.org/10.1038/mp.2017.50
https://doi.org/10.1523/JNEUROSCI.5521-12.2013
https://doi.org/10.1523/JNEUROSCI.5521-12.2013
https://doi.org/10.1007/s12311-017-0858-5
https://doi.org/10.1523/JNEUROSCI.2327-09.2009
https://doi.org/10.1016/j.neuroimage.2012.04.011
https://doi.org/10.1016/j.neuroimage.2012.04.011
https://doi.org/10.1016/j.neulet.2018.07.005
https://doi.org/10.1007/s12311-008-0056-6
https://doi.org/10.1007/s12311-008-0056-6
https://doi.org/10.1371/journal.pcbi.1006357
https://doi.org/10.1016/j.neuroscience.2017.09.002
https://doi.org/10.1016/j.neuroscience.2017.09.002
https://doi.org/10.1523/JNEUROSCI.0857-12.2012
https://doi.org/10.1523/JNEUROSCI.0857-12.2012
https://www.frontiersin.org/journals/systems-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/systems-neuroscience#articles

Tremblay et al.

Cerebello-Cerebral Rhythmic Entrainment

Timofeev, I, and Steriade, M. (1997). Fast (mainly 30-100 Hz) oscillations in the cat
cerebellothalamic pathway and their synchronization with cortical potentials.
J. Physiol. 504, 153-168.

Uylings, H. B., Groenewegen, H. J., and Kolb, B. (2003). Do rats have a prefrontal
cortex? Behav. Brain Res. 146, 3-17.

van Dun, K., Bodranghien, F., Manto, M., and Marien, P. (2017). Targeting the
cerebellum by noninvasive neurostimulation: a review. Cerebellum 16, 695-741.
doi: 10.1007/s12311-016-0840-7

van Dun, K., Mitoma, H., and Manto, M. (2018). Cerebellar cortex as a therapeutic
target for neurostimulation. Cerebellum 17, 777-787. doi: 10.1007/s12311-018-
0976-8

Wang, S., Wu, D.-C,, Ding, M.-P,, Li, Q.,, Zhuge, Z.-B., Zhang, S.-H., et al.
(2008). Low-frequency stimulation of cerebellar fastigial nucleus inhibits
amygdaloid kindling acquisition in sprague-dawley rats. Neurobiol. Dis. 29,
52-58.

Watson, T. C., Becker, N., Apps, R., and Jones, M. W. (2014). Back to front:
cerebellar connections and interactions with the prefrontal cortex. Front. Syst.
Neurosci. 8:4. doi: 10.3389/fnsys.2014.00004

Watson, T. C., Jones, M. W., and Apps, R. (2009). Electrophysiological mapping of
novel prefrontal-cerebellar pathways. Front. Integ. Neurosci. 3:18. doi: 10.3389/
neuro.07.018.2009

Zhang, L., Zhao, M., and Sui, R.-B. (2017). Cerebellar fastigial nucleus electrical
stimulation alleviates depressive-like behaviors in post-stroke depression rat
model and potential mechanisms. Cell Physiol. Biochem. 41, 1403-1412. doi:
10.1159/000467940

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Tremblay, Chapman and Courtemanche. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Systems Neuroscience | www.frontiersin.org

16

October 2019 | Volume 13 | Article 60


https://doi.org/10.1007/s12311-016-0840-7
https://doi.org/10.1007/s12311-018-0976-8
https://doi.org/10.1007/s12311-018-0976-8
https://doi.org/10.3389/fnsys.2014.00004
https://doi.org/10.3389/neuro.07.018.2009
https://doi.org/10.3389/neuro.07.018.2009
https://doi.org/10.1159/000467940
https://doi.org/10.1159/000467940
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/systems-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/systems-neuroscience#articles

	State-Dependent Entrainment of Prefrontal Cortex Local Field Potential Activity Following Patterned Stimulation of the Cerebellar Vermis
	Introduction
	Materials and Methods
	Surgery
	Recording Procedures
	Signal Processing and Analysis
	Statistical Analysis

	Results
	Spontaneous Power and Coherence
	Effects of Stimulation
	Stage-Dependent Effects of Stimulation
	Single-Pulse Stimulation
	1 Hz Stimulation
	5 Hz Stimulation
	25 Hz Stimulation
	50 Hz Stimulation


	Discussion
	State-Dependent Effects of Stimulation
	Pathways Mediating the Effects of Stimulation
	Cortical Effects
	Cerebellar Effects and Minimal Effects on Cerebello-Cortical Coherence

	Effects of Cerebellar Stimulation on Frontal Cortical Networks

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


