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Brief Communications

Functional Role of the Cerebellum in Gamma-Band
Synchronization of the Sensory and Motor Cortices
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The cerebellum is an essential structure for the control of movement. It sends abundant ascending projections to the cerebral cortex via
the thalamus, but its contribution to cortical activity remains largely unknown. Here we studied its influence on cortical neuronal activity
in freely moving rats. We demonstrate an excitatory action of the cerebellum on the motor thalamus and the motor cortex. We also show
that cerebellar inactivation disrupts the gamma-band coherence of local field potential between the sensory and motor cortices during
whisking. In contrast, phase locking of neuronal activities to local gamma oscillations was preserved in the sensory and motor cortices by
cerebellar inactivation. These results indicate that the cerebellum contributes to coordinated sensorimotor cortical activities during
motor activation and thus participates in the multiregional cortical processing of information.

Introduction

The cerebellum is a structure involved in motor control, and its
basic circuit and algorithm are used in a wide variety of functions
(Dean et al., 2010). Many studies have been focused on the cere-
bellar contribution to reflexes [e.g., eye-blink conditioning
(Thompson, 2005), ocular reflexes (Boyden et al., 2004; Lis-
berger, 2009)], to vestibular function (Angelaki and Cullen,
2008), and to the modulation of descending motor commands
[e.g., eye saccade adaptation (Robinson and Fuchs, 2001)]. How-
ever, in addition to its direct role in motor tuning, the cerebellum
has been proposed to be involved in brain computations (Ito,
2008) such as sensorimotor processing in sensory discrimination
(Gao et al., 1996) and prediction of sensory consequences of
motor actions (Blakemore et al., 1998; Tseng et al., 2007). Strong
anatomical evidence indicates that the cerebellum has reciprocal
interactions with the thalamocortical system (Kelly and Strick,
2003), with a descending pathway from the cortex to the cerebel-
lum via the pontine nucleus (Leergaard and Bjaalie, 2007) and an
ascending pathway via the thalamus (Aumann et al., 1994; Teune
etal., 2000). The importance of this system is exemplified by the
remarkable conservation by evolution in mammals of the pro-
portion of neurons in the cerebral cortex and cerebellum
(Herculano-Houzel, 2010). Synchronized neurophysiological
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oscillations during anesthesia (Rowland et al., 2010) and motor
tasks (O’Connor et al., 2002; Courtemanche and Lamarre, 2005;
Soteropoulos and Baker, 2006; Ros et al., 2009) have been re-
ported multiple times in cerebrocerebellar loops. While these
oscillations are hints of functional interactions between the struc-
tures, they provide little indication on the contribution of the
cerebellum to the activity of the cerebral cortex. In the rodents,
the cerebellum is a hub of afferent inputs from the whisker’s
sensorimotor system, a tactile system formed by the mobile face
vibrissae (Bosman et al., 2011). This system is used by rodents to
explore and collect tactile information, such as object features,
size, and shape (Diamond et al., 2008), in their surrounding en-
vironment. The information is acquired actively during whisk-
ing, a rthythmic and collective forward and backward motion of
the whiskers, adjusted in relation to the topology of the environ-
ment (Diamond et al., 2008). The disruption of the fiber tract
carrying the cortical efferent information to the cerebellum pre-
vents the animals from using the tactile information from the
whiskers (Jenkinson and Glickstein, 2000), indicating the func-
tional importance of cerebrocerebellar interactions. To analyze
the contribution of the cerebellum to whiskers’ sensorimotor
processing, we recorded unit activity and local field potential
(LFP) simultaneously in the motor thalamus (VAL), primary
motor (M1), and sensory (S1) cortices of the vibrissae at rest and
while the rats are whisking during free exploration, and we exam-
ined the impact of cerebellar inactivation on these activities.

Materials and Methods

Procedures were conducted in accordance with institutional guidelines
and in compliance with national and European laws and policies. Adult
male Sprague Dawley rats (3—5 months old; 300-500 g; Charles River
Laboratories) were housed individually with ad libitum access to food
and water and maintained on a 12 h light/dark cycle.

Surgery. Rats were anesthetized with a mixture of isoflurane and O,,
and administered atropine methyl nitrate to aid breathing, and main-
tained at physiological core temperature. After a local anesthetic injec-
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Figure 1. The LFP power and coherence spectra during free whisking. 4, Example of power
spectrum in the delta (1— 6 Hz), theta (6—12 Hz), beta (1225 Hz), and gamma (25— 45 Hz)
bands recorded in the motor (M1) and sensory (S1) cortices of vibrissae. B, Scheme of anatom-
ical connectivity (from Mao et al., 2011) and of the electrode position in ST (layer 5) and in
M1 (layers 1-5) of vibrissae. €, Average coherence spectra between the deep S1LFP and
the deep (dashed line) and superficial (plain line) M1 LFP (n = 7 rats). The coherence
spectrum in the gamma band depends on the depth in the motor cortex. The average
coherence in the gamma band is significantly higher between the deep S1and the super-
ficial M1 LFP (*p << 0.05).
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tion (lidocaine, s.c.), the scalp was incised, and small burr holes were
made in the skull above the cerebellum for the insertion of a guide can-
nula into the interpositus cerebellar nuclei (from the bregma in millime-
ters: anteroposterior (AP) —10.85, mediolateral (ML) 3, dorsoventral
(DV) 5.8), and above the contralateral VAL, M1, and S1 of vibrissae
where linear electrodes or bundles of eight microwires were inserted in
each of these structures under stereotaxic guidance (from the bregma in
millimeters: VAL: AP —2.45, ML 2.4,DV 6; M1: AP +2, ML 1;and S1: AP
—2, ML 6). The electrodes were fixed with dental cement. The rats were
allowed a minimum of 3 d to recover from the surgery.

Cerebellar pharmacological inactivation. Muscimol (4 wmol in 1 ul of
saline) was administrated via the cerebellar guide cannula in awake,
freely moving animals, during exploration. For this purpose, a hollow
silica fiber (150 wm outer diameter) connected to a Hamilton syringe
containing muscimol was inserted in a guide cannula (29G). At the end of
the injection, the silica fiber was removed from the cannula and was
stocked until the next session. At the end of behavioral experiments, a
dose of muscimol coupled with a fluorescent molecule was injected to
evaluate the area affected by the muscimol injections. The animals
were given an overdose of pentobarbital (100 mg kg ', i.p.) and
perfused intracardially with 0.9% saline, followed by paraformalde-
hyde (PFA; 4%). The brains were then removed, stored in PFA (4%),
sectioned at a thickness of 90 um. We only included data from re-
cording sites histologically confirmed to be in the structures of inter-
est. The controls with muscimol coupled with a fluorescent molecule
revealed that, with the parameters used here, muscimol remained
confined to the cerebellar nuclei, diffusing =1 mm? from the center
of the infusion site.

In vivo recordings. Before and after muscimol administration, sponta-
neous unit and LFP activity were recorded with a sampling rate of 25 kHz
(Tucker-Davis Technologies System 3) while the animal freely explored
the recording arena. Three to five salient objects were present in the arena
to maintain the animal’s interest for the environment. The animal was
filmed with a monochrome video camera (50 Hz, AVT Marlin F033).
The whisking periods were scored off-line.

Neurophysiological data analysis. Linear elec-
trodes with 16 channels (NeuroNexus) were
used to study the lamination of LFP power
and coherence across cortical layers (de Solages
et al., 2008). Bundle electrodes were used for
recordings in the motor thalamus, motor cor-
tex, and sensory cortex (Popa et al., 2010).
Data were analyzed off-line with custom
software written in MATLAB 7 (Math-
Works) and R (http://www.R-project.org).
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Figure2.  Cerebellar inactivation does not change the LFP
power spectrum or whisking parameters. A, Scheme of the
experiment. The muscimol infusion disrupts neither (B) the
LFP power spectrum in M1and $1in the delta (1- 6 Hz), theta
(6-12 Hz), beta (12-25 Hz), and gamma (25— 45 Hz) bands
during whisking, nor the duration of whisking bouts (C) in
freely behaving animals (n = 12 rats). C, Top, Example distri-
bution of the duration of the whisking episodes (density esti-
mated with a Gaussian kernel with a width of 0.5 s). Bottom,
Mean episode duration for all animals. D, Impact of cerebellar
inactivation on whisking behavior in head-fixed animals. (a)
Video still of the mouse head and whiskers. (b) Angular deflec-
tion of a single whisker during a whisking episode. (c) Power
spectra density (PSD) of the episode in (b); the arrow indicates
the peak whisking frequency. (d—f) Example distribution of
the cycle amplitudes, duration, and frequency of whisking ep-
isodes from asingle animal (densities estimated with Gaussian
kernels with a width of 1°, 5 ms, 0.2 Hz, respectively). There is
asignificant shift toward higher frequencies after the cerebel-
lar inactivation. ctrl., control; mus., muscimol. *p << 0.05
(paired ¢ test), significantly different from control condition.
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Power spectral density estimates were obtained
with the Welch method with 2 s windows over-

M1-S1 coherence spectra
during whisking
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whisker movements was examined in a sepa-
rate set of head-fixed rats (n = 3) with all whis-
kers, except 3—-4 from the C-row, were
bilaterally trimmed. A small metal plate was
implanted on the skull with two screws to keep
the head fixed. After 3 d of recovery, the ani-
mals were habituated to the head-restrained
setup for an increasing amount of time (from
20 s to 60 min reached in 2—3 d). Whiskers were
filmed using a high-speed camera operating at
300 Hz and a 1 ms exposure time. Cumulated
film duration per condition and per animal ranged from 815 min in
which 3800-16,200 whisking cycles were measured.

Whisker tracking was performed off-line using the OpenCV li-
brary. The whiskers were entirely automatically detected on the
Laplacian-transformed frames by the OpenCV built-in contour detec-
tion algorithm, and matched from frame to frame. The angle between the
base of the whisker and the animal mediolateral axis was computed for
each whisker in each frame. Amplitude and period of whisking were
derived from the identification oflocal extrema; cycles of <0.2 radians of
amplitude were filtered out to avoid the detection of small twitching.

Allvalues are reported as average = SEM. Statistical analyses consisted
of ANOVAs followed by ¢ tests, unless otherwise specified.

Figure 3.

control condition.

Results

We first searched for the physiological signature of coordinated
activities in the sensory and motor cortices of the whisker system
by studying the power and the coherence spectra of the LFPs in
these structures during whisking. The LFPs exhibited prominent
synchronized oscillations in the theta band, as evidenced by peaks
in the power (Fig. 1A) and coherence spectra (Figs. 1C, 3A).
Peaks in the gamma band of coherence spectra were also ob-
served during whisking (Figs. 1C, 3A). The coherent activities in
the theta, beta, and gamma band were best recorded between the

ctrl. mus.

Cerebellar inactivation disrupts gamma-band synchrony between the primary sensory and motor cortices and de-
creases the firing rate in the motor cortex and motor thalamus during free whisking. The peak in the average gamma-band
coherence spectra (A) is absent after intracerebellar muscimol infusion, and the average coherence s significantly reduced only in
the gamma band (B) (average from n = 12 rats). (, Firing rate (Hz) for each cell in the whisker motor (M1), sensory (S1) cortices,
and motor thalamus (VAL) before (ctrl.) and after (mus.) cerebellar inactivation; the average duration of whisking used to compute
the rate was 3 min 26 == 50's. D, Changes in firing rate in M1, S1, and VAL. *p << 0.05 (paired t test), significantly different from

deep layers of the sensory cortex (layer 5) and the upper layers of
the motor cortex (Fig. 1C); this pattern indeed corresponds to the
main reciprocal anatomical connections between the sensory and
motor cortices (Fig. 1B) (Mao etal., 2011). We then restricted our
following recordings to these layers.

The whisking movements are thought to be generated by mid-
brain pattern generators but higher motor areas also regulate the
movements (Bosman et al., 2011). We therefore examined the
impact on whisking behavior of transient cerebellar inactivation
with injections of the GABAergic agonist muscimol in the cere-
bellar nuclei (Fig. 2A). The cerebellar inactivation did not sup-
press the whisking behavior, as observed after lesion of the
cerebrocerebellar tract (Jenkinson and Glickstein, 2000), nor
change the duration of whisking episodes (Fig. 2C; p = 0.59).
However, the fraction of the total whisking time spent bringing
the whiskers in contact with objects was significantly enhanced
after cerebellar inactivation (fraction of time spent whisking
against objects control: 8.7% = 3.4, muscimol: 17.0% * 4.3, p =
0.026). To test for fine changes in whisking, we performed a series
of experiments in awake head-fixed animals with fast video track-
ing of the whisker movements. We found that neither the ampli-
tude (control: 27.9 % 0.3° muscimol 26.9 = 1.2°, p = 0.49) nor
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the period (control: 121 * 7 ms, muscimol 130 = 7 ms, p = 0.36)
of whisking movements were altered by cerebellar inactivation
(Fig. 2D). However, in each animal, the average whisking fre-
quency, measured as the peak in the power spectrum of whiskers’
angle time series (Fig. 2D), was significantly shifted toward higher
frequencies after cerebellar inactivation (control: 6.17 = 0.07 Hz,
effect of muscimol: shift of +0.37 = 0.21 Hz). These results in-
dicate that whisking is only mildly affected by cerebellar inacti-
vation, but that the rat increases the time spent exploring objects
when the cerebellum is removed from the network.

We next examined the contribution of the cerebellum to LFP
activities in the motor and sensory cortices. Interestingly, the
cerebellar inactivation selectively decreased the coherence of
sensory and motor cortices LFPs in a frequency-dependent manner
(interaction term for treatment:frequency F,,,45 = 6.37, p =
0.0117). We found that this effect is significant in the gamma band
(Fig. 3A, B; p = 0.02), while no change was found in the cortical LFP
power (Fig. 2B; delta p = 0.28, theta p = 0.84, beta p = 0.29, gamma
p = 0.40). We verified that the gamma-band coherence was restored
overnight to baseline values (p = 0.48). We also verified that such
change in gamma-band coherence was not seen during periods of
grooming, during which whiskers were brushed but not moved
(change in gamma-band coherence after muscimol injection:
—15 = 21% of control value, p = 0.49). During motor activation,
the cerebellum thus plays a determinant role in establishing
sensorimotor cortical gamma-band coherence.

During free whisking, neurons recorded in the motor thal-
amus, motor cortex, and sensory cortex globally increased their
average firing rate compared with their average baseline firing
rate (VAL: +81 £ 12%, n = 65, pairwise p < 0.001; M1: +29 =
12%, n = 50, pairwise p = 0.02; S1: +32 * 20%, n = 37, pairwise
p <0.001). We then examined the influence of the cerebellum on
the firing rate of the thalamocortical pathway (Fig. 3C,D). The
inactivation of the cerebellum produced an overall decrease in
the firing rate of cells recorded in the motor thalamus and in the
motor cortex, but not in the sensory cortex during the episodes of
free whisking (VAL: n = 29, pairwise p = 0.006; M1: n = 9,
pairwise p = 0.034; S1: n = 15, pairwise p = 0.2; Fig. 3C,D). These
results indicate that the net effect of the cerebellum during motor
activation is excitatory, and is consistent with the action of the
cerebellum on the motor thalamus and cortical neurons found in
anesthetized condition (Sawyer et al., 1994; Na et al., 1997).

The reduced cortical excitation after cerebellar inactivation
might reduce local gamma generation processes (Cardin et al., 2009)
and consequently gamma phase locking of cells in the cortex (Fries et
al., 2007). To address this issue, we asked whether deficits in gamma
cortical coherence after cerebellar inactivation go along with a reduc-
tion in phase locking with local gamma in the motor and sensory
cortices (Fig. 4A). We found that a similar proportion (~50%, x*
MI-VAL: p = 0.39; M1-S1: p = 0.42; VAL-S1: p = 1.00; Fig. 4B) of
neurons displayed significant phase locking to their local gamma
rhythm before and after inactivation, and that the strength of
phase locking was unaffected by the cerebellar inactivation for
M1 and S1, while it was reduced in VAL (M1: p = 0.1; S1: p =
0.21; VAL: p < 0.001; Fig. 4C). Thus, the local gamma modu-
lation of cortical firing does not require the cerebellum, and
only long-range coordination of the neuronal activity in
gamma band is disrupted after the cerebellar inactivation.

Discussion

The present study was undertaken to shed light on the neuro-
physiological basis of the cerebellar contribution to the senso-
rimotor integration in the whisker system. Our results
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Figure4. Phaselocking of cell firing to local gamma is unchanged by cerebellar inactivation.
A, Gamma phase distribution for example units in the whisker motor (M1) and sensory (51)
cortices and motor thalamus (VAL); the von Mises fit is plotted with the red line and the param-
eters (w and ) indicated. The proportions (B) and strength of phase locking (€) of cells signif-
icantly phase locked to local gamma is unchanged by cerebellar inactivation.

demonstrate that the cerebellum exerts a powerful excitatory
influence on the cortical activity and is required for the
gamma coherence between the sensory and the motor cortices
during tactile exploration.

Gamma-band activity may be generated at multiple levels in
the brain, including within the cortex, the thalamus, and also the
cerebellum (De Zeeuw et al., 2008; Middleton et al., 2008). Cor-
tical gamma LFP is generated by local neuronal elements
(Katzner et al., 2009), and multiple processes may contribute to
its generation (Buzséki et al., 2012); the observed synchroniza-
tion in the gamma band indicates that some of these processes are
coordinated in the motor and sensory cortices during whisking.
Cortical gamma is under the control of specific interneuronal
populations (Cardin et al., 2009) but the mechanisms underlying
its synchronization across regions are still unresolved. The thal-
amus has been proposed to play a strong role in synchronizing
the gamma oscillations across cortical areas (Steriade et al., 1996).
The cerebellum sends heavy projections (Aumann et al., 1994;
Teune et al., 2000) to the motor thalamus (VAL), but also proj-
ects to the (high-order) posterior thalamic nucleus, which is re-
ciprocally connected to the primary motor and sensory cortices,
and to the intralaminar nuclei, which may be more specifically
engaged in the coordination of activity across cortical areas
(Jones, 2001). The cerebellum may thus exert its effect on coher-
ent gamma-band activities in the primary sensory and motor
cortices via the cerebellothalamic pathway. Since these cortices in
the whisker system play complementary roles in motor control
(Matyas et al., 2010) and in perception of location (Kleinfeld and
Deschenes, 2011), this synchronization could contribute both to
motor and cognitive aspects of the active sensory system. Parts of
the cerebellar cortex process the whisker sensory information
(Bosman et al., 2010) but the functional importance of this activity is
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still unknown. Interestingly, while the cerebellar inactivation seemed
to minimally perturb whiskers’ movements, a longer fraction of the
total whisking time was spent exploring objects, suggesting a failure
to adapt to familiar objects (Anderson et al., 2012).

Gamma-band coherent activities between cells and brain re-
gions has been repeatedly observed in information processing,
attention, and memory (Jensen et al., 2007). In light of the ex-
tended cortical areas receiving inputs from the cerebellum (Strick
et al., 2009; Sultan et al., 2012), the cerebellar control of cortical
gamma coherence could contribute to these functions. More-
over, abnormalities in functional connectivity between brain
areas are important for the pathophysiological mechanisms un-
derlying neuronal disorders (Herrmann and Demiralp, 2005;
Verretetal., 2012). Our findings suggest that attention and mem-
ory deficits observed in cerebellar dysfunctions, such as in
essential tremor (Passamonti et al., 2011), might result from
impaired sensorimotor cortical processing consecutive to cer-
ebellar neurodegeneration.
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