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Delta Oscillations Coordinate Intracerebellar and Cerebello-
Hippocampal Network Dynamics during Sleep

Arturo Torres-Herraez, ““Thomas C. Watson,* and Laure Rondi-Reig"
Sorbonne Université, Centre National de la Recherche Scientifique, Institut National de la Santé et de la Recherche Médicale, Institut de Biologie
Paris Seine, Neurosciences Paris Seine, Cerebellum Navigation and Memory Team, Paris, F-75005, France

During sleep, the widespread coordination of neuronal oscillations across both cortical and subcortical brain regions is thought to sup-
port various physiological functions. However, how sleep-related activity within the brain’s largest sensorimotor structure, the cerebellum,
is multiplexed with well-described sleep-related mechanisms in regions such as the hippocampus remains unknown. We therefore simul-
taneously recorded from the dorsal hippocampus and three distinct regions of the cerebellum (Crus I, lobule VI, and lobules II/III) in
male mice during natural sleep. Local field potential (LFP) oscillations were found to be coordinated between these structures in a sleep
stage-specific manner. During non-REM sleep, prominent ¢ frequency coherence was observed between lobule VI and hippocampus,
whereas non-REM-associated hippocampal sharp-wave ripple activity evoked discrete LFP modulation in all recorded cerebellar regions,
with the shortest latency effects in lobule VI. We also describe discrete phasic sharp potentials (PSPs), which synchronize across cerebel-
lar regions and trigger sharp-wave ripple suppression. During REM, cerebellar 6 phase significantly modulated hippocampal theta fre-
quency, and this effect was greatest when PSPs were abundant. PSPs were phase-locked to cerebellar 0 oscillation peak and
hippocampal theta oscillation trough, respectively. Within all three cerebellar regions, prominent LFP oscillations were observed at both
low (0, <4Hz) and very high frequencies (~250 Hz) during non-REM and REM sleep. Intracerebellar cross-frequency analysis revealed
that 0 oscillations modulate those in the very high-frequency range. Together, these results reveal multiple candidate physiological mech-
anisms to support “offline,” bidirectional interaction within distributed cerebello-hippocampal networks.
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Sleep is associated with widespread coordination of activity across a range of brain regions. However, little is known about how ac-
tivity within the largest sensorimotor region of the brain, the cerebellum, is both intrinsically organized and links with higher-order
structures, such as the hippocampus, during sleep. By making multisite local field potential recordings in naturally sleeping mice,
we reveal and characterize multiple sleep stage-specific physiological mechanisms linking three distinct cerebellar regions with the
hippocampus. Central to these physiological mechanisms is a prominent 6 (<4 Hz) oscillation, which temporally coordinates both
intracerebellar and cerebello-hippocampal network dynamics. Understanding this distributed network activity is important for
gaining insight into cerebellar contributions to sleep-dependent processes, such as memory consolidation. /
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Introduction
Many important physiological processes are associated with sleep,
including memory formation and consolidation (Diekelmann and
Born, 2010; Geva-Sagiv and Nir, 2019). In particular, sleep-related
neurophysiological events in the hippocampus, such as place cell
reactivations and high-frequency sharp-wave ripples (SWRs) are
vital to spatial memory formation (e.g., de Lavilléon et al.,, 2015).
Additionally, widespread slow wave oscillations are thought to
play a crucial role in the temporal coordination of discrete sleep-
related events, such as hippocampal ripples and thalamo-cortical
spindles, across a large network of brain regions (e.g., Nicola and
Clopath, 2019)

Recent studies have shown that, during wakeful behavior, the
cerebellum is crucial for hippocampal place cell stability and effi-
cient navigation (Burguiére et al., 2005; Rochefort et al., 2011;
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Babayan et al., 2017; Lefort et al., 2019). Furthermore, the neuro-
anatomical connectivity required to support this influence has
been recently described and physiological correlates of cerebello-
hippocampal interaction identified “online” during goal-directed
navigation (Watson et al., 2019). So far, however, nothing is
known about possible “offline” cerebello-hippocampal physio-
logical interactions during sleep.

To date, sleep research has primarily focused on state-de-
pendent correlation in neocortical and subcortical structures.
However, early studies in epileptic patients implanted with intra-
cerebellar electrodes (Niedermeyer and Uematsu, 1974), and
recent work using noninvasive techniques (Kaufmann et al.,
2006; Schabus et al., 2007; Jahnke et al., 2012) have described
state-dependent modulation of cerebellar activity during sleep in
humans. During non-rapid eye movement (non-REM) sleep,
coordinated slow oscillations, recorded predominantly in cere-
bellar vermis and fastigial nucleus (Niedermeyer and Uematsu,
1974; Schabus et al., 2007), are correlated with neocortical K-
complexes (Jahnke et al., 2012) and sleep spindles (Schabus et al.,
2007). During REM sleep, an increase in BOLD signals has been
observed in both the cerebellar vermis and hemispheres (Braun,
1997).

Similarly, single-cell recording in animal models has revealed
sleep state-related changes in both Purkinje cell and deep cerebellar
nuclei neuron firing. During non-REM, no clear neuronal firing
rate changes were observed either in cats (Marchesi and Strata,
1970; Hobson and McCarley, 1972; McCarley and Hobson, 1972;
Palmer, 1979) or monkeys (Mano, 1970). However, a reduced prob-
ability for short interspike intervals was observed in Purkinje cell
simple spike firing (McCarley and Hobson, 1972). Consistent with
observations made in humans, during REM sleep a significant
increase in the firing rate of Purkinje cells was observed in the cere-
bellar cortex of cats (Marchesi and Strata, 1970; Hobson and
McCarley, 1972) and monkeys (Mano, 1970). The presence of large
amplitude, phasic events in the cerebellum of cats (Harlay et al.,
1974; Pellet and Harley, 1977) and rats (Marks et al., 1980), mainly
during REM sleep epochs, has also been attributed to the transmis-
sion of ponto-geniculo-occipital (PGO) waves (Farber et al., 1980;
Velluti et al., 1985). Finally, recent studies have highlighted cerebel-
lar roles in the generation of sleep spindles in monkeys (Xu et al.,
2020) and sleep-wake transitions in mice (Zhang et al., 2020).

Thus, in addition to the multitude of studies highlighting the
functional importance of sleep state-dependent processes in the
hippocampus (for review, see Klinzing et al., 2019), the aforemen-
tioned evidence indicates clear cerebellar activity modulation during
sleep (for review, see Canto et al., 2017). Nevertheless, our under-
standing of spatial and temporal organization of cerebellar activity
across sleep states remains rudimentary. Furthermore, to the best of
our knowledge, nothing is known about the physiological links
between cerebellum and hippocampus during sleep. We therefore
simultaneously recorded spontaneous local field potentials (LFPs)
from the dorsal hippocampus, vermal cerebellar lobules II/III (Lob
II/11I), VI (Lob VI), and hemispheric Crus I in freely behaving and
sleeping mice. Our analysis reveals that 6 oscillations, along with
associated phasic sharp potentials (PSPs), temporally coordinate
both local cerebellar and distributed cerebello-hippocampal net-
work dynamics in a sleep state-dependent manner.

Materials and Methods

Mice. Twenty adult male C57BL6-] mice were used for this study
(Janvier, France; for recordings obtained per animal, see Table 1). Mice
were housed individually under a 12 h light/12 h dark cycle (light cycle
beginning at 8:00 A.M.) and received food and water ad libitum. All
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Table 1. Recordings obtained per animal
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behavioral experiments were performed in accordance with the official
European guidelines for the care and use of laboratory animals (86/609/
EEC) and in accordance with the Policies of the French Committee of
Ethics (Decrees no. 87-848 and no. 2001-424). The animal housing facility
of the laboratory where experiments were made is fully accredited by the
French Direction of Veterinary Services (B-75-05-24; May 18, 2010). The
protocol was approved by the Committee on the Ethics of Animal
Experiments (APAFIS#4315-2016042708195884v1). Data obtained from
the mice used in this study have been published in Watson et al. (2019).

Surgery. Surgical and implant procedures have been already
described by Watson et al. (2019). Briefly, surgical implantation was per-
formed under constant isoflurane anesthesia (1.5%) combined with oxy-
gen (1.5 L/min). Animals were placed in a stereotaxic frame device
(David Kopf Instruments), and an incision was performed to expose the
scalp. Coordinates for implantation were calculated from bregma follow-
ing the references given in Franklin and Paxinos (2007). We targeted
bilateral hippocampi (CA1 region; AP —2.2 mm, ML2.0 mm, DV 1.0
mm), cerebellar Lob II/III (AP —5.52 mm, ML 0 mm, DV 1.8 mm), cere-
bellar Lob VI (AP —6.72 mm, ML 0 mm, DV 0.1 mm), and left cerebel-
lar Crus I (AP —6.24 mm, ML 2.5 mm, DV 0.1 mm). Small craniotomies
were performed over the target regions using a drill, and the dura was
carefully removed with a needle. Two wires of 140-um-diameter Teflon-
coated stainless steel (A-M System) were twisted together to create bipo-
lar LFP recording electrodes (interpolar distance ~0.5 mm) and were
implanted in the brain. Pairs of flexible stainless-steel wires were also
sutured to the neck muscles to obtain EMG recordings (Cooner Wire).
Fourteen mice were also implanted with bipolar stimulation electrodes
(same as the LFP electrodes but with interpolar distance of ~140 um) in
the left medial forebrain bundle (AP —1.4 mm, ML 1.2 mm, DV 4.8
mm) to serve as a reward signal in a set of experiments already published
(Watson et al., 2019). All electrodes were attached to an electrode inter-
face board (EIB-18, Neuralynx), and the assembly was fixed to the skull
using a combination of UV-activated cement (SpeedCem, Henry Shein),
SuperBond (SunMedical), and dental cement (Simplex Rapid,
Kemdent). Four miniature screws (Antrin) were also attached to the
skull for additional support, and an additional screw was attached to the
skull over the cerebellum to serve as recording ground. Animals were
given a minimum of 5d post-surgery recovery time before experiments
commenced.

Electrophysiological recordings. The EMG and LFP recordings were
obtained via a unity-gain headstage preamplifier (HS-18, Neuralynx)
and a Digital Lynx SX system and Cheetah software (Neuralynx). Signals
were bandpass-filtered between 0.1 and 600 Hz and sampled at 1kHz.
Mouse position was tracked at 30 Hz using video tracker software and
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Table 2. Ipsilateral and contralateral cerebello-hippocampus coherence values during non-REM and REM epochs

Sleep state Frequency band (Hz) Lob VI - HPC left Lob VI - HPC right Lob 11/1Il -HPC left Lob 11/1Il - HPC right Crus | - HPC left Crus | - HPC right

Non-REM 0.1-4 0.534 £0.015 0.546 = 0.020 0.492 = 0.012 0.491 = 0.012 0.485 = 0.009 0.483 = 0.007
6-12 0.479 = 0.004 0.476 = 0.003 0.475 = 0.004 0.476 = 0.004 0.481 = 0.009 0.475 = 0.006
100-200 0.457 £ 0.001 0.456 = 0.001 0.456 == 0.001 0.456 = 0.001 0.457 = 0.001 0.457 £ 0.001
240-280 0.458 £ 0.001 0.458 = 0.001 0.457 = 0.001 0.458 == 0.001 0.456 = 0.001 0.457 £ 0.001

REM 0.1-4 0.499 = 0.006 0.499 = 0.007 0.486 = 0.003 0.491 = 0.004 0.480 == 0.004 0.489 = 0.07
6-12 0.499 = 0.004 0.506 = 0.008 0.489 = 0.006 0.491 = 0.005 0.490 = 0.010 0.493 = 0.012
100-150 0.458 = 0.001 0.458 = 0.001 0.458 = 0.001 0.457 = 0.001 0.458 = 0.001 0.458 £ 0.001
250-350 0.459 = 0.001 0.458 = 0.001 0.461 = 0.001 0.460 = 0.001 0.459 = 0.001 0.459 = 0.001

infrared LEDs attached to the headstage (Neuralynx). Recordings were
obtained in a bipolar fashion via the Neuralynx software by referencing
between the two poles within each electrode.

Histology. After completion of the experiments, mice were deeply
anesthetized with ketamine/xylazine solution (150 mg/kg), and electro-
Iytic lesions were created by passing a positive current through the elec-
trodes (30 1A, 10 s). The animals were then perfused transcardially with
saline (0.9%) followed by PFA (4%). Once perfused, the electrode assem-
bly was carefully removed, the brain extracted and postfixed in PFA
(4%) for 24 h, and then embedded in agarose (3%); 50 um sagittal and
coronal sections for the cerebellum and the hippocampus, respectively,
were made using a vibratome. The sections were mounted on gelatinized
slides and stained with cresyl violet. The electrolytic lesions were then
identified to reconstruct the recording locations using standard maps with
reference to a stereotaxic atlas (Franklin and Paxinos, 2007). The anatomic
location of the electrodes used in this study was verified by Watson et al.
(2019). Recordings were only used if electrode position was positively veri-
fied (for summary of recordings obtained per animal, see Table 1).

Behavior and sleep scoring. The animals were recorded during the
day (between 10:00 A.M. and 6:00 P.M.) in their home-cages (30 cm X
10cm x 10 cm), with the lid removed and the lights off for periods up to
4 h. Recordings were made before training in a linear track task
(described by Watson et al., 2019). The home-cage environment was fa-
miliar to the mice as they had been housed in it since completion of im-
plantation surgery. Animals exhibited different behavioral states that
were scored offline and included in four categories: active wakefulness,
resting, non-REM sleep, and REM sleep. The scoring was semiautomati-
cally performed using multiparameter thresholds based on instantane-
ous speed, neck EMG (rectified, smoothed with 1 s window and z-
scored), and theta/é ratio in the hippocampal LFP (z-scored and calcu-
lated in 100 ms bins). Thus, epochs of >4 s with instantaneous speed
>3 cm/s were considered as active wakefulness, periods of <30 s where
the speed stayed <3 cm/s and were surrounded by active wakefulness
epochs were considered as rest. Similarly, when the EMG recording was
optimal, a manually selected threshold was also used to discriminate
between rest and sleep epochs. We finally used manual thresholding of
the theta/8 ratio to separate non-REM and REM sleep epochs. Only
epochs of >4 s were selected for further analysis. For subsequent spectral
analysis based on sleep scoring, we normalized data duration relative to
the sleep state epoch of shortest duration. For example, if 2 min of REM
sleep was present in a recording, we randomly selected 2 min of non-
REM/wake to make a normalized comparison.

Data preprocessing. All the data processing was performed using cus-
tom-made MATLAB scripts (The MathWorks). Raw signals were pre-
processed by applying a notch filter to remove electrical line noise (filter
centered to 50 Hz). Voltages were z-scored to reduce overall differences
in amplitude in the signal recorded from different electrodes.

Offline detection of ripples, slow oscillations, and phasic events.
Discrete SWRs were detected using criteria used previously (Maingret et
al,, 2016). The raw signal was then filtered using a second-order zero-
phase bandpass filter between 150 and 250 Hz, squared, smoothed (using
8 ms running average), and z-scored. The SWRs were defined as events
in which the transformed signal remained >2 z scores for 30-100 ms
with a peak >5 z scores.

Slow oscillations in the cerebellum were divided into individual
cycles, which were identified as follows: first, the raw signal was filtered

using a second-order zero-phase bandpass filter between 0.1 and 4 Hz.
The instantaneous phase was obtained by applying a Hilbert transform
to the filtered signal. Each cycle was defined by the epoch between two
negative peaks on the cosine of the instantaneous phase. Only cycles that
lasted >1 s and presented peak amplitudes >4 z scores and trough
amplitudes no lower than 2 z scores were further analyzed.

For the detection of PSPs (putative p-waves) in the cerebellum, we
first filtered the signal using a second-order zero-phase bandpass filter
between 5 and 80 Hz, squared it, and then calculated the z score across
all obtained sleep epochs. A double threshold strategy was then applied,
first to the transformed signal so that epochs separated by at least 75 ms
with values >1 z score and a peak in the filtered data >4 z scores were
considered as events.

Spectral analysis. All the spectral analyses were performed using
freely available signal processing toolboxes. For computing the overall
spectral power and spectral coherence across sleep states, a multitaper
Fourier transform (Chronux toolbox) was computed with 4 s sliding
windows in 1 s steps and using four tapers. The mean power spectrum
and coherence were obtained for each behavioral state by averaging the
spectrogram and coherogram from the identified epochs. To reduce the
impact of the different data durations for each state, we split the epochs
to match with the minimal data duration, and then we averaged them.
For computing the triggered spectrogram and coherograms, we used the
continuous wavelet transform and wavelet coherence (wavelet toolbox,
MATLAB). We used analytic Morse wavelets with 8 octaves and 48 voi-
ces per octave. For coherence analysis, we used the average of both left
and right hippocampus: cerebellar site pairings. Coherence values
obtained between cerebellum and left or right hippocampus, respec-
tively, are shown in Table 2.

Phase-locking of phasic events and slow-wave triggered power spectra
and coherograms. Cerebellar and hippocampal signals were filtered
using a second-order zero-phase bandpass filter between 0.1-4 Hz and 6-
12 Hz, respectively. The instantaneous phase of the cerebellar infra-slow
oscillations and the hippocampal theta oscillations were obtained by
applying a Hilbert transform to the filtered signals. The phase-locking of
the detected cerebellar phasic events to these rhythms was tested using
circular statistics (MATLAB), and significance was determined as
Raleigh test p-value < 0.05.

To compute the cerebellar slow wave-triggered spectrogram and
coherogram, for each cerebellar slow wave, the obtained time-frequency
series was matched with the corresponding instantaneous phase of the
cerebellar 6 oscillations (0.1-4 Hz) and then averaged by phase bins of
7.35°

To analyze the impact of PSPs on intracerebellar and cerebello-
hippocampal cross-frequency modulation, we classified individual
cerebellar & oscillations in three categories depending on their
content of PSPs: no PSPs, when no PSP was detected during the
span of the 6 wave; isolated PSPs, when PSPs were detected but the
intervals between them were larger than 1 s; or clustered PSPs
when at least two of them were separated by <I s.

Cross-correlation between PSPs and SWRs. The timing of the SWRs
was calculated relative to the time of the peak of the detected PSPs. After
binning at 25 ms resolution, the probability density function (count nor-
malized by the total number of elements multiplied by the bin width)
was obtained and smoothed (using a 250 ms running average). Statistical
significance of the obtained cross-correlation was performed by
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hippocampal theta oscillations were accompanied by widespread 6 (<4 Hz) and very fast (~250 Hz) cerebellar oscillations. During non-REM, high-amplitude hippocampal activity co-occurred
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artificially generating PSP trains of similar density as observed in the
actual data, drawn at random from a Poisson distribution, and recom-
puting the probability density function.

Statistical analysis. Statistical analyses were conducted using
MATLAB Statistical Toolbox and Prism (GraphPad). Normality was
assessed using a Shapiro-Wilk test. Parametric and nonparametric tests
were then used accordingly. Paired analyses were used when possible.
Detailed statistical information is provided in Extended Data Figure 2-1.

Results

Spectral profiling of cerebellar and hippocampal activity
across sleep states

We recorded mice in their home-cages across the sleep cycle dur-
ing a period of ~2 h (141 = 14 min) and classified their behavior
as wake (50.76 * 7.65min, obtained from 10 * 2 epochs), non-
REM sleep (81.06 = 9.27 min, obtained from 19 = 3 epochs), or
REM sleep (9.22 * 1.38min, obtained from 12 * 2 epochs)
based on a combination of behavioral and electrophysiological
markers (see Materials and Methods). Hippocampal LFP was domi-
nated by sustained, low-amplitude theta oscillations (6-12 Hz) during
wake and REM states, and high-amplitude slow oscillations in the &
range (<4 Hz) during non-REM sleep (Fig. 1A-C). Conversely,
high-amplitude low-frequency oscillations (including<4Hz &
waves) were characteristic of wake, REM, and non-REM states in
the cerebellum (Fig. 1A-C). However, differences in 6 oscillation
power, as well as peak frequency, were observed both across cere-
bellar subregions and wake/sleep states (Figs. 1C, 2). Similarly, a
significant shift in the peak § frequency was observed during
non-REM sleep, specifically in Lob VI (Fig. 2B). In contrast,
these differences were not observed during REM, when similar
spectral profiles were found across cerebellar regions (Fig. 2B).
Moreover, 6 oscillations were highly coherent between cerebellar
recording sites (Fig. 1E), suggesting that they may play a role in
intracerebellar coordination during REM sleep.

In addition to & activity during wake, high-frequency oscilla-
tions (100-160 Hz) were also observed in the cerebellar power spec-
tra (Fig. 1C). However, during both non-REM and REM states,
power in the high-frequency range was overshadowed by a promi-
nent, narrowband ~240-280 Hz oscillation (classified as very high-
frequency oscillations [VHFOs]; Figs. 1C, 2C,D) (de Solages et al.,
2008). Local variability within this frequency band was observed
across cerebellar regions and sleep states, with maximal values
observed in Lob II/III during non-REM and REM sleep (Fig. 2D).
In contrast, Crus I VHFO power was particularly reduced in REM
(Figs. 1C, 2D, paired t tests: Crus I: n=11, p=0.0005; Lob II/III,
n=11, Crus I, n=11; Lob VI, n=15; Lob II/III, n =11 mice).

Overall, these data illustrate the presence of lobule and sleep
state-dependent LFP dynamics across anterior (Lob II/III), pos-
terior (Lob VI), and hemispheric (Crus I) cerebellum and high-
light the existence of a prominent cerebellar & oscillation.

Cerebello-hippocampal coherence across sleep states
Next, we sought to measure the level of functional coupling (meas-

ured as coherence) (compare Watson et al., 2019; Xu et al., 2020)

«—

with both slow, phasic, and very high-frequency (~250 Hz) cerebellar oscillations. ¢, Mean
power spectra for each of the defined states (HPC, n=20; Crus |, n=11; Lob VI, n=15; Lob
I/l n=11). D, Mean coherence between HPC-Crus | (n=11), HPC-Lob VI (n=15), and
HPC-Lob II/IIl (n=11) across states. E, Intracerebellar & coherence is highest during REM
sleep. & band (<4 Hz) coherence was elevated during REM sleep compared with both
awake and non-REM in all combinations of cerebellar recordings (Crus I-Lob II/lll, n = 8; Crus
I-Lob VI, n=7; Lob II/lll-Lob VI, n = 7). Shading represents SEM calculated across animals.
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between the cerebellum and hippocampus during wake/sleep states
(Fig. 1D,E). During wake, coherence peaks were similarly observed
across 0 and theta frequencies in all cerebello-hippocampal combi-
nations (Fig. 1D, left). Strikingly, as mice moved to non-REM sleep,
6 band coherence between hippocampus and Lob VI was signifi-
cantly increased relative to other recorded cerebellar regions (Fig.
1D, middle; Fig. 3), indicating region-specific cerebello-hippocampal
coupling during this sleep state. Furthermore, significant modulation
of & and theta coherence across sleep states was present in HPC-
Lob VI and HPC-Lob II/III recording combinations, while remain-
ing stable between HPC-Crus I (Fig. 1D, middle; Fig. 3). In contrast,
during REM sleep, coherence patterns were similar to wake, with the
most prominent peaks observed in the theta and low-frequency
range (<1Hz; Fig. 1D, right; Fig. 3). In summary, by characterizing
the spectral properties of cerebello-hippocampal network LFP dur-
ing wake and sleep, we reveal that coherence between these regions
is sleep state-dependent and particularly prominent between hippo-
campus and Lob VI during the non-REM stage of sleep.

REM-associated cerebellar PSPs phase-lock to both local
cerebellar and distant hippocampal oscillations, respectively
In addition to the striking sleep state-related changes observed in
ongoing cerebellar LFP oscillations, we also noted prominent PSP
events (large-amplitude voltage fluctuations of 129.5*+ 5.68 ms
duration and 2.31 % 0.15 z score amplitude) across the three cere-
bellar recording sites (Fig. 4A-C). PSPs occurred in all three cere-
bellar regions at similar times (cross-correlation between all pairs
of cerebellar recorded PSPs revealed a peak at 0 latency; Fig. 4A-
C) and were found during both REM and non-REM epochs; how-
ever, they occurred in greatest numbers during REM (Fig. 4A,D).
Moreover, PSPs occurred in concentrated clusters during REM
(interevent interval <1 s) but were distributed more sparsely dur-
ing non-REM (Fig. 4E). We also observed that during REM
epochs, PSPs tended to occur at specific phases of the ongoing cer-
ebellar 6 waves in all three cerebellar regions (Fig. 4A). This obser-
vation was confirmed by computing the distribution of PSP events
relative to the phase of REM-associated cerebellar 6 waves (Fig.
4F-H; PSPs occurred most often near the peak of the cycle with a
preferred angle of 350.6  2.248° and with similar levels across all
three cerebellar regions, Fig. 4G,H). Next, we investigated phase-
locking of PSPs recorded in the cerebellum relative to hippocam-
pal LFP theta phase during REM (Fig. 4I), which revealed that
these events occur consistently near the trough of the theta cycle
(preferred phase angle, 147.4 & 15.93° Fig. 4) and at similar levels
across cerebellar regions (Fig. 4/,K).

Intracerebellar cross-frequency modulation: cerebellar d is a
modulator of VHFOs during REM
The most prominent, ongoing LFP oscillations observed in the cere-
bellum during REM sleep were found in the 6 (<4 Hz) and VHFO
(~250Hz) frequency ranges, respectively (see Fig. 1). Thus, to
investigate any relationship between these two oscillators, we con-
ducted cross-frequency spectral analysis (Fig. 5). This revealed that,
during REM, the power of cerebellar VHFOs is significantly modu-
lated by the phase of those in the 6 range (Fig. 5B,C). Interestingly,
this modulation was significant only in vermal regions (Lob VI, Lob
II/IIT) and not in Crus L. This finding is consistent with the reduced
presence of VHFOs during REM in the Crus I cerebellar region
compared with the others recorded (Figs. 1C, 2C,D), further indicat-
ing spatial heterogeneity in cerebellar processing during sleep.

Since PSPs were highly abundant during REM and also
phase-locked to cerebellar §, we investigated whether they play a
role in local cross-frequency modulation between & phase and
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VHFO power. By comparing modulation in 6 cycles with no
PSPs, those containing isolated PSPs and those containing clus-
ters of PSPs (Fig. 5D), we found that PSP density did not signifi-
cantly influence the degree of cross-frequency modulation
observed in any of the recorded cerebellar regions (Fig. 5D).

Cerebellar 6 and phasic sharp potentials modulate
hippocampal theta oscillations during REM

We next investigated whether the prominent cerebellar § oscilla-
tions and the high density of PSPs observed during REM were
related to, or impacted on, theta oscillations in the hippocampus,
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which are a well-described physiological signature of REM sleep
(Fig. 6). During REM, hippocampal theta oscillations fluctuated
within a frequency range of ~6-12Hz, and visual inspection of
spectra and raw LFP traces revealed that these theta frequency
fluctuations appeared to be temporally aligned with cerebellar &
oscillation cycles/PSP events (Fig. 6A). Therefore, we next calcu-
lated hippocampal LFP power spectra triggered from the peak of
cerebellar 6 wave cycles. This analysis revealed that hippocampal
theta frequency increased during the ascending phase of the cere-
bellar 6 oscillation compared with the values at the trough (-7r;
Fig. 6B,C).

Given that PSP timing is locked to specific phases of both cer-
ebellar 6 and hippocampal theta oscillation cycles (Fig. 4), we
next investigated whether the number of PSPs occurring during
the cerebellar 5 wave was associated with the level of hippocam-
pal theta modulation. In contrast to intracerebellar § phase mod-
ulation of VHFOs, by comparing cycles with no PSPs, those
containing isolated PSPs and those containing clusters of PSPs
(Fig. 6D), we found that the acceleration of hippocampal theta
was most prominent when clusters of cerebellar PSPs were pres-
ent, suggesting that these phasic events are linked to the observed
changes in hippocampal theta frequency.

Hippocampal ripples drive LFP changes in the cerebellum

During REM, dominant hippocampal theta oscillations are
coordinated with prominent cerebellar LFP network activity (8
oscillations and PSPs). During non-REM sleep, however, hippo-
campal activity is characterized by the presence of prominent
SWRs. Therefore, we next asked whether cerebellar activity is
coordinated or modulated by hippocampal SWRs during non-
REM sleep. To address this question, we first detected SWRs
(Fig. 7A) and computed the cerebellar LFP averaged relative to
SWR onset (Fig. 7B). ERPs were clearly observed in all the
recorded cerebellar regions. The SWR-triggered responses were

characterized by a prominent slow component that preceded the
onset timing of SWR maximal amplitude followed by an ERP
(occurring after SWR ripple maximal amplitude; Fig. 7B). In
order to isolate the ERPs from the slow component and compare
their amplitude across cerebellar regions, we baselined them by
subtracting the pre-SWR levels (mean values from —100 to
—50ms; Fig. 7B, inset). The onset-to-peak amplitude in base-
lined ERPs did not differ across cerebellar regions (Fig. 7C, left).
In contrast, latency to ERP onset was shortest in Lob VI
(11.13 = 3.93 ms) compared with Crus I (28.91 =4.72ms) and
to Lob II/III (32.18 = 3.85ms; Fig. 7C, right). Given the recent
description of SWR propagation from hippocampus to neocor-
tex (Nitzan et al., 2020), we also calculated SWR-triggered spec-
tral analysis of the cerebellar LFP (Fig. 7D,E), which revealed no
significant changes in cerebellar LFP power in 140-180 Hz range
(SWR frequency range). This suggests that hippocampal SWRs
do not propagate directly or indirectly to the cerebellum. We
next asked whether the slow-frequency component observed in
the SWR-triggered responses resulted from the timing of SWRs
at the peak of cerebellar slow oscillation cycles. To probe this
question, we calculated phase-locking of the detected hippocam-
pal SWR relative to the phase of cerebellar § oscillations (<4 Hz;
Fig. 7F-H). We confirmed that hippocampal SWRs were phase-
locked to the & rhythm observed in all three recorded cerebellar
regions but that the strength of phase-locking was significantly
greatest for Lob VI (Fig. 7G,H). Finally, we investigated potential
interplay between PSPs recorded in the cerebellum and hippocam-
pal SWRs. To do so, we computed the probability of detecting a
SWR following the detection of a PSP. We found a consistent
decrease in SWR probability ~90 ms after the PSP peak in all cere-
bellar regions, which lasted for ~1 s (compared with a shuffled
dataset; Fig. 7I). In addition, a significant increase in SWR was
observed ~100 ms before the PSPs recorded in Lob VI. The reduc-
tion in SWR occurrence immediately following the PSPs suggests
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Figure 5. Modulation of VHFO frequency oscillations by & oscillations within the cerebellum during REM. A, Representative spectrogram (top; with VHFO frequency filtered
trace overlaid in white) and raw cerebellar LFP recordings (bottom; with & frequency filtered oscillations overlaid in red) showing the modulation of VHFOs by cerebellar &
oscillations during an REM epoch. The cerebellar LFP is dominated by both & oscillations and VHFOs, which fluctuate dynamically within the ~250 Hz and <4 Hz ranges,
respectively. The fluctuations in cerebellar VHFO power appear temporally aligned to the prominent & oscillations in the cerebellar LFP. B, Average spectrograms aligned to
the phase of the cerebellar ((BM) & oscillations (<4 Hz) during REM sleep. The power of cerebellar VHFOs appears greatest following the peak of cerebellar & (zero phase
radians) in vermal lobules (VI, 1l/1l) but not Crus I. C, Average cerebellar VHFO power aligned to cerebellar & oscillation phase. A significant increase in VHFO power was
found across & phase in Lob VI and Lob II/IIl. D, Effect of PSP abundance during the cerebellar & oscillations on the modulation of VHFOs during REM. We compared the
maximal change in cerebellar VHFO power during cerebellar & oscillations in which no PSPs, isolated PSPs or clusters of PSPs were detected. No significant differences were
observed for the three cerebellar regions. In all mean plots, n=Lob VI, n =15 mice; Crus |, n="11 mice; Lob II/Ill, n=11 mice. For detailed statistical comparisons, see
Extended Data Figure 2-1.

that the latter have an impact on local hippocampal activity, while ~ which is consistent with our observations during wake. Thus,
the higher probability preceding the PSPs suggests a potential asso-  given the high presence of VHFOs in head-fixed or sleeping

ciation between the occurrence of SWR and the generation of PSPs. animals, they may be related to the absence of voluntary

movements. Our findings additionally extend the work of de
Discussion Solages et al. (2008) by showing, for the first time, that
Despite the extensive literature on sleep-related neurophysiologi- ~ VHFOs are concurrently present across multiple cerebellar

cal processes in the hippocampus (Klinzing et al, 2019) and  cortical regions, prevalent during sleep (above wake levels),
recent advances in understanding of sleep-related processes in ~ and temporally coordinated by local cerebellar § rhythms
the cerebellum (Canto et al,, 2017; Xu et al,, 2020; Zhang et al., ~ during REM sleep. Despite these advances, further work is
2020), no report exists on potential functional or physiological  clearly required to fully understand the functional importance
interplay between these regions during sleep. Therefore, to  of VHFOs in the cerebellum (De Zeeuw et al., 2008).

bridge this knowledge gap, we investigated cerebello-hippocam- During non-REM sleep, our description of prominent &
pal interactions as well as intrinsic cerebellar LFP dynamics  oscillations in the cerebellar cortex is in keeping with previous
across sleep states in mice. work showing that neocortical slow oscillations entrain those in

the cerebellar cortex (Ros et al., 2009; Rowland et al., 2010; Xu et
Intracerebellar LFP dynamics during sleep al., 2020). In contrast, REM sleep is traditionally associated with

We profiled sleep-related activity within three distinct regions of ~ theta (~6-12Hz) frequency LFP oscillations. Our recordings from
the cerebellar cortex: Lob VI, Lob II/IIL, and Crus I. Modulation ~ the cerebellum revealed no increase in theta power during REM.
of cerebellar LFP activity was found across sleep states, both Surprisingly, we did observe highly synchronous & (<4 Hz) oscilla-
locally, in spatially segregated cerebellar lobules, and globally, ~ tions in all three recorded cerebellar regions during REM. This may
in a coordinated manner across the cerebellar cortex. Overall, ~ De alocal circuit peculiarity; however, recent evidence in rodent and
during REM and non-REM sleep, prominent & oscillations human studies suggests that localized 6 oscillations should be con-
(<4 Hz) and VHFOs (~250 Hz) dominate the spectral profile si.dere.d an integrgl component 9f REM sleep (Funk et al,, 2016;
in all three regions. The presence of VHFOs has been  Siclariand Tononi, 2017; Bernardi et al, 2019).

described previously in Lob V/VIa of anesthetized and awake,

head-fixed rats, and attributed to activity in recurrent  Cerebello-hippocampal coherence during sleep

Purkinje cell collaterals (de Solages et al., 2008). In contrast,  Next, we sought evidence for putative functional coupling, as
previous studies in freely moving mice have predominantly  measured by LEP-LFP coherence, between the hippocampus and
described high-frequency oscillations in the cerebellar cortex  cerebellum across sleep states. Of particular note, we found that
(~150Hz) (Cheron et al., 2004, 2005; Servais et al., 2005),  hippocampus-Lob VI coherence was significantly and dynamically
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Figure 6.  Modulation of hippocampal theta frequency by cerebellar ((BM) & oscillations during REM. A, Representative spectrogram (top; with theta filtered trace overlaid in white) and raw cerebellar

LFP recordings (bottom) showing the modulation of hippocampal theta frequency by cerebellar & oscillations during an REM epoch. The hippocampal LFP is dominated by theta oscillations, which fluctu-
ate dynamically within the 6-12 Hz range. These fluctuations in hippocampal theta frequency appear temporally aligned to the & oscillations dominating cerebellar LFPs (examples of this are indicated by
black horizontal bars above spectrogram). B, Average hippocampal spectrograms aligned to the phase of the cerebellar & oscillations (<4 Hz) during REM sleep. The preferred hippocampal theta fre-
quency (white line, overlaid) shows an acceleration coincident with the peak of the cerebellar & oscillations: 0 phase radians; maximal frequency of hippocampal theta: triggered from Crus
=797 = 0.095 Hz at —18.74° (—0.1 77), triggered from Lob I/l =7.94 = 0.095 Hz at —3.72° (—0.02 7r), triggered from Lob VI=8.14 = 0.154 Hz at —18.74° (—0.1 77). (, Average preferred
hippocampal theta frequency aligned to cerebellar & oscillation phase. Significant hippocampal theta frequency acceleration was found from the trough of & to the peak of & in all cerebellar regions.
However, no differences in hippocampal theta frequency modulation were observed between the & oscillations recorded across the three cerebellar locations. D, Effect of PSP abundance during the cere-
bellar & oscillations on the modulation of preferred hippocampal theta frequency during REM. We compared the maximal change in hippocampal theta frequency during cerebellar & oscillations in which
no PSPs, isolated PSPs, or clusters of PSPs were detected. Significant differences were observed for the three cerebellar regions with a significant increase in the hippocampal theta modulation during &
waves when dlusters of PSPs were detected compared with those with no PSPs or isolated PSPs. In all mean plots, n=Lob VI, n.=15 mice; Crus I, n="11 mice; Lob Il/lll, n =11 mice. For detailed statisti-

cal comparisons, see Extended Data Figure 2-1. *p << 0.05. **p << 0.01. **p < 0.001.

modulated across sleep states. Specifically, during non-REM, hip-
pocampus-Lob VI § coherence was significantly higher than dur-
ing wake/REM, whereas during REM, hippocampus-Lob VI theta
coherence was significantly higher than during non-REM and,
surprisingly, was also significantly modulated to above wake levels.
The comparatively heightened, frequency-specific, offline coupling
between hippocampus and Lob VI during non-REM illustrates
the potential for both sleep stage and regionally specific interac-
tions between the two brain structures in addition to those we pre-
viously described during active movement in the home-cage
(Watson et al,, 2019). This interaction may be supported by ana-
tomic connections linking Lob VI and hippocampus via the
medial septum or the supramammillary nucleus (Watson et al.,
2019).

Putative PGO waves provide a potential substrate for
cerebello-hippocampal interactions during REM

In addition to the ongoing LFP oscillations observed in the cere-
bello-hippocampal network during sleep, we also detected high-am-
plitude PSPs in the cerebellar cortical recordings that were
particularly abundant during REM sleep. Previous studies have
described similar phasic events in the cerebellum and attributed
them to propagation of PGO waves (Farber et al., 1980; Velluti et
al., 1985). In keeping with our observations, PGO waves are found
to be highly concentrated in REM epochs across multiple brain
regions (Harlay et al., 1974; Pellet and Harley, 1977; Marks et al,,
1980; Tsunematsu et al, 2020). Furthermore, PGO waves are
known to phase-lock to hippocampal theta rhythms during REM

and modulate its frequency (increasing the preferred theta fre-
quency) (Karashima et al.,, 2002, 2007). We also show that cerebellar
PSPs are significantly phase-locked to the cerebellar 6 oscillation
cycle, and cross-frequency analysis revealed that cerebellar 6 modu-
lation of hippocampal theta oscillations occurs preferentially when
PSP content is high. Overall, the most parsimonious explanation is
that the PSPs we recorded in the cerebellum are propagated PGO
waves. During REM, PGOs have been shown to play a crucial role
in coordinating long range network dynamics underlying sleep-de-
pendent cognitive processes required for establishment of fear
memory (Datta et al., 1998; Datta, 2000; Datta and O’Malley, 2013).
The PSPs observed in the cerebellum may play a similar role by
coordinating interactions with the hippocampus.

SWRs link hippocampus and cerebellum during non-REM
sleep

SWRs are a prominent physiological feature of hippocampal ac-
tivity during non-REM sleep (Buzsaki, 1986; Csicsvari et al.,
2000). Their occurrence is coordinated with cortical spindles,
which are themselves synchronized with cortical slow-8 oscilla-
tions (Siapas and Wilson, 1998), and this tripartite interaction is
important for memory formation (Girardeau et al, 2009;
Maingret et al.,, 2016; Latchoumane et al,, 2017). Consequently,
we examined the relationship between hippocampal SWRs and
cerebellar LFPs. SWR-triggered cerebellar LFP waveform aver-
ages in combination with phase-locking analysis revealed two
main findings. First, ERPs are present in the cerebellar LFP at
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Figure 7.  Hippocampal SWRs trigger evoked activity in the cerebellum, and cerebellar PSP events reduce probability of hippocampal SWR occurrence. A, Example of the raw (blue) and fil-
tered (150-250 Hz, black) hippocampal LFP during non-REM sleep. SWRs were identified (purple asterisks) at the maximal value in the filtered signal. B, Averaged SWR-triggered waveforms
from the cerebellar recordings. Zero time represents the time of detected SWR onset in the filtered signal. Evoked field potentials were observed in all the cerebellar recordings. Inset, The
same data but baselined against values from —100 to —50 ms, eliminating the slow-frequency component and allowing clearer visualization of the evoked potentials. C, From the
baseline normalized data, we quantified the ERP amplitude measured as the onset-to-peak value and also the onset latency. No significant differences were observed for am-
plitude; however, Lob VI ERPs occurred at significantly shorter latencies compared with both Lob II/1ll and Crus I. D, Averaged power spectra triggered by detected hippocam-
pal SWR events (time 0). We observe discrete SWR activity in the hippocampal spectrogram (~150 Hz) that is not present in the cerebellum. E, Mean spectral power in the
140-180 Hz range calculated in windows of 250 ms pre- and post-detected SWR onset. Significant increases in this frequency range were only detected in hippocampal sig-
nals. F, Significant phase-locking of SWRs to & oscillations was found in all cerebellar regions during non-REM sleep. Bottom panels, The normalized count of PSPs recorded
at the different phases of & oscillations in all mice for each cerebellar region. Top, The individual vectors of the phase-locking for each mouse (gray arrows) and the average
vector across all mice (color-coded; resultant vector angle: Crus | =341.53°, Lob Il =342.10° Lob VI=355.27° resultant vector length: Crus I =0.16, Lob [I=0.1, Lob
VI=0.21). G, Fraction of mice with significant SWR-to-cerebellar 6 phase-locking (significant phase-locking was found in Crus I, 9/11 mice; Lob II/Ill, 10/11 mice; Lob VI
14/15 mice). H, The level of SWR phase-locking was higher with Lob VI compared with Crus | or Lob II/Ill. 1, Probability of SWRs relative to PSP onset. The number of SWRs
are reduced following PSP occurrence. Color bars represent significant differences in PSP probability relative to shuffled data (Lob VI, red; Crus I, green; Lob II/11l, black; two-
way ANOVA with multiple comparisons between cerebellar region and shuffled data). For all mean plots, HPC, n = 20 mice; Crus 1, n =11 mice; Lob II/Ill, n =11 mice; Lob
VI, n=15 mice. For detailed statistical comparisons, see Extended Data Figure 2-1. *p << 0.05. **p << 0.01. ***p < 0.001.
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SWRs are phase-locked to the cerebellar & oscillation (1) and drive modulation of cerebellar LFP activity, at shortest latency in Lob VI (2). In addition, PSPs recorded in the cerebellum are asso-
ciated with reduced SWR probability of occurrence. Finally, overall coherence within the & frequency range is highest between hippocampus and Lob VI compared with other cerebellar lobules.
During REM, PSPs are significantly phase-locked to both the trough of hippocampal theta (purple line) and the peak of cerebellar & oscillations (black line) (5). Cerebellar & oscillations and
associated PSPs modulate the frequency of hippocampal theta rhythms (from ~7.5 Hz [low, purple line] to 8 Hz [high, yellow line]) (6). Additionally, within the cerebellum, & oscillations can
modulate activity within the VHFO range during REM (7). P-locking, phase-locking. The multisite LFP recording technique used in our study allowed us to survey a large spatial extent of the
cerebellum (hemispheric, Crus I; dorsal vermis, Lob VI; and ventral vermis, Lob II/Ill) alongside hippocampal LFP, which would be difficult to achieve using alternative methods. However, this
methodology precluded layer-specific or local spiking activity measurement. Future studies directly measuring spiking activity across both regions during sleep will be essential to fully under-
stand the functional significance of the dynamics observed at the LFP level. Created with www.BioRender.com.

short latency (particularly in Lob VI) following hippocampal
SWR onset. Previously, hippocampal SWRs have been shown to
drive evoked LFP and single-unit changes in the cingulate cortex
of a similar latency to those triggered by hippocampal electrical
stimulation; as such, SWR activity may be considered indicative
of hippocampal efference (Wang and Ikemoto, 2016). Indeed, we
found that SWRs triggered cerebellar ERPs with a short onset la-
tency of ~10 ms, which is in agreement with previous reports in
anesthetized rats (Saint-Cyr and Woodward, 1980a, b) where
electrical stimulation of the hippocampal fornix elicited both
short-latency mossy fiber (5-10ms, routed via the pontine
nuclei) and longer-latency, climbing fiber (10-20 ms, routed via
the inferior olive) responses within the cerebellar cortex. Also
consistent with our results, topographical mapping of cerebellar
responses following hippocampal electrical stimulation revealed
evoked activity mainly in the Lob VI region of both cats
(Newman and Reza, 1979) and rats (Saint-Cyr and Woodward,
1980a).

Our second main finding was that SWRs are significantly
phase-locked to the up state of cerebellar 6 oscillations in strik-
ing similarity to the well-described locking of SWRs to neocorti-
cal 8, which is thought to facilitate transfer of memory
information from subcortical to cortical loci (Maingret et al.,
2016). As cerebellar Purkinje cells are known to toggle between
depolarizing “up states” and hyperpolarizing “down states” (for
review, see Engbers et al., 2013), it may be considered that, dur-
ing non-REM sleep, cerebellar 6 oscillations facilitate the trans-
fer of hippocampal information via phase-locking of SWRs to
periods of high Purkinje cell excitability. Consistent with our
finding that hippocampus-Lob VI & coherence during non-REM

sleep is higher compared with other cerebellar regions, SWRs
were significantly more phase-locked to Lob VI 6 compared
with Crus I or Lob II/IIl. Another physiological explanation of
SWR links to cerebellar § oscillations may be provided by the
fact that SWRs are known to nest in the up state of neocortical
slow-6 oscillations. In turn, these neocortical oscillations
have been shown to entrain cerebellar activity in both anes-
thetized rats (Ro$ et al., 2009; Rowland et al., 2010;
Schwarz, 2010) and naturally sleeping monkeys (Xu et al,,
2020). Thus, SWR phase-locking to cerebellar o oscillations
may be mediated via upstream SWR-to-neocortical 6 nest-
ing. Together, the SWR-triggered evoked LFP activity
recorded in the cerebellar cortex and their coordination
with cerebellar § oscillations illustrate the existence of ro-
bust physiological links and candidate mechanisms that
could subserve hippocampal-cerebellar (particularly Lob
VI) interactions during non-REM sleep.

Interplay between putative PGOs recorded in the cerebellum
and SWRs

Using cross-correlation analysis to investigate interplay between
PSPs (putative PGOs) and SWRs, we found a significantly
increased probability of SWR occurrence preceding (~100 ms)
the occurrence of PSPs, specifically in Lob VI, which aligns with
recent findings (Tsunematsu et al., 2020). Following cerebellar
PSP onset, the probability of SWR occurrence was reduced for
~1 s, suggesting that these events drive hippocampal circuit
changes that temporarily preclude SWR generation and may
afford distinct cerebello-hippocampal communication states.
Interestingly, this reduction was not observed by Tsunematsu et
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al. (2020). However, another recent study in macaque (Ramirez-
Villegas et al., 2021) identified two types of PGOs, with differen-
tial association with hippocampal events. Of particular relevance,
one PGO type was associated with hippocampal theta bursts and
a reduced occurrence of SWR. Therefore, it is likely that the
identified cerebellar PSPs preferentially represent the occurrence
of this specific type of PGOs wave.

In conclusion, our findings illustrate the presence of
multiple, bidirectional, and coordinated physiological
events in the cerebello-hippocampal network during sleep
(see Fig. 8), centered around prominent & oscillations. In
particular, we have highlighted lobule-specific hippocam-
pus-to-cerebellum directed interaction during non-REM
sleep mediated via SWR and 6 oscillations. During REM,
we identified prominent cerebellar é oscillations and asso-
ciated PSPs, which modulate both local cerebellar VHFOs
and distant hippocampal theta oscillations. Thus, it
appears that 6 oscillations play a key role in temporal
coordination both within and between these regions.
Similar sleep stage-specific, transient physiological events
have been shown to be important for memory formation
across other brain circuits, and it may be hypothesized
that the events described in the hippocampal-cerebellar
network serve a similar role in affording the two regions
the ability to preferentially interact during windows of
enhanced synaptic plasticity.
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