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Abstract The whisker system is widely used as a model system for understanding sensorimotor
integration. Purkinje cells in the crus regions of the cerebellum have been reported to linearly
encode whisker midpoint, but it is unknown whether the paramedian and simplex lobules as well
as their target neurons in the cerebellar nuclei also encode whisker kinematics and if so which ones.
Elucidating how these kinematics are represented throughout the cerebellar hemisphere is essential
for understanding how the cerebellum coordinates multiple sensorimotor modalities. Exploring the
cerebellar hemisphere of mice using optogenetic stimulation, we found that whisker movements can
be elicited by stimulation of Purkinje cells in not only crusl and crus2, but also in the paramedian
lobule and lobule simplex; activation of cells in the medial paramedian lobule had on average the
shortest latency, whereas that of cells in lobule simplex elicited similar kinematics as those in crusl
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and crus2. During spontaneous whisking behaviour, simple spike activity correlated in general better
with velocity than position of the whiskers, but it varied between protraction and retraction as well
as per lobule. The cerebellar nuclei neurons targeted by the Purkinje cells showed similar activity
patterns characterized by a wide variety of kinematic signals, yet with a dominance for velocity.
Taken together, our data indicate that whisker movements are much more prominently and diversely
represented in the cerebellar cortex and nuclei than assumed, highlighting the rich repertoire of
cerebellar control in the kinematics of movements that can be engaged during coordination.

(Received 7 November 2022; accepted after revision 30 October 2023; first published online 20 November 2023)
Corresponding author Vincenzo Romano: Department of Neuroscience, Erasmus MC, Rotterdam, Netherlands.
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Abstract figure legend We optogenetically stimulated Purkinje cells (PCs) in various cerebellar lobules, while recording
their activity and monitoring whisker kinematics. Excitation of PCs throughout the cerebellar hemispheres induced
whisker movement, with the shortest latency and longest duration within the paramedian lobe. During spontaneous
whisking behaviour, simple spike activity encoded whisker kinematics at different time scales showing a stronger
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correlation with velocity than with position.

Key points

e Excitation of Purkinje cells throughout the cerebellar hemispheres induces whisker movement,
with the shortest latency and longest duration within the paramedian lobe.
Purkinje cells have differential encoding for the fast and slow components of whisking.
Purkinje cells encode not only the position but also the velocity of whiskers.
Purkinje cells with high sensitivity for whisker velocity are preferentially located in the medial
part of lobule simplex, crusl and lateral paramedian.

e In the downstream cerebellar nuclei, neurons with high sensitivity for whisker velocity are located
at the intersection between the medial and interposed nucleus.

Introduction

The whisker system is a widely used model to unravel
how the brain controls sensorimotor behaviour (Aufiret
et al., 2018; Crochet et al., 2011; Hill et al, 2011;
Lang et al., 2006; Lindeman et al, 2021; O’Connor
et al., 2002; Takatoh et al, 2022). While collecting
sensory information, rodents rhythmically protract and
retract their whiskers to actively explore the environment
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(Kleinfeld et al., 2006; Prescott et al., 2011). Such whisking
behaviour requires optimal motor actions at multiple
time scales to properly examine the sensory world (Hill
etal,,2011). The dynamic coordination of triphasic neuro-
muscular activity generates various whisker movement
components, which have been described as phase, mid-
point and amplitude of the envelope (Hill et al., 2008;
Sreenivasan et al., 2016) or velocity and amplitude of
protractions and retractions (Towal & Hartmann, 2008).

studied how the cerebellum allows us to learn to react faster to external stimuli, how we coordinate body movement with respiration and which signals

coordinate the left and right part of the body. Currently he is a team-leader aiming to elucidate how cerebro-cerebellar communication coordinates the

complex movement of the entire body.
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While activity of the intrinsic muscles directly affects the
velocity of the whisker movements at each cycle, that of
the extrinsic muscles largely determines their midpoint
(Bellavance et al., 2017; Hill et al., 2008).

Coordination of the different whisker movement
components during active exploration requires
communication between a complex network of different
brain areas (Bosman et al., 2011). Among these areas is
the cerebellum, which receives and sends signals related
to whisker kinematics from and to several areas of the
brainstem and cerebrum. The sensory information from
the whiskers relayed to the cerebellar cortex via the
mossy fibre and climbing fibre system has been described
for crusl and crus2, revealing a fractured somatotopic
organization (Bosman et al., 2010; Bosman et al.,, 2011;
Brown & Raman, 2018; Romano et al., 2018; Shambes
et al,, 1978). Accordingly, Purkinje cell (PC) activity of
these crus regions has been shown to modify and encode
whisker motion (Bosman et al., 2010; Bosman et al,,
2011; Brown & Raman, 2018; Chen et al., 2016; Proville
et al., 2014; Romano et al., 2018; Romano et al., 2022).
Indeed, the kinematics of whisking may be coordinated
by modulations of both simple spikes (SSs) and complex
spikes (CSs), which are evoked by changes in the mossy
fibre and climbing fibre pathway, respectively (De Zeeuw
et al, 2011; Romano et al., 2022; Thach, 1968). For
example, SS activity of PCs in crusl has been reported
to linearly encode the position of the slow component of
spontaneous whisker movements, including the whisker
midpoint or setpoint (Chen et al., 2016). However,
whether the same and/or a different group of PCs also
encodes different time scales such as the fast component
of individual protractions and retraction is still unknown.

To date, it has been shown for many other types
of movements, such as compensatory and saccadic eye
movements as well as limb and eyeblink movements,
that the SS modulation of PCs often carries a strong
and dominant velocity signal (De Zeeuw et al., 1995;
Herzfeld et al., 2015; Hewitt et al., 2011; Muzzu et al,
2018; Sauerbrei et al., 2015; ten Brinke et al., 2015).
To further advance our understanding of the cerebellar
contribution in the coordination of whisker movements,
we set out to investigate to what extent PCs in lobules
other than the crus regions, such as the neighbouring
paramedian lobule and lobule simplex, are also involved
in coordinating whisker movements, and to what extent
PCs in the cerebellar cortex and their target neurons in
the cerebellar nuclei (CN) (De Zeeuw & Berrebi, 1995)
also encode velocity signals. To address these questions,
we optogenetically stimulated PCs in the paramedian
lobule and lobule simplex in awake head-fixed mice
while recording their whisker movements, and we
compared the kinematics of these responses with those
obtained by stimulating crusl and crus2. Moreover, to
uncover the SS and CS encodings in these regions, we
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also extracellularly recorded PC activity and examined
their relationship to the different kinematic components
of whisker movements during voluntary spontaneous
behaviour. Finally, we recorded neural activity in the
CN to explore which kinematic parameters are encoded
downstream of the PCs and to determine to what extent
these encodings are preserved within the same PC-CN
microcomplex (Beekhofetal., 2021; De Zeeuw, 2021). Our
results highlight that PCs in both the paramedian lobule
and lobule simplex may play prominent and versatile roles
in the coordination of whisker movements, adding to
the contributions provided by PCs in crusl and crus2.
Moreover, analysis of PC activity in all four tested lobules,
as well as that of their CN target neurons, highlights
that velocity is the most dominant kinematic parameter
encoded in the cerebellum.

Methods
Mice

All mice experiments were done according to the Animals
guidelines of the institutional animal welfare committee
of Erasmus MC by the Central Authority for Scientific
Procedures. Wild-type C57BL/6] (No. 000664) and trans-
genic L7-Ai27D (No. 012567) mice were obtained from
the Jackson Laboratory (Bar Harbor, ME, USA). Mice
aged 6-34 weeks were used in this study and the mice
were housed individually in a 12 h light-dark cycle with
food and water available ad libitum. The ambient housing
temperature was maintained at ~25.5°C with 40-60%
humidity. We used 19 mice for the optogenetic stimulation
experiments and 53 mice for the recordings of 233 PCs and
78 CN neurons. After the experiment mice were killed by
cervical dislocation.

Surgeries

For all mice, a magnetic pedestal was placed on the skull
above the bregma using Super-Bond C&B (Sun Medical,
Furutaka-cho, Japan) and a craniotomy was made over the
right hemisphere of the cerebellum. Isoflurane anaesthesia
(Pharmachemie, Haarlem, The Netherlands; 2-4% v/v in
O,) was maintained during the whole surgery procedure.
Mice were given 5 mg/kg carprofen (‘Rimadyl, Pfizer,
New York, USA), 50 pg/kg buprenorphine (‘Temgesic,
Reckitt Benckiser Pharmaceuticals, Slough, UK), 1 ug
lidocaine (AstraZeneca, Zoetermeer, The Netherlands)
and 1 ug bupivacaine (Actavis, Parsippany-Troy Hills, NJ,
USA) to reduce postsurgical pain. After 48 h of recovery,
mice were habituated to the recording apparatus for about
45 min during at least two daily sessions. In the recording
apparatus, mice were head-fixed with the pedestal and
restrained.

© 2023 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Whisker tracking

The whisker movements were tracked as described
previously (Romano et al., 2020) using the BIOTACT
Whisker Tracking Tool (Perkon et al, 2011) in
combination with  custom-written code (https:
//github.com/elifesciences- publications/BWTT_PP).

The whisker movements were described as the average
angle of all trackable whiskers per frame.

Electrophysiology and spike sorting

Electrophysiological recordings were performed as
described previously (Romano et al., 2022) in awake
mice using quartz-coated platinum/tungsten electrodes
(2-5 MQ, outer diameter 80 um, Thomas Recording,
Giessen, Germany) placed in an 8 x 4 matrix (Thomas
Recording), with an interelectrode distance of 305 pm.
Before recording, we removed the dura of the opened
hemisphere, fixed the mice in the apparatus and adjusted
all manipulators under light anaesthetization with iso-
flurane. Recordings began at least 30 min after turning off
the anaesthesia and in the right hemisphere at a minimal
depth of 500 um. The electrophysiological signal was
digitized at 25 kHz, using a 1 to 6000 Hz band-pass filter,
22x pre-amplified, and stored using an RZ2 multichannel
workstation (Tucker-Davis Technologies, Alachua, FL,
USA). Spikes were detected offline using SpikeTrain
(Neurasmus, Rotterdam, The Netherlands) as we pre-
viously described (Romano et al., 2018; Romano et al.,
2020; Romano et al., 2022). The PC signal was recognized
by the appearance of the typical CS and SS. The criterion
for a single PC recording was the minimal interspike
interval of SSs was of 3 ms and each CS was followed
by a pause in SS firing of at least 8 ms. A recording was
considered to originate from a CN neuron based on
stereotaxic coordinates and post hoc electrolytic lesions
made in a subset of experiments. To avoid the firing
rate change being due to instability of the recording,
we excluded recordings in which the amplitude or the
width of more than three consecutive SSs exceeded
three standard deviations above or below their average.
Only those recordings during which the amplitude and
the width of the spikes were constant over time were
included in our study. When these criteria were satisfied,
we considered them stable single-unit recordings of PCs.
In total 233 PCs and 78 CN cells fulfilled these criteria.
Often multiple cells were recorded simultaneously from
the same mouse.

Optogenetic stimulation

Only  transgenic  L7-Ai27D  mice  expressing
channelrhodopsin-2 specifically in PCs were used
for these experiments. LED photostimulation (wave-
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length = 470 nm, M470F3, Thorlabs, Newton, NJ,
USA) was given by a high-power light driver (DC2100,
Thorlabs) through an optic fibre (400 um in diameter,
Thorlabs). The optic fibre was placed on the surface of the
right cerebellar hemisphere in 10 different locations. The
stimulation lasted 100 ms in 2 s intervals. The intensities
of the light stimulation varied from 1 to 10 mW. As in
Romano et al. (2022), the intensity was calibrated so that
only whisker movements were triggered when the mouse
was at rest. This was done by reducing the light intensity
when eye or front paw movement was induced by the
stimulation. This, together with the relatively short latency
(~20 ms after the stimulus offset), allowed us to exclude
the possibility that whisker movements were reflecting
largely secondary effects following other non-whisking
movements. PC excitation was unlikely to induce a
startle response, because a sequence of relatively short
stimuli (20 ms) entrains rather than attenuates whisker
movements (Bauer et al., 2022), as would be expected
by a prepulse inhibition effect. Using a 400 pm diameter
fibre resulted in an irradiation of 8-80 mW/mm. Based
on the calculation reported by Chaumont et al. (2013),
we estimated that the light stimulation could activate
1000/6000 PCs. Because this is not an accurate numerical
prediction and might differ greatly depending on the
site of stimulation, we cannot exclude that some PCs
could be activated by light delivered in two neighbouring
stimulation sites. From a control experiment, we estimated
that PCs could be activated by an optic fibre located within
~1000 pum Euclidian distance (Fig. A1E, F). From this
estimation, of how localized the PC activation was, we can
exclude that stimulation of distal locations (e.g. simplex
and paramedian lobule which lie ~2500 um apart) could
activate the same group of PCs.

Statistics and visualization

For Fig. 1, each mouse received different stimulations
from the 10 locations (medial simplex: 4 mice; lateral
simplex: 3 mice; medial crusl: 13 mice, lateral crusl:
4 mice; medial crusl/2: 4 mice; vermis: 4 mice; medial
crus2: 8 mice, lateral crus2: 4 mice; medial paramedian:
8 mice, lateral paramedian: 4 mice). The start of the
whisker movement was considered as the time at which
the movement exceeded 3 SD =+ baseline (from —200 to
—100 ms relative to the onset of the stimuli). The latency
of the whisker movement was calculated as the time from
the onset of stimulation to the start of the movement.
Throughout this study, the whisker heatmap was plotted
using a custom code based on the MATLAB function
‘imagesc’. In Fig. 2C, we aligned the whisker kinematics
around each SS and calculated its average per PC; in
Fig. 2D, we performed the same analysis, but aligned
the kinematics around each CS; and in Fig. 5D we

© 2023 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Figure 1. Optogenetic stimulation of Purkinje cells (PCs) triggers specific patterns of whisker
movements depending on the cerebellar area
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A, a schematic of the experimental set-up, which includes a high-speed camera for recording whisker movements
of a head-fixed mouse and an optical fibre to provide the optogenetic stimulation on top of the cerebellar cortex.
B, schematic of the dorsal view of the right cerebellar hemisphere showing three examples of sites for optogenetic
stimulation; light blue, red and dark blue dots indicate stimulation in medial lobule simplex (SP), medial crus1 (C1)
and medial paramedian lobule (PML), respectively. C, three example traces of representative profiles of whisker
movements upon PC stimulation of the three corresponding sites of stimulation. The purple bars indicate the
100 ms episodes of optogenetic stimulation. Protractions (P) and retractions (R) are represented by upward and
downward deflections, respectively. D, trials of optogenetically induced whisker movements are shown as heatmap
raster plots for stimulations in medial SP (left), C1 (middle) and PML (right) of the same mouse presented in B and
C. Zero represents the stimulation onset, the coloured frames indicate the period of optogenetic stimulation,
and each row shows the whisker movements of a single trial. £, schematic of all the optogenetic stimulation areas
(left). The population average whisker movements (right) for each stimulated area are represented with the colours
matching the schematic on the left. The shaded areas above and below the lines representing the averages indicate
the standard deviation. The purple shaded column highlights the 100 ms period of optogenetic stimulation. F, bar
plots showing the amplitude (left), latency (middle) and number of whisking cycles (right) for each of the stimulated
cerebellar areas. The latencies were calculated from the profile of the whisker movements starting at stimulation
onset. The total amount of induced whisking cycles during the first 1000 ms after stimulus onset. Note that the
filled bars indicate the data tested for differences (latency Med C1 vs. PM P = 1.07 x 10~>; number of cycles Med

C1vs. PM P=9.17 x 10=>. Error bars indicate the standard deviation. See also Appendix Fig. A1.

aligned the kinematics around each CN neuron spike.
We decided to align whisker kinematics around each SS
because each SS could induce (or be affected by) small
whisker displacement within each whisking cycle. Before
extracting protraction and retraction (Towal & Hartmann,
2008), we processed the whisker signal using a 2 Hz
high-pass filter to align the whisker baseline to zero.
Our aim was not to extract the slow component of the
midpoint, which has been previously calculated using a
6 Hz low-pass filter (Chen et al, 2016; Cheung et al,
2019). We have chosen the cut-off frequency of 2 Hz,
because under our experimental circumstances rhythmic
whisking occurs in the range of 3-30 Hz (Bauer et al,
2022; Cao et al., 2012; Kleinfeld et al., 2016; Moore
et al., 2013; Romano et al.,, 2022), while the slow pad
movements have been reported at 1-2 Hz (Bermejo et al,,
2005). Individual whisker protractions and retractions in
Figs 3, 5 and A3 were detected with custom MATLAB
code that detected the maximum and minimum points
of the filtered whisker signal (30 Hz low-pass filter). Only
segments with amplitude >3 degrees were considered for
this analysis. Protractions featuring a succession of two
of those segments (i.e. double pumps) were not included
(Towal & Hartmann, 2008). The heatmap of anatomical
distribution maps in the cerebellum was made similarly to
that previously described (Romano et al., 2018; Romano
et al, 2020; Romano et al., 2022). The locations of
all recorded PCs were attributed to the corresponding
position of a rectangular grid (4 x 4) covering the right
cerebellar hemispheres. The mean or standard deviation
of each parameter on this map was calculated per grid
position and interpolated between each grid position and
its neighbours. The black lines indicate the borders to
the cerebellar zones. For the CN anatomical distribution
maps, we attributed the 78 CN cells to a mediolateral
CN configuration aligned from 1 to 8. The corresponding
parameter on this map was calculated and averaged

similarly to the PCs, per grid position, and subsequently
interpolated with its neighbours. For the most extreme
lateral portion of the CN, we calculated the mean value
of the CN cells in the most extreme position and plotted
the interpolated mean value showing a transition from the
most extreme lateral part of the schematic to the medial
part. In Figs 4, 6 and A4, the individual protractions
and retractions were divided into three groups based
on amplitude or velocity. After sorting the amplitude
of protraction in ascending order, if the amplitude is
within the first 1/3 (0-33%) of all the movements, the
protraction was placed in the group ‘low”. If the amplitude
was between 1/3 and 2/3 (33-66%) of all the movements,
the protraction was placed in the group ‘middle’ If the
amplitude was within the last 1/3 (66-100%) of all the
movements, the protraction was placed in the group
‘high’ We quantified the firing rate modulation (maximal
modulation from —50 to 50 ms to the movement onset)
when the amplitude of the movements was low’, ‘middle’
or ‘high’ and analysed the difference in firing rate between
‘low’” and ‘high’

Results

Optogenetic stimulation of Purkinje cells triggers
region-specific movement patterns

To investigate whether the paramedian lobule and lobule
simplex may also be involved in coordinating whisker
movements, we compared the impact of optogenetic
stimulation of their PCs with that following stimulation
of PCs in crusl and crus2. In 19 awake, head-fixed
L7-Ai27D mice, PCs of the right cerebellar hemisphere
were optogenetically stimulated while recording whisker
movements (Fig. 1A); this type of stimulation is known
to instantly induce an increase in SS activity, because
of the expression of channelrhodopsin-2 specifically in

© 2023 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Figure 2. Changes in protraction or retraction of the whiskers aligned to simple spike (SS) and complex
spike (CS) activity

A, a schematic of the circuitry of the cerebellar cortex, highlighting a Purkinje cell (PC) that receives input from
multiple parallel fibres (pf) as well as a single climbing fibre (cf). The tip of the electrode for recordings is close
to the soma of the PC, allowing identification of both the SSs and CSs, which are modulated by the pf and cf
input, respectively. Note that parallel fibres originate in the granule cells (GrC), which in turn receive a mossy fibre
(mf) input. B, an example of the activity of a PC, showing both SSs (downward deflections) and CSs (upward
deflections indicated by black dots). C, average whisker position around the SS times. The heatmap is composed
of 233 lines each representing the change in whisker position around the SS times of each PC (indicated at 0 with
the dashed line). Cells are sorted according to the changes in whisker position in the first 50 ms after the SS times.
Some PCs have SSs associated with protraction (P, positive values in yellow) and some with retraction (R, negative
values in blue). The orange and blue lines above the heatmap represent the average change in whisker position
relative to the cells for which the SSs are associated with forward or backward whisker movement, respectively
(i.e. n = 37 for the PCs with the strongest modulation for protraction; n = 37 for the PCs with the strongest
modulation for retraction); the shaded areas around the lines represent the standard deviation. The bottom panel
shows the distribution of the preferred correlations of these PCs with either protraction or retraction for the 50 ms
period after SS across the lobules in the cerebellar hemisphere. D, similar to C, but for CSs. The distributions of
the areas correlating with protraction or retraction are reciprocal for CS and SS activity. Note that the scale bars
for the heatmaps are different for C and D, indicating that larger whisker movements are observed around SSs as
compared to CSs. See also Appendix Fig. A2.
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Figure 3. Simple spike (SS) modulations of different PCs differentially encode the beginning and end of
spontaneous whisker protractions and retractions

A, example of a whisker movement as a raw (top panel) and high-pass filtered trace (middle panel), with an
enlargement for a 500 ms period (bottom panel, corresponding to the inset in the middle panel). Spontaneous
whisker movements are characterized by quasiperiodic oscillations consisting of protractions and retractions, the
start and endpoint of which are identified and used for further analysis. Dark and light orange dots indicate the start
and end of protractions, while dark and light blue dots denote the start and end of retractions, respectively. Dark
orange and blue lines indicate protractions and retractions, respectively. B, convolved peri-event time histogram
(PETH) of SS firing rate for six different example cells in relation to the four whisker movement phases; colour
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coding as in A. C, SS activity of all 233 recorded PCs plotted as heatmaps aligned to the start of protraction (left),
end of protraction (left-middle), start of retraction (right-middle) and end of retraction (right). The SS rate of each
PC is normalized on its mean firing rate from —200 to —100 ms. The rows are sorted according to the maximal
modulation during the first 50 ms after the respective movement phase. See also Appendix Figs A3 and A4.

PCs (Proville et al., 2014; Witter et al., 2013). Using an
optic fibre with a radius of 200 um, we increased the
SS activity in PCs located within a Euclidian distance
of 1 mm (Fig. A1E,F). Whisker movements, most of
which were protractions, could be evoked as readily
via stimulation in the paramedian lobule and lobule
simplex as in crusl and crus2 (Fig. 1B, C). Yet, different
patterns occurred upon stimulation (Fig. 1C-F). For
example, optogenetic stimulation of the medial part of
the paramedian lobule induced oscillatory movements
with different kinematics as compared to those obtained
following stimulation of the medial parts of crusl (Fig.
1D). Stimulation of the medial paramedian lobule for
100 ms evoked whisker movements with a shorter onset
latency (108.9 + 7.19 ms) compared to medial crusl
(154.4 4+ 4.14 ms; P = 1.07 x 107°, unpaired ¢t test),
(Fig. 1C-E). When we used a shorter period of 50 ms of
optogenetic stimulation, the latency (103.63 £ 5.27 ms)
was significantly shorter (P = 0.02, paired f test) than that
for 100 ms stimulation (132.00 £ 14.76 ms), highlighting
that the evoked whisker movement was linked to the
offset, rather than the onset, of the stimulation (Fig.
Al). These data are in line with the possibility that a
reduction of SS activity at the offset of the stimulation
could trigger the whisker movements by disinhibiting
and increasing the activity of the CN neurons via a
rebound mechanism (Witter et al., 2013). Moreover,
the number of whisking cycles made in 1 s after the
stimulation was greater for the paramedian lobule
(6.36 £ 1.55) compared to that for crusl (3.25 £ 1.31;
P =9.17 x 107>, unpaired ¢ test), whereas no differences
in the maximal change in position or amplitude were
observed (i.e. paramedian lobule = 6.78 + 0.56° vs.
crusl = 6.86 &£ 1.09°% P = 0.96, unpaired ¢ test), (Fig. 1F).
Instead, stimulation of the medial lobule simplex
revealed whisker movements with similar kinematics
as those observed upon stimulation of medial crusl
(i.e. maximal amplitude: lobule simplex = 6.20 + 1.26°
vs. crusl = 6.86 £ 1.09°% P = 0.76, unpaired t-test;
latency: lobule simplex = 152.75 4 3.90 ms vs.
crusl = 154.38 £+ 4.14 ms; P = 0.84, unpaired ¢ test;
number of cycles: lobule simplex = 3.03 + 1.32 vs.
crusl =3.25+1.31; P=0.72, unpaired ¢ test). Stimulation
of the more lateral parts of lobule simplex, the crusl and
crus2 regions, as well as the paramedian lobule resulted in
movements with kinematic parameters that were similar
to those of medial crusl (Fig. 1E, F). Thus, optogenetic
stimulation of PCs of different medio-lateral parts of the
paramedian lobule, crusl and crus2, and lobule simplex
all evoke whisker movements with slightly different

kinematics, but the medial paramedian lobule stands
out for its rhythmic movements with relatively short
latencies and long durations, highlighting its capability of
triggering unique whisker movements.

Purkinje cell activity aligns with whisker movements
during spontaneous behaviour

To investigate whether and how SS activity and CS
activity encode spontaneous whisker movements, we
recorded extracellularly from 233 PCs in different areas
of the right cerebellar hemisphere in awake head-fixed
mice. We first examined the average whisker position
around CSs and SSs to investigate whether spike activity
is associated with changes in whisker position (ie.
amplitude) and if such changes preceded or followed the
spike activity (Fig. 2A, B). Because each simple spike
can in principle be associated with high time-precision
whisker changes superimposed on the ongoing oscillation,
we aligned whisker position to SS times and found
whiskers were significantly more protracted (73/233 cells)
or more retracted (62/233 cells) (see Methods for details).
Although we did observe a significant change in whisker
position also around the CSs (protraction: 73/233 cells,
retraction: 34/233 cells), the movement aligned to SSs was
larger and earlier for retraction (amplitude of protraction:
SS vs. CS: 2.68 +0.74° vs. 1.17 £ 0.62°, P=1.155 x 10~°};
amplitude of retraction: SS vs. CS: 1.89 £ 0.84° wvs.
0.24 4 0.16° P = 3.79 x 107%2; latency of protraction: SS
vs. C8: 9.5 £ 24.77 ms vs. 12.24 £ 24.72 ms, P = 0.3645;
latency of retraction: SS vs. CS: 7.06 £ 24.77 ms vs.
—7.21 £ 28.02 ms, P = 0.005, paired ¢ test; top and middle
panels in Fig. 2C, D). In general, the maximal amplitude
of the whisker movements followed rather than preceded
SS activity in that maximal protraction and retraction
occurred 9.5 & 24.77 and 7.06 = 24.77 ms after SS activity,
respectively. Even though these data indicate that the
temporal features of PC activity may allow for a causal
bidirectional control of the peak of whisker movements,
the onset of the movements frequently preceded the SS
times. This finding, which is in line with the correlations
observed during other behaviours, such as compensatory
eye movements (Voges et al, 2017), suggests that SS
activity could play a role in coordinating initiation and
modulation of whisker movements.

To visualize how PCs associated with protraction or
retraction are spatially distributed across the recorded
areas, we plotted the mean whisker modulation in a
100 ms period around SS or CS activity in the approximate
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Figure 4. Purkinje cells encode not only the position but also velocity of whiskers

A, based on the level of position (left two columns) or velocity (right two columns), each protraction and retraction
was classified into one of three groups (low, middle and high indicated in yellow, orange and purple, respectively).
To assess the sensitivity of the simple spike (SS) activity of each PC for the position or velocity of protractions and

© 2023 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.

85UB017 SUOLULLIOD BAIER.ID 3|qed![dde aup Aq peuen0b a1e Do NIE YO (88N JO S3INJ 104 ARG 1T BUIIUO AB]IM UO (SUORIPUOO-PUR-SULBYW0D™A8 | IM AR 1 pU1UO//SANY) SUORIPUOD PUE SLLB L 8U3 885 *[£202/TT/62] U0 AR1q18uliuO AB]IM SE8UI01dIGS1 RIS AN WepeRoY AISPAIUN snwses3 Aq y90r8ZdL/ETTT OT/I0p/w0d Ao 1M ARl 1 puljuo-0sAyd)/sdny wo.y pepeojumod ‘0 ‘e6.L697T



J Physiol 0.0

Whisker kinematics in the cerebellum

1"

retractions we calculated and plotted the average SS rate during the initial 100 ms window of the movements
with the low, middle and high levels of position and velocity (highlighted by the dashed boxes). The cells showed
heterogeneous responses with either an increase (i.e. SS facilitation) or a decrease of their SS firing rate (i.e. SS
suppression). The magnitude of both SS facilitations (Cell 1, middle row) and SS suppressions (Cell 2, lower row)
scaled well with the low, middle and high groups. In general, the sensitivity for the velocity of both protractions
and retractions appeared relatively stronger compared to position. For example, Cell 1 (middle row) and Cell 2
(lower row) show greater differences between their SS firing rate associated with high and low levels of velocity
(distance between the yellow and the purple line, right), compared to high and low levels of position (left). Note
that the shaded areas in purple indicate the time period used for grouping whisking movements, while the dashed
boxes indicate the time window used for PC activity analysis (from —50 to 50 ms after the start of the retraction
or protraction). B, the SS modulation of the entire population of the 233 PCs is shown as a heatmap where each
row represents one cell. The cells are sorted according to the maximal modulation in the 150 ms after the start
of protraction (top row) and retraction (bottom row). The heatmaps are shown for movements with low (left)
and high (right) levels of velocity. Dashed lines indicate the start of the whisker movement. C, bar plots indicating
that the changes in SS rate (from —50 to 50 ms after the start of the protraction or retraction) for the group
high (purple) was bigger than for the group low (yellow) both when sorting according to the position change or
velocity (high vs. low for protraction P = 5.11 x 10~8 for position and P = 2.32 x 10~ for velocity; high vs.
low for retraction P = 3.08 x 10~'° for position and P = 1.10 x 10~"7 for velocity, paired t test). D, however,
the difference between the two groups was smaller when sorting by amplitude compared to velocity (P = 0.004
for protraction and P = 0.0002 for retraction, paired t test), indicating higher SS sensitivity for the latter. The
preference for velocity sensitivity was confirmed by comparing the linear fitting of the correlation between each
individual segment of whisker movement (i.e. protraction and retraction) and the corresponding SS rate (D). Bar
plots with sorted differences in R? (difference between the R? obtained correlating position or velocity with SS rate)
for individual cells from —50 to 50 ms after the start of the protraction (left) or retraction (right). These plots show
that the firing rate of most cells correlates better with velocity (positive values) than with position (negative values).
At the population level, the R? for velocity was significantly higher than that for position during both protraction
and retraction (for protraction P = 6.29 x 10~%; for retraction P = 8.45 x 10~*; Wilcoxon paired test). F, the
spatial plot of the differences in R? values between velocity and position sensitivity of each cell in the approximate
location where it is recorded. The lobule simplex, medial crus1 and crus2 as well as the lateral paramedian lobule
contain many PCs with a prevalent SS sensitivity for velocity during protraction, while velocity during retraction is
mainly encoded in the lateral crus1 and medial paramedian. Error bars in C indicate the standard deviation. See
also Appendix Figs A5-A8.

location where each PC was recorded from (bottom
panels in Fig. 2C, D). PCs with SS activity associated
with protraction and retraction were particularly
abundant in lateral crusl and lateral paramedian
lobule, respectively. Instead, the PCs with CS activity
associated with protraction and retraction showed the
opposite distribution pattern (Fig. 2C, D; for more details,
see Fig. A2). For example, PCs with CS modulations
associated with protraction were particularly abundant
in the lateral paramedian lobule pattern (Fig. 2D bottom
right).

Simple spikes encode different phases of the whisker
movements

Previously, it has been reported that PCs of crusl encode
the slow component of whisker position (i.e. whisker
midpoint), but not the fast component associated with
the phase of the whisking cycle (Chen et al., 2016). We
performed a phase transformation and also found weak
correlations between SS activity and phase of the whisking
cycle for PCs of lobules other than crusl (Fig. A3). Based
on the quasiperiodic element of whisking and that PCs
could signal timing rather than the whisking phase, we
analysed the fast component of whisking behaviour for
individual whisk segments (Towal & Hartmann, 2008;

Wineski, 1983). We filtered out the slow component
(< 2 Hz) to align the whisker baseline to 0 and examined
PC activity at the beginning and end of each individual
protraction or retraction (Fig. 3, Fig. A4B, for details see
Methods). The end of a whisk in one direction frequently
corresponded in time to the start of the subsequent whisk
in the opposite direction, but occasionally two consecutive
whisker movements were separated by a transient delay
(Fig. 3A). When we examined SS activity around the four
time-points of interest, that is start of protraction, end
of protraction, start of retraction, and end of retraction,
the SS modulation around the time-points of interest
differed greatly across PCs (see, for example, in Fig. 3B
cells 1—6). Whereas some cells showed unidirectional
modulation that could be either an increase (cell 2) or a
decrease (cell 3) of SS activity, other cells showed more
complex patterns of bidirectional modulation (cells 5
and 6). When aligning the SS modulation of all 233
recorded cells to the time-point of interest (Fig. 3C), we
observed that the most prominent changes in SS activity
concerned increases shortly after the beginning of a
protraction [maximal modulation after (0 to 50 ms) -
before (—50 to 0 ms): start of protraction = 1.73 & 0.28%,

end of protraction = 006 £ 0.27%, start
of retraction = —027 £ 0.36%, end of
retraction = —1.19 + 0.38%]. The modulation after
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Figure 5. Spikes of cerebellar nuclei neurons encode the different phases of the whisker protractions
or retractions with heterogeneous firing patterns

A, the cerebellar cortex receives inputs from the climbing fibres (cfs) and mossy fibres (mf), the latter of which
activate the granule cells (GrC) giving rise to the parallel fibres (pfs). The signals from these inputs are relayed via
the Purkinje cells (PCs) to the cerebellar nuclei (CN) where ultimately all information is integrated with cf and mf
collaterals and recorded. B, an example of a raw recording of the activity of a CN neuron. C, a schematic of the
three CN; the blue, yellow and pink structures indicate the lateral (Lat), interposed (Int) and medial (Med) CN. D,
whisker movements around CN neuron firing are represented in a heatmap with each row representing the average
whisker position for each recorded CN neuron; positive values (yellow) represent protraction (P) and negative values
represent retraction (R). The rows are sorted according to the mean whisker position (during the first 50 ms after
the onset of spike time). The neurons for which the spike activity preceded whisker protraction (top part of the
heatmap in yellow) can be distinguished from cells for which the activity preceded whisker retraction (bottom part
of the heatmap in blue). The average whisker position for these two groups of cells is shown above the heatmap.
The orange and blue lines represent the average whisker modulation for the cells (12 out of 78 for each group)
that exceeded one SD above or below the mean, respectively. The shaded areas around the lines represent the
standard deviation. E, schematic of the spatial distribution of recorded CN neurons in the mediolateral plane. The
colours represent the mean whisker movement during the first 50 ms after CN neuron firing. The CN neurons
associated with protraction were preferably located either very medial (medial portion of the medial CN) or very
lateral (lateral part of the lateral CN). F, convolved peri-event time histogram (PETH) of two different examples of
CN neurons with different preferences for the different phases. The dark and light orange and the dark and light
blue represent the CN neuron modulation around the time of the start of protraction, end of protraction, start of
retraction and end of retraction, respectively. G, spike activity of all 78 recorded CN neurons is shown as a heatmap
raster plot and aligned to the start of protraction (top left), the end of protraction (top right), the start of retraction
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(bottom left) and the end of retraction (bottom right). The spike rate of each CN neuron is normalized based on
the mean of its firing rate from —200 to —100 ms. The lines are sorted according to the maximal modulation
during the first 50 ms after the start of protraction. See also Appendix Fig. A9.

the beginning of a protraction was significantly bigger
than the second most prominent modulation (i.e.
end of retraction; |start of protraction| vs. |end of
retraction|, P = 0.037, paired ¢ test). This differential
modulation around the time-point of interest indicates
that the PC SS activity also encodes the fast component
of whisking. Albeit less prominent, heterogeneous
patterns of activity were also observed for CSs
[maximal modulation after (0 to 50 ms) - before
(=50 to 0 ms): start of protraction = 0.03 £ 0.08%,
end of protraction = —0.18 £ 0.05%, start
of retraction = —13 =+ 0.06%, end of
retraction = —0.25 + 0.06%; [start of protraction SS|
vs. |start of protraction CS|, P = 1.13 x 107, paired ¢
test] (Fig. A4C,D). We conclude that, in addition to the
setpoint (Chen et al., 2016), PC activity also encodes the
fast component of whisking.

Purkinje cells encode not only the position but also
the velocity of whiskers

Based on the heterogeneity of SS modulation across the PC
population, we hypothesized that SS activity of different
PCs could be tuned to different whisker kinematic
parameters. SS modulation in crusl PCs has been found
to linearly encode whisker position, in particular that of
the midpoint (Chen et al., 2016), whereas SS modulation
in PCs of other regions such as the flocculus of the
vestibulocerebellum or the oculomotor vermis is pre-
dominantly tuned to the velocity of eye movements
(Herzfeld et al., 2015; Sedaghat-Nejad et al., 2022). To
determine to what extent PCs of the different lobules
in the cerebellar hemispheres encode different whisker
kinematic parameters (i.e. position and/or velocity), we
examined the SS activity of individual PCs on their
sensitivities for position change (i.e. amplitude of the
segment of a whisk from the starting point to the
end point; see scheme in Fig. A4B) and velocity of
protraction and retraction movements. For each of the
four categories (i.e. position during protraction, position
during retraction, velocity during protraction and velocity
during retraction), we divided the individual whisker
movements evenly into three groups with different levels
of velocity or position change (0-33.3% referred to as
low; 33.3-66.6% as middle; or >66.6% as high; Fig. 4A).
When we quantified the change of SS rate during the
100 ms window around the onset of protractions and
retractions, we observed that the SS modulation was
maximal for the ‘high’ group independent of whether we

sorted by position change (i.e. amplitude) or by velocity
(percentage of modulation from baseline SS firing for
protraction amplitude: high: 22.69 £ 17.46%, middle:
20.17 + 16.07%, low: 18.04 & 13.84%; modulation for
retraction amplitude: high: 23.09 £+ 17.22%, middle:
20.03 £ 15.19%, low: 18.04 =+ 14.88%; modulation
for protraction velocity: high: 22.91 4+ 17.10%, middle:
20.40 £ 15.33%, low: 17.13 £+ 13.17%; modulation
for retraction velocity: high: 24.67 £ 18.90%, middle:
19.66 &= 14.8%, low: 17.59 £ 14.47%; Fig. 4B,C).

To better assess the sensitivity of the SS activity of
each PC for the position or velocity of protractions and
retractions, we calculated the difference between the ‘high’
and ‘low’ groups in SS modulation following grouping
based on velocity or position (Fig. 4D). Even though
the PCs (n = 233) showed heterogeneous responses,
the sensitivities for the velocity during protractions and
retractions were higher than those for position (P = 0.004
for protraction and P = 0.0002 for retraction, paired ¢ test).
This preference for velocity sensitivity was confirmed
also when, instead of grouping, the instantaneous SS
rate was correlated with either amplitude or velocity of
each individual whisking segment (Fig. 4E; Fig. A8C).
Moreover, at the population level, the R? value for
velocity was also significantly higher than that for position
during both protraction and retraction (for protraction
P=6.29 x 10~*; for retraction P = 8.45 x 10~*, Wilcoxon
paired test). The PCs with a prevalent SS sensitivity for
velocity during protraction were predominantly located in
the lobule simplex, medial crusl and crus2 as well as in
the lateral paramedian lobule. The PCs with a prominent
velocity sensitivity during retraction were mainly situated
in the lateral paramedian and lateral crusl (Fig. 4F; for
details see also Fig. A5).

To test whether the PCs exhibiting high correlations
with the fast-whisking component are the same as
exhibiting strong correlation with the slow-whisking
component we also calculated the correlations between
SS activity and the amplitude (Fig. A6) and midpoint
(Fig. A7) of the whisking envelope. The PCs that
correlated well with the slow whisking component differed
from those correlating with the fast component (Fig. A8A,
B). Instead, the PCs with strong correlations with the
amplitude of the fast component were the same as those
with strong correlations with the velocity of the fast
component. The fact that the SS correlation with velocity
was generally stronger than that with the amplitude also
emerged from the latter analysis, as the data points of this
correlation were mostly located above the diagonal in the
plot (Fig. A8C, D).
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Figure 6. The cerebellar nuclei neurons also encode both whisker position and velocity

A, the convolved peri-event time histograms (PETH) of two examples of CN neurons: one that increases (Cell 1, top
row) and another one that decreases (Cell 2, bottom row) its firing rate around protraction (left and middle-right)
and retraction (middle-left and right). Note that for these two different cells the maximal modulation was obtained
when aligning the activity for retraction and relating it to velocity (rightmost column). The shaded area indicates
the time period used for grouping whisking movements, and the dashed frame indicates the time window we
used for CN neuron activity analysis. B, the spike modulation of the entire population (n = 78 cells) is shown
as a heatmap where each row represents one cell. The cells are sorted according to the maximal modulation in
the 150 ms after the start of protractions (top row) and retractions (bottom row) occurring at low (left) and high
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(right) levels of velocity. Dashed lines indicate the start of the whisker movement. C, bar plots indicating that the
change in CN spike rate (from —50 to 50 ms after the start of the protraction or retraction) for the group high
(purple) was greater than for the group low (yellow) both when sorting according to the position and the velocity
(high vs. low for protraction P = 5.72 x 10~ for position and P = 1.7 x 10~/ for velocity; high vs. low for
retraction P = 3.54 x 10~ for position and P = 9.71 x 10~ for velocity, paired t test). D, similarly to PC, also
for CN neurons, the difference between the two groups was smaller sorting by amplitude compared to velocity
(P=0.001 for protraction and P = 0.004 for retraction, paired t test), indicating higher SS sensitivity for the latter.
The preference for velocity sensitivity was confirmed by comparing the linear correlation between each individual
segment of whisker movement (i.e. protraction and retraction) and the corresponding CN spike rate (D). E, sorted
differences in R? (difference between position and velocity sensitivity) for individual CN neurons from —50 to 50 ms
after the start of the protraction (left) or retraction (right). The bar plots of differences in CN modulation show that
the firing rate of most cells correlates better with velocity (positive values) than with position (negative values).
Likewise, at the population level, the R? for velocity was higher than that for position during both protraction and
retraction (for protraction P = 0.0019, for retraction: P = 0.0207; Wilcoxon paired test). F, plot of the difference
of R? values for each cell in the approximate location where CN neurons were recorded. The portions of CN that
modulate more for velocity (medial part of CN; highest values indicated in yellow) is similar for protractions (left)

and retractions (right). See also Appendix Fig. A10.

Cerebellar nuclei neurons encode different phases of
whisker movements

PC activity is conveyed to premotor neurons via CN
neurons. To investigate whether CN neurons pre-
ferentially modulate their activity with protraction or
retraction, we calculated the average whisker position
around the time of each spike of 78 CN neurons
(Fig. 5A, B; see also Methods for details). As with SS
activity in PCs, the spikes of CN neurons preceded
predominantly whisker protraction, but even so, a sub-
stantial amount preceded retractions (cell number:
protraction vs. retraction: 32/78 vs.17/78; amplitude:
protraction vs. retraction: 2.53 £ 0.58° vs. 2.43 £+ 0.73%
latency: protraction vs. retraction: 25.50 £ 23.64 ms vs.
8.24 £ 28.39 ms) (Fig. 5C, D). Based on the mediolateral
position of insertion of the recording electrode, it was
possible to retrieve the approximate mediolateral location
of each CN neuron (Fig. 5E; see Methods). The CN
neurons that were preferentially related to protraction
were located in the medial and lateral CN, whereas
the interposed nuclei showed a mixed prevalence for
protractions and retractions (Fig. 5E; for details see also
Fig. A9). Next, we aligned CN neuron spiking with the
four time-points of interest determining the start and the
end of protraction and retraction (Fig. 5F, G). As with PCs,
some CN neurons exhibited unidirectional modulation
(i.e. a transient increase or decrease of their firing rate;
Fig. 5F top panel), whereas others showed more complex
patterns of modulation (e.g. a succession of increase and
decrease of firing rate; Fig. 5F bottom panel). The activity
of CN neurons increased after the start and the end of
the protraction [maximal modulation after (0 to 50 ms) —
before (—50 to 0 ms): start of protraction = 0.73 % 0.25%,
end of protraction = 0.34 £ 0.34%] and decreased
during and after the end of retraction [maximal
modulation after (0 to 50 ms) - before (—50 to
0 ms): start of retraction = —0.13 £ 0.31%, end of

retraction = —1.17 + 0.34%, P = 0.05, paired ¢ test;
Fig. 5G].

Cerebellar nuclei neurons also encode both whisker
position and velocity

CN neurons (n = 78) were, similar to the PCs, pre-
ferentially tuned to whisker velocity or whisker position.
As done for the analysis of PC modulation, we grouped the
individual whisker movements as either low, medium or
high according to the velocity level or position change, and
we subsequently assessed to which of the two kinematic
parameters each CN neuron was preferentially tuned
(Fig. 6A). In line with their convolved peri-event time
histograms (PETHs) we found that the majority of CN
neurons preferentially modulated with velocity rather
than with position change (Fig. 6B, C). These findings
were observed for both protraction and retraction. The
sorted differences in R*> (difference between position
and velocity sensitivity) for individual cells from —50 to
+50 ms around the start of the protraction or retraction
also highlighted their preference for velocity signals
(Fig. 6D). Indeed, at the population level, the R* for
velocity was significantly higher than that for position
during both protraction and retraction (for protraction:
P =0.0019, for retraction: P = 0.02; Wilcoxon paired test).
Interestingly, in terms of localization the CN regions that
contained most cells sensitive to velocity of protraction
coincided with those of the CN cells sensitive to velocity
of retraction, that is the medial and interposed CN
(Fig. 6D; for details see also Fig. A10). Thus, despite
the firing patterns being heterogeneous across the neuro-
nal population, there is a region-specific modulation of
CN neuron activity that encodes the two phases (ie.
protraction and retraction) of the fast component of
whisker movements with a clear adherence to velocity
encoding.
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Discussion

Sensory orofacial representation studies by Welker and
colleagues revealed more than 40 years ago that natural
stimulation of different parts of the whisker pad can result
in short-latency, large-amplitude responses in multiple
patches of the cerebellar cortex (Shambes et al., 1978).
Yet, to what extent these parts of the cerebellum may
control motor activity of the corresponding facial regions
has remained relatively poorly understood. In this study,
we performed region-specific optogenetic stimulation of
PCs in four different lobules of the cerebellar hemi-
spheres to investigate their potential role in controlling
the kinematics of whisker movements and we explored
whether the activity of these PCs as well as that of
their CN target neurons encode different kinematic
parameters during spontaneous whisker movements.
Both the stimulation and recording experiments highlight
that not only PC-CN microcomplexes comprising crusl
and crus2, but also those comprising the paramedian
lobule and lobule simplex may contribute to kinematic
control of whisker movements, in particular that of their
velocity.

Motor control by the paramedian lobule and lobule
simplex

Our data show that stimulation of PCs in the paramedian
lobule is particularly effective in generating short-latency,
long-lasting rhythmic whisker movements. Thus, even
though the whisker receptive fields in the paramedian
lobule may be smaller than those in crusl and crus2
(Shambes et al, 1978), this does not directly imply
that they have a lesser role in motor coordination; in
fact, it might even mean the opposite in that they
might take advantage of the smaller fields and thereby
exert fine-tuning control at a higher spatial resolution.
Along the same vein, one might speculate that the crus
regions are more specialized in receiving and processing
sensory information (Bosman et al, 2010; Shambes
et al., 1978), whereas the paramedian lobule might be
more strongly implicated in motor control. Given that
the paramedian lobule, crus regions and also lobule
simplex are all participating in the same microcomplexes
and olivocerebellar micromodules (Beekhof et al., 2021;
De Zeeuw, 2021), sensorimotor integration could be
facilitated by the recurrent loops of these networks (Apps
& Hawkes, 2009; Chaumont et al., 2013; De Zeeuw et al.,
2011; Miall et al., 1998) and even play a role in controlling
the rhythmicity of the whisker movements (Bauer et al.,
2022; Lang et al., 2006). Another possibility, which is not
mutually exclusive with the former suggestion, is that PCs
in different cerebellar lobules compute different aspects
of sensory and motor processing, such as differential
dynamics with faster and slower components that may

J Physiol 0.0

depend on lobule-specific mossy fibre inputs (Chen et al.,
2016).

Involvement of the paramedian lobule in motor control
has previously also been shown for limb movements.
Stimulation of forelimb-related neocortical regions in rat
induces c-fos expression in the paramedian lobule (Sharp
et al., 1989); SS activity of PCs in the paramedian lobule
can be time-locked to the step cycle of awake cats on a
treadmill (Apps & Lidierth, 1989); and local field potential
oscillations are most prominent in the paramedian lobule
of primates during voluntary limb movements (Pellerin
& Lamarre, 1997). Therefore, one might hypothesize that
the paramedian lobule is involved in active exploration
of the environment, be it with the limbs and/or with the
whiskers.

The lobule simplex has also been considered previously
in coordination of movements, in particular that of eye
and eyelid movements. For example, PC activity in the
lobule simplex of rhesus monkeys correlates strongly with
the velocity of horizontal eye movements (Marple-Horvat
& Stein, 1990). Likewise, PCs in the lobule simplex of mice
play a role in delay eyeblink conditioning (Heiney, Wohl
et al., 2014; ten Brinke et al., 2015; Wang et al., 2020),
while those in rabbits have been shown to contribute
to conditioning of the nictitating membrane response
(Schreurs et al., 1991). The current findings on a potential
role of PCs in the murine lobule simplex in controlling
kinematics of whisker movements are in line with the
observations by Sharp & Gonzalez (1985), who showed
that stimulation of the whiskers in rats alters activity
in the lobule simplex. Hence, the lobule simplex may
also play a role in active exploration of the environment,
but different from that of the paramedian lobule, with
the use of whisker and eye movements rather than
whisker and limb movements. Interestingly, both the
lobule simplex and paramedian lobule converge in part
on the interposed nucleus, which has recently been shown
to integrate control of limbs and facial musculature,
during a more general defensive response (Heiney et al.,
2021).

Simple spike and complex spike activity during
whisker movements

The SS and CS activity of the PCs investigated here
for four lobules in the right cerebellar hemisphere
probably serve different roles in sensorimotor integration
during spontaneous whisker movements. SSs scaled well
with specific kinematics of the whisker movements, in
particular their velocity. Similar correlations have been
found for other behaviours, including compensatory
eye movements (De Zeeuw et al., 1995), saccadic eye
movements (Herzfeld et al., 2015) and limb movements
(Hewitt et al., 2011).
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Because optogenetic manipulation of SS activity has
been shown to affect both the amplitude and speed of
movements (Heiney, Kim et al., 2014; Proville et al,
2014; Witter et al., 2013), it was unclear whether SS
activity of different clusters of PCs may preferentially
encode the amplitude or the velocity of the movement.
For the whisker system, it has already been shown that
SS activity of PCs of crusl encodes the position and
predicts the whisker setpoint (Chen et al., 2016). Here,
we also find evidence that SSs of some PCs encode the
slow component of the whisker movement (Chen et al.,
2016) (Figs A6 and A7). In addition, we found that SSs
of relatively many PCs encode both the position and
velocity of the fast component of whisker movement.
Interestingly, we found that, while a minority of PCs
correlated better with whisker position, the majority
correlated best with velocity of the fast components
(Fig. 4C, D). This result is in line with studies on
other motor behaviours for which position, direction and
velocity are widely and robustly encoded in the activity
of cerebellar neurons (Ebner et al., 2011). The fact that
each PC exhibits different tuning sensitivity for fast and
slow whisking components (Fig. 84, B) suggests that the
cerebellum processes movements taking place at multiple
time scales by distributing different kinematic parameters
across different groups of PCs. Analysis of the anatomical
distribution of PCs correlating with velocity revealed
clear alternating patterns of activity for protraction and
retraction (Fig. 4E). The fact that we did not detect a clear
spatial segregation between PCs encoding velocity and
amplitude of the movement suggests that PCs encoding
different kinematic parameters may be intermingled
within the same upbound or downbound microzone (De
Zeeuw, 2021).

This is different for CSs, which adhere to the micro-
zones and micromodules by definition (De Zeeuw, 2021).
CSs can be associated with the initiation or inter-
ruption of voluntary limb movements (De Gruijl et al.,
2014; Hoogland et al., 2015), with sequences of tongue
or whisker movements, sometimes even in bilateral
synchronous patterns (Romano et al, 2022), and/or
reward-based acquired tasks (Bina et al., 2021; Heffley
& Hull, 2019; Kostadinov et al., 2019; Wagner et al.,
2021). Here, we showed that the encodings of CS activity
of PCs for protractions and retractions of the whiskers
in the paramedian and simplex lobules as well as the
crus regions were distributed in a pattern opposite to
that for the preferred encodings of the SS modulations.
Moreover, the kinematics of the whisker movements were
less prominently represented in the CS activity than in the
SS activity, and the latency of the CS activity showed less
heterogeneous patterns with respect to the start and end
of the whisker movements. Together, our data suggest that
the CS activity may be more likely to determine the state
of a particular sensory saliency or state of behaviour (Bina
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et al., 2021), while SS activity may be more prominently
involved in controlling the precise kinematics of the
related motor performance.

Cerebellar nuclei neurons encode either velocity or
amplitude during voluntary whisking

The PCs, which form the sole output of the cerebellar
cortex, converge on the downstream vestibular and CN
neurons (Person & Raman, 2012), which in turn represent
the sole output of the entire cerebellum. CN neuron spike
activity can affect motor behaviour in health and disease
(White & Sillitoe, 2017). However, the way in which CN
neuron spike activity is modulated during self-generated
movement can be complex (Brooks et al., 2015). We
found that CN neuron spike activity also encodes precise
kinematics of whisker movement, similar to PCs (Figs 5
and 6). The presence of CN neurons with modulation pre-
ferably tuned to amplitude or velocity of the movements
and with complementary activity during protraction and
retraction suggests that PC whisker-related inputs are
reliably conveyed by CN neurons to the downstream pre-
motor neurons controlling whisker movements (Hattox
et al, 2002; Teune et al, 2000). Interestingly, during
retraction, we found that CN neurons that modulated pre-
dominately with velocity were located medially (Fig. 6D).
This raises the possibility that different cerebellar nuclei
could control specific movement kinematics. Future
studies, in which the PC activity and CN neuron activity
of specific upbound and downbound microcomplexes are
studied with respect to specific kinematic parameters,
including those of the whisker movements, could reveal
the functional relevance of cerebellar modules (De Zeeuw,
2021).

Zonal distribution of Purkinje cells and cerebellar
nuclei neurons encoding voluntary whisking

PCs provide tonic inhibition to CN neurons of the
longitudinal zone to which they belong (Apps et al,
2018; Person & Raman, 2011; Sugihara et al.,, 2009). It
follows that for the zones in which the SS activity was
positively correlated with protraction, CN neuron activity
is expected to be negatively associated with movements
in this direction (De Zeeuw, 2021). Indeed, while in the
cerebellar cortex the PCs with SS modulation associated
with protraction were predominantly located laterally
(bottom panels in Fig. 2C, D), the CN neurons associated
with protraction were predominantly located medially
(Fig. 5E). A few CN neurons correlating with protraction,
however, were also present in the most lateral part of
the CN. These CN neurons exhibited complementary
activity patterns to the PCs associated with retraction
located in the lateral paramedian. Interestingly, these PCs
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have CS activity associated with protraction. Therefore,
in these PCs with SSs associated with retraction, the
CS-induced SS pause could correspond to spiking activity
in the most lateral part of the CN and induce whisker
protraction. This possibility is in line with the finding
that SS and CS activity in the oculomotor vermis is
associated with saccade movements in opposite directions
(Sedaghat-Nejad et al., 2022). These converging results
raise the intriguing possibility that, in some PCs, CSs and
SSs could be responsible for bidirectional motor control,
yet in opposite directions.

Conclusion

This study focused on mapping the whisker motor
representations on a large part of the cerebellar cortex.
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We found that the medial part of the paramedian
lobule, an area that was known to have only a relatively
small whisker sensory receptive field, is one of the
key areas to induce rhythmic whisker movement, and
that the lobule simplex may exert similar functions
as the crus regions. We found distinct areas with
complementary activity for alternating movement in
opposite directions (i.e. protraction and retraction).
The prevalence of SS modulation for whisker velocity
or amplitude was complementary during retraction
and protraction. Finally, we revealed a medio-lateral
organization for CN neurons, the spike activity of which
is complementary to that of SSs of PCs.
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Different durations of optogenetic stimulation of PCs induce whisker movements with different onset latency.
A, two consecutive optogenetic stimulations of PCs in the medial paramedian lobule, with a duration of either
50 ms (top) or 100 ms (bottom). B, examples of whisker movements of individual trials following 50 ms (top)
or 100 ms (bottom) optogenetic stimulation, as well as the average whisker movements of four mice following
such stimulation. C, the whisker movements induced using the two different stimulus durations are overlapped for
comparison. D, onset latency of the whisker movement following 50 ms optogenetic stimulation is significantly
shorter than that for 100 ms stimulation (when calculated from the onset of the stimulus), highlighting the impact
of the different stimulus offset. Each line indicates one mouse. Asterisks indicate P= 0.02. E, SS spike modulation of
five Purkinje cells recorded during optogenetic stimulation. Each Purkinje cell was recorded at a different Euclidian
distance from the stimulation fibre. F, plotting the maximal change in SS rate as a function of Euclidian distance,
we estimated that, under our experimental conditions, we mostly activated PCs located within 1000 um from the
fibre (see also Methods for details).
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Figure A2.

A, whisker modulation around the CSs plotted according to the order of magnitude of the modulations of SSs (i.e.
same order as in Fig. 2C). Instead, the data of the heatmap of Fig. 2D are plotted according to the order of the CS
mean whisker position during the first 50 ms after the CS. B, the variability relative to the heatmap of Fig. 2C and
D is shown for each region of the cerebellar hemisphere. The colour code indicates the standard deviation of the
change in whisker position associated with SS (top) or CS (bottom). Each white dot represents the approximate
location where each PC was recorded.
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Figure A3.

SS modulation in the phase domain. A, example of a whisker trace (top panel, black), with a spike train (middle,
blue) and the whisker Hilbert phase transform (bottom, pink). B, normalized simple spike activity during the phase
progression of the whisking cycle. In the heatmap, each row represents the SS activity of each PC. Columns depict
the phase of the whisker cycle, split into 16 bins. C, heatmap showing the Z-scores of the real data compared to
randomly permutated simple spikes (100 random permutations). The fact that the Z-score appears less modulated
than the SS count per bin in Cindicates that unequal distribution of SSs during the whisking cycle can be obtained
also after random shuffling of SSs. D, circular plot showing the mean firing rate from B during each phase of
whisking. The centre is 0 Hz and the bar indicates the distance from the centre which is 200 Hz. E, circular plot
showing the mean Z-scores from the heatmap in C. The centre is a Z-score of 0 and the bar indicates the distance
from the centre to a Z-score of 1.
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Figure A4.

Weak CS modulation during different phases of whisker movements. A, example of a whisker movement trace
and the protraction and retraction segments. B, enlargement of subsequent protraction and retraction segments
and the relative morphological parameters (i.e. amplitude and duration). Note whisker movement segments with
different starting and ending points can have the same amplitude and protraction and retraction segments of
the same cycle can have different amplitudes (position at the end-point minus position of the starting-point). The
velocity of each segment was calculated by dividing the amplitude by the duration. C, examples of cells (same cells
for which SSs are shown in Fig. 3B) of CS firing rate around the four reference points of the whisker movements.
The dark and light orange lines, as well as the dark and light blues, represent the CS modulation at the start of
protraction, the end of protraction, the start of retraction and the end of retraction, respectively. D, heatmap of CS
modulation for all 233 PCs when aligned at the start of protraction (top), end of protraction (top-middle), start of

© 2023 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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retraction (bottom-middle) and end of retraction (bottom). Each row represents the CS modulation of one cell. The
rows are sorted according to the maximal modulation for the first 50 ms after the start of the respective whisker

movement. Note the relatively weak correlations.
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SS correlation with individual whisker movement for each PC. A, the values of ASS rate summarized in the bar
plots of Fig. 4C are shown for individual cells. Each line represents the mean ASS rate of one individual PC for
protractions with ‘low’ and ‘high’ amplitude (left) or ‘low’ and ‘high’ velocity (right). B, similar to A, but for
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retraction. C, variability relative to the heatmap of Fig. 4F is shown for each region of the cerebellar hemisphere.
Colour indicates the standard deviation of the R? of linear correlation between the velocity of individual whisker
protraction and SS (top) or CS (bottom) rate. Each white dot represents the approximate location where each PC
was recorded.
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Figure A6.

Simple spike modulation around peak values in the envelope. A, example of a whisker movement as a raw trace
(top panel, black), together with the envelope (top panel, dotted line). Peaks in envelope value (upper envelope
minus lower envelope) are highlighted with two dots on the dotted line, connected with a vertical line. Envelope
peaks are classified into three equal groups. Inset shows the distribution of groups from exemplary cell. The blue
spike train (lower panel) indicates the simple spikes during the whisker trace from the upper panel. B, convolved
peri-event time histogram (PETH) of SS firing rate around the peak in the envelope from an exemplary cell from
A. The three equal groups with a low, middle or high envelope are highlighted in yellow, orange and purple,
respectively. The shaded area indicates the time window used for further analyses. C, convolved and normalized
PETH for the whole population of 233 cells, shown as a heatmap where each row represents one cell, classified
as low, middle or high. Cells are sorted for the maximum modulation from —50 to 250 ms relative to the onset
of protraction from the ‘high’ group. D, boxplot showing the modulation extracted from the convolved PETH per
group as the mean from —50 to 50 ms relative to the onset of protraction. On the left are all PCs shown together
(P = 1.45 x 1079, paired t test). On the middle and right the PCs are separated based on either an increase or
decrease of their maximum value in the high group compared to the low group.
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Figure A7.

Simple spike modulation of protraction and retraction varies with the midpoint. A, example of a whisker movement
as a raw trace (top panel, black), and together with the midpoint (calculated as the 6 Hz low-pass filtered whisker
trace, top panel, green). Spontaneous whisker movements are characterized by quasiperiodic oscillations consisting
of protractions and retractions, highlighted in orange and blue, respectively. The starting point is highlighted by
the dots in a similar colour on the midpoint. The blue spike train (lower panel) indicates the simple spikes during
the whisker trace from the upper panel. B, convolved peri-event time histogram (PETH) of SS firing rate around
the start of a protraction for exemplary cell from A. Protractions are sorted for the midpoint value at the start of
the protraction and classified into three equal groups with a low, middle or high midpoint, highlighted in yellow,
orange and purple, respectively. The shaded area indicates the time window used for further analyses. C, similar to
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Figure A9.

B but for retractions of the exemplary cell. D, convolved and normalized PETH for the 214 cells for which changes
in the midpoint were detected, shown as a heatmap where each row represents one cell, classified as low, middle
or high. Cells are sorted for the maximum modulation from —250 to 250 ms relative to the onset of protraction
from the "high’ group. E, similar to D but for retraction. F, boxplot showing the modulation extracted from the
convolved PETH per group as the maximum from —50 to 50 ms relative to the onset of protraction. On the left,
all PCs are shown together (P = 0.032, paired t test). In the middle and on the right, the PCs that either increase
or decrease their maximum SS rate in the high group compared to the low group are shown separately. G, similar
to F but for retraction (P = 0.0056, paired t test).
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Figure A8.

The PCs correlating with the midpoint are different from the PCs correlating with the amplitude and velocity of the
individual segments. A, the R values of the linear fitting between SS rate and midpoint or individual protraction
amplitude are compared with a scatterplot. The lack of correlation (Pearson r = 0.12, P = 0.09) indicates that the
PCs for which the SS rate correlates well with the midpoint are different from those that correlate well with the
amplitude of the individual protractions. B, same as A, but for correlation midpoint and velocity of the individual
protractions (Pearson r = 0.03, P= 0.63). C, conversely, PCs for which SS rate correlated well with the amplitude of
the individual protractions are the same that correlate well with the velocity of the individual protractions (Pearson
r=0.77, P = 2.52 x 10~%%). The fact that the large majority of dots are above the diagonal indicates that the
SS correlation with the velocity is higher than for amplitude (P = 5.22 x 102, paired t test). D, the normalized
cumulative distribution function of the midpoint, amplitude and velocity correlation with SS.
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Variability relative to the heatmap of Fig. 5E is shown for each region of the cerebellar nuclei. The colour code indicates the standard deviation of

the change in whisker position associated with CN spike rate. Each white dot represents the approximate location where each putative CN

neuron was recorded.
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Figure A10.

CN spike correlation with individual whisker movement for each putative CN neuron. A, the values of ASS rate
summarized in the bar plots of Fig. 4C are shown for each individual cell. Each line represents the mean CN spike
rate of one individual CN neuron for protractions with ‘low’ and ‘high” amplitude (left) or ‘low’ and ‘high’ velocity
(right). B, similar to A, but for retraction. C, the variability relative to the heatmap of Fig. 6F is shown for each region
of the cerebellar nuclei. The colour indicates the standard deviation of the R? of linear correlation between the
velocity of individual whisker protraction and CN spike rate. Each white dot represents the approximate location
where each putative CN neuron was recorded.
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