Cerebellar supervision of action

Small brother is watching you







Cerebellar supervision of action

Small brother is watching you

Vincenzo Romano



ISBN: 978-94-6361-423-8

Layout and printing: Optima Grafische Communicatie, Rotterdam, The Netherlands



Cerebellar Supervision of Action
Small brother is watching you

Cerebellair toezicht op actie

Kleine broer houdt je in de gaten

Proefschrift

ter verkrijging van de graad van doctor aan de
Erasmus Universiteit Rotterdam
op gezag van de rector magnificus
Prof.dr. R.C.M.E. Engels
en volgens het besluit van het College voor Promoties.

De openbare verdediging zal plaatsvinden op

woensdag 3 juni 2020 om 11.30 uur

Vincenzo Romano

geboren te Cariati, Italié

Erasmus University Rotterdam Zo\.{uu\.p



promotor
Prof. dr. C.I. de Zeeuw

Other members: - Dr. M. Schonewille
- Prof. dr. M.A. Frens
- Prof. dr. T. Celikel

copromotor
Dr. LW.J. Bosman



ABSTRACT

Synaptic plasticity has been historically considered the primary neural correlate of
learning and memory.

Initially, depression at the parallel fiber to Purkinje cell synapse was considered the
sole cellular mechanism underlying cerebellar motor learning. In line with other find-
ings of the past decade, this thesis shows the importance of other forms of cerebellar
plasticity, in particular that of Purkinje cell potentiation. More specifically, we show the
relevance of this form of postsynaptic plasticity during adjustments of whisker protrac-
tion, licking and respiration. Based upon these findings, | suggest that intrinsic excit-
ability and potentiation of the parallel fiber to Purkinje cell synapse result in increased
simple spike activity, which in turn leads to faster sensorimotor integration. These results
imply that deficits in such neuronal mechanisms can contribute to impairments in the

acquisition and execution of faster reflexes in cerebellar patients.
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Introduction

CEREBELLAR SURVEILLANCE AND CORRECTION OF ACTIONS

Life is a continuum of receiving environmental information and formulation of responses for
survival, satisfaction, and, in the best-case scenario, also happiness. The central nervous system
is specialized in processing information conveyed by the sensory organs and elaborates reac-
tions effectuated by the muscles and the endocrine system.

The process of reacting to environmental stimuli can be very simple, like the knee-jerk reflex
in which the touch of the knee causes the movement of the leg. In everyday life, however,
reacting to environmental stimuli can be incredibly complex. When a person is playing soccer
or when a prey runs away from a predator, the sensory information, from multiple modalities,
flows into the nervous system as a continuum, and it is continually used to adjust the ongoing
movements. The complexity of this process is further increased by the possibility of moving
some of the sensory organs to optimize the collection of information. The process by which
sensory and motor systems communicate and coordinate with each other to couple perception
and action is called sensory-motor integration. While simple reflexes, like the knee-jerk reflex,
are mediated by the spinal cord (McHenry, 1969), more complex forms of sensory-motor inte-

gration involve several brain structures, including the cerebellum (Devi & Reddy, 1972; Doba

— ]
>

Figure 1. The human brain has three main parts: the cerebrum, brainstem, and cerebellum, the latter of which
is highlighted in red. Image from Wikimedia Commons, created by DBCLS and distributed under Creative Com-
mons Attribution.
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Chapter 1

& Reis, 1972; Fujita, 1982; Higgins, 1987; Mnukhina, 1951; Pellegrini & Evinger, 1997; Shinoda
& Yoshida, 1974). The cerebellum is an essential part of the central nervous system that inte-
grates the inputs coming from the sensory organs and several parts of the brain, to control the
spatial accuracy and the temporal coordination of the muscles during movements (for a review
see (Fine, lonita, & Lohr, 2002). This structure was named cerebellum, which in Latin means
“small-brain” because, in almost all vertebrates, its volume is far smaller than the volume of
the cerebrum, the “big-brain” (Figure 1), (Sultan & Glickstein, 2007). Despite the cerebellar
volume being approximately one-tenth of the volume of the cerebrum, it contains the majority
of the neurons of the whole central nervous system (Williams & Herrup, 1988). However, cases
of severe deficiencies in the development of the cerebellum suggest that this structure is not
required for human survival (Glickstein, 1994). For instance, in a recent and well-described
case of complete cerebellar agenesis, “...only mild to moderate motor deficiency, dysarthria
and ataxia” were reported (Yu, Jiang, Sun, & Zhang, 2015), (Figure 2). The fact that the person
without the cerebellum was only diagnosed when she was 24-year-old, already married, and
gave birth to a daughter suggests that the cerebellum is dispensable for many body functions.

Nevertheless, even though there was initially no critical need to have a clinical diagnosis,
even in this patient, many suboptimal sensorimotor functions were already present during
early life (Yu et al., 2015). Accordingly, the cerebellum has been found to play many roles in a
great number of processes that range from sensorimotor to autonomic and cognitive functions
(Fine et al., 2002). This seeming contradiction between contributing to many things and being
dispensable for many others suggests that the cerebellum is an auxiliary structure that gets
involved specifically in optimizing the acquisition and the execution of functions that could still
take place, but with less accuracy. This hypothesis could explain why the abovementioned per-
son without cerebellum did start to walk and speak only around the age of 7-years-old. A similar
conception has also emerged in a very different context, including experimental settings. For
instance, a genetically modified mouse line, in which the activity of the majority of cerebellar

Figure 2. Sagittal MRI of a case of cerebellar agenesis. Adapted
from (Yu et al., 2015).
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neurons was suppressed, showed impairments in learning but not in the execution of classical
behavioral tests (Galliano et al., 2013). It is known that compensatory mechanisms are likely to
occur in the cases of human cerebellar agenesis, as well as in cerebellar specific mouse models
(Jin et al., 2019). However, it was surprising that symptoms associated with spinocerebellar
ataxia such as intention tremor, dystonia and ataxia were absent also in many other cerebellar
specific knockout mice (Schonewille et al., 2010; Schonewille et al., 2011). In these mouse
mutants, the intact cerebellum is essential only for the acquisition of new complex actions
like the more challenging adaption of the oculomotor activity (Galliano et al., 2013; Galliano
et al., 2018). The cerebellum, however, modulates its activity along with several types of basic
movement (Becker & Person, 2019; Cerminara, Apps, & Marple-Horvat, 2009; Chen, Augustine,
& Chadderton, 2017; Krauzlis & Lisberger, 1991; Sarnaik & Raman, 2018). For example, experi-
ments on mouse whisker movements have shown that, even though the cerebellar neuronal
activity encodes the execution of simple motor behaviors, it does not clearly show the temporal
features required to drive the movement (Chen, Augustine, & Chadderton, 2016; Chen et al.,
2017). Anatomical studies suggest that the modulation of the cerebellar activity during move-
ments could be driven by proprioceptive reafferent inputs coming from large part of the body
(G. Sengul, Y. H. Fu, Y. Yu, & G. Paxinos, 2015). During movement, the cerebellum also receives
an efferent copy of inputs that from the motor areas, such as the primary motor cortex, target
primary motor neurons (Wolpert, Ghahramani, & Jordan, 1995). According to this scenario, the
cerebellum receives information about ongoing movements but does not necessarily always
contribute to its execution. Therefore, the fact that the cerebellum continually keeps an eye on
the ongoing motor performance could serve to adapt rapidly, compensate, and correct for any
unforeseen circumstance or perturbation. To adjust ongoing movements rapidly, it has been
proposed that the cerebellum generates an internal representation (i.e., neuronal model) of
the sensory-motor consequences of the motor command (Wolpert et al., 1995). Whether the
cerebellum generates predictions or bases the adaptation of the ongoing motor program just on
the somatosensory feedback, the existing body of literature lets us envision a scenario in which
the cerebellum oversees our actions - a bit like the big brother that George Orwell described
in 1984. In his marvelous novel, Orwell recounts the omnipresent government surveillance in
the imaginary super-state of Oceania. Anytime anything would deviate from the desires of Big
Brother, the leader of the single-party of Oceania, the Thought Police would intervene to cor-
rect anything related to that deviation. If we imagine our body as the super-state of Oceania,
then indeed, we would have the cerebellum as the Big Brother of Orwell’s novel, which controls
the execution of all our actions. Whenever correction is required, the “observer” goes into ac-
tion, outputting the specific spike patterns that can be read out by the downstream pre-motor
nuclei. Before going into detail about the aim of my research, | will briefly introduce some basic

anatomical and physiological background.
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Chapter 1

CEREBELLAR ANATOMY, CIRCUITRY, AND FUNCTIONS

Gross anatomy

In all mammals, the cerebellum can be subdivided into three main lobes. The primary fis-
sure separates the anterior and posterior lobes. The posterolateral fissure, instead, divides
the posterior from the flocculonodular lobe. Phylogenetically, the flocculonodular lobe is the
most primitive, and it is also named “vestibulocerebellum.” Later the medial portion of both
the anterior and the posterior lobes developed (which includes the vermis and medial part
of the hemispheres), which is named “spinocerebellum.” Finally, the lateral hemispheres or
“cerebrocerebellum” developed (Kandel, 2013). The three lobes can be further subdivided into
ten lobules indicated by the roman numbers (Larsell, 1952) or using an alternative nomencla-
ture that emphasizes the relative independence of the vermis and hemispheres (Bolk, 1906).
In Bolk’s nomenclature, the hemispheres corresponding to lobules six and seven are named

Simplex, Crus 1, and Crus 2 (Figure 3). In rodents, these lobules receive sensory inputs from the

whisker system (Bosman et al., 2010; S. T. Brown & Raman, 2018; Kleinfeld, Berg, & O’Connor,

1999; Shambes, Gibson, & Welker, 1978), and their stimulation can elicit whisker movement
(Esakov & Pronichev, 2001; Lang, Sugihara, & Llinas, 2006). Since the whisker system is the
model that we have selected to study the cerebellar functions, in this thesis, we investigated
the neural activity of Simplex, Crus 1, and Crus 2 lobules.
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Figure 3. Representation of the cerebellar lobules. From (Manni & Petrosini, 2004) with permission.
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Cytoarchitecture of the cerebellar cortex

Despite some minute differences that have been recently discovered (Cerminara, Lang, Sillitoe,
& Apps, 2015), the cytoarchitecture of the cerebellar cortex is highly homogeneous (Kandel,
2013). It constitutes of three layers throughout all lobules. The granular cell layer represents
the input layer of the cerebellar cortex and the mossy fiber system innervates it. The mossy
fiber afferences provide excitatory glutamatergic inputs coming from many areas of the central
and peripheral nervous system (Berretta, Perciavalle, & Poppele, 1991; Schafer & Hoebeek,
2018; G. Sengul, Y. Fu, Y. Yu, & G. Paxinos, 2015) to granular and Golgi cells in a particular
structure called the glomerulus. The climbing fiber system, instead, targets Purkinje cells form-
ing one of the strongest excitatory synapses of the whole brain (De Zeeuw et al., 2011). These
fibers contact the proximal part of the dendrites of the Purkinje cells, which are extended up
to the peripheral end of the molecular layer. The molecular layer forms the outmost portion
of the cerebellar cortex; this layer contains the parallel fibers, which originate from granular
cells and provide direct excitatory glutamatergic input to Purkinje cells and inhibit Purkinje cells
via the molecular layer interneurons (stellate and basket cells), (Figure 4). Thus, the Purkinje
cells integrate the inputs from the mossy fiber — parallel fiber system with those carried by the
climbing fibers (De Zeeuw et al., 2011). These inputs control the spike activity of the Purkinje
cells, which consist of relatively rare complex spikes (1-2Hz) and more frequent simple spike
(30-150 Hz) (De Zeeuw et al., 2011). While parallel fibers modulate the simple spike firing,
the climbing fibers elicit complex spikes whose calcium transients regulate several plasticity

mechanisms in a synergistic fashion (Gao, van Beugen, & De Zeeuw, 2012).

Neuronal activity and information processing by Purkinje cells

Within a Purkinje cell, a very high level of input integration takes place. Their primary input
source is represented by the granular cells. These cells are more numerous than all the other
neurons of the brain taken together. In humans, for instance, there are an estimated 70 billion
granular cells (Williams & Herrup, 1988). Each granular cell has an ascending axon that reaches
the molecular layer where it bifurcates to form two parallel fibers running orthogonally for
several millimeters and potentially reaching up to hundreds of Purkinje cells dendritic trees
(Palkovits, Magyar, & Szentagothai, 1971). Thus, the inputs coming from thousands of mossy
fibers are conveyed into granular cells with a high level of divergence, and with billions of
parallel fibers, these inputs converge onto the massive Purkinje cell dendritic tree (which is
one of the, if not the, largest of all neurons), (Kandel, 2013). Since the Purkinje cells form the
sole output station of the cerebellar cortex, the activity of all cerebellar cortical neurons is
eventually integrated into the Purkinje cells. Due to these Purkinje cell peculiarities, the axonal
spiking of the Purkinje cells represents the final output of all cerebellar cortex computations.
Thus, given that Purkinje cells can be considered to be the main computational unit of the
cerebellar cortex (An et al., 2019; A. M. Brown et al., 2019), | have taken their electrical activity

as the main outcome measure of this thesis.
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Purkinje cells
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Figure 4. Cytoarchitecture of the cerebellar cortex. From (Villiger & Piersol, 1912) via Wikimedia Commons.

Anatomical pathway of the olivo-cerebellar system

Besides the cerebellar cortical circuit, discussed in the previous paragraph, the activity of
Purkinje cells gets integrated within a series of other circuits that involve several areas of the
central nervous system. The inputs from the Purkinje cells provide a powerful convergent
inhibition onto the vestibular and cerebellar nuclei (Figure 5). The cerebellar nuclei neurons,
together with axons of the Purkinje cells that target the vestibular nuclei, constitute the sole
output of the entire cerebellum (Kandel, 2013). The cerebellar output then targets downstream
pre-motor neurons located in the brainstem (Teune, van der Burg, van der Moer, Voogd, &
Ruigrok, 2000), the spinal cord (Berretta et al., 1991) and, several portions of the cerebral
cortex via the thalamus (Kelly & Strick, 2003). Some of those brainstem nuclei, in turn, project
back to the cerebellum generating a series of feedback loops. The most remarkable loops are
represented by the projections from the cerebellar nuclei to the inferior olive that can provide
direct mono-synaptic inhibition or indirect di-synaptic excitation via the nuclei of the meso-
diencephalic junction (De Zeeuw & Ruigrok, 1994). The olivo-cerebellar loops are organized
in parasagittal modules (Ruigrok, 2011). Purkinje cells of a longitudinal zone of the cerebellar
cortex, via the corresponding part of cerebellar nuclei, target the portion of the inferior olive

from which originate their own climbing fibers (Voogd, 2011). The cerebellar nuclei also project
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to the cerebral cortex via the thalamus. In turn, projections from the cerebral cortex go directly
orindirectly to the cerebellum via the pontine nuclei and inferior olive, from which mossy fibers
and climbing fibers originate, respectively (Schafer & Hoebeek, 2018). The presence of these
recurrent connectivities implies that the cerebellum operates in close relationship with other
brain areas and that behavior is likely to emerge by their reciprocal influence. Some pieces of
evidence in this respect are presented in chapter 6 of this thesis. In particular, we tested the
impact of the Purkinje cell stimulation onto the primary somatosensory and motor cortex and
on whisker movements. The whisker system has been used as a model to study the cerebellar
functions throughout all the experiments presented in this thesis.

Figure 5. Schematic representation of the Olivo-cerebellar loops

The whisker system as a model to study the cerebellar function

The whisker system has been proposed as an ideal model to study sensory-motor integra-
tion (Bosman et al., 2011; Bosman et al., 2010; Kleinfeld, Ahissar, & Diamond, 2006). Among
mammals, mice are preferably used in neuroscience, mostly because specific genes can be
easily inserted or knocked out from their genome, increasing the possibility of manipulating a
certain system dramatically. The main sensory modality by which mice explore their environ-

ment is represented by tactile sensory information coming from the facial whiskers (Ahl, 1986;
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Prescott, Diamond, & Wing, 2011). Thus the whisker system is highly ethologically relevant for
mice, and mice are highly relevant for neuroscience studies. The whisker system combines the
movements of the mystacial vibrissae with direct sensory feedback. The cerebellum receives
whisker inputs via both the mossy fiber and climbing fiber pathways. From the trigeminal
nuclei, whisker inputs go directly to the cerebellar cortex (via the mossy fibers) and indirectly
via the inferior olive (Bosman et al., 2011; Kleinfeld et al., 1999), where the climbing fibers
originate (Torvik, 1956). Other trigeminal nuclei projections reach the mossy fiber system via
the pontine nuclei and a thalamo-cerebro-pontine loop (Kleinfeld et al., 1999). It was proposed
that the cerebellar output reach the portion of the facial nucleus responsible for whisker move-
ments via the motor cortex (Lang et al., 2006). Recently, connections from the cerebellar nuclei
to the whisker related pre-motor nuclei in the reticular formation have been proposed as a
more direct pathway for the cerebellar control of whisker movements (S. T. Brown & Raman,
2018). Thus, whiskers and cerebellum are reciprocally connected via multiple sensory and
motor pathways as expected for a system performing sensory-motor integration processes.
For this reason, the whisker system can be used as a model to study how cerebellar neurons
convert sensory inputs to motor commands. The whisker system can be also be used to study
the neural control of its coordination with other motor domains. For instance, in chapter 5, we
used the knowledge that the whisker movement can be phase-locked with breathing (Moore
et al., 2013) to explore whether the same cerebellar area controls multiple motor domains. Be-
sides, the whisker system is likely to be plastic and undergo adaptation upon specific training.
Whether this is indeed the case and whether the cerebellum plays any possible role in whisker
adaptation was completely unknown. This motivated us to study the cerebellar contribution to
whisker sensory-motor integration and to the adaptation of the whisker system in chapter 3. In
fact, if the whisker system undergoes cerebellar-mediated plastic changes, it could be used as
a new model for the study of the neural correlates of cerebellar learning.

Neuronal correlates of cerebellar learning

In general terms, the cellular substrate of learning and memory is the neuronal plastic-
ity. Neuronal plasticity is the capability of neurons to adapt their morphology and/or their
functioning based on their antecedent activity. During the last fifty years, a great number of
cellular mechanisms underlying neural adaptation have been discovered (for a review see
(Gao et al., 2012)). Among these many forms of neuronal plasticity, the modification of the
synaptic strength has been historically proposed as the main mechanism underlying learning
and memory (Bliss & Collingridge, 1993; Hawkins, Abrams, Carew, & Kandel, 1983; Hebb, 1949;
Shaw, 1986). For a few decades, the depression at parallel fiber to Purkinje cell synapses (PF-
LTD) has been considered to be the main mechanism underlying cerebellar learning (Gilbert
& Thach, 1977; Ito, 1972, 1982; Koekkoek et al., 2003; Medina & Lisberger, 2008; Simpson &
Alley, 1974). The original cerebellar learning theory, proposed by David Marr in 1969, fore-
saw the facilitation of the parallel fiber to Purkinje cell synapses (PF-LTP) rather than their
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depression (Marr, 1969). Two years later, this original hypothesis has been changed because
James S. Albus, in his legendary article, stated that “the learning process to be stable must be
accomplished principally by weakening synaptic weights rather than by strengthening them”
(Albus, 1971). This last theory hypothesizes that the cerebellar motor learning is supervised
by the activity of the climbing fibers that act as a teaching signal. Within the Purkinje cells,
the signal representing the ongoing movement is compared with the signal representing the
desired movement, and the teaching signal (i.e., the complex spike activity) adjusts the cerebel-
lar output to correct the movement. James S. Albus’s prediction received strong support from
the Masao Ito’s experimental results about the capability of the climbing fiber activity to induce
PF-LTD (Ito, 1982). Consequently, the possible role of parallel fiber to Purkinje cells facilitation
in learning processes was relatively diminished while the Marr-Albus-Ito’s theory with PF-LTD
as main neuronal correlates of learning has constituted one of the main milestones of the
cerebellar doctrine. In this thesis, however, | will focus on the importance of the facilitation of
Purkinje cells, as originally proposed by David Marr exactly fifty years ago. In this respect, this
can be seen as my modest tribute to David Marr for the fiftieth anniversary of his “A theory of

cerebellar cortex.”

Multiple forms of plasticity underlying motor learning

Beside the PF-LTD (Konnerth, Dreessen, & Augustine, 1992), long term potentiation at the
parallel fiber to Purkinje cell synapses (PF-LTP) was demonstrated to exist (Hansel, Linden, &
D’Angelo, 2001), and the directionality of these competing forms of plasticity depends on the
climbing fiber activity (Coesmans, Weber, De Zeeuw, & Hansel, 2004; Hirano, 1990; Linden &
Ahn, 1999; Shibuki & Okada, 1992). Further studies showed that many other cerebellar neuron
types undergo plastic changes of their structure, intrinsic excitability, and synaptic strength
(for a review see (Gao et al., 2012)). In this scenario, multiple types of plasticity act together
at several levels of the cerebellar circuitry in a synergistic manner to more efficiently adapt the
computation and so the behavior. Among all these plasticity mechanisms, PF-LTD has been the
most extensively studied in association with learning paradigms such as eye-blink condition-
ing and saccadic eye movements adaptation (Herzfeld, Kojima, Soetedjo, & Shadmehr, 2018;
Koekkoek et al., 2003; Medina & Lisberger, 2008; ten Brinke et al., 2015; Ten Brinke et al., 2017,
Voges, Wu, Post, Schonewille, & De Zeeuw, 2017). However, increased simple spike activity
was observed during saccadic eye movement adaptation and acquisition of VOR gain-increase
(Herzfeld et al., 2018; Medina & Lisberger, 2008; Voges et al., 2017). Thus, during this type of
learning, the increased simple spike activity could be caused by cellular mechanisms such as the
potentiation of Purkinje cell-intrinsic excitability and parallel fiber to Purkinje cell synapses (for
simplicity | will refer to the combination of these two mechanisms as Purkinje cells potentiation,
while considering Purkinje cell depression as the opposite mechanism). This also emerged with
learning deficits reported in Purkinje cell potentiation-deficient mutant mice (Schonewille et

al., 2010; Schonewille et al., 2011). Conversely, no cerebellar learning deficit could be detected
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in three independent mutant mouse lines with impaired PF-LTD (Schonewille et al., 2011). Thus,
the specific plasticity mechanisms that sustain the different types of cerebellar learning are still
not well understood. To test whether a learning-induced simple spike’s facilitation requires
Purkinje cell potentiation, in chapter 3 of this thesis, we developed a new training paradigm
for the adaptation of whisker reflexive protraction and applied it to two independent PF-LTP

deficient mouse lines.

Differential prevalence of Purkinje cell potentiation or suppression in
cerebellar lobules encoding for different forms of cerebellar dependent
learning

The fact that LTP deficient mice showed more severe learning deficits than LTD deficient mice
suggested that some types of cerebellar motor learning could require Purkinje cell potentiation
more than Purkinje cell depression (De Zeeuw & Ten Brinke, 2015; Galliano et al., 2013; Galliano
et al., 2018; Schonewille et al., 2011). It has also been shown that the instructive climbing fiber
signal, by which Purkinje cell depression is induced, is not required for one of the most classical
cerebellar dependent learning paradigm (Ke, Guo, & Raymond, 2009). The group of Jennifer
Raymond induced the vestibular ocular reflex adaptation using a training paradigm in which the
“instructive” climbing fiber signal was absent. The induction of learning in absence of climbing
fiber signal suggested that “other neural instructive signals make a substantial and independent
contribution to motor learning.” However, experiments involving other forms of cerebellar
dependent learning, such as saccade adaptation and eyeblink conditioning, have shown to be
dependent on climbing fiber activity and consequent Purkinje cell simple spike suppression
(Attwell, Ivarsson, Millar, & Yeo, 2002; Herzfeld et al., 2018; Koekkoek et al., 2003; Medina &
Lisberger, 2008). Importantly, these different types of cerebellar learning depend on different
lobules of the cerebellum. Therefore, it has been proposed that in some cerebellar lobules,
memory formation is predominantly sustained by suppression mechanism while potentiation
mechanisms prevail in other cerebellar zones (De Zeeuw & Ten Brinke, 2015). More specifically,
in Purkinje cells located at the floor of the primary cerebellar fissure, which is the area linked to
conditioned eyelid behavior, suppression of simple spike activity, and not facilitation, appears
to be the most prominent correlate of learning (ten Brinke et al., 2015). Conversely, the main
neural correlate of learning in Purkinje cells located in the flocculus, which instead is an area as-
sociated with VOR adaptation, appears to be potentiation and simple spike facilitation (Voges et
al., 2017). Therefore, we know which plasticity mechanisms are likely to sustain specific types
of cerebellar learning only for a few specific parts of the cerebellar cortex. Conversely, we do
not know which plasticity mechanisms may prevail in other parts of the cerebellar cortex and
what are their ultimately impact on behavioral functions. For instance, even if we know that the
adaptation of locomotion is cerebellar dependent and, we know which portion of the cerebel-
lar cortex is more related with this particular type of behaviour (Darmohray, Jacobs, Marques,

& Carey, 2019), we still don’t know which are the main plasticity mechanisms underlying its
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adaptation. Similarly, while we know that, in mice, large parts of Crus 1 and Crus2 lobules are
anatomically and functionally related to the whisker system (Bosman et al., 2010; S. T. Brown &
Raman, 2018; Chen et al., 2016; Kleinfeld et al., 1999; Lang et al., 2006; Shambes et al., 1978),
we do not know which is the cerebellar contribution to whisker movement and which particular
forms of plasticity in these areas are responsible for the adaptation of whisker kinematic. In this
respect, the research reported in this thesis predominantly aimed to elucidate the relatively
unknown contribution of the spike activity of Purkinje cells of Crus 1 and Crus 2 lobules on

whisker movement and the plasticity mechanisms underlying its adaptation.

SCOPE OF THE THESIS

Continuing on the efforts of this laboratory, which provided pioneering evidence on the im-

portance of parallel fiber to Purkinje cell potentiation in cerebellar motor learning, this thesis

aspires to elucidate further the role of Purkinje cell potentiation and simple spike facilitation in
several behavioral circumstances.
After the brief introduction of Chapter 1, we want to address the following questions:

e Chapter 2: To what extent does the discrimination between two object positions depend
on potentiation at parallel fiber to Purkinje cell synapses? Is Purkinje cells potentiation
particularly relevant when a whisker-based discrimination task has to be performed in a
shorter time interval?

e Chapter 3: Can sensory stimulation induce long term increase of simple spike activity and
associated plastic changes in the whisker system? Is Purkinje cells potentiation a required
mechanism for such an increase of simple spike and its ultimate impact at the behavioral
level?

e Chapter 4: To what extent can the rhythmicity of climbing fiber discharges be induced
by applying external stimuli to behaving mice or to a realistic tissue-scale computational
model?

e Chapter 5: Can the Purkinje cells of the same cerebellar area contribute to the synergistic
control of breathing and whisking?

e Chapter 6: How does the cerebellar output affect the interplay between primary motor and
somatosensory cortex during sensory-motor processing?

Finally, in Chapter 7, the main results of all the chapters are summarized and discussed, high-

lighting the significance of these findings and the future direction of our research.
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Chapter 2

ABSTRACT

Whisker-based object localization requires activation and plasticity of somatosensory and mo-
tor cortex. These parts of the cerebral cortex receive strong projections from the cerebellum via
the thalamus, but it is unclear whether and to what extent cerebellar processing may contrib-
ute to such sensorimotor task. Here, we subjected knockout mice, which suffer from impaired
intrinsic plasticity in their Purkinje cells and long-term potentiation (LTP) at their parallel fiber-
to-Purkinje cell synapses (L7-PP2B), to an object localization task with a time-response window.
Water deprived animals had to learn to localize an object with their whiskers, and based upon
this location they were trained to lick within a particular period (“go” trial) or refrain from lick-
ing (“no-go” trial). L7-PP2B mice were not ataxic and showed proper basic motor performance
during whisking and licking, but learning this task was severely impaired compared to wild-
type littermates. Significantly less L7-PP2B mice were able to learn the task at long response
windows. Those L7-PP2B mice that eventually learned the task made unstable progress, were
significantly slower in learning, and showed deficiencies in temporal tuning. These differences
became greater as the response window became narrower. Trained wild-type, but not L7-PP2B
mice, showed a net increase in simple spikes and complex spikes of their Purkinje cells during
the task. We conclude that cerebellar processing and potentiation in particular can contribute
to learning a whisker-based object localization task when timing is relevant. This study points
towards a relevant role of cerebello-cerebral interaction in a sophisticated cognitive task re-

quiring strict temporal processing.

30



Whisker-based learning & cerebellar plasticity

INTRODUCTION

Active touch by mystacial vibrissae forms a major source of sensory information for rodents
(Carvell and Simons, 1990; Hartmann, 2009). Head-fixed mice can be trained to exploit such
active exploration to associate the position of a stimulation bar in their whisker field with the
availability of a water reward (O’Connor et al., 2010ab). Whisker-based object localization has
been shown to involve correlated neuronal activity in the barrel cortex (S1) and the whisker
motor cortex (M1) (Xu et al., 2012). However, it is unclear whether other brain regions also
contribute to such tasks. Given the numerous brain regions involved in whisker control and
given their intricate connections (Bosman et al., 2011; Kleinfeld and Deschénes, 2011), one
may expect other areas to also play a role in whisker-based object localization. Here we focus
on the cerebellum, a region important for sensorimotor integration, central to the whisker
system, and required for procedural learning and accurate timing of fine movements (Grodd et
al., 2001; Bosman et al., 2010; De Zeeuw et al., 2011).

Purkinje cells form the sole output neurons of the cerebellar cortex. Their activity depends
on both synaptic and intrinsic plasticity (Hansel et al., 2001; Ito, 2001; Gao et al., 2012). In the
absence of calmodulin-activated protein phosphatase 2B (PP2B) both enhancement of intrinsic
excitability of Purkinje cells and long-term potentiation (LTP) at the parallel fiber-to-Purkinje
cell synapses are impaired, resulting in increased simple spike firing regularity (Schonewille et
al., 2010). Purkinje cell-specific PP2B knock-out (L7-PP2B) mice show deficits in motor learn-
ing and consolidation, as demonstrated during adaptation of the vestibulo-ocular reflex and
eyeblink conditioning (Schonewille et al., 2010). To date, of all currently available cell-specific
cerebellar mouse mutants that are not ataxic the L7-PP2B mutant shows the most prominent
deficits in procedural learning (De Zeeuw et al., 2011; Gao et al., 2012). Yet, when subjected
to standard non-motor tasks like the Morris water maze, fear conditioning or social interaction
task in which no fine temporal control is required, the L7-PP2B mutants do not show abnormal
performance (Galliano et al., 2013).

The primary objective of this study was to investigate whether, and if so to what extent,
potentiation of intrinsic activity and synaptic strength of Purkinje cells in the cerebellum is re-
quired for a localization task in which the response has to be given within an allotted response
period following the insertion of a bar into the whisker field. To this end we tested L7-PP2B
mice using a modified version of the object localization task introduced by O’Connor et al.
(2010b) while subsequently tightening temporal constraints of the response. We demonstrate
that L7-PP2B mutants are severely impaired in learning this whisker-based object localization
task. The cerebellar contribution to this learning task was further corroborated by electrophysi-
ological recordings showing a net upregulation of Purkinje cell activity during trials in wild type,
but not in L7-PP2B mice. Thus we show for the first time that this learning task can depend in

part on plasticity and/or processing in the cerebellum when response timing is relevant.
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MATERIALS AND METHODS

The generation of mice lacking functional PP2B in their Purkinje cells has been described previ-
ously (Schonewille et al., 2010). Briefly, we used crossings of mice in which the gene for the
regulatory subunit (CNB1) of PP2B was flanked by loxP sites (Zeng et al., 2001) with transgenic
mice expressing Cre under control of the L7 promoter (Barski et al., 2000). L7-Cre*-cnb1""
mice (“L7-PP2B mice”) were compared with littermate controls (“WT mice”) consisting of
L7-Cre”-cnb1” and L7-Cre”-cnb1** mice. All experimental procedures were approved by the

institutional animal welfare committee as required by Dutch law.

Licking behavior

Since licking behavior was used as the behavioral read out of the localization task (see below),

we first assessed the overall performance during baseline licking in 10 female L7- PP2B mice
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and 9 female WT littermates of 20-25 weeks old. Baseline licking was measured in the home-
cages of naive mice by measuring threshold crossings in the junction potential between an
aluminum floor plate and the spout of a normal drinking bottle with the use of an AD converter
operating at a sample rate of 6 kHz (RZ2, Tucker-Davis Technologies, Alachua, FL) (Fig. 1A). Our
experimental design was based on that of Hayar et al. (2006). Since mice normally lick very
sparsely, they were deprived of water for 20 h prior to the period of experimental testing,
which lasted approximately 1 h. We restricted our analysis of baseline performance to bouts
of rhythmic licking, which were defined by the occurrence of at least two licks with a maximal
inter-lick interval of 175 ms (Fig. 1A). Licking during the training paradigm was detected by laser
beam crossings at the lick-port. In order to avoid double detections, we used a dead time of
20 ms.

Auto-correlograms with a bin width of 5 ms were made of the lick times in the home cage as
well as during the association task and the object localization task (see below). Side peaks were
normalized to the center peak and detected as local maxima. The amplitude of these first side
peaks was considered to be the strength of the rhythmicity. Rhythmic licking predominantly
occurred at frequencies between 6 and 12 Hz. Further quantitative analysis was done in this
frequency band. Licking was considered to be rhythmic if the first side peak exceeded the aver-
age + 3 SD of the period between 1000 and 800 ms before each lick.

Whisking behavior

Since whisking behavior was used as the critical sensory detection mechanism for the localiza-

tion task (see below), we also assessed the overall performance during free whisking in 11

Figure 1. L7-PP2B mice do not have motor deficits preventing normal, rhythmic licking and whisking

A — A period of rhythmic licking in a freely moving L7-PP2B mouse. Licks can be seen as positive deflections of the junction
potential between the spout of the drinking bottle and an aluminum floor plate in the home cage. This licking period consists
of 2 individual licking bouts as indicated with two colors. Dashed line indicates the threshold used for automated lick detec-
tion. B — Auto-correlograms of licking bouts in a WT (/eft) and a L7-PP2B mouse (right). The right panel is the auto-correlogram
of the second licking bout (depicted in red) in panel A. The center bin was removed to improve visibility. C — Both WT and
L7-PP2B mice displayed short and long licking bouts with lick frequencies predominantly between 6 and 12 Hz. Shorter
licking bouts tended to vary more in lick frequency than long bouts in both genotypes. The auto-correlograms shown in B
are taken from the bouts that are indicated with larger, filled symbols. D — Histograms of all inter-lick intervals within licking
bouts showed similar distributions in WT and L7-PP2B mice, indicating that L7-PP2B had no motor deficits preventing them
to lick rhythmically. The histograms were made with a bin size of 2 ms and the area under the plot was normalized to 100%.
Inset: Average licking frequency + SEM per mouse (n =9 WT and 10 L7-PP2B mice; p — 0.773). E — Whisker movements were
quantified from high-speed video recordings. In each frame, the proximal parts of the whiskers were tracked with small line
segments (colored lines in the right plot). Whisker angles were measured relative to the body axis. F— Whisker motion during
a whisking bout was tracked manually (top) and characterized using the motion detection algorithm (bottom; see Methods).
It can be seen that the motion detection reliably captured the duration of the whisker movements. G — The same fragment
was subsequently analyzed using automated line detection and subsequent post-processing to detect movements of indi-
vidual whiskers (see Methods); tracks with > 500 data points are shown with randomly assigned colors, while shorter tracks
are shown in grey. The orange trace refers to the same whisker that had been tracked manually (top trace in F). H—There is a
clear negative correlation between the frequency and amplitude of a whisker bout: the higher the frequency the smaller the
movements. Linear regression lines of WT (n = 47 bouts from 10 mice) and L7-PP2B (n = 46 bouts from 11 mice) data were
not significantly different from each other (z=1.579; p = 0.114). I — Neither the amplitude nor the frequency of whisker bouts
was significantly different between WT and L7-PP2B mice (p = 0.378 and p = 0.784, respectively).
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Figure 2. Mice learn to lick after feeling a stimulus bar in their whisker field

A - Learning paradigm. During the association task mice were only subjected to go trials and learned to lick following whisker
contact with a metal bar (orange dot) within a 2000 ms response window (RW). Once the stimulation bar completed the hori-
zontal movement from the (neutral) resting position to the go position, it moved vertically into the whisker field. Whisker con-
tact with the stimulation bar became possible roughly around half way the time interval allotted for the vertical movement.
To indicate this we marked the time period of the vertical movement with a green shading. The RW started after the comple-
tion of the vertical movement and is indicated with a grey shading. Correct responses triggered a water reward; incorrect
responses postponed the next trial. B — Mice licked rhythmically during the RW of the association phase. Over the sessions
the mice increased their licking rhythmicity as demonstrated by the increase of the amplitudes of the side peaks around 125
ms (corresponding to a dominant lick frequency of 8 Hz; cf. naive mice (during the first association session) in left panel and
trained mice (during the last association session) in right panel). The auto-correlograms were made with a bin size of 5 ms and
were normalized to the center peak (which is not shown to improve clarity). C - Standard deviation projection plot showing a
representative example of whisker movement during the RW. The color bar at the bottom indicates the amount of movement
(black = no change; white = maximal change). It can be seen that both mice moved their whiskers actively during the RW and
touched the stimulus bar. D — Summed learning curves during the association phase (see Methods section). The inset shows
the average number of sessions required to reach criterion. Error bars indicate SD. E — Cumulative histogram of the percent-
age of mice that reached criterion showing that WT and L7-PP2B mice learned the association task at a similar rate. F — The
fraction of correct trials over the sessions. Dark lines show the averages and the shaded areas cover the average + SEM.
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adult female L7-PP2B and 10 adult female WT littermates (Fig. 1E-/). We decided to keep all
whiskers intact. Spontaneous whisker movements in head-restrained mice were recorded with
high-speed videos (full frame rate 1000 Hz; A504k camera, Basler Vision Technologies, Ahrens-
burg, Germany) using a red LED panel (A = 640 nm) as backlight. In addition, videos were made
during selected sessions of the training paradigm (see below; Figs. 2-4). The latter videos were
recorded with a full frame rate of 160 Hz (piA640-210gm camera, Basler Vision Technologies)
and infrared lighting to avoid luminance of the training environment (A > 900 nm).

In order to establish the periods during which the mice actively moved their whiskers we
estimated whisker motion using the BlockMatcher function in Matlab (Mathworks, Natick, MA).
First, we selected a rectangular region of interest containing the proximal part of the whiskers.
This region was sliced into a grid with rectangular blocks. Across contiguous frames, each block
was transformed by a rotation and translation, such that the distance between the blocks in
consecutive frames was minimized. The whisker motion was calculated as the Pythagorean
addition of the translation and the rotation of all blocks (Fig. 1F). To validate the automated
algorithms for both whisker motion periods and for whisker angle and position tracking, we
also tracked individual whiskers manually in 25 video fragments. This was done by marking in
each frame the position of the follicle and the intersection of the whisker with a line parallel to
the body axis at approximately 2.5 cm lateral to the whisker pad. It turned out that the motion
detection could reliably detect periods during which whisker movements occurred. The extent
of whisker movements was further illustrated using standard deviation (SD) projection plots of
video fragments (ImageJ, NIH). During the training paradigms, each video fragment reflected
the activity during a single response window (RW; see below). Here we used pseudo-colored SD
projection plots to illustrate the whisker movements over time.

The outcome of the motion estimation algorithm was used to truncate the video files in
time in order to process only those periods of the video files that show whisker motion (see
below). To this end the variability in the motion estimation result was evaluated with a sliding
window approach that calculated the local standard deviation of the signal. In a second step
this local standard deviation signal was thresholded to identify periods of motion. During the
periods in which the whisker moved we tracked them automatically using the Biotact Whis-
ker Tracking Tool with the sdGeneric, stShapeSpaceKalman, ppBigExtractionAndFiltering and
wdlgorMeanAngle plugins (http://bwtt.sourceforge.net; for details see Perkon et al., 2011).
Briefly, we first determined in each frame the position of the snout semi-automatically by fitting
a template to the snout. After masking the snout and subtracting the unmoved background
from each frame, the whiskers themselves were traced in a radial approach. The algorithm
detected edges in the frame in consecutive concentric snout-shaped masks around the actual
snout mask. Ultimately, we detected the start and end nodes of the fitted line segments and

calculated the angles of the whiskers from these values.
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Figure 3. Motor behavior during
the object localization task with a
RW of 2000 ms

A — Learning paradigm. During the
object localization task mice were sub-
jected not only to go trials, but also to
no-go trials. The mice had to learn to
lick during the response window (RW)
of the go, but not during that of the
no-go trials. Once the stimulation bar
completed the horizontal movement
from the (neutral) resting position to
the go or the no-go position, it moved
vertically into (go) or just in front of
(no-go) the whisker field. Whisker con-
tact with the stimulation bar became
possible roughly around half way the
time interval allotted for the vertical
movement. To indicate this we marked
the time period of the vertical move-
ment with a green shading. The RW
started after the completion of the
vertical movement and is indicated
with a grey shading. Licks during the
RW of go trials triggered a water re-
ward; incorrect responses postponed
the next trial. B — Mice licked rhythmi-
cally during the RW. Rhythmic licking
was more prevalent during the go tri-
als, when there was water, than during
no-go trials, when there was no water.
C - Standard deviation projection plots
showing representative examples of
whisker movement during the RW.
It can be seen that both mice moved
their whiskers actively during the RW
and touched the stimulus bar, both
in the go and in the no-go trials. D —
Whisker movements during the first
association phase illustrating that mice
of both genotypes whisk often during
the task. Plotted are the rostro-caudal
positions of the center whiskers at ap-
prox. 3 mm from the snout. Grey areas

indicate the RW and green areas the periods of the preceding vertical movement. Go trials are indicated with a “G”, no- go

trials with a “N”. Longer inter-trial intervals indicate incorrect responses. E — Raster plots of lick times showing the first 10 go
(left) and no-go trials (right) of representative experiments during the first session of the 2000 ms object localization task. The
two top panels show raster plots for a single individual per genotype. The lines at the right border of the plot indicate whether

the trial was performed correctly (green) or incorrectly (red). The bottom panel shows the histograms of the relative timing of

the licks over all trials averaged for all performers. The green area (850 ms) refers to the interval during which the stimulation

bar moved vertically, either into (go trials) or in front of (no-go trials) the resting position of the whisker field. The grey area

indicates the response window (2000 ms). F — Idem for the last session of the 2000 ms.
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The final BWTT result provided us with the angles of all detected whiskers per video frame. In
order to relate the angles across frames to the tracks we wrote an algorithm that predicts track
values in consecutive frames based on the position and velocity in the angular value as well
as the y-position of the last video frames. The predicted track values for the next frame were
compared with the detected values in the next frame and assigned according to a minimum
deviation approach between them (within reasonable bounds) (see whisker in Fig. 1G).
Frequency and amplitudes of individual whisking bouts were derived from the automati-
cally tracked whisker movements. We defined a whisking bout as a period of at least three con-
secutive sweeps with a minimal amplitude of 10°. The frequency was always derived from the
first three sweeps and the amplitude was defined as the difference between the rostral-most
and caudal-most position during these three sweeps. The tracked whisker was taken from the
caudal half of all whisker tracks, preferably the caudal-most full track. The traces in Fig. 3D
and 4D were made from videos with a lower frame rate (160 Hz) and infrared illumination. To
account for changes in the number of visible whiskers across frames (for example, because of
overlapping or merging with the snout mask during a retraction), we discarded the whiskers
with positions larger than 75% and smaller than 25% of the position distribution, which tend to
disappear from the frame, thereby keeping the ones close to the center of the whisker field. In
each frame, the whisker position distributions were calculated from the cumulative distribution

of whisker positions derived from 10 frames pre and post the frame of interest.

Habituation and association stage

We prepared 14 female L7-PP2B mice and 16 female WT littermate controls, all of which were
20-25 weeks of age and carried a body weight of 22-25 g, for behavioral testing. These mice
received a magnetic pedestal that was attached to the skull above bregma using Optibond
adhesive (Kerr Corporation, Orange, CA) under isoflurane anesthesia (2-4% V/V in O,). Post-
surgical pain was treated with 5 mg/kg carprofen (“Rimadyl”, Pfizer, New York, NY) and 5 mg
lidocaine (Braun, Meisingen, Germany). After two days of recovery, mice were put on water
restriction (1 ml/day), while food was available ad libitum. On the fourth, fifth and sixth day
of water restriction mice were put in a head-fixed position using the magnetic pedestal and
habituated to the experimental set-up for one 15 min session per day. During these sessions
water drops (~20 pl/lick) were triggered upon breaking the laser beam of the lick port. The mice
did not receive extra water after the habituation sessions.

Upon completion of the habituation phase, the mice progressed to the association task
to ensure that the L7-PP2B mutants and WT mice had similar levels of motor and sensory
performance at the onset of localization training. In this respect our protocol deviated from
that in the study by O’Connor et al. (2010b), which was designed to describe correlates with
cerebral cortical activity rather than to compare cerebellar phenotypes. During the associa-
tion task the mice learned to associate the rising of a bar (~1 mm diameter) into their right

whisker field with the availability of water at the lick-port. The association trials started with a
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during no-go trials was really sparse and that there were not enough licks during the RW of no-go trials to permit quantitative
analysis. C—Standard deviation projection plot showing a representative example of whisker movement during the RW. It can
be seen that both mice moved their whiskers actively during the RW and touched the stimulus bar, both in the go and in the
no-go trials. D — Example traces of whisker movements during the last session of the 500 ms object localization task illustrat-
ing that mice of both genotypes whisk often during the task. Plotted are the rostro-caudal positions of the center whiskers at
approx. 3 mm from the snout. Inter-trial whisking occurs less often in trained mice than in naive mice (cf. Fig. 3D). Licks are
indicated in the bottom rows Go trials are indicated with a “G”, no-go trials with a “N”. A longer inter-trial interval indicates
an incorrect response. E — Raster plots of lick times showing the last 10 go (left) and no-go trials (right) of representative
experiments during the first session of the 500 ms object localization task. The two top panels show raster plots for a single
individual per genotype. The lines at the right border of the plot indicate whether the trial was performed correctly (green) or
incorrectly (red). The bottom panel shows the histograms of the relative timing of the licks over all trials averaged for all per-
formers. The green area (850 ms) refers to the interval during which the stimulation bar moved vertically, either into (go trials)
or in front of (no-go trials) the resting position of the whisker field. The grey area indicates the response window (500 ms).
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horizontal movement below the reach of their whiskers (lasting for 2 s) of the stimulation bar,
followed by a vertical movement (lasting for 850 ms) that placed the bar inside the whisker
field (approximately 5 mm posterior and 10 mm lateral to the tip of the nose) (Fig. 2A). Mice
were able to touch the stimulation bar at some point during vertical rise of the stimulation
bar. The exact moment of touch depended on the length and position of the whiskers at that
time. To indicate the point in time in which the whisker could touch the bar during vertical rise
prior to onset of the response window (RW), we indicated the period of upward movement
with green shading in Fig. 2-4. Once the bar reached its highest position, the RW opened. A
water droplet was triggerted at the onset of the fist lick in this window during correct go trials
(see RW indicated with grey shading in Fig. 2-4). The droplet remained at the lick-port for the
duration of the RW until all remaining water was sucked out of the lick-port and the bar moved
downwards returning to its starting position via the same route and at the same speed. When
the animal did not respond to the stimulation during the RW during a go trial, the next trial
was postponed by an extra 3 s delaying the possibility of reinforcement at the next trial. Licking
outside the RW did not have any positive or negative consequences, except for the absence of
water outside the RW. Each mouse was trained for one daily session consisting of 100 trials.
The association task was completed as soon as a mouse licked at least once within the RW in at
least 80% of the trials for at least two consecutive sessions. To minimize visual cues, the entire
task took place in complete darkness, except for some sessions in which we made a video of the
whisker movements using infrared illumination; these videos were recorded with a full frame

rate of 160 Hz using infrared lighting at A > 900 nm.

Localization learning

Following completion of the association task mice continued with the object localization task
consisting of “go” and “no-go” trials on the following day. During a go trial, the stimulation bar
moved horizontally in the caudal direction from the neutral position below the right whisker
field to approximately 5 mm posterior to the nose and then vertically into the whisker field as
described above. During a no-go trial the stimulation bar moved horizontally from the neutral
position into the rostral direction below the whisker field to approximately 5 mm anterior to
the nose, and then vertically into the whisker field. The no-go position was outside the whisker
field at rest, but could be reached during active whisking. The actual distance between the go
and the no-go position depended on the size of the head and varied between 8 and 11 mm.
A trial always began from and ended with the stimulation bar at rest in the neutral position,
which was in the middle between the go and the no-go position, to ensure that the timing of
any possible auditory cues during go and no-go trials was identical. During rest at the neutral
position and during the horizontal movements, the stimulation bar was well below reach of
the whiskers. For both types of trials the RW started as soon as the vertical movement of the
bar was completed, but only during the go trials the mice were rewarded with a drop of water

when they licked the lick-port within the RW. The total duration of a trial was approximately
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6.2-7.2 s depending on the duration of the RW, followed by an inter-trial interval of 7 s in

correct trials. An incorrect response (not licking) during a go trial resulted in an extra inter-trial

interval of 3 s, whereas an erroneous response (licking) during a no-go trial resulted in an extra

inter-trial interval of 8 s (Fig. 3A). Each (daily) session consisted of 100 pseudo-randomized

trials (50% go and 50% no-go trials) or until the mouse discontinued licking, which was defined

as not showing any responses for 10 consecutive go trials. For each session, we calculated the

percentage of correct trials, taking both the go and the no-go sessions into account. Once the

mice performed at 2 80% correct during two consecutive sessions of the localization task with

a RW of 2000 ms, the RW was decreased to 500 ms (via an intermediate step using a RW of
1000 ms) (Figs. 3-5). Mice that did not learn the 2000 ms localization task within 35 sessions
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Figure 5. Absence of PP2B in cerebellar Purkinje cells
impairs learning of a whisker- based object localization
task

A — Summed learning curves of WT mice during the 2000 ms
(left panel) and the 500 ms (right panel) object localization
task across consecutive sessions (x-axis). The number of tri-
als per session was normalized to 100% (see Methods section
for details). Upon reaching a success rate of > 80% during two
consecutive sessions mice continued to the next phase. Per-
formers and non-performers are indicated in blue and grey, re-
spectively. B—Idem for L7- PP2B mice (performers indicated in
red). Insets: Averaged number of sessions + SD that perform-
ers needed to complete the complete object localization task;
* p <0.017 (t test). C — The fine timing of the lick responses
at the end of the 100 ms period preceding the RW and at the
first 100 ms period of the RW suggests a cerebellar role in the
timing of the decision process to lick. We compared the num-
ber of licks during the first 100 ms of the RW and the 100 ms
prior to the start of the RW, thus the ratio of licks just after the
availability of water and the licks just before the availability
of water. This ratio equaled 1 during the last session of the
2000 ms object localization task (/eft), but was increased in
trained WT mice (but not in L7-PP2B mice) during the last 500
ms object localization task (right); * p < 0.02. D — Cumulative
histograms of the percentage of mice that reached criterion
showing that more WT mice were able to learn the object
localization task than L7-PP2B and that WT performers were
faster than L7-PP2B performers. E — The fraction of correct tri-
als over the sessions. Dark lines show the averages and the
shaded areas cover the average + SEM. For control, we clipped
the whiskers of 10 mice (8 WT + 2 L7-PP2B mice) following
successful completion of the 500 ms object localization task.
Their performance level during the subsequent session (dark
red open symbol) was comparable to that of naive mice and
much lower than that during the last session with intact whis-
kers (black closed symbol); * p < 0.001 (paired t test). F — The
average numbers of trials the L7-PP2B mice needed to learn
the 500 ms and 2000 ms object localization tasks were signifi-
cantly greater than those in WTs (p < 0.05).
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were considered non-performers and they were not tested any further. For control, we cut all
whiskers in 10 mice (under isoflurane anesthesia) following completion of the 500 ms localiza-

tion task and we tested their performance again on the next day.

Constructing learning trajectories

For each session, we plotted the average hit rate and average false alarm rate of all mice per
group (Fig. 6). To this end we calculated for each mouse and for each session the hit rate, i.e.
the fraction of correct responses (licks) during the go trials relative to all go trials, and the false
alarm rate, i.e. the fraction of incorrect responses (licks) during the no-go trials relative to all
no-go trials. Linear regression lines were fitted to the group averages and the deviation from
the linear regression was calculated as the least squared difference (SigmaPlot, Systat Software,
Chicago, IL). The sensitivity index (d’) was calculated using the z transformations of the hit rate
and the false alarm rates (d’= z(hit rate) — z(false alarm rate)), assuming a Gaussian distribution.

The 80% correct level corresponded to a d’ score of approximately 1.7 (cf. Huber et al. 2012).

Electrophysiology

Electrophysiological recordings were performed in awake mice as described previously (Bos-
man et al., 2010). Briefly, mice first received a craniotomy of the occipital bone under isoflurane
(4% V/V in 0,). Post-surgical pain was treated with carprofen (“Rimadyl”, Pfizer, New York, NY,
5 mg/kg, injected subcutaneously) and lidocaine (~1 ug applied to the wound). After surgery,
mice were allowed to recover at least three days prior to retraining and electrophysiological re-
cordings. Single-unit recordings were made using quartz-coated platinum/tungsten electrodes
(2-5 MQ, outer diameter = 80 um, Thomas Recording, Giessen, Germany). The electrodes
were placed in an 8x4 matrix (Thomas Recording), with an inter- electrode distance of 305
um over crus 1 and crus 2 ipsilateral to the whisker stimulation bar. All recordings were made
at a minimal depth of 500 um. The electrophysiological signal was digitized at 25 kHz, using a
30-6,000 Hz band-pass filter, 22x pre-amplified and stored using a RZ2 multi-channel worksta-
tion (Tucker-Davis Technologies, Alachua, FL). Spikes were detected offline using SpikeTrain
(Neurasmus, Rotterdam, The Netherlands) or a custom program written in Labview (National
Instruments, Austin, TX). We identified Purkinje cell activity by the presence of both complex
spikes and simple spikes. Complex spikes were recognized based on the presence of spikelets
following the initial spike. For each recording we constructed a histogram of simple spike time
stamps triggered by complex spike time stamps. We accepted a recording as a single unit if the
7 ms following a characteristic complex spike were devoid of simple spikes. Further analysis
was exclusively done on single unit Purkinje cell recordings that had a clear signal-to-noise
ratio. The recording was split into “inter-trial” and “trial” periods and further analyzed only if
we had at least 50 s of each period. The trial period consisted of the time during vertical rise
of the bar, the RW, and the complete time of the vertical decent of the bar following the RW.

The inter-trial interval was defined as the period between the end of the (second) horizontal
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Figure 6. WT mice have more ef-
ficient learning trajectories than
L7-PP2B mice

A —The hit rates (licking during the RW
of go trials; left) and the false alarm
rates (licking during the RW of no-go
trials; right) of all WT (top) and L7-PP2B
(bottom) performers over the sessions
of the 2000 ms object localization task.
B — Averaged hit (left) and false alarm
(right) rate of all performers. Dark lines
indicate the average and the shaded
area the average

+ SD. C -Average false alarm rates ver-
sus average hit rates in receiver oper-
ating characteristic (ROC) space during
the 2000 ms object localization task.
Perfect classification of both the go
trials and the no-go trials would be 0%
false alarms and 100% hits. Successful
trials (> 80% correct) can be found in
the green area. Plotted are the aver-
ages of all WT (blue) and L7- PP2B (red)
performers for 28 sessions (session no.

indicated on each symbol), which was the maximum number of sessions required to master the 2000 ms object localization

task. Linear regression lines are indicated. Note that the WT mice decrease the number of false alarms from the beginning on,
while the L7-PP2B mice first generally reduce the licking responses, irrespective of the trial type. The linear regression lines
of WT and L7-PP2B are not significantly different (z = 1.498; p = 0.134). Inset: Summed least squared differences between the
first 28 sessions and the linear regression lines for WT and L7-PP2B performers during the 2000 ms object localization task.

D —The sensitivity index (d’) of all animals (0 = chance performance; 1.68 = 80% correct trials). E—The same plot as C, but for
the 500 ms object localization task. Note that the WT mice are in the green area from the start on, while the L7-PP2B mice
initially show a decreased performance relative to the previous phases of the object localization tasks.
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movement of one trial and the start of the (first) horizontal movement of the next trial. The
local variation in simple spike firing (CV2) was calculated as CV2 = 2 |ISl,,;— ISI,| / (ISl,.1+1Sl,),
with ISI = inter-spike interval (Shin et al., 2007).

Data analysis

Summed learning curves were made for both the association stage and the object localization
task. First, we calculated for each mouse and each session the percentage of correct responses
and divided that by the number of mice in that group. For example, if the group size was 14
mice, each individual mouse had a normalized success rate between 0% and 100%/14 = 7.14%.
Next, we sorted the mice per group based on the number of sessions they required to reach
criterion. The lowest line represents the normalized learning curve for the mouse that needed
the most sessions. The second line from below is the sum of the normalized success rate of the
first mouse plus that of the second mouse and so on. Each additional line is the sum of the nor-
malized success rates of that mouse and of the mice represented by the lines below that line.
As a consequence, the top line represents the group average. Unless stated otherwise, data are
represented as means + SEM and statistical testing was performed using Student’s t test. For
unrelated tests we used a level of significance of 5%. For repeated tests the level of significance
was corrected using Bonferroni correction (0= a / n with a = 0.05 and n = number of tests).

Where Bonferroni correction was applied, o, is mentioned in the text.

RESULTS

Licking in freely moving mice is comparable across genotype

Since we are using licks as the read-out parameter of learning capabilities during the object
localization task, putative deficits in motor aspects of licking could in principle create a bias in
the learning performance. Therefore, we first studied the licking behavior of WT and L7- PP2B
mice in their home cages. Both WT (n =9) and L7-PP2B mice (n = 10) licked during multiple peri-
ods. Such licking periods often consisted of a few bouts of uninterrupted licking, each of which
consisted of a series of rhythmic licks (Fig. 1A-B). Neither the licking frequency (9.15 + 0.13 Hz
for WT versus 9.08 + 0.18 Hz for L7-PP2B mice) nor the number of licks per bout (5.7 £ 0.6 and
5.4 + 1.1) differed significantly among genotypes (p = 0.773 and p = 0.841, respectively; Fig. 1C,
D). In addition, the distributions of inter-lick intervals within bouts were similar between WT
and L7-PP2B mice (p = 0.693; Kolmogorov-Smirnov test; Fig. 1D). These data indicate that the

baseline licking performance of freely moving L7- PP2B mice is intact.

Free whisking in head-restrained mice

Putative abnormal whisker use could be a cause for deficits in the results of our whisker-based

object localization task. Therefore, we quantified the spontaneous whisker movements of 10
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untrained WT mice and 11 L7-PP2B littermates during recording sessions in which no whisker
stimulation took place (Fig. 1E). To facilitate automated detection of whisker movements, we
first quantified whisker motion (see Methods). The whisker motion algorithm reliably identi-
fied periods with whisker movements as verified by manual tracking (see Methods; Fig. 1F).
The video fragments containing whisker movement were further analyzed quantitatively using
BWTT (Perkon et al., 2011) and post-processed to track traces of individual whiskers over time
(Fig. 1G). We confirmed the accuracy of automatically traced tracks with manually traced ones
(see e.g. orange trace in Fig. 1F, which is derived from the same whisker as the orange (bottom)
trace in Fig. 1G, but made from a more distal location accounting for the sharper peaks). We
found that all mice showed repetitive periods of whisking. We quantified the movements of
individual whiskers during bouts of rhythmic whisking. Within such bouts, neither the ampli-
tude (WT: 29.5 * 2.5°; L7-PP2B: 26.9 + 2.4°; p = 0.378) nor the frequency (WT: 17.5 + 1.6 Hz;
L7-PP2B: 18.1 + 1.5 Hz; p = 0.784) differed significantly between the two groups of mice (Fig.
1G-I). There was a clear inverse correlation between the amplitude and the frequency of a
whisker bout (WT: R = 0.503; p < 0.001; L7-PP2B: R = 0.606; p < 0.001; linear regression; Fig.
1H). The regression lines of the WT and the L7-PP2B mice were not significantly different from
each other (z = 1.579; p = 0.114). We conclude that WT and L7-PP2B mice are similar in their

range and frequency of free whisking.

General motor performance during the association stage

Since the frequency of licking can depend on the ease of access to water (Weijnen, 1998),
we also compared the licking behavior in head-restrained mice during the association task
when water was available during the 2000 ms RW. Overall, the average number of licks per
minute — as calculated over the whole first association session — was comparable between
head- restrained WT (n = 16) and L7-PP2B (n = 14) mice (WT: 96 % 18 licks/min; L7-PP2B: 120 +
24 licks/min; p = 0.535; data not shown). Most mice (14 out of 16 (87.5%) WT and 14 out of 14
(100%) L7-PP2B mice; p = 0.485; Fisher’s exact test) licked rhythmically during the RW of the
first association session. WT mice had a slightly different licking frequency, but the difference
with L7-PP2B mice was not significant (f = 8.3 £ 0.1 Hz and 7.9 + 0.1 Hz, respectively; p = 0.06).
The strength of the rhythmicity was similar (13.0 + 0.8% and 11.8 £ 0.7%; p = 0.306; Fig. 2B). As
the association training proceeded, rhythmic licking during the RW increased; at the end, the
strength of the rhythmicity was 15.1 + 1.0% and 14.3 + 0.9% for WT and L7-PP2B mice, respec-
tively (p = 0.576). The frequency remained around 8 Hz for both groups (7.9 + 0.1 Hzand 7.8 +
0.1 Hz, respectively; p = 0.624). Moreover, video analyses of the whisker movements showed
that WT and L7-PP2B mice were both actively whisking during the association trials. Fig. 2C
shows an example of whisker movements in a video of a WT and a L7-PP2B mouse during the
first session of the association task. Both mice whisked actively and contacted the stimulation

bar during the RW of the association task. Thus, as in naive mice both WT and L7-PP2B mice
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had similar lick responses and active whisker exploration behavior while being head-restrained

during the RWs of the association task.

Association learning

Next, we analyzed the performance of the mice during the association training. We identified a
trial as correct when a mouse licked at least once within the RW independent from its activity
outside the RW. On average both groups had similar percentages of correct trials during the
first session when the rod was elevated inside the whisker field (WT: 39.4 + 24.6%; L7-PP2B:
50.1 + 24.2%; mean £ SD; p = 0.241). In addition, both genotypes learned equally well during
the association task (last session: WT: 93.8 + 5.4%; L7-PP2B: 91.4 + 7.1%; mean = SD; p = 0.238).
WT and L7-PP2B mice required a similar number of sessions to reach criterion (6.6 + 3.6 and 6.4
+ 2.6 sessions, respectively; mean * SD; p = 0.865) (Fig. 2D; see also Table 1). The rate at which
they mastered the task was very similar for WT and L7-PP2B mice (p = 0.458; paired t-test; Fig.
2E). Also the learning curve represented as percentage of correct trials per session was highly
comparable for both types of mice (p = 0.963; repeated measures ANOVA; Fig. 2F). Thus, all
mice — irrespective of their genotype — learned to lick during the RW of the association test at

a similar pace.

General motor performance during localization training

Following completion of the association stage, during which mice only received go trials, they
were subjected to the localization learning task, wherein they received both go and no-go tri-
als. During the go trials the pole was positioned inside the whisker field (as in the association
stage), whereas during the no-go trials the pole was raised just in front of their baseline whisker
field so they could only detect the rod by means of active forward exploration (Fig. 3A). In
contrast to the go trials when the mice were encouraged to lick, they had to withhold their
licking during no-go trials in order to prevent a long delay for the next trial postponing potential
reinforcement.

First, we subjected the animals to trials with a RW of 2000 ms and we analyzed the licking
pattern during the RWs of the first localization session. Licking was more rhythmic during the
RW of go trials, when the mice received water, than during that of no-go trials, when the mice
did not receive water (Fig. 3B). During go trials, the lick rhythm was again around 8 Hz for both
genotypes (WT: 8.2 £ 0.1 Hz and L7-PP2B: 7.9 + 0.1 Hz; p = 0.085) and both genotypes had
similar strength of rhythmic licking (15.6 + 1.0% and 14.4 + 0.6%, respectively; p = 0.304; t test).
During no-go trials, the lick rhythm was 8.1 + 0.2 Hz for WT and 7.4 + 0.2 Hz for mutants (p
=0.072), and the amplitude was 7.9 + 1.0% and 7.4 + 0.9%, respectively (p = 0.710). Likewise
when we analyzed the whisking behavior during the localization task (from 5 WT and 5 L7-PP2B
mice), we found active whisking during both go and no-go trials, irrespective of the genotype
of the mouse (Fig. 3C-D). For this reason, we concluded that, at least initially, the mice were

localizing both stimulus positions rather than simply detecting the stimulus during the go trials.
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Note that the mice could already sense the stimulation bar before it reached the top position.
The moment of contact could vary per trial and depended on the actual position of the whis-
kers. Since mice could contact the stimulation bar as it moved upward into the whisker field we
indicated this period with green shading in Figs. 2-4. On average there were 13.3 + 5.9 times as
many licks during the “green period” of go trials than during that of no-go trials in expert mice
(p < 0.001; paired t test; Fig. 3F). The ratio was higher in WT mice (17.2 + 7.8) than in L7-PP2B
mice (4.3 = 1.1), but this difference was not significant (p = 0.147). Together this indicates that
although there were licks before the start of the RW, these early licks were mainly related to
go trials, indicating presence of whisker contact just prior to the start of the RW. We found a
tendency that WT mice were better able to categorize trials in an early phase of the trial than
L7-PP2B mice, since especially WT mice showed many more licks during the early onset of go
trials than during that of no-go trials.

The mice that performed well during the 2000 ms object localization task were ultimately
tested with the same test with a RW of 500 ms (Fig. 4A). During the 500 ms RW of the go trials,
mice licked again rhythmically around 8 Hz (frequency: WT: 8.8 + 0.4 Hz; L7- PP2B: 8.5 + 0.3 Hz;
p = 0.514; amplitude: WT: 10.3 + 0.8%; L7-PP2B: 9.2 + 1.0%; p = 0.385). During this task, high-
frequency tongue movements were relatively abundant in both WT and L7-PP2B mice, leading
to a similar shape of the auto-correlograms (p = 0.795; Kolmogorov-Smirnov test; Fig. 4B). This
high frequency licking was probably due to the shorter time period of the presence of water
at the lick-port (500 ms instead of 2 s). Licking during the RW of no-go trials was very sparse in
both trained WT and mutant mice (see Fig. 4E), precluding a meaningful quantification of lick
rhythmicity during the no-go trials. During the last session of the 500 ms object localization
task both WT and L7-PP2B mice whisked actively during both go and no-go trials (Fig. 4C), but
in comparison to naive mice both genotypes whisked less during inter-trial intervals (compare
Fig. 3D and 4D).

More WT than L7-PP2B mice learned the localization task

Contrary to the association phase, which could be mastered by all mice, the object localization
task with a 2000 ms RW was not learned by all mice. Of the 16 WT mice, 14 reached a success
rate of more than 80% correct trials during two consecutive sessions within 35 daily sessions.
Significantly less L7-PP2B mice were able to learn this task: only 6 out of 14 mice succeeded in
obtaining the same criteria (87.5% vs. 42.9%; p = 0.019; Fisher’s exact test; left panels in Fig.
5A-B). The mice that did not manage to learn the object localization task with a RW of 2000
ms were considered as non-performers and not tested any further. Mice that did obtain the

necessary criteria were considered perfomers and moved to the short RW phase paradigm.

WT performers learned the localization task faster than L7-PP2B performers

WT performers were faster learners than L7-PP2B mice. For example, the fastest WT mouse

took four sessions to master the 2000 ms localization task, whereas the fastest L7-PP2B mouse
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needed eleven sessions. The complete task including both the 2000 ms and 500 ms localization
tasks was learned significantly faster by WTs than by L7-PP2B performers (genotype: WT (n
=14) 17.4 + 8.7 vs. L7-PP2B (n = 6) 24.8 =+ 7.7 sessions; mean * SD; F;s, = 4.395; p = 0.041;
two-way ANOVA; Fig. 5A-B; see also Table 1 for the number of trials involved). With regard to
the 2000 ms object localization task only, it took the L7-PP2B mice longer to learn the task than
the WT mice, but this difference did not reach statistical significance (WT: 11.6 + 7.0 versus
L7-PP2B: 18.5 * 6.9 sessions; mean + SD; p = 0.090 (not significant: a.,,= 0.017 (see Methods));
Mann-Whitney test; Fig. 5A-B, D). The reduced learning efficiency of the L7-PP2B mice was also
reflected in the slower increase of correct responses during the 2000 ms task (genotype: F; ;=
5.098; p = 0.032; repeated measures ANOVA; Fig. 5E).

Table 1. Number of trials for each phase of the learning paradigm

Association 2000 ms RW 2000 ms RW 500 ms RW
non-performers performers performers
WT 511 + 303 (n=16) 2918 £ 532 (n=2) 950 + 589 (n=14) 232472 (n=14)
L7-PP2B 535+ 253 (n=14) 3041 £ 283 (n=8) 1581 + 690 (n=6) 378 £127 (n=6)
p-value 0.810 0.799 0.086 0.036*

Each session consisted of up to 100 trials. On average, WT and L7-PP2B mice required a similar number of trials to master
the association phase. Non-performers (at the 2000 ms RW test) also received comparable numbers of trials. However, those
L7-PP2B mice that were able to learn the object localization task needed more trials than their WT littermates. This was es-
pecially true for the 500 ms RW test. Significance tested with two-way ANOVA (genotype: p < 0.001) and subsequent t tests.

WTs learned to fine-tune the timing of their lick responses better than L7-
PP2B mice

When we reduced the RW from 2000 ms to 500 ms, the L7-PP2B mice required on average sig-
nificantly more sessions than their WT littermates to reach criterion (WT: 2.4 £ 0.7 vs. L7- PP2B:
3.8 + 1.3 sessions; p = 0.010 (significant: a.., = 0.017; Mann-Whitney test; Fig. 5A-B; see also
Table 1 for the number of trials involved). Thus, while the L7-PP2B mice in general had more
difficulties learning the object localization task, the difference with WT mice was especially
clear when fast response timing was required.

Further evidence for this claim is indicated in the differences in precise timing of the licks
between WT and L7-PP2B mice. We compared the number of licks just before the RW to the
number of licks just after the start of the RW. Note that the water reward became available at
the start of the RW. The ratio of the licks between 100 ms after and 100 ms before the start of
the RW was not significantly different between WT and L7-PP2B mice at the end of the training
with the 2000 ms RW (WT: ratio = 1.01 + 0.04; L7-PP2B: 1.04 £ 0.09; p =

0.758). This indicates that the mice did not time their licks very precisely around the onset
of the RW. However, at the end of the training with the 500 ms RW, the WT mice showed a
clear increase in licking just at the onset of the RW. In contrast, the L7-PP2B mice did not do so
(WT: ratio = 1.13 £ 0.07; L7-PP2B: 0.91 + 0.05; p = 0.019; Fig. 5C). These data point at reduced

47



Chapter 2

sensorimotor timing abilities in L7-PP2B mice that become only apparent under strict timing
restraints.

Importantly, whisker clipping following training with a RW of 500 ms significantly affected
the performance during the object localization task (n = 10 mice; p < 0.001; paired t test (right
panel in Fig. 5E)) confirming that mice use their whiskers to detect the stimulus bar and re-
spond accordingly. Since not all sessions had an equal number of trials, we also compared the
number of trials per individual required for the 2000 and 500 ms task. This confirmed that WT
mice were in general faster in learning than L7-PP2B mice (Fig. 5F; Table 1). Moreover, together
with the more accurate timing of the licks in WT mice (Fig. 5C), these data indicated that the
differences among WT and L7-PP2B mice are more prominent with shorter RWs.

WT mice show a better learning trajectory than L7-PP2B mice
Since we found that the WT and L7-PP2B mice differed in their learning skills during the object

localization task, we further investigated the relative contributions of their licks during the go
trials and the withholding of their licking during the no-go trials to the overall learning process.
First, we plotted for all performers the individual learning curves of the hit rates (i.e., the
percentages of go trials during which the mice licked during the RW) and the false alarm rates
(i.e., the percentages of no-go trials during which the mice licked during the RW) (Fig. 6A-B). It
can be seen that mice started the object localization training with both high hit rates and false
alarm rates, and gradually learned to refrain from licking during the no-go trials. This behavior
was further analyzed by plotting the “false alarm” rates vs. the “hit” rates for each session
of the object localization task. Separate plots of the learning trajectories were constructed in
receiver operating characteristic (ROC) space (Fig. 6C). As mentioned before, the mice were
trained during the preceding association phase to lick during all trials. Consequently, during the
first object localization session (with a 2000 ms RW) they licked very often irrespective of the
trial type. As a result, they performed close to guess rate.

During the subsequent sessions, the WT performers markedly and consistently increased
accuracy, moving almost along a straight line towards our defined criteria: the green area in
Fig. 6C. They continued to lick during the go trials, but decreased their licking during no-go
trials. Thus, they maintained a high level of sensitivity to go trials, but specifically reduced their
response to no-go trials. The WT mouse with the fastest learning capability reached criterion
after four sessions, whereas the fastest L7-PP2B mouse reached criterion only after 11 sessions
(see Fig. 5A-B). In contrast to WT mice, the L7-PP2B mice reduced their licking during the first
four sessions in a random fashion: they stayed close to guess rate. The difference between the
WT and L7-PP2B mice during these first four sessions was striking: the WT mice kept licking at
the same rate during the go trials, but reduced their licking during the no-go trials. In contrast,
the L7-PP2B mice initially did not discriminate between go and no-go trials.

In the subsequent sessions also the six L7-PP2B performers increased their successful licks,

but their learning trajectories remained noisier than those of the WT performers. This differ-
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ence in learning trajectories was particularly evident when comparing the deviations from the
linear regression between the WT and L7-PP2B performers (Fig. 6C inset). The linear regression
lines themselves were not significantly different (z = 1.498; p = 0.134), but the much larger
deviations from the regression line in the L7-PP2B mice in combination with the longer time
required to reach high-performance levels clearly confirmed that learning was affected in L7-
PP2B mice. The differences in learning strategies were characterized by the changes in the
sensitivity index (d’) (WT vs. L7-PP2B: p = 0.001; Fig. 6D). These curves illustrated the superior
ability of WT mice in comparison to L7-PP2B mutants to discriminate between go and no-go
trials and act accordingly. When the same analysis was done for the 500 ms localization task,
which was rapidly learned, the averages of the WT and L7-PP2B performers were already
mostly in the “green area”, indicating good performance, from the first session onwards (Fig.
6E). Still, here too, the L7-PP2B performers showed a clear drop in performance during the

second session of the 500 ms task.

Purkinje cell activity during object localization

If the differences in learning ability for whisker-based object localization between WT and L7-
PP2B are indeed due to differences in intrinsic and synaptic potentiation of Purkinje cells, one
can expect differences in the activity of these cells among the two genotypes. We therefore
recorded at the end of the localization task single-unit activity of Purkinje cells in ipsilateral
crus 1 and crus 2, which are involved in both whisking (Axelrad and Crepel, 1977; Bosman et al.,
2010) and licking (Bryant et al., 2010). In order to compare Purkinje cell activity during the trial
with baseline activity we divided the recordings in trial and inter-trial periods. We considered
the interval between the end of the (second) horizontal movement and the start of the (first)
horizontal movement of the next trial the inter-trial period and the interval between the start
of the upward vertical movement until the end of the downward vertical movement the trial
period (see also Fig. 3A).

First, we characterized the simple spike and complex spike firing during the inter-trial peri-
ods. In line with the findings by Schonewille and colleagues (2010) for the vestibulocerebellum,
the rate of simple spike firing was similar between WT and L7-PP2B Purkinje cells (WT (n =
24): 60.23 + 4.65 Hz vs. L7-PP2B (n = 25): 55.36 + 3.31 Hz; p = 0.398), but the local variation in
simple spike firing (CV2 WT vs L7-PP2B: 0.490 + 0.027 vs. 0.275 + 0.026; p < 0.001) as well as the
complex spike firing rate (CS FF WT vs L7-PP2B: 1.35 + 0.06 vs. 1.00 + 0.08 Hz; p = 0.002) were
significantly reduced in L7-PP2B Purkinje cells (left panels of Fig 7C, D and E).

Next, we compared Purkinje cell activity between trial and inter-trial periods. WT Purkinje
cells showed a moderate, but consistent net increase in simple spike firing (inter- trial: 60.23 +
4.66 Hz vs. trial: 62.72 + 4.74 Hz; p = 0.004 Wilcoxon matched pairs test) (Fig 7C top panel). In
contrast, L7-PP2B Purkinje cells did not show such an increased simple spike firing (inter-trial:
55.36 + 3.31 Hz vs. trial: 55.54 + 3.32 Hz; p = 0.853; Wilcoxon matched pairs test; Fig 7C bottom

panel). Thus as might be predicted, the net increase in simple spike firing observed in WT
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Figure 7. Differential Purkinje cell activity during the object localization task

A — Example single-unit traces of a WT (top) and a L7-PP2B (bottom) Purkinje cell in crus 1/crus 2 area of the cerebellum
ipsilateral to the stimulus location in trained mice. The recording was divided into a trial period (consisting of the RW and
the flanking periods of vertical movement of the stimulation bar) and an inter-trial period (excluding the trial period and
the flanking periods of horizontal movement of the stimulation bar; see Fig. 3A). The filled lines indicate the periods that
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mice is not observed in trained mice in the absence of intrinsic and synaptic potentiation of
their Purkinje cells. In line with the occurrence of sensory input, the simple spike CV2 was
increased both in WT and in L7-PP2B Purkinje cells, indicating that these Purkinje cells were
indeed involved in the behavioral task (WT: inter-trial: 0.490 + 0.027 vs. trial: 0.507 + 0.024; p =
0.021; L7-PP2B: inter-trial: 0.275 + 0.026 vs. trial: 0.292 + 0.025; p < 0.001; Wilcoxon matched
pairs tests). The complex spike activity of WTs and L7-PP2B mutants also both showed promi-
nent changes between trial and inter-trial periods, but these changes moved into opposite
directions (Fig. 7E). In WT complex spike firing rate increased (intertrial vs. trial: 1.35 + 0.06 vs.
1.50 £ 0.07 Hz; p = 0.001), whereas in L7-PP2B it decreased (inter-trial vs. trial: 1.00 + 0.08 vs.
0.79 + 0.08 Hz; p = 1.000 one-sided Wilcoxon matched pairs tests). We conclude that Purkinje
cells in both WT and L7-PP2B mice were probably involved in the object localization task, since
both groups of Purkinje cells showed an increased variability in simple spike firing. Yet, trained
WT mice reacted with a net increase in both simple spike and complex spike firing, whereas
the L7- PP2B mice did not. We expect that such a difference in Purkinje cell activity may cause
changes in the output of the cerebellar nuclei that can in turn affect cerebral cortical processing

via the thalamus.

DISCUSSION

In the current study we showed that L7-PP2B mice, which suffer from impaired intrinsic plastic-
ity and synaptic potentiation of their Purkinje cells (Schonewille et al., 2010), exhibited learning
deficits during a whisker-based object localization task. Not only were fewer L7- PP2B mice
able to learn the task at long response windows, the ones that did, needed more time and
the fine-tuning of the precise timing of their learned responses was especially deficient at
short response windows. Moreover, L7-PP2B mice showed deficits in maintaining hit rate while
reducing false alarms and their learning trajectory was considerably noisier. Finally, we showed
that Purkinje cells in WT, but not L7-PP2B, showed a net increase in firing during trials in trained
mice, which further substantiates the possibility that the cerebellum is involved in learning of

this whisker-based object localization task.

are enlarged in B. Complex spikes are indicated with a black dot above the trace. The other downward deflections are the
simple spikes. The firing characteristics of 24 WT and 25 L7-PP2B Purkinje cells are summarized with box plots for the simple
spike frequency (C), simple spike CV2 (D) and complex spike frequency (E). Recordings were made after finishing the object
localization training. The simple spike frequency was not significantly different between WT and L7-PP2B Purkinje cells. Only
in WT Purkinje cells there was a modest but significant increase in simple spike frequency during the trial periods compared
to the inter-trial periods. The local variation (CV2) in simple spike firing was reduced in L7-PP2B compared to WT Purkinje
cells. Yet, in both types of Purkinje cells the CV2 was increased during the trial periods. The complex spike frequency was
reduced in L7-PP2B compared to WT Purkinje cells. The WT Purkinje cells showed an increase in complex spike firing dur-
ing trial periods, whereas the L7-PP2B Purkinje cells showed a decrease during trial periods. # p < 0.05 (WT vs. L7-PP2B); *
p <0.05 (trial vs. inter-trial)
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Can the observed learning deficits be explained by motor, sensory and/or
developmental aberrations?

Even though L7-PP2B mice do not show overt signs of motor ataxia (Schonewille et al., 2010),
in principle they might suffer from small deficits in motor performance during licking and/or
whisking behavior, since both types of behavior have neural correlates in the cerebellum (Lang
et al., 2006; Bosman et al., 2010; Bryant et al., 2010). We therefore first investigated licking and
whisking behavior of freely moving and head-fixed WT and L7- PP2B mice. In line with the litera-
ture (Horowitz et al. 1977; Wiesenfeld et al. 1977; Yamamoto et al. 1982), the licking behavior
was dominated by ~8Hz rhythmic tongue movements for both WT and L7-PP2B. Moreover, the
variations in lick rhythmicity, which can depend on contextual parameters (Weijnen, 1998) such
as those associated with the various stages of learning employed here, occurred at an equal
level in WT and L7-PP2B mice. Likewise, we recorded free whisking behavior in head-restrained
mice and found that WT and L7-PP2B mice showed bouts of rhythmic whisking at comparable
frequencies, that both WT and L7-PP2B mice scanned the whole area within reach of their
whiskers, and that they both actively whisked during the insertion and presence of the stimulus
bar in all trials tested. These control data are particularly relevant as object localization in the
horizontal dimension requires active whisking (Knutsen et al., 2006) and exploratory whisking in
healthy mice typically occurs at frequencies 5-15Hz (Berg and Kleinfeld, 2003; Cao et al., 2012).

Itis also possible that deficits in cerebellar sensory processing occur in L7-PP2B mice rather
than motor deficits (Hartmann and Bower, 2001). We adapted our paradigm by beginning train-
ing of both genotypes with an association phase. This allowed a baseline performance measure
to test whether both groups not only whisked equally well, but also responded well to sensory
stimulation. We found these initial learning curves and responses to stimuli to be similar in
both genotypes in this phase. Moreover, at the subsequent go and no- go trial testing (see Fig.
4), L7-PP2B performers were able to reach criteria (albeit more slowly) and showed similar
performance levels indicating an ability to carry out the necessary responses to sensory stimuli.

Finally, since PP2B- and Cre-expressions are affected from early on in the L7-PP2B mutants,
it is possible that their learning deficits in the whisker-based localization task result from aber-
rations in development rather than acute ongoing defects in cerebellar plasticity. If present
at all, these potentially negative effects are probably relatively mild, since developmental
compensation usually rescues negative confounders (Wulff et al., 2009) and since our electro-
physiological recordings showed that the acute deficits in Purkinje cell activity of adult L7-PP2B
mutants are in line with their putative deficits in potentiation and thereby learning deficits.
Taken together, we conclude that L7-PP2B mice do not show overt abnormalities in rhythmicity,
frequency or amplitude of either licking or whisker movements and that their learning deficits
in the current whisker-based localization task are in line with the abnormalities in intrinsic

plasticity and synaptic plasticity of their Purkinje cells.
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Potential role of the cerebellum in cognitive tasks

Over the past decade an active debate has emerged on the potential role of the cerebellum in
cognition. Supportive evidence was not only obtained in neuropsychological studies of cerebel-
lar patients, functional imaging studies of human subjects and tracing experiments in monkeys
(Strick et al., 2009; Schmahmann, 2010; Timmann et al., 2010; Onuki et al., 2013), but also in
behavioral studies of cerebellar cell-specific mutant mice, in which specific aspects of spatial
navigation or repetitive behavior were affected (Burguiere et al., 2005; Rochefort et al., 2011;
Tsai et al., 2012). Yet, it is not directly clear how to neutralize the argument that most of these
so-called cognitive effects reflect small aberrations in sensorimotor activity such as the plan-
ning of eye movements (Glickstein et al., 2009). Moreover, we recently subjected four different
cerebellar cell-specific mouse mutants, including L7-PP2B mice, to various cognitive tasks such
as a sociability test, Morris watermaze, contextual and cued fear conditioning, and open-field
anxiety test, and none of the mutants showed a consistent deficit in any cognitive function
(Galliano et al., 2013). However, none of these cognitive tasks included a response window or
demanded precise processing in the temporal domain with a resolution of tens to hundreds of
milliseconds. Given that the role of cerebellar processing in motor control has been shown to be
particularly relevant when precise temporal accuracy is required (De Zeeuw et al., 2011; Onuki
et al., 2013), we reasoned that this facet might be paramount also for its control in cognitive
function. We therefore undertook the current whisker-based localization study in which the
temporal constraints play a prominent role, while the essential role of cerebral cortex in this
task has been established (Brecht, 2007; Aronoff et al., 2010; O’Connor et al., 2010ab; Huber
et al., 2012; Petreanu et al., 2012; Xu et al., 2012). Several of the present findings support the
possibility that the cerebellum contributes to cognitive processing when temporal demands are
critical. First, the findings that fewer L7-PP2B mice were able to learn the whisker-based local-
ization task, that they needed more time and that their learning trajectories were considerably
noisier than in WTs support the possibility of a general contribution of cerebellar processing
in this particular cognitive task. Second, the findings that fine-tuning of the precise timing of
learned responses of L7-PP2B mutants was especially deficient at short response windows and
that the trained WT, but not L7-PP2B, mice showed a well-timed increase in licking just at
the onset of the 500 ms RW, corroborate our hypothesis that the cerebellum contributes to

cognitive processing in particular when temporal demands are engaged.

How may the cerebellum contribute to temporal precision in cognitive
functions?

Different parts of the cerebellar cortex may engage different coding schemes varying from pure
rate coding to temporal coding (Heck et al., 2013). Given that we observed during trials an
increase in both firing rate and variability (CV2) in the simple spike activity of WT Purkinje
cells, while the firing rate of their complex spike was also increased, it is likely that both coding

mechanisms play a role (De Zeeuw et al., 2011). Indeed, in L7-PP2B animals we did not observe
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an increase in simple spike or complex spike firing frequency in the transition from inter-trial
to trial periods, and the irregularity of their simple spike firing was consistently lower than that
in WTs. While changes in rate coding might directly translate into differences in modulation
amplitude and thereby rate activity of downstream targets (De Zeeuw et al., 1995), those in
temporal coding may have a prominent impact on the precise timing of the activity of down-
stream targets (De Zeeuw et al., 2008; De Zeeuw et al., 2011). Pauses in simple spike activity,
which are reflected in the irregularity of firing, can translate into prominent rebound firing
in the cerebellar nuclei, which in turn can trigger the initiation of movements (Witter et al.,
2013). Likewise, one could imagine that rebound firing in the nuclei affects well-timed initiation
of activity in areas downstream of the thalamus that are involved in cognitive tasks. For the
whisker-based localization task, these may include not only the barrel cortex and whisker mo-
tor cortex (Popa et al., 2013ab), but also the striatum (Hoshi et al., 2005; Bostan et al., 2010).
Conditional discrimination tasks that require goal- directed acts are typically thought to involve
the basal ganglia (Nishizawa et al., 2012; Hallock et al., 2012), which may process stop cues for
cancelling actions such as during no-go trials (Schmidt et al., 2013). One could hypothesize that
the differences in activity in the cerebellar microzones that employ rate coding (Heck et al.,
2013; Zhou et al., 2013) explain the significant difference between the number of L7-PP2B and
WT mice that exhibit successful learning at the long response window phase, whereas those in
the cerebellar zones that employ predominantly temporal coding may explain the differences

and deficits seen at the shorter response window phase and no-go trials.
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Chapter 3

SUMMARY

Cerebellar plasticity underlies motor learning. However, how the cerebellum operates to
enable learned changes in motor output is largely unknown. We developed a sensory-driven
adaptation protocol for reflexive whisker protraction and recorded Purkinje cell activity from
crus 1 and 2 of awake mice. Before training, simple spikes of individual Purkinje cells correlated
during reflexive protraction with the whisker position without lead or lag. After training, simple
spikes and whisker protractions were both enhanced with the spiking activity now leading be-
havioral responses. Neuronal and behavioral changes did not occur in two cell-specific mouse
models with impaired long-term potentiation at their parallel fiber to Purkinje cell synapses.
Consistent with cerebellar plasticity rules, increased simple spike activity was prominent in cells
with low complex spike response probability. Thus, potentiation at parallel fiber to Purkinje
cell synapses may contribute to reflex adaptation and enable expression of cerebellar learning

through increases in simple spike activity.

IMPACT STATEMENT

Physiological and behavioral analyses show that expression of cerebellar whisker learning can
be mediated by increased simple spike activity, depending on LTP induction at parallel fiber to

Purkinje cell synapses.
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INTRODUCTION

Active touch is important for exploring our environment, allowing us to assess the shape, sub-
stance and movements of objects and organisms around us (Prescott et al., 2011). Throughout
the animal kingdom, various systems have evolved for this purpose; these include for example
the antennae of insects, the fingertips of primates and the well-developed whisker systems of
rodents and sea mammals (Ahl, 1986, Dehnhardt et al., 2001, Staudacher et al., 2005, Dere
et al., 2007, Anjum and Brecht, 2012). Activation of these sensory organs can provoke reac-
tive movements, often occurring as a reflex (Nguyen and Kleinfeld, 2005, Bellavance et al.,
2017, Brown and Raman, 2018, Staudacher et al., 2005). For survival it is important to maintain
optimal control of such reflexes in daily life and to be able to adapt these movements (Voigts et
al., 2015, Anjum and Brecht, 2012, Arkley et al., 2017).

Given the impact of cerebellar plasticity on a wide variety of motor learning tasks (Herzfeld
et al., 2015, Herzfeld et al., 2018, Medina and Lisberger, 2008, Ten Brinke et al., 2015, Thier et
al., 2002, Voges et al., 2017, Yang and Lisberger, 2017), it can be anticipated that adaptation of
reflexive whisker movements is also partly controlled by plastic processes in the cerebellum.
Historically, most studies on cerebellar learning have suggested that long-term depression
(LTD) at the parallel fiber to Purkinje cell (PC) synapse may act as the main cellular mechanism
underlying induction of cerebellar motor learning (Albus, 1971, Konnerth et al., 1992, Ito, 2003,
Koekkoek et al., 2003, Medina and Lisberger, 2008, Boele et al., 2018, Narain et al., 2018).
However, parallel fiber LTD is unlikely to be the sole cellular mechanism underlying cerebel-
lar learning (Gao et al., 2012, Hansel et al., 2001, D’Angelo et al., 2016). Short-term forms of
plasticity probably also contribute, as some forms of behavioral adaptation can be linked to
changes in PC activity during the previous trial (Yang and Lisberger, 2014, Herzfeld et al., 2018).
Moreover, long-term potentiation (LTP) of parallel fiber to PC synapses may also be relevant, as
various PC-specific mutants with impaired LTP show deficits in cerebellar learning (Schonewille
et al., 2010, Schonewille et al., 2011, Rahmati et al., 2014, Gutierrez-Castellanos et al., 2017).
Possibly, different cerebellar cellular mechanisms dominate the induction of different forms of
learning, dependent on the requirements of the downstream circuitries involved (De Zeeuw
and Ten Brinke, 2015, Suvrathan et al., 2016).

While many studies have focused on the synaptic mechanism(s) that may induce cerebel-
lar motor learning, the spiking mechanisms that are responsible for the expression thereof
remain relatively unexplored. To date, whereas evidence is emerging that the expression of
conditioned eyeblink responses is mediated by a long-lasting suppression of simple spikes
of PCs in the deep fissure of lobule simplex (Heiney et al., 2014, Halverson et al., 2015, Ten
Brinke et al., 2015), it is unclear to what extent enduring increases in simple spike activity can
also contribute to the expression of cerebellar learning, and if so for what forms of learning.
Here, we developed a novel whisker training paradigm that is likely to generate plasticity in

the cerebellar cortex and to produce increases in simple spike activity at the PC level following
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induction of LTP at the parallel fiber to PC synapse (D’Angelo et al., 2001, Lev-Ram et al., 2002,
Lev-Ram et al., 2003, Coesmans et al., 2004, Ramakrishnan et al., 2016, van Beugen et al.,
2013). Indeed, we show that a brief period of 4 Hz air-puff stimulation of the whiskers can
enhance touch-induced whisker protraction as well as PC simple spike firing for tens of minutes.
Moreover, these behavioral and neuronal changes are both absent in two independent mouse
mutant lines deficient for parallel fiber to PC LTP, bridging the putative mechanism of memory

expression with that of memory induction.

RESULTS

Touch-induced whisker protraction

The large facial whiskers are a prime source of sensory information for many mammals, in
particular for rodents that can make elaborate movements with their large facial whiskers (Ar-
kley et al., 2017, Brecht, 2007, Welker, 1964, Bosman et al., 2011, Vincent, 1913). It has been
noted that passive touch can trigger active whisker movements in mice (Bellavance et al., 2017,
Brown and Raman, 2018, Nguyen and Kleinfeld, 2005, Ferezou et al., 2007), but this behavior
has not been described in great detail yet. Here, we studied whisker movements following
rostro-caudal air-puff stimulation of the whisker pad in 16 awake, head-restrained mice (Figure
1A-C). The air-puffer was placed in such a way that most, if not all, large mystacial whiskers
were affected by the air flow from the front. The mice made active whisker protractions fol-
lowing the retractions induced by the air flow in the large majority (82%) of stimulus trials
(Figure 1D-E; Figure 1 —figure supplement 1C). Because of the systematic full-field air-flow from
the front, the touch-induced protraction was typically performed by all whiskers simultane-
ously (data not shown), which is in line with the presumed reflexive nature of this movement
(Bellavance et al., 2017, Brown and Raman, 2018, Nguyen and Kleinfeld, 2005). Moreover, as
reported previously (Ferezou et al., 2007), the touch-induced whisker protraction was followed
in about half the trials (51%) by extended periods of active whisker movements during the
subsequent 200 ms interval (Figure 1D; Figure 1 — figure supplement 1A-C). However, under
our experimental conditions with a 2 s inter-trial interval, spontaneous whisking in between
the stimuli was relatively rare. Across all 16 mice measured, we found spontaneous movements
(with an amplitude exceeding 10°) only in 12% of the 100 trials per mouse during the 200 ms
interval prior to stimulus onset.

To find out whether touch-induced whisker protraction can indeed be described as a reflex
(Bellavance et al., 2017, Brown and Raman, 2018, Nguyen and Kleinfeld, 2005), we wanted
to know to what extent the movements also show signs characteristic of startle responses or
voluntary events, which have a different identity. A startle response would be expected to be
not only highly stereotypic, but to also show relatively little direction-specificity, and to reveal

signs of pre-pulse inhibition (Gogan, 1970, Swerdlow et al., 1992, Moreno-Paublete et al.,
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Figure 1. Touch-induced whisker protraction

A brief (30 ms) air-puff to the whisker pad induces a reflexive protraction of all large mystacial whiskers. Our experiments
were performed in awake, head-restrained mice that had all whiskers intact. A. Photograph showing a part of the mouse
head with the large facial whiskers and the location and direction of the air-puffer (top). B. The large facial whiskers were
recognized in high-speed videos (1 kHz full-frame rate) by a tracking algorithm and individual whiskers are color-coded. C.
Air-puff stimulation triggered stereotypic whisker movements consisting of an initial backward movement followed by active
protraction. Deflection angles of individually tracked whiskers are denoted in distinct colors (same color scheme as in B). D.
The mean whisker angle during 0.5 Hz air-puff stimulation of the whisker pad from a representative mouse. During approxi-
mately half the trials, the active protraction was only a single sweep; in the other traces multiple sweeps were observed.
Prolonged periods of active whisking were rare. The periods marked “I” and “II” are enlarged in Figure 1 — figure supplement
1A. E. To indicate the variability in whisker behavior, 100 trials of the same experiment were superimposed. The thick colored
line indicates the median. The retraction due to the air-puff is followed by an active protraction.

“p

The following supplements are available for Figure 1:
Figure supplement 1. Whisker movements are largely restricted to the period after the air-puff
Figure supplement 2. Air-puffs induce reflexive whisker movements

2017). Instead, if the air-puff triggered a conscious, explorative movement, the animal would
most likely make spontaneous movements towards the source of the air-puff, dependent on its
specific position. To explore these possibilities, we placed a second air-puffer at the caudal side
of the whisker field and a third air-puffer at the front of the contralateral whisker field, and we
provided air-puffs from the three different orientations, intermingling trials with and without
brief pre-pulses in random order (Figure 1 — figure supplement 2A). An air-puff from the front
on the ipsilateral side induced a retraction prior to the active protraction. Such a retraction
was mostly absent when stimulating from the back. Contralateral stimulation also evoked a
slight retraction, followed by a much larger forward sweep (Figure 1 — figure supplement 2B-
E; Table S1). Thus, applying the air-puff from different angles produced different retractions
and different subsequent protractions, arguing against a stereotypical startle behavior that
occurs independent from the stimulus conditions. Moreover, we did not observe a diminish-

ing effect of the weaker pre-pulse on the reaction to the stronger pulse (p = 0.268; Dunn’s
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Figure 2. Anatomical distribution of Purkinje cell responses to whisker pad stimulation

A. Representative extracellular recording of a cerebellar Purkinje cell (PC) in an awake mouse showing multiple simple spikes
(vertical deflections) and a single complex spike that is indicated by a blue dot above the trace. B. Scatter plot and histogram
of complex spike firing around the moment of air-puff stimulation of the whisker pad (applied at 0.5 Hz) of the same PC. C.
The latencies vs. the peak of the complex spike responses of all 118 PCs with a significant complex spike response. Note that
a minority of the PCs showed relatively long latency times. D. Simple spike responses of the same PC showing a bi-phasic
response: first inhibition, then facilitation. Note that the simple spike firing frequency of this PC at rest is about 60-70 Hz. E.
Peak amplitudes and peak latency times of simple spike responses of all 127 PCs showing a significant simple spike response
to whisker pad stimulation. As simple spike responses were often found to be bi-phasic, we represented the first phase with
closed and the second phase with open symbols. Non-significant responses are omitted. F. Simplified scheme of the somato-
sensory pathways from the whisker pad to the PCs and of the motor pathways directing whisker movement. The information
flows from the whisker pad via the trigeminal nuclei and the thalamus to the primary somatosensory (S1) and motor cortex
(M1). S1 and M1 project to the inferior olive via the nuclei of the meso-diencephalic junction (MDJ) and to the pontine nuclei.
Both the inferior olive and the pontine nuclei also receive direct inputs from the trigeminal nuclei. The mossy fibers (MF)
from the pontine nuclei converge with direct trigeminal MF and those of the reticular formation on the cerebellar granule
cells (GrC) that send parallel fibers (PF) to the PCs. The inferior olive provides climbing fibers (CF) that form extraordinarily
strong synaptic connections with the PCs. Both the PFs and the CFs also drive feedforward inhibition to PCs via molecular
layer interneurons (MLI). The GABAergic PCs provide the sole output of the cerebellar cortex that is directed to the cerebellar
nuclei (CN). The CN sends the cerebellar output both upstream via the thalamus back to the cerebral cortex and downstream
to motor areas in the brainstem and spinal cord. The whisker pad muscles are under control of the facial nucleus which is
mainly innervated via the reticular formation. Several feedback loops complement these connections. For references, see
main text. G. For most of the PC recordings in this study, the anatomical locations were defined by a combination of surface
photographs and electrolytic lesions made after completion of the recordings. An example of such a lesion in crus 1 is shown
here in combination with a Nissl staining. SL = simple lobule. H. Heat map showing the anatomical distribution of the strength

64



Potentiation of cerebellar Purkinje cells facilitates whisker reflex adaptation

pairwise post-hoc test after Friedman’s ANOVA; p = 0.003; Fr = 13.933; df = 3). Finally, we also
did not observe distinct explorative movements linked to the puff sources, which might have
suggested dominant voluntary components (Figure 1 - figure supplement 2B-C). Altogether,
the reactive nature of the touch-induced whisker movements in the absence of characteristic
signs of startle or voluntary responses indicates that the air-puff induced protraction is indeed

a reflexive movement.

Anatomical distribution of Purkinje cell responses to whisker pad stimulation

In line with the fact that PCs receive sensory whisker input not only directly from the brainstem
but also indirectly from thalamo-cortical pathways (Figure 2F) (Kleinfeld et al., 1999, McElvain
et al., 2018, Bosman et al., 2011, Brown and Raman, 2018, Kubo et al., 2018), the dynamics of
their responses upon whisker stimulation are heterogeneous (Brown and Bower, 2001, Loew-
enstein et al., 2005, Bosman et al., 2010, Chu et al., 2011). To study the anatomical distribution
of these responses within cerebellar lobules crus 1 and crus 2 we mapped the complex spike
and simple spike firing of their PCs following ipsilateral whisker pad stimulation with air-puffs in
awake mice. Of the 132 single-unit PCs from which we recorded, 118 (89%) showed significant
complex spike responses, albeit with large variations in latency and amplitude (Figure 2A-C,
Figure 2 — figure supplement 1A-B). We considered a response to be significant if it passed the
threshold of 3 s.d. above the average of the pre-stimulus interval. Cluster analysis revealed that
in terms of complex spike modulation PCs can better be considered as two separate clusters
rather than a continuum spectrum (indicated by the lowest absolute BIC value for two com-
ponents (437, compared to 490 and 442 for one and three components, respectively; Figure
2 — figure supplement 1D). We refer to the cells of the cluster with the higher complex spike
response probability as “strong” (34%, with a peak response above 1.98%; see Methods) and
the other as “weak” (66%) responders (Figure 2 — figure supplement 1D-F). Similarly, of the 132
recorded PCs 127 (96%) showed a significant simple spike response. Simple spike responses
were often bi-phasic, consisting of a period of inhibition followed by one of excitation, or vice
versa (Figure 2D-E, Figure 2 — figure supplement 1C). The trough of the simple spike responses
typically correlated in a reciprocal fashion with the peak of the complex spike responses (Figure
2A-E; Figure 2 — figure supplement 1A-C) (De Zeeuw et al., 2011, Zhou et al., 2014, Badura et
al., 2013). Only 2 PCs, out of the 132, did not show any significant modulation (i.e. for neither

complex spikes nor simple spikes). To chart the spatial distribution of the PCs with different

of the complex spike responses projected on the surface of crus 1 and crus 2. The locations of all 132 recorded PCs were at-
tributed to a rectangular grid. The average complex spike response strength was calculated per grid position and averaged
between each grid position and its neighbor. The grey lines indicate the borders to the cerebellar zones (see Figure 2 - figure
supplement 2D). I. The same for the variation in the first phase of the simple spike responses. Note that for the simple spikes
the blue colors indicate suppression of firing rather than the absence of a response.

The following supplements are available for Figure 2:

Figure supplement 1. Diversity in Purkinje cell responses

Figure supplement 2. Anatomy of the whisker region in the cerebellar hemispheres

65



Chapter 3

response kinetics upon whisker stimulation we first combined electrolytic lesions (Figure 2G)
with reconstructions of the electrode entry points, generating a map of the locations of the
PCs from which we recorded with the quartz/platinum electrodes (n = 132). Complex spike
responses to whisker stimulation were found to be especially strong in parts of crus 1 overlap-
ping with large areas of the C2, D1 and D2 zones (Figure 2H), whereas the primary simple spike
responses were predominantly facilitating in adjacent areas in the medial and lateral parts of
crus 1 and crus 2, as predicted by the overall tendency for reciprocity (Figure 2H-I; Figure 2 —
figure supplement 1G-H). This distribution was verified using double-barrel glass pipettes with
which we injected the neural tracer, BDA 3000, at the recording spot after recording complex
spike responses. Following identification of the source of the climbing fibers in the inferior
olive and the projection area in the cerebellar nuclei (Figure 2 — figure supplement 2A-C), we
defined the cerebellar area in which the recorded PC was located (Apps and Hawkes, 2009,
Voogd and Glickstein, 1998). These experiments confirmed that the PCs with strong complex
spike responses were situated most prominently in centro-lateral parts of crus 1, whereas the
PCs with weak complex spike responses were predominant in adjacent areas in crus 1 and crus

2 (Figure 2 — figure supplement 2D).

Large reflexive whisker protractions are preceded by complex spikes

As complex spikes have been reported to be able to encode, at the start of a movement, the
destination of arm movements (Kitazawa et al., 1998), we wondered whether a similar associa-
tion could be found for whisker movements. Therefore, we asked whether trials that started
with a complex spike involved larger or smaller protractions. To this end, we separated all trials
of a session based upon the presence or absence of a complex spike during the first 100 ms
after stimulus onset in a single PC. It turned out that during the trials with a complex spike, the
protraction was significantly larger (see Figure 3A for a single PC; Figure 3B for the population
of 55 PCs of which we had electrophysiological recordings during whisker tracking and that
responded to air-puff stimulation). A direct comparison between the timing of the complex
spike response and the difference in whisker position between trials with and without a com-
plex spike revealed that the peak in complex spike activity preceded the moment of maximal
difference in position by 63 + 4 ms (mean = SEM; n = 55; Figure 3C-D). The maximal difference in
protraction in trials with a complex spike equaled 0.80° (median, with IQR of 2.80°; p < 0.001),
whereas this was only 0.28° (0.92°) for retraction (p = 0.002; Wilcoxon matched pairs tests,
significant after Bonferroni correction for multiple comparisons: a = 0.05/3 = 0.017) (Figure
3E). These findings imply that trials that started with a complex spike showed bigger whisker
protractions than those without a complex spike.

We next questioned whether there was a correlation between the strength of the complex
spike response and the difference in maximal protraction. This did not seem to be the case (R
=0.119; p = 0.386; Pearson correlation; Figure 3 — figure supplement 1A). Thus, in general, the

complex spike of any PC showing whisker-related complex spike activity could have a similar

66



Potentiation of cerebellar Purkinje cells facilitates whisker reflex adaptation

predictive power for the amplitude of the subsequent protraction. In line with this, a map
showing the distribution of the PCs based upon the correlation of their complex spikes with
whisker protraction was fairly homogeneous. Only in an area overlapping with the rostral part
of crus 1, a small cluster of PCs was observed whose complex spikes correlated with an unusu-
ally large difference in protraction (Figure 3 — figure supplement 1B). However, since sensory-
induced complex spikes were typically more frequent in lateral crus 1, PCs in this area appeared
to have overall a stronger correlation with increased touch-induced whisker protraction than

the PCs in the surrounding areas (Figure 3 — figure supplement 1C).
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Figure 3. Large reflexive whisker protractions are preceded by complex spikes
A. Upon sorting the whisker traces based on the presence (violet) or absence (magenta) of a complex spike (CS) produced by a
simultaneously recorded PC in the first 100 ms after stimulus onset, it is apparent that the trials with a complex spike tended
to have a stronger protraction. B. This observation was confirmed in the population of PCs with a significant complex spike re-
sponse to air-puff stimulation (n = 55). C. Averaged convolved peri-stimulus time histograms of complex spikes (blue) and the
averaged difference in whisker position (purple) between trials with and without complex spikes. Complex spikes precede the
observed differences in movement. Shaded areas indicate s.d. (A) or SEM (B and C). D. Time intervals between the peak of the
complex spike response and the moment of maximal difference in whisker position between trials with and without complex
spikes, indicating that the complex spikes lead the whisker movement by approximately 60 ms. E. Changes in average whisker
angle before stimulation (period a; see time bar in panel B), in maximal retraction (period b) and in maximal protraction (pe-
riod c) between trials with and without a complex spike in the 100 ms after an air-puff. * p > 0.05; ** p < 0.01; *** p < 0.001
(Wilcoxon matched pairs tests (with Bonferroni correction for multiple comparisons in E)). See also Source Data file.
The following supplements are available for Figure 3:
Figure supplement 1. Correlation between complex spike firing and whisker protraction especially strong in the D2 zone
Figure supplement 2. Coherent complex spike firing is specifically enhanced by whisker pad stimulation
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Previous studies showed that motor control can be related to the coherence of complex
spike firing of adjacent PCs (Mukamel et al., 2009, Hoogland et al., 2015). We therefore ex-
pected to observe also increased coherence at the trial onsets in our experiments. To test this,
we performed two-photon Ca”" imaging to study the behavior of adjacent groups of PCs in crus
1 around the moment of whisker pad air-puff stimulation in awake mice. After injection of the
Ca’*-sensitive dye Cal-520 we could recognize the dendrites of PCs as parasagittal stripes, each
of which showed fluorescent transients at irregular intervals (Figure 3 — figure supplement 2A-
B). Previous studies identified these transients as the result of PC complex spike firing (Ozden et
al., 2008, Tsutsumi et al., 2015, Schultz et al., 2009, De Gruijl et al., 2014). Occasionally, signals
could be found that were shared by many PCs, even in the absence of sensory stimulation
(Figure 3 — figure supplement 2B) in line with earlier reports (Ozden et al., 2009, De Gruijl et
al., 2014, Mukamel et al., 2009, Schultz et al., 2009). Upon whisker pad stimulation, however,
complex spike firing occurred much more often collectively in multiple Purkinje cells (Figure
3 — figure supplement 2C). To quantify this form of coherent firing, we counted the number of
complex spikes fired per frame (of 40 ms) and determined the level of coherence using cross-
correlation analyses (Figure 3 — figure supplement 2D) (see also Ju et al., (2018)). The levels
of coherence increased to such strength that they were extremely unlikely to have occurred
by the increase in firing frequency alone (compared to a re-distribution of all events based on
a Poisson distribution; Figure 3 — figure supplement 2E). In other words, firing of a single or a
few PCs was the dominant mode of activity in the absence of stimulation, and this changed
towards the involvement of multiple PCs upon stimulation, firing coherently as can be seen
in the change in distribution of coherently active PCs (Figure 3 — figure supplement 2F-G). We
conclude that groups of adjacent PCs respond to whisker pad stimulation by increased complex
spike firing with an enhanced level of coherence, which is likely to further facilitate the occur-

rence of bigger whisker reflexes (see above).

Instantaneous simple spike firing correlates with whisker protraction during
reflex

The firing rate of simple spikes has been shown to correlate with whisker position: in the large
majority of PCs, simple spike firing is correlated with protraction and in a minority it correlates
with retraction (Brown and Raman, 2018, Chen et al., 2016). This led us to study the correlation
in simple spike firing during touch-induced whisker protraction. At first sight, variation in simple
spike firing roughly correlated to periods with whisker movement (Figure 4A-B). To study this in
more detail, we made use of the inter-trial variations in simple spike rate and whisker position,
allowing us to make a correlation matrix between these two variables on a trial-by-trial basis
(see Ten Brinke et al., 2015). In a representative example (Figure 4C), the whisker protraction
and peak in simple spike firing were roughly simultaneous. In the correlation matrix, this is
visualized by the yellow color along the 45° line. This turned out to be the general pattern in

25 of the 56 PCs (45%) of which we had electrophysiological recordings during whisker tracking
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(Figure 4D). In all of these 25 PCs, there was a positive correlation between instantaneous

simple spike firing and whisker protraction that occurred relatively late during the movement,
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Figure 4. Instantaneous simple spike firing correlates with whisker protraction during reflex

A. Changes in the instantaneous simple spike (SS) firing rate (convolved with a 6 ms Gaussian kernel; blue) correlate roughly
with whisker movement (purple). This is illustrated with a representative recording of a PC. Vertical brown lines indicate the
moments of air-puff stimulation to the (ipsilateral) whisker pad. The horizontal black line designates the interval expanded in
B. Blue dots mark complex spikes. C. Correlation matrix showing a clear positive correlation of simple spike firing (blue trace
at the bottom shows convolved peri-stimulus time histogram triggered on air-puff stimulation) and whisker protraction (red
trace at the left; indicated is the mean + SEM of the whisker position) based on a trial-by-trial analysis. The correlation coef-
ficient (R) over the dashed 45° line is shown at the bottom, together with the 99% confidence interval (grey area). These data
correspond to the example PC shown in A-B. Averaged data from all 25 PCs that displayed a significant correlation between
simple spike rate and whisker position is shown in D. E. Scatter plots with linear regression lines show a positive correlation
between whisker protraction and instantaneous simple spike firing as illustrated here for the Purkinje cell represented in C
(R =0.517; p < 0.001; Pearson’s correlation). Data are taken from the moment with the strongest correlation (150-160 ms
after the onset of the air-puff for both parameters). F. For all PCs with a significant correlation between whisker angle and
simple spike rate, this correlation turned out to be positive when evaluating 100 trials for each of the 25 Purkinje cells (R =
0.199; p < 0.001; Pearson’s correlation). Shown is the linear regression line (black) and the 95% confidence intervals (blue).
The experiments are normalized based upon their Z-score. Data are taken from the moment with the strongest correlation
(120-130 ms (whiskers) vs. 140-150 ms (simple spikes)). Thus, increased simple spike firing correlates with whisker protrac-
tion. ** p < 0.01; *** p < 0.001.

The following supplement is available for Figure 4:

Figure supplement 1. Simple spike firing is predominantly associated with protraction
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Figure 5. 4 Hz air-puff stimulation leads to acceleration of the simple spike response and to stronger protrac-
tion of the whiskers

A. Induction protocol: air-puff stimulation at 0.5 Hz is used to characterize the impact of a brief period (20 s) of 4 Hz air-puff
stimulation. B. Stacked line plots showing the averaged whisker responses before (1% column) and after (2™ column) 4 Hz
air-puff stimulation. The plots are sorted by the increase of the touch-induced whisker protraction (3" column). Each color
depicts one mouse. Plots are normalized so that the most intense color represents the average of 16 mice. 4 Hz air-puff
stimulation leads to a stronger touch-induced whisker protraction (4™ column). Similar plots for complex spikes (C, showing
little change) and simple spikes (D, showing a clear increase in firing, especially during the early phase of the response). For
comparison, the averages are superimposed in E (for y-scaling and variations refer to B-D). Trial-by-trial analysis of 14 Pur-
kinje cells before and after 4 Hz air-puff stimulation (cf. Figure 4C-D) highlighting the anticipation of simple spike firing (F).
The x-axis is based upon the instantaneous simple spike firing frequency and the y-axis upon the whisker angle. The moment
of maximal correlation between simple spike firing and whisker movement anticipated after induction, as can be seen by
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in particular between 80 and 200 ms after the start of the stimulus (Figure 4C-D; Figure 4 —
figure supplement 1A-C), thus well after the complex spike responses occurred (Figure 3C). In
the 31 remaining PCs, i.e. the ones that did not display a significant correlation when evalu-
ated at the level of individual cells, we still observed a slight, yet significant, correlation at the
population level. Remarkably, this correlation was slightly negative, i.e. possibly reflecting a
correlation between simple spike firing and retraction (Figure 4 — figure supplement 1). We
conclude that during the touch-induced whisker reflex simple spikes predominantly correlate
with whisker protraction and that this correlation is maximal without a clear time lead or lag,

unlike the complex spikes, the occurrence of which tended to precede the reflexive protraction.

4 Hz air-puff stimulation leads to acceleration of simple spike response and
to stronger protraction of whiskers

Next, we investigated whether sensory experience could modulate the touch-induced whisker
protraction, the frequency of simple spike firing and the relation between them. We hypoth-
esized that whisker movements might be enhanced following air-puff stimulation at 4 Hz,
as this frequency has been shown to be particularly effective in inducing potentiation at the
parallel fiber-to-PC synapse (Coesmans et al., 2004, D’Angelo et al., 2001, Lev-Ram et al., 2002,
Ramakrishnan et al., 2016). Indeed, application of this 4 Hz air-puff stimulation to the whisker
pad for only 20 seconds was sufficient to induce an increase in the maximal protraction (aver-
age increase 17.9 + 3.9%; mean + SEM; p < 0.001; Wilcoxon-matched pairs test; n = 16 mice)
(Figure 5A-B; Table S2).

This change in the amplitude of the touch-induced whisker protraction was not accom-
panied by any substantial change in the complex spike response to whisker pad stimulation
(p = 0.163; Wilcoxon matched pairs test; n = 55 PCs) (Figure 5C; Table S2). However, the rate
of simple spike firing upon air-puff stimulation was markedly increased after 20 s of 4 Hz air-
puff stimulation. This was especially clear during the first 60 ms after the air-puff (p = 0.003;
Wilcoxon matched pairs test; n = 55 PCs) (Figure 5D; Table S2). Overlaying the averaged whisker
traces and PC activity profiles highlighted the earlier occurrence of facilitation in simple spike
firing after the 4 Hz air-puff stimulation protocol (Figure 5E). To study this timing effect in more

the change in position of the yellow spot between the correlation plots in the 1% and 2™ column (see also Figure 5 — figure
supplement 1A-B). After induction, the maximal correlation implied a lead of the simple spikes, as illustrated for each PC in
the graph of the 3" column. Every arrow indicates the shift of the position of the maximal correlation between before and
after induction. Overall, the difference in timing between the maximal correlation changed from around 0 ms pre-induction
to an approximate lead of 20 ms of the simple spikes after induction (4" column). ** p < 0.01; *** p < 0.001. See also Table
S2 and Source Data File.

The following supplements are available for Figure 5:

Figure supplement 1. Simple spike response anticipates after 4 Hz air-puff stimulation

Figure supplement 2. Purkinje cell responses during 4 Hz air-puff stimulation

Figure supplement 3. Contralateral whisker pad stimulation induces stronger whisker protraction and stronger simple spike
responses

Figure supplement 4. Optogenetic stimulation of Purkinje cells increases whisker protraction following air-puff stimulation
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detail, we repeated the trial-based correlation analysis (cf. Figure 4C-D). The short period of 4
Hz air-puff stimulation caused an anticipation of the moment of maximal correlation between
simple spike firing and whisker position. Along the 45° line — thus regarding only the zero-lag
correlation between simple spike firing and whisker position — this changed from 152.1 + 18.1
ms to 90.7 £ 9.4 ms (means + SEM); p = 0.020; t = 2.664; df = 13; paired t test; n = 14 PCs)
(Figure 5 — figure supplement 1A-B). The slope of the correlation between the instantaneous
simple spike frequency and the whisker position remained unaltered (p = 0.197, t = 1.360, df
=13, n = 14, paired t test) (Figure 5 — figure supplement 1C-D). However, the point of maximal
correlation was no longer with a zero-lag, but after induction the simple spikes led the whisker
position (pre-induction: Atime = 0 * 10 ms; post-induction: Atime = 20 + 30 ms; medians + IQR;
n=14; p =0.001; Wilcoxon matched-pairs test) (Figure 5F). Thus, not only the simple spike rate
increased, but also its relative timing to the touch-induced whisker protraction, now preceding
the likewise increased touch-induced whisker protraction.

During the entrainment itself (i.e., during the 20 s period with 4 Hz air-puff stimulation), the
whisker responses as well as the complex spike and the simple spike responses to each air-puff
were weakened compared to the pre-induction period during which we used 0.5 Hz stimulation.
More specifically, the touch-induced whisker protraction decreased by 62.2% (median; IQR =
37.5%). The maximum response of the complex spikes significantly decreased from a median
of 1.27% (with an IQR of 1.89%) during pre-induction to 0.52% (with an IQR of 0.43%) during
induction (p < 0.001; Wilcoxon matched pairs tests, n = 55 PCs), and the average modulation of
the simple spikes in the first 200 ms after the puff decreased from a median of 5.9% (with an
IQR of 18.2%) during pre-induction to -0.3% (IQR = 3.13) during induction (p = 0.039, Wilcoxon
matched-pairs test) (Figure 5 — figure supplement 2). Thus, during the 4 Hz training stage, all
responses — both at the behavioral and neuronal level — diminished compared to the preceding
0.5 Hz stimulation stage.

Given the correlation between instantaneous simple spike rate and whisker position
described above, one would expect that contralateral air-puff stimulation — which triggers a
stronger protraction (Figure 1 — figure supplement 2) — also triggers a stronger simple spike
response. To test this hypothesis we recorded PC activity while stimulating the ipsi- and con-
tralateral whiskers in a random sequence (Figure 5 — figure supplement 3A-B). The change in
maximal protraction was considerable (difference in maximal protraction: 7.30 + 1.24° (mean
+ SEM); n = 9 mice) (Figure 5 — figure supplement 3C; cf. Figure 1 — figure supplement 2E). Pos-
sibly, the absence of the direct mechanical retraction on the ipsilateral side during contralateral
air-puff stimulation can explain part of this difference, which is also in line with the earlier onset
of the protraction during contralateral stimulation (Figure 5 — figure supplement 3C). However,
in addition a change in simple spikes may contribute to this difference as well, as the simple
spikes increased significantly more during contralateral stimulation (increase during first 60 ms
after air-puff onset for contra- vs. ipsilateral stimulation: 13.7 + 5.3%; mean + SEM; p = 0.023; t
=2.413; df = 26; paired t test; n = 27 PCs) (Figure 5 — figure supplement 3E). Such a contribution
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is compatible with the fact that most mossy fiber pathways related to whisker movement are
bilateral with a contralateral preponderance (Bosman et al., 2011). Instead, the complex spikes
were less activated during contralateral stimulation (complex spike peak response: ipsilateral:
1.40% (1.25%); contralateral: 0.71% (0.81%); medians (IQR); p < 0.001; Wilcoxon matched-pairs
test; n = 27 PCs) (Figure 5 — figure supplement 3D). This response is in line with a bilateral
component of the projection from the trigeminal nucleus to the olive (De Zeeuw et al., 1996).

To establish a causal link between increases in simple spike firing and whisker protraction,
artificial PC stimulation would also have to affect whisker movement. Previously, it has been
shown that simple spikes modulate ongoing whisker movements rather than initiate them
(Brown and Raman, 2018, Chen et al., 2016, Proville et al., 2014). To find out whether simple
spike firing could modulate touch-induced whisker protraction under our recording conditions,
we investigated the impact of activation of PCs by optogenetic stimulation. To this end we used
Pcp2-Ai27 mice, which express channelrhodopsin-2 exclusively in their PCs and which respond
with a strong increase in their simple spike firing upon stimulation with blue light (Witter et
al., 2013). We placed an optic fiber with a diameter of 400 um over the border between crus 1
and crus 2 and compared air-puff induced whisker movements among randomly intermingled
trials with and without optogenetic PC stimulation. The period of optogenetic stimulation (i.e.
100 ms) was chosen to mimic preparatory activity of PCs and thus corresponded well to the
period during which we observed increased simple spike firing after 4 Hz air-puff stimulation
(Figure 5D). As expected, the whisker protraction was substantially bigger during the period of
optogenetic stimulation (p < 0.001; t =4.411; df = 12; paired t test; n = 13 mice; Figure 5 — figure
supplement 4). Thus, even though optogenetic stimulation of PCs can also trigger secondary
feedback mechanisms that may influence the outcome (Witter et al., 2013, Chaumont et al.,

2013), we conclude that increases in simple spike firing can cause stronger whisker protraction.

Complex spikes inhibit increased simple spike firing

As cerebellar plasticity is bi-directional and under control of climbing fiber activity (Ohtsuki et
al., 2009, Lev-Ram et al., 2003, Coesmans et al., 2004), we wanted to find out to what extent
plastic changes in simple spike activity can be related to the strength of the complex spike re-
sponse generated by climbing fibers. To this end we compared for each PC the strengths of the
complex spike and simple spike responses before, during and after the 4 Hz air-puff stimulation.
As expected, we found a significant negative correlation between the strength of the complex
spike response, as measured by the peak of the PSTH before the 4 Hz air-puff stimulation,
and the change in simple spike response following this 4 Hz stimulation (R = 0.311; p = 0.021;
Pearson correlation n = 55 PCs) (Figure 6A). We further substantiated these findings by looking
separately at the average complex spike firing frequency of the strong and weak responders
(cf. Figure 2 — figure supplement 1E). The correlation found between the frequency of complex
spike firing and the change in simple spike activity after 4 Hz air-puff stimulation proved to be

present only in the weak responders, taking the firing rate during the pre-induction and induc-

73



Chapter 3

>

Af(SS) (%)

o

Air-puff

6 8
CS peak response (%)
PC with weak CS response

AF(SS) (%)
PC with strong CS response

.
02-010 010203
R

B Change in SS response C Correlation SS - whiskers

Time (min)
s
!

4 Hz

Time (ms)

Time (ms)

F 30 7 -O- Weak CS responders
-@- Strong CS responders
207 4Hz

& 104 ¥
@ *
L o4- == .
= T

-10

-20 T T 1

-10 10 20 30

Time (min)

Figure 6. Complex spikes inhibit in-
creased simple spike firing

A. Repeated sensory stimulation induced
an increase in simple spike (SS) response to
whisker pad stimulation (see Figure 5). This
increase in simple spike responses was,
however, not observed in all PCs: there
was a clear negative correlation between
the strength of the complex spike (CS) re-
sponse and the potentiation of the simple
spike response. Overall, the simple spike
potentiation was larger in the PCs with a
weak complex spike response than in those
with a strong complex spike response (cf.
Figure 2 — figure supplement 1). B. Heat
map showing the anatomical distribution
of the strength of the simple spike increase
projected on the surface of crus 1 and crus

2. The 55 PCs were attributed to a rectangular grid. The average simple spike response strength was calculated per grid posi-
tion and averaged between each grid position and its neighbor. The grey lines indicate the borders to the cerebellar zones
(see Figure 2 - figure supplement 2D). C. Heat map of the distribution of PCs cells based upon the correlation of their simple
spike rate and whisker position (cf. Figure 4D). Note that the strongest increase of simple spike responses after 4 Hz air-puff
stimulation occurred in the region that also displayed the strongest correlation between instantaneous simple spike rate and
whisker position. D. Example PSTHs of the simple spike response to whisker pad air-puff stimulation of representative PCs
and how they changed over time, depicted as heat maps of the instantaneous simple spike frequency (E; see scale bar in
D). The left column displays the data from a PC with a weak complex spike response, the right column of one with a strong
complex spike response. The induction period is indicated with “4 Hz”. F. The number of simple spikes following an air-puff
stimulation increased in weakly responding Purkinje cells and this increase remained elevated until the end of the recording
(at least 30 min). In contrast, this increase was not found in Purkinje cells with strong complex spike responses. * p < 0.05;
*% p < 0.01; *** p < 0.001.

The following supplements are available for Figure 6:

Figure supplement 1. Complex spike rates are negatively correlated with sensory-induced potentiation
Figure supplement 2. 4 Hz air-puff stimulation enhances stereotypic whisker protraction for at least 30 minutes
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tion period into account (Figure 6 — figure supplement 1). This is again in line with the notion
that parallel fiber activity in the absence of climbing fiber activity promotes parallel fiber to PC
LTP (Coesmans et al., 2004, Lev-Ram et al., 2002, Ramakrishnan et al., 2016). The PCs with the
strongest effect of 4 Hz air-puff stimulation on simple spike firing were mainly located in the
lateral part of crus 2 (Figure 6B), posterior to the crus 1 area with the strongest complex spike
responses (Figure 2H). We compared the location of this lateral crus 2 area to that of the PCs
with the strongest correlations between simple spike firing and whisker protraction and we
found these two crus 2 locations to match well (Figure 6B-C).

The impact of 4 Hz air-puff stimulation on the simple spike activity of PCs with a weak com-
plex spike response lasted as long as our recordings lasted (i.e. at least 30 min), whereas that on
PCs with a strong complex spike response was not detectable during this period (Figure 6D-F).
Indeed, the weak responders differed significantly from the strong responders in this respect
(weak vs. strong responders: p = 0.005; F = 3.961; df = 4.424; two-way repeated measures
ANOVA with Greenhouse-Geyser correction; n = 8 weak and n = 6 strong responders; Fig. 6F).
Likewise, the impact of the 4 Hz air-puff stimulation on touch-induced whisker protraction also
lasted throughout the recording in that the protraction sustained (Figure 6 — Figure supple-
ment 2). Thus, both simple spikes and whisker muscles remained affected by the 4 Hz air-puff

stimulation for as long as our recordings lasted.

Expression of PP2B in Purkinje cells is required for increased protraction and
simple spike firing following 4 Hz air-puff stimulation
In reduced preparations, 4 Hz stimulation of the parallel fiber inputs leads to LTP of parallel
fiber to PC synapses (Coesmans et al., 2004, Lev-Ram et al., 2002, Ramakrishnan et al., 2016).
At the same time, parallel fiber LTP is inhibited by climbing fiber activity (Coesmans et al., 2004,
Lev-Ram et al., 2003, Ohtsuki et al., 2009). Hence, our data appear in line with a role for paral-
lel fiber LTP as a potential mechanism underlying the observed increase in simple spike firing
upon a brief period of 4 Hz stimulation. To further test a potential role for LTP, we repeated
our 4 Hz air-puff stimulation experiments in Pcp2-Ppp3rl mice, which lack the PP2B protein
specifically in their PCs, rendering them deficient of parallel fiber-to-PC LTP (Schonewille et
al., 2010) (Figure 7A). The impact of 4 Hz air-puff stimulation on the maximal protraction was
significantly less in the Pcp2-Ppp3r1 mutant mice compared to wild types (p = 0.044, t = 2.162,
df = 19, t test; Figure 7B-D). Accordingly, in contrast to those in their wild type (WT) littermates
(p <0.001, t =4.122, df = 15, t test), the maximal touch-induced whisker protraction before
and after induction was not significantly different in Pcp2-Ppp3r1 mice (p = 0.647, t = 0.470,
df = 12, t test; Fig. 7E). Thus, Pcp2-Ppp3rl mice do not show increased touch-induced whisker
protraction after 4 Hz air-puff stimulation.

In line with the absence of increased touch-induced whisker protraction, also the increase
in simple spike firing observed in wild type mice was absent in Pcp2-Ppp3r1 mice. As the strong

complex spike responders in WTs did not show changes in simple spike activity (cf. Figure 6), we
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Figure 7. Expression of PP2B in Purkinje cells is re-
quired for increased protraction and simple spike fir-
ing following 4 Hz air-puff stimulation

A. Schematic representation of the principal pathways regulat-
ing bidirectional plasticity at the parallel fiber (PF) to Purkinje
cell (PC) synapses. The direction of PF-PC plasticity depends
on the intracellular Ca®* concentration ([Ca®]) that is largely
determined by climbing fiber (CF) activity. Following CF activ-
ity, [Ca>"]; raises rapidly and activates a phosphorylation cas-
Air-puff Air-puff cade involving a-Ca**/calmodulin-dependent protein kinase
Post :z’;fpppm Il (CaMKIIA) and several other proteins eventually leading to
-z internalization of AMPA receptors and consequently to long-
term depression (LTD). PF volleys in the absence of CF activ-
ity, on the other hand, result in a moderate increase in [Ca*']
,, activating a protein cascade involving protein phosphatase
"“W‘?"‘"’" 2B (PP2B, encoded by Ppp3r1) that promotes the insertion of
new AMPA receptors into the postsynaptic density, thereby
leading to long-term potentiation (LTP) of the PF-PC synapse.

< 14 1 GIuA3 subunits are part of the postsynaptic AMPA receptors.

i} 0 1 B. Example of a representative mouse with the averaged

= ;7 ‘ ‘ ] ‘ ‘ ‘ whisker movements before and after theta sensory stimula-

-100 0 100 200 300-100 O 100 200 300 tion, showing a stronger protraction afterwards, as evidenced
Time (ms) Time (ms)

by the differences between post- and pre-induction compared

Eo- p<0.001 p=0647
to a bootstrap analysis on the normal variation in whisker

515’ 1 O—o0 movements (C; shade: 99% confidence interval). Variations in

§10— 1 whisker protraction in Pcp2-Ppp3r1 mutants did generally not

s | —0 | exceed the expected variability (right). D. Stacked line plots of

35 =———=0 . . i

= whisker movement differences between post- and pre-induc-
0 Pre Post Pre Post tion for all mice highlighting the absence of increased touch-

F 30 4Hz -O- WT induced whisker protraction in Pcp2-Ppp3r1 mutant mice. The

@ Pcp2-Ppp3r1

plots are normalized so that the brightest line indicates the
average per genotype (n =16 WT and n = 13 Pcp2-Ppp3r1 KO
mice). E. The average maximal protraction before and after
induction for each mouse confirms the increase in WT, but
" I ; p o e = e do not in Pcp2-Ppp3rl mutant mice. The colored symbols indi-
Time (min) cate the average per genotype. F. In contrast to simple spike

responses in WT mice, those in Pcp2-Ppp3rl KO mice could
not be potentiated by our 4 Hz air-puff stimulation protocol. This effect was stable, also during longer recordings. For this

analysis, we selected those with weak complex spike responses, as the PCs with a strong complex spike response did not show
increased simple spike firing after 4 air-puff stimulation (see Figure 6A). * p < 0.05; ** p < 0.01; *** p <0.001

The following supplement is available for Figure 7:

Figure supplement 1. Also in Pcp2-Ppp3r1 KO mice, complex spike rates are negatively correlated with sensory-induced po-
tentiation

compared weak complex spike responders of both genotypes. Simple spike responses were sta-
bly increased in WT PCs with a weak complex spike response following 4 Hz air-puff stimulation
(as shown in Figure 6F), but not in those of Pcp2-Ppp3rl1 mice (effect of genotype: p = 0.003, F
=4.361, df =4.137, two-way repeated measures ANOVA with Greenhouse-Geyser correction; n
=8 WT and n =9 Pcp2-Ppp3rl PCs) (Figure 7F). Despite the lack of potentiation, we found that
the Pcp2-Ppp3rl mice still had a significant correlation between the complex spike frequency
during the induction block and changes in simple spike activity (R = 0.489, p = 0.013, Pearson

correlation; Figure 7 — figure supplement 1A); this correlation may result from other forms of
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plasticity that are still intact in Pcp2-Ppp3r1 mice (Schonewille et al., 2010). Yet, in line with the
absence of increased simple spike responsiveness, the correlation between changes in simple
spike firing during the induction block and the impact of 4 Hz air-puff stimulation, as present in
the WT PCs, was absent in the Pcp2-Ppp3r1 mice (Figure 7 - figure supplement 1B). Thus, in the
absence of the PP2B protein in PCs, the impact of 4 Hz air-puff stimulation on touch-induced
whisker protraction as well as on the simple spike responsiveness was not detectable. These
correlations between complex spike and simple spike firing on the one hand and modification
of the simple spike response to whisker pad stimulation on the other hand further strengthen
our hypothesis that parallel fiber to PC LTP is one of the main mechanisms that underlies the
long-term changes that can be observed at both the level of simple spike activity and whisker

protraction after 4 Hz air-puff stimulation.

Expression of AMPA receptor GluA3 subunits in Purkinje cells is required

for increased protraction and simple spike firing following 4 Hz air-puff
stimulation

To control for compensatory mechanisms specific for Pcp2-Ppp3rl1 mice we used a second, in-
dependent, yet also PC-specific, mutant mouse line deficient in parallel fiber LTP. In these mice
(Pcp2-Gria3), PCs lack the AMPA receptor GIuA3 subunit (Gutierrez-Castellanos et al., 2017). As
in the Pcp2-Ppp3rl1 mice, we did not find evidence for increased whisker protraction after 4 Hz
air-puff stimulation (e.g., change in whisker angle during the first 120 ms after air-puff onset:
WT vs. Pcp2-Gria3 mice: p = 0.007, Tukey’s post-hoc test after ANOVA (p = 0.001, F =9.111, df
=2),n=16 WT and n = 6 Gria3 deficient mice) (Figure 8A-C). Moreover, as in the Pcp2-Ppp3rl
mice, also the increase in simple spike responsiveness after 4 Hz stimulation was absent in
Pcp2-Gria3 mice (change in simple spike count between WT and Pcp2-Gria3 PCs during the first
60 ms after air-puff onset: p = 0.004; Tukey’s post-hoc test after ANOVA (p = 0.002, F = 6.681, df
=2),n=35WT PCs and n = 13 Gria3 KO PCs, next to n = 23 Pcp2-Ppp3r1 KO PCs, all with weak
complex spike responses) (Figure 8D-F). Thus an independent line of evidence supports the
findings made in the Pcp2-Ppp3rl mice.

For control we compared the basic electrophysiological profiles of PCs in the three geno-
types used in this study. When averaged over the entire period with episodes of stimulation,
the overall complex spike rate, simple spike rate and simple spike CV2 value (i.e. parameter
for level of irregularity) of PCs in the Pcp2-Ppp3rl1 KO mice were moderately, but significantly,
reduced compared to those in WTs (Figure 8 — figure supplement 1A-D; Table S3). However, as
the Pcp2-Gria3 mice did not show any significant deviations in these overall firing properties
(Figure 8 — figure supplement 1A-D; Table S3), it is unlikely that the aberrant firing properties
of Pcp2-Ppp3rl1 mice could explain the lack of adaptation at both the behavioral and electro-
physiological level. Comparing the response probabilities to whisker pad stimulation we found
that both the number of complex spikes and simple spikes after the air-puff were reduced in

Pcp2-Ppp3rl mice (Figure 8 — figure supplement 1E-J; Table S3). The predominantly suppressive
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Figure 8. Expression of AMPA receptor GIuA3 subunits in Purkinje cells is required for increased protraction
and simple spike firing following 4 Hz air-puff stimulation

A. Example of a representative Pcp2-Gria3 mutant mouse that is deficient for the GIuA3 subunit with the averaged whisker
movements before and after 4 Hz air-puff stimulation, showing similar degrees of protraction. B. Overall, 4 Hz air-puff stimu-
lation did not result in stronger whisker protraction in Pcp2-Gria3 mutant mice as observed in WT mice (see Figure 7). This
is illustrated with a stacked line plot. C. Comparison of the average change in whisker angle over the 120 ms following the
onset of the air-puff shows enhanced protraction in WT (n = 16), but not in LTP-deficient mice - neither in Pcp2-Ppp3r1 (n =
13) nor in Pcp2-Gria3 (n = 6) mutants, pointing towards a central role for parallel fiber-to-Purkinje cell LTP for the enhanced
protraction in WT mice following a brief period of 4 Hz air-puff stimulation. The horizontal lines indicate the medians and the
1 and 3" quartiles. The lack of change in whisker protraction following 4 Hz air-puff stimulation was reflected in the lack of
change in simple spike responses as illustrated in three representative PCs (cf. Figure 6D-E). On top are the peri-stimulus time
histograms (D) followed by heat maps illustrating the instantaneous firing rate over time (E). The induction period is indicated
with “4 Hz”. F. Overall, WT PCs (n = 35) showed increased simple spike firing after 4 Hz stimulation, while those in Pcp2-Ppp3r1
(n = 21) or Pcp2-Gria3 (n = 13) mutant mice did not. For this analysis, we restricted ourselves to the PCs with weak complex
spike responses as the PCs with strong complex spike responses did not show potentiation in the WT mice (see Figure 6A) and
to the first 100 trials after induction. * p < 0.05; ** p < 0.01. See also Source Data File.

The following supplements are available for Figure 8:

Figure supplement 1. Purkinje cell responses to whisker pad stimulation in Pcp2-Ppp3r1 and Pcp2-Gria3 mice

Figure supplement 2. Before induction, touch-induced whisker protraction is not affected by Pcp2-Ppp3r1 and Pcp2-Gria3
mutations
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simple spike responses were not found in Pcp2-Gria3 mice, but the latter also had a reduced
complex spike response to air-puff stimulation. Since a reduced complex spike response acts
permissive for the adaptive increase in the simple spike response, it is unlikely that the ob-
served reduction in complex spike firing would be the cause of the observed lack of simple spike
enhancement in both mutant mouse lines. Moreover, the amplitudes of the touch-induced
whisker protraction as measured before the induction phase were similar between the WT and
the mutant mice (Figure 8 — figure supplement 2). We therefore conclude that the absence of
simple spike potentiation and the concomitant increase in touch-induced whisker protraction
is likely due to the absence of parallel fiber LTP caused by the genetic mutations rather than to
altered firing patterns of the PCs involved.

DISCUSSION

In this study we show for the first time that a brief period of intense sensory stimulation can
evoke adaptation of reflexive whisker protraction. Extracellular recordings revealed that the
simple spike activity of the PCs that modulate during whisker movements is congruently in-
creased when the adapted behavior is expressed. These PCs, which are predominantly located
in the crus 2 region, show a present but weak complex spike response to whisker stimulation,
which appears to act permissive for the occurrence of parallel fiber to PC LTP. This form of
plasticity is likely to be one of the main mechanisms underlying this whisker reflex adaptation,
as two independent cell-specific mouse models, both of which lack LTP induction at their paral-
lel fiber to PC synapses, did not show any alteration in their whisker protraction or simple spike
response following the training protocol with 4 Hz air-puff stimulation. By contrast, the PCs that
show a strong complex spike response to whisker stimulation and that are mainly located in
crus 1 did not manifest a prominent regulatory role to enhance the simple spike responses or
whisker movements in the long-term. Our study highlights how moderate climbing fiber activity
may permit induction of PC LTP in a behaviorally relevant context and how this induction may

lead to an increase in simple spike modulation when the adapted motor output is expressed.

Control of whisker movements

Although most mammals have whiskers, only few species use their whiskers to actively explore
their environment by making fast, rhythmic whisker movements (Vincent, 1913, Ahl, 1986,
Welker, 1964, Woolsey et al., 1975). In “whisking” animals, such as mice and rats, both whisker
protraction and retraction are under direct muscle control, while especially whisker retraction
can additionally reflect a passive process involving skin elasticity (Berg and Kleinfeld, 2003,
Simony et al., 2010, Haidarliu et al., 2015, Moore et al., 2013, Deschénes et al., 2017). Animals
can modify the pattern of whisker movements upon sensory feedback during natural behav-

ior, as has been demonstrated for example during gap crossing and prey capture (Anjum and
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Brecht, 2012, Voigts et al., 2015). The neural control of adaptation of reflexive whisker move-
ments is still largely unknown. Given the widespread networks in the brain controlling whisker
movements (Bosman et al., 2011, Kleinfeld et al., 1999), it is likely that multiple brain regions
contribute. We show here, at least for a specific reproducible form of whisker adaptation, that
parallel fiber to PC LTP and enhancement in PC simple spike activity may contribute to the

induction and expression of this form of motor learning, respectively.

Simple spike firing during normal and adapted whisker movements

Our electrophysiological recordings indicate that the simple spike activity correlates well with
whisker protraction, especially in PCs located in crus 2, and that this relation is context-depen-
dent. Under the baseline condition of our paradigm, during the 0.5 Hz whisker pad stimulation,
simple spikes correlate positively with the position of the whiskers during protraction on a
single trial basis. The correlation between the rate of simple spikes and that of protraction was
also found when comparing the impact of contralateral vs. ipsilateral whisker pad stimulation.
The absence of a clear time lag or lead between simple spike activity and whisker movements
under this condition suggests that during normal motor performance without sensorimotor
mismatch signaling the simple spikes predominantly represent ongoing movement. Our data
under baseline conditions are compatible with those obtained by the labs of Chadderton and
Léna (Chen et al., 2016, Proville et al., 2014). In their studies on online motor performance,
the simple spike activity of most PCs in the lateral crus 1 and/or crus 2 regions correlated best
with protraction of the set point, defined as the slowly varying midpoint between maximal
protraction and maximal retraction.

During and after training with 4 Hz air-puff stimulation the temporal dynamics of the simple
spikes shifted in that the simple spikes were found to precede the whisker movement and to
predict the magnitude of the protraction, suggesting the emergence of an instructive motor
signal. Optogenetic stimulation experiments confirmed that increased simple spike firing dur-
ing the early phase of touch-induced whisker protraction can promote whisker protraction.
Thus, the current dataset confirms and expands on previous studies, highlighting a role of the
cerebellar PCs injecting additional accelerating and amplifying signals into the cerebellar nuclei

during entrainment (De Zeeuw et al., 1995).

Cerebellar plasticity

Synaptic plasticity in the cerebellar cortex has, next to that in the cerebellar and vestibular nu-
clei (Lisberger and Miles, 1980, Lisberger, 1998, Zhang and Linden, 2006, McElvain et al., 2010),
generally been recognized as one of the major mechanisms underlying motor learning (lto,
2001, Ito, 2003). For forms of motor learning that require a decrease in simple spike activity for
expression of the memory, such as eyeblink conditioning (Halverson et al., 2015, Ten Brinke et
al., 2015, Jirenhed et al., 2007), long-term depression (LTD) of the parallel fiber to PC synapse
may play a role during the initial induction stage (Ito, 2003, Koekkoek et al., 2003). In LTD-
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deficient mouse models the potential contribution of LTD is most apparent when compensatory
mechanisms that involve activation of the molecular layer interneurons are blocked (Boele et
al., 2018). However, for forms of motor learning that require an increase in simple spike activity
for expression of the procedural memory it is less clear which forms of cerebellar cortical plas-
ticity may contribute. Here, we show that increasing whisker protraction by repetitive sensory
stimulation requires an increase in simple spike activity and that blocking induction of parallel
fiber to PC LTP prevents changes in both spiking and motor activity following the same train-
ing paradigm. Possibly, adaptation of the vestibulo-ocular reflex (VOR) follows partly similar
learning rules in that various genetic mouse models with impaired induction of parallel fiber
to PC LTP show reduced VOR learning (Gutierrez-Castellanos et al., 2017, Rahmati et al., 2014,
Schonewille et al., 2010, Ly et al., 2013, Peter et al., 2016) and that optogenetic stimulation of
PCs in the flocculus of the vestibulocerebellum can increase VOR gain (Voges et al., 2017). In
this respect it will be interesting to find out to what extent increases in simple spike activity in
the flocculus can also be correlated with an entrained increase in VOR gain on a trial-by-trial
basis, as we show here for whisker learning.

The differential learning rules highlighted above indicate that different forms of cerebellar
plasticity may dominate the induction of different forms of learning (Hansel et al., 2001, Gao
et al., 2012, D’Angelo et al., 2016, De Zeeuw and Ten Brinke, 2015). The engagement of these
rules may depend on the requirements of the downstream circuitries involved (Suvrathan et
al., 2016, De Zeeuw and Ten Brinke, 2015). Indeed, whereas the eyeblink circuitry downstream
of the cerebellar nuclei comprises purely excitatory connections and hence requires a simple
spike suppression of the inhibitory PCs to mediate closure of the eyelids, the VOR circuitry
comprises an additional inhibitory connection and hence requires a simple spike enhancement
so as to increase the compensatory eye movement (De Zeeuw and Ten Brinke, 2015, Voges
et al., 2017). The circuitry downstream of the cerebellum that mediates control of whisker
movements is complex (Bosman et al., 2011). Possibly, the cerebellar nuclei may modulate
the trigemino-facial feedback loop in the brainstem that controls the touch-induced whisker
protraction (Bellavance et al., 2017). This could be done via the intermediate reticular forma-
tion, which receives a direct input from the cerebellar nuclei (Teune et al., 2000) and projects
to the facial nucleus where the whisker motor neurons reside (Zerari-Mailly et al., 2001, Herfst
and Brecht, 2008). As the latter projection is inhibitory (Deschénes et al., 2016), the same
configuration may hold as described for the VOR pathways (De Zeeuw and Ten Brinke, 2015)
in that adaptive enhancement of the whisker reflex may require induction of parallel fiber to
PC LTP and increases in simple spike activity. Thus, given the current findings and the known
neuro-anatomical connections in the brainstem, the picture emerges that cerebellar control of
whisker movements follows the general pattern which suggests that the predominant forms
of PC plasticity and concomitant changes in simple spike activity align with the requirements

downstream in the cerebellar circuitry (De Zeeuw and Ten Brinke, 2015).
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Heterogeneous pools of PCs with differential complex spike responses to
whisker stimulation

A minority of the PCs we recorded had a high complex spike response probability upon air-
puff stimulation of the whisker pad. These PCs were predominantly located in the centro-
lateral part of crus 1. Most of the other PCs, in particular those in the medial part of crus 1
and in crus 2, showed a low, yet significant, complex spike response probability to sensory
whisker stimulation. In these cells the absence of a strong complex spike response to air-puff
stimulation probably acted as a permissive gate to increase the simple spike response following
training, which is in line with current theories on cerebellar plasticity (Coesmans et al., 2004,
Ito, 2001, Lev-Ram et al., 2002, Ohtsuki et al., 2009). The PCs with a relatively high complex
spike response probability were not prone for increases in simple spike activity following our
training protocol. Instead, they may dynamically enhance reflexive whisker protraction through
increases in their coherent complex spike firing, likely engaging ensemble encoding (Hoogland
et al., 2015, Mukamel et al., 2009, Ozden et al., 2009, Schultz et al., 2009). This enhancement
does not require a repetitive training protocol and also occurs during single trial stimulation. In-
deed, these complex spike responses, which tended to precede the active whisker movement,
could be correlated to the strength of the touch-induced whisker protraction under baseline
conditions. This is in line with previous studies showing that complex spikes can facilitate the
initiation of movements and define their amplitude (Hoogland et al., 2015, Kitazawa et al.,
1998, Welsh et al., 1995). Thus, PCs with strong complex spike responses to whisker stimula-
tion — especially those located in the D2 zone of crus 1 — show poor simple spike enhancement
to mediate whisker adaptation, but they might facilitate execution of touch-induced whisker
protraction under baseline conditions by relaying coherent patterns of complex spikes onto the

cerebellar nuclei neurons.

Conclusion

Based on a known form of reflexive whisker movements, we introduced a novel adaptation
paradigm and investigated the underlying cerebellar plasticity mechanism and spiking learning
rules. A brief period of increased sensory input appeared to be sufficient to induce a lasting im-
pact on touch-induced whisker protraction: the whisker reflex started earlier and had a bigger
amplitude. This motor adaptation probably requires induction of parallel fiber LTP in PCs that
can be identified by their weak but present complex spike response to sensory stimulation. The
resultant increased simple spike firing of these PCs may affect the brainstem loop controlling
touch-induced whisker protraction via the reticular formation in the brainstem, in line with
optogenetic stimulation experiments. Thus, our study proposes induction of parallel fiber to PC
LTP as a cellular mechanism for enhancing PC simple spike responsiveness that facilitates the

expression of the entrained whisker protraction.

82



Potentiation of cerebellar Purkinje cells facilitates whisker reflex adaptation

ACKNOWLEDGEMENTS

Financial support was provided by the Netherlands Organization for Scientific Research (NWO-
ALW; C.I.D.Z.), the Dutch Organization for Medical Sciences (ZonMW; C.I.D.Z.), Life Sciences
(C.I.D.Z.), ERC-adv and ERC-POC (C.I.D.Z.) and the China Scholarship Council (No. 2010623033;
C.J.). We thank E. Haasdijk, E. Goedknegt, M. Rutteman, and A.C.H.G. lJpelaar for technical
assistance and Drs. T.J.H. Ruigrok, S.K.E. Koekkoek, J.J. White and M. Schonewille of the Neu-
roscience Department at the Erasmus Medical Center for their input and scientific discussions,
as well as Dr. D. Rizopoulos of the Biostatistics Department at the Erasmus Medical Center and

Dr. D. Vidotto from Tilburg University for statistical consulting regarding the cluster analysis.

COMPETING FINANCIAL INTERESTS

The authors declare no competing financial interests.

MATERIALS AND METHODS

Key Resource Table

strain, strain background  Tg(Pcp2-cre)2Mpin; (Schonewille et al., C578Bl6/)

(Mus musculus) Ppp3r1tmst! 2010) background
(4% g

strain, strain background Tg(Pcp2-cre)2MPin; (Gutierrez-Castellanos C57Bl6/)

(M. musculus) Gria3"™F etal., 2017) background

strain, strain background C57BI6J mice Charles Rivers IMSR_JAX:

(M. musculus) 000664

strain, strain background  Tg(Pcp2-cre)2Mpin:: (Witter et al., 2013) C57BI6/)

(M. musculus) Gt(ROSA)26Sorm?71(cAc- background

0P4*H134R/tdTomato)Hze

chemical compound, drug  Dextran, Biotin, 3000 MW, Thermo Fisher Scientific D7135
Lysine Fixable (BDA-3000)

chemical compound, drug  Paraformaldehyde Merck 1.040005.1000
chemical compound, drug  Thionine Sigma T-3387
chemical compound, drug  Gelatin JT.Baker 2124-01
software, algorithm MATLAB v2012a-v2017a Mathworks
software, algorithm LabVIEW (for video National Instruments
acquisition)
software, algorithm BWTT Toolbox (for whisker http://bwtt.
tracking) sourceforge.net
https://github.com/
MRIO/BWTT_PP
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Animals

For most of the experiments in this study, we used two different mutant mouse lines on a
C57Bl/6J background. Comparisons of electrophysiological parameters were always made
between the mutant mice and their respective wild-type (WT) littermates, although for easier
visualization the WTs were sometimes grouped as indicated in the figure legends. Both mouse
lines had been used before and details on their generation have been published. Briefly,
Pcp2-Ppp3rl mice (Tg(Pcp2-cre)2Mpin;Ppp3r1™=Y) lacked functional phosphatase 2B (PP2B)
specifically in their PCs. They were created by crossing mice in which the gene for the regula-
tory subunit (Cnbl1) of PP2B was flanked by loxP sites (Zeng et al., 2001) with transgenic mice
expressing Cre-recombinase under control of the Pcp2 (L7) promoter (Barski et al., 2000) as

described in Schonewille et al. (2010). Pcp2-cre*~-Ppp3r1"f

17

mice (“Pcp2-Ppp3rl mice”) were
compared with Pcp2-cre”-Ppp3r1” littermate controls. We used 35 WT mice (17 males and 18
females of 21 + 9 weeks of age (average * s.d.)) and 22 Pcp2-Ppp3r1 mice (6 males and 16 fe-
males of 18 + 10 weeks of age (average * s.d.)). Pcp2-Gria3 mice (Tg(Pcp2-cre)2MPin; Gria3™? ")
lacked the AMPA receptor GIuA3 subunit specifically in their PCs. They were created by cross-
ing mice in which the Gria3 gene was flanked by loxP sites (Sanchis-Segura et al., 2006) with
transgenic mice expressing Cre-recombinase under control of the Pcp2 promoter (Barski et
al., 2000) as described in Gutierrez-Castellanos et al. (2017). We used Pcp2-cre”"-Gria3"" mice
(“Pcp2-Gria3 mice”) and Pcp2-cre™”-Gria3" as littermate controls. We used 5 WT male mice (25
+ 3 weeks of age (average + s.d.)) and 9 Pcp2-Gria3 mice (6 males and 3 females of 26 + 4 weeks
of age (average * s.d.)). Mutants and wild-types were measured in random sequence. For the
two-photon Ca”" imaging experiments, we used 6 male C57BI/6J mice (Charles Rivers, Leiden,
the Netherlands) of 4-12 weeks of age. The photostimulation experiments were performed on
7 mice (3 males and 4 females of 25 + 1 weeks of age (average * s.d.)) expressing Channelrho-
dopsin-2 exclusively in their PCs (Tg(Pcp2-cre)2Mpin;Gt(ROSA)26Sor! ™71 AC-COP4™HI34R tdTomato)Hze)
as described previously (Witter et al., 2013). All mice were socially housed until surgery and
single-housed afterwards. The mice were kept at a 12/12 h light/dark cycle and had not been
used for any invasive procedure (except genotyping shortly after birth) before the start of the
experiment. All mice used were specific-pathogen free (SPF). All experimental procedures
were approved a priori by an independent animal ethical committee (DEC-Consult, Soest, The
Netherlands) as required by Dutch law and conform the relevant institutional regulations of
the Erasmus MC and Dutch legislation on animal experimentation. Permissions were obtained
under the following license numbers: EMC2656, EMC2933, EM(C2998, EMC3001, EMC3168 and
AVD101002015273.

Surgery
All mice that were used for electrophysiology received a magnetic pedestal that was attached
to the skull above bregma using Optibond adhesive (Kerr Corporation, Orange, CA) and a

craniotomy was made on top of crus 1 and crus 2. The surgical procedures were performed
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under isoflurane anesthesia (2-4% V/V in O,). Post-surgical pain was treated with 5 mg/kg
carprofen (“Rimadyl”, Pfizer, New York, NY, USA), 1 ug lidocaine (Braun, Meisingen, Germany),
1 ug bupivacaine (Actavis, Parsippany-Troy Hills, NJ, USA) and 50 ug/kg buprenorphine (“Tem-
gesic”, Indivior, Richmond, VA, USA). After three days of recovery, mice were habituated to the
recording setup during at least 2 daily sessions of approximately 45 min. In the recording setup
they were head-fixed using the magnetic pedestal. The mice used for two-photon imaging
received a head plate with a sparing on the location of the craniotomy instead of a pedestal.
The head plate was attached to the skull with dental cement (Superbond C&B, Sun Medical Co.,
Moriyama City, Japan). To prevent the growth of scar tissue, which could affect image quality,
two-photon recordings were made on the day of the surgery (recording started at least 1 h after

the termination of anesthesia).

Whisker stimulation and tracking

Air-puff stimulation to the whisker pad was applied with a frequency of 0.5 Hz s at a distance
of approximately 3 mm at an angle of approximately 35° (relative to the body axis). The puffs
were delivered using a tube with a diameter of approximately 1 mm with a pressure of ~2 bar
and a duration of 30 ms. During the induction period, the stimulation frequency was increased
to 4 Hz and 80 puffs were given. In a subset of experiments, a 2 ms air-puff (pre-pulse) was
delivered 100 ms prior to the 30 ms puff. Videos of the whiskers were made from above using
a bright LED panel as backlight (A = 640 nm) at a frame rate of 1,000 Hz (480x500 pixels using
an A504k camera from Basler Vision Technologies, Ahrensburg, Germany). The whiskers were

not trimmed or cut.

Electrophysiology

Electrophysiological recordings were performed in awake Pcp2-Ppp3r1 WT mice using either
glass pipettes (3-6 MQ) or quartz-coated platinum/tungsten electrodes (2-5 MQ, outer diam-
eter = 80 um, Thomas Recording, Giessen, Germany). The latter electrodes were placed in
an 8x4 matrix (Thomas Recording), with an inter-electrode distance of 305 um. Prior to the
recordings, the mice were lightly anesthetized with isoflurane to remove the dura, bring them
in the setup and adjust all manipulators. Recordings started at least 60 min after termination
of anesthesia and were made in crus 1 and crus 2 ipsilateral to the side of the whisker pad
stimulation at a minimal depth of 500 um. The electrophysiological signal was digitized at 25
kHz, using a 1-6,000 Hz band-pass filter, 22x pre-amplified and stored using a RZ2 multi-channel

workstation (Tucker-Davis Technologies, Alachua, FL).

Neural tracing & electrolytic lesions

For the neural tracing experiments, we used glass electrodes filled with 2 M NacCl for juxta-
cellular recordings. After a successful recording of a PC, neural tracer was pressure injected

(3 x 10 ms with a pressure of 0.7 bar) either from the same pipette re-inserted at the same
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location or from the second barrel or a double barrel pipette. We used a gold-lectin conjugate
has described previously (Ruigrok et al., 1995) (n = 3) or biotinylated dextran amine (BDA) 3000
(10 mg/ml in 0.9% NaCl; ThermoFisher Scientific, Waltham, MA, USA) (n = 7). Five days after
the tracer injection, the mice were anesthetized with pentobarbital (80 mg/kg intraperitoneal)
and fixated by transcardial perfusion with 4% paraformaldehyde. The brains were removed and
sliced (40 um thick). The slices were processed by Nissl staining. Experiments were included in
the analysis if the electrophysiology fulfilled the requirements mentioned above with a record-
ing duration of at least 50 s and if the tracer was clearly visible. For BDA 3000 this implied that
it was taken up by the PCs at the injection spot and transported to the axonal boutons a single
subgroup in the cerebellar nuclei. BDA 3000 was also found in the inferior olive. For the gold-
lectin conjugate the subnucleus of the inferior olive was considered. Based upon the subnuclei
of the cerebellar nuclei and/or the inferior olive, the sagittal zone of the recording site was
identified according to the scheme published in Apps and Hawkes (2009).

After the recordings made with the quartz/platinum electrodes, electrolytic lesions were
applied to selected electrodes in order to retrieve the recording locations. To this end, we
applied a DC current of 20 pA for 20 s. This typically resulted in a lesion that could be visualized
after Nissl staining of 40 um thick slices made of perfused brains. We accepted a spot as a true
lesion if it was visible in at least 2 consecutive slices at the same location. In total, we could
retrieve 16 successful lesions. Recording locations were approximated using pictures of the

entry points of the electrodes in combination with the locations of the lesions.

Two-photon Ca* imaging

After the surgery (see above) with the dura mater intact, the surface of the cerebellar cortex
was rinsed with extracellular solution composed of (in mM) 150 NaCl, 2.5 KCl, 2 CaCl,, 1 MgCl,
and 10 HEPES (pH 7.4, adjusted with NaOH). After a 30 minute recovery period from anesthesia
animals were head-fixed in the recording setup and received a bolus-loading of the cell-
permeant fluorescent Ca*" indicator Cal-520 AM (0.2 mM; AAT Bioquest, Sunnyvale, CA, USA).
The dye was first dissolved with 10% w/V Pluronic F-127 in DMSO (Invitrogen) and diluted 20x
in the extracellular solution. The dye solution was pressure injected into the molecular layer
(50-80 um below the surface) at 0.35 bar for 5 min. After dye loading, the brain surface was
covered with 2% agarose dissolved in saline (0.9% NaCl) in order to reduce motion artefacts
and prevent dehydration.

Starting at least 30 min after dye injection, in vivo two-photon Ca** imaging was performed
of the molecular layer using a setup consisting of a titanium sapphire laser (Chameleon Ul-
tra, Coherent, Santa Clara, CA), a TriM Scope Il system (LaVisionBioTec, Bielefeld, Germany)
mounted on a BX51 microscope with a 20x 1.0 NA water immersion objective (Olympus, Tokyo,
Japan) and GaAsP photomultiplier detectors (Hamamatsu, Iwata City, Japan). A typical record-

ing sampled 40 x 200 um with a frame rate of approximately 25 Hz.

86



Potentiation of cerebellar Purkinje cells facilitates whisker reflex adaptation

Data inclusion

We included all mice measured during this study, with the exception of one mouse where
video-analysis revealed that the air-puff was delivered more to the nose than to the whisker
pad. Single-unit data was included if the recording was of sufficient quality and reflected the
activity of a single PC according to the rules defined below (see section Electrophysiological

analysis).

Whisker tracking

Whisker movements were tracked offline as described previously (Rahmati et al., 2014) using
a method based on the BIOTACT Whisker Tracking Tool (Perkon et al., 2011). We used the aver-
age angle of all trackable large facial whiskers for further quantification of whisker behavior.
The impact of 4 Hz air-puff stimulation on air-puff-triggered whisker movement was quanti-
fied using a bootstrap method. First, we took the last 100 trials before induction and divided
these randomly in two series of 50. We calculated the differences in whisker position between
these two series, and repeated this 1000 times. From this distribution we derived the expected
variation after whisker pad air-puff stimulation. We took the 99% confidence interval as the
threshold to which we compared the difference between 50 randomly chosen trials after and

50 randomly chosen trials before induction.

Electrophysiological analysis

Spikes were detected offline using SpikeTrain (Neurasmus, Rotterdam, The Netherlands). A
recording was considered to originate from a single PC when it contained both complex spikes
(identified by the presence of stereotypic spikelets) and simple spikes, when the minimal inter-
spike interval of simple spikes was 3 ms and when each complex spike was followed by a pause
in simple spike firing of at least 8 ms. The regularity of simple spike firing was expressed as the
local variation (CV2) and calculated as 2|1Sl,.3-ISI,| /(IS .1+1S1,) with ISI = inter-simple spike in-
terval (Shin et al., 2007). Only single-unit recordings of PCs with a minimum recording duration
of 200 s were selected for further analysis. However, for the neural tracing experiments (see
below), on which no quantitative analysis was performed, we accepted a minimum recording
duration of 50 s.

Two-photon Ca** imaging analysis

Image analysis was performed offline using custom made software as described and validated
previously (Ozden et al., 2008, Ozden et al., 2012, De Gruijl et al., 2014). In short, we performed
independent component analysis to define the areas of individual Purkinje cell dendrites (Fig-
ure 3 — figure supplement 2A). The fluorescent values of all pixels in each region of interest
were averaged per frame. These averages were plotted over time using a high-pass filter. A 8%
rolling baseline was subtracted with a time window of 0.5 ms (Ozden et al., 2012). Ca®" tran-

sients were detected using template matching. For the aggregate peri-stimulus time histograms
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(PSTHs), we calculated per individual frame the number of complex spikes detected and made
a PSTH color coding the number of simultaneously detected complex spikes. Based on the total
number of complex spikes and dendrites per recording, we calculated the expected number
of simultaneous complex spikes per individual frame based upon a Poisson distribution. The
actual number of simultaneous complex spikes was compared to this calculated distribution

and a p value was derived for each number based upon the Poisson distribution.

Characterization of sensory responses

For each PC recording, we constructed PSTHs of complex spikes and simple spikes separately
using a bin size of 10 ms for display purposes. For further quantitative analyses of the PSTHs,
we used a bin size of 1 ms and convolved them with a 21 ms wide Gaussian kernel. Complex
spike responses were characterized by their peak amplitude, defined as the maximum of the
convolved PSTH and expressed in percentage of trials in which a complex spike occurred within
a 1 ms bin. Latencies were taken as the time between stimulus onset and the time of the
response peak, as determined from the convolved PSTH. For some analyses, we discriminated
between the sensory response period (0-60 ms after stimulus onset) and inter-trial interval
(500 to 200 ms before stimulus onset). We considered a PC responsive for sensory stimulation
if the peak or trough in the PSTH in the 60 ms after the stimulus onset exceeded the threshold
of 3 s.d. above or below the average of the pre-stimulus interval (1 ms bins convolved with a
21 ms Gaussian kernel, pre-stimulus interval 200 ms before stimulus onset). Long-term stabil-
ity of electrophysiological recordings was verified by heat maps of time-shifted PSTHs. The
time-shifted PSTH was processed by calculating the simple spike PSTH for 20 air-puffs per row,
which were shifted by 5 air-puffs between neighboring rows. The simple spike rates per row
are calculated at 1 ms resolution and convolved with a 21 ms Gaussian kernel and color-coded

relative to baseline firing rate (-1000 to -200 ms relative to air-puff time).

Cluster analysis

A principal component analysis showed that the heterogeneity among the sensory complex
spike responses was driven almost exclusively by one parameter, the maximum amplitude peak
of the convolved complex spike PSTH. We performed a univariate Gaussian mixture model
using only that variable. The Bayesian information criterion (BIC) indicated that the model
with two components with unequal variances yielded the best approximation of the data.
Then we applied the function Mclust(data) in R (R Foundation, Vienna, Austria) which use the
expectation-maximization algorithm in order to assert the main parameters of the resulting

models (probability, mean and variance of each population).

Spike-whisker movement correlation matrix

Trial-by-trial correlation between instantaneous simple spike firing rate and whisker position

was performed as described before (Ten Brinke et al., 2015). In short: spike density functions
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were computed for all trials by convolving spike occurrences across 1 ms bins with an 8 ms
Gaussian kernel. Both spike and whisker data were aligned to the 200 ms baseline. For cell
groups, data was standardized for each cell for each correlation, and then pooled. The spike-
whisker Pearson correlation coefficient R was calculated in bin of 10 ms, resulting in a 40x40

R-value matrix showing correlations for -100 to 300 ms around the air-puff presentation.

Statistical analysis

Group sizes of the blindly acquired data sets were not defined a priori as the effect size and
variation were not known beforehand. A post hoc power calculation based upon the results of
the potentiation of the PC responses to whisker pad stimulation of the “weak complex spike
responders” indicated a minimum group size of 12 PCs (a = 5%, B = 20%, A = 9.65%, s.d. =
10.59%, paired t test). This number was obtained for the “weak complex spike responders”
in WT (n = 35), Pcp2-Ppp3rl (n = 21) and Pcp2-Gria3 PCs (n = 13), as well as for the relatively
rare “strong complex spike responders” in WT mice (n = 20). This was further substantiated
by other independent analyses, including ANOVA and linear regression, as described in the
Results section. Variations in success rate, especially considering recordings of longer duration
in combination with video tracking, explain why some groups are larger than others. Data was
excluded only in case of a signal to noise ratio that was insufficient to warrant reliable analysis.
For data visualization and statistical analysis, we counted the number of PCs as the number
of replicates for the spike-based analyses and the number of mice for the behavior-based
analyses. We tested whether the observed increase in coherence after sensory stimulation
(Figure 3 — figure supplement 2D-G) was more than expected from the increased firing rate
induced by the stimulation. The expected coherence based on the firing rate was calculated
from 1000 bootstrapped traces from the inhomogeneous Poisson spike trains made for each
neuron. The resultant distribution was compared to the measured distribution using a two-
sample Kolmogorov-Smirnov test. Stacked line plots were generated by cumulating the values
of all subjects per time point. Thus, the first line (darkest color) represents the first subject, the
second line the sum of the first two, the third line the first three, etcetera. The data are divided
by the number of subjects, so that the last line (brightest color) represents, next to the increase
from the one but last value, also the population average. Sample size and measures for mean
and variation are specified throughout the text and figure legends. For normally distributed
data (as evaluated using the Kolmogorov-Smirnov test) parametric tests were used. Compari-
sons were always made with 2-sided tests when applicable. Unpaired t test were always made

with Welch correction for possible differences in s.d.

Data and software availability

The data for the box plots is available as Source Data Files. Custom written Matlab code to comple-
ment the whisker tracking analysis by the BIOTACT Whisker Tracking Tool was used as described
previously (Rahmati et al., 2014) and is available via GitHub (Spanke and Negrello, 2018).
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SUPPLEMENTARY MATERIAL
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Figure 1 - figure supplement 1. Whisker movements are largely restricted to the period after the air-puff

A. During a prolonged period of 0.5 Hz whisker pad stimulation, in roughly half the trials the stereotypic whisker movement —
retraction followed by a large active forward sweep —is followed by a prolonged period of more variable whisker movements.
The traces show here the whisker movement (averaged over all trackable whiskers) during the two trials marked “I” and “II”
in Figure 1D. B. Violin plots showing the amplitudes (difference between maximal retraction and maximal protraction in three
200 ms interval (relative to the start of the air-puff: -200 — 0 ms (Pre-stim), 0 — 200 ms (Stim) and 200 — 400 ms (Post-stim))) of
individual trials of 16 mice (with approximately 100 trials per mouse). Horizontal lines represent 10", 25", 50", 75" and 90"
percentiles. C. Fractions of trials with movements exceeding 10°. Asterisks indicate significantly different fractions of trials
with movement. *** p < 0.001 (x* = 1470.24; 3x2 2 test).
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Figure 1 — figure supplement 2. Air-puffs induce reflexive whisker movements

A. Schematic drawing of the experimental layout. Air-puffs lasting 30 ms were delivered from three different locations. In ad-
dition, some air-puffs delivered ipsilaterally from the front were preceded by a brief air-puff (2 ms) 100 ms before the 30 ms
air-puff to test for pre-pulse inhibition (PPI). The four stimulus conditions were applied in a random order. B. For each of the 9
mice tested, we calculated the average whisker response (always on the side with the two puffers) and represented these as
summed line plots. The stacked line plots are scaled such that the brightest line (on top) depicts the average of all mice. The
insets show the duration of the retraction (until the whiskers reached the baseline position again) comparing the 2 ms and the
30 ms pulses (left) and the maximal protraction amplitudes upon the pre-pulse compared to the pulse (right). The retraction
upon the short pre-pulse was less intense, but the consecutive protractions were of similar amplitude, indicating the absence
of pre-pulse inhibition (p = 0.0078 and p = 0.4961, respectively; Wilcoxon matched-pairs tests; significance level = 0.025 after
Bonferroni correction for multiple comparisons). C. Overlay of averaged ipsilateral whisker responses with shaded areas
indicating + SEM. The three ipsilateral conditions resulted in similar amounts of protraction. Note that the puff from the back
did not cause a retraction preceding the protraction and that the pre-pulse did not affect the size of the protraction following
the second air-puff. The brief pre-pulse induced a shorter retraction, but this had no effect on the protraction. Air-puffs to the
contralateral whisker pad caused stronger protractions than the ipsilateral stimuli. D. The maximum retraction was largest
when the air-puffer was in front of the ipsilateral whiskers. The shorter pre-pulse did cause a briefer retraction (see inset in
B), but the amplitude was not significantly different from the retraction caused by the longer pulse (p = 0.268; Dunn’s pair-
wise post-hoc test after Friedman'’s two-way ANOVA; see Table S1). Puffing from the contralateral whiskers or the ipsilateral
whiskers from the back caused the least retraction, indicating that the initial retraction is largely passive and caused by the
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air flow of the stimulator. E. The maximum protraction reached was similar for all conditions, except in case the contralateral
whiskers were stimulated, which led to a stronger protraction on the ipsilateral side. n.s. p > 0.05; * p < 0.05; *** p < 0.001;
*** p < 0.001. See also Source Data file.

A PC with weak complex spike response
500
Air-puff [ )
.

3] 4 °

g4s0 o °
400 T T T T

1 2 3 4
No. of clusters
Complex spikes E 204 —— Weak responders

‘ ) —— Strong responders
. : 8 15
75 ° 2
5 4 z 4
2 5 10
T 501 . a
= ‘ g 54
25 1 g z
0 L T I
0 T
60 F 201 — Observed data
@
g 2 —— Estimated model
2 45 8 15
o
2 594 < 4
2 30 ERL
8 b=
— o
S 15 s 51
S z
0 == = = = = 0 T T T T 1
0 2 4 6 8 10
Peak of the complex spike response (%)
G First simple spike response
150 70, .
100 AL
- By, e
IS ,“f e » .
Er; 50 o . RS :0 . -
3 o
< £ 3 3 IR T
LY » o2 -»
-50 1 0“00 . & PR 4
. « ., e M
100 T—* T T T T
120 150 Second simple spike response
>
100 ** * * *
%% o o*
~ o= LR}
N 2 50 A e .
< Y %0 ‘? * Tev b o
2 9] > P >
¢ 9 07 S oo
B33 FRIRARY
-50 | MEREAR . .
0 100 R T : )
-100 0 100 200 300 0 2 4 6 8 10
Time (ms) Peak of the complex spike response (%)

Figure 2 — figure supplement 1. Diversity in Purkinje cell responses

A. Single trial of a PC showing a relatively weak complex spike response to air-puff stimulation of the ipsilateral whisker pad.
The dark blue dot indicates a complex spike. B. Raster plot and peri-stimulus time histogram (PSTH) of the complex spikes
of the same neuron as in A. Note that although the initial response is relatively weak, being present only in about 15% of
the trials, this is still much more than could be expected based on the frequency during the inter-trial intervals. The dashed
line indicates the average complex spike rate in between trials with the grey area representing + 3 s.d.. C. The same for the
simple spike response. This PC has a bimodal simple spike response, first a decrease and then an increase in simple spike
activity. D. Based upon the complex spike response probability, defined as the peak of the complex spike response in the
convolved PSTH, clustering the PCs into two clusters yielded the smallest Bayesian information criterion (BIC) value. E. The
majority (66%) of the PCs could be classified as “weak responders” and the minority (34%) as “strong responders” (see pie
diagram). This classification was obtained using a univariate Gaussian mixture model (blue and green lines, representing the
two clusters). F. Comparison of the distribution of the observed complex spike responses and that expected by our model. G.
The strength of the complex spike response and the first peak or trough (cf. panel C) in the simple spike (SS) response were
not significantly correlated. Only the PCs with a very strong complex response tended to have a decrease in the simple spike
response. H. The same applied for the second extremum of the simple spike response. For this later phase the complex spike
and the simple spike responses were even less correlated.
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A - Cerebellar cortex (injection spot) C - Inferior olive (retrograde tracer)

Figure 2 — figure supplement 2. Anatomy of the whisker region in the cerebellar hemispheres

A. PC locations could be retrieved by neural tracer injection (BDA 3000) after completion of the recording. In this example,
tracer was found in the anterior interposed nucleus (IntA) (see arrow, area enlarged in B). SL = simple lobule; Med = medial
nucleus; Lat = lateral nucleus; DLH = dorsolateral hump. Anterograde staining was observed in the cerebellar nuclei (B) and
retrograde staining in the inferior olive (C) after a survival period of around 1 week. The rectangle in the top micrograph of
C indicates the area enlarged in the lower micrograph. D. A map is shown of the approximated locations of the recorded
PCs. The names of the cerebellar zones are indicated. The response kinetics of complex spikes are shown as convolved peri-
stimulus time histograms. In these traces, the left-most point represents the onset of the air-puff. Note that strong complex
spike responses were observed in C3, D1 and D2 zones. DAO = dorsal accessory olive; PO = principal olive.
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Figure 3 —figure supplement 1. Correlation between complex spike firing and whisker protraction is especially
strong in the D2 zone

A. There was no obvious correlation between the strength of the complex spike response of any given PC and the difference in
touch-induced whisker protraction in trials with and without a complex spike. B. Indeed, and with the exception of the lateral
most portion of crus 1, the predictive value of the occurrence of a complex spike was quite evenly distributed over crus 1 and
crus 2. Together with the findings of A, this implies that the extent of stronger protraction in trials with a complex spike does
not depend on the response characteristics of a PC. In other words, the predictive value of a complex spike is similar whether
it originates from a weak or from a strong responder. However, as the PCs in the lateral zones display more complex spikes,
their overall impact on whisker protraction is larger (C). Thus, complex firing in the D2 zone had the strongest predictive value
for increased touch-induced whisker protraction.
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Figure 3 —figure supplement 2. Coherent complex spike firing is specifically enhanced by whisker pad stimula-
tion

A. Field of view of a piece of crus 1 recorded using two-photon Ca** imaging in an awake mouse. The colored areas indicate 22
regions of interest, corresponding to PC dendrites. The accompanying fluorescent traces show Ca** transients, which are most
likely complex spikes (B; cf. Schultz et al., 2009). In the absence of tactile stimulation coherent activity of groups of PCs is rare.
C. Following air-puff stimulation of the whisker pad (brown vertical lines), complex spike coherence occurs often as illustrated
by five responsive PCs recorded simultaneously. D. Aggregate peri-stimulus time histogram of all PCs in the field of view
shown in panel A. The colors represent the coherence of PC firing, defined as the fraction of PCs active during each frame of
40 ms. Complex spike coherence is relatively rare during inter-trial intervals, but strongly enhanced following air-puff stimula-
tion. E. The same peri-stimulus histogram as in D, but with colors indicating the chance of occurrence of the level of coher-
ence found based upon Poisson distribution of all complex spikes in this recording, emphasizing that coherence occurred
more than expected, mainly during the sensory response. Indeed, during 1 Hz air-puff stimulation, complex spikes were
observed to be produced by large ensembles. In the absence of tactile stimulation, ensemble sizes tended to be smaller (F).
The data presented in panels D-F come from the field of view shown in panel A. G. There was a shift from complex spikes fired
by a single or a few Purkinje cells towards complex spikes fired by larger ensembles when introducing air-puff stimulation.
Presented are the median and the inter-quartile range of the differences between the two histograms as illustrated for an
example experiment in panel F (n = 10). The increase in coherence directly after stimulation was highly significant (p = 0.001;
Fr =28.878; df = 9; Friedman’s two-way ANOVA). * p < 0.05; ** p < 0.01, *** p < 0.001, **** p < 0.0001, ***** p < 0.00001.
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Figure 4 — figure supplement 1. Simple spike firing is predominantly associated with protraction

A. The average whisker response to air-puff stimulation (for reference, copied from Figure 4D). B. Overlaid plots of the cor-
relation between whisker angle and instantaneous simple spike frequency based on a trial-by-trial analysis of all 56 PCs
measured in this way (see Figure 6). The correlation values are based upon the zero-lag correlation (thus along the “45° line”
in Figure 4C, D). C. Stacked line plot of the 25 PCs with a significant correlation between whisker angle and simple spike firing.
The cells are ordered based upon their correlation value and scaled so that the brightest line corresponds to the average. D.
As in C, but now of the 31 PCs that did not show a significant correlation between their simple spike firing and the whisker
position. Although the correlation is not significant when regarded per cell, overall there is a negative correlation between
simple spike firing and whisker position. The darkest line corresponds to the average. E. Correlation matrix showing the cor-
relation between whisker protraction (on the y axis) and instantaneous simple spike frequency (on the x-axis) of the 31 PCs
that did not have a significant correlation between these two parameters. The heatmap represent the average R value for
each bin (n =31 PCs). The lookup table shows the color coding for the R values. F. Despite the lack of correlation at the single-
cell level, at the population level these PCs correlated weakly but significantly in a negative manner (R = -0.067; p < 0.001;
Pearson correlation), implying that they correlated more with retraction than with protraction. The black line indicates the
linear regression line and the blue lines the 95% confidence interval. *** p < 0.001
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Figure 5 — figure supplement 1. Simple spike response anticipates after 4 Hz air-puff stimulation

A. Averaged zero-lag correlation (across the 45° line in Fig. 5F) of the instantaneous simple spike rate and whisker position
before (magenta) and after (brown) 4 Hz air-puff stimulation, highlighting the faster achievement of the moment of maximal
correlation after induction. This shift (again, along the 45° line) is further quantified and illustrated with a box plot (B). * p <
0.05. C. The slopes of the correlations between instantaneous simple spike firing rate and the angle of the whisker are shown
before and after 4 Hz air-puff stimulation for the 14 individual PCs that showed significant correlation. Despite the cells with
the highest R correlation values were located in the lateral Crus 2, no clear difference was observed between the slope of the
correlation of the PCs of Crus 1 (solid lines) and PCs of Crus 2 (dashed lines). D. No slopes change was observed after 4 Hz
air-puff stimulation. This indicates that the plasticity induction did not change the amount of movement that corresponded
to a certain number of spikes. See also Source Data file.
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Figure 5 - figure supplement 2. Purkinje cell responses during 4 Hz air-puff stimulation

A. Normalized stacked line plots showing the whisker movement in 16 mice during the pre-induction block (100 trials; left)
and during the induction block (80 trials; right). The retraction caused by the air flow is largely intact, but the subsequent
touch-induced whisker protraction is largely reduced during 4 Hz stimulation as compared to 0.5 Hz stimulation during the
pre-induction block. B. Raster plots of the complex spike responses to whisker pad air-puff stimulation during the first 80 trials
of a pre-induction block and during the 80 trials of the induction block with the accompanying peri-stimulus time histograms
(C). D. Normalized stacked line plots show that the rate of complex spike responses is reduced upon a higher stimulation
frequency (n = 55). E-F. The same plots depicted for the simple spike response. G. Box plots showing the decreased whisker,
complex spike peak response and simple spike modulation during the first 200 ms after puff onset. * p < 0.05; *** p < 0.001
(Wilcoxon matched-pairs test). See also Source Data File.
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Figure 5 — figure supplement 3. Contralateral whisker pad stimulation induces stronger whisker protraction
and stronger simple spike responses

A. Whisker traces of a representative mouse following air-puff stimulation of the ipsilateral (left panel) and contralateral (right
panel) whisker pad (see scheme in B). Despite a similar strength of stimulation, the protraction of the whiskers was larger
upon contralateral stimulation (cf. Figure 1 — figure supplement 2). C. Stacked line plots of the averaged whisker traces of 9
mice with the difference between the contralateral and ipsilateral stimulation depicted in the third column. D. Complex spike
responses, on the other hand, were more prominent upon ipsilateral stimulation. E. The observation that increased simple
spike firing correlates to enhanced whisker protraction (cf. Figure 4) was confirmed under these experimental conditions. * p
< 0.05; *** p < 0.001. See also Data Source File.
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Figure 5 — figure supplement 4. Optogenetic stimulation of Purkinje cells increases whisker protraction fol-

lowing a

ir-puff stimulation

A. Air-puff stimulation of the whisker pad induces reflexive touch-induced whisker protraction. B. This protraction is en-
hanced when the sensory stimulus is paired with optogenetic stimulation of PCs. These two panels show whisker traces from
a Pcp2-Ai27 mouse that expresses ChR2 specifically in its PCs. An optic fiber with a diameter of 400 um was placed on the
surface of the cerebellum centrally at the fissure between crus 1 and crus 2 (C). Optogenetic stimulation of these mice results
in increased simple spike firing. Stacked line plots of the whisker traces of 7 mice tested in this way following air-puff stimula-
tion alone (D) and in combination with PC stimulation (E). F. The increased PC activity correlated with stronger protraction as
evidenced by the differential traces. The inset shows a comparison of the maximal protraction (Protr.) under the two stimulus
conditions; *** p < 0.001 (paired t test). See also Source Data File.
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Figure 6 — figure supplement 1. Complex spike rates are negatively correlated with sensory-induced potentia-

tion
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A. Scatter plots with linear regression lines between complex spike (CS) (left) and simple spike (SS) frequency (right) during
the pre-induction (top) and the induction (bottom) period with the percentage of change in simple spike response between
post- and pre-induction. The complex spike firing rate was negatively correlated with the change in simple spike responses in
those PCs that had weak complex spike responses (see Figure 2 - figure supplement 1) — both during the pre-induction and
during the induction interval. However, no such significant correlation was found in the strong complex spike responders. The
simple spike rate did not have a significant correlation with simple spike responses. B. In contrast to the absolute firing rate,
the difference in complex spike firing during the pre-induction versus the induction block did not show a clear correlation
with changes in simple spike responsivity (left). Increased simple spike firing during the induction block, however, correlated
well with increased sensory simple spike responses during the post-induction block. Thick lines indicate significant linear

correlations (p < 0.002).
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Figure 6 — figure supplement 2. 4 Hz air-puff
stimulation enhances reflexive whisker pro-
traction for at least 30 minutes

A. The variability in whisker movements is illustrated
by superimposing the average whisker angle during
the 100 trials before 4 Hz air-puff stimulation. The
thick line indicates the median. B. The first 100 tri-
als after induction of the same experiment as in
A, showing a clear increase in whisker protraction.
Violin plots showing the amplitudes (differences
between maximal retraction and maximal protrac-
tion in the indicated 200 ms intervals; see G2) of
individual trials before (C) and after (D) induction.
Obviously, the most prominent whisker movements
were observed in the period between 0 and 200 ms
after whisker pad air-puff stimulation, as compared
to the 200 ms intervals before and after this period
(n = 16 mice). Horizontal lines denote the 10™, 25",
50", 75" and 90" percentiles. Fractions of trials with
movements exceeding 10° before (E) and after (F) in-
duction. Especially the active protraction during the
first 200 ms after the stimulus is clearly enhanced.
Note that the panels A, C and E are the same as in
Figure 1 — figure supplement 1 and are displayed
here to illustrate the impact of 4 Hz stimulation on
whisker movements. G1. Averaged whisker traces
(ordered per 100 trials) of seven mice where video
data were available for the whole recording, show-
ing less retraction and more protraction after induc-
tion. For clarity, only the average of the last 100 tri-
als pre-induction is plotted. Color codes as in panel
H. G2. Differential traces show that whiskers remain
further protracted, but that over time this became
faster. H. 4 Hz air-puff stimulation caused increased
whisker protraction during the whole recording (30
min). The switch from retraction to protraction (cal-
culated as the time at which the whisker were back
at the resting position after the initial retraction)
remained faster throughout the recording (). * p <
0.05; *** p <0.001.
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Figure 7 — figure supplement 1. Also in Pcp2-Ppp3r1 KO mice, complex spike rates are negatively correlated
with sensory-induced potentiation

A. Scatter plots with linear regression lines between complex spike (CS) (left) and simple spike (SS) frequency (right) during
the pre-induction (top) and the induction (bottom) period with the percentage of change in simple spike response between
post- and pre-induction in Pcp2-Ppp3r1 KO mice (see Figure 6 — figure supplement 1 for the results of the WT littermates).
The complex spike firing rate was negatively correlated with the change in simple spike responses, in particular during the
induction interval. The simple spike rate did not have a significant correlation with simple spike responses. B. In contrast to
the absolute firing rate, the difference in complex spike firing during the pre-induction versus the induction block did not
show a clear correlation with changes in simple spike responsivity (left). In this mutant, a correlation between CS firing (during
induction) and changes in simple sensitivity was still observed, possibly reflected the fact that parallel fiber LTD is still intact
in these mice. Thick lines indicate significant linear correlations (p < 0.002).
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A. Example recordings of Purkinje cell activity in a wild-type (WT) (top), a Pcp2-Ppp3r1 deficient (middle) and a Pcp2-Gria3
deficient mouse (bottom). The timing of air-puffs to the whisker pad is indicated with light brown lines and that of the
complex spikes with black dots above the traces. Compared to their WT littermates, Pcp2-Ppp3r1 mice had a mildly reduced
complex spike rate (B), as well as fewer simple spikes (C) that on top were fired more regularly (lower CV2; D). In contrast,
the Pcp2-Gria3 mice showed firing patterns that were more similar to their WT littermates. For clarity, the two WT groups are
pooled for visualization, but statistics were performed between mutants and their respective control littermates. E. Complex
spike responses to air-puff stimulation were quite similar in the three groups, although the mutants tended to have lower
peak responses (F) with normal timing (G). H. Simple spike responses to air-puff stimulation were similar between WT and
Pcp2-Gria3 mice, but Pcp2-Ppp3rl mice showed more inhibition upon stimulation (1) with a longer latency (J). * p < 0.05; **
p <0.01; *** p <0.001. See also Table S3 and Source Data File.
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Figure 8 — figure supplement 2. Before induction, touch-induced whisker protraction is not affected by Pcp2-
Ppp3r1 and Pcp2-Gria3 mutations

The maximal touch-induced whisker protraction is similar between wild-type (n = 16), Pcp2-Ppp3r1 (n = 13) and Pcp2-Gria3 (n
= 6) mutant mice, indicating that the amplitude of the reflex itself is not affected by any of the mutations involved. p = 0.860,
F =0.152, ANOVA. See also Source Data file.
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Table S1. Overview of statistical tests on whisker movements — belonging to Figure 1 —figure supplement 2

Front contra Back ipsi Front ipsi + PPI
Front ipsi -3.06° (1.19°) p =0.865 p <0.001 p=0.268
Front contra -1.76° (0.73°) p=0.037 p =1.000
Back ipsi -0.71° (1.00°) p=0.171

Front ipsi + PPI -1.67° (0.84°)

Maximal protraction p =0.003; Fr = 13.933; df = 3; n =9 mice
Friedman’s two-way ANOVA

Front ipsi 6.10° (5.88°) p=0.021 p=1.000 p=1.000
Front contra 12.80° (4.95°) p=0.268 p =0.003
Back ipsi 5.69° (4.29°) p =0.865
Front ipsi + PPI 4.24° (2.04°)

Summary of statisical analysis belonging to Figure 1 — figure supplement 2. Data are represented as medians (inter-quartile
range). Bold values indicate p values considered to be statistically significant. contra = contralateral; df = degrees of freedom;
ipsi = ipsilateral; PPI = paired-pulse inhibition.

Table S2. Overview of statistical tests — belonging to Figure 5.

Pre-induction 9.72° (6.51°) p <0.001 Wilcoxon matched-pairs test
Post-induction 11.39°(9.10°) n =16 mice

Complex spikes Maximal response

Pre-induction 1.27% (1.89%) p=0.163 Wilcoxon matched-pairs test
Post-induction 1.23% (1.22%) n=55PCs

Simple spikes Spike rate (norm.)

Pre-induction 98.50% (27.3%) p =0.003 Wilcoxon matched-pairs test
Post-induction 102.84% (23.70%) n=55PCs

Summary of statisical analysis belonging to Figure 5. Data are represented as medians (inter-quartile range). Bold values
indicate p values considered to be statistically significant.
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Table S3. Overview of statistical tests — belonging to Figure 8 — figure supplement 1.

Complex spike frequency p =0.014; df = 2; Kruskal-Wallis test
wT! 1.33 Hz (0.61 Hz) n =147 PCs
L7-PP2B 1.04 Hz (0.59 Hz) p = 0.010’ n=37PCs
L7-GIuA3 1.12 Hz (0.59 Hz) p=0.780" n=25PCs
Simple spike frequency p < 0.001; df = 2; Kruskal-Wallis test
wrt! 75.86 Hz (33.59 Hz) n =147 PCs
L7-PP2B 51.72 Hz (15.67 Hz) p <0.001° n=37PCs
L7-GluA3 84.78 Hz (25.60 Hz) p =0.2892 n=25PCs
Simple spike CV2 p <0.001; df = 2; Kruskal-Wallis test
WT* 0.35 (0.15) n=147 PCs
L7-PP2B 0.25(0.13) p <0.001° n=37PCs
L7-GluA3 0.43 (0.14) p=0.252° n=25PCs
Complex spike response properties (panels E-G)

Amplitude (% of spikes / 1 ms bin) p =0.034; df = 2; Kruskal-Wallis test
wrt! 1.34% (1.97%) n=129 PCs
L7-PP2B 0.96% (1.26%) p=0.019’ n=34PCs
L7-GIuA3 0.85% (1.08%) p =0.007’ n=19 PCs
Latency to peak p =0.733; df = 2; Kruskal-Wallis test
WT* 39 (23) ms - n=129 PCs
L7-PP2B 42 (16) ms - n=34PCs
L7-GIuA3 53 (13) ms - n=19 PCs
Simple spike response properties (panels H-J)

Amplitude (% of baseline) p <0.001; df = 2; Kruskal-Wallis test
wrt! 89.47% (89.22%) n=137PCs
L7-PP2B 31.00% (47.19%) p <0.001° n=35PCs
L7-GluA3 108.22% (73.47%) p=0.074 n=25PCs
Latency to peak p <0.001; df = 2; Kruskal-Wallis test
wrt! 31(17) ms n=137PCs
L7-PP2B 47 (21) ms p <0.001° n=35PCs
L7-GluA3 41 (20) ms p=0.275 n=25PCs

Summary of statisical analysis belonging to Figure 8 — figure supplement 1. Data are represented as medians (inter-quartile
range). Bold values indicate p values considered to be statistically significant. df = degrees of freedom; PC = Purkinje cell; PPI
= paired-pulse inhibition.

*For ease of comparison, WT PCs are grouped (including L7-PP2B WT and L7-GluA3 WT PCs).

*Compared to littermate controls.
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Chapter 4

ABSTRACT

Inferior olivary activity causes both short-term and long-term changes in cerebellar output
underlying motor performance and motor learning. Many of its neurons engage in coherent
subthreshold oscillations and are extensively coupled via gap junctions. Studies in reduced
preparations suggest that these properties promote rhythmic, synchronized output. However,
the interaction of these properties with torrential synaptic inputs in awake behaving animals
is not well understood. Here we combine electrophysiological recordings in awake mice with a
realistic tissue-scale computational model of the inferior olive to study the relative impact of
intrinsic and extrinsic mechanisms governing its activity. Our data and model suggest that if
subthreshold oscillations are present in the awake state, the period of these oscillations will be
transient and variable. Accordingly, by using different temporal patterns of sensory stimulation,
we found that complex spike rhythmicity was readily evoked but limited to short intervals of
no more than a few hundred milliseconds and that the periodicity of this rhythmic activity was
not fixed but dynamically related to the synaptic input to the inferior olive as well as to motor
output. In contrast, in the long-term, the average olivary spiking activity was not affected by
the strength and duration of the sensory stimulation, while the level of gap junctional coupling
determined the stiffness of the rhythmic activity in the olivary network during its dynamic
response to sensory modulation. Thus, interactions between intrinsic properties and extrinsic
inputs can explain the variations of spiking activity of olivary neurons, providing a temporal

framework for the creation of both the short-term and long-term changes in cerebellar output.
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AUTHOR SUMMARY

Activity of the inferior olive, transmitted via climbing fibers to the cerebellum, regulates initia-
tion and amplitude of movements, signals unexpected sensory feedback, and directs cerebel-
lar learning. It is characterized by widespread subthreshold oscillations and synchronization
promoted by strong electrotonic coupling. In brain slices, subthreshold oscillations gate which
inputs can be transmitted by inferior olivary neurons and which will not - dependent on the
phase of the oscillation. We tested whether the subthreshold oscillations had a measurable
impact on temporal patterning of climbing fiber activity in intact, awake mice. We did so
by recording neural activity of the postsynaptic Purkinje cells, in which complex spike firing
faithfully represents climbing fiber activity. For short intervals (<300 ms) many Purkinje cells
showed spontaneously rhythmic complex spike activity. However, our experiments designed to
evoke conditional responses indicated that complex spikes are not predominantly predicated
on stimulus history. Our realistic network model of the inferior olive explains the experimental
observations via continuous phase modulations of the subthreshold oscillations under the
influence of synaptic fluctuations. We conclude that complex spike activity emerges from a
quasiperiodic rhythm that is stabilized by electrotonic coupling between its dendrites, yet

dynamically influenced by the status of their synaptic inputs.
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INTRODUCTION

A multitude of behavioral studies leave little doubt that the olivo-cerebellar system organizes
appropriate timing in motor behavior (1-3), perceptual function (4-6) and motor learning (7-
10). Furthermore, the role of the inferior olive in motor function is evinced in (permanent and
transient) clinical manifestations, such as tremors, resulting from olivary lesions and deficits
(11-16). Although the consequences of olivary dysfunctions are rather clear, the network dy-
namics producing functional behavior are controversial. At the core of the controversy is the
qguestion whether inferior olive cells are oscillating during the awake state and whether these
oscillations affect the timing of the inferior olivary output (17-19). The inferior olive is the sole
source of the climbing fibers, the activity of which dictates complex spike firing by cerebellar
Purkinje cells (for review, see (20)). Climbing fiber activity is essential for motor coordination,
as it contributes to both initiation and learning of movements (8, 10, 21-26), and it may also be
involved in sensory processing and regulating more cognitive tasks (27-30). Understanding the
systemic consequences of inferior olivary spiking is therefore of great importance.

The dendritic spines of inferior olivary neurons are grouped in glomeruli, in which they are
coupled by numerous gap junctions (10, 31-33), which broadcast the activity state of olivary
neurons. Due to their specific set of conductances (34-40), the neurons of the inferior olive can
produce subthreshold oscillations (STOs) (41-43). The occurrence of STOs does not require gap
junctions per se (44), but the gap junctions appear to affect the amplitude of STOs and engage
larger networks in synchronous oscillation (10, 16, 42). Both experimental and theoretical
studies have demonstrated that STOs may mediate phase-dependent gating where the phase
of the STO helps to determine whether excitatory input can or cannot evoke a spike (45, 46).
Indeed, whole cell recordings of olivary neurons in the anesthetized preparation indicate that
their STOs can contribute to the firing rhythm (42, 43) and extracellular recordings of Purkinje
cells in the cerebellar cortex under anesthesia often show periods of complex spike firing
around the typical olivary rhythm of 10 Hz (17, 47-49). However, several attempts to capture
clues to these putative oscillations in the absence of anesthesia have, so far, returned empty
handed (19, 50).

It has been shown that in the anesthetized state both the amplitude and phase of the
STOs can be altered by synaptic inputs (10). Inhibitory inputs to the inferior olive originate in
the cerebellar nuclei and have broadly distributed terminals onto compact sets of olivary cells
(51-53). Excitatory terminals predominantly originate in the spinal cord and lower brainstem,
mainly carrying sensory information, and in the nuclei of the meso-diencephalic junction in the
higher brainstem, carrying higher-order input from the cerebral cortex (Fig. 1A) (15, 54, 55). In
addition, the inferior olive receives modulating, depolarizing, level-setting inputs from areas
like the raphe nuclei (55). Unlike most other brain regions, the inferior olive is virtually devoid
of interneurons (56, 57). Thus, the long-range projections to the inferior olive in conjunction

with presumed STOs and gap junctions jointly determine the activity pattern of the complex
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spikes in Purkinje cells. How these factors contribute to functional dynamics of the olive in
awake mammals remains to be elucidated.

Here, we combine recordings in awake mice — in the presence and absence of gap junc-
tions — with network simulations using a novel inferior olivary model to study the functional
relevance of STOs in terms of resonant spikes. We are led to propose a view of inferior olivary
function that is more consistent with the interplay between STOs, gap junctions and inputs to
the inferior olive. Rather than acting as a strictly periodic metronome, the inferior olive appears
more adequately described as a quasiperiodic ratchet, where cycles with variable short-lasting
periods erase long-term phase dependencies.

Air puff Air puff Air puff Air puff Air puff
v . e e o . - . «CS
[ C ] 500 ms
C Air puff
. D .
50 ms

Figure 1. Circuit involved in the production and modulation of complex spikes.

(A) Simplified scheme of the inputs to the inferior olive (I0). Sensory input reaches the IO directly from the brainstem and
spinal cord. In our study, we used facial whisker input that is relayed via the sensory trigeminal nuclei (TN). This input is con-
sidered the “sensory input” in our modeling studies. The 10 also receives continuous inputs from other brain regions, which
we modeled as the “contextual input”. The contextual input consists of excitatory input from the cerebral cortex (e.g., the
motor (M1) and somatosensory cortex (S1)), either directly or relayed via the nuclei of the meso-diencephalic junction (MDJ),
as well as of inhibitory input from the cerebellar nuclei (CN). The output of the 10 is directed via its climbing fibers to the
Purkinje cells (PCs) in the cerebellar cortex and via its climbing fiber collaterals to the CN. Sensory input also affects the con-
textual input indirectly, via the strong pathway from the TN via the thalamus (TH) to the cerebral cortex. (B) Representative
trace of Purkinje cell activity showing simple spikes (as downward deflections) occurring at a high frequency and occasionally
complex spikes (CS; marked with a blue dot). A part of the trace is enlarged in (C). All recordings were made in awake mice.
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RESULTS

Stimulation promotes oscillatory patterns in profiles of complex spikes over
short periods

To study the conditions for, and consequences of, rhythmic activity of the inferior olive, we made

single-unit recordings of cerebellar Purkinje cells in lobules crus 1 and crus 2 (n = 52 cells in 16
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Figure 2. Oscillatory dynamics in complex spike firing in vivo.

(A) Representative inter-complex spike-interval (ICSI) histogram of spontaneous firing of a representative Purkinje cell, to-
gether with the convolved probability density function (in blue). The shades of the bins represent the normalized oscilla-
tion strength. Note that the peak at 0 ms is removed to improve visibility. (B) Heat map showing the normalized oscillation
strengths of 52 Purkinje cells, which were ordered by the time to the first side peak. The arrow in B indicates the cell illustrat-
ed in A. (C) The peak times of the ICSI distributions during spontaneous firing, as observed in B, against the Z-scores of these
peaks. A Z-score <3 was taken as sign for the absence of rhythmicity (light blue fillings). The pie diagram shows the fraction
of Purkinje cells with rhythmic complex spike firing (Z-score > 3; dark blue fillings). (D)-(F) The corresponding plots for the 46
(out of the 52) cells that showed a significant complex spike response following whisker air puff stimulation. Complex spike
rhythmicity is displayed using peri-stimulus time histograms (PSTHs) aligned on the peak of the first response and ordered
based on the latency to the second peak.
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awake mice) in the presence and absence of short-duration (30 ms) whisker air puff stimulation
(Fig. 1B-C). In the absence of sensory stimulation, the complex spikes of 35% of the Purkinje
cells (18 out of 52) showed rhythmic activity (Fig. 2A-C; S1 Fig.) with a median frequency of
8.5 Hz (inter-quartile range (IQR): 4.7-11.9 Hz). Upon sensory stimulation, 46 out of the 52
cells (88%) showed statistically significant complex spike responses. Of these, 31 (67%) had
sensory-induced rhythmicity (Fig. 2D-F), which was a significantly larger proportion than during
spontaneous behavior (p = 0.002; Fisher’s exact test). The median frequency of the oscillatory
activity following stimulation was 9.1 Hz (IQR: 7.9-13.3 Hz). Hence, the preferred frequencies
in the presence and absence of sensory stimulation were similar (p = 0.22; Wilcoxon rank sum
test) (Fig. 2C, F and 3). The duration of the enhanced rhythmicity following stimulation was
relatively short in that it lasted no more than 250 ms. With our stringent Z-score criterion
(>3), only a single neuron showed 3 consecutive significant peaks in the peri-stimulus time
histogram (PSTH). The minimum inter-complex spike interval (ICSI) across cells was around
50 ms, putatively representing the refractory period. We conclude that complex spikes also
display rhythmicity in awake behaving mice, and that sensory stimulation can amplify these
resonances in periods of a few hundred milliseconds, even though stimulation is not required

for the occurrence of rhythmicity per se.
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Figure 3. Similarity between spontaneous and sensory-induced rhythmicity.

For each of the 30 oscillating Purkinje cells that were recorded in both the presence and absence of sensory stimulation, we
compared the timing of the maximum of the first side peak in the inter-complex spike interval (ICSI) histogram in the absence
of sensory stimulation (x-axis) with the timing of the difference between the maxima of the first and second peak in the
peri-stimulus time histogram (PSTH; y-axis) following sensory stimulation. Color and size of data points indicate amplitude (in
Z-score) of the ICSI peak and of the interval between first and second response peaks of the PSTH, respectively. Grey circles
indicate the data-points falling in the low Z-score (<3) group during spontaneous firing. Note that colored circles are prefer-
ably located around the identity line.

Rhythmic patterns of complex spikes following stimulation are transient

The pattern of rhythmic complex spike responses that was apparent for a couple of hundred

milliseconds after a particular air puff stimulus repeated itself in a stable manner across the
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1,000 trials (applied at 0.25 Hz) during which we recorded (Fig. 4A-B). For example, the level

of rhythmicity of the first 100 trials was not significantly different from that during the last 100

trials (comparing spike counts in first PSTH peak, p = 0.824; x? test, or latency to first spike, p =

0.727, t test). This strongly indicates that there is — in a substantial fraction of the Purkinje cells

— persistent oscillatory gating of the probability for complex spikes after a sensory stimulus re-

sulting in time intervals (“windows of opportunity”) during which complex spikes preferentially

occur (Fig. 4B-E). These windows of opportunity become even more apparent when sorting the
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Figure 4. Stability of rhythmic complex spike activity in a
Purkinje cell of an awake mouse

(A) Rhythmic complex spike (CS) responses to whisker pad air puff
stimulation in a representative Purkinje cell recorded in crus 1.
Representative trial from an extracellular recording with a stimula-
tion frequency of 0.5 Hz. In this and subsequent panels, CSs are
marked with symbols representing their order of occurrence fol-
lowing the stimulus within each trial. (B) Rhythmic behavior of
CSs becomes apparent in a raster plot. Note that the rhythmicity
is relatively stable over the 1,000 trials. (C) Same as in B but with
trials sorted by the latency to first CS. This reveals that the occur-
rence of CSs is largely organized in temporal windows of opportu-
nity. Some CSs appear in later response peaks without prior firing
in earlier windows of opportunity. As the CS response may appear
in the early and/or in the late window, this is suggestive of a read-
out from an underlying oscillatory process. This phase dependence
would not appear if it would be solely due to a reset followed by
transient oscillation evoked exclusively in the spiking cell. If CS
firing during the later peaks was predicated on an earlier phase-
aligned CS, then later CS responses would have no reason to align
with the second or the third peaks of the PSTH (in D and E). (D)
PSTH of CS firing. The bin-width is 10 ms and the blue line shows
the convolved histogram with a 5 ms kernel. (E) The same PSTH
as in D, but now the probabilities of the first, second and third CS
after the stimulus shown separately, highlighting the occurrence of
windows of opportunity for stimulus triggered CSs.
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trials on the basis of response latency: the first complex spikes with a long latency following
the stimulus align with the second spikes of the short latency responses. Similarly, there are
trials during which complex spikes appear only at the third cycle (Fig. 4C, seen as a steeper
rise around trial no. 650). The occurrence of spikes during later cycles, not predicated on prior
spikes, argues against refractory periods or rebound spiking as the sole explanations for such

rhythmic firing (58) and highlight the putative existence of network-wide coherent oscillations.

Behavioral correlates of complex spikes patterns following stimulation

Since sensory stimulation of the whiskers can trigger a reflexive whisker protraction (59-61) and
complex spike firing is known to correlate with the amplitude of this protraction (61), we exam-
ined the relation between periodic complex spike firing and whisker protraction. To this end,
we further analyzed an existing dataset of simultaneously recorded Purkinje cells and whisker
movements during 0.5 Hz air puff stimulation of the ipsilateral whisker pad. In line with our pre-
vious findings (61), trials during which a single complex spike occurred within 100 ms of whisker
pad stimulation had on average a slightly, but significantly stronger protraction (from 6.1 + 5.4°
to 6.8 + 5.3° (medians * IQR), n = 35 Purkinje cells, p = 0.033, Wilcoxon-matched pairs test after
Benjamini-Hochberg correction; Fig. S2A-C). Our new analysis revealed that also the occur-
rence of a second complex spike was correlated with a stronger whisker protraction. This could
be observed as a second period of increased protraction during trials with two complex spikes.
When compared to the increase in trials with a single complex spike, this second protraction
was highly significant (p < 0.001, Wilcoxon-matched pairs test after Benjamini-Hochberg correc-
tion; Fig. S2D). The second complex spike was unlikely a mere reflection of stronger protraction
following the first complex spike, as there was no difference in whisker protraction between
the trials that had a complex spike during the first, but not the second 100 ms after stimulus
onset, and the trials with the opposite pattern (a complex spike during the second, but not the
first 100 ms; p = 0.980, Wilcoxon-matched pairs test after Benjamini-Hochberg correction). The
rhythmic firing pattern of complex spikes was thus reflected in the behavioral output of mice.

STOs can explain windows of opportunity

The existence of windows of opportunity for complex spike activity is compatible with the as-
sumption of an underlying STO, and cannot solely be explained by rebound activity without
invoking circuit-wide extrinsic mechanisms. To test the implications of assuming olivary STOs,
we proceeded to reproduce a detailed network with a tissue-scale computer model of the
inferior olive neuropil. The model is constituted by 200 biophysically plausible model cells (40,
46, 62) embedded in a topographically arranged 3D-grid (Fig. 5A-C). It has the scale of a sheet
of olivary neurons of about 10% of the murine principal olivary nucleus (cf. (63)). The model
was designed to test hypotheses about the interaction between intrinsic parameters of olivary
neurons, such as STOs and gap junctional coupling, and extrinsic parameters including synaptic

inputs during the generation of complex spike patterns.
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Each neuron in the model is composed of a somatic, an axonal and a dendritic compart-

ment, each endowed with a particular set of conductances, including a somatic low threshold
Ca’* channel (Ca,3.1; T-type), a dendritic high threshold Ca®* channel (Ca,2.1; P/Q-type) and

a dendritic Ca®*-activated K channel, chiefly regulating STO amplitudes, while a somatic HCN

channel partially determines the STO period (Fig. 5B; see also Methods). The dendrites of each

neuron are connected to the dendrites of, on average, eight nearby neighbors (within a radius

of three nodes in the grid, representing a patch of about 400 um x 400 um of the murine infe-

rior olive), simulating anisotropic and local gap junctional coupling (Fig. 5C). As the inferior olive
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Figure 5. A tissue-scale network model of the inferior ol-
ive.

(A) To study the relative impact of the different components of
the inferior olive we employed a biologically realistic network
consisting of 200 model neurons embedded in a 3D grid of 10 x
10 x 2. The model neurons received input from two sources: a
phasic input dubbed “sensory input” and a continuous fluctuat-
ing current, emulating a “contextual input”. The “sensory input”
reaches a subset of neurons synchronously and is modeled as an
activation of glutamate receptor channels with a peak amplitude
of 5 pA/cm?. The “sensory input” is complemented with a continu-
ous input that is a mixture of excitatory and inhibitory synapses
representing signals from different sources (see Fig. 1A). The “con-
textual input” is modeled as an Ornstein-Uhlenbeck noise process
delivered to all neurons in the model network, with a 20 ms decay,
representing temporally correlated input. The model neurons are
interconnected by gap junctions. (B) The model neurons display
subthreshold membrane oscillations (STOs), represented by the
lower circle, and spiking, represented by the upper circle. The col-
ors indicate which current dominates which part of the activity
pattern. An I, current (green), a hyperpolarization-activated cat-
ion current, underlies a rise in membrane potential; the I; current
(red), mediated by low threshold T-type Ca®* channels (Ca,3.1),
further drives up the membrane potential and from here either
the subthreshold oscillation continues (lower circle) or a spike
is generated (upper circle), mediated through Iy, and Iy currents
(yellow and blue, respectively); both after a spike or a subthresh-
old peak, influx of Ca** through the P/Q-type type Ca** channels
(Ca,2.1) leads to a hyperpolarization due to Ca*-dependent K*
channels (blue); this hyperpolarization in turn will activate the I,
current resuming the oscillation cycle. A resulting trace of the STO
punctuated with one spike is diagrammatically displayed on the
right. For a full description of currents, consult methods. (C) 3D
connectivity scheme of the 200 neurons in the network model.
Links indicate gap junctional interconnections; the color of each
neuron in the model represents the number of neurons to which
that cell is connected. The thick green lines indicate first order
neighbors of the center cell. (D-E) Membrane potential of cells in
the absence of input, for networks with and without gap junction-
al coupling. (F-G) Cell activity sorted by amplitude, indicating that
coupling the neurons of the network brings non-oscillating cells
into the synchronous oscillation. (H-1) Distribution of STO frequen-
cy and amplitude for coupled and uncoupled model networks.
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itself, our model has boundaries which have impact on local connectivity characteristics, such
as the clustering coefficient, though these did not have significant impact on the average firing
rate between edge and center cells (p = 0.812, comparing edge and center cells, Kolmogorov-
Smirnov test; S3 Fig.). The coupling coefficient between model cells varied between 0 and 10%,
as reported for experimental data (45, 64, 65).

Sensory input was implemented as excitatory synaptic input, simulating the whisker signals
originating from the sensory trigeminal nuclei that were synchronously delivered to a subset of
model neurons. Additionally, a “contextual input” was implemented as a combination of inhibi-
tory feedback from the cerebellar nuclei and a level setting modulating input (Fig. 1A and 5A).
This contextual input is modeled after an Ohrstein-Uhlenbeck process, essentially a random
exploration with a decay parameter that imposes a well-defined mean yet with controllable
temporal correlations (see Methods). The amplitude of the contextual input drives the firing
rate of the model neurons, which we set around 1 Hz (S4 Fig.), corresponding to what has been
observed in vivo (28, 43, 66). Thus, our model network recapitulates at least part of the neural
behavior observed in vivo due to biophysically plausible settings of intrinsic conductances, gap

junctional coupling and synaptic inputs.

Characteristics of STO dependent spiking in the network model

Whether a model neuron at rest displays STOs or not is largely determined by its channel con-
ductances. Activation of somatic T-type Ca®* channels can trigger dendritic Ca’*-dependent K*
channels that can induce I, which in turn can again activate T-type Ca** channels, and so forth.
This cyclic pattern can cause STOs that could occasionally produce spikes (Fig. 5B). In our model,
the conductance parameters were randomized (within limits, see Methods) so as to obtain
an approximate 1:3 ratio of oscillating to non-oscillating cells (S5 Fig.) guided by proportions
observed in vivo (43). Sensitivity analysis with smaller ratios (down to 1:5) did not qualitatively
alter the results (data and analyses scripts are available online in https://osf.io/6x5uy/).

In the absence of contextual input, model neurons were relatively silent, but when trig-
gered by sensory input, as occurred in our behavioral data (Figs. 2 and 4), STOs synchronized
by gap junctions would occur for two or three cycles (Fig. 6A-B). Our network model confirms
that gap junctional coupling can broaden the distribution of STO frequencies and that even
non-oscillating cells may, when coupled, collectively act as oscillators (S6 Fig.) (67). Adding
contextual input to the model network can lead to more spontaneous spiking in between two
sensory stimuli. Compared to the situation in the absence of contextual input, the STOs are
much less prominent and the post-spike reverberation is even shorter (Fig. 6C). Accordingly,
despite the significant levels of correlation in the contextual input (10%), the periods between
oscillations are more variable due to the interaction of the noisy current and the phase re-
sponse properties of the network. In addition, in the presence of contextual input our model
could readily reproduce the appearance of preferred time windows for spiking upon sensory

stimulation as observed in vivo (Fig. 6D-F, cf. Fig. 4). This was particularly true for the model
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Figure 6. Synaptic input strongly affects the oscillatory behavior in a network model of the inferior olive.

(A) A phasic and synchronous input mimicking sensory input (see Fig. 5A) was delivered to a subset of cells (indicated in red)
of the model network. (B) Membrane potentials of all 200 cells in the network model in the absence of contextual input. Red
trace (top) displays membrane potential average of cells receiving sensory input (see masks in A). Below are the membrane
potentials of the model cells as a heat map. Each row exhibits the membrane potential of one model cell with the small circles
indicating spikes. In the absence of contextual input, model neurons displayed long lived, synchronous and regular transient
subthreshold oscillations. Note that the fact that the two stimuli fall in similar phases is coincidental. (C) Patterns of spiking
responses changed dramatically in the presence of contextual input. Whereas in the absence of contextual input model
neurons showed synchronous subthreshold oscillations and were silent except upon receiving sensory input, in the presence
of contextual input the subthreshold oscillations are irregular and not strictly synchronous, while spikes occur throughout
the simulation (~1 Hz average network firing). Note that despite the largely uncorrelated (90%) contextual input, model cells
did not fire homogenously as in B, though loose clusters of synchronously firing cells did emerge. (D) Rhythmic responses to
stimulation are reproduced by the inferior olivary network model. A representative cell of the model network with responses
to sensory input reproduces rhythmic features of the PSTH and an auto-correlogram as found in vivo (see Fig. 4). Raster plot
of olivary spiking triggered by 182 stimuli, ordered by latency to the first spike following the stimulus. As seen in the in vivo
data, the first spike after the stimulus can fall in one of multiple windows of opportunity. For this simulation, we included the
contextual input. (E) Peri-stimulus time histogram showing the response peaks upon sensory input. (F) Raster plot like in C,
but with overlaying membrane potentials. For clarity only the first 50 stimuli are displayed. Spike symbols follow conventions
asin D. Trials with low latency were preceded by a dip in the preceding membrane potential, a phenomenon that can also be
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Quasiperiodic rhythms of the inferior olive

cells that directly received sensory inputs (Fig. 6G-H). Moreover, the observed rhythmicity in
model cells as observed in their STO activity was in tune with that of the auto-correlogram (Fig.
6D-1) in that the timing of the STOs and that of the spiking were closely correlated (cf. Fig. 5B).
It should be noted though that model cells adjacent to cells directly receiving sensory input
showed only a minor effect of stimulation. Thus, even though the gap junction currents in the
model were chosen as the ceiling physiological value for the coupling coefficient (<10%) (45,
67), these currents alone were not enough to trigger spikes in neighboring cells.

Both directly stimulated model cells and those receiving only contextual input exhibited phase
preferences, seen in the spike-triggered membrane potential average as well as in the spike-
triggered average of the input currents (Fig. 6G-1). Spike-triggered averages of membrane
potentials for any cell showed depolarization followed by hyperpolarization. In contrast, trials
in which no spike was generated showed a depolarization just before the occurrence of the
input. Similarly, the average of the input showed a long-lived phase preference, not only for a
hyperpolarization before the spike, but also a preference for a depolarization in the previous
peak of the STO, more than 100 ms earlier. These results are in line in vitro experiments under
dynamic clamp and noisy input (68, 69). Likewise, the model indicates that for short durations
STOs can induce clear phase dependencies for spiking, which fades under the variation of

period durations dependent on the trial-specific contextual input (as seen in our data).

Phase-dependent gating in the network model

Depolarizing sensory input delivered onto a subset of the model cells can reset the STO phase
in oscillatory cells and create resonant transients in others (Fig. 7A-B; see also S7 Fig. on the ap-
pearance of rebound firing). If a second stimulus is delivered during this short-lasting transient,
the response probability is increased. As in most cells with resonant short-lasting dynamics,
inputs delivered during different phases can cause phase advances or delays. Hyperpolariza-
tion advanced the phase between 0 -  and delayed the phase between m - 27, whereas
depolarization had roughly the opposite effect, in addition to phase advancements with spikes
in later cycles between it - 27t (Fig. 7C-E). Thus, there is a mutual influence of synaptic inputs
and STOs on periodicity. While STOs can lead to phase-dependent gating, synaptic input can
either modulate or reset the phase of the STOs, generating variable periods that range between

40-160 ms for the chosen amplitude of the contextual input (Fig. 8; S6 Fig.).

observed in D and H. (G) Average membrane potential of this neuron aligned by spikes that were either due to sensory input
(87 spikes; red) or produced spontaneously (648 spikes; blue). The light shaded backgrounds represent the 10% and 90% per-
centile ranges of membrane potential. Dips in membrane potentials preceding the spikes reveal that for both groups a prior
inhibition increased the probability of spiking. Importantly, except for a refractory period, we did not observe a clear oscilla-
tion pattern following either spike type, due to variability imposed by the contextual input. (H) shows the difference in spike
triggered membrane potential averages for stimulus triggered and “spontaneous” spikes. (1) Auto-correlograms comparing
rhythmicity of spikes produced during stimulation with spikes due to background (spontaneous) activity. Periodic stimuli
delivered to the network reduced rhythmic responses at the peak. The extreme short-latency responses (in the center of the
auto-correlogram) are due to the spikelets detected in the model traces that can also be seen in D.
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Figure 7. Synaptic input determines the phase-dependent gating properties of the inferior olive network
model.

(A) Phase-dependent spiking was prominent in our network model of the inferior olive in the absence of contextual input.
We repeatedly stimulated the same 54 model cells with synchronous sensory input (cf. Fig. 5A). The other 146 neurons of
the network model were present, but not directly stimulated. Phase-dependent gating was studied using tandem stimula-
tion with varying inter-stimulus intervals. The membrane potential of each of these 54 model neurons is plotted in A as a
waterfall plot and in B as a heat map. The simulations are grouped by the interval between the two stimuli, starting with a
single stimulation (red), and continuing with two stimuli with small to large intervals. In 13 equal steps two whole cycles of the
subthreshold oscillation were covered. (C) Average and inter-quartile range (shaded area) of membrane potentials of neurons
in the network that were only perturbed once at 0 ms (red) or twice (other colors). The phase of the subthreshold oscillations
of the “synchronized” cells in the network was used to compute the data displayed in D and E. Note that the average mem-
brane potential at the perturbation at 0 ms only went up to -15 mV and not up to the average spike peak of approximately
10 mV, because in the population only a fraction of neurons spiked. (D) Spike probability plot as measured for the second
perturbation at the different phases of the membrane oscillation. Spike probability was computed as the number of neurons
firing divided over the total number of neurons getting input. The first perturbation given at the peak of the oscillation is
demarked as the start of the oscillation cycle. Perturbations at both a half and one-and-a half cycle (rt and 3m, respectively)
did not trigger spikes, whereas perturbations at either one or two full oscillation cycles (2r and 4m, respectively) did (see also
A and B). The repetition of the ‘sinusoidal’ probability curve shows that gating is not (only) due to a refractory period, but
follows the hyperpolarized phase of the oscillation (not shown). (E) Phase response curve showing that perturbations early
in the oscillation phase did not have a large impact on the timing of the spike, but halfway the oscillation the perturbations
advanced the ongoing phase considerably, with impact declining linearly to the end of the full cycle. (F) Gallop stimuli provide
indirect evidence for an underlying oscillatory process. This idealized diagram illustrates the impact of a resetting stimulus
on the future spiking probabilities. Here we assume that resetting spikes occur only during the rising phases of the STO (red)
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Quasiperiodic rhythms of the inferior olive

Gallop stimuli provide indirect evidence for STOs

The only means of settling the question about the prevalence of STOs in awake and behaving
mice would be intracellular recordings of inferior olivary neurons, which remains a daunt-
ing experimental challenge. We therefore looked for a non-invasive method that could read
out, from indirect and infrequent complex spikes, the presence or absence of STOs. We have
developed one such paradigm inspired by auditory studies (70, 71) using a rhythmic gallop
stimulus that we first applied to the network model (Fig. 7F). In the gallop paradigm, stimuli are
applied in quick succession with alternating intervals, comparable to the putative period of the
underlying oscillation. Enough stimuli should be applied such that after multiple presentations
the stimuli sample a uniform distribution of phases. In the context of auditory stimuli, the
standard gallop experiment involves different tones and is used to test perceptual separation
of auditory streams. Such rhythmic stimuli can help indicate resonances or physical limitations
of the system, and distinguish across possible models for this separation (such as in neural
resonance theory (71)). One possible mechanism of auditory stream separation is an underly-
ing oscillatory process which resets in certain phases and is less responsive in others. According
to the in vitro inferior olive literature (41-43) this behavior is to be expected, and hence, such a
stimulus can help distinguish underlying processes.

If spikes are modulated by an oscillatory process, the presence of spikes on a short interval
should be able to predict, in the next interval, the absence or presence of spikes. Indeed, if the
underlying process producing spikes has oscillatory components and a relatively stable period,
the probability of spikes in each interval is systematically different, which would appear as
asymmetric ratios of response in the different intervals (Fig. 7F). This can be inspected as the
length of the empty and filled vertical bars representing ratio of probabilities of spiking for
long or short stimulation intervals (Fig. 7G). Thus, if the period of the STO rhythm would be
regular and cause phase-dependent gating, complex spike responses following each stimulus
interval are expected to show preferences for the short or long window of stimulation; these
preferences were indeed observed (Fig. 7G, left). However, this clear phase dependency only
appears in the noiseless model scenario. After adding a moderate amount of contextual input,
this dependency washes off, rendering the responses in the two windows more symmetric (Fig.
7G, right), with only a few cells (5/200) displaying significant ratio differences (tested against
bootstrap with shuffled spikes).

and not during the falling phases (blue). One can query for the impact on spiking probability for any given initial phase at any
time after the first stimulus. Different intervals lead to biased response ratios. (G) In order to test the impact of the presumed
phase of the inferior olivary neurons, we applied a “gallop” stimulation pattern, alternating short (250 ms) and long (400 ms)
intervals (top row). “Sensory input” (vertical red shaded bars) were delivered and spikes were counted in response windows
(RW) 0-180 ms post-stimulus. Response probabilities were compared between response windows (RW) in short (empty bars)
and long intervals (filled bars). Many cells in the model prefer either the short or the long window (for spiking cells, see left
lower panel). However, in the presence of contextual noise, this preference largely washes off, seen as approximately sym-
metric responses in each of the intervals. Asterisks indicate that a tiny fraction of cells still displayed significant preference for
particular intervals, which could be attributed to the low number of spikes fired by these cells.
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of the directly stimulated cells (red line; cf. mask in Fig. 5A). The effect of the current spreading through gap junctions is visible
in the cells immediately neighboring the stimulated cells (green line), whereas it is absent in the network model without gap
junctions. (B) Increase of synchrony in the network due to a single stimulus. Synchrony is displayed as phase concentration
over time (the Kuramoto parameter) for cells under the stimulation mask (colored) and other cells (gray). Stimulation gener-
ated a similar synchrony peak in both networks, but the transient synchrony after the peak is considerably higher and longer
lived in the network with gap junctions. (C) Polar plots indicating network phase distribution for snapshots (arrows) for stimu-
lated (colored distribution) and non-stimulated cells (gray distribution). Phase alignment of subthreshold oscillations of the
inferior olivary network model was reduced in the absence of gap junctions. The lines in the middle of the plots indicate aver-
age phases for either the stimulated cells (in color) or all cells (gray). (D) Phase distribution of cells over time. Color code rep-
resents the proportion of neurons occupying a certain phase at a given time (phase bin size 211/100, time bin is 1 ms). Dark/
light bands indicate that the phase alignment propagates to most cells in the network and subsists for longer durations for
the WT network. Nevertheless, contextual input overruled the phase alignment within a few hundred milliseconds (~300 ms
in this case). In the absence of gap junctions, the impact of the stimulus is restricted to stimulated cells, so that the coherence
induced by stimulus on the network was much smaller. (E) Same as in D but displaying averaged phase distributions for 100
stimuli. The stimulus hardly evoked an effect after 200 ms, and it did not induce any entrainment, which would have been vis-
ible as vertical bands before the stimulus. The effect of the stimulus is not stereotypical, due to dependency on network state
driven by contextual input (see also Fig. 9). (F) Average network synchrony triggered on the stimulus. The horizontal lines in
the bottom plot are the 95% inclusion boundaries taken from the 5 s of spontaneous network behavior to contextual input
(no periodic “sensory” pulses). The model network with gap junctions displayed after the early stimulus response curve an
elevated synchrony plateau, which ended after about 200 ms, whereas the model without gap junctions hardly showed any
secondary plateau. There was no preceding synchrony, indicating complete absence of entrainment to the periodic stimulus.
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Quasiperiodic rhythms of the inferior olive

Model exhibits network activity that is synchronous and oscillating, but
quasiperiodic

In line with the experimental in vivo data (e.g., Fig. 2 and 4), the olivary spike rhythmicity in the
network model was steadily present over longer periods, and for a wide range of contextual
input parameters (S5 Fig.). In addition, it also comprised, as in the experimental data, variations
in frequency and amplitude during shorter epochs (Fig. 8 and S6). Analysis of the network pa-
rameters indicates that these latter variations in oscillatory behavior can be readily understood
by their sensitivity to both the amplitude (parameter ‘sigma’) and kinetics (parameter ‘tau’,
temporal decay) of the contextual input. Indeed, because of the underlying Ornstein-Uhlenbeck
process, the generation of contextual input converges to a specified mean and standard devia-
tion, but in short intervals the statistics including the average network STO frequency can drift
considerably (Fig. 6C and 8). Since relatively small differences in oscillation parameters such as
frequency can accumulate, they can swiftly overrule longer-term dependencies created by peri-
odically resetting stimuli, as an analysis of phase distributions shows (Fig. 9). Thus, based upon
the similar outcomes of the network model and in vivo experiments, we are led to propose that
(1) the STOs in the inferior olive may well contribute to the continuous generation of short-
lasting patterns of complex spikes in awake behaving animals, and that (2) the synaptic input to
the inferior olive may modify the main parameters of these STOs. Note that in the absence of
input, periodic rhythmic behavior should be the default behavior of oscillating cells. Thus, in all
likelihood, even if the inferior olive oscillates endemically, sustained but variable input should
induce highly contextual spike responses to variable periods and render the olivary responses

quasiperiodic, rather than regularly periodic as observed in reduced preparations.
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Galloping stimuli show little to no conditional spiking in the experimental data

In line with in vivo whole cell recordings made under anesthesia (10, 43) our awake data support
the possibility that the moment of spiking may be related to the phase of olivary STOs, especially
during the period of several hundred ms following stimulation (Figs. 2 and 4). As discussed above,
a gallop stimulus would expose such an oscillatory process underlying the response probabilities.
Four idealized scenarios about the expected results can be constructed, as follows: first, one can
start with a complete absence of STOs, which would result in a response probability unrelated
to stimulus intervals; second, it could be that there were STOs, but no phase-dependent firing
(to be expected if the STO amplitude is small), which would also lead to complex spike firing
irrespective of stimulus intervals; third, there could be STOs, but each stimulus would evoke a
phase-reset, which again, would not lead to interval dependencies; and fourth, there could be
STOs in combination with phase-dependent gating, which would result in a clear dependency of
complex spike firing on the previous interval length (Fig. 7G, left panel). It should be noted that
the large majority of studies on inferior olivary physiology, especially in reduced preparations,
found evidence for the fourth situation (STOs + phase-dependent gating) (41, 43, 67).
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To study whether phase-dependent gating in conjunction with an underlying oscillatory
process could shape complex spike response timing in vivo we applied both a 250 vs. 400 ms
and a 250 vs. 300 ms gallop stimulation using air puffs to the whiskers. Using only trials with a
CSin the previous trial to calculate the ratio of responses (‘conditional firing’) a slight bias could
be observed in the 250 vs. 400 ms paradigm (Fig. 10A) and to a lesser extent in the 250 vs. 300
ms (Fig. 10B). Analysis including all trials (‘non-conditional’) is included in S8 Fig. and shows no
significant bias for any of the cells tested. Hence, our in vivo data are in line with the results
from the network model subjected to synaptic noise, and show that the timing of complex spike
responses to sensory stimulation is biased but not strongly determined by STOs.

High-frequency stimulation does not evoke resonant complex spike firing

Our experimental data provided evidence for phase-dependent complex spike firing during
brief intervals, but gallop stimulation did not expose a strong impact of STOs on complex spike
response probabilities. Therefore, we sought an alternative approach to study the impact — if
any — of STOs on complex spike firing in vivo. We reasoned that, if a sensory stimulus triggers a
complex spike response with a certain probability, higher stimulation frequency should result
in a proportional increase in complex spike firing. In particular, stimulus frequencies that would
be in phase with the underlying STO would be expected to show signs of resonance and result
in disproportionally increased complex spike firing. However, over periods of tens of seconds
the complex spike frequency was resilient to varying the stimulus frequency between 1 and 4
Hz (linear regression = -0.02; R? = 0.1) (Fig. 10C) and did not show signs of resonance with any
of the stimulus frequencies, as there were no frequencies at which the complex spike firing was
substantially increased. Only a very high rate of sensory stimulation (10 Hz), commensurable
with the average duration of windows of opportunity, could induce a mild increase in complex
spike firing frequency, albeit at the cost of a highly reduced response probability (average in-
crease: 71 £ 64% corresponding to an average increase from 1.12 Hzto 1.92 Hz; n = 5; p < 0.05;
paired t test). This examination indicates that the average complex spike frequency is robust
and stiff to modulation over longer time periods, imposing a hard limit on the frequency with
which complex spikes can respond to sensory stimuli, confirming recent reports on complex

spike homeostasis (72).

STOs may contribute to complex spike firing during shorter periods

As stimulus triggered resonances were not observed at any of the stimulation frequencies, we
turned to a more sensitive measure for the detection of oscillatory components in complex spike
firing. We developed a statistical model that extrapolated from frequencies inferred through
inter-complex spike intervals and stimulus triggered histograms (Fig. 11A-B). We reasoned that
phase-dependent gating would imply that the interval between the last complex spike before
and the first one after sensory stimulation aligns to the preferred frequency. In contrast, if

sensory stimulation would typically evoke a phase reset, as suggested by our network model
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(Fig. 7), no such relation would be found. The method was applied only to Purkinje cells with
highly rhythmic complex spike firing. For each of those, we calculated their preferred frequency
in the absence (Fig. 11C) or presence of sensory stimulation (Fig. 11D). We used that frequency
to construct statistical models representing idealized extremes of phase-dependent (oscilla-
tory) and -independent (uniform) responses. For the oscillatory component we employed an
oscillatory gating model, where the timing of the first complex spike after stimulus onset would
be in-phase with the ongoing oscillation. This model was contrasted to a linear response model
in which sensory stimulus could evoke a complex spike independent of the moment of the last
complex spike before that stimulus, apart from a refractory period. For each Purkinje cell, we
compared the distribution of the intervals between the last complex spike before and the first
complex spike after stimulus onset with the predicted distributions based on the linear model,
the oscillatory model and nine intermediate models, mixing linear and oscillatory components

with different relative weights (Fig. 11A-E). For the two extreme models as well as for the nine
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intermediate models we calculated a goodness-of-fit per Purkinje cell. Overall, when using
these relatively long periods (300 ms), the linear model was superior to the oscillatory model,
although a contribution of the oscillatory model could often improve the goodness-of-fit (Fig.
11F-H). Despite the apparent failure of the oscillatory model to fit the data, the data did show
an oscillatory profile for many of the cells (Fig. 11E). This lends support to our observations that
short-lived, but reliable, oscillations are apparent in complex spike timing, although they have

little impact on the timing or probability of sensory triggered CS responses.

Gap junctions facilitate frequency modulation of rhythmic complex spike
firing

Apart from the STOs, extensive gap junctional coupling between dendrites is a second defining
feature of the cyto-architecture of the inferior olive (31, 33, 73). Absence of these gap junctions
leads to relatively mild, but present deficits in reflex-like behavior and learning thereof (10, 74).

We analyzed the inter-complex spike interval times in Purkinje cells of mutant mice that lack

A Wild type 10
(1] I-I |} | “.III |-| I:II |I I"l“] ll.l I'I Flll :

I [
IIII“II‘ IIIII

L i al
i&; ‘I hllhl II III !. lln A llé; I.“ﬁ ||:| * 1 “Illnl 1;: I‘#l -I !l 07
-g_’ IIIIIIIIIIIII.I 06
% W In I.l.“ " ||:‘lll III“' .
2 i |:|“ ; IR L T s 05
; gl L I“l' I|'| W
é " 1w oLt Ll il r0.4
I ) ||.'|u IHIIL:HI“TIIIHl ] Ill 1 os ‘““ll ol 'rl o i
1 |l”?|“glnl-l ™ -1.||Inll A TR T T
o w0 | [ 1) 0.2 1 2 Py
1 stk ., ol 870" T T TR R L
T " _J 11 LY i L] 1 ] LA
X l||n|l|| ol g Pl " 1 ro.1 w i " '
J e I — L e 0o xl:.” L L] “Illl [ [ W) III-F.I o
00 o1 02 03 04 05 . . ) ) ‘.
B Time (s) [ o ° 2Time (s)o : o o8

500+ : .

IS
o
S
I
L

. |
° R
R R
‘ ‘
:

8 0 20 40 60 80 100
Peak amplitude (Z) Purkinje cells (ordered; %)

Time to peak (ms)
N w
o o
<9
°
00
o
e

.

&

a

N

-~
.

| |

*

Figure 12. Oscillatory dynamics in spontaneous firing in vivo in the presence and absence of gap junctions.
(A) Color-coded inter-complex spike-interval (ICSI) histogram of spontaneous firing of 60 Gjd2”~ and 52 wild-type Purkinje
cells, normalized to the bin with the highest complex spike count per Purkinje cell. (B) The Gdj2”~ Purkinje cell distribution
shows higher Z-scores than the wild-type population, indicating a stronger rhythmicity during spontaneous firing in the ab-
sence of gap junctions (p = 0.003; Kolmogorov-Smirnov test). A Z-score >3 was taken as sign for the presence of rhythmicity
— which occurred more often in the Gjd2 KO than in the WT Purkinje cells (colored fraction in the pie diagrams; p = 0.005;
Fisher’s exact test). In the absence of gap junctions, rhythmic firing was more stereotypical, as illustrated by less variation
in the time to peak (C); p = 0.0431; U = 1030.0; Mann-Whitney test). Note that the left panel of A is a copy of Fig. 2B and

presented here to facilitate comparison.
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the Gjd2 (Cx36) protein and are hence unable to form functional gap junctions in their inferior

olive (69). In line with the predictions made by our network model (Fig. 5H and S6), the absence

of gap junctions did not quench rhythmic complex spike firing during spontaneous activity (Fig.

12A). In fact, the fraction of Purkinje cells showing significant rhythmicity in the Gjd2 KO mice
was larger than that in the wild-type littermates (Gjd2 KO: 38 out of 65 Purkinje cells (58%) vs.
WT: 15 out of 46 Purkinje cells (33%); p = 0.0118; Fisher’s exact test), with their average rhyth-

micity being significantly stronger (p = 0.003; Kolmogorov-Smirnov test), measured by Z-scores
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Figure 13. Coherence of complex spike firing of Purkinje
cells over time

(A) Two Purkinje cells recorded simultaneously in a wild type (WT)
mouse during spontaneous activity, showing an epoch with near-
synchronous complex spike firing with both spikes in the center-
time interval. (B) Another epoch of the same cell pair, but now the
second Purkinje cell fired a complex spike at the next cycle, lead-
ing to a double-peaked cross-correlogram for this cell pair, seen
in C. (D) Heat map representations of cross-correlograms between
simultaneously recorded Purkinje cells in WT and Gjd2 KO mice.
Only pairs with a significant center or side peak are plotted. The
cross-correlation of each pair is normalized to the bin with maxi-
mal correlation. The latency of the strongest side peak was used
to order the cell pairs (including cells where center peaks were
significant, but side peaks were not). Correlation direction was se-
lected so that the strongest side peaks were always positioned on
the right side. Note that while the center peak is stronger in Gjd2
KO, the side peak is more prominent in WT pairs. This side peak can
be regarded as a “network echo”. (E) Venn diagrams showing the
relative occurrence of center and side peaks in the presence and
absence of gap junctions. (F) In the absence of gap junctions, the
center peak, but not the side peak, was stronger (left and middle
panel). Likewise, the normalized ratio of the side peak vs that of
the center peak was lower in the Gjd2 KO mice (right panel). * and
*** indicate p < 0.05 and p < 0.001, respectively (t test).
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of side peaks (Fig. 12B). Indeed, the variation in oscillatory frequencies across Purkinje cells of
the mutants was significantly less than that in their wild-type littermates in that the latency to
peak times per Purkinje cell were less variable (p = 0.0431; Mann-Whitney test; Fig. 12C). This
latter finding is at first sight contradictory to our findings in the network model, where we show
that gap junctions promote more uniform firing rates through increased synchrony between
neurons (Fig. 5H). These simulations were run in the absence of synaptic input, though. Ad-
dition of contextual input also creates more variability in the wild type cells (S6B Fig.). As the
lack of gap junctions increases cell excitability (10, 69), it is likely that synaptic input has a
larger impact in the absence of gap junctions, leaving less room for inter-cell heterogeneity.
Overall, removal of gap junctions affected the temporal and spatial dynamics by increasing the

stereotypical rhythmicity of complex spike firing.

Temporal relations of complex spikes of different Purkinje cells

We made paired recordings of Purkinje cells in awake mice to study the temporal relations
of their complex spikes during spontaneous activity. The cell pairs were recorded with two
electrodes randomly placed in a grid of 8 x 4, with 300 um between electrode centers. For
each pair of simultaneously recorded Purkinje cells, we made a cross correlogram. The median
number of complex spikes in the reference cell used for these cross-correlograms was 827
(range: 74-2174). Cell pairs showed coherent activity in that they could show a central peak
and/or a side peak in their cross-correlogram (Fig. 13A-C). The side peaks could appear at dif-
ferent latencies, similar to the range observed in auto-correlograms of single Purkinje cells (cf.
Fig. 2B). Moreover, Purkinje cell pairs that did not produce signs of synchronous spiking in the
center peak could still produce an “echo” in the side peak after 50-150 ms. Counter-intuitively,
cross-correlograms of Purkinje cell pairs of the wild type mice showed less often a significant
center peak than those of Gjd2 KOs (WT: 51 out of 96 pairs (53%; N = 4 mice); Gjd2 KO: 44 out
of 61 pairs (72%; N = 7 mice); p = 0.0305; Fisher’s exact test). In line with the more stereotypic
firing observed in single cells in the absence of gap junctions (Fig. 12), the strength of the center
peak was on average enhanced in the mutants (Z-scores of significant center peaks (median
+ IQR): WT: 3.47 + 1.82; Gjd2 KO: 5.75 + 5.58; p = 0.0002; Mann-Whitney test) (Fig. 13D-F).
Instead, the side peak of Gjd2 KO Purkinje cell pairs was not stronger than that of WTs (Z-scores
of significant side peaks (median + IQR): WT: 3.01 + 0.89; Gjd2 KO: 3.04 + 1.52; p = 0.194; Mann-
Whitney test), leading to a lower ratio between center and side peak (mean = SEM: WT: 90.70
+5.17%; Gjd2 KO: 72.86 £ 6.52%; p = 0.036; t = 2.143; df = 67; t test) (Fig. 13E-F). Interestingly,
the occurrence of side peaks in Purkinje cell pairs was unidirectional in approximately half the
cell pairs (WT: 47 out of 82 pairs with at least one side peak (57%); Gjd2 KO: 25 out of 47 pairs
(53%); p =0.714; Fisher’s exact test), which means that one of the neurons of a pair was leading
the other, but not vice versa. As this was consistent in the Gjd2 KO as well as the WT Purkinje
cells, these data could reflect traveling waves across the inferior olive, which, however, must

have extrinsic sources (44, 75). Thus, the paired recordings are compatible with the findings
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highlighted above in that the presence of coupling can affect the coherence of STOs for short
periods up to a few hundred milliseconds, while leaving the window for later correlated events

open.

DISCUSSION

Given the major impact of complex spikes on Purkinje cell processing and motor behavior (10,
11, 25, 76, 77), resolving the mechanisms underlying their timing is critical to understand the
role of the olivo-cerebellar system in motor coordination and learning (20, 22, 24, 78). Synchro-
nized subthreshold oscillations (STOs) of olivary neurons have been suggested to contribute to
the formation of temporal patterning of complex spike firing, but most of the evidence for STOs
has been obtained in decerebrate or anesthetized animals in vivo or, even more indirectly, in
vitro (10, 41-43, 45, 47, 79, but see 80). Our experiments and model were designed to inquire
the existence of an in vivo STO, and on its ability to display phase-dependent responses in the
awake brain. We evaluated rhythmic complex spike firing in behaving animals responding to
peripheral stimuli and investigated their match with simulations of a tissue-scale model of the
inferior olivary network. The model and data would be consistent with STOs whose period
can be readily adjusted upon synaptic fluctuations from other brain regions, an effect that is

consistent with the known response properties of the inferior olive (46, 67).

Complex spike patterns are explained by cell physiology and network-wide
properties

During spontaneous activity, Purkinje cells generally fire a complex spike roughly once a sec-
ond, but this frequency can be increased to about 10 Hz by systemically applying drugs, like
harmaline, which directly affect conductances mediating STOs in the inferior olive (41, 81).
Since these drugs also induce tremorgenic movements beating at similar frequencies, it has
been proposed that the inferior olive may serve as a temporal framework for motor coordina-
tion (11, 82). This oscillatory firing behavior of the olivary neurons may mirror limb resonant
properties and act as an inverse controller, for example by dampening the dynamics of the
muscles involved (83).

In line with previous recordings (22-24, 28, 61, 72, 76, 78, 84), the current data indicate
that only a small fraction of Purkinje neurons respond to sensory stimulation with a complex
spike response probability larger than 50%. This probability falls substantially with increasing
frequency of stimulation, as the overall spike frequency only marginally increases to high
frequency stimulation. Even after applying different temporal patterns of sensory stimulation
for longer epochs, we observed no substantial deviation from the stereotypic 1 Hz firing rate.
Moreover, it should be noted that even if the frequency of underlying oscillations has bearing

on the pattern of responses of the gallop stimuli, conditional dependencies should be expected
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for most STO frequencies, unless the ratio of the interval of gallop and the STO period has
no remainder. Given the seemingly consistent frequencies predicted by PSTH’s and autocor-
relograms of single cells (Figs. 2 and 3, but also seen in cross correlograms, as in Fig. 13), we
chose gallop intervals with periods commensurate with a representative frequency of 8 Hz,
each of which should sample different phases in the oscillation. If at all present, we should have
observed conditional dependencies on at least a few cells.

In our study, complex spikes remain as unpredictable as ever. Thus, regulatory mechanisms
keep the complex spike rate relatively stable over longer time periods (72). No resonance is
exhibited, irrespective of an enduring powerful sensory stimulus in a variety of frequencies.
Save few exceptions, the presence of a complex spike in an interval is compensated by the
absence in another. Thus, it looks as if the complex spikes rearrange themselves in time in order
to keep close to its proverbial 1 Hz frequency. It remains to be shown to what extent the mecha-
nisms involved are intrinsic (cell-dependent) and/or extrinsic (network-dependent). A possible
candidate for setting the overall level of excitability through intrinsic mechanisms is given by
Ca**-activated CI™ channels, which are prominently expressed in olivary neurons along with
Ca*-dependent BK and SK K* channels (85, 86). In addition, the olivo-cerebellar module itself
could partly impose this regulation (86-88). Indeed, the long-term dynamics within the closed
olivo-cortico-nuclear loop may well exert homeostatic control, given that increases in complex
spikes lead to enhanced inhibition of the inferior olive via the cerebellar nuclei (20). The impact
of such a network mechanism may even be more prominent when changes in synchrony are
taken into account (89). We propose that a closed-loop experiment conducted while imaging
from a wide field, producing stimulation as a function of the degree of complex spike synchrony,
could tease out conditional complex spike probabilities. Increasing our capability of predicting

complex spikes is instrumental to elucidate the control of inferior olivary firing.

Inferior olivary STOs

The existence of temporal windows of opportunity for complex spike responses following sen-
sory stimulation highlighted a potential impact of STOs on conditional complex spike gating (10,
41, 43, 90). Indeed, autocorrelogram peaks correlated well with interspike intervals following
stimulation, arguing for an underlying rhythm. Complex spikes could appear in a particular
window even when they were not preceded by a complex spike in a previous window dur-
ing a single trial, arguing against a prominent role of refractory periods in creating rhythmic
complex spike responses. Comparing actual firing patterns with statistical models mixing linear
or oscillatory interval distributions indicated a potential impact of oscillations. The mild impact
of the oscillatory component on explaining the data may in part depend on the assumption that
cells have a well-defined frequency. In other words, a variable rebound time could offset the
phase response by a couple of milliseconds, reducing the contribution of the oscillatory model,
though phase preferences due to prior spikes may still occur (i.e., Fig. 11E). Our biophysical

model suggests that fluctuating inputs, such as those mediating inhibition from the cerebellar
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nuclei or those relaying depolarizing modulation from the raphe nuclei (91, 92), may induce
variations in the oscillation period on a cycle-by-cycle basis (Figs. 8 and 9). As these contextual
inputs are absent or suppressed in decerebrate or anesthetized preparations, as well as in
vitro, they may also explain why many earlier studies systematically encountered cells with
well-defined STO frequencies (10, 41, 43, 45, 47, 79, 93, 94). In the network model, in which
we mimicked the contextual input as an Ornstein-Uhlenbeck process with local variations but
no long-term drifts of the mean (95), the results agree well with the experimental observations
in terms of synchronous firing, phase shifts, cross-correlogram peaks and side peaks, as well as
overall firing frequency. Indeed, the absence of resonant responses over longer time windows
and the inconsistency of individual olivary cells to fire on every trial or cycle indicate that the

STOs are not regularly periodic, but rather quasiperiodic, while still being synchronous.

Can rebound firing explain rhythmic complex spike responses?

Even though several lines of evidence suggest a role for STOs (see above), we did not observe
an unequivocal, significant conditional dependence of complex spikes in the gallop paradigm,
as expected by a noiseless model. How can a system with rhythmic responses at least partially
fail to be phase modulated by such periodic stimuli? An attractive alternative explanation for
rhythmicity might be the occurrence of high-threshold Ca,2.1 P/Q-type Ca®* channel-dependent
rebound spikes (S7 Fig.) (12, 62). If impulse-like input to the olive can evoke a spike, and if
this spike produces a rebound spike some tens of milliseconds later, this could explain the
alignment between the PSTHs and cross-correlograms. However, this argument cannot explain
stimulus triggered spikes at the second or third window of opportunity, without an earlier spike
as observed in Fig. 4. As the occurrence of the rebound spike is predicated on a prior spike, a
spike in the second or third window without a prior spike cannot be explained by the rebound
spiking phenomenon, at least not within the same cell. In other words, the spikes happening
exclusively in the second (or third) window of opportunity cannot be the result of a previous
spike in the same cell, unless there is a shared rhythm in the network. It is also conceivable that
strong hyperpolarization that is synchronized with the complex spike rhythm could promote
reverberating firing, but this is an extrinsic mechanism, discussed below. As they stand, our
findings do not support the idea that the post-spike hyperpolarization is a prerequisite for the
complex spike pattern observed. Multiple windows of opportunity could, according to our
model, be enhanced by transient oscillations induced by resets relayed by gap junctions to the

local olivary circuit.

The role of gap junctions in complex spike timing

Apart from the almost complete absence of interneurons, the presence of STOs and the exclu-
sive projection to the cerebellum, the abundance of dendro-dendritic gap junctions is another
defining feature of the inferior olive. The absence of these gap junctions does not lead to gross

motor deficits, but prevents proper acquisition and execution of more challenging tasks (10,
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16, 74), which is in line with the relatively minor impact found on complex spike activity in Gjd2
KO mice. At first sight, the effects of deleting gap junctions seem counterintuitive. Synchronous
and rhythmic patterns are exacerbated, rather than diminished by the loss of gap junctions.
However, the side peak of the auto-correlogram is significantly squashed, indicating that the
gap junctions have a role in the increased coherence of the upcoming oscillation. Gap junctions
do not only facilitate synchronization of coupled neurons, they also lower their excitability by
increasing the membrane resistance (69). Together, this results in less direct coupling, observed
as reduced synchrony of direct neighbors (16, 96), and increased responsiveness to synaptic
input. This leads to more long-range coherence and as a consequence gap junction networks
may act as a “noise filter”, promoting short-range quorum-voting on phase (a term coined by
Winfree (97)). This effect is visible in our model as spikes are most likely to occur when excita-
tion follows inhibition (Fig. 6H). This is in line with the finding that complex spikes of nearby
Purkinje cells have a preference to fire together (72, 98, 99). This concept also agrees with the
possibility that coupled olivary neurons may control movements by dampening the dynamics of
the muscles involved at an appropriate level (83, 100), as both the resonances and movement

oscillations increase shortly after sensory stimulation in Gjd2 KO mice (16).

Reverberating loops
Network resonances are a pervasive feature of brain circuits and they can be induced by
subthreshold oscillations of particular cell types (101, 102). In addition to the autochthonous
dynamics of the inferior olive, reverberating loops through the circuit could help explain some
features of complex spike firing, including the occurrence of complex spike doublets and side
peaks in cross-correlograms. Such phenomena could be explained by “network echoes”, where
complex spikes in one cycle would induce complex spikes in the next cycle (87, 103, 104).
The most obvious candidate loop to produce is that via the cerebellum and the nuclei of the
meso-diencephalic junction (55, 105). The output of the inferior olive is mainly directed via
exceptionally strong synapses to the Purkinje cells (106). These Purkinje cells in turn inhibit
neurons of the cerebellar nuclei that can show rebound firing after a period of inhibition (88,
107). This rebound activity can excite the inferior olive again via a disynaptic connection via the
nuclei of the meso-diencephalic junction. While an isolated complex spike is unlikely to evoke
such a rebound activity, a larger group of Purkinje cells could be successful in doing so (20, 107,
108). The travel time for this loop (around 50-100 ms) has been indirectly assessed in the awake
preparation (8, 10, 26), and corresponds to the latency of the rebound firing in the cerebellar
nuclei under anesthesia (87, 88, 107, 109). This implies that the travel times for the entire loop
would be in the same order as found for the preferred frequencies of complex spike firing.
Other, more elaborate loops involving for instance the forebrain may also exist (110) and could
play an additional role in shaping complex spike patterns.

A putative impact of reverberating loops on rebound activity could be a network phenom-

enon, as the impact of an isolated complex spike may not be sufficient to trigger this loop. This
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is in line with the reduced “echo” in the cross-correlograms of the Gjd2 KO mice and enhanced
doublets following lesions of the nucleo-olivary tract as occurs in olivary hypertrophy (111).
Taken together, rebound spiking, STOs and reverberating loops all seem to promote in a coop-
erative manner complex spike rhythmicity at a time scale of about 200 ms. Through modeling,
we found that not only the state of the inferior olivary oscillations determines which inputs are
transmitted, but that these inputs also determine the state of the network. Thus, inputs from
both the cerebellum and the cerebrum determine the probability of complex spike responses
on a cycle-by-cycle basis providing a quasiperiodic framework to align synchronous groups.
This sharply contrasts with a view in which the inferior olive is a clock with regular periodicity.
A circuit-wide understanding of cerebellar resonances on the basis of such a mechanism could
open a novel pathway to explore the cerebellar gating by other brain regions.

The combination of delayed gap junctions and delayed inhibition, as found in the olivo-
cerebellar loop (104, 112), can affect oscillatory behavior (113). The interplay between STOs
and delayed inhibition is therefore also relevant for other neural circuitries, for instance for
creating filter settings for the perception of sounds with specific oscillatory properties (114-

116) or orchestrating rhythmic movements as shown in the present study (see also 117).

A ratchet rather than a metronome

Well-coordinated movement sequences are not timed rigidly; they must be enacted flexibly
and contextually. In order to catch a ball, or a prey, or to perform any other appropriately
timed movement, it is essential to fine-tune the duration and onsets of multiple coordinated
output systems. An inferior olive that responds contextually to time varying input by advancing
and delaying cycles does not act as a rigid clock or metronome, but more contextually, as a
ratchet-pole system, with the frequency of ‘clicks’ of the ratchet reflecting the recent history
of applied torque. The properties we have encountered in this study are consistent with a
‘ratchet-like’ dynamics for the inferior olive, which integrates time-varying stimulus in a phase-
dependent manner. According to this view, the inferior olive responds to all inputs (sensory and
otherwise), by producing phase changes that are informative about the recent history of input,

and dictate the appearance of coherent complex spike waves arriving at the cerebellar cortex.

METHODS

Ethics Statement

All experimental procedures were approved a priori by an independent animal ethical commit-

tee (DEC-Consult, Soest, The Netherlands) as required under Dutch law.
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Animals

Experiments were performed on 16 adult (9 males and 7 females of 25 + 14 weeks old) homo-
zygous Gjd2"™™*" (Gjd2 KO, formerly known as Cx36 KO mice (10)) mice which were compared
to 15 wild-type littermates (8 males and 7 females of 26 + 13 weeks old; means + sd). The
generation of these mice has been described previously (118). The data described in S2 Fig.
originated from previously published recordings in 35 wild-type mice (61). All mice had a
C57BL6/J background. The mice received a magnetic pedestal that was attached to the skull
above bregma using Optibond adhesive (Kerr Corporation, Orange, CA) and a craniotomy of the
occipital bone above lobules crus 1 and crus 2. The surgery was performed under isoflurane
anesthesia (2-4% V/V in 0,). Post-surgical pain was treated with 5 mg/kg carprofen (“Rimadyl”,
Pfizer, New York, NY) and 1 pg lidocaine (Braun, Meisingen, Germany). Mice were habituated

during 2 daily sessions of 30-60 min.

Electrophysiology
Extracellular recordings of Purkinje cells were made in the cerebellar lobules crus 1 and 2 of
awake mice as described previously (28). Briefly, an 8 x 4 matrix of quartz-platinum electrodes
(2-4 MQ; Thomas Recording, Giessen, Germany) was used to make recordings that were
amplified and digitized at 24 kHz using an RZ2 BioAmp processor (Tucker-Davis Technologies,
Alachua, FL). The signals were analyzed offline with SpikeTrain (Neurasmus, Rotterdam, The
Netherlands) using a digital band-pass filter (30-6,000 Hz). Complex spikes were recognized
based on their waveform consisting of an initial spike followed by one or more spikelets. A
recording was accepted as that of a single Purkinje cell when a discernible pause of at least
8 ms in simple spike firing followed the complex spikes and when the complex spikes were of
similar shape and amplitude throughout the recording.

Sensory stimulation was applied as air puffs of 20 psi and 25 ms duration directed at the
whisker pad ipsilateral to the side of recording. The stimuli were given in trains of 100 or 360
pulses either at regular or alternating intervals. During a recording, trains with different stimu-

lus intervals were played in a random sequence.

Whisker movement tracking

Whisker videos were made from above using a bright LED panel as backlight (A = 640 nm) at a
frame rate of 1,000 Hz (480 x 500 pixels using an A504k camera from Basler Vision Technolo-
gies, Ahrensburg, Germany). The whiskers were not trimmed or cut. Whisker movements were
tracked offline as described previously (119) using a method based on the BIOTACT Whisker
Tracking Tool (120). We used the average angle of all trackable large facial whiskers for further

quantification of whisker behavior.

141



Chapter 4

Complex spike pattern analysis

Of each Purkinje cell we computed the probability density function (PDF) of both its complex
spike autocorrelogram and its distribution of intervals between consecutive complex spikes
(inter-complex spike intervals (ICSls)). PDFs were calculated with an Epanechnikov kernel
(with finite support) with a width of 10 ms. In order to exclude stimulus-induced alterations
in complex spike firing, complex spikes detected between 20 and 200 ms after a stimulus were
omitted from this phase of the analysis. PDFs were calculated from 0 up till 500 ms. The peak in

In

the ICSI PDF was considered as the “preferred ICSI interval” and its strength was expressed as
the Z-score by dividing the peak value by the standard deviation of the PDF. To understand the
impact of Purkinje cell with little or no preference for specific ICSI intervals on the analysis, we
chose to look both at the Purkinje cells with high and low Z-scores. Thus, we grouped Purkinje
cells into high and low level Z-scores, using a threshold of 3.

Air-puff stimulations frequently triggered double complex spike response peaks, suggestive
of an underlying inferior olivary oscillation. For further analysis of the conditional responses, an
estimate of the putative inferior olivary frequency was derived from the interval between these
two response peaks. First, it was established for each Purkinje cell whether two peaks were
present in the PSTH. To this end, we set a threshold for each of these two peaks. For the first
peak, this was calculated by reshuffling the ICSIs over the recording followed by calculating a
stimulus-triggered pseudo-PSTH, repeating this procedure 10,000 times and selecting the 99%
upper-bound. We considered the first response peak to be significant if it crossed the upper-
bound uninterruptedly for at least 10 ms. Since the second response peak typically is much
smaller than the first one, we calculated a new threshold for the second peak by excluding the
time-window for the first response peak. This window was set from the time of the stimulus
until where the response probability drops to the average response frequency, the response
frequency as expected if stimuli do not trigger complex spikes, following the significant “first’
responsive peak. In 5 out of 98 Purkinje cells, the PDF of the response rate between clear
peaks remained above the average response rate, in which case we used the time point where
the amplitude drop in the PDF was more than twice the difference between upper bound and
average response probability. The rest of the bootstrap method was identical to that for the
first response peak. Only peaks up to 0.5 s after the stimulus were included in the population

analysis.

Prediction of response probability based on inferred olivary oscillation
frequency

In order to test whether the phase of the inferior olivary oscillations affected the complex
spike response probability, we compared the complex spike intervals over an air-puff for each
stimulus that triggered a complex spike. To this end, we analyzed the recordings of 25 Purkinje
cells (10 WT and 15 Gjd2 KO) that were measured previously in crus 1 and crus 2 of awake,

adult mice. We included only Purkinje cells that displayed clear oscillatory complex spike firing
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indicated by the display of a secondary complex spike response peak, as evaluated according
to the bootstrap method described above, and/or significant peaks in the ICSI histogram. Only
stable recordings covering at least 500 stimuli at frequencies below 1 Hz were considered for
this analysis.

For each recording we compared two idealized statistical models of the observed ICSI dis-
tributions: an oscillatory model showing phase-dependent spiking and stable olivary oscillation
frequencies and a uniform model lacking phase-dependencies. For the oscillatory model, we
created complex spike probability functions for the pre-stimulus interval (-300 to 0 ms) based on
the oscillatory period established either for the ICSI distribution or from the interval between
the two complex spike response peaks. We fitted a sine wave with the observed frequency, hav-
ing its peak at the moment of the first complex spike in the stimulus response window (20-200
ms after the air puff) and derived spike probability levels during the pre-stimulus interval from
these fits, with the trough representing zero probability. Frequency and amplitude of every
cycle were kept constant for the whole recording. In the uniform model, we calculated the pre-
stimulus spiking probability with a uniform distribution based on the complex spike frequency
of each Purkinje cell. We did include a refractory period, being the shortest ICSI observed for
each recording, to reflect the inability of consecutive complex spikes to occur with a very short
time interval. Refractory periods were comparable between mutants and wild types; 49 + 15
ms for Gjd2 KO cells and 50 + 20 ms for WT cells. Subsequently, we constructed compound fits
consisting of linear summations of the two models. One extreme was the oscillatory model and
the other the uniform model and we considered nine intermediate combinations (e.g., 0.3 x
the oscillatory model + 0.7 x the uniform model). Every compound fit was run for 10,000 times.
The goodness of fit was computed as the absolute differences of every single run of the model
with the actual ICSI distribution.

Data availability

Summarized data and analyses scripts are available online at https://osf.io/6x5uy/. README
files are provided at the same repository.

Biophysically plausible 10 model

The model networks used here are comprised of a topographical grid of 200 coupled cells, in
a 10x10x2 lattice arrangement, which may resemble an area of about 400 um x 400 um of the
inferior olive, for instance, the rostral portion of the dorsal lamella of the principle olive of
the mouse. It is available online at https://github.com/MRIO/OliveTree, branch ‘Warnaar’. For

instructions on how to run the model and reproduce analysis, check README_Warnaar.txt’.

Single cell model

Each cell within these networks was modelled according to the single cell model described

in (46), which is an elaboration of a previous model (62) with an added axon and modified

143



Chapter 4

fast sodium channel. Equations are provided in the appendix of that publication at (https://
doi.org/10.1371/journal.pcbhi.1002814.5002), and can be checked in the MATLAB functions
I0cell and createDefaultNeurons in the codebase. The model includes three compartments
(soma, dendrite, axon hillock) with 12 conductances. In addition to the ionic mechanisms, the
dendrite of the model cell has a Ca®* concentration state variable, which is related to the intru-
sion through the Ca,2.1 channels. The main ionic conductances responsible for the oscillation
are the somatic T-type Ca>" and the Ca’*-activated K' (SK) channels present in the dendritic
compartment. The crucial parameters governing the emergence of subthreshold oscillations
are randomized, reflecting the experimental facts that about one third of the cells oscillate
endemically (in vivo) with intrinsic variations in oscillatory frequencies (43). The behavior of
the STO of the model cells in our network as a function of their parameters, for models with
and without gap junctions, are included in S5 and S6 Fig. Cell parameters are found in supple-

mentary table 1.

Gap junction connectivity

Connectivity is created with the function ‘createW.m’ in the MATLAB codebase. Briefly, cells
within a specified radius of each other were connected according to a probability function such
as to ensure the specified mean degree in the network (n = 8), chosen to resemble the observed
connectivity distributions reported in the literature. The connectivity parameters (distance and
average connection probability) were chosen to match experimental values (radius < 120 pm)
and average connection probability (~8 neighbors). The procedure to obtain connectivity is
as follows. First, pairwise distances between all cells are calculated. Then, a binary adjacency
matrix is created by thresholding those distances within a specified radius. Thereafter, we as-
sign a random number between 0 and 1 to each link from a uniform distribution. Finally, this
matrix is made binary by comparing each entry with a probability so that the average number
of connections approximates a given mean connectivity. This binary adjacency matrix is then
multiplied by the mean gap junction conductance parameter. Finally, gap junction conductance
values are then randomized by a uniform jittering of the conductance by 10% of their original

value.

Gap junctions

The conductance of gap junctions was normalized with a saturating factor by difference of
potential between the neighboring cells, according to (62) based on findings from (121) with

the following function:

FORMULA 1: G.(AV) = g. (0.8 e™V71%9) 4 0 2)

Where AV is the voltage difference between the connected cells, g, is the nominal coupling and

g. is the effective coupling.
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Network inputs

Two inputs are given to the model, one emulating the sensory input from whisker pad stimula-
tion and the other representing a stimulus-independent background reflecting diverse excit-
atory and inhibitory inputs to the inferior olive. The latter consisted of a continuous stochastic
process with known mean and standard deviation with a relaxation parameter following the
Ornstein-Uhlenbeck process (95), succinctly described underneath.

Only one subset of cells in the center of the network (40% of the cells in a mask spanning
a radius of 3 cells from the center of the network) representing efferent arborization, receives
the “sensory input”, with “sensory” currents being delivered to the soma of modelled cells
(gampea = 0.15 mS/cm?). “Sensory input” was modeled according to O’Donnel et al. (122). The
mask is represented in Fig. 5A.

The cells of the inferior olivary network most likely share input sources due to overlap-
ping arborizations of efferent projections (123). To represent both shared and independent
input, we have modeled the current source in each cell as having an independent process and a
shared process, with a mix parameter (alpha) of 10% input correlation shared by all the cells in
the network. This level of correlation leads to a coherent background oscillation in the cells of

the network, which is exacerbated in the presence of gap junctions (S5 Fig.).

Ornstein-Uhlenbeck noise process

Ornstein-Uhlenbeck (OU) is a noise process that ensures that the mean current delivered is
well behaved and that the integral of delivered current over time converges to a constant value
(95). The OU current is a good approximation for synaptic inputs originating in a large number
of uncorrelated sources, where synaptic events are generated randomly and each event decays
with a given rate (t). We use a recursive implementation according to the following recursive

formula:
FORMULA 2: ni(t+1) =nin, t) x exp(=6/1) + (/1) (L = ni(t)) + o x V& x &

Where n,(t) is the noise amplitude of neuron i at time t. The noise process is parameterized by t,
o, u where T represents the synaptic decay time constant, & is the integration step time for our
forward Euler integrator, o is the standard deviation of the noise process and u is its mean. The
random draw from a Gaussian distribution at every time step is represented by &.

Neurons in the inferior olive receive broad arborizations, leading to input correlations across
nearby neurons. In our model this is represented via a mixture of an independent process for
each neuron Njgependens and a shared process, n,;, common to all the neurons in the network,

parameterized by a mixing parameter a, called ‘noise correlation’:

FORMULA 3: ni(t) =ax n/ndependenr + (1 - C() X nal!(t)
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Simulation results throughout the article come from simulations with noise use an a where
neurons share 10% of their noise input. Reported results are qualitatively robust to changes in
this value (Fig. S5).

Network parameter spaces

To examine the dependence of network dynamics on the characteristics of the incoming input,
we computed the 200 neuron network sweeping a grid of the main input parameters (t, o, u, )
of the Ornstein-Uhlenbeck noise process. The network response in terms of STO frequency,
population firing rates, proportion of firing neurons was analyzed with respect to a grid of input
parameters. For comparability of statistics and reproducibility of results, all results displayed
in this article were obtained from a single random seed. We have tested the network with
multiple seeds and the results are qualitatively indistinguishable.

The parameters of the Ornstein-Uhlenbeck process were tuned such that the network
emulating the wildtype network (with gap junctions, WT) produced an average frequency of
1 Hz and more than 95% of the model cells fire at least once every 5 seconds (the parameter
space for the network responses including STO, population firing rate and proportion of cells
that fire within 3s is found in S5B Fig.). The parameters to achieve these criteria are dependent
on the total leak through the gap junctions. There are multiple methods to compensate the
absent leak in the gapless network. In the present case, the network without gap junctions has
been tuned to produce the same firing frequency as the network with gaps by increasing the
membrane leak currents from 0.010 to 0.013 mS/cm?. This results in a similar excitability but
slightly lower STO frequency in the “mutant”. The average firing rate behavior of the network
shows a linear relationship with the standard deviation of the OU process (S4 Fig.). For the
present network with balanced connectivity and a single gap conductance of 0.04 mS/cm?, the
Ornstein-Uhlenbeck parameters are (t, o, u, @) u = -0.6 pA/cm?, 0 = 0.6 pA/cm? and T = 20 ms.
T is a decay parameter that represents the synaptic decay times expected for olivary inputs, in
this case chosen to emulate dendritic GABA according to Devor and Yarom (124).

Synchrony and frequency estimation

Both synchrony and instantaneous frequency were estimated on the basis of a novel phase
transformation of the membrane potential, which is more robust than the standard Hilbert
transform, and can produce a linear phase response to the non-linear shape of the subthresh-
old oscillations (125). This transformation improves the estimation of the momentary phase
and compensates for the fact that ionic mechanisms induce different rates of membrane poten-
tial change at different phases of the oscillation. This phases analysis was conducted with the
DAMOCO toolbox (126). From the instantaneous phase, the instantaneous frequency is simply
the inverse of the first order finite difference of phase. Synchrony across cells is estimated with

the Kuramoto order parameter (K):
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FORMULA 4: K(t) = |% Sl -8,

Where ¢, is the phase of each neuron, N is the number of neurons and ¥ is the phase average

of all oscillators.

Post-Spike phase responses

To estimate a phase response curve of the stimulated neurons, first a “sensory stimulus” is
delivered at a phase known to produce an action potential (and resetting). The location of the
first peak after stimulation is recorded. Subsequently, eight more simulations receive another
stimulus, with same parameters as the resetting stimulus, but at different phases (at incre-
mental intervals of 271/8). The effect of that stimulation (delay or advance) on the next peak is

recorded as a phase delta. Results are plotted in Fig. 7 (A-E).
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Quasiperiodic rhythms of the inferior olive

SUPPLEMENTARY FIGURE CAPTIONS
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Figure S1. Comparison of autocorrelogram with inter-complex spike interval histogram
The autocorrelogram of the same Purkinje cell as shown in Fig. 2A (10 ms bins) convolved with a 5 ms kernel (red curve)
compared to the convolved inter-complex spike interval (ICSI) histogram (orange curve). The auto-correlogram includes also
intervals between non-consecutive complex spikes. Consequently, on a short time scale, both auto-correlogram and ICSI
histogram are identical, but they diverge at longer time scales.
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Figure S2. Complex spikes correlate with whisker protraction

(A) Mice received air puff stimulation of their whisker pad. (B) Purkinje cell recordings during sensory stimulation revealed
that most trials had either no, one or two complex spikes during the 200 ms after stimulus onset. We separated the trials
according to this classification. Note that for the trials with a single complex spike, we considered the trials with a complex
spike during the first 100 ms, but not during between 100 and 200 ms. (C) Averaged whisker traces (based on n = 35 Purkinje
cells) show a reflexive whisker movement triggered by the air puff, consisting of an initial backward movement (largely caused
directly by the air flow) followed by an active protraction. Trials in which a complex spike was detected only during the first
100 ms after the stimulus (blue line) had on average a slightly larger protraction than the trials without a complex spike (black
line). The trials with two complex spikes also had a stronger protraction than the trials without a complex spike, but showed
in addition a more protracted position later on during the trial (red arrow and red line). (D) Averaged subtracted traces show-
ing the differences between trials with, respectively, a single complex spike (blue line) and two complex spikes (red line) and
the trials without a complex spike. The occurrence of recurrent complex spike firing was thus reflected in the behavior of the
mice. Shaded areas indicate the SEM. * p < 0.05; *** p < 0.001; Wilcoxon match-pairs test after Benjamini-Hochberg correc-
tion for multiple comparisons.
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Figure S3. Behavior of cells on the edges of the model

The inferior olivary model has, as the inferior olive itself, boundaries. The impact of boundaries in connectivity of cells in the
in vivo data (and by extension on the current leak through gap junctions) is, however, not known. The algorithm that gener-
ates connectivity enforces mean connectivity across cells, which increases the degree of clustering along the edges, but has at
most a mild impact on the current leak through gap junctions. It is likely that the extra clustering degree along the edges may
lead to a mild increase of coherence in STOs between neighbors, though this should not affect the overall conclusion — that
the phase-dependency of the STO under the presence of noise is at most short-lived. The data are represented as stacked bar
plots. All data were tested using Kolmogorov-Smirnov tests.
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Figure S5. Behavior of model networks of identical composition as a function of the decay parameter of the
Ornstein-Uhlenbeck process (t) and the noise correlation (n)

Model networks have been computed using a systematic exploration of the parameter space using 56 instances of the net-
work model. The contour plots indicate isolines for synchrony (A), frequency of subthreshold oscillations (STOs), popula-
tion firing rate and proportion of active cells (B). The results presented in the main text come from a model network with
parameters chosen such as to display STOs with mean of 9 Hz, a population rate of about 1 Hz and with more than 70% of
cells firing in three seconds (95% of cells fire within 10 s of simulation time). The position of this network in the contour plots
is indicated with a red circle. In A, the thumbnails exemplify behaviors of extreme instances of the model network both as
membrane potentials traces (top) and as heatmaps of the membrane potential (bottom). Arrows indicate parameter space
coordinates of these examples. The decay of the Ornstein-Uhlenbeck process (t) mostly impacts the firing rate of the model
networks, while noise correlation (n) has a direct effect on synchrony. (B) Gap junctions amplify the input correlation given to
the neurons, while having a minor effect on other aspects of the network dynamics.
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Figure S6. Physiological properties of the individual model cells as a function of Ca>* T-type conductance in the
absence of contextual input in the presence and absence of gap junctional coupling

(A) The Ca® T-type conductance is varied in the range of 0.5 to 1.1 mS/cm?, resulting in a range of oscillatory properties of
the individual model cells. The left axis in the panels of the main diagonal display cell counts for the histograms. The right axis
besides the rightmost panel displays the indicated continuous variable. The set of non-oscillating (zero amplitude, zero fre-
quency) cells constituted about 25% of the model network in the absence of gap junctions (red), were engaged in the oscilla-
tion when gaps were added to these cells (blue). In the absence of contextual input the distribution of frequencies had peaks
at zero and sharply synchronizes at approximately in the absence of Ornstein-Uhlenbeck input. (B) Comparison between the
activity of networks with (WT) and without (MT) gap junctions under contextual input. MT cells have received compensation
in the leak conductance of the cell. A slight increase of firing rate for the MT can be observed, and also a narrower distribution
of frequencies, in comparison with the noiseless case.
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Figure S7. Rebound firing occurs only in a small region of parameter space

The post-spiking behavior of model neurons after a depolarization was examined for a grid of parameters, within known
experimental values. A depolarizing current pulse triggers spikes at 100 ms. The rebound behavior is dependent on a com-
plex interplay between a number of parameters, but most importantly, it exists in a rather narrow range of the parameter
space between T- and P/Q-type Ca” channels. For very low levels of Ca,3.1 (T-type) expression, the model cell settles on an
unphysiologically saturated depolarization after spiking. The cells in our model have Ca,2.1 (P/Q-type) expression around 4.5
and Ca,3.1 between 0.6 and 1.1.
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Figure S8. No phase-dependent spiking probabilities observed in vivo

(A) In order to test the impact of the presumed phase of the inferior olivary neurons in vivo, we applied a “gallop” stimula-
tion pattern, alternating short (250 ms) and long (400 ms) intervals. Air puffs (vertical bars) were delivered to the whisker
pad. Complex spikes were counted in response windows (RW) 20-200 ms post-stimulus and cells were sorted as a function
of the ratio between the numbers of complex spikes in short and long intervals (indicated as horizontal dash between filled
and empty bars). In this analysis, we included all RWs, irrespective of whether the preceding RW contained a complex spike
or not (cf. Fig. 10). For each Purkinje cell the relative response probabilities for the long and short intervals are illustrated as
the length of the filled and open bars, respectively. None of the Purkinje cells showed a significant difference in the response
probability between the two intervals (all p > 0.05 on Fisher’s exact test). (B) Comparison of the response biases between all
trials ("All”, A) and only those trials that followed an RW with at least one complex spike (“Cond”, Fig. 10A). Shown are the 25
and 75 % quantiles and median per population.
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Chapter 5

The cerebellum is involved in control of voluntary and autonomic rhythmic behaviors, yet it is
unclear to what extent it coordinates these in concerted action. Here, we studied Purkinje cell
activity during unperturbed and perturbed respiration in cerebellar lobules simplex, crus 1 and
2. During unperturbed (eupneic) respiration complex spike and simple spike activity encoded
respiratory activity, the timing of which corresponded with ongoing sensorimotor feedback.
Instead, upon whisker stimulation mice concomitantly accelerated their simple spike activity,
whisking behavior as well as inspiration in a phase-dependent manner. Moreover, the accelerat-
ing impact of whisker stimulation on respiration could be mimicked by optogenetic stimulation
of Purkinje cells and prevented by cell-specific genetic modification of their AMPA receptors
that hampered increases in simple spike firing. Thus, the impact of Purkinje cell activity on
respiratory control is context- and phase-dependent, highlighting a coordinating role for the

cerebellar hemispheres in aligning autonomic and sensorimotor behaviors.
Key words:

Cerebellum, respiration, whiskers, Purkinje cell, optogenetic stimulation, synchronous behav-

ior, autonomic behaviors, orofacial behaviors, phase coupling, sensory perturbation, mouse
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INTRODUCTION

Rhythmic behaviors are part of everyday life of mammals. They can emerge from predominantly
conscious activity such as locomotion, licking or whisking, but also from more subconscious
behaviors like heart beat or respiration. Speed, amplitude and phase of rhythmic movements
depend on the behavioral demands and context, and thereby they depend on each other (Cao
et al., 2012; Kurnikova et al., 2017; Moore et al., 2013; Welker, 1964). Accordingly, many of the
motor domains involved in rhythmic movements serve multiple functions and many of these
functions can be coordinated in a concerted action. For example, inspiration is driven by the
diaphragm and intercostal muscles, which are also involved in postural control (Hodges and
Gandevia, 2000; Rimmer et al., 1995), and respiration and posture are synergistically controlled
during processes like vocalization, swimming or parturition (Holstege, 2014; Jakovljevic and
McConnell, 2009; Tomori and Widdicombe, 1969).

When different forms of sensorimotor behaviors have to be coordinated, the olivocerebellar
system is often involved in optimal fine-tuning in time and space (Kitazawa et al., 1998; Owens
et al., 2018; Vinueza Veloz et al., 2015). This presumably not only holds for non-rhythmic be-
haviors, but also for rhythmic behaviors like respiration (Cao et al., 2012; Critchley et al., 2015;
Gozal et al., 1995; Isaev et al., 2002; McKay et al., 2003; Park et al., 2016; Parsons et al., 2001;
Raux et al., 2013). Accordingly, rare, but dramatic, cases of sudden infant death syndrome
(SIDS) have been attributed to acute respiratory arrest in relation to inferior olivary hypoplasia
or delayed maturation of the cerebellar cortex (Cortez and Kinney, 1996; Cruz-Sanchez et al.,
1997; Harper, 2000; Katsetos et al., 2014; Lavezzi et al., 2013), while cerebellar dysfunction has
been observed in congenital central hypoventilation syndrome, which entails the inability to
react to dyspnea (Harper et al., 2015; Harper et al., 2005; Kumar et al., 2008). Likewise, patients
with a cerebellar tumor or hemorrhage frequently need mechanical ventilation, often showing
a relatively slow recovery of respiration after neurosurgery (Arnone et al., 2017; Chen et al.,
2005; Gewaltig and Diesmann, 2007; Lee et al., 2013; Tsitsopoulos et al., 2012). Moreover, most
cerebellar ataxia patients have trouble to modulate their breathing during exercise (De Joanna
et al., 2008; Deger et al., 1999; Ebert et al., 1995). Thus, there is ample evidence for a role of
the olivocerebellar system in controlling respiration and adjusting it according to behavioral de-
mands, pointing towards a role in synergistic integration of autonomic and voluntary behaviors.

At present, it is unclear to what extent different rhythmic behaviors can be controlled
by the same cerebellar region and cells, and if so, how they might contribute to synergistic
control of the different motor domains involved. Here, we studied the activity of Purkinje cells
in the lateral cerebellum in relation to respiratory control, while interfering with their whisker
system. We focused on lobule simplex in conjunction with lobules crus 1 and crus 2, because
they are strongly related to rhythmic whisker movements and because their cells have been
shown to respond to a variety of somatosensory inputs from the face, possibly integrating

different sensorimotor behaviors (Bosman et al., 2010; Brown and Raman, 2018; Chen et al.,
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2016; Ju et al., 2019; Romano et al., 2018; Shambes et al., 1978). We found that Purkinje cells
in these lobules co-modulate their firing rate with multiple phases of the respiratory cycle
during unperturbed breathing. When we briefly stimulated the whiskers, the mice advanced
the phase of their simple spike activity and breathing behavior concomitantly. The Purkinje
cells that responded to whisker stimulation and also contributed to acceleration of respiration
were particularly prominent in medial crus 1. Moreover, the respiratory adjustment follow-
ing whisker stimulation could be induced by transiently stimulating these Purkinje cells in the
lateral cerebellum optogenetically, whereas it was significantly impaired following Purkinje
cell-specific impairment of postsynaptic AMPA receptors. Together, our data implicate that the
cerebellar hemispheres can control respiratory behavior and align its rhythm with that of other
behaviors in a phase-dependent manner, highlighting their putative role in synergistic integra-

tion of different sensorimotor activities.

RESULTS

Unperturbed respiratory behavior

To find out to what extent Purkinje cells in the cerebellar hemispheres encode the three phases
of unperturbed (eupneic) respiration, defined as a cycle of inspiration, post-inspiration and
expiration (Anderson and Ramirez, 2017; Richter and Smith, 2014), we studied their activity
patterns in awake head-restrained mice. During inspiration, contractions of the diaphragm
and external intercostal muscles generate a volume expansion of the lungs, while during
post-inspiration the inspiration muscles relax and laryngeal constriction muscles retard lung
compression (Dutschmann and Paton, 2002). During active expiration, abdominal and internal
intercostal muscles contract depending upon metabolic demand (Aliverti et al., 1997; Bianchi
and Gestreau, 2009). The respiration phases of awake head-restrained mice were measured
with a pressure sensor placed under the abdomen and analyzed upon phase transformation.
Under these conditions, the mice had a median breathing frequency of 2.4 Hz (inter-quartile
range (IQR): 1.0 Hz, n = 13 mice), with a median CV of 0.51 (IQR: 0.35), indicating the fast nature
as well as substantial level of variability of their breathing rhythm at rest (Fig. S1A-C).

Purkinje cell complex spike activity peaks after inspiration

In the first set of experiments we recorded the activity of 43 Purkinje cells during unperturbed
respiration. These cells had a median complex spike firing frequency of 1.37 Hz (IQR: 0.54
Hz) (Fig. S1D). The extent of complex spike firing rate modulation along the respiratory cycle
was quantified per Purkinje cell by comparing the measured distributions of complex spikes
with randomly shuffled ones. The random shuffling was performed 500 times, upon which the
99% confidence interval (Z = 3) was calculated. Firing patterns exceeding this 99% confidence

interval were considered indicative of a statistically significant modulation (Fig. 1A). Of the 43
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Figure 1. Purkinje cells in the lateral cerebellum encode eupneic breathing

A An example recording of a Purkinje cell showing complex spike (CS), but no simple spike (SS), modulation during un-
perturbed (eupneic) respiration in an awake mouse. The complex spikes are indicated by red dots and vertical lines. The
instantaneous simple spike rate (thin blue line) is indicated in combination with the respiratory signal (thick cyan line). The
blue scale bar on the right indicates 25 Hz of simple spike modulation. The raw signal indicates that the complex spikes prefer-
ably occurred around the transition from post-inspiration to expiration as confirmed by a polar plot summarizing the whole
recording. The radial axes represent the number of spikes per bin. The gray areas indicate the 99% confidence interval after
bootstrap. B Of the 43 Purkinje cells recorded during eupneic respiration, 19 displayed their maximal complex spike firing
around 3mt/2. This is illustrated as the average modulation in firing rate (red line, middle), the distribution of the phases of
strongest modulations (histogram; middle) and a heat map illustrating the complex spike firing patterns of 43 Purkinje cells
(bottom). This analysis was performed without pre-selection of Purkinje cells. For comparison, a randomly chosen respiratory
cycle is indicated (cyan). Note that the respiratory trace is plotted based on time, while the heat map and histogram are based
on the phase. C An example of another Purkinje cell, showing relatively weak complex spike modulation, but strong simple
spike modulation during eupneic respiration. D The same analysis as in B, but for the simple spikes, revealing a preference for
simple spike firing during post-inspiration (just before the complex spike peak) and a relatively low firing rate during expira-
tion (following the complex spike peak). Note that the Purkinje cells of both heat maps are sorted by the phase of the maximal
increase in complex spike firing. Consequently, the cell numbers of B and D refer to the same Purkinje cells. See also Fig. S1.
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Figure 2. Eupneic respiration is associated with both increased and decreased simple spike firing

A During the respiratory cycle, simple spike (SS) modulation can either be predominantly decreasing or increasing as illus-
trated by two representative Purkinje cells (PCs) recorded simultaneously in the same animal. The raster plots are aligned
on inspiration start and sorted according to the interval to the next inspiration. Large cyan dots indicate inspiration start and
small blue dots the SSs. The redv dots on top of the traces indicate complex spikes. B Convolved peri-stimulus time histograms
of the two PCs shown in A. C Stacked line plot of the instantaneous SS firing rates of all 26 PCs displaying a statistically signifi-
cant SS modulation firing during unperturbed breathing. SS firing is displayed in percentage of baseline firing and normalized
so that the upper line reflects the population average. The PCs are ordered from the strongest decrease (bottom, red line)
to the strongest increase (top, blue line) in SS modulation. Each trace is aligned to inspiration. D Scatter plot of moments of
maximal modulation per PC, showing a correlation between the time of maximum modulation and its amplitude (r = 0.54, p
< 0.001, Spearman rank correlation). Note that on average, as well as at individual cell level, the suppression of SSs preceded
the increase. E Overall, the SSs were found to follow rather than to lead the respiration. F Correlation matrix showing a posi-
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Purkinje cells, 9 (21%) displayed a statistically significant complex spike modulation, but also
many of the other Purkinje cells showed some degree of modulation (Fig. S1E). For this analysis
the entire epoch of recording was used without selecting only cycles including a complex spike.
At the level of Purkinje cells, the average complex spike firing rate did not correlate well with
the maximal complex spike modulation depth (r = 0.13, p = 0.396, n = 43 Purkinje cells, Spear-
man rank correlation; Fig. S1F). Of all 43 Purkinje cells, 19 (44%) displayed maximum complex
spike firing in the period just before 3m/2 (Fig. 1B), which is around the transition from post-
inspiration to expiration, whereas the other Purkinje cells typically peaked at a given phase
during inspiration or post-inspiration, but not during expiration.

Purkinje cell simple spike modulation is roughly complementary to complex
spike activity

The median simple spike rate of the 43 Purkinje cells was 64.5 (IQR: 34.9) Hz (Fig. S1D). The
simple spike activity of the majority of these cells (i.e., 35 or 81%) showed a statistically
significant modulation across different phases of respiration (Fig. 1C; Fig. S1E). Compared to
the modulation of complex spike firing, the preferred phases of the peaks of the simple spike
modulation were more closely associated with the inspiration and early post-inspiration periods
(Fig. 1D). When we considered the absolute timing — rather than the phase — of the modulation
of simple spike activity of single Purkinje cells relative to the start of inspiration, we found that
the simple spike rate modulation of 26 Purkinje cells exceeded a Z criterion of higher than 2 (p
< 0.05). In most of these Purkinje cells, simple spike modulation was essentially bi-directional
(Fig. S2A). However, in half of the cells the amplitude of the increase in simple spike modulation
was stronger than the decrease, whereas in the other half it was opposite (Fig. 2A-C; Fig. S2A).
The peaks of the decreased firing generally preceded those of the increased firing, yielding a
population average of a short-latency decrease followed by an increase of simple spike activity
(Fig. 2C-E). This order of events of simple spike decreases and increases was substantiated
by a positive correlation between the amplitude of the strongest correlation and its time of
occurrence (r=0.49, p = 0.012, n = 26, Spearman rank correlation; Fig. 2D). The preference for
decreased or increased firing did not depend on the baseline simple spike frequency (r =-0.14,
p =0.498, Spearman rank correlation; Fig. S2B). The population average of simple spike activity
approximated the actual respiratory behavior rather well with zero phase-lag, suggesting the

relevance of a population encoding mechanism (Fig. 2E).

tive correlation between SS firing (blue trace (bottom) shows convolved peri-stimulus time histogram triggered on inspiration
start) and respiration (cyan trace, left) based on trial-by-trial variance analysis in PCs that predominantly showed decreased
SS firing rate linked to the respiratory cycle. Average of 13 PCs during unperturbed breathing. Note that the main simple spike
activity follows the respiration (red area is below the 45° line). G Similar analysis of the 13 PCs that predominantly showed
increased SS firing during the respiratory cycle, with mostly negative correlation. Thus, for both types of PCs, the correlation
was opposite to their mode of modulation, indicating that the shallower the respiration, the stronger the SS modulation.
Lines indicate averages and shaded areas SEM. See also Fig. S2.
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Figure 3. Whisker pad stimulation triggers inspiration

A Every 2 s, mice received an air puff to their whisker pad while their respiration was recorded using an abdominal pressure
sensor. In comparison to the relatively regular breathing in the absence of air puff stimulation (B), the respiratory pattern
appeared to be affected by sensory stimulation (C). Whisker pad stimulation (vertical lines) often triggered inspiration. D The
raw respiratory signals around the air puff (90 trials of the same experiment as in C with the average (thick line) overlaid)
demonstrate that whisker pad stimulation often triggers inspiration. E Raster plots showing respiratory cycles from 12 mice
pooled together and sorted based upon the duration of the respiratory cycle during which the air puff (light green dots) was
applied. The trials were aligned on the start of the last inspiration before the onset of the stimulus. Cyan dots indicate the
start of the last inspiration before and the first inspiration after the air puff. The previous and subsequent respiratory cycles
are indicated by increasingly darker shades of blue (see color code of 1). In this plot, the air puffs are concentrated just after or
just before the start of an inspiration. The latter reflect the triggering of the next inspiration by the air puff. This effect was not
observed when the stimulation occurred just after the start of inspiration. F Upon random shuffling of the respiratory cycles,
the air puffs are equally distributed over the respiratory cycle. G Cumulative distributions of 57 epochs (of approximately 100
trials each) originating from 12 mice demonstrate that the interval between the air puff and the start of the next inspiration
was shortened relative to the interval between the start of the previous inspiration and the air puff (not visible in randomized
data). Lines are medians and shaded areas indicate the interquartile ranges. H The anticipation of the start of the next inspira-
tion was also obvious from the median intervals per mouse and comparing the interval between the start of the preceding
inspiration and the air puff (left) to the interval between the air puff and the start of the next inspiration (right) in comparison
between randomized (Rand.) and experimental (Exp.) data. The former interval did not differ between the randomized and
the experimental data (p = 0.937), whereas the latter did (**p = 0.01, Wilcoxon signed rank tests). | Box plots of the duration
of the respiratory cycles around the puff indicated that indeed the cycle during which the whisker pad stimulation was given
were shorter. TO is the cycle during which the air puff was given. See also Fig. S3 and Fig. S4.
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Functional convergence of autonomic and sensorimotor processing in the lateral cerebellum

We further explored whether trial-by-trial variations in simple spike firing correlated with
variations in the respiratory signal. We designed a matrix of correlation in which, for each respi-
ratory cycle, the respiratory signal was compared to the instantaneous simple spike rate aligned
to the start of each inspiration. This analysis reveals the temporal relationships between both
signals whereby a correlation along the 45° line indicates a synchronous event. Indeed, Purkinje
cells with a preference for increased simple spike firing as well as those that predominantly
show decreased simple spike firing displayed correlations between simple spikes and respira-
tion. The strongest effects were found with the respiratory signal leading the simple spike firing
(Fig. 2F-G). Thus, while simple spikes generally co-modulate with the phase of the respiratory
signal with approximately a zero lag (Fig. 2E), the depth of their simple spike modulation re-
flected the depth of the respiration with a delay.

The complex spike and simple spike modulation of each Purkinje cell typically occurred
during different phases of the respiratory cycle, although often not in exact anti-phase (Fig.
S2C). The occurrence of increased simple spike firing around 1 correlated well with increased
complex spike firing around 31/2 (r = 0.536, p < 0.001, Spearman rank correlation; Fig. S2D). In
turn, this latter peak in complex spike firing correlated with a subsequent decrease in simple
spike firing during expiration (r = -0.431, p = 0.004, Spearman rank correlation; Fig. S2E). Thus,
there were signs of reciprocity between complex spike and simple spike firing with a temporal
shift of about 50-80 ms, which is reminiscent of studies of other cerebellar regions (Badura et
al., 2013; Chaumont et al., 2013; Witter et al., 2013).

Whisker stimulation increases the probability of a phase reset of inspiration

Given the intricate relationships between orofacial behaviors in general and the harmonization
of respiratory and whisking behavior in rodents in particular (Kurnikova et al., 2017; Lu et al.,
2013; Moore et al., 2013), we wondered how an air puff to the facial whiskers that triggers
reflexive whisker protraction (Bellavance et al., 2017; Brown and Raman, 2018; Romano et al.,
2018) would also affect the respiratory cycle. To evaluate this, we subjected 12 mice to periodic
0.5 Hz whisker stimulation while measuring their respiration (Fig. 3A-D). When delivered within
100 ms after the start of the previous inspiration, the air puff had little effect, but otherwise it
accelerated the start of the next inspiration with a median latency of 91 (IQR: 106) ms (Fig. 3E;
Fig. S3A). Thus, stimulation of the whiskers induced not only a response in whisker movements,
but also a phase-dependent accelerating respiratory response, shortening the interval between
the air puff and the start of the next inspiration (comparing experimental and randomized data:
interval between start of inspiration and air puff: Z=-0.078, p = 0.937; interval between air
puff and start of next inspiration: Z=-2.589, p = 0.010, n = 12 mice, Wilcoxon signed rank tests;
Fig. 3F-H; Fig. S3A). Rather than entraining their respiratory rhythm to the (fixed) frequency of
air puff stimulation, the mice adjusted the timing of inspiration of the respiratory cycle directly
following sensory stimulation (Fig. 3I; Fig. S3B). Variations in the level of sensory-induced whis-

ker protraction and depth of respiration were correlated; trial-by-trial variations revealed that
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stronger whisker protractions preceded deeper levels of respiration, confirming the relation-

ships between different orofacial behaviors in mice (Fig. S4).
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Figure 4. Purkinje cell activity anticipates respiratory responses

Representative Purkinje cell recordings showing either suppressed (A) or increased (B) simple spike firing upon whisker pad
air puff stimulation. Above the trace, the complex spikes are indicated by red dots, the start of the air puff by a green arrow
and the start of inspiration by a cyan arrow. Below the traces are raster plots of simple spike activity aligned on the start of the
first inspiration after the air puff. In the raster plots, the air puffs are indicated by green squares. The trials are sorted based on
the duration of the respiratory interval following the air puff. The starting moments of inspiration are indicated by cyan dots.
Note that the complex spikes are not shown in the raster plots for reasons of clarity. Convolved histograms of the complex
spikes (C) and simple spikes (D) of these two illustrated Purkinje cells aligned on the first inspiration onsets after stimulus. The
complex spike (E) and simple spike (F) data of the entire population of 57 Purkinje cells measured in this way are indicated in
heat maps. The Purkinje cells are sorted according to the moments of their maximal complex spike firing. In G is illustrated the
same plot of Fig. 2E for comparison along with the homologous plots for the air puff induced anticipated inhalations (H). In
both cases, a similarity can be observed between the profiles of the averaged respiratory signal and the averaged simple spike
activity. In the latter case the simple spikes modulation anticipated the averaged respiration signal. See also Fig. S5 and Fig. S6.
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Functional convergence of autonomic and sensorimotor processing in the lateral cerebellum

Purkinje cells sensitive for whisker stimulation jointly encode sensory
stimulus and motor output

Given that Purkinje cells in the lateral cerebellum respond to whisker stimulation (Bosman
et al., 2010; Brown and Raman, 2018; Romano et al., 2018) and modulate their firing rate
along the respiratory cycle (Fig. 1), we examined whether Purkinje cells could mediate the
stimulation-induced change in respiratory timing. To this end, we compared the spiking pattern
of 57 Purkinje cells during periodic whisker stimulation (Fig. S5).

First, we examined the firing pattern during the whole period with 0.5 Hz whisker pad
stimulation. As during unperturbed respiration, complex spike and simple spike firing were
modulated in tune with the respiratory cycle, but the timing of both complex spikes and simple
spikes was now different (Fig. 4A-F, Fig. S6A-B). The temporal relation between simple spike and
complex spike firing, as found during unperturbed respiration (Fig. 1B,D; S2C-E), was disrupted
and no longer significant during the whole period with 0.5 Hz whisker stimulation (p > 0.05 for
simple spike firing in all bins compared to the bin with the strongest complex spike modulation;
Pearson correlation tests with Benjamini-Hochberg correction for multiple comparisons) (Fig.
4E-F).

When we related simple spike modulation to the respiratory rhythm following whisker
stimulation, we found that 20 out of the 32 (62%) Purkinje cells with a significant simple spike
modulation predominantly increased their simple spike activity, whereas 12 (38%) predomi-
nantly decreased their simple spike firing. Compared to unperturbed respiration (Fig. 4G), the
population increase of simple spike firing now peaked during earlier phases of the respiratory
cycle, pointing towards an acceleration in their activity (U = 922.5, p = 0.035, Mann-Whitney
test; Fig. 4H). Restricting the analysis to the cycle around the air puff, it became apparent that
the population average of simple spike firing now preceded the change in respiratory behavior,
suggesting that the air puff-triggered simple spike response could contribute to the observed
acceleration of inspiration. We further examined this possibility by performing a trial-by-trial
analysis of variation. During eupneic breathing the prevalence of correlation was below the
45° line for both suppressive and facilitating Purkinje cells, indicating that under these circum-
stances the simple spike modulation follows respiration and therefore cannot control it (Fig.
2F-G). However, during perturbed respiration, the modulation of simple spike firing preceded
the ongoing respiration by a few tens of milliseconds (Fig. 5). Moreover, when we segregated
the cells that showed simple spike modulation to whisker stimulation (Fig. 5C) from those that
did not (Fig. 5D), we observed that the maximal correlations between respiration and simple
spike firing were stronger in the whisker-related than in the non-whisker-related Purkinje cells
(r=0.30 (0.09) vs. 0.23 (0.10) (medians (IQR)); U = 67, p = 0.013, Mann-Whitney test). These
data confirm that simple spike responses following whisker stimulation are endowed with the
temporal features for accelerating respiratory responses, whereby the simple spike responses

predict the strength of the inspiration.
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To further substantiate the correlation between simple spikes, whisker movement and
respiration at single cell level, we compared the maximal correlation between trial-by-trial
variations in the instantaneous simple spike rate and whisker movements with that between
the simple spike rate and respiration. We found that Purkinje cells whose fluctuations in the
simple spike rate correlated well with whisker movement preferentially also showed a correla-
tion between fluctuations in simple spike rate and inspiration (r = 0.44, p = 0.010, Spearman

rank correlation; Fig. S7A).
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Figure 5. Modulation of simple spike firing precedes respiratory adaptation in whisker-related Purkinje cells
Correlation matrix between simple spike firing (blue trace at the bottom represents the averaged convolved peri-stimulus
time histograms) and mean reflexive whisker protraction (red trace on the left) for Purkinje cells with (A, n = 25) and without
(B, n = 31) significant correlation between simple spike firing and air puff-induced whisker movement (see Methods). For
15 out of the 25 whisker-related cells and 18 out of 31 whisker-unrelated cells the respiratory signal was simultaneously
recorded and used for the respiration-spike matrix of correlation in C and D, respectively. The whisker-related Purkinje cells
had a higher correlation between their instantaneous simple spike rate and respiration than the other Purkinje cells (U = 67,
p =0.013, Mann-Whitney test). The location of the maximal correlation above the 45° line indicates that in trials in which the
Purkinje cells fired more simple spikes then, few tens of milliseconds later, the amplitude of the respiration was bigger and
vice versa. In addition, the simple spike to whisker correlation (for the whisker-related cells) is stronger and earlier in time
when the matrix of correlation is aligned to the puff-induced inhalation, rather than to the puff itself (E). Conversely, on aver-
age the whisker-unrelated cells did not show a clear correlation even when the signals were aligned to the air puff-induced
inspiration (F). Shaded areas around the traces indicate SEM. See also Fig. S7.
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Functional convergence of autonomic and sensorimotor processing in the lateral cerebellum

During perturbed respiration, about half of the Purkinje cells showed their peak in com-
plex spike activity during the last quarter of the respiratory cycle, corresponding to expiration
(Fig. 4A-C, E), with the strongest peak in complex spike firing occurring around 40 ms after
whisker pad stimulation (Fig. S6A-B), thus approximately 50 ms before the average start of
the first inspiration after the stimulus (Fig. 4E). To test the possibility that the complex spikes
can contribute to the acceleration of the next inspiration, we compared the timing of complex
spike firing during individual trials relative to that of the start of the inspiration. However, we
found no clear relation between them (Fig. S6A). Accordingly, when we compared trials with
and without complex spikes, we could not find any obvious difference in the timing of the
next or subsequent start of inspiration (Fig. S6C-E). Thus, we conclude that the complex spikes
observed in the lateral cerebellum, although reacting to whisker stimulation, do not modulate

the timing of respiratory responses to whisker pad stimulation in the short-term.

Respiration related Purkinje cells are located in specific portions of the
cerebellar cortex

Next, we mapped the location of the Purkinje cells recorded in this study. During unperturbed
respiration, the strongest complex spike modulation was found laterally in crus 2 (Fig. 6A;
left column). This complex spike hot spot extended rostrally into crus 1 during respiration
perturbed by whisker stimulation (Fig. 6B). The Purkinje cells in crus 1 that were recruited
during perturbed, but not during unperturbed respiration, were mainly those that responded
with a complex spike response directly to the sensory stimulation (Fig. 6C). Of the 57 recorded
Purkinje cells, 53 (93%) responded with a statistically significant complex spike response (Fig.
S5D). The simple spike responses showed a distribution that was largely complementary to that
of the complex spike responses (Fig. 6; right column). The Purkinje cells with a predominantly
increased simple spike rate during an unperturbed respiratory cycle were largely found around
the border between the vermis and the simple lobule and crus 1, with a few cells extremely
lateral in crus 1 (Fig. 6A). The cells that showed decreased simple spike firing during unper-
turbed respiration were largely confined to a parasagittally oriented strip in the middle of crus
1 and crus 2. During perturbed respiration, this pattern was largely unaltered, although the
lateral regions now also showed a decreased simple spike firing rate (Fig. 6B). Importantly, the
Purkinje cells in medial crus 1 showed particularly strong correlations to both whisker inputs

and respiration.

Purkinje cell stimulation mimics the impact of whisker stimulation on
respiratory timing

As our analyses revealed that during perturbed respiration increased simple spike firing pre-
ceded the accelerated inspiration, we wondered whether we could mimic the impact of whisker
pad air puff stimulation on the timing of inspiration by transiently stimulating the Purkinje cells

in the medial parts of lobule simplex as well as the crus 1 and crus 2 areas highlighted above. To
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this end, we made use of transgenic mice that expressed channelrhodopsin (ChR2) specifically
in their Purkinje cells (Pcp2-Ai27 mice) (Romano et al., 2018; Witter et al., 2013). In line with
previous whole cell recordings in vivo (Witter et al., 2013), a brief pulse of blue light triggered
a strong increase in simple spike firing (Fig. 7A-B). We randomly intermingled trials with and
without optogenetic stimulation, the latter trials we considered as “sham controls”. Since the
stimulation was periodic, the mouse could predict the arrival of the stimulus, thus the sham
controls could be useful to exclude synchronization between stimuli and respiration. Purkinje
cell optogenetic stimulation significantly accelerated the occurrence of the next respiratory
cycle (Fig. 7C-D). The inspiration started 189 ms (median value, IQR: 243 ms) after the onset
of optogenetic stimulation compared to 224 ms (IQR: 212 ms) during the sham control condi-
tion. Consequently, inspiration was accelerated due to optogenetic Purkinje cell stimulation (Z
= -2.760, p = 0.006), but not in the sham control experiments (Z = -0.105, p = 0.917, n = 13
mice, Wilcoxon signed ranks tests; Fig. 7D). Supporting the idea that Purkinje cells in the same
region of the cerebellar hemispheres can affect respiration as well as whisker movements, we
found that the same optogenetic stimulus triggered inspiration as well as whisker protraction
(Fig. S7B).

To investigate whether the increased simple spike firing during optogenetic stimulation in-
duced the accelerated inspiration, or whether it was rather the rebound firing in the cerebellar
nuclei following the optogenetic stimulation that did so, we compared optogenetic stimulation
of 100 ms with that of 200 ms duration. Unlike whisker movements, that are facilitated by re-
bound firing in the cerebellar nuclei (Brown and Raman, 2018; Proville et al., 2014), we did not
observe a 100 ms delay when comparing 200 ms and 100 ms stimulation (Fig. S8). To control
for putative direct effects of light stimulation, not involving optogenetic stimulation of Purkinje

cells, we repeated the experiments in Cre-negative mice that did not express the optogenetic
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protein. As expected, we could not identify any sign of a respiratory response to light stimula-
tion alone in these mice (Z = -0.734, p = 0.463, n = 5 mice, Wilcoxon signed rank test; see Fig.
S7C and Fig. S8B), suggesting that the results described above are indeed mediated by Purkinje
cells. We conclude that optogenetic stimulation of the Purkinje cell activity in lobule simplex as
well as crus 1 and crus 2 areas is sufficient to induce an acceleration in the occurrence of the

next respiratory cycle.
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Modification of AMPA receptors at parallel fiber to Purkinje cell synapse
cancels impact of whisker stimulation on respiratory timing

To find out whether functionally intact cerebellar Purkinje cells are necessary for the respira-
tory changes induced with whisker stimulation, we investigated this response in a mouse model
that lacked the AMPA GIuA3 subunit at their parallel fiber to Purkinje cell synapses (Gutierrez-
Castellanos et al., 2017). This mutant (Pcp2-Gria3™ mice) has been shown to be impaired in its
simple spike modulation following whisker stimulation (Fig. 8A). The Pcp2-Gria3™~ mice showed

a normal frequency of respiration during unperturbed respiration (2.7 (0.4) Hz versus 2.4 (1.0)
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Figure 8. Impaired respiratory response in Pcp2-Gria3 KO mice

A Pcp2-Gria3 KO mice lack the gene for AMPA receptor GIuA3 subunit specifically in Purkinje cells. Instead, they express more
GluA1/GluA2-type AMPA receptors than wild type mice. B In Pcp2-Gria3 KO mice, the whisker stimulation (vertical green
lines) appeared to be less effective in triggering inspiration than in wild type mice. C The respiratory pattern of an exemplary
Pcp2-Gria3 KO mouse (red lines) around the air puff showing delayed inspiration when compared to a wild type mouse (the
cyan lines are the same as in Fig. 3C-D). D While wild type mice accelerate the start of the next inspiration after whisker pad
air puff stimulation (the blue line / area is a copy of the green line / area in Fig. 3G, left panel), Pcp2-Gria3 KO mice (red line /
area) do not. This is illustrated as cumulative distributions of the intervals between the stimulus and the start of the next in-
spiration, constructed of 100 trials per mouse (n = 6 mice). The lines show the medians and the shaded areas the interquartile
ranges. The inset shows that the averaged intervals between the start of the previous inspiration (1) and the air puff (P) were
not systematically different from those between the air puff and the start of the next inspiration in Pcp2-Gria3 KO mice (p =
0.436, Wilcoxon signed rank test; inset), in contrast to in wild type mice (see Fig. 3H). E Raster plot showing the respiratory
cycles perturbed by the air puffs sorted from the shortest (top) to the longest (bottom). The beginning and the end of each
cycle are represented with dark blue dots for the wild type and dark red dots for the Pcp2-Gria3 KO mice, while the relative
time of the air puffs is depicted in cyan and red respectively. Looking at all the individual data points, both red and cyan dots
are not randomly distributed and tend to accumulate before the subsequent inhalation. The delay to the start of the next
inspiration is longer in Pcp2-Gria3 KO mice than in wild type mice, in line with the results plotted in D. The impact of the puff
on the overall duration of cycle containing the stimulus, relative to the duration of those that did not contain one, was dif-
ferent in wild type and Pcp2-Gria3 KO mice (p = 0.028, F = 5.544, df = 1, two-way ANOVA, interaction puff*genotype; inset).
F The simple spike activity of intact Purkinje cells increases during the air puff-triggered inspiration. This increase resembles,
precedes and potentially affects the ongoing respiration. G Conversely, the simple spike activity of the Pcp2-GriA3 KO mice
modulates differently than in WT mice and does not resemble the respiration signal.
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Hz for wild type mice, medians (IQR); U = 37, p = 0.898, Mann-Whitney test; Fig. 8B). How-
ever, the mutants were impaired in their ability to advance the respiratory response following
whisker stimulation (difference in interval between start inspiration and air puff vs. interval
between air puff and start of next inspiration: Z=-0.734, p = 0.436, n = 6, Pcp2-Gria3'/' mice,
Wilcoxon signed ranks test; Fig. 8C-E). Moreover, the timing of simple spike rate modulation of
their Purkinje cells was significantly different from that in the wild types in that they did not
precede respiration directly following whisker stimulation (p = 0.040, Pcp2-Gria3™ versus wild
type, Wilcoxon Rank Sum test; Fig. 8F-G). In addition, the depth of the modulation was also
different in that the mutant Purkinje cells showed less of an increase in their simple spike rate
(WT: 12.0 (15.1)% vs. KO: -11.9 (33.5)%, medians (IQR), U = 257, p = 0.041, Mann-Whitney test).
These data indicate that a cerebellar, cell-specific interference with a mechanism that has the
potential to increase the simple spike firing rate results in a hampered ability to accelerate the

respiratory response.

DISCUSSION

Animals use periodic and oscillatory behaviors in a variety of functional movements and they
display adaptation in the coordination of such behaviors as a function of systematic changes of
the environment. For instance, during sniffing rodents coordinate the movements of their whis-
kers with those of the respiratory and olfactory system and this behavior can be adjusted to the
discrimination task involved (Kurnikova et al., 2017; Welker, 1964). The way the brain organizes
such control mechanisms is largely unknown. Here, we show that during eupneic respiration,
Purkinje cells in the simplex, crus 1 and crus 2 lobules of the cerebellum fire in tune with specific
phases of the respiratory rhythm. During unperturbed breathing, the activity of simple spikes
and complex spikes can be described as an efference copy of the respiratory signal, modulated
by specific phases of the respiratory rhythm. In contrast, stimulation of the whiskers with air
puffs accelerated simple spike activity that in turn contributed to a faster onset of inspiration.
Our data show that increases in simple spike activity in the lateral cerebellum are probably
sufficient to drive and integrate different forms of rhythmic behavior, as optogenetically driven
increases in simple spike activity both accelerated the respiratory cycle in a phase-dependent
manner and induced whisker protraction. Moreover, cell-specific blockage of GluA3-containing
AMPA receptor signaling in Purkinje cells impaired the ability of the mice to advance both
their simple spike response and their respiratory response following air puff stimulation of the
whiskers, highlighting the necessity of an intact cerebellum for synergistic phase control. These
responses are consistent with the idea that efference copies of the respiratory signal are taken
as predictions, which are then disrupted by the whisker stimulation, leading to a recalibration

of the respiratory cycle.
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Isolated rhythmic behaviors are often controlled as muscle synergies by local networks.
For instance, coordination between the left and right hind-limb can still take place during
locomotion even after the descending connections from the motor cortex and brainstem to
the spinal cord are disrupted (Desrochers et al., 2019). Likewise, when cerebellar function is
impaired, basic muscle activities of breathing and related orofacial behaviors can still take place
(Bellavance et al., 2017; Chen et al., 2005; Gewaltig and Diesmann, 2007). Thus, local networks
in spinal cord and brainstem are sufficient to generate basic antagonistic muscle activities that
mediate rhythmic properties of locomotion and breathing, respectively (Bellavance et al.,
2017; Kurnikova et al., 2017; Talpalar et al., 2013; Tresch et al., 1999). However, the integration
of multiple rhythmic behaviors requires cerebellar coordination, exemplified by paradigms
requiring front and hind limb movements, particularly in less stereotyped forms of locomotion
and adaptation (Darmohray et al., 2019; Hoogland et al., 2015; Machado et al., 2015; Vinueza
Veloz et al., 2015). Similarly, an intact cerebellum is required for adjusting the respiratory cycle
during more complex tasks such as speech. We now provide evidence that changes in simple
spike activity of Purkinje cells in the simplex, crus 1 and crus 2 areas, in which respiratory
and whisking processing converge, contribute to re-adaptation of the respiratory timing signal
following sensory perturbation of the facial whiskers. Natural or artificial activation of Purkinje
cells sensitive for whisker stimulation can accelerate the occurrence of the next inspiration. The
correlation between simple spike firing and respiration is particularly strong in the Purkinje cells
whose simple spike firing co-modulate with whisker movement. In line with their instructive
role following facial stimulation (Romano et al., 2018), optogenetic stimulation of Purkinje cells
affects both respiration and whisker movements, providing synergistic control of two different
forms of orofacial behavior.

This is one of the first studies indicating that simple spike activity of individual Purkinje cells
can drive different forms of motor behavior, in this case the rhythmic behaviors represented
by breathing and whisking. This finding elaborates on several behavioral studies demonstrat-
ing the role of the cerebellum in synergistic control of diverse motor domains. For example,
the olivocerebellar system has been shown to be involved in the coordination between eye
and hand movements (Kitazawa et al., 1998; Owens et al., 2018; Vinueza Veloz et al., 2015),
between trunk and limb movements (Bakker et al., 2006; Caliandro et al., 2017), as well as
between shoulder, arm and finger movements (Thach et al., 1993; Timmann et al., 2000). The
current study amasses to that lot by demonstrating for the first time functional convergence
of autonomic and sensorimotor behaviors on single Purkinje cells. Given their rich and diverse
parallel fiber inputs mediating signals from different sensorimotor systems (De Zeeuw et al.,
2011; Gao et al., 2012; Ito, 2000), we postulate that Purkinje cells in the cerebellar cortex
mediate synergy and integration of different motor domains in both voluntary and autonomic
systems.

The contribution of complex spikes to the acute changes in respiratory behavior remains to

be elucidated. They have a relatively low frequency, considerably lower than that of the respira-
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tory cycle. Given the strong convergence of Purkinje cells upon cerebellar nuclei neurons, it is
likely that multiple Purkinje cells encode the phase of the respiratory cycle (see also Ju et al.,
2019; Negrello et al., 2019). Nevertheless, comparing the acute respiratory responses during
trials with and without complex spikes did not reveal any significant difference in behavior.
We also could not find any differences in air puff-related inspiration comparing trials with and
without complex spikes. This means that the phase related signal conveyed by the complex
spike is robust to the sensory perturbation. The only prominent difference that occurred in
the trials with unperturbed and perturbed breathing is that the interval between peak activity
of the complex spikes and that of the simple spikes robustly changed in the trials with air puff
stimulation, supporting a putative role in long-term plasticity (Coesmans et al., 2004; De Zeeuw
and Ten Brinke, 2015; Gao et al., 2012; Suvrathan et al., 2016; Wang et al., 2000). Indeed, this
possibility agrees with the fact that the complex spike frequency negatively correlates with the
induction of long-term potentiation (LTP) at the parallel fiber to Purkinje cell synapse (Coesmans
et al., 2004). It is also consistent with the observation that ablating this form of plasticity in the
Pcp2-Gria3™” mice corrupted the synergistic behavioral response following whisker stimulation.
It will be interesting to investigate to what extent an induced shift in complex spike phase would
have an impact on the relationship between different rhythms, including that of respiration.

It is likely that Purkinje cells in the cerebellar cortex influence the nuclei in the brainstem
that control breathing and/or whisking. The cerebellar fastigial nucleus is known to modulate
the respiratory cycle by sensing CO, in the blood (Martino et al., 2006; Martino et al., 2007;
Xu and Frazier, 2000; Xu et al., 2001). The roles of other cerebellar nuclei, which do not seem
to have correlates of pH sensors (Xu et al., 2001), are still controversial (Xu and Frazier, 2000).
Possibly, the interposed nuclei play a role in control of the upper airways, as bilateral lesions
of this region suppress coughing responses (Xu et al., 1997). The central pattern generator for
respiration is located in the preBotzinger complex (Feldman et al., 2013; Moore et al., 2013;
Ramirez et al., 2011; Smith et al., 1991). There is no direct connection from the cerebellar nuclei
to the preBotzinger complex nor to the adjacent Bétzinger complex (Teune et al., 2000), which
is consistent with our finding that the Purkinje cell-mediated impact of whisker stimulation
changes the timing, not the frequency of respiration (Fig. 31). Possibly, cerebellar nuclei project,
downstream of the preBotzinger complex, to the region of the post-inspiratory complex at the
border of the intermediate and gigantocellular reticular formation (Lu et al., 2013; Teune et al.,
2000) and/or to the parabrachial complex, which projects to motor neurons of the diaphragm
in the spinal cord (Dobbins and Feldman, 1994).

Thus, although the anatomical pathways via which the cerebellum could affect respiration
are still matter of debate, individual Purkinje cells in the lateral cerebellum can synergistically
coordinate multiple motor behaviours, such as respiration and whisking, by injecting accelerat-

ing signals into diverging downstream circuitries.
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STAR METHODS

Lead contact and materials availability

Further information and requests for resources and reagents should be directed to and will be
fulfilled with the Lead Contact, Laurens Bosman (l.bosman@erasmusmc.nl). This study did not

generate new unique reagents.

Experimental model and subject details

Animals

We used 18 WT adult mice with a C57BL/6J background (13 males and 5 females from Charles
Rivers, Leiden, the Netherlands) for the electrophysiological recordings and compared their
behavior to 13 Tg(Pcp2-cre)2Mpin;Gt(ROSA)26Sortm?7- 1 cAc-0paTHI3 R AdTomatolze \aice (Witter et al.,
2013) expressing channelrhodopsin-2 (ChR2) for optogenetic stimulation of their Purkinje
cells (6 males and 7 females from the same breeding colony as the WT mice, preferably us-
ing littermates). As controls for the optogenetic stimulation, we used five additional male
Cre-negative Gt(ROSA)26Sorm?71cAG-0P4 134k /dTomatolkz ice | addition, we used 6 Tg(Pcp2-
cre)2Mpin;Gria3"™*#" KO mice (3 males and 3 females) (Gutierrez-Castellanos et al., 2017) mice,
also on a C57BL/6J background. The mice had an age of 4-7 months. Mice were socially housed
until surgery and single-housed afterwards with ad libitum access to food and water. The mice
were kept at a 12/12 h light/dark cycle and had not been used for any other study before
the start of the experiments described here. All mice were healthy and specific pathogen free
(SPF). All experimental procedures were approved a priori by an independent animal ethical
committee (DEC-Consult, Soest, The Netherlands) as required by Dutch law and conform the
relevant institutional regulations of the Erasmus MC and Dutch legislation on animal experi-
mentation. Permission was filed under the license numbers EMC3001, AVD101002015273 and
AVD1010020197846.

Method details

Surgeries

All mice received a magnetic pedestal that was attached to the skull above bregma using
Optibond adhesive (Kerr Corporation, Orange, CA) and a craniotomy that was made on top of
crus 1 and crus 2. The surgical procedures were performed under isoflurane anesthesia (Phar-
machemie, Haarlem, The Netherlands; 2-4% V/V in O,). Post-surgical pain was treated with 5
mg/kg carprofen (“Rimadyl”, Pfizer, New York, NY), 1 ug lidocaine (AstraZeneca, Zoetermeer,
The Netherlands), 50 ug/kg buprenorphine (“Temgesic”, Reckitt Benckiser Pharmaceuticals,
Slough, United Kingdom) and 1 pg bupivacaine (Actavis, Parsippany-Troy Hills, NJ, USA). After

three days of recovery, mice were habituated to the recording setup during at least 2 daily ses-
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sions of approximately 45 min. In the recording setup they were head-fixed using the magnetic
pedestal. Further body movements were prevented by using a customized restrainer and filling

the empty space with paper tissues.

Whisker pad stimulation and behavioral recordings

Sensory stimulation (0.5 Hz) was given to the center of the whisker pad of awake mice by
means of air puffs given from approximately 5 mm at an angle of 30 degrees with the whisker
pad. Each puff was around 2 bar and had a duration of 30 ms. Videos of the movements of the
untrimmed large facial whiskers were made from above using a bright LED panel as back-light
(A = 640 nm) at a frame rate of 1,000 Hz (480 x 500 pixels using an A504k camera from Basler
Vision Technologies, Ahrensburg, Germany). Respiration was recorded using a PowerlLab 4/30
analog-to-digital converter (AD Instruments, Oxford, United Kingdom) in combination with a

pressure sensor that was placed at the abdomen of the mice.

Electrophysiology

Electrophysiological recordings were performed in awake mice using quartz-coated platinum/
tungsten electrodes (2-5 MQ, outer diameter = 80 um, Thomas Recording, Giessen, Germany).
The latter electrodes were placed in an 8x4 matrix (Thomas Recording), with an inter-electrode
distance of 305 um. Prior to the recordings, the mice were lightly anesthetized with isoflurane
to remove the dura, bring them in the setup and adjust all manipulators. Recordings started
at least 60 min after termination of anesthesia and were made in lobules simplex, crus 1 and
crus 2 ipsilateral to the side of the whisker pad stimulation at a minimal depth of 500 pum.
The electrophysiological signal was digitized at 25 kHz, using a 1-6,000 Hz band-pass filter, 22x
pre-amplified and stored using a RZ2 multi-channel workstation (Tucker-Davis Technologies,
Alachua, FL).

Optogenetic stimulation

LED photostimulation (A = 470 nm) driven by a Thorlabs LED driver (225 uW) was given through
an optic fiber (400 um in diameter, Thorlabs, Newton, NJ, USA). The optic fiber rested on the
dura mater above the midline between crus 1, crus 2, approximately 1 mm lateral from the
vermis, via the craniotomy. During experiments with optogenetic stimulation, trials without
stimulation (“sham controls”), with 100 ms and with 200 ms optogenetic stimulation were

randomly intermingled.

Experimental design

During the experiments and formal analysis, the experimenters were blind to the genotype of
the mice. All obtained data were included, provided the signal-to-noise ratio of the recordings
allowed unbiased analysis. Regarding electrophysiological recordings, as an extra inclusion

criterion we accepted only those recordings during which the amplitude and the width of the
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spikes were constant over time for correlation with the respiratory signal. The recordings in
which the amplitude or the width of more three consecutive simple spikes exceeded three
standard deviations above or below their average were considered unstable and excluded. In
this way, any change in spike rate due to the instability of the recordings was avoided. Only
single-unit recordings of Purkinje cells with a minimum recording duration of 120 s were se-

lected for further analysis.

Quantification and statistical analysis

Phase transformation of respiratory recordings

The signal from the abdominal pressure sensor was filtered with MATLAB’s (MathWorks, Natick,
MA, USA) Butterworth bandpass filter (cut-off frequencies 1 and 10 Hz, chosen to include respi-
ratory frequencies visible on the Fourier transform of the raw signal). For the averages of the
respiration signal around the stimulus, movement artefacts were removed by excluding trials
in which the signal surpassed three times the standard deviation in a 200 ms window before
the stimulus. The phase transform of the respiration signal was acquired with the co_hilbproto
(which calculates a ‘protophase’ of a scalar time series using the Hilbert transform) and co_fbtrT
(protophase to phase transformation) functions from MATLAB toolbox DAMOCO. As the default
setting, the DAMOCO toolbox chooses as initial phase the maximum of the respiration signal,
but for our analysis it was more beneficial to set zero phase at the moment when the mouse
starts inspiration. Therefore, before the phase transform the respiration signal was multiplied

by -1, so that no changes needed to be made to the functions of this toolbox.

Whisker movement tracking

The whisker movements were tracked as described previously (Ma et al., 2017; Rahmati et
al., 2014; Romano et al., 2018) 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 whis-
kers per frame.

Electrophysiological analysis

Spikes were detected offline using SpikeTrain (Neurasmus, Rotterdam, The Netherlands). A re-
cording was considered to originate from a single Purkinje cell when it contained both complex
spikes (identified by the presence of stereotypic spikelets) and simple spikes, when the minimal
inter-spike interval of simple spikes was 3 ms and when each complex spike was followed by a

pause in simple spike firing of at least 8 ms.
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Polar plots

Polar plots were generated to describe the correlation between respiratory phase and Purkinje
cell spiking activity. To this end, we attributed each spike to a phase (using 16 bins) of the
respiration and we compared the recorded distribution with a bootstrap analysis based upon
a re-sampling of the spike times after shuffling the inter-spike intervals. The bootstrap analysis
was repeated 500 times after which the 99% confidence interval was established. The Z score
of each bin was derived by dividing, for each bin, the dividing the difference between number
of spikes of a Purkinje cell during that bin and the average number of spikes of all bins by the
standard deviation of all bins. This analysis focuses on the relative timing of spikes. Respiratory
cycles during which no complex spike was fired are not represented in the polar plots.

Trial-by-trial correlation analysis

The inter-trial variations between the respiratory signal and the instantaneous simple spike
firing rate (Figs. 2F-G and 5) or the average whisker angle (Figs. 5, S4) were calculated and
represented according to a previously published method (Romano et al., 2018; Ten Brinke et
al., 2015). Briefly, during each trial, the filtered respiration signal (see above) was compared
to either the instantaneous simple spike rate or the relative whisker position without align-
ment to the baseline. The instantaneous simple spike rate was obtained by convolving spike
occurrences across 1 ms bins with an 8 ms Gaussian kernel. The inter-trial variations were
subsequently described by creating a matrix of Pearson correlation values for each 10 x 10 ms
bin and visualized as heat maps. In Fig. 5, we separated between those Purkinje cells that had a
significant correlation between their instantaneous simple spike rate and the whisker angle and
those that had not. Significance was established by testing whether the correlation along the
45° line exceed the 99% confidence interval of a bootstrapped dataset in which the inter-spike

times were randomly shuffled 500 times.

Sorted raster plots

To visualize the relation between stimulation and respiration (Figs. 3E, 7C, 8E and S3B) or
between complex spike firing and respiration (Fig. S6A), sorted raster plots were constructed.
For each plot, a dataset composed of a balanced number of trials of all mice was generated and
sorted based upon the duration of the respiratory cycle during which the stimulus was applied
(Figs. 3E, 7C, 8E) or that of the respiratory cycle preceding the stimulus presentation (Fig. S3B).
The trials presented in Fig. S6A were sorted based upon the interval from the air puff stimulus
to the first complex spike following that moment. In Fig. S6A, some of the Purkinje cells were
recorded simultaneously, leading to a larger number of trials than in the other plots that are
based upon mice. The experimental data were compared to a random shuffling of the dura-
tions of the respiratory cycles within each experiment (Fig. 3F). During optogenetic stimulation,
trials with and without stimulation were randomly intermingled and the trials without stimuli

served as sham controls (Fig. 7C). The differences between experimental and control data
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were substantiated by comparing the distribution of the intervals between the start of the last
inspiration prior to stimulation and the moment of stimulation with the distribution of intervals

between the stimulation and the start of the subsequent inspiration.

Anatomical maps

To visualize the distribution of the spike-respiration correlation respiration throughout the
lobules simplex, crus 1 and crus 2 we developed an anatomical map of the distribution of the Z
scored values obtained by the polar plots (Fig. 6A-B). Since the electrophysiological recordings
were performed using a grid of 8 x 4 electrodes (placed always on the same type of craniotomy),
we could retrieve the approximate location of each cell and plot the corresponding maximum Z
score on an 8 x 4 matrix. Linear interpolation was used to smooth the edges of adjacent patches
and the Matlab function “imagesc” was eventually used to obtain the heating map that was
overlapped to a schematic draw of the craniotomy. Similarly, also the air puff responses could

be represented by plotting the values of maximum variation of firing rate of each cell (Fig. 6C).

Statistics and visualization

Throughout the manuscript, mostly non-parametric statistics were used. An exception are the
Z scores calculated per cell to evaluate the amplitude of the responses. Spike responses were
considered statistically significant, if they exceeded a Z score of +/- 3. Whenever applicable,
two-sided tests were used. Unless stated otherwise, data are summarized as medians with the
interquartile ranges.

Box plots (e.g., see Fig. 31) indicate the distribution of the data with the box indicating the
interquartile-range around the median (horizontal line). The whiskers indicate the 10" and 90"
percentiles. Data points outside the 10™-90" percentile range are indicated as separate dots.
Violin plots (e.g., see Fig. S1D) indicate the distribution of all data points as dots. The contours
indicate a convolved histogram of the data points (along the y axis, using a Gaussian kernel and
reflected along the vertical axis) and the horizontal lines show the 10™, 25", 50", 75" and 90"
percentiles.

CV2 was calculated as 2 x |interval,,; —interval,| / (interval,., + interval,).

Data and code availability

All data are available from the Lead Contact upon request. The custom code complementing
BWTT whisker tracking can be obtained via https://github.com/elifesciences-publications/
BWTT_PP.

Additional resources

n/a
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SUPPLEMENTARY MATERIAL
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Figure S1. Purkinje cells in the lateral cerebellum encode eupneic breathing, Related to Fig. 1

A Single-unit recordings of Purkinje cells were made in the lobules simplex, crus 1 and 2 of awake, head-fixed mice during
quiet, unperturbed (eupneic) respiration. B The pressure on the abdominal sensor was used as the raw respiratory signal
(cyan). As the course and duration of each cycle could be quite variable, we used a phase transform (black) to obtain the
instantaneous phase at each moment of the respiratory cycle. For ten mice, we show here three overlaid randomly selected
cycles (during unperturbed breathing) with underneath it the three phase transforms. The three parts of the cycle, inspiration
(starting at phase 0), post-inspiration and expiration can be seen in most traces. C Frequency, coefficient of variation (CV) and
mean local coefficient of variation (CV2) of eupneic respiration in 13 mice. D The average complex spike (CS) and simple spike
(SS) frequencies as well as the mean local coefficient of variation (CV2) of the simple spikes of 43 Purkinje cells recorded dur-
ing eupneic respiration. E Violin plots indicating the distributions of the maximal (absolute) complex spike and simple spike
modulation for each Purkinje cell during the respiratory cycle. The firing rate modulation is expressed as Z score related to the
bootstrap analysis. Responses exceeding a Z score of 3 (p < 0.01) were considered to be statistically significant, but it is clear
that most Purkinje cells show at least some degree of modulation and any clear separation between modulating and non-mod-
ulating Purkinje cells would be subjective. Gray lines in the violin plots indicate 10™, 25", 50", 75" and 90" percentiles. F There
was no significant correlation between the complex spike rate and the depth of the complex spike modulation during the
respiratory cycle (r = 0.133, p = 0.396, Spearman rank correlation test; left). In line with this, the complex spike firing rates of
Purkinje cells with weak (Z<3) or strong (Z>3) complex spike modulation were similar (U = 148, p = 0.895, Mann-Whitney test).
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Figure S2. Complex spike and simple spike modulation occur during distinct phases of the respiratory cycle,
Related to Fig. 2

A Maximal increase and decrease in simple spike firing in response to air puff stimulation per Purkinje cell. The cells are sorted
based upon their bias towards decreased (left) of increased (right) simple spike firing. The Purkinje cells have the same color
code as in Fig. 2C. B No correlation between average firing rate and maximal modulation in simple spikes (r =-0.14, p = 0.487,
Spearman rank correlation test). C Polar plot showing, for each Purkinje cell, the relation between the phase of maximal
complex spike (red) and that of the strongest simple spike (blue) modulation during unperturbed respiration. The radial axis
indicates the modulation strength (in absolute Z score). The grey area indicates |Z| > 3. The neurons are separated based on
the occurrence of the peak complex spike modulation during the first (top) or second half (bottom) of the respiratory cycle.
D There was a positive correlation between the rate of simple spike firing around the transition between inspiration and
post-inspiration (~1t) and the occurrences of complex spikes during the transition from post-inspiration to expiration (~3 1t/2)
(r=0.54, p < 0.001, Spearman rank correlation). E Likewise, there was a negative correlation between complex spike firing
around the transition from post-inspiration to expiration and the simple spike rate during expiration (~71/4) (r =-0.43, p =
0.004, Spearman rank correlation).
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Figure S3. Whisker pad stimulation triggers inspiration, Related to Fig. 3

A Heat maps showing the distributions of the intervals between whisker pad stimulation and the start of the next inspiration
(x axis) and the intervals between the start of the preceding inspiration and the whisker pad stimulation (y axis). The recorded
data were compared to data were the times of the inspiration were randomly shuffled (cf. Fig. 3E-F). In the randomized data
(middle), there is a clear symmetry between the time interval between the onset of inspiration and that of the stimulus
("inspiration - puff”) and the time interval from stimulus onset to the start of the next inspiration (”puff - inspiration”). This
symmetry is broken in the experimental data (left), showing a tendency to start the next inspiration within 100 ms of the
stimulus (right). B Whisker pad air puff stimulation affected the timing of the subsequent inhalations, but the mice did not
entrain their respiration on the fixed frequency of the air puff stimulation. This becomes clear from the raster plot showing
the timing of the start of inspiration around the moment of air puff stimulation. The raster plot is constructed by combining
trials from 12 mice, sorted on the duration of the cycle prior to the air puff stimulation.
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Figure S5. Purkinje cells respond to whisker pad air puff stimulation, Related to Fig. 4

A Extracellular recording of a representative Purkinje cell in crus 1 during air puff stimulation of the ipsilateral whisker pad. Of
this same cell, raster plots and peri-stimulus time histograms of the complex spikes (B) and simple spikes (C) were made. Note
the bidirectional modulation of the simple spikes. D Of the 57 recorded Purkinje cells, 53 (93%) responded with a statistically
significant complex spike response to the whisker pad air puff. For the simple spikes, this number was 54 (95%).
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Figure S6. Complex spikes do not mediate the accelerated inspiration after whisker pad stimulation, Related
to Fig. 4

A Air puff stimulation of the whisker pad triggers both complex spike firing (red dots) and accelerated inspiration (cyan dots).
This raster plot shows the pooled trials of the 12 mice ordered on the interval between the start of the stimulus and the first
complex spike afterwards. B Histogram of complex spikes during the first 500 ms after the air puff, composed of the data
shown in A. The initial peak response occurs within 78 ms. Inset: Violin plots showing that the timing of the first inspiration
after the air puff is not depending on the moment of complex spike firing. Left: trials with a complex spike between 0 and 78
ms after the air puff; middle: 78-200 ms; right: 200-500 ms. p = 0.560, KW = 1.158, Kruskal-Wallis test. C Scatter plot show-
ing, for each Purkinje cell, the median interval between air puff and start of the next inspiration for trials with and without
a complex spike within 78 ms of the air puff. The strong correlation demonstrates a lack of impact of complex spike firing on
the start of the next inspiration (r = 0.693, p < 0.001, Spearman rank correlation). D Box plots of the intervals between the air
puff and the start of the next inspiration in trials with and without a complex spike during the first 78 ms after the air puff (p =
0.148, Mann-Whitney test). E The same for the second respiratory interval after the air puff (p = 0.302, Mann-Whitney test).
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Figure S7. Purkinje cell stimulation alters both respiratory timing and whisker movements, Related to Fig. 5
and Fig. 7

A Based upon the trial-by-trial variations (see Fig. 5C-D), we calculated the maximal correlation between fluctuations in
simple spike frequency and those in whisker position (x axis) and that between fluctuations in simple spike frequency and in
inspiration (y axis). The maximal correlations were taken along the 45° line (see Fig. 5C-D). There appeared to be a positive
correlation between these two correlations (r = 0.44, p = 0.010, Spearman rank correlation), implying that the stronger Pur-
kinje cell simple spike activity was correlated with whisker movement, the stronger the correlation of simple spikes from the
same Purkinje with inspiration. Time course of whisker movements (green) and respiration (blue) recorded simultaneously
upon optogenetic stimulation of Purkinje cells in mice expressing ChR2 exclusively in their Purkinje cells (B, n = 13) and in
Cre-negative mice that do not express the ChR2 protein (C, n = 5).
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Figure S8. Purkinje cell stimulation affects respiratory timing, Related to Fig. 7

A The impact of optogenetic stimulation on respiratory timing was studied using transgenic mice expressing ChR2 exclusively
in their Purkinje cells and control mice (Cre-negative mice not expressing ChR2 protein). B The impact of the light stimula-
tion was different between the ChR2 and control mice (p = 0.030, F = 5.686, df = 1, two-way ANOVA, interaction optogenetic
stimulation*genotype). Violin plots showing the duration of the respiratory cycle during which the stimulus was given (C), the
interval between the start of inspiration to that of the stimulus (D) and the interval between the start of stimulation and that
of the next inspiration (E). Left column: 100 ms stimulation, right column: 200 ms stimulation. The horizontal lines indicate
the 10", 25™, 50", 75" and 90" percentiles.
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KEY RESOURCES TABLE

REAGENT or RESOURCE

| SOURCE

| IDENTIFIER

Antibodies

n/a

Bacterial and Virus Strains

n/a

Biological Samples

n/a

Chemicals, Peptides, and Recombinant Proteins

Optibond adhesive

Kerr Corporation

33381E

Isoflurane

Pharmachemie

45.112.110

Rimadyl

Pfizer

CAS 53716-49-7

Lidocaine
Buprenorphine

Bupivacaine

Braun

Reckitt Benckiser
Pharmaceuticals
Actavis

RVG 07831
RVG 08725

RVG 20949

Critical Commercial Assays

n/a

Deposited Data

n/a

Experimental Models: Cell Lines

n/a

Experimental Models: Organisms/Strains

C57BL/6J mice
Tg(Pcp2-cre)2Mpin;Gt(ROSA)26Sorm?7-1(cAc-

OP4*H134R/tdTomato)Hze

Charles River
(Witter et al., 2013)

IMSR_JAX:000664

Tg(Pcp2-cre)2Mpin;Gria3tm2fs

(Gutierrez-Castellanos
et al., 2017)

Oligonucleotides

n/a

Recombinant DNA

n/a

Software and Algorithms

MATLAB
SpikeTrain

MathWorks
Neurasmus

BIOTACT Whisker Tracking Tool

Custom whisker tracking code

Other

n/a
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Chapter 6

ABSTRACT

Coherence among sensory and motor cortices is indicative of binding of critical functions
in perception, motor planning, action and sleep. Evidence is emerging that the cerebellum
can impose coherence between cortical areas, but how and when it does so is unclear. Here,
we studied coherence between primary somatosensory (S1) and motor (M1) cortices during
sensory stimulation of the whiskers in the presence and absence of optogenetic stimulation of
cerebellar Purkinje cells in awake mice. Purkinje cell activation enhanced and reduced sensory-
induced S1-M1 coherence in the theta and gamma bands, respectively. This impact only oc-
curred when Purkinje cell stimulation was given simultaneously with sensory stimulation; a
20 ms delay was sufficient to alleviate its impact, suggesting the existence of a fast, cerebellar
sensory pathway to S1 and M1. The suppression of gamma band coherence upon Purkinje cell
stimulation was significantly stronger during trials with relatively large whisker movements,
whereas the theta band changes did not show this correlation. In line with the anatomical
distribution of the simple spike and complex spike responses to whisker stimulation, this
suppression also occurred following focal stimulation of medial crus 2, but not of lateral crus
1. Granger causality analyses and computational modeling of the involved networks suggest
that Purkinje cells control S1-M1 coherence most prominently via the ventrolateral thalamus
and M1. Our results indicate that coherences between sensory and motor cortices in different
frequency ranges can be dynamically modulated by cerebellar input, and that the modulation

depends on the behavioral context and is site-specific.
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Significance Statement

Coherent activity between sensory and motor areas is essential in sensorimotor integration.
We show here that the cerebellum can differentially affect cortical theta and gamma band
coherences evoked by whisker stimulation via a fast ascending and predictive pathway. In line
with the functional heterogeneity of its modular organization, the impact of the cerebellum is
region-specific and tuned to ongoing motor responses. These data highlight site-specific and
context-dependent interactions between the cerebellum and the cerebral cortex that can come

into play during a plethora of sensorimotor functions.
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INTRODUCTION

Coherent oscillations can bind different brain areas by affecting susceptibility of neurons to
synaptic input and providing a timing mechanism for generating a common dynamical frame
for cortical operations (1, 2). For example, coherence can create a temporal framework for
concerted neural activity that facilitates integration of the activity of sensory and motor areas
(3-5). Online integration is particularly relevant, when animals, including ourselves, explore
their environment via active touch, requiring sensory input to be directly related to the mo-
mentary position and movement of eyes, fingertips, antennae, whiskers or other organs (6-8).

Coherence often occurs in specific frequency bands that can be associated with different
functions. In the field of sensorimotor integration, skilled movements rely on intercortical
coherence between sensory and motor areas that occur in the theta (4-8 Hz) range during
force generation, while coherence at higher bands is engaged during the preparation thereof
(9). Likewise, within the field of visual perception, coherence in the alpha (8-12 Hz) and gamma
(30-100 Hz) bands have been found to contribute to feedback and feedforward processing,
respectively (10, 11).

The appearance of coherence among different cortical regions implicates reciprocal con-
nections between neurons distributed among different layers within the cerebral cortex (12-16)
as well as inputs from subcortical structures like the thalamus (17-20) (Fig. 1A). Accordingly,
one of the main inputs to the thalamus, i.e., the cerebellum, has a strong impact in organizing
cortico-cortical coherence (21-23). Indeed, disruption of cerebellar function, whether inflicted
pharmacologically in rats (22) or due to stroke in patients (21), affects cortico-cortical coher-
ence.

Even though the impact of cerebellar activity on cortical coherence is well established (22,
24, 25), it remains to be elucidated to what extent and how the cerebellum can differentially
influence different frequency bands, to what extent such potentially different impacts depend
on the behavioral context, and whether these differential effects are mediated through differ-
ent cerebellar modules (26-28). Here, we set out to address these questions by investigating
the impact of Purkinje cell activity on coherence between the whisker areas of the primary
somatosensory (wS1) and motor cortex (wWM1) during stimulation of the whiskers in awake
behaving mice. When we stimulated Purkinje cells optogenetically at different intervals with
respect to air puff stimulation of the whiskers, we observed that these main output neurons
differentially contribute to wS1-wM1 theta and gamma band coherences with opposite effects,

depending on ongoing behavior and their precise site in the cerebellar hemispheres.
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RESULTS

Purkinje cell stimulation modulates sensory responses in wS1 and wM1

Whisker stimulation triggers fast responses in wS1 and wM1 (29-31) as well as in the cerebel-
lar cortex (28, 32, 33). Before studying the impact of cerebellar stimulation on the cortical
coherence between wS1 and wM1, we first needed to determine to what extent the individual
cortical responses within wS1 and wM1 depended on cerebellar activity.

Thereto, we compared local field potentials (LFPs) in wS1 during whisker stimulation in the
absence or presence of optogenetic stimulation of Purkinje cells in the crus 1 and crus 2 area
(Figs. 1B, S1). Air puffs applied to the whiskers evoked canonical LFP responses in wS1 in that
they induced an initial fast decrease, first in layer IV and then also in the superficial and deep
layers, followed by increased LFP signals (Figs. 1C, S2A, S3A). Decreases in LFP signal have been
suggested to correspond with increased neuronal excitation (34), returned to baseline after
roughly 200 ms.

Given the strong and direct trigemino-thalamo-cortical pathways (8, 35), a significant
impact of Purkinje cell stimulation during whisker stimulation on the initial response in the
input layer of wS1 would not be expected. Indeed, this was not the case (p = 0.197, Fig. S4A;
see Table S1 for details on statistical analysis). However, the spread of excitation to the deeper
layers was enhanced by Purkinje cell stimulation (p = 0.012, Fig. S4A). Likewise, Purkinje cell
stimulation reduced the positive LFP peak in the deeper layers (p = 0.024, Figs. 1E-F, S2A, S3A).
Both effects were not observed when we postponed the Purkinje cell stimulation 20 ms relative
to the whisker stimulation (Figs. 1G-H, S2A, S3A, S4A, Table S1). When we, as a control, stimu-
lated the Purkinje cells in the absence of sensory stimulation, we observed that this induced a
near-complete block of the output of cerebellar nucleus neurons, followed by rebound firing
at the end of the 100 ms stimulus interval (Fig. S2B). Of note, the period of silencing led to
a small, but observable increase in neural activity in wS1 (negative LFP) while the rebound
firing in the cerebellar nuclei correlated with decreased neural activity in wS1 (positive LFP; Fig.
1D), suggesting that the connection between cerebellar nuclei and wS1 includes at least one
inhibitory hub.

Similar to wS1, wM1 did not display a significant impact of Purkinje cell stimulation on the
initial wave of neural excitation following sensory stimulation (Fig. S4B, Table S1). However, the
subsequent positive peak in the LFP was reduced in the deeper layers (p = 0.024, Figs. 1I-L, S2A,
S3B). As for wS1, this effect was abolished by a 20 ms delay between whisker and Purkinje cell
simulation (Fig. 1M-N). Thus, our data indicate a fast ascending pathway via the cerebellum

disinhibiting sensory responses in the deeper layers of wS1 and slightly later also in wM1.
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Figure 1. Purkinje cell stimulation disinhibits fast sensory responses in wS1 and wM1.

A Simplified scheme of anatomical pathways carrying whisker input to wS1, wM1 and the cerebellum, and the reciprocal
cerebro-cerebral connections. 10 = inferior olive; MDJ = nuclei of the mesodiencephalic junction; Pom = posterior medial
nucleus; TN = trigeminal nuclei; VL = ventrolateral nucleus; VPM = ventroposterior medial nucleus; ZI = zona incerta. B Lo-
cal field potentials (LFP) were recorded in wS1 and wM1 of awake mice using, for each area, 14 recording spots on linear
silicon probes. Colors indicate their relative positions, with orange and red for the 3" and 10" electrodes, representing the
supra- and subgranular layers, respectively. Purkinje cells (PC) were stimulated optogenetically using an optic fiber with 400
um diameter placed on the center of crus 1 (Fig. S1). C Whisker stimulation triggered fast responses in contralateral wS1, as
illustrated by the averaged LFP traces (n = 100 trials per mouse, N = 8 mice). D Purkinje cell stimulation triggered delayed
responses in wS1 after rebound firing in the cerebellar nuclei (Fig. S2B). E Comparison of the LFPs recorded during trials with
whisker stimulation (orange / red) and with combined with sensory and Purkinje cell stimulation (cyan / blue). F During the
early response period, especially the amplitude of the first positive LFP peak in the subgranular layers was affected, in addi-
tion to profound impact during later phases of sensory processing. Plotted are the averaged differences in amplitude of the
first positive LFP peaks. Error bars indicate SEM and shaded area sd. G-H The impact of optogenetic Purkinje cell stimulation
on the first positive LFP peak was largely abolished by introducing a 20 ms delay between the start of air puff sensory stimula-
tion and the onset optogenetic Purkinje cell stimulation. I-N The same plots as C-H, but now for wM1, showing comparable
impact of optogenetic Purkinje stimulation on the sensory-induced LFP signals.
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Cerebellar output differentially modulates S1-M1 coherence in theta and
gamma bands

As we found cerebellar activity to be able to modulate early-phase sensory responses in both
wS1 and wM1, we surmised that cerebellar activity could also affect sensory-related coher-
ent activity between these areas. As there are particularly strong connections between the
subgranular layers of wS1 and the supragranular layers of wM1 (5, 36) (Fig. 1A), we initially
focused on the coherence between these layers. Air puff stimulation of the whiskers triggered
a fast increase in S1-M1 coherence, particularly in the beta and lower gamma band range, and
to a lesser extent in the theta range (Fig. 2). Instead, whereas sensory stimulation combined
with simultaneous optogenetic Purkinje cell stimulation led to a further enhancement in the
sensory-induced coherence at the theta band, the same combination prominently reduced
the sensory-induced coherence at the gamma band (Fig. 2A,B,E). Both of these modifications
could be alleviated by delaying the optogenetic stimulation with 20 ms relative to the onset of
whisker stimulation (Fig. 2A,B,E). The fact that a 20 ms lag between sensory and Purkinje cell
stimulation was sufficient to, at least in part, rescue the original amplitude of sensory-evoked
signals corroborates the notion that under normal physiological circumstances cerebellar
modulation of cerebral coherence is probably mediated by a fast pathway. Granger causality
can measure how much of the wM1 signal in a certain frequency band is controlled by the wS1
and vice versa. Applying that analysis on the sensory-induced coherence revealed that, for the
comparison of the deep layers of S1 and the superficial layers of M1, both areas were involved
in generation of the coherence (Fig. 2C-D).

Examining the coherence between other cortical layers, which are probably less directly
coupled (Fig. 1A), we observed that the cerebellar impact broadened, now also comprising beta
and higher gamma bands (Fig. S5). Granger causality analysis revealed that the sensory-induced
gamma band coherence is largely triggered by the superficial layers of wS1 and from there
spreads to the deep layers of wS1 (Fig. S6A-B) and the deep layers of wM1 (Fig. S6C-D). Notably,
there was more balance between the deep layers of wS1 and the superficial layers of wM1
(Figs. 2C-D and S6C-D), suggesting that sensory-induced coherence is a complex phenomenon
involving reciprocal connections between wS1 and wM1. The Granger causality analysis of the
Purkinje cell-induced theta band coherence did not systematically reveal a strict directionality,
suggesting a reciprocal involvement of wS1 and wM1.

Thus, experimentally dampening the output of the cerebellar nuclei by enhancing Purkinje
cell activity results in an array of changes in sensory-induced coherences between wS1 and
wM1. Effects were detected in all layers, but the most specific and reproducible changes were

revealed in the comparison between theta and gamma coherence across wS1 and wM1.

Cerebellar impact on S1-M1 coherence depends on behavioral context

Air puff stimulation of the whiskers triggers reflexive protraction, the amplitude of which is

correlated to cerebellar activity (28, 33). This suggests an interaction between cerebellar activ-
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Figure 2. Reducing cerebellar output enhances and inhibits sensory-induced S1-M1 theta and gamma band
coherence, respectively.

A Averaged LFP signals in subgranular wS1 and supragranular wM1 following either air puff stimulation of the contralateral
facial whiskers, optogenetic Purkinje cell (PC) stimulation, or a combination of both. In the column on the right, there was a
20 ms delay between the onset of air puff and Purkinje cell stimulation. Purkinje cell stimulation was performed with an optic
fiber with a 400 um diameter placed on the center of crus 1. B Heat maps with the coherence strength for each frequency.
Purkinje cell stimulation induced a delayed increase in the lower frequency range, mainly theta band. Sensory stimulation
predominantly caused a rapid increase in the lower gamma band range. This increased coherence in the lower gamma band
range could be suppressed by simultaneous optogenetic stimulation of Purkinje cells. This suppression was largely absent
when the optogenetic stimuli were delayed by 20 ms, indicating the importance of fast cerebellar processing. C Heat maps
showing Granger causality from wS1 to wM1. D Granger causality for wM1 to wS1. E Coherence after whisker stimulation
(left) and for optogenetic Purkinje cell stimulation alone (right). F Simultaneous Purkinje cell stimulation enhanced and sup-
pressed theta and gamma band coherence, respectively. These modulations were largely reduced by a 20 ms delay in the
onset of Purkinje cell stimulation. The increased theta band activity may partly reflect a direct effect of Purkinje cell stimula-
tion. Shaded areas indicate SEM. N = 8 mice; * p < 0.05 (x? > 3.84; difference of coherence test, see Methods)
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ity, whisker protraction and wS1-wM1 coherence. To sharpen this statement, we singled out,
for each experiment, the 50% of the trials with the largest reflexive whisker protractions and
compared these to the other 50% (Fig. 3A-B). During air puff stimulation, larger protractions
were correlated to lower coherence levels than smaller protractions, which was opposite dur-
ing combined whisker and Purkinje cell stimulation (Fig. 3C), alluding to a significantly stronger
impact of cerebellar activity during larger movements (Fig. 3D-E). Again, this impact was absent
when introducing a 20 ms delay between whisker and Purkinje cell stimulation (Fig. 3D). The
cerebellum therefore seems to provide contextual input with a homeostatic effect, which was
particularly clear in the beta and gamma bands, but absent in the theta band. Purkinje cell
stimulation in the absence of whisker stimulation did not cause a whisker movement until the

end of the stimulus, as described previously (25) (Fig. S7).

Regional heterogeneity in cerebello-cerebral communication

The direction of Purkinje cell modulation upon whisker stimulation is related to the location
within crus 1 and crus 2 receiving the stimulus (28). More specifically, whereas the increase
in simple spike firing is most prominent in medial crus 2, that of the complex spikes, which
may facilitate execution of touch-induced whisker protraction, is more robust in lateral crus
1 (28). Given this differential distribution in whisker-related Purkinje cell activity (Fig. 4A), we
hypothesized that the changes in coherence described above depend on the specific area of
optogenetic stimulation. To study the impact of spatial Purkinje cell stimulation on wS1 and
wM1, we placed small optic fibers in a rectangular grid, targeting the medial and more lateral
parts of crus 1 and crus 2. With these fibers we could reliably trigger a near-complete block
of neuronal activity in the cerebellar nuclei and trigger whisker movements related to the re-
bound firing in these nuclei (Figs. S8 and S9). Yet, the illuminated volumes were small enough to
reduce crosstalk between medial and lateral stimulus locations (Fig. $10). Consistent with the
hypothesis described above, we found the most prominent differences in the impact of optoge-
netic stimulation during whisker stimulation between medial crus 2 and lateral crus 1 (Figs. 4B
and S11). More specifically, comparison of the impact of Purkinje cell stimulation on the extent
of sensory-induced coherence revealed that Purkinje cells in medial crus 2 and lateral crus 1
differed in their impact on gamma band coherence, but showed no significant difference on
theta band coherence. Since these data on regional heterogeneity were based on differential
Purkinje cell modulations during different forms of adaptive and reflexive whisking behavior
(28), they are consistent with the prominent dependency of the gamma, but not theta, band

coherence on behavioral context (Fig. 3).

Dissecting the impact of neural pathways using a laminar model

We recapitulated the experimental findings by adapting a large-scale computational model
of the laminar cortex and subcortical structures (16) to the anatomical pathways relevant

for whisker and Purkinje cell stimulation (Fig. 5A). Increasing the intensity of Purkinje cell
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Figure 3. Cerebellar impact on
wS1-wM1 coherence depends
on behavior.

A Whisker stimulation triggers
reflexive protraction. Trials were
split between the 50% of the trials
with the largest and the 50% with
the smallest protractions. B The co-
herence between the subgranular
layers of wS1 and the subgranular
layers of wM1 were only mildly dif-
ferent between the trials with large
(upper row) and small (bottom row)
movements. C For each stimulus
condition, the averaged coherence
spectra are plotted, with colored
traces representing the large whis-
ker movements. Note that the dif-
ference in beta and lower gamma
band activity are modulated in op-
posite fashion when adding optoge-
netic Purkinje cell stimulation to the
air puff stimulation. D Accordingly,
the impact of optogenetic Purkinje
cell stimulation on sensory-induced
wS1-wM1 coherence was stron-
ger during trials with large whisker
movements. This difference was
statistically significant (DoC test,
see E). This effect was abolished by
a 20 ms delay between the start of
whisker and Purkinje cell stimula-
tion. E The difference in the im-
pact of simultaneous Purkinje cell
stimulation (“AACoherence”) on
sensory-induced beta and gamma
band coherence was significantly
larger during the trials with large
movements than during those with
small movements (DoC analysis).
Lines in C-E indicate averages and
the shades SEM. See also Fig. S7.

stimulation had differential effects on different regions, reflecting the contributions of excit-

atory and inhibitory connections between them (Fig. 5B). Stimulating the trigeminal nucleus,

simulating whisker input, induced increased coherence in the theta and lower gamma range,

the latter being inhibited by simultaneous Purkinje cell stimulation (Fig. 5C), mimicking the
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Figure 4. Regional heterogeneity in cerebello-cerebral communication.

A Air puff whisker pad stimulation results in bidirectional modulation of Purkinje cell simple spike firing. Heat map illustrates
the distribution of the maximal modulation within 80 ms of stimulation, showing a difference between medial and lateral
zones, modified with permission from (28). Note that whisker stimulation can either increase or decrease the simple spike
rate. The grey lines indicate the tentative borders between the cerebellar zones. The two colored circles indicate the ap-
proximate positions of the 105 um diameter optic fibers. B Compared to air puff stimulation in the absence of optogenetic
stimulation, stimulation of Purkinje cells in the medial part of crus 2 and those in the lateral part of crus 1 had opposing ef-
fects specifically on sensory-induced gamma band coherence. See also Figs. $8-11.

experimental data (see Fig. 2). Granger causality analysis of the modeled data revealed that
the sensory-induced gamma band coherence was approximately symmetrical between wS1
and wM1, while the theta band coherence caused by Purkinje cell activity was largely inflicted
upon wS1 by wM1 (Fig. 5D). The balance between S1 and M1 in causing sensory-induced
gamma band coherence proved to be particularly dependent on the reciprocal connectivity
between the superficial layers of S1 and M1 (Fig. S12). Moreover, our model also fits with
the results that Purkinje cell stimulation is responsible for the enhancement of theta coher-
ence between cortical areas. Given the prominent similarity of the modeled and experimental
datasets under various conditions, we next looked at the potential relevance of the different
thalamic hubs that were not directly tested in the experiments. These modeling data suggest
that the ventroposterior medial nucleus (VPM) and ventrolateral nucleus of the thalamus (VL)
had a stronger impact than the medial posterior nucleus (Pom) in mediating the impact of cer-
ebellar activation onto cortical coherence between wS1 and wM1 during sensory stimulation
(Fig. S13), which is in line with the distribution of afferents from cerebellum and trigeminal

nucleus to the thalamus (8).
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Figure 5. Laminar model.

A Schematic representation of the connections present in the
computational model we used to study cortical coherence in
silico. CN = cerebellar nuclei, PC = Purkinje cells, Pom = me-
dial posterior nucleus of the thalamus, TN = sensory trigemi-
nal nuclei, VL = ventrolateral nucleus of the thalamus, VPM
= ventroposterior medial nucleus of the thalamus, ZI = zona
incerta. B Impact of Purkinje cell stimulation on the firing rates
of four different areas. C Coherence between S1 and M1 dur-
ing stimulation of the trigeminal nuclei (simulating air puffs),
the stimulation of Purkinje cells, and the combination of both
stimuli. Trigeminal stimulation increased coherence in the
gamma band, while Purkinje cell stimulation promoted theta
band coherence. Adding Purkinje cell stimulation to trigeminal
stimulation cancelled the increased gamma band coherence.
Lines represent means and shaded areas sd. D Granger cau-
sality analysis revealing a largely bidirectional flow between
S1 and M1 during gamma band coherence. Lower frequencies
predominantly originated from M1. See also Figs. S12 and S13.

Tactile inspection of the world requires acute motor control with fast integration of sensory

feedback. This is how one adapts grasp force to keep a slipping cup, or how a tennis player

adapts his stroke to side wind. To study fast sensorimotor integration in mammals, explora-

tion by whisker touch has become a popular model system (6-8). In line with the behavioral

relevance to mice, neural control of the facial whiskers is complex, involving synergistic control

of cerebellum and neocortex (23). Here, we found for the first time that transient disruptions of
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cerebellar output, induced by optogenetic stimulation of Purkinje cells, could disinhibit sensory
LFP responses to whisker stimulation in wS1 and wM1 and differentially modulate sensory-
induced wS1-wM1 theta and gamma band oscillations. The impact of Purkinje cell stimulation
on the coherence in the gamma, but not theta, range depended on the acute behavior as well

as the precise location in the cerebellar cortex.

The impact of Purkinje cell stimulation on the individual LFP responses in wS1 and wM1 can
be readily explained by the anatomical pathways involved (8). Whisker sensory information is
rapidly relayed to the granular layer of wS1 via lemniscal and extralemniscal pathways passing
by the thalamic VPM nucleus (8, 35-40). Optogenetic silencing of cerebellar output did not
affect the initial excitation in the wS1 granular layer, but it did promote the subsequent spread
to the subgranular layers (Fig. S4). These effects may be due to the prominent projection of the
cerebellar nuclei onto the zona incerta (8, 38). Indeed, the inhibitory activity of the zona incerta
has been implicated in subcortical suppression of whisker sensory input during self-motion (8,
37, 39, 40), which highlights its role as an important intermediate between cerebellum and
neocortex. The zona incerta sends GABAergic projections in particular to Pom, which receives
direct inputs from the trigeminal nuclei and cerebellum, next to its inputs from wS1 (8, 40)
and VL (41). Thus, during whisker motion, the cerebellum could, in conjunction with wM1 (39),
activate the zona incerta that in turn suppresses thalamic activity. In wS1, Pom terminals can
be found mainly in layers | and V (42), in line with our finding of cerebellar disinhibition of
the subgranular layers. In wM1 too, Purkinje cell stimulation resulted in a disinhibition of the
sensory response, which again is compatible with the projections from Pom. Moreover, in all
cases, a brief delay between sensory and Purkinje cell stimulation reduced the cerebellar im-
pact substantially, which follows our experimental finding that a fast input from the cerebellum
appears to be essential for the normal responses in wS1 and wM1.

The impact of Purkinje cell stimulation on coherence between wS1 and wM1 showed that
cerebellar output enhances and reduces sensory-induced coherence in the theta and gamma
bands, respectively. However, the finding that only the impact in the gamma range depended on
ongoing behavior and on the precise location of stimulation in the cerebellar cortex raises the
possibility that the cerebellum exerts its functional effects in the cortex mainly through a more
high-frequency mode of operation. Moreover, these findings also suggest that the cerebellum
may better control motor behavior by temporarily downgrading the coherence with sensory
relevant signals rather than enhancing them. These implications agree with the high-frequency
mode of simple spike activity and modulation that take place during the preparation and execu-
tion of motor coordination (28, 33, 43, 44). Indeed, we found that the suppressive impact of
Purkinje cell stimulation on gamma band oscillations was greater during larger movements and

this impact could be specifically linked to the Purkinje cells in medial crus 2. Finally, our data
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also align well with the differential frequencies of coherences that are implicated during the

different stages of motor planning and execution (9, 22).

The impact of cerebellar activation on individual LFP signals in wS1 or wM1 as well as that on
the coherence between these signals could be well replicated by our modeling work. We built
our computational model on cerebellar modulation of cortical interactions by expanding our
existing model on cortico-cortical and thalamo-cortical interactions (16, 20). The model, the
connectivity of which is constrained by realistic anatomical routes, suggests that Purkinje cell
activity triggers a disinhibitory effect via the zona incerta, which in turn mediates both the sup-
pression of gamma coherence and the enhancement of theta coherence between S1 and M1.
In agreement with the experimental data, the model revealed that sensory-induced gamma
band coherence involved mainly signals originating from S1, but with a substantial contribution
of M1. The impact of M1 on gamma band coherence depended on the extent of reciprocal
connectivity of S1 and M1, rather than on thalamic activity (Figs. S12). Changing the connectiv-
ity of the Pom could alter the coherence at lower frequencies, with the stronger connectivity
being more in line with the experimental data, but had little impact on the directionality of
coherence (Fig. S13). Given the similarities between the modeling and experimental outcomes,
even explaining counterintuitive findings, the current model may well provide detailed and
valid predictions as to how the cerebellum may influence the different layers and areas of the

cerebral cortex under a wider and richer variety of physiological behaviors.

MATERIALS AND METHODS

Animals. Experiments were performed on heterozygous transgenic mice expressing the light-
sensitive cation channel channelrhodopsin-2 under the Purkinje cell-specific Pcp2 promoter
(Tg(Pcp2-cre)2MPin;Gt(ROSA)26Sort ™27 UcAC-CoPatHIZaRtdTomatolHzey oy 5 C57BL6/) background (45).
We used 14 males and 12 females aged between 10 and 34 weeks. The mice were kept in a
vivarium with controlled temperature and humidity and a 12/12 h light/dark cycle. The animals
were group housed until surgery and single housed afterwards. A project license was obtained
prior to the start of the experiments from the national authority (Centrale Commissie Dierpro-
even, The Hague, The Netherlands; license no. AVD101002015273) as required by Dutch law
and all experiments were performed according to institutional, national and EU guidelines and

legislation.

Surgery. The mice received a pedestal to allow head-fixation in the recording setup as well as
one to three craniotomies to grant access to the brain. All surgical procedures were performed
under anesthesia and the mice were given pain-killers before and after surgery. The animals

were given three days of recovery after the surgery before they were habituated to the setup
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on at least three consecutive days with increasing habituation times (from approx. 10 min the
first session to approx. 2 h the last session). Further details can be found in the Supplementary
Methods.

Electrophysiology. All recordings were made in awake, head restrained mice. Single unit activity
of putative cerebellar nuclei neurons was measured using extracellular quartz-coated platinum-
tungsten fiber electrodes (R = 2-5 MQ; 80 um outer diameter; Thomas Recording, Giessen,
Germany) placed in a rectangular matrix (Thomas Recording) with an inter-electrode distance
of 305 um. LFP recordings were made in wS1 and wM1 using 16 channel, single shaft silicon
probes with an inter-electrode distance of 100 um (R = 1.5-2.5 MQ, A1x16-5mm-100-177-A16,
NeuroNexus Technologies, Ann Arbor, MI, USA). Each silicon probe was equipped with its own
reference, placed in close proximity to the recording site. The two probes shared the same
ground, which was placed either in the agar covering the recording sites or in the agar covering
the cerebellar craniotomy. All electrodes were connected to a PZ5 NeuroDigitizer (Tucker-Davis
Technologies). The signals were amplified, 1-6,000 Hz filtered, digitized at 24 kHz and stored
using a RZ2 multi-channel workstation (Tucker-Davis Technologies). Recorded neurons were
classified as putative cerebellar nuclei neurons if they were recorded at a depth of at least
1700 um from the cerebellar surface and if the recording contained only a single type of action
potentials typically showing both negative and positive parts, what differentiated them from
Purkinje cell simple spikes. Spike times from single-unit recordings were retrieved off-line using
Spiketrain (Neurasmus BV, Rotterdam, The Netherlands). Before any analysis was done on the
LFP data, the raw traces were normalized using the z-score function in Matlab (MathWorks,
Nattick, MA, USA). The current source density analysis was performed in custom written Matlab

routines as detailed in the Supplementary Methods.

Coherence analysis. The phase coherence analysis was computed using the Fieldtrip toolbox as
described in the Supplementary Methods. For this, LFP snippets of 5 second pre- and 5 second
post-stimulus were used to calculate the coherence spectrum per trial. If necessary, 50 Hz line
noise was removed. Next, the coherence in a 100 ms window after stimulus onset was averaged
per frequency. The effect of Purkinje cell activation on the sensory triggered wS1-wM1 coher-
ence was determined by subtracting the averaged air puff-induced coherence from the air puff
with photostimulation evoked coherence. The Granger causality analysis was carried out by the

Fieldtrip toolbox with the same preprocessing on the LFP data.

Stimulation. Optogenetic stimulation of the cerebellum occurred contralateral to the neo-
cortical LFP recording sites using 470 nm LED drivers (M4703F, ThorLabs. Newton, NJ, USA)
connected to a 4-channel LED driver (DC4104, ThorLabs) and optic fibers with diameters of 400
(Figs. 1-3) or 105 um (Fig. 4) (ThorLabs). The 400 um fibers were placed just above the dura of

the cerebellum. The 105 um fibers were adapted for insertion into the rectangular electrode
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matrix by removing the cladding for ~15 cm and grinding the tip under microscope guidance.
Unless stated otherwise, photostimulation was applied as 100 ms pulses with a power of 7.0
mW (400 um fiber) or 0.2 mW (105 pum fiber). Sensory stimulations consisted of 30 ms air puffs
at 1 bar directed at the mystacial macrovibrissae ipsilateral to cerebellar and contralateral to
neocortical recording sites, using a MPPI-2 pressure injector (Applied Scientific Instrumenta-
tion, Eugene, OR, USA). The nozzle was positioned to minimize stimulation of the eye or ear.

Stimuli were presented at 0.25 Hz in pseudorandom order.

Whisker movement tracking. Whisker movements in awake head-restrained mice were record-
ed with a high-speed video camera (frame rate 1,000 Hz; A504k camera, Basler, Ahrensburg,
Germany), using a custom-made LED panel (A = 640 nm) as back-light. All whiskers were kept
intact. We tracked the whiskers as described previously (28, 46). For this study, the whisker
position was defined as the average angle of all trackable whiskers. See the Supplementary

Methods for more details.

Computational model. The computational model used is based on the one developed in (16),
with (i) minimal variations in the cortical parameters based on the observed anatomical and
physiological properties of wS1 and wM1 in mice and (ii) the addition of trigeminal nucleus,

thalamic nuclei and cerebellar areas to the network.

Neocortex. Each cortical area is constituted by two cortical layers (or more generally, laminar
modules) which describe the dynamics of superficial and deep layers, respectively. A laminar
module contains one excitatory and one inhibitory population, and the dynamics of their re-

spective firing rates rg(t) and r/(t) are described by the following equations:

te 2%~ —rt+ F(l) + VT 0 (1)

dit) _
T

rt+ F(l) + V1o &(t)

Here, ¢, T, denote the time scales for the excitatory and inhibitory populations respectively, and
&(t), &(t) are Gaussian white noise terms of zero mean and standard deviation o. For superficial
layers, we choose 1:=6 ms, T,=15 ms and o = 0.3, which leads to a noisy oscillatory dynamics
in the gamma range, and for deep layers we choose t: =48 ms, t,= 120 ms and o = 0.45, which
leads to noisy oscillations in the theta and low alpha range. Note that the relatively high values
for the time constants in deep layers are thought to reflect other slow biophysical factors not

explicitly included in the model, such as the dynamics of NMDA receptors.

The function F(x) =x/(1 - exp(-x)) is the input-output transfer function of each population,

which transforms the incoming input currents into their corresponding cell-averaged firing
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rates. The argument of the transfer function is the incoming current for each population, which
involves a background term, a local term and a long-range term. The background term is a
default constant current only received by excitatory neurons in S1 and M1, and it is /,, = 4 for
superficial excitatory neurons and /,, = 1 for deep excitatory neurons. The local term involves

the input coming from neurons within the area, and it is given by
IEIOCa/ =15 re— 3.25 rn+ IEinterIaminar
I/Ioca/ =3.5 re— 2.5 r+ Ilr’nter/aminar

Here, the numbers denote the strengths of the synaptic projections considered. The inter-
laminar terms are contributions from a different layer than the one the population is in. The
only interlaminar projections are from superficial excitatory to deep excitatory neurons, with
synaptic strength 1, and from deep excitatory to superficial inhibitory neurons, with synaptic
strength 0.75 (24).

Finally, the long-range term includes currents coming from other neocortical or subcortical
areas. These currents follow the general form J,r,, (with J,, being the synaptic strength from
area ‘b’ to area ‘a’) and therefore we will specify only the synaptic coupling strengths to char-

acterize them.

Following anatomical evidence (8), we consider excitatory projections from superficial S1
neurons to both superficial (strength 0.52) and deep (0.25) excitatory M1 neurons, and from
deep S1 neurons to superficial (0.25) and deep (0.75) excitatory M1 neurons. In the opposite
direction, we consider excitatory projections from superficial M1 neurons to both superficial
(0.5) and deep (1) S1 excitatory neurons, and from deep M1 neurons to deep (1) S1 excitatory

neurons.

The dynamics of the firing rate of the trigeminal nucleus (TN), the thalamic nuclei (VPM, VL and
Pom) and cerebellar populations (PC, CN and ZI) are each described by equations of the type

dr(t) _
g T

r(t) + ()

Here, T=10 ms is the characteristic time constant and the transfer function is a threshold-linear
function (i.e. f(x) = Ax, with A being the gain of the population, for x>0, and f(x) = 0 otherwise).
The gain parameter A takes the values 3, 10, 1, 1, 0.5, 5 and 0.2 for areas TN, PC, CN, ZI, VPM,
VL and Pom, respectively. Air puffs are modeled as a constant input (max I=10) to TN, while
optogenetic stimulation to PC is modeled as a constant input (I=1). Cerebellar areas CN and ZI

receive inhibitory projections (both of strength 1) from PC and CN respectively. In addition, PC
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and CN received excitatory background currents of 0.1 and 21 respectively, and ZI receives an
inhibitory background current of 12 (which can be also interpreted as a high firing threshold).
Thalamic nuclei VPM received an excitatory projection (strength 1) from TN, VL receives projec-
tions from CN (strength 1) and ZI (strength -3), and Pom receives projections from TN (1), CN
(0.2) and ZI (-0.5). Projections from VPM reach superficial excitatory (strength 0.66), deep ex-
citatory (0.13) and inhibitory (0.2) populations of S1. Regarding M1, it receives projections from
Pom to all its excitatory (0.33) and inhibitory (0.5) populations, and deep excitatory M1 neurons
also receive a projection (0.6) from VL. When projections from Pom to S1 are considered (see
Fig. S13), they target both excitatory (0.2) and inhibitory (0.15) populations in S1.

To mimic the depth of the recording electrodes for wS1 and wM1 in experiments, we estimate
the LFP signal in the model by a weighted average of the excitatory superficial and deep layers,
with a superficial:deep ratio of 1:9 for wS1 (i.e. deep layers) and 4:6 for wM1 (as it targets more

superficial layers but it would still pick up signals from apical dendrites’ layer V neurons).

Experimental design and statistical analysis. We considered p < 0.05 as significant unless
Benjamini-Hochberg correction for multiple comparisons was applied (see Table S1). Two-tailed
testing was used for all statistical analyses. N indicates the number of mice; n indicates the

number of stimuli/recordings. Further details are in the Supplementary Methods.
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SUPPLEMENTARY METHODS

Surgery. All surgical procedures were performed under anesthesia (2-5% isoflurane in 1 |/min
oxygen) in combination with treatment of surgical pain giving 5 mg/kg carprofen (“Rimadyl”,
Pfizer, New York, NY, USA), 1 ug bupivacaine (Actavis, Parsippany-Troy Hills, NJ, USA) and 50 pg/
kg buprenorphine (“Temgesic”, Indivior, Richmond, VA, USA). In addition, the mice received 1 pg
lidocaine (Braun, Meisingen, Germany) subcutaneously at the surgical sites prior to the start of
the surgery. The body temperature was maintained at 37 °C by a feed-back controlled heating pad.

For the placement of a pedestal, a part of the skin was removed and the skull was cleaned
and treated with phosphoric acid to ensure all membranes were removed. Next, the exposed
skull was treated with Optibond adhesive (Kerr Dental, Orange, CA, USA) and the mice received
a magnetic pedestal that was placed on the skull between the eyes and secured with Charisma
(Kerr Dental). Next, up to three craniotomies were performed allowing access to the whisker
part of the left primary somatosensory (wS1, relative to bregma: 3.5 mm mediolateral and -1.5
mm anteroposterior) and motor cortex (wM1, relative to bregma: 1.5 mm mediolateral and
1.0 mm anteroposterior) and the right cerebellar hemisphere, each surrounded by a recording
chamber made out of Charisma. The exposed dura was covered with tetracycline-containing
ointment (Terra Cortril; Pfizer, New York, NY, USA) and the recording chambers were sealed
with a silicon polymer (Kwik-Cast, WPI, Sarasota, FL, USA) and covered with bone wax (Ethicon,
Somerville, NJ, USA). The animals were given three days of recovery after the surgery before
they were habituated to the setup on at least three consecutive days with increasing habitua-

tion times (from approx. 10 min the first session to approx. 2 h the last session).

Electrophysiology. Local field potentials (LFP) were recorded in wS1 and wM1 using linear
silicon probes. Each silicon probe was equipped with its own reference, placed in close proxim-
ity to the recording site. The two probes shared the same ground, which was placed either in
the agar covering the recording sites or in the agar covering the cerebellar craniotomy. The
platinum-tungsten electrodes as well as the silicon probes were connected to a PZ5 NeuroDigi-
tizer (Tucker-Davis Technologies (TDT), Alachua, FL, USA). The signals were amplified, 1-6,000
Hz filtered, digitized at 24 kHz and stored using a RZ2 multi-channel workstation (TDT).

Before any analysis was done on the LFP data, the raw traces were normalized using the z-
score function in MATLAB (MathWorks, Nattick, MA, USA). The current source density analysis
was performed in custom written MATLAB routines using the Kernel Source Density Method as
described in (1); see https://github.molgen.mpg.de/MPIBR-coattia/MatlabMain/tree/master/
behaviorAnalysis/code/functions/kCSDv1.

In the cerebellum, recorded neurons were classified as originating from putative cerebellar
nuclei neurons if they were recorded at a depth of at least 1700 um from the cerebellar surface
and if the recording contained only a single type of action potentials, what differentiated them

from Purkinje cell recordings. Spike times were retrieved off-line using SpikeTrain (Neurasmus
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BV, Rotterdam, The Netherlands). After automated spike detection and sorting, all traces were

inspected manually and improper event classification was corrected.

Coherence analysis. The phase coherence analysis was computed using the Fieldtrip toolbox (2).
For this, LFP snippets of 5 second pre- and 5 second post-stimulus were used to calculate the co-
herence spectrum per trial. If necessary, line noise at 50 Hz was removed first from the waveforms
by fitting a PSD around the time of the peaks of the power spectrum and then filtering the signal
with the inversed square root of this function. Next, the coherence in a frequency-dependent
window (2 * 1/frequency) after stimulus onset was averaged per frequency to perform the further
analysis on. The effect of optogenetic Purkinje cell activation on the sensory triggered wS1-wM1
coherence was determined by subtracting the averaged air puff induced coherence from the
air puff with optogenetically evoked coherence. To test for differences between the conditions,
the difference of coherence test was used, as described by Amjad et al. (3). In short, the Fisher
transform (tanh™) was applied on the coherence and this was compared to a x>-distribution with
k - 1 degrees of freedom, where k is the number of conditions that were tested (in all cases k = 2).
The 95% confidence limit was then determined using x%o.0s,1) = 3.84. The significant frequencies

are indicated in the difference of coherence figures using lines and asterisks.

Whisking behavior. Whisker movements were tracked off-line using the BIOTACT Whisker
Tracking Tool (BWTT) with the sdGeneric, stShapeSpaceKalman, ppBigExtractionAndFiltering,
and wdlgorMeanAngle plugins (http://bwtt.sourceforge.net) (4). Briefly, we first determined

Figure S1. Location of optogenetic stimulation.
Approximate location of a 400 um diameter optic fiber in the center of crus 1 as seen through the craniotomy.
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the position of the snout in each frame semi-automatically by fitting a template to the snout.
After masking the snout and subtracting the unmoved background from each frame, the whis-
kers were traced in a radial approach. The algorithm detected edges in the frame in consecutive
concentric snout-shaped masks around the actual snout mask. Ultimately, we detected the
start and end nodes of the fitted line segments, and calculated the angles of the whiskers
from these values. The final BWTT result provided us with the angles of all detected whiskers
per video frame. To relate the angles across frames to the tracks, we wrote an algorithm that
predicts track values in consecutive frames based on the position and velocity in the angular
value as well as the y-position of the last video frames (5, 6). The predicted track values for
the next frame were compared with the detected values in the next frame and were assigned
according to a minimum deviation approach between them. Finally, the mean angle per frame

was calculated from the individual whisker traces.
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Figure S2. Purkinje cell stimulation reduces the impact of whisker stimulation on wS1 and wM1.
A Air puff stimulation of the large facial whiskers evoked sensory responses in contralateral wS1 and wM1, recorded here as
deviations in the local field potential (LFP) of a randomly selected single trial (left column). The LFP recordings were made
using linear silicon probes with 100 um inter-electrode distances. The recordings are organized from superficial to deep (color
code as in Fig. 1B). Electrodes 3 and 10, that were used for most analyses in this study, are marked with orange and red,
respectively. Optogenetic stimulation of Purkinje cells (PC) was done with an optic fiber with a diameter of 400 um placed on
the center of crus 1 (see Fig. S1), leading to a delayed response in both wS1 and wM1 (2™ column). The other columns depict
randomly selected trials from the same experiment, showing respectively the combined sensory and optogenetic Purkinje
cell stimulation and the latter with a delay of 20 ms before the onset of the Purkinje cell stimulation. B Optogenetic Purkinje
cell stimulation leads to a pause in firing of an exemplary neuron in the cerebellar nuclei, followed by rebound firing after the
end of stimulation. Further analysis of cerebellar nuclear activity is presented in Figs. $8-510.
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Figure S3. Purkinje cell stimulation reduces sensory responses in wS1 and wM1.

A Current source density analysis of the averaged local field potentials across the layers of the whisker area of S1 (see Fig.
1C-H) during whisker air puff stimulation alone or in combination with optogenetic stimulation of Purkinje cells using an optic
fiber with a diameter of 400 um placed on the center of crus 1 (see Fig. S1). Purkinje cell stimulation applied simultaneously
with whisker stimulation suppressed predominantly the fast current sinks (blue; white arrow), but a 20 ms delay between air
puff and whisker stimulation largely restores the impact of air puff stimulation. B The same was true for the whisker area of
wM1. The heat maps indicate the averaged values of 8 mice with color scaling in arbitrary units. The layers of wS1 and wM1
are indicated by approximation.
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Figure S4. Optogenetic Purkinje cell stimulation increases the spread of excitation triggered by whisker stimu-

lation.

A Air puff whisker stimulation triggers excitation in contralateral wS1 and wM1. In wS1, the amplitude of the first negative LFP
peak (corresponding to excitatory activity) in the subgranular layers was enhanced (p = 0.012, 2 = 2.500, Dunn’s post-hoc test
after Friedmann’s ANOVA, Table S1). This effect was absent upon introducing a delay of 20 ms between whisker and Purkinje
cell stimulation (bottom row). B The same for wM1. Plotted are the averaged differences in amplitude of the first positive LFP
peaks. Error bars indicate SEM and shaded area sd. n = 100 trials each in N = 8 mice.
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Figure S5. Cerebellar Purkinje cell stimulation suppresses sensory-induced gamma band coherence between
wS1and wM1.

A Averaged coherence between the supragranular layers of wS1 and wM1 following air puff stimulation of the contralateral
facial whiskers in isolation or in combination with simultaneous or 20 ms delayed optogenetic stimulation of Purkinje cells
using an optic fiber with a diameter of 400 um placed on the center of crus 1 (see Fig. S1). Shaded areas indicate SEM. n = 100
trials per condition each in N = 8 mice. B Purkinje cell stimulation suppressed mainly the gamma band coherence induced by
air puff sensory stimulation. This effect was largely abolished by introducing a 20 ms delay between the start of the sensory
stimulation and that of the Purkinje cells. C-H The same for the coherence between different layers of wS1 and wM1 as indi-
cated schematically in the upper left corners. Although the details varied to some extent, in all cases Purkinje cell stimulation
suppressed sensory-induced gamma band coherence between wS1 and wM1. * p < 0.05 (x* > 3.84; difference of coherence
test, see Methods).
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Figure S6. Granger causality analysis.

A Granger causality analysis revealed that the sensory-induced beta and gamma band coherence within wS1 was mainly
caused by activity in the supragranular layers. The flow from the superficial to the deeper layers in the gamma, but not the
beta, band was disrupted by simultaneous Purkinje cell stimulation. B The mean Granger causality values for the different
conditions, comparing the flow from superficial to deep layers vs. the flow from deep to superficial layers. C Granger causal-
ity analysis of the coherence between wS1 and wM1, expanding on the analysis shown in Fig. 2C-D where the subgranular
layers of wS1 were compared to the supragranular layers of wM1 (data copied in the fourth row to facilitate comparisons).
This analysis suggest that the sensory-induced gamma band coherence is mainly caused by the superficial layers of wS1, and

227



Chapter 6

from there spreads over wS1 and wM1. The strongest interconnections are found between subgranular layers of wS1 and the
supragranular layers of wM1 (fourth row). Also here, wS1 drives wM1 stronger than vice versa, but also wM1 has a share in
this coherence, stressing the importance of the connections between wS1 and wM1. D The mean Granger causality values for
the different relations between wS1 and wM1.
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Figure S7. Optogenetic Purkinje cell stimulation induces delayed whisker protraction.

A Optogenetic stimulation of Purkinje cells, using a 400 um diameter optic fiber placed on the center of crus 1, induced
whisker protraction at the end of the stimulus. Shown are the 100 trials of a representative experiment, split into the 50% of
the trials with the largest and the 50% with the smallest protraction. B Heat maps of the coherence over time, showing pre-
dominantly activity in the theta band, that was not different between the groups of trials (C). N = 8 mice. Shades indicate SEM.
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Figure S8. Optogenetic stimulation of Purkinje cells silences neurons of the cerebellar nuclei.

Using different illumination intensities and an optic fiber with a diameter of 105 um, optogenetic stimulation of Purkinje cells
induced a pause in firing of cerebellar nuclei neurons. At higher intensities, the pause was followed by rebound firing. For
each intensity, an example trace is plotted, followed by a raster plot of the same experiment and the averaged peri-stimulus
histogram of the spike rate (normalized to baseline = 100%) constructed from 6 responsive neurons in N = 2 mice. The shades
indicate SEM.
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Figure S9. Rebound firing in the cerebellar nuclei is linked to whisker protraction.

A Experimental scheme. B The movements of the whiskers were tracked using video-analysis. The colored line fragments
indicate the tracked part of the whiskers. C Raw output of the whisker tracking algorithm, showing for one trial how an air
puff blew the whiskers backwards, after which an active protraction followed. D Optogenetic stimulation could also trigger
whisker protraction, but not during the period of stimulation. By varying the stimulus duration, we observed that the rebound
firing in the cerebellar nucleus neurons (CNN) varied in timing and amplitude and that the whisker protraction followed the
rebound firing. n = 6 cerebellar nucleus neurons in N = 2 mice. E Whisker air puff stimulation induced a reflexive protraction.
This protraction was reduced during the stimulus, but increased at the end of the stimulus. The whisker angle was normal-
ized for each mouse at 0° before stimulus onset. N = 4 mice with each n = 100 trials per condition. Lines indicate average and
shades SEM.
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Figure $10. Optogenetic Purkinje cell stimulation acts locally.
A Extracellular recording of an exemplary cerebellar nucleus neuron displaying inhibition upon optogenetic stimulation of
Purkinje cells in the lateral, but not the medial part of crus 1. For this experiment, an optic fiber with a diameter of 105 um
was used. B Averaged peri-stimulus histogram of two simultaneously recorded cerebellar nucleus neurons. The two neurons
were separated laterally by 305 um.
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Figure S11. Regional differences in the impact of Purkinje cell stimulation on sensory-induced local field po-
tentials in wS1 and wM1.

A Averaged local field potentials (LFP) of the supra- (light colors) and subgranular (dark colors) of wS1 upon either only air puff
stimulation of the contralateral facial whiskers (red colors) or air puff stimulation in combination with optogenetic stimulation
of Purkinje cells (PC; blue colors). Optogenetic Purkinje cell stimulation was performed using four optic fibers with 105 um
diameter placed at different locations in crus 1 (c1) and crus 2 (c2; inset). During each trial, one of the fibers was activated
in a random sequence. The 2™ and 4" columns indicate the difference in the amplitudes of the first positive peaks following
stimulation, using the same color codes as in Fig. 1. Error bars indicate SEM and shaded areas sd. B The same analysis, but
now for wM1. C Combined air puff whisker stimulation and optogenetic Purkinje cell stimulation resulted in gamma band
coherence between wS1 and wM1 (heat maps). The coherence was different from those trials in which only the whiskers
were stimulated, as indicated by the ACoherence plots. The impact of Purkinje cell stimulation on sensory-induced coherence
depended on the location of optogenetic stimulation, with the lateral part of crus 1 and the medial part of crus 2 having op-
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posite impact on gamma (but not theta) band coherence and the other locations having more intermediate effects. Lines are
averages and shaded areas indicate SEM. N = 7 mice.
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Figure S12. Laminar model: impact of a projection for the supragranular layers of M1 to the supragranular

layers of S1.

A Here we compared the circuit with and without a direct connection between the supragranular layers of M1 and S1 (dashed
orange arrow). B Removing the supragranular M1 to S1 connection resulted in a slightly less powerful gamma band coherence
(black) upon simulation of the trigeminal nuclei (simulating sensory input of the whiskers) than the same simulation in the
presence of the supragranular M1 to S1 connection (orange). The impact of this connection was less during the combined
trigeminal + Purkinje cell stimulation. C Granger causality analysis revealed that deleting the supragranular M1 to S1 connec-

tion resulted in a virtually complete lack of the contribution of M1 to the sensory-induced gamma band coherence. Note that
the situation with the supragranular M1 to S1 connection is the circuit that was used to generate the data of Fig. 5. These data

are replicated here to facilitate comparison. Lines indicate averages and shaded areas sd.
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Figure S13. Impact of Pom connectivity on laminar model

To test whether the Pom could affect the flow between S1 and M1 during gamma band coherence, we used our computation
model in the configuration without a supragranular connection between M1 and S1 (Fig. S12). In this configuration, S1 is
dominant over M1 when generating gamma band coherence. To study the impact of the Pom, we compared three different
configurations: without Pom (A), with Pom projecting only to M1 (B) and with Pom symmetrically projecting to S1 and M1
(C). Of the latter, we implemented the connectiivty strength as used for Pom to M1 connection in Fig. 5, double (”2x Pom”)
and quadruple strength ("4x Pom). D-F The different configurations did affect the amplitude of sensory-induced coherence
between S1 and M1 (simulated by stimulation of the trigeminal nuclei), but did not affect the frequency characteristics.
G-l A similar observation was made for the conjunctive trigeminal + Purkinje cell stimulation. J-L Granger causality analysis
demonstrated that the Pom could not induce M1 to be causative for sensory-induced gamma band coherence (as the direct
supragranular connection between M1 and S1 could; see Fig. S12). Lines indicate averages and shaded areas sd.
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Table S1.

First negative peak

wS1 [supragranular layers] 0.417 1.750 Friedman’s
wS1 [layer IV] 0.197 3.250 Friedman’s
wS1 [subgranular layers] 0.030 7.000 Friedman’s
Air puff vs. Air puff + simultaneous PC stimulation 0.012 2.500 yes Dunn’s
Air puff vs. Air puff + delayed PC stimulation 0.046 -2.000 no Dunn’s
Simultaneous vs. delayed stimulation 0.617 0.500 no Dunn’s
wM1 [supragranular layers] 0.093 4.750 Friedman’s
wM1 [subgranular layers] 0.417 1.750 Friedman’s

First positive peak

wS1 [supragranular layers] 0.607 1.000 Friedman’s
wS1 [layer IV] 0.325 2.250 Friedman’s
wS1 [subgranular layers] 0.008 9.750 Friedman’s
Air puff vs. Air puff + simultaneous PC stimulation 0.024 2.250 yes Dunn’s
Air puff vs. Air puff + delayed PC stimulation 0.453 -3.000 no Dunn’s
Simultaneous vs. delayed stimulation 0.003 -0.750 yes Dunn’s
wM1 [subgranular layers] 0.030 7.000 Friedman’s
Air puff vs. Air puff + simultaneous PC stimulation 0.617 -0.500 no Dunn’s
Air puff vs. Air puff + delayed PC stimulation 0.012 -2.500 yes Dunn’s
Simultaneous vs. delayed stimulation 0.046 -2.000 no Dunn’s
wM1 [subgranular layers] 0.008 9.750 Friedman’s
Air puff vs. Air puff + simultaneous PC stimulation 0.024 2.250 no Dunn’s
Air puff vs. Air puff + delayed PC stimulation 0.453 -3.000 yes Dunn’s
Simultaneous vs. delayed stimulation 0.003 -0.750 yes Dunn’s

Statistical evaluation of the data represented in Figs. 1 and S4. For each mouse, the averages of the first negative and the
first positive peak were compared between three conditions (only air puff stimulation of the whiskers, simultaneous air puff
and optogenetic Purkinje cell (PC) stimulation and air puff stimulation combined with a 20 ms delayed PC stimulation. Aver-
ages were compared with Friedman'’s two-way ANOVA and, if significant, with pair-wise Dunn’s post-tests. The p values of
the post-tests were not corrected for multiple comparisons, but Benjamini-Hochberg correction was performed for multiple
comparisons among post-tests and the outcomes are listed as statistically significant or not in the column “Sign.?”.
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General discussion

The main results of this thesis revealed how the simple spike activity of Purkinje cells of Crus
1, Crus 2, and simplex lobule can affect whisker and respiratory movements. The simple spikes
of Purkinje cells can accelerate the respiratory and whisker movements, mainly during training
and/or adaptation. In Crus1, Crus2, and simplex lobule, simple spike facilitation was the primary
neural correlate of the whisker movement adaptation, and Purkinje cell potentiation appears
to be the crucial cellular mechanism sustaining the simple spike facilitation. Conversely, the
fact that suppression of simple spike activity was observed only in a minority of cells suggests
that the type of whisking and breathing adaptation that we examined in this thesis is unlikely
to depend on Purkinje cell depression in this cerebellar area. In addition to the main results of
this thesis, other considerations on the specific results of the various chapters will be discussed
in the following paragraphs grouping the results relative to simple spikes, complex spikes, as

well as Purkinje cell potentiation.

THE ROLE OF SIMPLE SPIKES

In chapter 2, the simple spike activity of Purkinje cells lacking protein phosphatase 2B was more
regular than in wild type mice, and the learning of a whisker-based object localization task was
inefficient. In these mice, the lack of the protein phosphatase 2B, which impaired Purkinje cell
potentiation, did not affect motor performance of the vestibular ocular reflex, but principally
its adaptation (Schonewille et al., 2010). The learning deficits presented in chapter 2 increased
depending on the level of challenge that the mice were presented with. This suggests that the
unimpaired simple spike firing pattern is particularly important when mice have to learn to
perform fast sensory-motor integration.

In chapter 3, we examined the ability of two Purkinje cell-specific knockout mouse lines
(one for protein phosphatase 2B and one lacking the gene for AMPA receptor GIuA3 subunit)
to adapt their reflexive whisker protraction (i.e., a forward whisker sweep induced by sensory
stimulation). The whisker adaptation was induced by applying a training paradigm consisting of
20 seconds of 4 Hz air-puff stimulation. In these mouse lines, the altered simple spike modula-
tion did not result in any detectable deficit of the motor performance of the untrained reflexive
whisker protraction. However, it impaired the capability of Purkinje cell-specific knockout mice
to adapt their whisker reflexive protraction. When we compared the trial-by-trial variation
in instantaneous simple spike firing with that of the whisker position, we noted that there
was a positive correlation. This means that trials with relatively many simple spikes typically
displayed stronger whisker protraction. We found that the correlation was maximal with a zero
lag, implying that simple spike modulation neither preceded nor followed the whisker move-
ment, but occurred at the same time. This result did not emerge in a previous study in which
the correlation between simple spike modulation and whisker position had been calculated

at a population level (Brown & Raman, 2018). Our result indicates that simple spikes were
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unlikely to drive the untrained reflexive whisker protraction. After the training paradigm, the
simple spikes correlated with the magnitude of the whisker movement with a lead of about 20
ms. This temporal relationship corresponded to what could be expected for the simple spike
driving whisker movement via the cerebellar nuclei and the pre-motor whisker neurons in the
brainstem (Bellavance et al., 2017; Deschenes et al., 2016; Moore et al., 2013; Teune, 2000).
Thus, the result of chapter 3 indicates that the simple spikes represent the untrained reflexive
whisker protraction, but they can anticipate and amplify the reflex execution under particular
circumstances.

The findings of chapter 5 offer a new way of looking at simple spike modulation during the
performance of simultaneous movements. After the investigation of how Purkinje cell activity
could affect whisker movements, we have evaluated their impact on respiration. At rest, simple
spikes encode but do not anticipate, the phase of the respiratory cycle. Instead, upon air puff
sensory stimulation, an increase of simple spike activity preceded and potentially accelerated
the subsequent respiration cycle. This facilitation was not only necessary for the anticipation of
the subsequent cycle but also predicted the magnitude of the inhalation on a trial-by-trial base
of about 20ms. Therefore, during the resting condition, the simple spikes were representing
the phase of the ongoing respiratory cycle; then, in response to external environmental condi-
tions, the simple spikes potentially contributed to the adaptation of respiration. In addition to
these findings, another important aspect links chapter 3 and chapter 5. About half of the cells
involved in the adaptation of respiration also exhibited neural correlates of whisker position.
This result suggests that Purkinje cells are a suitable candidate not only for adjusting respira-
tion upon sensory stimulation but also for the synergistic control of breathing and whisking. In
fact, the optogenetic stimulation of the Purkinje cells correlating with whisking and breathing
was able to affect both respiration and whisker movements. Therefore, Purkinje cells that are
thought to control one single motor behavior could, in principle, coordinate that particular
behavior with others that tend to occur simultaneously.

Besides the Purkinje cell contribution to behavior described, the results in chapter 6 indicate
that the impact of simple spike burst on primary motor and sensory cortices depends on the
state of the animal. We compared the impact of air puff and optogenetic Purkinje cell stimula-
tion on the coherence between primary somatosensory and motor cortices. Purkinje cell opto-
genetic stimulation affected mainly the coherence between primary somatosensory and motor
cortices within the gamma band. The effect of Purkinje stimulation was stronger in the trials
with larger whisker movement than in those with smaller movements. This result suggests that
similarly to what resulted from chapter 3 for whisking and chapter 5 for respiration, the extent
to which the cerebellar output affects other brain areas, like the primary motor and sensory
cortices, also depends on behavioral context: “stronger impact of the cerebellar activity during
larger movements.” It would be interesting to test whether the theta sensory stimulation used
(to induce plasticity in Purkinje cells and enhance whisker protraction) in chapter 3 could have

an impact on the coherence between primary somatosensory and motor cortices. This because
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it has been proposed that, during whisking, the transfer of information between the neocortex
and other brain structures, such as the hippocampus, occurs in the theta rhythm (Grion et al.,
2016; Kleinfeld et al., 2016). Considering that also the cerebellar activity is enhanced in the
theta band (D’Angelo et al., 2009; Moscato et al., 2019; Ramakrishnan et al., 2016; Roggeri
et al., 2008) it is likely that Purkinje cell stimulation at theta frequencies could be particularly
effective to modulate the coherence between primary somatosensory and motor cortices in
the gamma band (as described in chapter 5), but also in other ranges of frequencies.

In conclusion, during whisker movement, the simple spikes rate of Purkinje cells of Crus
1, Crus 2 mainly increases, and more simple spikes correlate with bigger whisker protraction
(Brown & Raman, 2018; Chen et al., 2016). In addition to previous works, we propose that
simple spikes of lobule simple Crus 1 and Crus 2, which always modulate during movements,
can affect movement only when particular environmental circumstances intensify their activity.
This was demonstrated for whisker movement in chapter 3 and respiration in chapter 5. In this
respect, the cerebellum appears to monitor the ongoing movements, which is represented by
the simple spike activity and boost this activity via external stimuli when the environment calls

for adaptation and/or learning.

THE ROLE OF COMPLEX SPIKES

In chapter 3, we used 4 Hz air-puff stimulation that increased the simple spike responses to
the subsequent air-puff stimulation. The enhancement of the simple spike responses required
intact Purkinje cell potentiation and depended on the low complex spike response probabil-
ity of each Purkinje cell. Thus, the potentiation of simple spikes, described in chapter 3, was
negatively correlated with the occurrence of complex spikes. This result was predicted by in
vitro studies (Coesmans, Weber, De Zeeuw, & Hansel, 2004; Hirano, 1990; Linden & Ahn, 1999;
Shibuki & Okada, 1992), but also suggested by in vivo studies on compensatory and saccade
eye movements (Herzfeld, Kojima, Soetedjo, & Shadmehr, 2018; Koekkoek et al., 2003; Medina
& Lisberger, 2008; ten Brinke et al., 2015; Ten Brinke et al., 2017; Voges, Wu, Post, Schonewille,
& De Zeeuw, 2017). Indeed, in the long run complex spikes can control simple spike firing (De
Zeeuw et al., 2011). However, also other mechanisms can contribute to the complementarity
of simple spikes and complex spikes. It has been demonstrated that simple spike activity can
control the discharges of their climbing fibers via disynaptic connection involving the cerebellar
nuclei (Badura et al., 2013; Chaumont et al., 2013; X. Chen et al., 2010). In line with these
studies, signs of reciprocal control between simple and complex spikes were detected in Pur-
kinje cell-specific knockouts used in this thesis. In fact, the basic complex spike firing rate, as
well as its modulation during the whisker-based object localization task and whiskers reflexive
protraction of chapter 2 and chapter 3, were affected even when the mutation did not directly

affect the olivary neurons. These results can then be explained by Chris Miall’s theory in which
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there is a reciprocal control between simple and complex spike activity. This reciprocal control
is mediated by the disynaptic connection between Purkinje cell, cerebellar nuclei, and inferior
olivary cells and serves as a mechanism to maintain the Purkinje cell homeostasis between
potentiation and suppression (Miall, Keating, Malkmus, & Thach, 1998). Thus, there is converg-
ing evidence on the role of complex spikes in regulating Purkinje plasticity mechanisms (Gao,
van Beugen, De Zeeuw, 2012).

More controversial is the impact of the complex spike on whisker reflexes and respiration.
In chapter 3, the presence of air puff induced complex spike consistently predicted a bigger
whisker reflexive protraction. In chapter 5, instead, the respiratory cycles associated with the
occurrence of complex spikes were not different than the rest of the respiratory cycles. On the
other hand, at rest, spontaneous complex spike activity was particularly high in a very specific
phase of the respiratory cycle. The fact that the preferred complex spike phase was right after
the phase of maximum simple spike increase fits again with Chris Miall’s theory (Miall et al.,
1998). According to this theory, a brief increase of simple spikes can trigger complex spikes,
via disinhibition of the nucleo-olivary pathway. In turn, this reduces the simple spike activity to
maintain the Purkinje cell homeostasis in a certain firing range. From these results, the role of
the complex spike in shaping simple spike firing patterns seems clearer than its role in control-
ling behavior. Complex spikes may induce pauses in simple spike firing, and this could affect
the behavior, but we couldn’t see any sign of their effect on respiration. Different experiments,
in which complex spike activity is optogenetically modulated, could indeed clarify the actual
complex spike contribution to the actions. Manipulating complex spike activity using specific
spatio-temporal patterns would be needed to be conclusive on the impact of the complex spike
on motor actions. However, the fact that optogenetic activation of olivary neurons has not yet
been reported indicates that these types of neurons are more difficult to manipulate. Consid-
ering that complex spikes can be triggered by external stimuli, in chapter 5, we investigated
the extent to which we could manipulate the inferior olivary activity using particular temporal
patterns of sensory stimulation. The fact that in chapter 5, the average olivary spiking rate (i.e.,
complex spike frequency) was not affected by any patterns of sensory stimulation confirmed
that it is indeed difficult to increase the rate of the occurrence of the complex spike experi-
mentally. Thus, while we manipulated the simple spikes activity to establish their contribution
to the adaptation of respiration and whisker reflexes, manipulation to assess the impact of the
complex spike on movement has not been performed yet, and this leave opens the possibility
of an impact of complex spikes on behavior. From the result of chapter 3, we conclude that
there is at least an indirect impact of complex spikes on behaviors, and it is mediated by a more

long-term impact of complex spike on simple spikes.
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THE ROLE OF PURKINJE CELLS POTENTIATION

Although Purkinje cell depression as the sole mechanism underlying cerebellar learning has
been extensively questioned in the past decade (De Zeeuw & Ten Brinke, 2015; Galliano et
al., 2013; Galliano et al., 2018; Ke, Guo, & Raymond, 2009; Schonewille et al., 2011), whether
Purkinje cell potentiation and suppression co-occur in different sub-population of Purkinje cells
during specific types of learning is not yet understood. It has been proposed a predominance
of potentiation or suppression mechanisms for memory formation in different cerebellar areas
(De Zeeuw & Ten Brinke, 2015). One of the main results of this thesis is the demonstration that
Purkinje cells potentiation is a key mechanism underlying whisker adaptation. In addition to
the findings in chapter 3, the results of chapter 2 and chapter 5 demonstrate that Purkinje cell
potentiation is essential for several forms of cerebellar learning, especially those requiring fast
sensory-motor integration.

Originally, the object discrimination task, described in chapter 2, has been used to study
neural correlates of associative learning in the cerebrum (Huber et al., 2012; O’Connor, Peron,
Huber, & Svoboda, 2010). However, whether the cerebellum was involved at all, it was com-
pletely unknown. Showing that Purkinje cell potentiation was required for the acquisition of
that object discrimination task, sheds light on the importance of the cerebellum and its plastic-
ity for that type of associative learning. It has been discovered that cerebellar preparatory
activity precedes the execution of a similar task (Gao et al., 2018), but what is the cerebellar
neural correlate of this type of learning is still unknown. Our results in chapter 2 show that the
contribution of Purkinje cell potentiation was particularly relevant when the task needs to be
performed rapidly. Whether Purkinje cell depression is also required for the learning of the
object discrimination task remains to be tested. However, in contrast with what hypothesized
in James S. Albus’s theory (Albus, 1971), Purkinje cell potentiation was required to learn the
discrimination task of chapter 2 efficiently. Furthermore, | interpret the bigger impairment of
potentiation-deficient mice when the response window was narrower, as Purkinje cell potentia-
tion is particularly important in learning how to perform fast sensory-motor integration.

In chapter 3, we collected several independent pieces of evidence, all pointing towards an
essential role of Purkinje cell potentiation as cellular mechanisms for the enhancement of the
whisker reflexive protraction. This enhancement consisted of larger, but also faster, whisker
forward sweeps in response to air-puff stimulation. The correlation between simple spike facili-
tation and occurrence of complex spike indicates that this type of potentiation follows the rule
of parallel fiber to Purkinje cells LTP derived from slices physiology studies (Coesmans et al.,
2004). However, upon 4 Hz air-puff stimulation, even the cells with the highest complex spike
response probability did not exhibit significant depression of their simple spike responses. One
reasonable possibility is that in this subgroup of cells, the complex spike responses do suppress
the simple spike responses but not upon 4 Hz air-puff stimulation. Our protocol was meant

to maximize the parallel fibers activity by exploiting the resonance property of the granular
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layer (D’Angelo et al., 2009; Roggeri et al., 2008). Regardless of whether those cells, with high
complex response probability, can also undergo Purkinje cells simple spike depression upon
sensory stimulation, the majority of the cells (66%) exhibited facilitated simple spike responses.
This form of Purkinje cell plasticity was prevented in Purkinje cell potentiation-deficient mice.
The results that emerged under our experimental condition suggest that in lobules Crusl and
Crus2, Purkinje cells potentiation, rather than depression, is the main mechanism underlying
the facilitation of the whisker reflexive protraction. Even in this case, the optogenetic modula-
tion of the climbing fiber activity could reveal if long-lasting Purkinje cell depression can be
induced and if this would result in suppressed whisker reflexive protraction. From the evidence
collected so far, we propose Purkinje cell potentiation as a cellular mechanism to make faster
and bigger whisker reflexive protraction.

In chapter 5, the sensory-induced adaptation of the respiration was tightly associated with
simple spike facilitation. The fact that the mice with impaired Purkinje cell potentiation could
not promptly adapt their respiration suggests that this cellular mechanism could be required
for performing fast sensory-motor integration. Also, the fact that the simple spike facilitation is
outstanding in the area between medial Crus 1 and simple lobule suggests that in this cerebel-
lar area, potentiation could dominate on depression. Another alternative explanation could
be that the area with a predominant simple spike increase receives more excitatory synaptic
inputs from the parallel fibers. Even in this scenario, however, the massive activation of the par-
allel fibers would lead to potentiation of both intrinsic firing property and involved synapses.
Potentiation could take place, especially because in that area, the climbing fibers activity was
relatively low compared to the surrounding areas. Conversely, the area that received a lot of
climbing fiber inputs, located in some lateral parts of the hemispheres, could be dominated by
Purkinje cell depression. What would be the biological function of such segregation between
areas dominated by one of the two competing plasticity mechanisms must be elucidated with
further experiments. The results of our experiments, however, suggest that they do exist.

CONCLUSION

In summary, cerebellar activity reflects a representation of multiple and diverse ongoing
behaviors such as whisking and breathing, even at the level of individual Purkinje cells. This
modulation does not affect movement during unperturbed conditions, because it does not pre-
cede it in time. When adaptation is required, the temporal relationship between simple spike
and movements changes, and Purkinje cells lead the adapted movement. Thus, a conspicuous
part of cerebellar activity does not have any direct impact on the execution of basic move-
ments, such as breathing, but it just continually supervises them in case adaptation is required.
From our results, Purkinje cells potentiation is an instrumental mechanism for achieving faster

discrimination (chapter 2), faster and bigger whisker reflexive protractions (chapter 3), and
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faster adaptation of respiration (chapter 4). The link between Purkinje potentiation and faster
sensorimotor integration has not been established before and explains why the cerebellar
patients are slower and why they need to supervise their actions consciously.

Furthermore, | believe that Purkinje cell depression, in adjacent cerebellar areas, is also
important to take actions faster. To test this hypothesis, specific studies need to be done. Based
on the findings collected so far, | propose that the cerebellum, as the Big Brother of Orwell’s
novel, continuously supervises us: it operates omnipresent surveillance of our actions and uses
mechanisms, such as Purkinje cell potentiation, to facilitate the simple spike activity to achieve
goals such as faster sensory-motor integration, when it is required. Indeed, our Small Brother
is Watching us!
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ABSTRACT NL

Van oudsher werd gedacht dat synaptische plasticiteit het belangrijkste mechanisme is waar-
mee zenuwcellen kunnen zorgen voor leren en geheugen. Aanvankelijk werd het vermogen van
het cerebellum om bij te dragen aan motorisch leergedrag toegeschreven aan de verzwakking
van de synapsen tussen parallelvezels en Purkinjecellen. Dit proefschrift laat, in samenspraak
met andere resultaten van de laatste tien jaar, zien dat ook andere vormen van plasticiteit
van belang zijn voor cerebellair leergedrag. Hierbij gaat het vooral om de versterking van
Purkinjecellen. In het bijzonder ga ik hier in op het belang van deze vorm van plasticiteit voor
aanpassingen in snorhaarbewegingen, likken en ademhaling. Gebaseerd op de resultaten, zoals
samengevat in dit proefschrift, suggereer ik dat de intrinsieke prikkelbaarheid van Purkinjecel-
len samen met de versterking van de synapsen tussen parallelvezels en Purkinjecellen leidt
tot een verhoogde activiteit van simple spikes. Dit leidt vervolgens tot een versnelde senso-
motorische integratie. Deze resultaten geven reden om aan te nemen dat afwijkingen in zulke
neuronale mechanismen bij kunnen dragen aan beperkingen in het aanleren en uitvoeren van

snelle reflexen bij cerebellaire patiénten.
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BREVE RIASSUNTO

I neuroni sono collegati tra loro e comunicano attraverso delle connessioni chiamate sinapsi. La
forza con cui due neuroni sono collegati puo cambiare in risposta all’esperienza e tale processo
si chiama plasticita sinaptica. | neuroscienziati pensano che la plasticita sinaptica sia il mec-
canismo attraverso il quale noi cambiamo il nostro comportamento in risposta all’esperienza,
cioe apprendiamo e formiamo nuova memoria. Per esempio, esistono neuroni che si attivano
in risposta a particolari suoni e neuroni che si attivano in risposta a stimoli dolorosi. Se questi
due tipi di neuroni sono ripetutamente attivati in simultanea, il che accade quando un certo
stimolo sonoro & associato ad uno doloroso, il circuito che li connette si rafforza. Ne consegue
che, anche in assenza dello stimolo doloroso, lo stimolo sonoro, attivera i neuroni del dolore.
Questo e un classico esempio di apprendimento dovuto alla modificazione delle connessioni
tra neuroni, in altre parole, di plasticita sinaptica. Nel mio lavoro di tesi ho dimostrato che un
tipo di plasticita sinaptica, detto potenziamento delle cellule di Purkinje, € fondamentale per
adattare diversi tipi di movimenti. Dai miei risultati emerge che il potenziamento dei neuroni di
Purkinje induce un aumento del numero di segnali che essi mandano ai neuroni del movimento.
In questo modo viene raggiunta una piu veloce conversione degli stimoli sensoriali in risposte
motorie, al pari di quando si rafforzano i propri riflessi.

Da questi risultati emerge che malfunzionamenti in questo meccanismo neuronale potreb-

bero essere alla base di alcune malattie in cui i riflessi sono rallentati.
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SUMMARY EN

This thesis aims to elucidate how the cerebellum contributes to spatio-temporal coordination
of movements. It is investigated to what extent Purkinje cell potentiation can serve as a cel-
lular mechanism to sustain the increase of simple spike activity that is essential for adaptation
of movements. More specifically, we study the movements of the whiskers (the relatively big
mystacial vibrissae that mice use to explore the surrounding) and the abdomen (which relates
to the respiratory cycle) in relationship with the activity of the Purkinje cells of the lateral
cerebellum. In chapter 1, | recapitulate the current state of the art about our anatomical and
physiological comprehension of the systems that are investigated in the subsequent chapters.
These systems are likely to undergo plastic changes during adaptation. In the past two decades
it emerged that multiple forms of plasticity underlie motor learning and adaptation. For ex-
ample, it was found that Purkinje cell potentiation, i.e., parallel fiber to Purkinje cell synapse
long term potentiation (LTP) together with intrinsic excitability, is critical for adaptation of the
vestibule-ocular reflex (Gutierrez-Castellanos et al., 2017; Voges et al., 2017). We continued
along this line showing that Purkinje cell potentiation is also required for other learning tasks
that cover a different domain, including active exploration and more autonomic functions.

In chapter 2, we show that learning of a whisker-based object localization task is inefficient
in mice lacking protein phosphatase 2B, which is essential for the expression of Purkinje cell
potentiation. The learning deficits of these mice are heavier when the localization must be
performed rapidly. Thus, the normal acquisition of this type of fast sensorimotor integration
requires intact Purkinje cell potentiation.

In chapter 3, we developed a paradigm that requires sensorimotor integration to enhance
reflexive whisker protraction. This reflex consists of a forward whisker sweep with which mice
react to sensory stimulation of their whiskers (e.g., by giving a brief air puff). We show that
reflexive whisker protraction becomes faster and bigger in amplitude after 20 seconds of 4 Hz
air puff stimulation. Using two independent mouse lines with impaired Purkinje cell potentia-
tion, we demonstrate that the adaptation of the whisker reflex depends on an increased simple
spike response to the air puff. Also, transiently mimicking the increased simple spike response
(with the use of optogenetics) we were able to enhance the reflexive whisker protraction. Thus,
we propose that Purkinje cell potentiation is a crucial cellular mechanism underlying whisker
reflexive adaptation through increased simple spike responses. The complex spike activity,
instead, determines which Purkinje cells undergo potentiation and its modulation is studied, in
greater detail, in chapter 4.

In chapter 4, we first investigate the complex spike rhythmicity induced by applying air puff
stimulation to the facial whiskers of the mouse and we subsequently investigate to what extent
these experimental data can be explained by the mechanisms revealed in a realistic tissue-scale
computational model of the inferior olive (the brainstem nucleus where the climbing fibers

that trigger complex spikes originate from). We can explain the induction of rhythmic complex
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spike activity, but not the prolonged activity following specific patterns of stimulation. Likewise,
we can control the timing of the initial complex spikes using sensory stimulation, but not their
overall rate. Elaborating on the possibility that the rhythmicity of complex spikes could relate
to one or multiple rhythmic behaviours, next, we evaluated the Purkinje cell activity in relation-
ship with whisking and breathing.

In chapter 5, we show that in the lateral cerebellum inputs coming from the whisker and re-
spiratory systems are integrated for synergistic control of both behaviours. The sensory inputs,
induced by applying air puffs to the whiskers, cause a simple spike increase in Purkinje cells that
can control both whisking and breathing. In fact, when these Purkinje cells are optogenetically
stimulated, a similar simple spike increase results in an anticipation of the subsequent respira-
tory cycle and in a whisker protraction. Instead, manipulation that prevents the increase of
simple spike activity also impairs sensory-induced acceleration of the respiration. Thus, sensory
inputs to the whisker system cause increased simple spike activity that affects the downstream
brainstem nuclei controlling whisking and respiration. Because of other anatomical connec-
tions, similar increases in simple spike activity are likely to reach also upstream brain structures
such as the neocortex.

In chapter 6, we studied the impact of optogenetically-induced simple spike increases
on primary motor and somatosensory cortex during sensorimotor processing. We show that
stimulation of Purkinje cells affects the coherence between primary somatosensory and motor
cortices, mainly within the gamma band. This effect was stronger during larger reflexive whis-
ker protraction. Thus, the Purkinje cell activity can affect both brainstem pre-motor neurons
(related to whisking and respiration) and higher order brain structures like the neocortex.

The interpretation of our results in chapter 7, is in line with the view that behaviour
emerges from an interplay between several parts of the central nervous systems. We conclude
that the cerebellum receives a representation of ongoing movements and uses sensory inputs
to adapt movements. In this respect, the cerebellum can be compared to the big brother of
George Orwell’s novel 1984. The cerebellum (our small brother), like the big brother, operates
as an omnipresent surveillance of our actions. This surveillance enables our small brother to
promptly adapt our movements when correction is required from internal or external circum-

stances.
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SAMENVATTING NL

Dit proefschrift heeft als doel te ontcijferen hoe het cerebellum bijdraagt aan de spatio-tempo-
rele codrdinatie van de bewegingen. Er wordt onderzocht in hoeverre potentiatie van Purkinje
cellen in het cerebellum kan dienen als een cellulair mechanisme voor de instandhouding van
de simple spike activiteit die nodig is voor de aanpassing van bewegingen. In het bijzonder
bestuderen we de bewegingen van de snorharen (de relatief grote vibrissae op de snuit van
muizen die gebruikt worden om de omgeving te verkennen) en van ademhalings-gerelateerde
bewegingen van de buik in relatie tot de activiteit van de Purkinje cellen van het laterale ce-
rebellum. In hoofdstuk 1 geef ik een overzicht van de huidige stand van zaken met betrekking
tot ons anatomisch en fysiologisch begrip van de systemen die in de volgende hoofdstuk-
ken worden onderzocht. Het zijn deze systemen waarvan we aannemen dat zij veranderen
(“plasticiteit vertonen”) tijdens aanpassingen in bewegingen. In de afgelopen twee decennia is
gebleken dat meerdere vormen van plasticiteit de basis vormen van motorische adaptatie en
van het motorisch leervermogen. Zo werd bijvoorbeeld gevonden dat Purkinjecelpotentiatie,
d.w.z. de combinatie van langetermijnpotentiatie (LTP) van de synapsen tussen parallelvezels
en Purkinje cellen en intrinsieke plasticiteit van Purkinje cellen, cruciaal is voor de aanpassing
van de vestibulo-oculaire reflex (Gutierrez-Castellanos et al., 2017; Voges et al., 2017). In dit
proefschrift zijn we verdergegaan langs deze lijn en laten we zien dat Purkinjecelpotentiatie
ook nodig is voor andere motorische leertaken, zoals diegene die betrokken zijn bij actieve
exploratie en bij autonome functies.

In hoofdstuk 2 laten we zien dat het voor muizen die een bepaald eiwit (proteine fosfatase
2B) missen lastiger is om te leren hun snorharen te gebruiken om de precieze plaats van een ob-
ject te koppelen aan de aanwezigheid van een beloning. Proteine fosfatase 2B is onontbeerlijk
voor Purkinjecelpotentiatie. De leerachterstand van deze muizen wordt verergerd wanneer de
lokalisatie snel moet worden uitgevoerd. De normale verwerving van dit type snelle sensomo-
torische integratie vereist dus intacte Purkinjecelpotentiatie.

In hoofdstuk 3 hebben we een paradigma ontwikkeld waarin we muizen sensomotorische
integratie laten gebruiken om reflexmatige snorhaarbewegingen te versterken. Deze reflex
bestaat uit een voorwaartse snorhaarbeweging die muizen maken na aanraking van hun
snorharen (bijvoorbeeld door het geven van een kortdurend luchtpufje). We laten zien dat de
reflexmatige snorhaarbeweging sneller en groter wordt na een periode van 20 seconden met
4 luchtpufjes per seconde. Met behulp van twee verschillende mutante muislijnen, die allebei
verstoorde Purkinjecelpotentiatie vertonen, laten we zien dat de aanpassing van de snorhaar-
reflex afhankelijk is van een verhoogde eenvoudige simple spike reactie op het luchtpufje.
Ook met het kortstondig nabootsen van de verhoogde simple spike reactie (met het gebruik
van optogenetische sitmulatie), waren we in staat om de reflexmatige snorhaarbeweging te
versterken. Om deze redenen veronderstellen we dat Purkinjecelpotentiatie een cruciaal cel-

lulair mechanisme is voor de aanpassing van reflexmatige snorhaarbewegingen door middel
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van verhoogde simple spike activiteit. De complex spike activiteit bepaalt daarentegen welke
Purkinje cellen potentiatie ondergaan en de modulatie van de complex spike activiteit wordt in
hoofdstuk 4 nader bestudeerd.

In hoofdstuk 4 onderzoeken we eerst hoe de stimulatie van de snorharen met luchtpufjes
kan leiden tot het ritmisch vuren van complex spikes. Vervolgens onderzoeken we in hoeverre
deze experimentele gegevens kunnen worden verklaard door de mechanismen die verklaard
worden door een realistisch netwerkmodel van de onderste olijfkern. De onderste olijfkern be-
vindt zich in de hersenstam en is de oorsprong van de klimvezels wier activiteit complex spikes
veroorzaken. Met behulp van dit computermodel kunnen we verklaren dat stimulatie leidt tot
kortdurende periodes waarin complex spikes ritmisch voorkomen. Uit de experimentele data
blijkt dat we weliswaar complex spikes kunnen triggeren door sensorische stimulatie, maar dat
we uiteindelijk de totale vuurfrequentie over langere tijd niet kunnen beinvloeden. Vervolgens
zijn we verdergegaan met het onderzoeken in hoeverre de ritmiek van complex spikes gecor-
releerd kan worden met één of meer ritmische gedragingen. Daartoe hebben we vervolgens de
Purkinjecelactiviteit gerelateerd aan bewegingen van de snorharen en ademhaling.

In hoofdstuk 5 laten we zien dat er in het laterale cerebellum integratie plaatsvindt van in-
puts van de snorharen en het ademhalingssysteem en dat deze informatie gebruikt kan worden
om beide typen gedrag op elkaar af te stemmen. Sensorische input van de snorharen, uitgelokt
door luchtpufjes te geven aan de snorharen, veroorzaakt een toename in simple spike activiteit
van Purkinje cellen. Op hun beurt kunnen deze simple spikes zowel de bewegingen van de
snorharen als de ademhaling beinvloeden. Ook door de betrokken Purkinje cellen optogene-
tisch te stimuleren wordt een dergelijke toename in simple spike activiteit veroorzaakt. Deze
toename blijkt inderdaad te kunnen leiden tot een versnelling van de volgende inademing en
tot een voorwaartse beweging van de snorharen. In het omgekeerde geval, wanneer er als het
gevolg van een mutatie geen toename in simple spike activiteit niet plaats kan vinden, vindt er
ook geen versnelling van de ademhaling plaats. Samengevat zorgt stimulering van de snorharen
voor een verhoging van de simple spike activiteit, welke op haar beurt de kernen beinvloedt
die in de hersenstam verantwoordelijk zijn voor de aansturen van snorhaarbewegingen en
adembhaling. Het ligt in de lijn der verwachting dat, gezien de anatomische verbindingen, ook
andere hersengebieden, zoals de neorcortex, bereikt worden door vergelijkbare toenamen in
simple spike activiteit.

In hoofdstuk 6 hebben we bestudeerd wat de impact is van optogenetische stimulatie van
Purkinje cellen en de daardoor veroorzaakte toename in simple spikes op de activiteit van de
primaire motorische en somatosensorische cortex tijdens de sensomotorische integratie. We
laten zien dat stimulatie van Purkinje cellen coherente activiteit tussen de primaire somato-
sensorische en motorische cortex beinvloedt, voornamelijk binnen de gamma band. Dit effect
was sterker tijdens grotere reflexmatige snorhaarprotractie. Zo kan de Purkinje celactiviteit
zowel de pre-motorische neuronen van de hersenstam (gerelateerd aan de beweging van de

snorharen en de ademhaling) als de hogere hersenstructuren zoals de neocortex beinvloeden.
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De interpretatie van onze resultaten in hoofdstuk 7 is in lijn met de opvatting dat gedrag
voortkomt uit een wisselwerking tussen verschillende delen van het centrale zenuwstelsel. We
concluderen dat het cerebellum informatie krijgt over op dat moment uitgevoerde bewegingen
en dat het sensorische input gebruikt om bewegingen aan te passen. In dit opzicht kan het
cerebellum worden vergeleken met de grote broer van George Orwell’s roman 1984. Het cere-
bellum (ons kleine broertje) werkt, net als de grote broer, als een alomtegenwoordige bewaker
van onze handelingen. Deze bewaker stelt onze kleine broer in staat om onze bewegingen snel

aan te passen wanneer er correctie nodig is door interne of externe omstandigheden.
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