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The cerebellum is most renowned for its role in sensorimotor control and coordination, but a growing number of
anatomical and physiological studies are demonstrating its deep involvement in cognitive and emotional functions.
Recently, the development and refinement of optogenetic techniques boosted research in the cerebellar field and,
impressively, revolutionized the methodological approach and endowed the investigations with entirely new capabilities.
This translated into a significant improvement in the data acquired for sensorimotor tests, allowing one to correlate single-
cell activity with motor behavior to the extent of determining the role of single neuronal types and single connection
pathways in controlling precise aspects of movement kinematics. These levels of specificity in correlating neuronal activity
to behavior could not be achieved in the past, when electrical and pharmacological stimulations were the only available
experimental tools. The application of optogenetics to the investigation of the cerebellar role in higher-order and cognitive
functions, which involves a high degree of connectivity with multiple brain areas, has been even more significant. It is
possible that, in this field, optogenetics has changed the game, and the number of investigations using optogenetics to
study the cerebellar role in non-sensorimotor functions in awake animals is growing. The main issues addressed by these
studies are the cerebellar role in epilepsy (through connections to the hippocampus and the temporal lobe), schizophrenia
and cognition, working memory for decision making, and social behavior. It is also worth noting that optogenetics opened
a new perspective for cerebellar neurostimulation in patients (e.g., for epilepsy treatment and stroke rehabilitation),
promising unprecedented specificity in the targeted pathways that could be either activated or inhibited.
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| 1. Introduction

The first reports on cerebellar structure and the first hypothesis on function pointed out its high degree of connectivity with
the rest of the brain and the possible relationship with higher-order functions [L. However, since the nineteenth century,
with the work of Flourens (who provided the first descriptions of the motor syndrome now called ataxia &), the cerebellum
has been investigated for its role in motor functions, while the role of its extensive connectivity to other brain areas was
overlooked. The shift in the cerebellar paradigm is only relatively recent and can be traced back to Schmahmann’s first
reports of the Cerebellar Cognitive Affective Syndrome (B and the introduction of the Dysmetria of Thought concept in
1998 [, Since then, several studies have reported cerebellar abnormalities or lesions at the core of cognitive dysfunctions
BB a5 well as higher order function impairments associated with motor syndromes involving the cerebellum EIE, while
the research on the cerebellar role in sensorimotor integration can rely on a well-defined anatomy and easily measurable
motor outputs, investigating the cerebellar role in non-sensorimotor functions proved challenging. To find the role of the
cerebellum in these cases, one needs to take into account cerebellar connectivity with other brain regions, such as the
hippocampus or the neocortex, that are not usually direct. Moreover, while considering cognitive functions, the
involvement of brain cortical associative areas makes the identification of the specific role of the cerebellum hard. Over
the last decade, the revolution of technical approaches in neurophysiological investigations has provided new tools and
granted unprecedented resolution in determining the effects of neuronal types and single pathways in complex behaviors.
In particular, optogenetics proved to be a game-changing tool that neuroscience needed in order to achieve stimulation
specificity, in vitro and in vivo, that was not foreseeable only twenty years ago. This technical revolution affected cerebellar
research too, allowing huge steps in understanding the cerebellar contribution to both motor and non-motor functions.
This review will focus on the use of optogenetics in the cerebellum to analyze behavior, to different extents. Concerning
the section about the role of cerebellum in the sensorimotor system, the focus will be on the unprecedented level of detail
that optogenetics allow to achieve in terms of specific neuronal types or pathways involved in precise aspects of
movement. The non-sensorimotor section will summarize the main findings of the last decade, where the use of
optogenetics allowed us to tackle the role of cerebellum in functions and behaviors usually associated with other brain
areas. Importantly, this optogenetic revolution in cerebellar investigations might be key in achieving cerebellar stimulation
(or inhibition) as a clinical treatment for a broad spectrum of disorders.Herein, we will provide a summary of recent



advances in cerebellar optogenetics and its applications to study neuronal circuits in physiological or pathological
conditions, highlighting the advantages of photostimulation techniques, as well as emerging questions and future
perspectives.

Graphical Abstract: Overview of virus injection and optogenetic stimulation sites. A) Sagittal section showing the infected
cerebellar regions. A DNA vector encoding an opsin can be efficiently packaged into adeno-associated virus (AAV) and
injected into the targeted cerebellar region [cortex or deep nuclei (DCN)]. In order to achieve cell type specific opsin
expression, a cell type-specific promoter or Cre-Lox recombination approach can be used. B) Light is delivered via an
optical fiber placed either over the cell bodies to target all projection neurons or in a downstream region to target a specific
projection. Cer, cerebellum; mPFC, medial prefrontal cortex; Th, thalamus; BG, basal ganglia; VTA, ventral tegmental
area; Hipp, hippocampus; M1, premotor cortex; S1, somatosensory cortex; DCN, deep cerebellar nuclei.
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2. Brief Overview of the Cerebellar Anatomy and Microcircuits
Organization

The cerebellum is part of the hindbrain, located above the brainstem, and is characterized by two lateral hemispheres and
a medial region called the vermis. The whole cerebellum is organized in the deep cerebellar nuclei (DCN), enclosed in the
white matter, and in the three layers characterizing the cerebellar cortex. Throughout the whole cortex, the network
organization is repeated, with very few differences among regions. In essence, the first set of inputs is conveyed by the
mossy fibers, making excitatory synaptic contacts with granule cells and Golgi cells in the granular layer (the inner cortical
layer of the cerebellum). Granule cells are excitatory neurons that make synaptic contacts (through the ascending axon or
the parallel fibers) with the Golgi cells, molecular layer interneurons, and Purkinje cell (PC) dendrites (in the molecular
layer, the external layer of the cerebellar cortex; in between, PCs soma originate the Purkinje cell layer). Interestingly,
granule cells are the only excitatory neurons in the cerebellar cortex (except for unipolar brush cells in specific regions),
giving rise to an inhibitory organization in feedback and feedforward loops that endow the cortical processing with peculiar
features (for a detailed review of this topic see 1ALI2Y Another set of inputs comes from the climbing fibers, originating
in the inferior olive. Climbing fibers directly contact PCs, which provide the sole output of the cerebellar cortex. PCs axons
make inhibitory synaptic contacts with DCN neurons. The DCN are composed of three sets of nuclei (from medial to



lateral): the fastigial, the interpositus (that includes the globose and emboliform nuclei in primates), and the dentate nuclei.
Both mossy and climbing fibers send collaterals to the DCN before entering the cerebellar cortex. Therefore, the DCN can
compare and integrate the input signals conveyed to the cerebellum and the result of cortical processing of those same
inputs. Several studies report that this anatomical organization of cerebellar microcircuits can be divided into modules,
operating in loops with the regions of origin of their inputs, being the inferior olive or the rest of the brain 13, The
cerebellar role in both sensorimotor and non-sensorimotor functions likely relies on the brain regions involved in these
loops. This is also evident from the recent advances in cerebellar development studies, though this topic is beyond the
scope of this review (see for details on this subject 14123}y,

| 3. Pros and Cons of Optogenetics

The obvious advantage of optogenetics is the possibility to modify neuronal activity in a cell-specific or region-specific
manner. This is usually achieved using promoters for proteins expressed in specific neuronal subtypes or by localizing the
viral injection to confined areas. The second main advantage is the possibility to activate or inhibit the target neurons.
Previously, neuronal inhibition was achieved by local lesions, pharmacological tools, or decreasing the temperature in the
brain region of interest. All of these approaches have evident disadvantages. Electrical lesions are usually not precisely
localized and are not reversible. Optogenetic inhibition of neuronal activity can be achieved with millisecond precision and
brief duration, if needed. The pharmacological tool lacks temporal precision, and the reversibility might not be complete.
The drop in local temperature is usually achieved by perfusing cold solutions, lacking both temporal and spatial
precisions. The high spatial and temporal resolutions of optogenetic modulation of neuronal activity, together with the
specificity of cell types and pathways, led to a definitive advance in the study of neuronal activity and connectivity on the
basis of complex behaviors and pathological conditions. This was even more evident in the last few years, where
technological improvements made miniaturized devices available, allowing us to modify the activity of selected neuronal
types and specific connections during a wide range of behaviors and behavioral tasks, providing causal relationships
between the optogenetically targeted neurons and the observed behavior.

Though the pros of optogenetics are impressive, some technical issues need to be taken into account. First of all, the
need to inject viral constructs when genetically modified animals are not available. Different viral batches may come with
different titer and, in every case, the dilution and the volume of the injections must be calibrated each time. This is true
even when using the same batch but changing injection location, since different brain areas show different infection levels
with the same construct. Moreover, the specificity of the cell type is allowed only where the target cells have unique
markers, not common to other cells in the surrounding areas. This condition is not always achievable. Finally, the amount
of opsins expressed on neuronal membranes might differ from trial to trial, making the net effect of light-driven neuronal
activation/inhibition difficult to reproduce consistently. Nevertheless, the pros of optogenetics use in neuroscience mostly
overcomes the cons, and its unique features need to be taken into account when designing experiments and interpreting
results. Before proceeding, another critical issue is worth pointing out. Optogenetics is indeed a revolutionary method to
excite or inhibit neurons, since it involves the opening of ion channels on their membranes, generating ion fluxes to modify
membrane voltage. This condition is very similar to the physiological processes involved during neuronal activity, but it is
essential to keep in mind that optogenetic stimulation is very different from the physiological condition. It is not possible to
have control over the amount of currents induced in a single neuron or to affect only those neurons that are
physiologically activated together by a common pathway. Every neuron expressing the opsins will react when illuminated,
therefore activating or inhibiting entire regions. This condition is quantitatively different from physiological activation in
terms of current amplitude in single neurons and the number of neurons affected. Though this specification was
necessary, a stimulation method acting directly on neurons and mimicking the exact physiological activation is not
available at the moment.

Indeed, optogenetics has moved cerebellar research ahead by allowing us to disentangle intertwined pathways at a
spatiotemporal precision unmatched by other techniques. In particular, optogenetic tools allowed for (1) the genetic
specificity and anatomical strategies controlling the electrical activity of selected cerebellar neurons, (2) the targeting of
projections between cerebellum and other brain regions by delivering light to opsin-expressing axons, (3) the link to data
obtained from in vitro/in vivo electrophysiological recordings and targeted cerebellar neurons during behavioral tasks and
(4) closed-loop interventions in which optical cerebellar stimulation is guided by real-time readouts of ongoing activity 261,

In the following sections, the use of optogenetic tools to dissect the cerebellar role in behavior is divided for investigations
of the sensorimotor and non-sensorimotor functions.



| 4. Sensorimotor Functions

The renowned function of the cerebellum is the integration of sensorimotor information. Despite the first reports on this
topic dating back almost two centuries ago, the underlying physiological mechanisms remain incompletely defined still at
the neuronal and microcircuit levels. The recent development of optogenetics boosted neurophysiological research,
providing a suitable tool to investigate the impact of specific neurons or pathways on behavior. Indeed, optogenetics is
now primarily employed to stimulate specific components of the cerebellar circuit in order to investigate the cerebellar
contribution to perception and motor control. The cerebellum is involved in loops with the cerebral cortex, including motor
and sensory areas. Inputs coming to the cerebellum send collaterals to the DCN before entering the cerebellar cortex.
The DCN are in the position to integrate the “raw” signal sent to the cerebellum with the results of the cortical processing
of the same input. In turn, the DCN convey the integrated signal back to the brain regions of origin. These sensorimotor
cortico-cerebellar loops play a crucial role in the fine control of voluntary movements L7181,

The main findings made possible by optogenetics in the investigation of the cerebellar role in sensorimotor control and
learning include cerebellar mechanisms involved in sensorimotor integration and voluntary movement 14, associative
learning 2220 (Figure 1), eye movements in monkeys 21, movement kinematics 221231241 and movement disorders (23,

Figure 1. Role of Excitatory Cerebellar Nucleocortical Circuit in controlling associative motor learning. (A) Left, schematic
viral injection of AAV2-hSyn-ChR2-eYFP targeting the interposed nucleus. Right, in the eyeblink conditioning (EBC)
paradigm, a conditioned stimulus (CS, tone) is presented before the onset of an unconditioned stimulus (US, air puff). The
inter-stimulus interval (ISl) is the time interval between CS and US onset. The two stimuli normally co-terminate. During
the training, mice learn to generate a delayed conditioned response (CR) to the CS before the onset of the expected US.
(B) Mossy fiber (MF) afferents can influence deep cerebellar nuclei (DCN) output via projections onto granule cells
(GrCs). GrCs can directly affect Purkinje cell (PC) activity via parallel fiber connections or indirectly via feedforward GrC-
MLI-PC processing. The EBC paradigm increases the inhibitory/excitatory (I/E) ratio in PCs, indicating a preferential
enhancement of the feedforward inhibitory GrC-MLI-PC pathway.

| 5. Non-Sensorimotor Functions

While the cerebellar role in sensorimotor functions and motor coordination is well established, the nature of its impact on
cognition and emotion remains more difficult to address. The connections involved are usually indirect and the
convergence of more inputs to associative areas makes it incredibly difficult to detect the specific role of the cerebellum
among the contributions of other brain areas. To further complicate the picture, the behavioral counterpart to the
cerebellar involvement in non-sensorimotor functions is difficult to retrieve. The understanding of the cerebellar
involvement in non-sensorimotor functions was first prompted by the development of functional magnetic resonance
imaging (fMRI), during the past 25 years. Recent anatomical, structural and functional evidence has revealed that
cerebellar activation is associated with addiction, social cognition and emotional processing [2811271[28129] * Fyrthermore,
cerebellar lesions are implicated in cognitive disorders and abnormal social behavior such as in autism spectrum



disorders (ASD), cognitive affective syndrome, schizophrenia and epilepsy 22BABLS2|S3|[34](35]36] Notably, ASD patients
report both motor dysfunctions together with non-motor symptoms, suggesting that cerebellar impairment might indeed
contribute to both BUBEEIEY  Jikely depending on the connected brain areas 8. In non-human primates, tract-tracing
investigations have demonstrated that topographically distinct regions (called output channels) of the DCN project to
different cortical areas: with dorsal parts sending efferent fibers to the motor cortex and ventral parts to the prefrontal and
parietal cortexes, which are generally involved in cognitive and higher-order executive functions B4 Recently,
neuroimaging studies have reported a similar connectivity topography in human DCN 4142l The prefrontal cortex and its
extensive connections with other cortical, subcortical and brain stem areas have extensively been investigated. These
studies provided evidence for two different pathways through which DCN communicate with the prefrontal cortex. The
main pathway involves glutamatergic neurons located in the DCN, which connect to primary thalamic nuclei such as
ventrolateral, ventromedial and, additionally, centrolateral nuclei 2243144l The connectivity among the DCN and thalamic
nuclei is yet to be fully characterized. It is unclear whether the cerebellum projects to the mediodorsal thalamic nuclei,
which are known to provide the main thalamic inputs to the prefrontal cortex 4546l Recently, reciprocal connectivity
between the prefrontal cortex and ventral thalamic nuclei (specifically ventromedial) has been shown 42471481 The
second pathway involves DCN projections to the ventral tegmental area (VTA) which, in turn, send dopaminergic fibers to
the prefrontal cortex 2. A growing body of evidence has reported that VTA dopaminergic projections in the prefrontal
cortex, in addition to influencing stress-related function and working memory 5951 mediate many of the higher-order
cognitive functions, including reward, motivation, attention and behavioral flexibility B253I54155]  Notably, alterations in
dopaminergic neurotransmission in the prefrontal cortex has been shown in a number of patients diagnosed with
schizophrenia and autism [B8IB7[58] Recently, it has been shown that the electrical stimulation of DCN was able to
indirectly evoke the release of dopamine in the prefrontal cortex (dentate-reticulotegmental-peduncolopontine-VTA-
prefrontal cortex pathway) B26Y, syggesting a cerebellar contribution to reward driven behaviors.

The recent findings in the main non-sensorimotor functions addressed using optogenetics are summarized in Table 1,
covering the main topics of reward and social behavior 81 (Figure 2), working memory and decision making [62,
schizophrenia and cognition 31641651 temporal lobe epilepsy and absence seizure 86768l and control of blood
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Figure 2. Cerebellar influence on reward and sociability. (A) Left, schematic viral injection of AAV1-hSyn-ChR2-eYFP
targeting the deep cerebellar nuclei (DCN). Optical fibers were implanted into the ventral tegmental area (VTA), bilaterally.
Right, mice were allowed to explore a square chamber, divided in quadrants, one of which was associated to a reward.
Whenever the mouse entered in the reward quadrant, cerebellar axons innervating the VTA were optically stimulated. For
the time the mouse spent in the reward quadrant, the stimulus (20 Hz for 3 sec) was repeated every 10s. (B) Left, AAV5-
hSyn-ArchT-GFP was injected in the DCN in order to selectively inhibit cerebellar axons through bilateral optical fibers
implantation into the VTA. Right, Social preference was examined using a three-chambered social task. The tested mouse
was allowed to approach a “stimulus” mouse confined to one side chamber (social side) or a novel object placed on the



other side (non-social side). On the first day (training day), the mouse was allowed to freely explore all three chambers.
On the subsequent day, the cerebellar axons innervating the VTA were optically inhibited for the time the mouse stayed by
the social side. The optogenetic stimulation was immediately ceased when the mouse exited the social side.

Table 1. Viral constructs used in optogenetic manipulation of non-motor behavior.

Expression (Cell . Cerebellar . Behavioral
Serotype Promoter Opsin . Behavior
type) Region Outcomes

Increased place

AAV1 hSyn Neuron-specific ~ ChR2 DCN Reward o1
preference [611
. . Altered social
AAV5 CAG All cells ArchT DCN Social behavior 61
preference [61]
Reduction in
hippocampal
o Cortex ) seizure duration
Pcp2-Cre* Purkinje cells ChR2 ) Epilepsy .
(simplex) and seizure-
induced
inhibition©2
Reduction in
DCN i
AAV9 VGIuT-Cre*  Glutamatergic ChR2 . Epilepsy hippocampal
(fastigial) seizure duration
[67]
Reduction in
o DCN , .
AAV2 hSyn Neuron-specific ~ ChR2 Epilepsy thalamocortical
(dentate) o 68
oscillations (€8]
Reduction in
. Cortex Working
AAV2/9 Pcp2-Cre* Purkinje cells ChR2 performance
(Crus 1) memory accuracy (62
Reduction in the
= o Cortex Postural extent of blood
Lentivirus L7 Purkinje cells eNpHR3.0 .
(uvula) alterations pressure
recovery 22
DCN Increase in
AAV CamKill Glutamatergic ChR2 Schizophrenia prefrontal activity
(dentate) (65]

Transgenic lines that have been used in mouse studies are denoted by an asterisk (*)
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