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Abstract

The cerebellum is mostly known to be a key structure in the regulation of move-

ments. However, its high degree of inter-connectivity with various cortical and sub-

cortical structures brings the question of its involvement in regulating other brain

functions, such as cognitive processes. In particular, the tight links between the

cerebellum, the motor circuits and the limbic circuits suggest a contribution of the

cerebellum to both motor learning and emotional learning. Using anatomical trac-

ing, extracellular electrophysiology and behavior, the aim of this thesis is to unravel

the involvement of the cerebellum in the extinction of fear memory through the con-

trol of thalamo-cortical synchrony of fear-related oscillations. Then, this thesis will

investigate the differential contributions of cerebello-cortical and cerebello-striatal

networks to the acquisition and the consolidation of a complex motor skill. Ulti-

mately, it will focus on the integrity of cerebello-thalamic networks and the func-

tionality of cerebello-thalamic plasticity in a mouse model of DYT25, a genetic form

of dystonia.



”Everything in nature is a cause from which there flows some effect”.

Baruch Spinoza

1
Introduction

1.1 Cerebellar networks and function

1.1.1 Anatomical description

The cerebellum is a brain structure part of the rhombencephalon and located at the

posterior part of the encephalon, inside the posterior cranial fossa. Although the

encephalon displays wide inter-species variability, the gross anatomy of the cerebel-

lum is relatively well preserved among mammals. Although this thesis will focus on

the murine cerebellum, most of the principles described here should be shared by

mammalian cerebelli.

Due to its location in the posterior cranial fossa, the cerebellum is encased by

the occipital bone, and is surrounded by different anatomical structures. In partic-

ular, the superior part of the cerebellum is delimited by the tentorium cerebelli, a

layer of dura matter hosting the straight sinus at its midline. The cerebellum has

several anterior relationships, including the brainstem at the level of the pons, the

medullary vela covering the fourth ventricule, but also the foramen of Magendie and

the medulla oblongata.

In terms of structural organization, the cerebellum is composed of deep cerebel-

lar nuclei, being the main output of the cerebellum towards other regions of the
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central nervous system, around which a formation of folded three-layer laminar gray

matter named the cerebellar cortex is distributed. The cerebellar cortex is formed

by two hemispheres, connected on their medial parts to the cerebellar vermis. Thus,

the cortex displays a medio-lateral organization, with the vermis at the midline,

continued by an intermediate zone of the hemisphere, and lateral hemispheres at its

extremities.

The cerebellar cortex is partitioned in three anatomical lobes along the antero-

posterior axis, separated by horizontal grooves called fissures. The most superior

lobe of the cerebellum is called the anterior lobe, and is separated from the pos-

terior lobe of the cerebellum by the primary fissure. The remaining lobe of the

cerebellum is called the flocculonodular lobe and is anterior to the posterolateral

fissure, separating it from the posterior lobe. Deep cerbellar nuclei come into four

pairs, with a medio-lateral distribution. From the most medial to the most lateral,

they are composed of the fastigial nuclei (or medial nuclei), the globose nuclei, the

emboliform nuclei and the dentate nuclei (or lateral nuclei). Although separated by

fiber bundles (Voogd, and Ruigrok 2012), the globose and emboliform nuclei are not

distinguishable in the cerebellum of some mammals (including humans and rodents)

and are fused in a single nucleus named the interpositus nucleus (or intermediate),

with its anterior and posterior parts respectively corresponding to the emboliform

and globose nuclei (Moini et al. 2020). The cerebellar cortex also sends substantial

projections to the vestibular and parabrachial nuclei, which are not counted as part

of the cerebellum but share functional similarities with the cerebellar nuclei.

The cerebellum is anchored to the brainstem by three processes called pedun-

cles, segregating the different input and output pathways of the cerebellum. The

superior cerebellar peduncles host the main output pathways to the mesencephalon,

hosting the cerebello-thalamic pathways allowing for information transfer between

the cerebellum and the forebrain. Also, the superior peduncles provide a pathway

for afferences from the ventral spinocerebellar tract carrying proprioceptive informa-

tion, the trigeminal nucleus and the locus coeruleus. The middle cerebellar pedun-

cles host afferences from the pons, representing the main inputs of the cerebellum.

Ultimately, the inferior cerebellar peduncles connects to the spinal cord and the

medulla oblongata. It contains two different pathways, the restiform body carrying

afferences from the dorsal spinocerebellar, the olivocerebellar and the cuneocere-

bellar tracts, and the juxtarestiform body that carries both vestibulocerebellar and

cerebellovestibular tracts.
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1.1.2 Functions

Historically, the function of the cerebellum was first described through the charac-

terization of syndromes associated to cerebellar lesions. Indeed, patients suffering

from lesions of the cerebellum tended to consistently display a range of symptoms

which taken altogether constitute the cerebellar syndrome. This syndrome includes:

• Ataxia, which is a deficit in coordination in voluntary movements

• Dysmetria, or the inability to finely tune the timing of a movement

• Dysarthria, a speech disorder leading to an altered articulation

• Nystagmus, an abnormal rhythmic eye movement

• Intention tremor, an involuntary oscillatory and high-amplitude movement

during voluntary movements

• Hypotonia, which is a deficit in coordination of a voluntary movement

• Paralysis (although less frequent)

The ensemble of symptoms reported in this syndrome highlights the importance

of the cerebellum in motor control, as lesions of the cerebellum induce a strong deficit

in motor coordination and movement timing. However, more recent studies have re-

vealed the possibility that the cerebellum could be involved in non-motor functions.

Indeed, clinical studies have revealed that patients suffering from cerebellar degen-

eration or stroke would display cognitive dysfunctions, including learning deficits,

difficulties with paired-associations and generalized intellectual slowing (Kish et al.

1988; Bracke-Tolkmitt et al. 1989), but also impaired executive functions (Grafman

et al. 1992) and visual spatial deficits (Wallesch et al. 1990). In addition, linguistic

deficits were also observed in patient in cerebellar patients, ranging from agramma-

tism (Silveri et al. 1994) to mutism (Kingma et al. 1994) with a possible association

to regressive personality changes and emotional lability (Pollack et al. 1995). These

prior observations lead Schamhmann and Sherman to describe a set of non-motor

symptoms associated to cerebellar lesions, defined as the “cerebellar cognitive affec-

tive syndrome” (Schmahmann et al. 1998). The association of deficits observed in

this syndrome suggests a role of the cerebellum in modulating higher brain functions

through its connections with the forebrain, particularly with the prefrontal cortex.

These clinical observations were later supported by many animal studies, further

cementing the contribution of the cerebellum to non-motor functions (Strick et al.
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2009), such as spatial navigation (Rochefort et al. 2013) and reward prediction

(Wagner et al. 2017; Kostadinov et al. 2019).

1.1.3 Cerebellar circuits

During my PhD, I studied mostly the deep cerebellar nuclei and their interactions

with the forebrain. In this chapter, I will first briefly describe the structure and

cellular types of the cerebellar cortex, and then present more in details the cerebellar

nuclei.

1.1.3.1 Cerebellar cortex

As described earlier, the cerebellum is composed of deep cerebellar nuclei, sur-

rounded by an extensively folded cerebellar cortex. This cerebellar cortex has a very

stereotypical laminar structure, including three layers: the granular layer (deepest),

the Purkinje cell layer (intermediate) and the molecular layer (the most superficial)

(Braitenberg et al. 1958). Each of the previously mentioned layer hosting specific

types of neurons. This laminar structure of the cerebellar cortex follows a modular

compartmentalization, with parallel modules organized in the sagittal axis (Voogd

1967). Each of these module can be subdivided in micro-zones, defining the func-

tional processing unit of the cerebellar cortex (Apps, Hawkes, et al. 2018).

Granule cells

The granular layer hosts the most prevalent neuronal type of the cerebellar cortex

(and of the brain), the granule cells. Granule cells represent more than 90% of the

neurons in the cerebellum. They are glutamatergic neurons with a particularly small

soma (< 5 µm in diameter) surrounded by few ‘club-like’ dendrites (4 on average),

and a long and thin ascending axon projecting towards the molecular layer of the

cerebellar cortex (Ramo et al. 1911; Palay et al. 1974).

The dendrites of granule cells receive glutamatergic excitatory inputs from the

mossy fibers, but also receive inhibitory inputs from Golgi cells (Eccles 1967). In

addition, granule cells dendrites receive excitatory inputs from glutamatergic in-

terneurons of the granular layer called unipolar brush cells (Mugnaini, Di˜o, et al.

1997; Mugnaini, Sekerková, et al. 2011), as well as excitatory inputs coming from

glutamatergic neurons of the deep cerebellar nuclei through collaterals (Houck et al.

2015). However, the synaptic inputs of the granule cells have a peculiar structure.

Indeed, a single mossy fiber axon will terminate in multiple contacts surrounded by

a glial sheet, forming a “cerebellar glomerulus” (Palay et al. 1974). Dendrites from
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many granule cells (up to 50 different dendrites) will be encased in a single glomeru-

lus, along with inputs from Golgi cells, unipolar brush cells and deep cerebellar

nuclei projections.

The ascending axon stemming from granule cells projects in the direction of the

molecular layer, is unmyelinated (Palay et al. 1974), and bifurcates in the molecular

layer to form a “parallel fiber”. Indeed, this axons splits in the molecular layer

in a ‘T-shape’ manner, forming two branches perpendicular to the ascending axon

and running parallel with the branches from the other granule cells . These parallel

fibers will notably form varicosities to make synaptic contacts on dendritic spines of

many different Purkinje cells. Because parallel fibers are oriented orthogonally to

the sagittal micro-zones of the cerebellar cortex, a single fiber will contact Purkinje

cells from different zones, allowing for communication between different modules

(Valera et al. 2016; Spaeth, Bahuguna, et al. 2022). Reciprocally, a single Purkinje

cell will be contacted by many different parallel fibers, with a wide variability in

terms of synaptic weights (Isope et al. 2002). This strong divergence of mossy fibers

signals to many granule cells then to many Purkinje cells and the convergence of

many parallel fibers to a single Purkinje cells reflect the computational richness of

the cerebellar cortex, and contributes to the emergence of broad connectivity maps

between granule cells and Purkinje cells (Valera et al. 2016; Spaeth, Bahuguna, et

al. 2022), which were hypothesized to contribute to the implementation of internal

models within the cerebellum (Spaeth, and Isope 2023).

Purkinje cells

The Purkinje cells layer is populated by an eponym GABAergic projection neu-

ron, the Purkinje cell. Purkinje cells are compolocal sed of a large pear-shaped soma

(around 25µm in diameter) laying in the Purkinje cell layer, a massive dendritic ar-

bor protruding towards the molecular layer, and a thin axon projecting towards the

deep cerebellar nuclei (Golgi 1874; Ramo et al. 1911), also emitting collaterals to

other Purkinje cells and local interneurons (Witter et al. 2016).

The dendritic arbors of the Purkinje cells are disposed in a parallel fashion in

the sagittal plane, and are not overlapping between cells. The tree has a complex

morphology, with proximal dendrites stemming out of the cell’s soma, being the site

where synaptic inputs from the climbing fibers are distributed; and distal dendrites

receiving inputs from the parallel fibers. Strikingly, the morphology of their den-

dritic arbor has been shown to be more complex in humans compared to rodents.

5



Indeed, while the majority of human Purkinje cells display multiple branches in their

dendritic arbor, this phenomenon is much more rare in mice (Busch et al. 2023).

This wide distribution of dendritic arbor allows for the integration of a staggering

amount of inputs from the parallel fibers, with more than 175 000 different synapses

for a single Purkinje cell (Napper et al. 1988), most of them being electrically silent

(Isope et al. 2002; Ho et al. 2021).

When isolated, Purkinje cells exhibit a tonic spiking pattern at ~50Hz in a

pacemaker fashion (Häusser et al. 1997; Nam et al. 1997; Raman, and Bean 1997).

They receive two main excitatory inputs: parallel fibers from granule cells and the

climbing fibers coming from olivary neurons, each of these two having different

effect on the spiking pattern of the Purkinje cell. Indeed, an impluse from the

parallel fibers releases glutamate in the synaptic cleft, leading to a small depolarizing

synaptic potential, which is generally too weak to induce an action potential from

the Purkinje cell. However, if these depolarizing synaptic potentials are spatially

and temporally summed at the level of the proximal axon, the Purkinje cell will

emit an action potential in the form of a simple spike (SS) (Palmer et al. 2010). In

contrary to the parallel fibers, a single impulse of activity coming from the climbing

fiber releases a tremendous amount of glutamate along the dendritic arbor of the

Purkinje cell, causing a burst-like activity of the Purkinje cell called a complex

spike (CS). Interestingly, a strong enough stimulation of parallel fibers could induce

complex spike activity in Purkinje cell, suggesting that the mechanism underlying

the generation of complex spikes is directly dependent on the magnitude of the

excitation bestowed upon the Purkinje cell.

In vivo studies on anesthetized animals revealed that Purkinje cells activity is

composed of a tonic discharge of simple spikes at frequencies ranging between 50Hz

and 120Hz, and a much less frequent discharge of complex spikes at 1Hz (Latham

et al. 1971). Complex spikes may exert an antagonistic effect on simple spikes

discharge, as in some regions of the cerebellum, a complex spike will be followed by

a pause in simple spike discharge, lasting for roughly 100ms (Latham et al. 1971).

Interneurons

The cerebellar cortex is composed of a plethora of types of interneurons, which

are inhibitory for the most part or excitatory. Depending on their types, these

interneurons can be located in the molecular layer, in the Purkinje cell layer or in

the granular layer of the cerebellar cortex.
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The molecular layer of the cerebellar cortex is populated by two classes of mor-

phologically distinct inhibitory interneurons, the stellate cells and the basket cells,

usually considered as belonging to the same category of interneurons, named “molec-

ular layer interneurons”, or MLI.

Stellate cells are small GABAergic interneurons located in the upper two thirds

of the molecular layer. They receive excitatory inputs directly from both parallel

fibers and climbing fibers, and exert an inhibitory effect over local Purkinje cells at

the level of their dendrites. Basket cells are small GABAergic interneurons located

in the basal third of the molecular layer, which exert an inhibitory effect of Purkinje

cells by sending an axon terminating directy on the soma and axon (initial segment)

of the Purkinje cells(Somogyi et al. 1976; Iwakura et al. 2012).

This particular network configuration empowers molecular layer interneurons

to perform feed-forward inhibition on the Purkinje cells (Mittmann et al. 2005).

Because this inhibition is delayed in time compared to the initial excitatory signal

of the parallel fibers (by approximately 1ms), it restricts the excitation window of

the Purkinje cells, thus allowing to increase the temporal contrast of the signal

carried by the parallel fibers and contributes to shaping the output of the Purkinje

cells (Mittmann et al. 2005; Blot et al. 2016).

Although basket cells and stellate cells were originally considered as two com-

pletely different neuronal classes, recent evidence suggest that they represent a neu-

ronal continuum (Zhang, and Goldman 1996; Sultan et al. 1998; Schilling et al.

2008). In addition, a recent theory proposes the molecular layer interneurons to be

divided in two different categories based on their physiological properties: MLI1 and

MLI2 (Kozareva et al. 2020).

The granular layer of the cerebellar cortex hosts several types of interneurons,

including inhibitory and excitatory neurons. Golgi cell are the main inhibitory

interneurons of the granular layer (Eccles et al. 1964), and the sole inhibitory output

provided directly to the granule cells through their terminals located in the cerebellar

glomeruli. They receive excitatory inputs directly from mossy fibers (Palay et al.

1974; Cesana et al. 2013), but also from the ascending axon of the granule cells

(Cesana et al. 2013) and finally by terminals in the molecular layers between the

apical dendrite of the Golgi cell and the parallel fibers (Cesana et al. 2013). This

triple source of excitation allows the Golgi cells to perform feedback inhibition on

the granule cells. They also receive an inhibitory input from nearby Lugaro cells.

Lugaro cells are inhibitory interneurons of the top of the granular layer, just

below the Purkinje cell layer (Lugaro 1894). They are both GABAergic and glycin-
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ergic, and typically inhibit nearby Golgi cells (Dieudonné et al. 2000; Dumoulin

et al. 2001), as well as molecular layer interneurons (Lainé et al. 1998) through their

ascending axon projected towards the molecular layer (Palay et al. 1974; Lainé et al.

1996). Given that a single Lugaro cell can inhibit up to 150 Golgi cells (Dieudonné

et al. 2000; Dumoulin et al. 2001), it has been hypothesized that Lugaro cells con-

tribute to synchronize the local population of Golgi cells.

An excitatory type of interneuron can be found in the granular layer, called

unipolar brush cells (UBCs). They have been extensively characterized in the

vestibulo-cerebellum (UBCs type I and type II), but can also be observed in non-

vestibular areas of the cerebellum (UBCs type II only) (Sekerková et al. 2013).

UBCs receive strong excitatory inputs from a single extra-cerebellar mossy fiber

(also called extrinsic) or from a vestibular afference, and will in turn create excita-

tory synapses with local granule cells as well as other UBCs (Mugnaini, Sekerková,

et al. 2011). These UBCs to granule cells and UBCs to UBCs projections are called

“intrisinc mossy fibers”, and contribute to the feed-forward amplification of the

extra-cerebellar signal provided to the cerebellar granule cells (Mugnaini, Sekerková,

et al. 2011).

The Purkinje cell layer hosts one type of inhibitory interneurons, the cande-

labrum cells. They form a class of GABAergic interneurons, located near the soma

of Purkinje cells. Candelabrum cells receive excitatory inputs from mossy fibers,

granule cells and climbing fibers (Osorno et al. 2022). They are inhibited by Purk-

inje cells and molecular layer interneurons (Osorno et al. 2022). Candelabrum cells

project an ascending axon to the molecular layer, where they inhibit molecular layer

interneurons, potentially disinhibitting Purkinje cells (Osorno et al. 2022).
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Figure 1.1: Neuronal circuits of the cerebellum. Simplified schematic of the cerebellar
cortex, its afferenced and efference to the cerebellar nuclei. This circuit includes mossy fiber (MF),
parallel fiber (PF), climbing fiber (CF), granule cell (GrC), Golgi cell (GoC), Purkinje cell (PC),
stellate cell/basket cell (SC/BC), deep cerebellar nuclei cell (DCNC), and inferior olive cell (IO-C).
The cerebellar cortex is indicated by a color graded area, and its different layers are delimited by
straight dashed lines. Adapted from D’Angelo 2014

1.1.3.2 Cerebellar nuclei

The deep cerebellar nuclei are the sole output of the cerebellum, with the exception

of the Purkinje cells of the vestibulo-cerebellum directly inhibiting the vestibular

nuclei (Novello et al. 2022), and the medial parabrachial nucleus being inhibited by

vermal Purkinje cells (Hashimoto, Yamanaka, et al. 2018).

Structure

The cerebellar nuclei seem to be arranged to maintain parallel olivo-cortico-

nuclear loops, corresponding to the different zones of the cerbellar cortex (Apps,
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Hawkes, et al. 2018). Indeed, the inputs of the cerebellar nuclei coincide with

cortico-olivary networks, as each of the 14 identified longitudinal zones of the mouse

cerebellar cortex (Apps, and Hawkes 2009; Apps, Hawkes, et al. 2018) would project

to a particular sub-division of the cerebellar nuclei, which will also receive inputs

from the region of the olivary inputs projecting to the corresponding cortical zone

(Kebschull, Casoni, et al. 2023).

Figure 1.2: Parallel olivo-cortico-nuclear circuits. Schematic representation of the different
olivo-cortico-nuclear loops, including cerebellar nuclei (top row), modules of the cerebellar cortex
(middle row) and territories of the inferior olive (bottom row). This parralel loops are represented
from their medial (left) to lateral (right). Adapted from Kebschull, Casoni, et al. 2023.

Although the knowledge related to the characterization of cerebellar nuclei neu-

rons is quite modest, specially compared to the neurons of the cerebellar cortex.

Typically, the different categories of neurons in the cerebellar nuclei are defined by

their neurotransmitter expression, their morphology and their projection patterns.

This classification leads to the characterization of 5 different types of neurons, pre-

served across amniotes (Kebschull, Richman, et al. 2020). These classes are com-

posed of 4 types of projection neurons, with 2 types of excitatory neurons and 2

types of inhibitory neurons, as well as a local inhibitory interneuron (Kebschull,

Casoni, et al. 2023).

Glutamatergic projection neurons

The 2 classes of excitatory projection neurons, Class-A and Class-B, share some

characteristics. They are large glutamatergic neurons (Uno et al. 1970; Kebschull,
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Richman, et al. 2020) originating from the rostral rhombic lip (Wang, Rose, et

al. 2005), sending axons projecting to extra-cerebellar targets including numerous

thalamic nuclei, brainstem nuclei and spinal cord (Fujita et al. 2020). These neurons

also emit collaterals to Golgi cells and granule cells of the cerebellar cortex (Houck

et al. 2015), thus providing feedback inhibition to the Purkinje cells through the

excitation of inhibitory interneurons. This excitatory nucleocortical feedback has

been shown to bi-directionally contribute to cerebellar associative learning, as its

stimulation and inhibition respectively induced an increase and a decrease in the

conditioned response during eyeblink conditioning (Gao, Proietti-Onori, et al. 2016).

In a recent study, the contribution of these glutamatergic projection neurons

to an excitatory nucleo-olivary pathway was discovered (Wang, Liu, et al. 2023).

Indeed, several cerebellar nuclei neurons projecting to both motor and non motor

regions will emit collaterals to the inferior olive. This excitation is strong enough

to trigger the emission of feedback complex spikes in the cerebellar cortex (Wang,

Liu, et al. 2023), and the photostimulation of these projection can elicit saccadic

and upper body movements (Wang, Liu, et al. 2023).

They receive direct excitatory inputs from the mossy fibers and climbing fibers,

but are also strongly inhibited by Purkinje cells of the cerebellar cortex, and local

interneurons (Uusisaari, and Knöpfel 2010).

Class-A and Class-B neurons are present in all cerebellar nuclei, with some local

variations in density (Kebschull, Richman, et al. 2020). The dentate nucleus of the

human is known to be critically expanded compared to rodents with more than half

of cerebellar nuclei neuron being in the dentate nucleus (Kebschull, Richman, et al.

2020), but quite interestingly, this expansion was shown to be population specific,

as the human dentate nucleus is almost exclusively composed of Class-B neurons

(Kebschull, Richman, et al. 2020).

This bias in population during the expansion of the dentate nucleus in human

brings the question of a the involvement of Class-A and Class-B neurons in differ-

ent circuits. To answer this question, Kebschull et al performed retrograde tracings

coupled with a sequencing analysis (Kebschull, Richman, et al. 2020). This experi-

mental design allowed them to observed that while Class-A and Class-B would have

broad and overlapping projections patterns, the contralateral zona incerta would

predominantly receive inputs from Class-A neurons, and the contralateral reticular

nucleus of the brainstem would receive more inputs from Class-B neurons.
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Nucleo-cortical inhibitory neurons

They are inhibited by Purkinje cells (Uusisaari, and Knöpfel 2012; Ankri et al.

2015), and project to the granule cell layer of the cerebellar cortex (Uusisaari, and

Knöpfel 2010; Ankri et al. 2015), where they inhibit Golgi cells (Ankri et al. 2015).

However, it is important to note that the nature and function of this inhibitory

nucleo-cortical feedback pathways are not well known as of today, highlighting the

necessity to study them more thoroughly in the future.

Olive-projecting inhibitory neurons

A population of small GABAergic neurons was shown to project to the inferior

olive (Fredette et al. 1991; Angaut, and Sotelo 1987; Angaut, and Sotelo 1989).

These neurons are mainly found in the dentate nucleus as well as in the interposed

nucleus, with fewer of them in the fastigial nucleus (Fredette et al. 1991). The

synapses of these neurons in the inferior olive are located nearby gap junctions of

olivary neurons, suggesting that these cerebellar nuclei neuron could influence the

electrical coupling of the inferior olive (Fredette et al. 1991; Angaut, and Sotelo

1987). Although these neurons represent a small population within the cerebellar

nuclei, specially compared to the glutamatergic projection neurons (Batini et al.

1992), they account for the vast majority of the inhibitory inputs of the inferior

olive (Fredette et al. 1991).

They receive direct excitatory inputs from the climbing fibers, suggesting a role

of these neurons in feedback inhibition of the inferior olive, and are also inhibited

by Purkinje cells of the cerebellar cortex (Uusisaari, and Knöpfel 2012).

This inhibition of the inferior olive has been proposed to play a role in the

regulation of cerebellar associative learning (Rasmussen et al. 2014), as the inhibition

of the climbing fiber response by these neurons was enough to trigger the extinction

of a previously learned conditioned response (Medina, Nores, et al. 2002; Kim,

Ohmae, et al. 2020).

Inhibitory interneurons

The cerebellar nuclei have a recurrent inhibition system, supported by a local

population of small GABAergice and/or glycinergic interneurons (Chen, and Hill-

man 1993). They receive direct excitatory inputs from the mossy fibers and climbing

fibers, and are also inhibited by Purkinje cells of the cerebellar cortex (Uusisaari,
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and Knöpfel 2012).

Cerebellar nuclei neurons recurrent connectivity is not only done locally within

a given cerebellar nucleus. Indeed, the fastigial nucleus has been shown to emit

GABAergic projections to the contralateral fastigial nucleus (Gómez-González et

al. 2021), which suggests a potential inter-nuclear communication.

Glutamatergic neurons are overwhelmingly more prevalent in the cerebellar nu-

clei than GABAergic neurons (Batini et al. 1992). However, the proportion of large

neurons (putative glutamatergic projection neurons) and small neurons has been

shown to be variable in the different cerebellar nuclei, the fastigial nucleus hav-

ing around twice the amount of large neurons compared to small neurons, while

the interposed and dentate nuclei displaying a more balanced distribution in mice

(Heckroth 1994).

Recent technical advances using genetic targeting provide a better classification

of cerebellar nuclei neurons (Kebschull, Casoni, et al. 2023). Indeed, a single-cell

transcriptomic approach revealed 14 different classes of excitatory neurons in the

cerebellar nuclei, derived from the rhombic lip, as well as 3 GABAergic and/or

glycineric cell types, and one glycinergic neuron found only in the fastigial nucleus

and showing a stunning morphological and physiological resemblance to glutamater-

gic projection neurons (Kebschull, Richman, et al. 2020; Kebschull, Casoni, et al.

2023).

Physiological properties

Ex-vivo studies from cerebellar slices demonstrated that deep cerebellar neu-

rons (CN) display specific physiological properties. Typically, CN neurons sponta-

neously exhibit regular spiking (Jahnsen 1986) at several tens of Hz in slices (Raman,

Gustafson, et al. 2000). While CN neurons are tonically inhibited by many Purk-

inje cells, they receive strong excitatory inputs from the mossy fibers and from the

inferior olive.

Glutamatergic neurons of the cerebellar nuclei display a higher firing rate than

GABAergic and glycinergic neurons (Uusisaari, and Knöpfel 2010). In addition,

it has been shown that action potential waveform could be used to discriminate

between neuronal types in the cerebellar nuclei (Uusisaari, Obata, et al. 2007; Uu-

sisaari, and Knöpfel 2010). Indeed, glutamatergic neurons display faster action po-

tentials, with a more pronounced hyperpolarization (Uusisaari, Obata, et al. 2007).

On the other hand, GABAergic and glycinergic neurons will display larger wave-

13



forms, with slower hyperpolarizations (Uusisaari, Obata, et al. 2007; Uusisaari, and

Knöpfel 2010). These two properties can allow to tentatively identify glutamatergic-

like and GABAergic-like neurons in in-vivo extracellular recordings based on their

average firing rate and the characteristics of their action potential waveforms (Özcan

et al. 2020).

A peculiar property of CN neurons is the ability to perform rebound burst firing

following an hyperpolarization (Jahnsen 1986; Llinás et al. 1988; Aizenman, and

Linden 1999). During the phase of resting tonic discharge of CN neurons, T-type

calcium channels are partially inactivated. However, a subsequent hyperpolarization

of CN neurons driven by IPSCs from Purkinje cells may alleviate the inactivation of

T-type calcium channels, as well as directly activate the hyperpolarization-activated

cyclic nucleotide-gated channels (HCN). The return to resting membrane poten-

tial will then trigger a large calcium current from the T-type channels (Molineux,

McRory, et al. 2006; Molineux, Mehaffey, et al. 2008; Alviña, Ellis-Davies, et al.

2009), in coordination with the HCN driven current (Engbers et al. 2011), result-

ing in a strong depolarization of the CN neuron. This rebound firing is typically

bi-phasic, with a fast increase in firing rate during the first 100ms following the

end of hyperpolarization, and a later increase that can last for seconds (Sangrey

et al. 2010). While the fast component of rebound has been shown to extensively

depend on T-type channels and HCN channels, the later phase of rebound firing was

hypothesized to be mediated by different conductances, including sodium channels

with slow inactivation (Aman et al. 2007; Sangrey et al. 2010). Similarily to T-type

channels, these Na channels are inactivated during resting tonic discharge of CN

neurons, and will recover from their inactivation during hyperpolarization. The re-

turn to resting membrane potential will then trigger a long-lasting depolarizing Na

current which will slowly be inactivated during rebound firing. In addition, the bal-

ance between tonic firing and rebound firing in the CN neurons has been linked with

voltage-gated and calcium-gated potassium channels (Joho et al. 2009; Pedroarena

2011).

While the functional role of CN neurons rebound firing is not fully known, it has

been hypothesized that this mechanism allows for CN neurons to non-linearly pro-

cess sustained activation of mossy fibers and olivary neurons (Hoebeek et al. 2010),

and plays a role in synaptic plasticity in CN neurons. Indeed, the synapse formed

between the mossy fibers inputs in the deep cerebellar nuclei and the recipient CN

neurons can undergo long term potentiation (LTP) in the case where the activation

of the mossy fibers is followed by an hyperpolarization of the CN neuron by Purkinje

cells and a rebound firing, otherwise this synapse will undergo long term depression
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(LTD) (Pugh et al. 2008; Zheng et al. 2010).

Similarly, the synaptic plasticity between the Purkinje cell and the CN neuron

was shown to be bidirectionally affected by rebound firing (Aizenman, Manis, et

al. 1998). Indeed, a high frequency train of stimulation (100Hz) of the Purkinje

cells with enough IPSPs to induce a rebound firing of the CN neurons leads to

LTP of the Purkinje cell to CN neuron synapse, while shorter trains of stimulation

without a subsequent rebound would tend to elicit LTD. In addition, a dampening

of the rebound firing by decreasing the excitability of the CN neuron may shift

the plasticity elicited by the LTP-inducing trains of stimulation to an LTD, further

suggesting that rebound firing of CN neurons also drives synaptic plasticity at the

level of the Purkinje cell to CN neuron synapse.

These observations suggest a contribution of CN rebound firing to the compu-

tation performed by the cerebellum and to cerebellar learning. However, we should

take into consideration that the study of rebound firing in-vivo has revealed that this

phenomenon is not commonly observed (Alviña, Walter, et al. 2008), thus showing

the need to reconsider the importance of CN neuron rebound firing in-vivo.

1.1.4 Cerebellar inputs

The cerebellum receives a wide variety of inputs from many extra-cerebellar sources.

However, most of these inputs are ultimately provided by two different systems, the

mossy fiber system and the climbing fiber system. These two systems originate from

structures called precerebellar nuclei, which comes into six pairs of nuclei located in

the hindbrain nearby the cerebellum (Rodriguez et al. 2000; Hoshino et al. 2019).

This set of nuclei is composed of the pontine gray nuclei, the reticulotegmental nuclei,

the vestibular nuclei, the lateral reticular nuclei, the external cuneate nuclei and the

inferior olive nuclei. While the inferior olive nuclei are the sole known contributor

of the climbing fiber system, all the other 5 nuclei mentioned before contribute to

the mossy fibers system.

1.1.4.1 Mossy fibers

The mossy fibers originate mainly from precerebellar nuclei, in particular the pon-

tine, reticulotegmental, and lateral reticular nuclei (Léna et al. 2016). Neurons in

these precerebellar nuclei send projecting axons, gathering in forms of bundles, en-

tering the cerebellum through the cerebellar peduncles. Then, they ascend towards

the cerebellar cortex, emitting collateral axons to the cerebellar nuclei along the way,
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and terminate in the granular layer of the cerebellar cortex, in a structure called

cerebellar glomerulus (Sillitoe, Fu, et al. 2012). Each axon emit several collaterals in

the granular layer, thus innervating a wide population of granule cells (Sillitoe, Fu,

et al. 2012). Depending on their origin, the mossy fibers can predominantly project

to the ipsilateral cerebellar cortex (for example if they originate from the external

cuneate nuclei), or to the controlateral cerebellar cortex (in the case of the pontine

gray nuclei). A large portion of the brain contributes to the mossy fiber systems,

either through projections to the precerebellar nuclei, or direct projections to the

granular layer of the cerebellar cortex and cerebellar nuclei.

Cerebro-cerebellar pathways

The cerebrum projects to the cerebellum through oligosynaptic pathways, by

sending inputs to precerebellar nuclei, contributing to both mossy fiber and climbing

fiber systems (Léna et al. 2016).

For the longest time, the cerebellum was considered as solely acting on motor

functions. The classical view was that the cerebellum provided a potential substrate

for different cerebral areas to influence movement control in the primary motor

cortex. However, while investigating cerebellar afferences potentially coming from

the primary motor cortex, Kelly and Strick observed that the parts of the cerebellum

receiving from these areas were mainly restricted to the anterior lobe and to some

extent present in lobule VII and VIII (Kelly et al. 2003). This observation suggests

that, for the most part, the cerebellum receives inputs from non-motor cortical areas.

Strikingly, Kelly and Strick observed that the injection of anterograde trans-

synaptic viral tracers in the area 46 of the cerebral cortex in monkeys leads to

a robust labeling in the Crus II region and lobule VII of the cerebellar cortex,

with little to no overlap with the regions receiving inputs from the primary motor

cortex (Kelly et al. 2003). Knowing that the area 46 is a non-motor area of the

prefrontal cortex involved in cognition and memory (Friedman et al. 2022), this

not only was compatible with a functional organization of the cerebellum, but also

brought additional anatomical evidences supporting the idea that the cerebellum

could influence cognitive functions (Middleton et al. 1994; Schmahmann et al. 1998).

And indeed, most cortical regions were shown to contribute to cerebro-cerebellar

pathways, with the strongest contributors being the frontal and parietal cortices

(Legg et al. 1989; Leergaard et al. 2007; Léna et al. 2016).

Despite the profuse interplay between non-motor areas of the brain and the
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cerebellum, how the cerebellum participates to cognitive and affective functions as

to yet to be properly described.

Spinocerebellar pathways

Although the precerebellar nuclei are major providers of the mossy fibers system,

they are not its sole contributor. Indeed, the spinal cord remains a strong contrib-

utor to cerebellar inputs reaching the cerebellar cortex through the mossy fibers,

either through direct or indirect spinocerebellar tracts (Ruigrok 2016). There are

four distinguishable direct spinocerebellar tracts: the dorsal spinocerebellar tract,

the ventral spinocerebellar tract, the spino-cuneo-cerebellar tract and the rostral

spinocerebellar tract (Ruigrok 2016).

The dorsal spinocerebellar tract, originating from the column of Clarke in the

lamina VII of the thoracic and lumbar spinal cord, relays proprioceptive information

from the ipsilateral part of the body (mainly hindlimbs) to the cerebellar cortex

through the inferior cerebellar peduncle. Interestingly, the dorsal spinocerebellar

tract is also populated by fibers from Stiling’s nucleus and from the central cer-

vical tract, conveying information about the contralateral side of the body to the

cerebellar cortex through the superior cerebellar peduncle (Matsushita et al. 1995;

Kitamura et al. 1989).

The ventral spinocerebellar tract, also known as Gower’s tract, includes fibers

from spinal neurons located in many parts of the ventral and dorsal spinal cord.

They converge in the contralateral ventral spinocerebellar tract and recross to enter

the ipsilateral cerebellum though the superior cerebellar peduncle (Kitamura et al.

1989). They relay proprioceptive information as well as motor and premotor signals

(Bosco et al. 2001; Arshavsky, Berkinblit, et al. 1972; Arshavsky, Gelfand, Orlovsky,

and Pavlova 1978; Arshavsky YuI et al. 1984) mainly for the hindlimb. The rostral

spinocerebellar tract is the equivalent of the ventral spinocerebellar tract for the

forelimb (Ruigrok 2016).

The spino-cuneo-cerebellar tract relays proprioceptive information related to the

ipsilateral forelimb to the cerebellum, entering through the inferior cerebellar pe-

duncle (Ruigrok 2016). It can thus be considered as an equivalent of the dorsal

spinocerebellar tract for the forelimbs.

In addition to the four direct spinocerebellar tracts mentioned previously, the

spinal cord also projects to the cerebellum through indirect tracts involving the

precerebellar nuclei (Ruigrok 2016). In particular, the lateral reticular nucleus has
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been shown to be the site of convergence of proprioceptive informations from both

lower limbs, as well as from the ipsilateral forelimb (Pivetta et al. 2014; Azim et al.

2014).

1.1.4.2 Climbing fibers

Climbing fibers arise from the inferior olive. The inferior olive is subdivided into

different compartments (Ruigrok, de Zeeuw, et al. 1990). Axons emitted by olivary

neurons gather in bundles of fibers and reach the cerebellum through the inferior

cerebellar peduncle. Then, they will ascend towards the cerebellar cortex, where

they form many synapses with the dendritic tree of the Purkinje cells. The ter-

minals of the climbing fibers in the cerebellar cortex are known to be arranged

in narrow sagittal bands, matching the zonal organization of the cerebellar cortex

(Groenewegen, and Voogd 1977; Sugihara, Wu, et al. 1999; Sugihara, Wu, et al.

2001). This comes as a stark contrast with the mossy fibers which display a broad

extension in the medio-lateral axis. A single olivo-ceerbellar axon will innervate

from 1 to 10 different Purkinje cells, parallely distributed in the same parasagittal

plane.

Climbing fibers also emit collaterals during their ascension towards the cerebel-

lar cortex, which will directly innervate the deep cerebellar nuclei (Ruigrok 1997;

Ruigrok, and Voogd 2000). They form excitatory synapses with cerebellar nuclei

neurons inhibited by the Purkinje cells which are innervated by climbing fiber col-

laterals from the same parent fibers (van der Want et al. 1987; Van der Want et al.

1989; Sugihara, Wu, et al. 1999), effectively forming a olivo-cortico-nuclear loop.

During pre-natal development, olivo-cerebellar axons come into contact with the

soma of Purkinje cells (around E18) (Watanabe et al. 2011; Hashimoto, and Kano

2013). At this stage and until P3, many axons from different olivary neurons will cre-

ate terminals on the soma of a single Purkinje cell, these synapses will be considered

immature (Watanabe et al. 2011). In-between P3 and P7, one (or few) olivary input

will be selected and reinforced, which will lead to its translocation on the dendritic

branch of the Purkinje cell. Then, a non-selective synaptic elimination of olivary in-

puts on the soma of the Purkinje cell will occur from P7 to P17, preserving only the

olivary axon(s) that developed alongside the dendritic branch of the Purkinje cell,

forming a fully mature climbing fiber (Watanabe et al. 2011; Hashimoto, and Kano

2013). This synaptic elimination has been shown to be dependent on parallel fibers

inputs to Purkinje cells, as the deletion of GluD2 resulted in an impaired synapse

formation between parallel fibers originating from the inferior olive and Purkinje
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cells, which lead to to a defect in synaptic elimination of olivary inputs (Hashimoto,

Yoshida, et al. 2009).

This synaptic elimination mechanism ensures to preserve only one climbing fiber

input per dendritic branch. However, as mentioned before, the Purkinje cell can

have a single straight branch in their dendritic arbor (most prevalent morphology

observable in mice), or can have either a split dendritic branch, or multiple branches

(main morphology observable in humans) (Busch et al. 2023). It was shown recently

that split branches or multiples branches could be innervated by inputs from different

climbing fibers (Busch et al. 2023), suggesting that a single Purkinje cell could

integrate information from multiple olivary neurons.

Similarly to climbing fibers inputs on Purkinje cells, the convergence of many

synaptic inputs from olivary neurons to cerebellar nuclei neurons seems to undergo a

refinement. Indeed, the number of different olivary inputs to a single cerebellar nuclei

neuron was reduced from ~40 in juvenile mice to ~8 in adults (Najac et al. 2017),

suggesting that these inputs may play different roles during development, initially

shaping cerebellar microcircuits in juvenile animals (Najac et al. 2017; Pickford et

al. 2017).

1.1.5 Cerebellar outputs

The cerebellum projects to a wide variety of extra-cerebellar targets, with different

projections sites in the medulla oblongata, in the brainstem and in the diencephalon

(Novello et al. 2022).
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Figure 1.3: Identified projection targets of the cerebellar nuclei. Scheme of a saggital
slice of mouse brain, with the monosynaptic projection targets of the cerebellar nuclei. Adapted
from Novello et al. 2022.

1.1.5.1 Cerebellar descending pathways

For the longest time, the functional role of the cerebellum was tightly related to

motor control. Thus, a particular interest was given to cerebellar projections to the

descending motor pathways described by Hans Kuypers (Kuypers 1964). While all

the cerebellar nuclei take part in these pathways (Ruigrok 2013), the contribution

of the fastigial nucleus is the most well-documented.

Notably, the caudal part of the fastigial nucleus projects to the contralateral

medial pontomedullary reticular formation (Gonzalo-Ruiz et al. 1988; Teune et al.

2000), known to be involved in the control of eye saccades (Enderle 2002). Con-

sistently with this, both cerebellar vermis and fastigial nucleus have been shown to

exert control over this function (Noda 1991; Ohtsuka et al. 1991; Ohtsuka et al.

1995). Indeed, the stimulation of the occulomotor part of the cerebellar vermis

resulted in ipsilateral eye saccades in opposition to the stimulation of the fastigial

nucleus leading to controlateral eye saccades, suggesting that vermal Purkinje cells

inhibit fastigial neurons controlling the eye saccade (Noda 1991). Furthermore, the

onset of eye saccades were shown to be preceded by a burst activity of neurons in the

fastigial nucleus controlateral to the saccade direction (Dean 1995; Ohtsuka et al.

1991), in coordination with a pause in Purkinje cell activity (Ohtsuka et al. 1995).

In addition to eye saccade control, these fastigial projections were also proposed

to contribute to head orientation and spinal-related motor control (Sugihara, and

20



Shinoda 2007).

The interposed nucleus also contributes to ipsilateral descending cerebellar path-

ways, mainly through projections to the pontomedullary reticular formation and to

the deepest the deepest layers of the spinal trigeminal nucleus (Teune et al. 2000).

These regions were shown to be substantially involved in feeding behaviour, as they

contain pre-oromotor neurons either rhythmically entrained by licking, or tuned to

oral sensorimotor state (Travers et al. 2000), and can even be involved in the control

of jaw muscles during mastication (Luo et al. 2001). Consistently with a role in food

manipulation, the stimulation of the interposed nucleus induced movement of the

lips, neck and forelimbs (Angaut, and Cicirata 1990).

Many studies revealed projections of the dentate nucleus in the controlateral

pontomedullary reticular formation (Tolbert et al. 1980; Teune et al. 2000). How-

ever, the actual functional role of these descending pathways is still not well known,

although they were proposed to be involved in the control of rhythmical movements

(Arshavsky, Gelfand, and Orlovsky 1983). Similarily to the interposed, stimulat-

ing the dentate nucleus elicits movement of the upper-body, including forelimb and

digits (Angaut, and Cicirata 1990; Angaut, and Cicirata 1994).

1.1.5.2 Cerebellar ascending pathways

In the light of the many functions in which the cerebellum is involved in, it becomes

clear that the its functional connectivity with the encephalon is broader than what

predicted. And indeed, cerebellar projections reach many metencephalic, mesen-

cephalic and diencephalic structures monosynaptically (Fujita et al. 2020; Novello

et al. 2022), which are themselves embedded in larger networks.

While a modulation of the cerebral cortex by the cerebellum was suggested by a

myriad of functional connectivity and electrophysiological studies, it is only thanks

to the development and perfection of trans-synaptic tracing that oligosynaptic path-

ways towards the cerebral cortex and subcortical structures could be revealed (Kelly

et al. 2000; Ugolini 2010).

The thalamus is a set of diencephalic nuclei, often regarded as a prime relay

between subcortical and cortical structures. However, the thalamus has been shown

to support several cerebral functions through its interactions with the cortex, be-

ing necessary to maintain cortical activity (Reinhold et al. 2015), driving cortical

dynamics during movement (Sauerbrei et al. 2020), and sustaining brain rhythms

through an interplay between the thalamus and the cerebral cortex (Buzsáki 2006;

Steriade 2000; Steriade 2006).
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The cerebellum is known to have broad projection patterns within the thalamus

(Léna et al. 2016; Fujita et al. 2020; Novello et al. 2022), with the main cerebellar

targets being the ventro-lateral thalamus, the intralaminar thalamus, the ventro-

medial nucleus and the zona incerta (Angaut, Cicirata, and Serapide 1985; Aumann,

Rawson, et al. 1994; Teune et al. 2000). Although the density of cerebellar inputs

in the thalamus can be lower than for cortical inputs, they remain extremely potent

(Sawyer et al. 1994; Gornati et al. 2018). In addition, they have been shown to

display plastic changes (Aumann 2002), as a LTP of cerebello-thalamic synapses

was inducible in slices (Aumann, Redman, et al. 2000), and ultrastructural changes

were observed in these synapses following motor adaptation training (Aumann, and

Horne 1999).

Quite strikingly, a subset of cerebello-thalamic neurons also display a degree

of collateralization to the ispi-lateral medulla oblongata (Bentivoglio, and Molinari

1986; Sathyamurthy et al. 2020)and to contralateral spinal circuits (Sathyamurthy

et al. 2020). These neurons have been shown to be required for locomotor skill

learning (Sathyamurthy et al. 2020), suggesting potential synergy between cerebellar

ascending and descending pathways during motor learning.

1.1.6 Cerebellar algorithms

As described in a previous section of this introduction, the cerebellar networks dis-

play a high level of uniformity in their structure (Sillitoe, and Joyner 2007), with

many cortico-nucleo-olivary loops and a modular organization. This particular or-

ganization has led many researchers to investigate the existence of a uniform ‘cere-

bellar algorithm’, allowing the cerebellum to perform a transform on its input signal

according to some general computational rules.

1.1.6.1 From Marr-Albus-Ito to adaptative filters

The first descriptions of cerebellar circuits highlighted few key features (Eccles 1967):

1) the Purkinje cells are the sole output of the cerebellar cortex, projecting to the

cerebellar nuclei 2) each Purkinje cell receives a single climbing fibre inputs (although

recent evidence reveal that multiple inputs are possible (Busch et al. 2023)), 3) a

given Purkinje cell receives inputs from thousands of granule cells.

In the light of these network properties, Marr proposed a model of the cerebellum

relying on the analogy of structure between the cerebellar cortex and a perceptron

(Rosenblatt 1958), suggesting the cerebellum to be a supervised learning machine
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able to perform pattern recognition (Marr 1969). This theory critically relied on the

PF-PC synapse and its ability to undergo plastic changes driven by a concomitant

activation of parallel fibers. Marr predicted that a simultaneous activation of PF

and CF input will lead to a long term potentiation of the PF-PC synapse, consid-

ering the CF input as a teaching signal responsible for the update of the synaptic

weight. However, Albus shifted this concept towards an anti-Hebbian form of learn-

ing, suggesting that simultaneous activation will lead to LTD rather than LTP. This

conceptual change in the direction of plasticity was later corroborated by physi-

ological studies performed by Ito, who observed a decreased response of Purkinje

cells to stimulation the parallel fibers inputs induced by a conjunctive stimulation

of the same fibers along with the climbing fiber (Ito 1982; Ito, and Kano 1982; Ito

1989). These results were consistent with the LTD predicted by Albus, and ce-

mented the Marr-Albus-Ito theory as the main framework to understand cerebellar

computation.

Additionally, Ito proposed the climbing fiber input to represent an error signal,

provided to the Purkinje cell in order to decrease the synaptic weight of parallel

fiber inputs associated to sub-optimal situations, thus achieving optimal movement

control.

Ito’s view allowed to place cerebellar computation in the context of a network.

Indeed, Marr and Albus’ view on the role of the cerebellum in motor control was

independent of other brain structures, suggesting that the cerebellum could control

movement by itself in an holistic fashion (Kawato et al. 2021). In contrary, Ito

acknowledged potential interactions with other brain regions, proposing the cere-

bellum to have a complementary modulating role of both motor and non-motor

functions.

However, these models do not necessarily consider that the input signals from the

mossy fiber are continuous and rate modulated, rather than relying on sparse spike

timing (which is the case for the climbing fiber input). Thus, Fujita proposed to

create a new model based on the theory of adaptive filters (Sakrison 1963; Widrow et

al. 1967) and integrate it to the Marr-Albus-Ito framework to enrich it (Fujita 1982).

In an adaptive filter, a continuous input signal is de-multiplexed by a transducer into

multiple channels which will be linearly transformed and integrated with different

weights. This integrated signal will then be compared to a reference signal by a

comparator, and the output of this comparator will be used to iteratively adjust the

different weights of the integrator.

As evidenced by Fujita, the circuits of the cerebellar cortex bear some resem-
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blance with the architecture of an adaptive filter (Fujita 1982), with the granular

layer contributing to the transduction and amplification of the input signal, the

Purkinje cell integrating direct excitatory inputs from the parallel fibers and in-

hibitory inputs from the molecular layer interneurons, the climbing fiber being the

reference error signal and the Golgi cells potentially introducing a phase lag trans-

form in the input. In this particular situation, the aim of this adaptive filter model

of the cerebellum is to decorrelate the mossy fibers input signal from the climbing

fiber reference signal.

Figure 1.4: Similarities between the structure of an adaptive filter and the cerebellar
cortex. (a) Schematic representation of a typical adaptive filter. Adapted from Fujita 1982. (b).
Simplified schematic representation of the cerebellar circuits, where a parallel is drawn between the
input signal of the filter (u(t)) and the mossy fiber inputs (MF (t)), conveyed to the granular layer
which acts as a transducer applying different transforms (Fn(MF (t))) to the input signal, each of
them carried through separated parallel fibers (PFn(t)) to the Purkinje cell (PC) with wich they
form synapses with adjustable weights (Wn). The weight of each of these synapse is calibrated
using a teaching signal (CF (t)) coming from the inferior olive (IO). The Purkinje cell integrates
the signal from the parallel fibers and exerts an inhbitiory action (PC(t)) over the cerebellar nuclei
(CN).

A key advantage of these models is that since their learning strategy is based on

covariance between analog signals, they allow to dynamically adjust synaptic weights

while also being resilient to intrinsic noise (Dean, and Porrill 2008; Porrill, and Dean

2008). Implementing such adaptive filters could serve a wide variety of functions,

including dynamic denoising, suppression of the sensory consequences of an action,

and optimal motor control through the computation of an internal forward model

(Porrill, Dean, and Anderson 2013).
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1.1.6.2 Internal forward model

A critical aspect of motor control is the ability to dynamically tune the motor

command in order to maximize the success of an action. This process requires to

integrate sensory information about the state of the body in motion. However,

afferent sensory signals possibly used as feedback have a temporal delay before

reaching brain structures, which is variable depending on the sensory modality and

the target structure. For example, a visual stimulus presented to a macaque will

elicit a response in the primary visual cortex with a delay of 30ms, and reach the

parietal cortex nearly 80ms after the onset of the stimulus (Schmolesky et al. 1998),

which in essence correspond to the timing of rapid eye movements. Because the

latency of feedback signaling can be in the same order of magnitude as the timing

necessary to execute motor actions, solely relying on this delayed sensory feedback

will lead to unstable motion control (Wolpert et al. 1996). Thus, the central nervous

system needed to implement a compensation mechanism for this delayed signaling

in order to finely tune motor commands.

A potential solution for this problem is to predict the future state of the system

based on its current state and on an efferent copy of the motor command, and

then use this predicted state for feedback control. In the context of motor control,

this means that the network implements a function able to solve the differential

equation expressing the future state of the body induced by a movement. The ability

to anticipate the perturbations induced by an action allows to quickly update the

motor plan if any variation from the predicted state is detected.

The most striking physiological evidences of the cerebellum encoding internal

model for feed forward motor control come from studies of manual pursuit tracking

task in monkeys (Coltz et al. 1999; Roitman et al. 2005; Pasalar et al. 2006; Ebner

et al. 2008). In these studies, the discharge rate of Purkinje cell simple spikes was

tuned to movement kinematics, such as position of the arm, direction and velocity of

movement rather than movement dynamics. Interestingly, Coltz et al showed that

Purkinje cells tuned to movement speed were selectively responsive to a particular

direction, and conversely (Coltz et al. 1999). These evidences suggest that Purkinje

cell population can encode complex movement kinematics through the combination

of multiple parameters, consistently with the hypothesis of the internal model.

Strikingly, a recent study showed that the future activity of the mossy fiber could

be robustly predicted by the activity of the cerebellar nuclei in a sensory motor task

(Tanaka et al. 2019). This predictive power of the cerebellar nuclei activity remained
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high even with lags of more than 100ms, supporting the idea that the cerebellum

can implement an internal forward model to predict a future state, which can be

used to compensate for delayed sensory input.

1.1.6.3 Limitations of the current models of cerebellar function

The models do not take into account the complexity of the actual cere-

bellar networks

The previously mentioned computational models of the cerebellum were estab-

lished with their contemporary knowledge of the wiring in the cerebellar cortex,

which was incomplete to say the least. Indeed, while the feedforward excitation of

both mossy and climbing fibers was described, along with feedforward and feedback

inhibition, we now know that the degree of recurrent connectivity in the cerebellum

is much higher than envisioned in the models of Marr, Albus and Ito (De Zeeuw

et al. 2021). A striking example of these newly discovered connections is the pres-

ence of feedback inhibition in the Purkinje cells population, with collaterals sent to

other Purkinje cells and molecular layer interneurons (Witter et al. 2016). Similarly,

recurrent inhibition was discovered in Golgi cells and molecular layer interneurons

(Hull et al. 2012; Rieubland et al. 2014). In addition, an excitatory nucleo-cortical

pathway has been recently discovered, providing feedback excitation to the cere-

bellar cortex and amplifying associative learning (Gao, Proietti-Onori, et al. 2016).

These newly discovered feedback pathways could be a support for the participation

of the cerebellum to movement sequences (Khilkevich et al. 2023).

Plasticity in cerebellar networks is more diverse than in models

The typical models of cerebellar processing and learning heavily rely on the abil-

ity of the synapse between parallel fibers and Purkinje cells to be altered by climbing

fiber inputs. For many decades, the idea that synapses associated to the error sig-

nal carried by the climbing fibers will undergo long term depression (Ito, and Kano

1982; Ito 1983) was considered as the key mechanism underlying cerebellar learning.

Because of this, these models usually operate under the assumption that plasticity

is restricted to PF-PC synapses (see prediction b in (Marr 1969)). Moreover, since

Purkinje cells are spontaneously active, the reduction of firing (as obseved in eye-

blink conditioning) may require an increased inhibitory drive, possibly by a LTP

at the parallel-fiber to molecular-layer-interneuron controlled by the climbing fiber

26



[Jorntell 2002]]. However, we now know that many forms of plasticity occur in the

cerebellum, including synaptic plasticity and intrinsic plasticity (De Zeeuw et al.

2021), and that the rules underlying the CF dependent PF-PC plasticity are more

complex, as it is bidirectional and dependent on intra-cellular calcium concentration

(Coesmans et al. 2004).

Many more sites of plasticity have been discovered in the cerebellum. Nearly

every synapse type has been shown to be able to undergo plastic changes (Hansel,

Linden, and D’Angelo 2001; D’Angelo et al. 2016; De Zeeuw et al. 2021). In addition,

long term changes in excitability have been observed in granule cells (Armano et al.

2000), but also Purkinje cells (Schreurs et al. 1998; Belmeguenai et al. 2010) and

cerebellar nuclei neurons (Aizenman, and Linden 2000; Zhang, Shin, et al. 2004).

Evidences of intrinsic plasticity correlated to learning were observed. Notably, an

increased dendritic excitability was observed in Purkinje cells after classical condi-

tioning (Belmeguenai et al. 2010), leading to a prolonged after-hyperpolarization,

potentially alleviating the inhibition of PC on cerebellar nuclei neurons.
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Figure 1.5: Identified sites of plasticity in the olivo-cerebellar circuits. Simplified
schematic of the cerebellar cortex and cerebellar nuclei (DCN). This circuit includes mossy fibers
(MFs), parallel fibers (PFs), climbing fibers (CFs), granule cells (GrCs), Golgi cell (GoC), Purkinje
cell (PC), molecular layer interneurons (MLI), and the inferior olive (IO). Within this network,
different forms of plasticity have been identified, including changes in intrisic excitability (ie),
synaptic long term potentiation (LTP) and synaptic long term depression (LTD), which can be
pre-synaptic (pre) or post-synaptic (post). The different layers of cerebellar cortex is indicated
by a color graded area, and its different layers are delimited by straight dashed lines, excitatory
projections are represented by red and orange arrows, and inhibitory projections are represented
by blue arrows. Adapted from D’Angelo et al. 2016.

The climbing fiber inputs to Purkinje cells were initially believed to be invariant,

justifying their role as an external signal to fine-tune the more plastic parallel fibers

to Purkinje cells synapse. However, this input can undergo long term depression

(Hansel, and Linden 2000; Ohtsuki et al. 2009) and long term potentiation (Ohtsuki

et al. 2009). The long term depression of CF-PC synapses can be obtained by

performing 5 Hz tetanic stimulations of the climbing fibers, and is associated to

an altered shape of the spikelets in the complex spike induced by CF stimulation

(Hansel, and Linden 2000). Other factors can alter CF-PC inputs, as the numbers

of spikelets in the complex spike is positively correlated to the simple spike rate

prior the occurrence of the complex spike (Burroughs et al. 2017), and the length
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of a complex spike increases with its frequency of occurrence (Warnaar et al. 2015).

These synaptic and non-synaptic changes reflect the non-uniformity of climbing

fibers inputs, representing a graded input signal rather than an invariant teaching

input. Knowing that both complex spike duration and frequency were associated to

trial-to-trial learning (Yang et al. 2017), this indicates that the dynamic tuning of

CF-PC inputs can contribute to cerebellar learning.

In addition, recent studies have suggested a contribution of synaptic plasticity

in the cerebellar nuclei to cerebellar learning. Indeed, transient engrams initially

formed in the cerebellar cortex are thought to be transferred in the cerebellar nuclei

to be maintained (Medina, and Lisberger 2008; Masuda et al. 2008). This nuclear

plasticity was speculated to potentially play a role in the persistence of memory

within cerebellar networks, and its resilience to background activity (Medina, and

Mauk 1999).

Mismatch between models and in-vivo learning

Typically in the Marr-Albus-Ito framework, learned motor control is assumed

to be dictated by the simple spike output of Purkinje cells. Situations where the

measured sensory state does not match the prediction generate an error signal man-

ifesting as an action potential in the climbing fiber. This triggers a complex spike in

the Purkinje cell receiving the climbing fiber input and depresses the parallel fibers

synapses which excited the Purkinje cell prior. This long term depression reduces

the weight of synapses associated to an erratic outcome, thus reducing the simple

spike rate of this Purkinje cell and optimizing the motor output. This hypothesis

predicts a reduction of Purkinje cells spiking output, allowing for a disinhibition

of the deep cerebellar nuclei, driving the motor activity and the expression of the

conditioned response.

Although a compatible process was observed in-vivo during eye-blink condition-

ing (ten Brinke et al. 2017), many in-vivo studies do not necessarily reveal a re-

duction of simple spikes output associated to learning. For example, Romano et

al. observed that an increase in simple spike output was correlated with a stronger

whisker protraction following sensori-motor learning (Romano et al. 2018), suggest-

ing that a potentiation of the PF-PC synapse could also be involved in cerebellar

learning and movement adaptation. However, this observation was still consistent

with the previoulsy established learning rules of the cerebellum, as the Purkinje cell

undergoing an increased simple spike activity also had lower rates of complex spikes.

29



In contrary, Lisberger and Raymond reported that, in a vestibulo-occular reflex

task, the effect of vestibular signals on Purkinje cells was potentiated in situations

were it should have underwent LTD (Lisberger et al. 1996).

We previously mentioned studies showing that Purkinje cells encode movement

kinematics, thus potentially predicting the sensory outcome of an action. However,

a force field task study revealed a population of Purkinje cells tuned to movement

dynamics, and not movement kinematics (Yamamoto et al. 2007). The authors of

this study points towards that fact that this observation conflicts with the idea that

the cerebellum performs a forward-model computation in the kinematic space and

is more in favor of an inverse-model computation in the dynamic space. Nonethe-

less, the encoding of both movement kinematics and dynamics in the context of an

internal forward model remains a possibility (Miall et al. 1993).

As we know, the mossy fibers input of the cerebellum are originating from many

regions of the brain, including motor, sensory and cognitive regions. Similarly, the

cerebellar nuclei have a wide variety of outputs, with both descending pathways

and ascending pathways towards cerebral structures. In addition, the cerebellum

has been shown to be involved in a myriad of functions, including both motor and

non motor. Thus, it is unlikely for the cerebellum to operate under an uniform

computation explaining all of its functions.
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1.2 Motor circuits, motor learning and motor patholo-

gies

1.2.1 Motor circuits

1.2.1.1 Motor cortex

The motor cortex is the telencephalic structure, part of the neocortex, with a strong

ability to plan and execute motor commands. Historically, our understanding of both

structures and functions of the motor cortex came from human studies (Penfield et

al. 1937; Woolsey et al. 1952; Woolsey 1963), which revealed that the motor cortex

was functionally separated into two areas: the primary motor cortex (M1) and the

pre-motor area (PMA).

Primary motor cortex

More importantly, M1 has a peculiar structure, being an agranular cortex (devoid

of cytoarchitecturally visible layer IV), which in primates hosts gigantic pyramidal

neurons named Betz cells (Meyer 1987; Bhattacharjee et al. 2021). These cells

directly participate to cortico-spinal pathways, as they send downstream projections

to the spinal cord and thus can directly excite the spinal neurons responsible for

muscle contraction (Porter et al. 1995). This direct control over spinal circuits

gives the ability to M1 to generate movements, as suggested by the experiments

of Penfield, in which the motor activity induced by the electrical stimulation of

different areas of M1 allowed to identify a topographical organization of the M1,

with a representation of each part of the body (Penfield et al. 1937; Catani 2017),

named homunculus. The ability to generate motion, as well as the somatotopical

organization of M1, lead to the conclusion that the primary motor cortex mainly

has an executive role in the control of motor actions (Bhattacharjee et al. 2021).
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Figure 1.6: Somatic representation of the body in the motor cortex. Schematic repre-
sentation of the homunculus of the human motor cortex drawn by Penfield, affecting regions of the
motor cortex to the control of a specific body region. Adapted from Gordon et al. 2023.

Supplementary motor areas

In contrast, the PMA, altogether with the other secondary motor areas located

in the frontal cortex; the supplementary motor area (SMA) and the cingulate motor

area (CMA), share more cognitive roles over the regulation of motor actions (Picard

et al. 2001; Chouinard et al. 2006). These roles include action planning, coordination

and action selection (Nachev et al. 2008; Rizzolatti, Fadiga, et al. 1996; Rizzolatti,

Fogassi, et al. 2002). While these areas can also project to spinal neurons, the local

density of cortico-spinal neurons is lower compared to the primary motor cortex (He

et al. 1995; Wise 1996; Dum et al. 1991). However, these secondary motor cortices

display a high degree of reciprocal connections with M1 (Nachev et al. 2008), which
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suggest that they are involved in modulating neuronal dynamics in M1.

Strikingly, PMA neurons undergo an activation anticipating the movement and

ceasing at onset, which was proposed to be preparatory (Li, Daie, et al. 2016). Con-

sistently with this, the perturbation of this activity leads to decreased performances

in a sensory-motor task, but only if this perturbation is performed bilaterally on

both hemispheres (Li, Daie, et al. 2016), suggesting a modular organization of these

premotor networks, with enough redundancy to support a stable and robust motor

output (Li, Daie, et al. 2016; Yu 2016).

Motor planning not only concerns the execution of a single movement, but can

also encompass the production of a sequence of actions. Interestingly, the anticipa-

tory activation observed in secondary motor areas before the onset of a movement

was demonstrated to be possibly sequence specific (Tanji et al. 1994; Shima et al.

2000). Indeed, subsets of neurons in SMA display preparatory activity only when

a particular sequence is performed (Tanji et al. 1994; Shima et al. 2000), or on the

opposite at a particular index in the sequence (i.e. third movement of the sequence)

regardless of the sequence actually expressed (Shima et al. 2000). This suggests that

supplementary motor areas play a critical role in movement sequences generation.

Similar patterns of activity have not yet been discovered in M1, further supporting

the executive role of M1.

M1 connectivity

As evidenced previously, the primary motor cortex receives inputs from many

structures, including other cortical areas such as the supplementary motor areas

(Hira et al. 2013; Hooks et al. 2013; Peters et al. 2017), but also from sensory cortices

(Mao et al. 2011; Peters et al. 2017)[. Interestingly, the projections from other

cortices are distributed in a layer specific manner (Peters et al. 2017). Indeed, while

the somatosensory cortex projects mainly to layers II/III and Va (Mao et al. 2011),

frontal area As evidenced previously, the primary motor cortex receives inputs from

many structures, including other cortical areas such as the supplementary motor

areas (Hira et al. 2013; Hooks et al. 2013; Peters et al. 2017), but also from sensory

cortices (Mao et al. 2011; Peters et al. 2017). Interestingly, the projections from

other cortices are distributed in a layer specific manner (Peters et al. 2017). Indeed,

while the somatosensory cortex projects mainly to layers II/III and Va (Mao et al.

2011), frontal area rather project to layer V and VI (Hira et al. 2013; Hooks et al.

2013; Peters et al. 2017). These later patterns of projection, mainly targeting deep

layers, may play a direct modulatory role over the motor command, bypassing the
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integration of more superficial layers.

The primary motor cortex also receives a strong drive from subcortical structures,

mainly from the basal ganglia and the cerebellum. However, these input pathways

are not direct, as they rely on the thalamus as a relay, using separated thalamic

compartments (Hooks et al. 2013; Kuramoto, Furuta, et al. 2009; Kuramoto, Ohno,

et al. 2015). The strongest provider of thalamic inputs to M1 is the motor thalamus,

also referred to as the ventro-lateral (VAL), which is roughly segregated in two

compartments, the inhibitory zone and the excitatory zone. This naming convention

refers to the types of input that these compartments receive and not to the different

types of neuronal populations that they contain. Indeed, the VAL contains an

immense majority of glutamtergic neurons, and very few inhibitory interneurons

in mice (Jager et al. 2023). types present, as the Glutamatergic neurons from the

cerebellar nuclei project to the excitatory zone of the VAL, which projects to the

layer II/III and layer V of M1. On the other hand, inhibitory output neurons of the

basal ganglia, located in the internal segment of the globus pallidus (GPi) and in the

substantia nigra pars reticulata (SNr), project to the inhibitory zone of the VAL,

which mainly sends projections to layer I of M1 (Kuramoto, Furuta, et al. 2009).

This heavily suggest a differential contribution of cerebellar and striatal inputs to

regulation of M1 neuronal dynamics.
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Figure 1.7: Segregated striato-cortical and cerebello-cortical pathways displaying dis-
tinct projection patterns in the motor cortex. The striatum projects to the output nuclei of
the basal ganglia (GPi/SNr) which projects to the inhibitory zone of the motor thalamus (IZ). The
inhibitory zone of the motor thalamus preferentially targets superficial layers of the motor cortex.
On the other hand, the cerebellar nuclei projects to the excitatory zone of the motor thalamus
(EZ), which targets deeper layers of the motor cortex. The striato-cortical pathway is represented
in blue, the cerebello-cortical pathway is represented in red. Adapted from Kuramoto, Furuta,
et al. 2009.

The output pathways of the primary motor cortex also exhibit a layer specific

distribution (Weiler et al. 2008; Peters et al. 2017), with cortico-cortical communi-

cation occurring mainly at layers Va and VI, the pyramidal tract (cortico-spinal) at

layer Vb and the cortico-thalamic neurons located in layer VI (Harris, and Shep-

herd 2015). It should be noted that cortical output neurons can project to multiple

cortical and subcortical structure simultaneously, as they can exhibit a high degree

of collateralization (Kita, and Kita 2012), suggesting a divergence of information at

the output of the primary motor cortex.

M1 functions

Although the experiments of Penfield revealed a potential for the primary motor

cortex to both initiate and drive movement through electrical stimulations applied

on anaesthetized patients (Penfield et al. 1937), the investigation of the actual func-

tional role of M1 required to study the consequences of its perturbations in-vivo.
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Localized lesions of the motor cortex in humans, for example with strokes or fo-

cal traumas, have dramatic consequences on the ability of the patient to execute

actions, with localized weakness and loss of movement.

1.2.1.2 Basal ganglia

The basal ganglia are a set of teleencephalic nuclei involved in voluntary motor

control. Although the structure of these nuclei individually seems less organized

than the laminar layout of the motor cortex or the modular organization of the

cerebellum, the basal ganglia has very segregated input and output pathways. In

terms of nuclei, it is composed of the striatum, the internal Globus Pallidus (GPi),

he external Globus Pallidus (GPe), the subthalamic nucleus (STN), the substantia

nigra pars compacta (SNc) and the substantia nigra pars reticulata (SNr).

Input nucleus: the striatum

The main input structure of the basal ganglia is the striatum, which receives

inputs from many cortical and subcortical structures, and projects to intrinsic and

output nuclei of the basal ganglia (Lanciego et al. 2012).

In terms of neuronal populations, the striatum is composed of two different

categories of neurons, the Medium-sized Spiny Neurons (MSNs) representing 90-

95% of striatal neurons, and local interneurons (Lanciego et al. 2012).

MSNs are relatively small projection neurons using GABA as a neurotransmitter,

with a profuse dendritic arborization completely covered by dendritic spines, giving

these neurons their name (Graybiel 1990). However, MSNs themselves are not an

homogeneous population, and can be further separated into at least two groups

based on their projection patterns and their molecular expression.

On one hand, striatal MSNs which express the dopamine receptor subtype 1

(D1R) project to the GPi and to the SNr and thus participate to the “direct”

pathway (discussed in a later paragraph). The binding of dopamine on D1R acti-

vate an intracellular adenylate cyclase, leading to an increased cellular excitability

(Kawaguchi 1997; Castro et al. 2013; Lanciego et al. 2012). Interestingly, these

D1Rs are coupled to Golf rather than Gs (Corvol, Studler, et al. 2001). Mutations

of the Golf-encoding gene can lead to a particular motor disorder (Pelosi et al. 2017)

which will be discussed more in details in a later section of this thesis.

On the other hand, MSNs expressing the dopamine receptor subtype 2 (D2R)
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participate to the “indirect” pathway and project to the GPe (Kawaguchi 1997; Lan-

ciego et al. 2012). In opposition to D1R, the activation of D2R leads to the inhibition

of adenylate cyclase activity, decreasing neuronal excitability. Thus, increased levels

of striatal dopamine will have an opposite effect on both MSN populations. A third

small population of MSNs expressing both D1R and D2R has also been identified

(e.g. (Gagnon et al. 2017)) but its characterization is still underway.

Besides the previously described MSNs, the striatum also hosts different types of

local interneurons. Typically, they are separated in four different classes (Kawaguchi,

Wilson, Augood, et al. 1995), the most prevalent class being the large aspiny cholin-

ergic interneurons, also known as tonically active neurons. Other interneurons

types include GABAergic calretinin-positive interneurons, GABAergic parvalbumin-

positive interneurons and the nitregic interneurons, a subclass of GABAergic neurons

also using nitric oxide as a neurotransmitter. These later classes of interneurons are

rather fast-spiking, in opposition to MSNs and cholinergic interneurons.

Although the striatum seems to be homogenous under most histological char-

acterizations, the use of techniques such as acetylcholine esterase (AChE) staining,

opiod receptor immunocytochemical detection and calbindin staining reveal two par-

ticular compartments within the striatum, the striosomes and the matrix (Lanciego

et al. 2012). While matrix striatum displays strong AChE activity, parvalbumin

and calbindin labelling (Graybiel, and Ragsdale 1978; Prensa et al. 1999; Gerfen,

Baimbridge, et al. 1985), the characteristics of the striosome are weaker AChE ac-

tivity, immunoreactivity against enkephalin, substance P, GABA and neurotensin

(Graybiel, and Ragsdale 1978; Graybiel, Ragsdale, et al. 1981; Gerfen 1984), as well

as µ opiod receptors (Pert et al. 1976).

Typically, the dendritic arbor of MSNs is restricted to their respective striosome

or matrix (Penny et al. 1988; Kawaguchi, Wilson, and Emson 1989; Fujiyama et al.

2011), suggesting that their is little to no cross-talk between striatal compartments.

Consistently with this segregation of integrative properties, striosomes and matri-

ces receive different types of inputs. Sensory and motor cortices, thalamostriatal

projections and dopaminergic neurons from the SNc tend to project preferentially

to the matrix, while structures from the limbic circuits such as BLA, PFC pref-

erentially target striosomes (Graybiel 1984; Graybiel 1990; Donoghue et al. 1986;

Gerfen, Staines, et al. 1982; Sadikot et al. 1992; Kincaid et al. 1996).

Moreover, while MSNs present in the matrix project to the GPi, GPe and SNr,

the MSNs from the striosomes sends most of their projections to the SNc, with some

axonal collaterals going towards the GPi, GPe and SNr (Gerfen 1984; Bolam et al.
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1988; Kawaguchi, Wilson, and Emson 1989; Giménez-Amaya et al. 1990; Fujiyama

et al. 2011).

Despite the clear compartmentalization of the striatum between striosomes and

matrix which express distinct genetic markers and receive different sets of inputs, the

functional difference between these two compartments is still not fully understood.

Intrinsic nuclei: GPe, STN and SNc

The globus pallidus is separated in two compartments the GPi and GPe. Al-

though these two structures share many similarities, the GPe only being separated

from the GPi by a thin layer of white fiber, both of these nuclei have a very different

contribution to basal ganglia circuits, both in terms of inputs and outputs (Lanciego

et al. 2012). The GPe receives inputs from two main sources, the D2 MSNs from

the striatum (Rosin et al. 1998; Bogenpohl et al. 2012), and the STN that shares

reciprocal connections with the GPe (Shink et al. 1996; Joel et al. 1994). However,

the Gpe also receives inputs from the intralaminar thalamus, and is reciprocally

connected with the GPi (Marini et al. 1999). This complex connectivity leads to

the proposition that basal ganglia functions are supported by a dynamical interplay

between its different pathways (Nambu 2004).

The STN can be considered as the second relay of the indirect pathway; it re-

ceives massive amounts of inhibitory projections from the GPe (Nambu 2004; Castle

et al. 2005; Lanciego et al. 2012). But interestingly, the STN also receives an exten-

sive amount of glutamatergic projections from different areas of the cerebral cortex

(Nambu 2004), as well as from the intralaminar thalamic nuclei (Sugimoto et al.

1983; Royce et al. 1985; Castle et al. 2005), and thus participates to a “hyperdirect”

pathway (Nambu 2004). In terms of outputs, the STN hosts glutamatergic neurons

projecting to a wide variety of targets in the basal ganglia, including the GPi, the

SNr and the GPe to which it sends feedback projections (Van Der Kooy et al. 1980;

Kita, Chang, et al. 1983; Kita, and Kitai 1987). Strikingly, the STN also outputs

projection axons to thalamic nuclei, mainly to the ventral thalamic nuclei (Nauta

et al. 1978; Rico et al. 2010) and to the parafascicular nucleus (Gerfen, Staines, et al.

1982; Castle et al. 2005). Knowing that the VAL projects to the primary motor cor-

tex and can modulate its activity (Kuramoto, Furuta, et al. 2009), this is a parallel

pathway through which the basal ganglia can influence neuronal dynamics in the

motor cortex. Similarly, the parafascicular nucleus is a strong provider of inputs to

the striatum, suggesting that the STN exerts an excitatory feedback on striatal cir-
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cuits. A retrograde tracing study has revealed that the basal ganglia-projecting and

thalamus-projecting neurons in the STN are different neuronal populations, with no

collateralization between these outputs (Rico et al. 2010).

The substantia nigra pars compacta is a set of dopaminergic midbrain neurons,

along with the neurons from the ventral tegmental area (VTA) and retrorubral field

(Dahlström et al. 1964; Fu et al. 2012). They mainly receive inputs from the STN,

and send dopaminergic projections to the striatum, regulating the local levels of

dopamine and influencing the activity of both direct and indirect pathways.

Output nuclei: GPi and SNr

The substantia nigra pars compacta (SNr), often functionally grouped with the

internal globus pallidus (GPi), are the main output nuclei of the basal ganglia and

effectively the convergence point between both direct and indirect pathways (Lan-

ciego et al. 2012). The inhibitory projection neurons of these structures then inhibit

several thalamic territories and brainstem areas.

Although many similarities exits between the SNr and GPi, their thalamic pro-

jections seem to target different territories, particularly in the VAL (Ilinsky et al.

1987; Percheron et al. 1996). In contrast, the parafascicular nucleus of the thalamus

seems to mainly receive inputs from the GPi.

Direct, indirect and hyperdirect pathways

The hypothesis of segregated parallel pathways in the basal ganglia is relatively

recent (Albin et al. 1989; DeLong 1990), and stems from the observation that both

hyperkinetic and hypokinetic disorders could arise from basal ganglia dysfunction.

Albin et al proposed that this heterogeneity could be due to the existence of different

sub-populations of striatal MSNs, having either a prokinetic or an antikinetic effect

(Albin et al. 1989). One population of MSN would solely project to the SNr and GPi,

inhibiting the output nuclei of the basal ganglia and thus disinhibit the thalamus,

leading to a prokinetic effect, while the other population would send inhibitory

inputs to the GPe, projecting indirectly to the SNr through the STN, leading to a

disinhibition of the output nuclei, and thus increasing the inhibitory tonus that they

exert over the thalamus, leading to an antikinetic effect (Calabresi, Picconi, et al.

2014).

These two different pathways were labelled as direct and indirect pathways, re-

39



ferring to the number of intermediate relays between the striatum and the ouput

of the basal ganglia. Later, this dichotomy between direct and indirect pathways

having different projections targets has been complemented by the discovery that

the striatal MSN express different genes, particularly in terms of dopamine receptors

(Gerfen, and Surmeier 2011). Thus, MSNs participating to the direct and indirect

pathway respectively express D1 and D2 receptors, which exert opposite effect on

the regulation of excitability.

However, in-vivo studies have revealed that both direct and indirect pathways are

activated during locomotion, particularly during action initiation (Cui et al. 2013),

leading to the need to reconsider the functional contribution of both pathways to

voluntary locomotion. Thus, the new models of striatal functions revolve around

the ability of the direct pathway to promote one selected motor plan, whereas the

indirect pathway is simultaneously activated in order to suppress concurrent motor

plans (Gerfen, and Surmeier 2011; Calabresi, Picconi, et al. 2014; Cui et al. 2013).

More recently, an alternative pathway has been described within the basal gan-

glia. This pathway provides direct excitation from the cerebral cortex to the STN,

leading to an excitation of the output nuclei of the basal ganglia, thus inhibiting

the thalamus (Lanciego et al. 2012; Rocha et al. 2023). Thus, this “hyperdirect”

pathway provides a short latency inhibition of the thalamus, contributing to the

suppression of motor action (Chen, de Hemptinne, et al. 2020).

Consistently with the existence of these three parallel pathways with different

numbers of relays and neurotransmitters, the stimulation of the motor cortex elicits

a compound response in the pallidum (Nambu 2004). Indeed, three components can

be observed while recording pallidal neurons following an electrical stimulation of

the cortex: a short latency excitation, a subsequent inhibition and a longer latency

excitation (Nambu, Yoshida, et al. 1990; Yoshida et al. 1993; Nambu, Tokuno, et al.

2000).

While an excitation of the pallidum could arise from an activation of the indirect

pathway, the exquisitely short latency of the first excitatory volley is incompatible

with the length of the indirect pathway, where an excitation of D2 MSNs in the

striatum can cause an inhibition of the GPe, leading to a disinhibition of the STN

and ultimately an excitation of the GPi. Instead, this response was proposed to be

carried by the hyperdirect pathway (Nambu, Takada, et al. 1996), where cortical

projections directly excites the STN, leading to an activation of the GPi. Thus, the

hyperdirect pathway acts in parallel of the indirect pathway, with a shorter latency

for information transfer.
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The subsequent inhibition of the pallidum has been proposed to be mediated

by the direct pathway, both being consistent with the existence of a cortico-striato-

pallidal pathway, and with the fact that the latency observed is compatible with

cortico-striatal conduction time (Yoshida et al. 1993). This idea is supported by the

fact that blocking cortico-striatal transmission is sufficient to abolish this inhibition

(Maurice et al. 1999), further suggesting that the striatum is required for this pattern

of activity to occur.

However, the late pallidal excitation observed following cortical stimulation may

originate from multiple parallel pathways. Indeed, it could very well be mediated by

the indirect pathway, as suggested by the late increase in SNr neurons firing observed

in these conditions (Maurice et al. 1999), but also involve the hyperdirect pathway

(Nambu, Tokuno, et al. 2000). Altogether, these observations suggest a parallel

contributions of the hyperdirect, direct and indirect pathways to the regulation of

basal ganglia functions.

Figure 1.8: Neuronal circuits in the basal ganglia. Simplified schematic of the basal gan-
glia, with the striatum containing D1R expressing medium spiny neurons (D1 MSNs) and D2R
expressing medium spiny neurons (D2 MSNs), the external globus pallidus (GPe), the internal
globus pallidus (GPi), the subthalamic nucleus (STN), the substantia nigra pars reticulata (SNr)
and pars compacta (SNc). GABAergic projections are represented by blue arrows, glutamatergic
by red arrows and dopaminergic by green arrows.
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Functions of the basal ganglia

The idea that the basal ganglia contribute to motor control dates as far back as

the first histological descriptions of the lesions associated to Parkinson’s Syndrome,

where the Snpc is completely devoid of its natural pigmentation, suggesting that

the neuronal degeneration in this region contributes to the physiopathology of this

motor disorder.

Most models of the basal ganglia rely on the duality between the direct and

the indirect pathways and claim that the direct pathways promotes a motor plan

while the indirect pathway inhibits competing motor programs, thus producing the

focused release of the selected motor program (Mink, and Thach 1993; Mink 1996).

Not only do the the basal ganglia participate to the process of action selection,

but their activity is also necessary for movement execution (Park et al. 2020). In-

deed, many studies have shown that neuronal activity of both D1 and D2 MSNs

correlate with movement speed, which could be relatively well decoded from pop-

ulation activity (Barbera et al. 2016). Moreover, the neurons in the basal ganglia,

particularly in the striatum, display a degree of tuning to the kinematics of the

movement, and perturbing its activity during movement alter the parameters of

the movement (Pimentel-Farfan et al. 2022). This suggests that the basal ganglia

not only contribute to action selection, but also to the tuning of an ongoing action

through the modulation of movement parameters such as vigor.

Similarly, the basal ganglia also play a critical role in the organization of se-

quences of actions (Jin et al. 2015), further indicating that the basal ganglia con-

tribute to voluntary motor control at different timescales, being involved in the

organization of motor sequences, in the initiation of an action and in the tuning of

the ongoing movement.

The discovery of the hyperdirect pathway has led to an incentive to reconsider

the functions of cortical projections to the basal ganglia (Nambu 2004). Indeed,

cortico-striatal transmission is deemed to be slow, which in addition to the num-

ber of intermediate relays comprised in both direct and indirect pathway results in

tremendous transmission latencies between the cortex and the output of the basal

ganglia. However, the hyperdirect pathway can activate the STN with short laten-

cies, which directly excites the output nuclei of the basal ganglia. Thus, an updated

model of the interactions between the cortex and the basal ganglia was proposed

(Nambu 2004).

In this model, the preparation of a voluntary movement leads to a corollary
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transmission of the motor plan to the STN, which excites the GPi. Simultaneously,

this motor plan is sent to a particular population of D1 MSN, allowing the selection

of the optimum motor plan, and the repression of competing motor plans through

the indirect pathway. Thus, the convergence of these three pathways at the level of

the GPi/SNr leads to the robust selection, execution and termination of one motor

plan.

However, it should be noted that these models heavily rely on interactions be-

tween the motor cortex and the basal ganglia, without considering other actors such

as the cerebellum and other subcortical motor centers.

1.2.1.3 Cerebellar interactions with the motor cortex and the basal gan-

glia

Cerebello-basal ganglia interactions

For an extended period of time, the potential drive of the cerebellum on the

basal ganglia was neglected, as little to no evidence was associated to a short latency

modulation of the basal ganglia by cerebellar stimulations. Instead, the stimulation

of the dentate nucleus of the cerebellum in anaesthetized cats produces a long latency

responses in the pallidum, in the range of 50 to 300ms (Li, and Parker 1969), even

suggesting that the cerebellum could have an indirect modulation of the activity in

the basal ganglia.

However, the development of trans-synaptic viral tracing has allowed for the

identification of disynaptic communication pathways between the cerebellum and

the basal ganglia (Hoshi et al. 2005; Bostan, Dum, et al. 2010). Indeed, the den-

tate nucleus projects to the striatum using the centro-lateral nucleus (part of the

intralaminar thalamus) as a synaptic relay (Hoshi et al. 2005; Ichinohe et al. 2000),

while the STN sends projections to neurons in the pontine nuclei innervating the

cerebellar cortex via the mossy fiber system (Bostan, Dum, et al. 2010). This con-

firms that the cerebellum and basal ganglia are reciprocally interconnected through

relatively short oligo-synaptic pathways.

The existence of these anatomical connections suggests that the cerebellum could

exert a short latency modulation of the activity in the basal ganglia, which has been

later confirmed by extracellular recordings in the dorsolateral striatum performed

along stimulations of the dentate nucleus of the dentate nucleus (Chen, Fremont, et

al. 2014). In this study, both electrical and optogenetic stimulation of neurons in the

dentate nucleus elicited short latency responses in DLS neurons, including excitation,
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inhibition and sequential excitation followed by a pause (Chen, Fremont, et al. 2014).

The disynaptic nature of these responses was confirmed by local infusions of TTX

in the CL and in the cerebral cortex, which respectively abolished and did not alter

the responses (Chen, Fremont, et al. 2014), suggesting that they were mediated

by a cerebello-thalamo-striatal pathway using CL as a relay. Strikingly, while the

application of high frequency stimulations (HFS) to the motor cortex mainly induces

a LTD in cortico-striatal transmission, the pairing of cerebellar HFS (in the dentate

nucleus) with cortical HFS leads to a LTP of cortico-striatal transmission. This is

consistent with the recent discoveries revealing that striatal plasticity can be directed

by the interactions between cortical and thalamic inputs (Mendes et al. 2020), and

suggests that the cerebellum can not only modulate the activity in the DLS, but

also alter its plasticity.

More recent evidence suggests that the parafascicular nucleus of the thalamus is

a strong relay in cerebello-striatal communication, in conjunction with the centro-

lateral nucleus (Xiao et al. 2018) and possibly the VAL (Contreras-López et al.

2023).

Cerebello-cortical interactions

As described previously on the section regarding cerebellar outputs, the most di-

rect pathways originating from the cerebellum and reaching the cortex mainly rely on

thalamic nuclei as relays. In the case of the primary motor cortex and the secondary

motor areas, the main nuclei contributing to these pathways are the contralateral

ventrolateral thalamus (Teune et al. 2000; Middleton et al. 1997; Alonso-Mart́ınez

et al. 2023) and the ventromedian thalamus (Gao, Davis, et al. 2018; Zhu et al.

2023).

Glutamatergic projection neurons from the cerebellar nuclei send dense projec-

tions to the excitatory zone of the VAL (Alonso-Mart́ınez et al. 2023), which projects

to the layer II/III and layer V of M1 (Kuramoto, Furuta, et al. 2009).

Strikingly, a recent study demonstrated that the cerebellar nuclei also innervates

the inhibitory part of the VAL (Alonso-Mart́ınez et al. 2023), suggesting it to be a

potential interaction point between basal ganglia and cerebellar inputs. Thus, the

cerebellum could support or override the inhibitory control that the pallidum exerts

over the motor thalamus.

While the ventrolateral thalamus preferentially targets motor, premotor and so-
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matosensory regions (Hunnicutt et al. 2014), the ventromedian thalamus targets a

wider set of cortical areas, including frontal and prefrontal areas (Kuramoto, Ohno,

et al. 2015), with which it can form reciprocal connections (Gao, Davis, et al. 2018;

Guo, Yamawaki, et al. 2018). Critically, it targets the anterior lateral motor cortex

(ALM), a secondary motor area, and supports the existence of a communication

pathway between the fastigial nucleus (FN) of the cerebellum and the ALM (Gao,

Davis, et al. 2018). Both the FN and the ALM have been shown to be involved in

motor planning, as preparatory activity could be observed in these structures prior

to movement onset (Gao, Davis, et al. 2018). More importantly, generating an opto-

genetic perturbation of FN activity during the preparatory phase of the movement

leads to a decrease in performance in a sensorimotor discrimination task without

altering the movement itself, and is associated to altered neural dynamics in the

ALM (Gao, Davis, et al. 2018), suggesting that cerebellar activity is critical for the

persistence of cortical activity before movement onset.

Interestingly, cerebello-cortical and striato-cortical circuits may not be com-

pletely independent, as it was shown that the cerebellar nuclei and the pallidum

target similar cortical areas using VAL as a relay (Jinnai et al. 1993). Although the

lamination projections patterns of the excitatory and inhibitory zone of the VAL

differ in the cortex (Kuramoto, Furuta, et al. 2009), it suggests potential interac-

tions between cerebellar and basal ganglia inputs at the level of the motor cortex,

where they are integrated.
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Figure 1.9: Cerebellum, striatum and motor cortex are connected through oligosy-
naptic loops. Schematic representation of the neuronal circuits linking the cerebellum, striatum
and motor cortex through segregated thalamic compartments. The cerebello-cortical loop is repre-
sented by orange arrows, the striato-cortical loop by purple arrows and the cerebello-striatal loop
by green arrows.

1.2.2 Motor learning

Motor learning can be defined as the ensemble of processes related to the repetition

of an action that lead to long-lasting changes in the ability to perform this action

(Seidler 2010). The support of volontary motor function requires not only a func-

tional motor system, but perceptive and proprioceptive abilities are essential as well.

However, the concept of motor learning focuses on the optimization of the motor

output, which is what sets it apart from more sensory-driven tasks (Krakauer et al.

2019).

When a situation urges a subject to perform an action, the motor system will

sequentially create a motor goal, then select the proper sequence of movement to

perform, and finally execute the action (Krakauer et al. 2019). Any motor learning

process is likely to act on one or more of these components in order to optimize the

motor output (Krakauer et al. 2019).
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1.2.2.1 The different components of motor learning

Most motor skill learning tasks will engage two different components: sequence

learning and motor adaptation (Seidler 2010; Krakauer et al. 2019).

Sequence learning

Sequence learning refers to the process through which single isolated actions are

concatenated into a continuous, smooth motor output (Seidler 2010) necessary to

achieve the motor goal. If we were to make a sports-related analogy, this process is

needed to acquire the ability to serve in a tennis match. Although the tennis serve

movement seems smooth and almost unitary, it is constituted of several smaller

movement units, pieced together into a seamless action.

The contribution of cerebellum to sequence learning is much less clear than its

contribution to motor adaptation (Krakauer et al. 2019). Although several studies

have shown an activation of the cerebellum during sequence learning tasks (Jenkins

et al. 1994; Grafton et al. 2001; Orban et al. 2010), the extent to which cerebellum

contributes to sequence learning remains disputed (Krakauer et al. 2019).

Motor adaptation

In contrast, motor adaptation refers to the modifications of the original motor

plan based on the occurrence of external events. These events induce changes in sen-

sory inputs, which are integrated and lead to an update of the motor output (Seidler

2010). The need for adaptation arises from the inability to reach the motor goal by

expressing an already well-learned sequence. Thus, instead of building a completely

new motor controller from scratch, a previously learned sequence is adapted on the

fly (Krakauer et al. 2019). To use the previous tennis serve analogy, changing tennis

racket with a lighter or a heavier one will lead to an erroneous position of the tennis

racket during the movement, which will trigger a fast and smooth recalibration in

order to reach the movement goal.

Experimentally, motor adaptation is usually investigated by introducing a per-

turbation in a goal directed task (King et al. 2013), which can be made in form of

visuomotor distortions (Kagerer et al. 1997) or mechanical perturbations (Shadmehr,

and Mussa-Ivaldi 1994). These perturbation induce a deviation from the predicted

sensory state of the system, and urge the subject to provide an adapted answer
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to correct its movement. A implicit assumption in motor adaptation is that the

motor program remains intact and that the adaptation is performed by a separate,

subsidiary system.

In opposition to sequence learning, the contribution of the cerebellum to motor

adaptation is very well characterized (Krakauer et al. 2019), particularly through

the study of visuomotor adaptation (Bernard et al. 2013; Tzvi et al. 2022).

Inducing lesions of the cerebellum in monkeys impairs the ability to adapt eye

saccades during a visuomotor adaptation task (Barash et al. 1999). This phe-

nomenon is also visible in patients suffering from cerebellar alterations, as they

display tremendous deficits in visuomotor adaptation (Morehead et al. 2017). Dis-

ruptions of the cerebellum not only creates deficits in visuomotor tasks, but also

in other forms of motor adaptation, such as force-field adaptation (Criscimagna-

Hemminger et al. 2010; Gibo et al. 2013; Maschke et al. 2004) and locomotor adap-

tation (Morton et al. 2006). Moreover, these phenomena are highly consistent with

the idea that the cerebellum implements internal forward models, used to predict

the sensory consequences of motor actions at short timescales in order to achieve

optimal motor control (Krakauer et al. 2019).

In contrast, the motor cortex and the basal ganglia are relatively less involved

in motor adaptation (Krakauer et al. 2019). Indeed, perturbing the motor cortex

during motor adaptation tasks usually doesn’t impair motor adaptation per se, but

seems to rather influence its retention (Krakauer et al. 2019; Galea et al. 2011;

Herzfeld, Pastor, et al. 2014). Similarly, patients suffering from pathologies altering

basal ganglia functions tend to display normal motor adaptation (Krakauer et al.

2019) but reduced retention (Marinelli et al. 2009; Bédard et al. 2011).

1.2.2.2 Dynamics of motor learning

Different algorithms for motor learning

While the cerebellum, the motor cortex and the basal ganglia contribute to both

motor control and motor learning, they were theorized to implement vastly different

learning algorithms (Doya 1999).

In the case of the cerebellum, the modular organization of the cerebellar cor-

tex, coupled with the fact that the climbing fiber signal seems to drive error-driven

learning in Purkinje cells lead to models stating that the cerebellum primarily im-

plements a supervised learning algorithm (Marr 1969; Ito 1983; Albus 1971; Doya
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1999)[. This aspect of cerebellar function as been extensively studied, specially in

the context of eye-blink conditioning (Ito 1983; ten Brinke et al. 2017), and is consis-

tent with the involvement of the cerebellum in motor adaptation where the climbing

fibers propagate a directional error routed to the Purkinje cells suitable to correct

the error (Herzfeld, Vaswani, et al. 2014; Herzfeld, Pastor, et al. 2014; Yang et al.

2017).

The cerebral cortex, on the other hand, has a high degree of recurrent connectiv-

ity (Douglas et al. 1991; Douglas et al. 2004; Harris, and Shepherd 2015), primarily

uses Hebbian rules to update synaptic weights (Artola et al. 1990), and receives a

wide variety of inputs. This suggests that the cortex can refine its representation of

the outside world using an unsupervised learning algorithm (Doya 1999).

On the other hand, the basal ganglia are thought to implement a reinforcement

learning algorithm (Doya 1999). This is supported by the neuronal dynamics of

dopaminergic neurons in the substantia nigra, which show a phasic increase in firing

at the delivery of an unexpected reward, or during the presentation of a stimulus

associated to the reward, and a phasic decrease at the omission of an expected reward

(Schultz et al. 1993; Schultz 1998). Thus, the dopaminergic inputs of the striatum

originating from the substantia nigra encode reward prediction error (Montague et

al. 1996; Schultz 1997).

The multiple timescales of motor learning

Motor learning is an heterogeneous process, occurring at different timescales

(Krakauer et al. 2019; Karni et al. 1998). Indeed, the study of functional activity

related to motor learning reveals that there is a dynamic representation of the learned

task, involving different brain areas depending on the timing.

Thus, motor learning sequentially involves the acquisition of a skill, which occurs

relatively fast and is followed by a longer lasting consolidation.

1.2.2.3 Neural basis of motor learning consolidation

Among the many factors influencing the consolidation of motor learning, sleep seems

to be of a great importance. Indeed, sleeping between training sessions affects both

savings (a form of motor memory which allows for faster re-learning in later at-

tempts) and offline gains in motor learning (King et al. 2013). This sleep-dependent

phenomenon can be triggered by night-time sleep, as well as by a day-time nap,
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inducing a significant increase in offline learning and in the resistance to poten-

tial interferences (Walker, Brakefield, Hobson, et al. 2003; Walker 2008; Walker,

Brakefield, Morgan, et al. 2002; Walker, and Stickgold 2006; Korman et al. 2007;

Nishida et al. 2007; Doyon, Korman, et al. 2009). Several neuronal mechanisms

have been proposed to explain this process, including particular rhythms occurring

during sleep, and synchronous reactivations of patterns associated to the learned

task, called “replays”.

Sleep spindles

Functionally, these offline gains in motor learning seem to be related to the stage

II of sleep, also referred to Non Rapid Eye Movement sleep (NREM) (Fogel et al.

2007), as well as to the occurrence of sleep spindles (Nishida et al. 2007; Morin

et al. 2008; Barakat, Doyon, et al. 2011). Sleep spindles are activity patterns man-

ifesting as short bursts of oscillatory activity in the range of 12 to 16Hz (Steriade

2006; Buzsáki 2006; Timofeev, and Chauvette 2013), occurring during NREM sleep,

and thought to involve an interplay between the cerebral cortex and the thalamus

(Buzsáki 2006; Bonjean et al. 2011; Fernandez et al. 2020), notably involving the

reticular thalamus to create an inhibitory volley following the sequences of activa-

tions (Timofeev, and Chauvette 2013).

Although the functional role of sleep spindles is still not clearly understood, they

have been associated to motor learning in different occasions (Fernandez et al. 2020).

Indeed, the frequency of occurrence of sleep spindles, as well as their duration, in-

crease following motor learning (Fogel et al. 2007; Morin et al. 2008; Barakat, Doyon,

et al. 2011). This increase in spindle density was shown to be directly correlated to

overnight improvement in performances following motor sequence learning (Barakat,

Doyon, et al. 2011).

Interestingly, the correlation between spindle density and learning rate is not

only observable during night-time sleep, but also during naps performed in day-

time (Nishida et al. 2007), suggesting that the role of sleep spindles in memory

consolidation doesn’t require a full night of sleep, and can be engaged even during

resting periods in-between training.

In addition, the amplitude of sleep spindles was revealed to be correlated with

the overnight learning gain (Barakat, Carrier, et al. 2013), and to be associated with

increased BOLD signals in motor areas such as the M1 and the striatum (Barakat,

Carrier, et al. 2013). This suggests that sleep spindles can activate several motor-

50



related brain regions. Strikingly, a recent study revealed that spindles recorded in

M1 propagate to the striatum, where they can entrain local neuronal activity (Lemke

et al. 2021). More importantly, pairs of cortical and striatal neurons entrained by

cortical spindles would display maintained connectivity, whereas pairs that were not

entrained would rather display a decreased connectivity (Lemke et al. 2021). This, in

addition to the fact that spindle entrainment was also linked to an overnight increase

in coherence in the theta band (Lemke et al. 2021) suggests that sleep spindles

influence functional connectivity in the motor network during motor learning.

Although spindles are oftentimes detected in cortical areas and have been shown

to propagate the striatum, the mechanism underlying their generation and mainte-

nance is still under debate. In the classical model of spindle generation, an hyper-

polarized reticular thalamus receives an excitatory volley leading to a low threshold

calcium channel-dependent burst of activity, creating a succession of inhibition and

rebound bursting in thalamo-cortical neurons (Timofeev, and Chauvette 2013). In

this framework, spindles are purely initiated and maintained in the thalamus, and

just propagate to cortical network through thalamo-cortical projections. However,

the involvement of cortical areas doesn’t seem to be restricted to a passive modula-

tion by the thalamus, as they have been proposed to drive the onset of the spindle

activity through cortico-thalamic projections (Timofeev, Bazhenov, et al. 2001), and

to even be able to potentiate spindle activity (Contreras et al. 1996) and determine

the spindle duration (Bonjean et al. 2011).

Knowing that the cerebellum is heavily connected to the thalamus through which

it can affect the activity in the cerebral cortex, and that it receives inputs from the

cortex through the pontine nuclei, the cerebellum could very well be entrained by

spindle activity and in return modulate it through cerebello-thalamic projections.

However, to this day little is known on the relationship between the cerebellum

and cortico-thalamic spindles. A recent study in monkeys revealed dynamic inter-

actions between the cerebellum and the motor cortex during cortical spindles (Xu,

De Carvalho, Clarke, et al. 2021). Indeed, not only the spiking activity from cere-

bellar Purkinje cells displays high spike-field coherence with the LFP from M1 in

the spindle range (10-16Hz), but spikes from M1 also display high spike-field co-

herence with cerebellar LFP in the same range (Xu, De Carvalho, Clarke, et al.

2021), which reveals a potential mutual entrainment of the cerebellum and M1 dur-

ing spindle-like activity. Furthermore, the directed coherence between the local field

potentials of M1 and cerebellar cortex is higher in the direction from cerebellum to

M1 in the spindle range compared to the M1 to cerebellum direction, suggesting
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that the frequency of spindle activity of the cortex is controlled to some extent by

the cerebellum through the thalamus (Xu, De Carvalho, Clarke, et al. 2021)].

Replays

In the context of his memory formation model, Buzsaki predicted that sharp-

wave ripples would be associated to sequential replay of neuronal activity after train-

ing (Buzsáki 1989). Subsequently, the first observations of the replay of neuronal

firing sequences during sleep was performed in the hippocampus of rats, where place

cells that underwent concomitant firing during wake were reactivated during sleep

in a similar fashion (Wilson et al. 1994; Skaggs et al. 1996). These reactivations of

ensembles reflect changes in the functional connectivity in the hippocampal network

(Wilson et al. 1994; Skaggs et al. 1996).

Knowing that the population of place cells in the hippocampus exhibit attractor

dynamics where individual neurons fire when the animal is at a particular position

during spatial exploration, these sequences of activation reflect the different tra-

jectories that the animal explored before sleep (Lee, and Wilson 2002), and where

even shown to mimic relatively long trajectories, being then labelled as “extended

replays” (Davidson et al. 2009).

In the hippocampus, replays of activity arise concomitantly with events called

sharp wave ripples (Wilson et al. 1994; Davidson et al. 2009), which corresponds to

bursts of high frequency oscillations (> 100Hz) in the local field potential. Nested

within sharp wave ripples, these replays of neuron firing can occur in the same order

as the sequence experienced during wake (“forward replays”) or occur in reverse

order (Foster, and Wilson 2006), being called “reverse replays”.

Strikingly, the selective disruption of hippocampal ripple activity during sleep,

which is known to be associated to replays of neuronal activity in the hippocam-

pus following spatial learning, was shown to reduce the learning rate in a spatial

learning task (Ego-Stengel et al. 2010; Girardeau, Benchenane, et al. 2009). During

episodes of sharp wave ripple activity, the electrical stimulation of the ventral hip-

pocampal commissure, containing afferences from the CA3 to the CA1 region of the

hippocampus, leads to a transient interruption of neuronal activity in the CA1 as

well as a perturbation of the ripple activity (Ego-Stengel et al. 2010). Indeed, both

the amplitude of the ripple and the frequency of subsequent ripples is decreased, to-

gether with a complete nullification of the firing rate during the following hundreds

of milliseconds (Ego-Stengel et al. 2010). Because neuronal activity is silenced dur-

ing sharp-wave ripples, the occurrence of subsequent sequential replays of neuronal
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activity is prevented. The fact that this perturbation leads to a decreased learn-

ing rate is an indication that replays occurring during sharp wave ripples directly

contribute to the consolidation of memory.

Although discovered in the hippocampus, replays of activity are not restricted

to hippocampal networks. Indeed, coordinated replays have been observed between

the hippocampus and other structures, such as sensory cortices (Ji, and Wilson

2007), the amygdala (Girardeau, Inema, et al. 2017). During a spatial exploration

task, not only replays could be observed in the visual cortex (Ji, and Wilson 2007),

they could happen simultaneously in the cortex and in the hippocampus, reflecting

similar trajectories. Similarly, following the exposure to a task combining spatial

navigation and the delivery of an aversive stimulus at a given place, pairs of neurons

in the hippocampus and in the basolateral amygdala which were activated during the

task tend to be reactivated, mostly during hippocampal ripples (Girardeau, Inema,

et al. 2017).

Replays can also arise in motor areas, as Xu et al observed that neurons in the

primary motor cortex of non-human primates would undergo patterns of reactivation

similar to the neuronal sequences expressed during freely moving behaviour (Xu, de

Carvalho, et al. 2019). The fact that replays of sequences associated to previously

performed motor actions occur in the motor cortex during sleep raises the question

of the involvement of such reactivations in the consolidation of a motor skill.

And indeed, sequential reactivations of neurons during resting were observed

following the learning of motor sequences (Eichenlaub et al. 2020; Rubin et al.

2022). Recent studies performed in humans revealed that the neuronal activity

corresponding to previously learned sequences would be replayed in the motor cortex

during sleep (Eichenlaub et al. 2020; Rubin et al. 2022). These replays are nested

in cortical ripples, and were shown to potentially occur in a compressed manner,

with sequences 1 to 4 faster than during wake (Rubin et al. 2022). Interestingly, a

recent study has observed that not only replays can arise during inter-trials resting

periods, but also that their frequency was positively correlated to inter-trials change

in performance (Buch et al. 2021).

All together, these results suggest that replays of neuronal activity are present

in the motor cortex in the resting periods following motor learning, and that they

could contribute to the offline consolidation of a motor skill. However, whether

these replays have functional consequences on the motor networks remains unknown.

Similarly, the mechanisms through which they can actively contribute to motor

learning remains a mystery.
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The contribution of the cerebellum to offline consolidation

The evidence suggesting that the cerebellum could be involved in memory con-

solidation of motor skill learning are scarce. A recent study revealed that muscimol

infusion in the ventro-medial cerebellum after exposing rats to a Morris water maze

task induced an impairment during the following days, suggesting that the cerebel-

lum could play a role in the consolidation of spatial memory (Andre et al. 2019).

However, little evidence suggest that the cerebellum contributes to the offline con-

solidation of motor learning, although cerebellar-dependent motor skills are shown

to undergo offline consolidation (Shadmehr, and Holcomb 1997; Cohen et al. 2005;

Doyon, Korman, et al. 2009; Muellbacher et al. 2002; Nagai et al. 2017). Strikingly,

cerebellar transcranial direct current stimulation was shown to be able to improve

the offline consolidation of a motor learning (Samaei et al. 2017).

Interestingly, a wide body of literature suggest that the offline consolidation of

motor learning is supported by multi-structures coordinated events, such as sleep

spindles and activity replays. However, as of today, little is known on the extent

to which replays could arise in broad systems such as the motor network. Indeed,

although the cerebellum is reciprocally connected to the motor cortex, in which re-

plays were observed, no evidence of activity replays in the cerebellum during sleep

was observed before. In addition, although sleep spindles were observed in the cere-

bellum, the role of these cerebellar spindles and whether they can affect cerebellar

connectivity with the motor network remains unknown.

In conclusion, even though the cerebellum has the potential to be involved in

many mechanisms underlying the consolidation of a learned motor sequence, little

is known on whether it is the case and to which extent the cerebellum is necessary

for it.

Thus, we sought to determine whether the cerebellum could contribute to the

learning and the offline consolidation of a complex motor skill, the accelerating

rotarod.

1.2.3 Pathologies of the motor system

Dysfunctions of the motor system can arise at different nodes of the network, leading

to the expression of various motor disorders depending on the pathophysiological

mechanisms associated with them. Thus, these motor disorders can appear in a

wide variety.
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1.2.3.1 The hypothesis of focal pathophysiology

For the most part, the study of the pathophysiology of a motor disorder starts by the

search for a visible alteration in the brain tissue of a particular area. This approach

was critical for the early functional characterizations of many brain areas, such as

the motor cortex or the basal ganglia.

However, this oftentimes leads to the belief that the site of neuronal degeneration

was the sole contributor to the pathology. Thus, most motor disorder are classically

associated to one particular brain region.

Cerebellar pathologies

Pathologies arising from alterations of cerebellar networks are numerous (KOEP-

PEN 2018), however their symptomatology share characteristics which can be at-

tributed to the more general “cerebellar syndrome” (Bodranghien et al. 2016). In-

deed, cerebellar dysfunction causes a myriad of symptoms, mainly motor-related, the

characterization of which significantly contributed to our understanding of cerebel-

lar functions. This includes ataxia, dysmetria, dysarthria, nystagmus and intention

tremor.

The cerebellar cortex can undergo degeneration, either from hereditary causes

or sporadically (KOEPPEN 2018). This is the case in spinocerebellar ataxia (SCA),

a group of hereditary neurodegenerative disorders displaying autosomal dominant

inheritance (Sullivan et al. 2019).

Many forms of SCA, in particular the heavily prevalent SCA1, SCA2, SCA3,

SCA6 and SCA7, involve the erroneous expansion of CAG triplets within a gene.

These mutations lead to the expression of a toxic polyglutamine protein (Paulson et

al. 2017), a mechanism shared with Hungtington’s chorea. Each of these mutations

causes neurodegeneration in different targets (Paulson et al. 2017). For example,

while degeneration of the Purkinje cells, cerebellar nuclei, pontine nuclei and infe-

rior olive can be observed in SCA1 and SCA3, SCA6 mainly targets Purkinje cells

(KOEPPEN 2018). Patients suffering from SCAs mainly exhibit a typical associa-

tion of symptoms including gait ataxia, poor coordination in movement execution,

nystagmus and dysarthria (Paulson et al. 2017). However, depending on the SCA

form, additional symptoms have been observed, including pyramidal and extrapyra-

midal syndromes, as well as cognitive impairments (Paulson et al. 2017), which

indicates that certain symptoms of SCA can involve extra-cerebellar alterations.

55



Similarly to SCAs, Friedreich ataxia is a common neurodegenerative disorder

with a strong impact on the cerebellum and the spinal cord (Koeppen 2011; Bürk

2017). This ataxia is caused by the mutation of the frataxin gene, coding for a

mitochondrial protein involved in iron metabolism (Clark et al. 2018). A deficiency

in this protein leads to an iron overload within the mitochondria, which in terms

alters energy production and promotes neuronal degeneration through the accu-

mulation of reactive oxygen species (Koeppen 2011)(Koeppen 2011; Bürk 2017;

Clark et al. 2018). This neurodegeneration primarily targets the dentate nucleus of

the cerebellum and the superior cerebellar (Koeppen 2011), suggesting that many

symptoms are due to an aberrant cerebellar output. Consistently with this, pa-

tients suffering from Friedreich ataxia usually exhibit typical cerebellar symptoms

such as dysarthrian, progressive limb and gait ataxia, but also absence of tendon

reflexes, sensory neuropathy, weakness, spasticity and alterations of proprioception

and pallesthesia (Clark et al. 2018).

In addition, the cerebellum can be the target of many lesions, including traumatic

lesions, vascular embolism or haemorrhage, or can degenerate in the context of

paraneoplasic cerebellar degeneration (KOEPPEN 2018). Similarly, the cerebellum

is sensitive to hypoxia during development, hypoglycemia, and toxins such as ethanol

and mercury (KOEPPEN 2018).

Motor cortex pathologies

Studying the effect of lesions in the motor cortex allows to highlight strong

differences between species. Indeed, while lesions in the motor cortex in humans lead

to dramatic consequences, the results are more mitigated in other species (Lopes et

al. 2023).

In humans, strokes or injuries located in the motor areas of the neocortex are

followed by weakness or paralysis in the limbs controlled by the injured territory,

corresponding to the matching body part on the motor cortex homunculus on the

contralateral side of the lesion (Louis 1994). These symptoms are long lasting, even

though a partial recovery is possible (Laplane et al. 1977; Kwakkel et al. 2003; Lopes

et al. 2023). Most of the time, the paralysis and flaccidity of the affected limb will

remain (Kwakkel et al. 2003).

In the case of non-human primates, the acute effects of cortical lesions also

include weakness and paralysis, but they are usually transient and undergo fast re-

covery (Leyton et al. 1917; Travis 1955). The only type of movement impaired in
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the long-term are the precise movements of distal limbs, particularly involving dex-

terous finger motions (Leyton et al. 1917), whereas walking, climbing and grasping

are recovered (Leyton et al. 1917).

The differences with humans become even deeper when comparing the effect

of cortical lesions in non-primates mammals, such as rodents. Indeed, long-lasting

effects of such lesions are usually not reported, and only impairments of motor

learning are observed (Kawai et al. 2015).

These diverging observations between species suggest that the organization and

function of motor circuits may be different in humans compared to other mammals,

with the human heavily relying on the cortical functions needed for dexterous move-

ments, while other primates and rodents can rely more on subcortical circuits in

order to achieve voluntary motor control.

Amongst the motor pathologies associated to anomalies of the motor cortex, the

case of the amyotrophic lateral sclerosis (ALS) is particularly interesting. Patient

suffering from ALS exhibit a variety of symptoms, including twitching, cramps, loss

of motor control, fatigue, and may worsen to reach muscular paralysis (Masrori et al.

2020). Often-times, the onset of the disease is focal but becomes generalized later.

Although cortical alterations are consistently described in the ALS (Eisen et al.

2001), the contribution of these alterations to the pathophysiology of the disease is

not fully elucidated, as they have been proposed to be either causal to the onset

of the disease or just a mere consequence of the degeneration of spinal neurons

that would propagate retrogradely to the cortex. In the ALS, the primary motor

cortex is found to be hyper-excitable (Eisen et al. 2001), which is proposed to trigger

glutamate-induced excitotoxicity in downstream neurons and to lead to the cortico-

spinal degeneration (Eisen et al. 2001). Given the early appearance of increased

cortical excitability and the late spinal degeneration, this anterograde cortic-spinal

propagation hypothesis is favoured over the retrograde propagation.

Alzheimer’s disease, a pathology associated to alterations in the cerebral cortex,

is mainly known for its non-motor symptoms affecting cognitive functions. However,

physiological alterations of the motor cortex have also been observed in this disease,

with an higher excitability of the motor cortex, correlated with the severity of the

cognitive symptoms (Zadey et al. 2021). Strikingly, there is increasing evidence of

subtle motor dysfunctions associated to this pathology (Vidoni et al. 2012; Koppel-

mans et al. 2022), further highlighting the contribution of alterations of the motor

cortex to pathological motor control.
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Pathologies of the basal ganglia

Dysfunction of the basal ganglia has been associated to multiple motor disorders,

including the parkinsonian syndrome, chorea-ballism and dystonia (Lanciego et al.

2012).

The parkinsonian syndrome is probably the best characterized disorder of the

basal ganglia. Patients suffering from this syndrome exhibit a key set of symp-

toms, which includes hypokinesia, bradykinesia, extrapyramidal rigidity and resting

tremors (Lanciego et al. 2012; Williams et al. 2013; Poewe et al. 2017). While hy-

pokinesia corresponds to a defect in movement initiation, bradykinesia is related

to a decreased movement speed. Thus, besides the resting tremors, parkinsonian

syndrom is characterized by a poverty in voluntary movements execution. In its

most prevalent form, Parkinson’s disease, the lack of movement initiation and slow-

ness are linked to a depletion of striatal dopamine following the degeneration of

the nigro-striatal dopaminergic neurons in the substantia nigra (Poewe et al. 2017).

This neurodegeneration in the basal ganglia is thought to be caused by a cytotoxic

accumulation of α-synuclein, which aggregates with other proteins and form Lewy

bodies.

Knowing that dopamine exerts an opposite control on the activity of striatal

MSNs, this depletion of dopaminergic inputs is believed to decrease the activity

of the D1R expressing MSNs, while increasing the activity of the D2R expressing

MSNs. This creates an imbalance between the direct and indirect pathways, pro-

moting the movement-suppressing indirect pathway leading to the hypokinesia and

the bradykinesia (McGregor et al. 2019). Interestingly, MSNs from the indirect

pathway have been shown to be entrained by beta oscillations, a pattern of brain

oscillations known to be excessively expressed in Parkinson’s disease and correlated

with immobility (Sharott et al. 2017).

The imbalance of activity in striatal MSNs propagates downstream and leads to

an erratic neuronal activity reported in the GPe (Soares et al. 2004), STN (Bergman

et al. 1994; Benazzouz et al. 2002), GPi (Miller et al. 1988; Muralidharan et al. 2016)

and finally to the motor cortex (Pasquereau, and Turner 2011; Pasquereau, DeLong,

et al. 2016; McCairn et al. 2015) where the activity and the tuning to movement

are altered. This suggests that even though the core of the physiopathology of

Parkinson’s disease is due to a degeneration of the basal ganglia, the resultant

aberrant activity is propagated in the rest of the motor network.
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1.2.3.2 Network disorders: the example of dystonia

As discussed before, most of the motor disorders are usually associated to the dys-

function of one particular structure, as it is the case for the previously mentioned

parkinsonian syndrome and dystonia for instance. However, the case of dystonia is

particularly interesting, as even though it is mainly presented as a pathology origi-

nating from a dysfunction of the basal ganglia, it is highly heterogeneous, in terms

of aetiology and characteristics of the disease (Balint et al. 2018).

Dystonia is a group of motor disorders characterized by excessive involuntary

muscle contractions leading to abnormal postures and repetitive movements (Jinnah

2015).

Plurality of dystonic phenotypes

Strikingly, the possible phenotypes of dystonia are many, as these pathologies

can be described regarding several criteria, including their body distribution, the

temporal distributions of the dystonic attacks, the age of onset, and their aetiology.

In terms of body distribution, dystonia can be deemed generalized if it affects

the multiple body parts, or otherwise focal. In the case of the latter, few body

regions are most frequently described, including cervical dystonia targeting the neck,

laryngeal dystonia affecting the vocal chords leading to impaired vocalizations, the

relatively frequent blepharospasm leading to eyelid spasms, oromandibular forms of

dystonia affecting the muscles of the jaw (Balint et al. 2018). In addition, focal

forms of dystonia can also target the limbs, specifically in their distal parts. Focal

dystonia is often-times reported to evolve, with some forms progressing towards a

generalization of the symptoms, while some remain focal (Jinnah 2015).

Although the previously described forms of focal dystonia display persistent

episodes of dystonic attacks, some forms of dystonia display different short-term

variations (Jinnah 2015; Balint et al. 2018). Indeed, some forms of dystonia are

action-specific, and their episodes of dystonic attacks are triggered only during the

execution of particular actions (Quartarone, Siebner, et al. 2006; Jinnah 2015; Balint

et al. 2018). Notably, this is the case for musician’s dystonia (Sheehy et al. 1982;

Conti et al. 2008; Horisawa, Taira, et al. 2013) and for writer’s cramp (Sheehy et al.

1982; Tinazzi et al. 2005; Fukaya et al. 2007; Meunier et al. 2012). The main char-

acteristic of these two forms of dystonia is that they arise from the over-training

for one particular action, in these case playing a piano piece or writing with a pen.

Once the pathology has set in, a simple attempt at executing this action or a simi-
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lar movement triggers involuntary muscle contractions. This is consistent with the

more recent view on dystonia, suggesting that this disorder involves an abnormal

plasticity in the motor network (Quartarone, and Hallett 2013).

Maladaptive plasitcity

Altered plasticity is a common feature of hyperkinetic disorders, as long term

depression seems to be absent or at least dysfunctional in pathologies such as Hungt-

ington’s disease, levodopa-induced dyskinesias and dystonia (Calabresi, Pisani, et

al. 2016; Quartarone, Bagnato, et al. 2003; Quartarone, Rizzo, Bagnato, et al. 2005;

Quartarone, Morgante, et al. 2008).

Specifically, a transcranial stimulation study has revealed that cortical plastic-

ity is impaired in focal hand dystonia (Quartarone, Rizzo, Bagnato, et al. 2005).

Healthy subject may display both signs of potentiation and depression following

plasticity-inducing protocols, whereas patients suffering from cervical dystonia can

only display signs of potentiation, suggesting that synaptic downscaling could be

impaired in this dystonia. Moreover, healthy subjects display signs of homeostatic

plasticity, which is the ability to revert a plastic change, and which is also impaired

in dystonic patients (Quartarone, Rizzo, Bagnato, et al. 2005). Interestingly, this

feature seems to be a hallmark of task-specific dystonia (Quartarone, Bagnato, et al.

2003; Quartarone, Siebner, et al. 2006), which is also associated with signs of abnor-

mal potentiation, a lack of potential depression, as well as an impaired homeostatic

plasticity. This may suggest that task-specific dystonia arises from a maladaptive

plasticity following an over-training for a particular motor sequence (Quartarone,

and Hallett 2013).

Genetic forms of dystonia

Although most cases of dystonia are classified as idiopathic, with no apparent

cause underlying the apparition of the symptoms, patients can develop dystonia

from different etiologies. This includes mutations of several key genes, leading to

hereditary dystonia. To this day, many different hereditary dystonia have been

discovered (Balint et al. 2018), each being caused by a mutation of a different gene.

The genes affected in these forms of dystonia are various and affect different

cellular functions, and as consequence can lead to very different phenotypes, with

variable ages of onsets, localization of dystonia and mode of hereditary transmission
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(Balint et al. 2018).

Interestingly, as oftentimes described in the genealogical trees of families suffering

from hereditary dystonia, being a carrier of a mutation does not necessarily result

in the development of a dystonic phenotype (Hutchinson et al. 2013). This phe-

nomenon is called incomplete penetrance, and highlights the fact that sub-threshold

alterations can exist in absence of the full expression of the phenotype. Such al-

terations often provide cues on the direct functional consequences of the genetic

mutations, which may be obscured once the pathology has set in and has produced

multiple cascadic effects.

DYT25: an adult-onset hereditary dystonia

While most genetic causes of dystonia involve genes which can only be remotely

linked to motor function, this is less the case for the DYT25 dystonia which is linked

to mutations in the GNAL gene. The GNAL gene codes for the alpha subunit of a

G-protein named Golf, an homologous protein to Gs, coupled to an adenylate cyclase

stimulating the production of cyclic Adenosine MonoPhosphate (cAMP) (Jones, and

Reed 1989; Zhuang et al. 2000; Corvol, Studler, et al. 2001; Hervé et al. 2001; Pelosi

et al. 2017). While the Gs counterpart is widely distributed in the nervous system,

the expression of Golf is more focal in the brain. It was originally observed in the

neuro-epithelium of the olfactory system (Jones, and Reed 1989; Belluscio et al.

1998). However, its presence is not restricted to the olfactory bulb, and substantial

expression is observed in other brain structures including mainly the striatum (and

pyriform cortex), but also the cerebellum, where some sparse expression is present

in the Purkinje cells of the cerebellar cortex (Belluscio et al. 1998; Vemula et al.

2013).

In the striatum, Golf is enriched in MSNs belonging to both direct and indirect

pathways, where it completely replaces its homologous Gs (Drinnan et al. 1991;

Herve et al. 1993; Hervé et al. 2001). Although it is evenly distributed between the

two categories of MSNs, it is coupled to different receptors in these two populations.

Indeed, MSNs belonging to the direct pathway express D1 dopamine receptors, to

which Golf is coupled (Herve et al. 1993; Hervé et al. 2001; Corvol, Studler, et al.

2001). On the other hand, Golf is coupled to adenosine A2A receptors in MSNs from

the indirect pathway, where it stimulates adenylate cyclase activity in response to

adenosine (Hervé et al. 2001; Corvol, Studler, et al. 2001). Golf is also present in

cholinergic interneurons of the striatum, along its homologous Gs (Hervé et al. 2001),

where it may contribute to the signaling of D5 dopamine receptors and adenosine
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A2A receptors (Yan et al. 1997; Tozzi et al. 2011). Thus, Golf is heavily involved in

the regulation of striatal excitability, specially in the context of dopaminergic and

adenosine signalling.

Recently, heterozygous knockout mutation of the GNAL gene in mice (Gnal+/-

) was proposed to replicate the alterations observed in DYT25 patients (Pelosi et

al. 2017). In this model, the heterozygous knockout mutation leads to an altered

expression of Golf in the striatum, with only 50% of its normal protein levels (Corvol,

Valjent, et al. 2007). This heavily impairs intracellular signalling in the striatum,

and although no dystonic phenotype is visible in Gnal+/- adult mice before old age,

the administration of a muscarinic cholinergic agonist (oxotremorine M) triggers

dystonic symptoms, either when administered systemically or locally in the striatum

(Pelosi et al. 2017). This suggests that increased cholinergic activation participates

to dystonic attacks in DYT25.

The pharmacologically-nduced dystonic phenotype seems fully reversible, as the

observable motor symptoms disappear after some time, suggesting that the washout

of the cholinergic agonist is sufficient to end the dystonic attack and that the network

then recovers its full function.

However, the potential persistence of functional alterations in the motor network

following the elimination of oxotremorine, even in absence of motor symptoms, re-

mains possible. Indeed, the initial exposure to oxotremorine could be the necessary

trigger to induce lasting changes facilitating the switch to the next pathological

state. This switch could hinder the resilience of the motor system, and make it

more susceptible to dystonic attacks in the future. Similarly, the existence of sub-

threshold functional alterations in the motor network before the first administration

of oxotremorine remains a possibility. This would be consistent with the notions of

incomplete penetrance and mediational endophenotypes (Hutchinson et al. 2013).

1.2.3.3 Cerebellar involvement in dystonia

Although dystonia has long been believed to arise from a dysfunction of the basal

ganglia, it has been linked to cerebellar alterations in many occasions.

Cerebellar loci for lesion-induced dystonia

Interestingly, even though cerebellar lesions typically result in the expression of

a cerebellar syndrome, patients have been reported to exhibit dystonic symptoms in

some cases (Bologna et al. 2017). Indeed, tumors affecting the cerebellum, including
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infra-tentorial tumors, tumors of the posterior fossa, were shown to be related to the

expression of cervical dystonia (Boisen 1979; Krauss et al. 1997; Kumandaş et al.

2006; Fafara-Leś et al. 2014).

Similarly, vascular lesions in the cerebellum can induce several forms of dystonia,

including cervical dystonia (O’Rourke et al. 2006; Zadro et al. 2008; Usmani et al.

2011), oromandibular dystonia (Waln et al. 2010; Bana et al. 2015), blepharospasm

(Khooshnoodi et al. 2013), and hemidystonia (Rumbach et al. 1995).

Cerebellar atrophia, a known cause of ataxia, has been reported to be associated

to a broad dystonic symptomatology, with focal, multifocal and generalized dystonia

(Le Ber et al. 2006), targeting the upper limbs (Baik 2012), but also the cranium

and the cervical areas (Batla 2018).

Cerebellar dysfunction in dystonia

The previously mentioned studies suggest that dystonia can arise from an aber-

rant cerebellar function. Consistently with this idea, several mice models of dystonia

have been engineered by performing cerebellar perturbations.

This category notably contains two mice models of dystonia: the infusion of

kainate in the cerebellar vermis (Pizoli et al. 2002; Georgescu, Georgescu, et al. 2018;

Georgescu Margarint et al. 2020), and the application of ouabain on the cerebellar

cortex, modelling DYT12 (Calderon et al. 2011; Fremont, and Khodakhah 2012;

Fremont, Calderon, et al. 2014).

As initially described by Pizoli et al, the micro-injection of kainic acid in the

cerebellar vermis leads to the expression of a robust dystonic phenotype (Pizoli

et al. 2002). Kainic acid is an agonist for the kainate receptor, a specific type of

glutamate receptor heavily expressed in the granular layer of the cerebellar cortex

(Foster, Mena, et al. 1981; Hampson et al. 1998; Straub et al. 2011). In the span of

the 10 to 20 minutes following injection of kainate, mice start displaying dystonic

symptoms mainly affecting the hindlimbs at first, which then get generalized to

the four limbs and trunk (Pizoli et al. 2002). In this model, the severity of the

phenotype is directly correlated to the dose injected (Pizoli et al. 2002). Recent

studies revealed that cortico-cortical interactions are altered in this mouse model,

with a lower coherence between the primary motor and primary sensory cortices on

the controlateral side to the cerebellar injection of kainate (Georgescu, Georgescu, et

al. 2018), and between the primary motor cortices in both hemispheres (Georgescu,

Popa, et al. 2020).

Similarly, affecting cerebellar metabolism by infusing ouabain, a blocker of the
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Na/K ATPase pump, partially impairs its activity and leads to a dystonic phenotype

(Calderon et al. 2011; Fremont, and Khodakhah 2012; Fremont, Calderon, et al.

2014). This pharmacological model is proposed to mimic the alteration induced

by the mutation of the gene ATP1A3 in patients suffering from DYT12, which

induces a loss of function in a particular isomere of the sodium pump. The infusion

of ouabain dramatically affects the activity of Purkinje cells, which switch from a

regular firing rate to an irregular firing displaying an increased bursting activity

(Fremont, Calderon, et al. 2014). This, in-vivo, leads to an altered activity in

the cerebellar nuclei, which similarly to the Purkinje cells of the cerebellar cortex

display more irregular firing patterns with an increased bursting behaviour (Fremont,

Calderon, et al. 2014).

As described before, mice models of hereditary dystonia induced by introducing

mutations in the genes of interest altered in the human form of the pathology do

exist. This is the case for the mouse model of DYT1, created by inducing a loss of

function mutation in torsinA, the gene involved in the human DYT1 (Dang et al.

2005; Shashidharan et al. 2005). However, most mice of this model do not display

a strong dystonic phenotype (Fremont, and Khodakhah 2012; Fremont, Tewari,

et al. 2017), which is potentially in line with the notion of incomplete penetrance

present in hereditary dystonia, but impairs the ability of studying the mechanisms

underlying dystonia in the pathological state of DYT1.

Although the complete knockout of torsinA is lethal in mice (Goodchild et al.

2005), a recent study using acute knockout of torsinA in the cerebellum revealed the

critical role of the cerebellum in the pathophysiology of DYT1 (Fremont, Tewari,

et al. 2017). Not only the local knockout of torsinA in the cerebellum is sufficient

to trigger robust and persistent dystonic episodes, but the depth of the cerebellar

knockout is correlated with the severity of the phenotype (Fremont, Tewari, et al.

2017), further suggesting that the cerebellum is a key element of the pathophysiol-

ogy of DYT1. Moreover, similarly to what was observed in the pharmacologically

induced model of DYT12, the firing patterns of both Purkinje cells and cerebel-

lar nuclei neurons were altered in this model of DYT1, with an overall decrease in

average firing rate, but an increase irregularity, leading to the expression of more

bursts (Fremont, Tewari, et al. 2017). This is consistent with the other observations

suggesting a correlation between an altered cerebellar output and dystonia.

Strikingly, cerebello-thalamic tracts were shown to be affected in DYT1 (Argye-

lan et al. 2009; Uluğ et al. 2011). A tractography and functional imaging study

revealed that the integrity of cerebello-thalamo-cortical pathways was reduced in
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DYT1 mutation carrier, regardless of if they were expressing symptoms or not (Ar-

gyelan et al. 2009). While the integrity of fiber tracts was altered in both cerebellar

and thalamo-cortical tracts of DYT1 mutation carriers, what differentiates symp-

tomatic from asymptomatic carriers is the difference in connectivity between these

two pathways (Argyelan et al. 2009). Indeed, while non-manifesting carriers display

a stronger alteration of thalamo-cortical tract, manifesting carriers display an even

stronger alteration of cerebellar tract, in addition with the thalamo-cortical (Argye-

lan et al. 2009). This suggests that the penetrance of DYT1 is linked to the depth

of the alteration in cerebello-thalamo-cortical networks.

These observations were later corroborated by the study of mutant DYT1 mice,

which do not display a dystonic phenotype, and thus may reflect alterations found

in non-manifesting human carriers (Uluğ et al. 2011). Mutant mice display struc-

tural alterations in multiple areas of the brain, including cerebellar tracts, thalamo-

cortical tracts and white fiber tracts in the brainstem (Uluğ et al. 2011). While the

metabolic activity of the cortex is positively correlated to the trophicity of thalamo-

cortical tracts, it is anti-correlated to the trophicity of cerebellar tracts (Uluğ et al.

2011), consistently with an inhibition of the cerebral cortex by the cerebellar cortex,

and an excitation of the cerebral cortex by thalamo-cortical neurons. Similarly to

non-manifesting human carriers of DYT1, mutant mice display a stronger alteration

of thalamo-cortical tracts compared to cerebellar tracts (Uluğ et al. 2011).

Altogether, these result suggest that the integrity of cerebello-thalamic tracts is

correlated to the expression of dystonic symptoms in DYT1, and that the cerebel-

lum could potentially contribute to compensatory mechanisms in non-manifesting

mutation carriers, thus potentially explaining incomplete penetrance of hereditary

dystonia.

Consistently with the notion that dystonia could arise from altered cerebellar

activity, a recent mouse model of dystonia was engineered by genetically silencing

synapses from the climbing fiber to the Purkinje cells of the cerebellar cortex (White

et al. 2017). This is performed by specifically removing the vesicular glutamate

transporter 2 (Vglut2) from the olive under the control of Ptf1a, which is expressed

only in inhibitory neurons, as well as excitatory projection neurons of the inferior

olive (White et al. 2017). Thus, removing Vglut2 from Ptf1a expressing neuron

mainly affects the function of olivo-cerebellar neurons.

In this model, because the climbing fiber to the Purkinje cells synapses are

silenced, the olivo-cerebellar signalling is completely disrupted and Purkinje cells do

not exhibit complex spike activity (White et al. 2017). This leads to an aberrant
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activity of Purkinje cells and cerebellar nuclei neurons, with juvenile mice displaying

slower and more regular simple spike activity, with an heightened firing rate of

cerebellar nuclei neurons, while cerebellar nuclei neurons of adult mice exhibit an

opposite behaviour, being slower and more irregular (White et al. 2017).

Both juvenile and adult mice of this model exhibit strong dystonic phenotypes,

with symptoms including hyperextension of the limbs and twisting of the trunk, as

well as varied dystonic postures and tremors (White et al. 2017). However, this

model does not only display motor symptoms (van der Heijden et al. 2021; Leon et

al. 2023), as a recent study revealed that although the circadian rythm of these mice

was unaltered, the balance between sleep stages was perturbed (Leon et al. 2023).

Indeed, the time spent awake and in NREM sleep is increased in these mice, and

conversely the time spent in REM sleep is decreased (Leon et al. 2023). In addition,

the temporal structure of the different sleep stages is altered, as the average duration

of wake episodes, as well as the number of episodes of NREM sleep are drastically

increased, in opposition to a decreased number of REM episodes (Leon et al. 2023).

These observations not only suggest that sleep-dependent processes may be altered

in dystonia (Salazar Leon et al. 2022), but also that cerebellar activity may be

critical in maintaining normal sleep.

Since the dystonic phenotype associated to this model arises from an aberrant

cerebellar activity, it brings the question of a potential to mitigate dystonic symp-

toms by affecting cerebellar activity. Strikingly, the local infusion of lidocaine, a

sodium channel blocker, in the interposed nucleus of these mice reduces tremors

and improves the overall locomotor activity of these dystonic mice (White et al.

2017). In addition, the administration of electrical deep brain stimulations (DBS)

in the interposed nucleus of the cerebellum in these mice drastically improves their

dystonic phenotype (White et al. 2017; Brown, van der Heijden, et al. 2023). These

observations, altogether with the previous discovery that altering the propagation

of cerebellar activity to the basal ganglia in a DYT12 mouse model could alleviate

dystonic symptoms (Calderon et al. 2011), strongly suggest that the cerebellum can

be a potent therapeutic target in the treatment of dystonia.

1.2.3.4 Cerebellum as a therapeutic target for dystonia

Cerebellar lesions

The cerebellum has been proposed to be a potential site for therapeuticmanipu-

lations in the context of motor disorders (Hitchcock 1973; Fremont, and Khodakhah

2012). For example, the surgical lesion of the dentate nucleus of the cerebellum,
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also called dentatectomy, was shown to improve symptoms in various kind of dis-

orders with a wide range of efficiency, ranging from subtle to critical improvements

(Hitchcock 1973; Heimburger 1967; Zervas et al. 1967; Fraioli et al. 1975). This

includes a reduction of symptoms in chorea (Hitchcock 1973), parkinsonism (Zervas

et al. 1967) and particularly striking results in dystonia (Zervas et al. 1967; Fraioli

et al. 1975). These observations suggest an involvement of the cerebellum in the

physiopathology of dystonia and shines light on the possibility that manipulating

cerebellar output can contribute to mitigate symptoms of motor disorders.

Cerebellar stimulations

Multiple studies revealed an improvement of dystonic symptoms by the admin-

istration of DBS, either in the cerebellar nuclei, or in the cerebellar peduncules (Tai

et al. 2022). Indeed, cerebellar DBS in the dentate nucleus did alleviate dystonic

symptoms in idiopathic generalized dystonia (Horisawa, Kohara, et al. 2021), cere-

bral palsy (Lin et al. 2019) and in secondary dystonia following a stroke (Brown,

Bledsoe, et al. 2020). In addition, cerebellar DBS in the dentate nucleus was also

reported to reduce tremors along with dystonic symptoms (Horisawa, Kohara, et al.

2021).

However, DBS is a highly invasive procedure with an incomplete success rate

and potential iatrogenic effects due to the surgical procedure. Thus, a particular

attention was brought on the use of non-invasive stimulations procedures in order

to treat dystonia.

Transcranial stimulations is a non-invasive way of affecting neuronal activity in

superficial brain structures, and can be used for both the investigation of network

function and for the treatment of neurological diseases. They are usually delivered

in two different ways, either magnetically using an electro-magnet placed over the

area of interest, or electrically using cutaneous electrodes [(Classen 2013).

Transcranial magnetic stimulations (TMS) relies on electro-magnetic induction

(Chail et al. 2018), occurring when an alternating electric current passes through

an inductor (primary), inducing an alternating magnetic field around the primary,

which can create an alternating current (and an electric field) in an other inductor

(secondary). In the case of TMS, the primary is the coil of the stimulation machine,

and the secondary is the neuronal tissue of the stimulated area (Klomjai et al. 2015).

TMS was extensively used to investigate the cortico-spinal tract, as performing

a single pulse of stimulation over the motor cortex leads to its transient excitation,
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inducing a muscle twitch at the periphery (Huang, Edwards, et al. 2005). The

magnitude of this response can be measure through electromyography (EMG) as the

amplitude of the peak to peak EMG response, called motor-evoked potential (MEP)

which is thought to reflect the excitability of the cortico-spinal tract (Klomjai et al.

2015).

On the other hand, lower intensity pulses delivered in patterns have been shown

to be able to induce plastic changes (Berardelli et al. 1998; Iyer et al. 2003; Huang,

Edwards, et al. 2005; Klomjai et al. 2015). Typically, low frequency (< 1Hz) repet-

itive TMS (rTMS) is believed to have a depressing effect, as it induces a decreased

MEP when applied over the motor cortex (Iyer et al. 2003). In opposition, higher

frequency (> 5Hz) rTMS over the motor cortex tends to increase MEP, which sug-

gests a potentiating effect (Berardelli et al. 1998).

Strikingly, a particularly potent stimulation protocol known to induce plastic

changes is the theta-burst stimulation (TBS) protocol (Huang, Edwards, et al.

2005; Huang, Chen, et al. 2007), where stimulations are delivered in short bursts

administered in the theta frequencies (5-10Hz). The plastic changes induced by

this protocol are long-lasting, and dependent on NMDA receptors (Huang, Chen,

et al. 2007). Variations of the TBS exist, with differences in the structure of the

stimulations. Typically, TBS can be delivered continuously over the span of several

tens of seconds, which will correspond to the continuous TBS (cTBS), or through

short blocks of stimulations lasting few seconds, corresponding to intermittent TBS

(iTBS), displaying opposite results on plasticity (Huang, Edwards, et al. 2005).

Figure 1.10: Typical protocols of theta burst stimulations applied over the motor cor-
tex and their effects on cortical excitability. (a) Schematic representation of the stimulation
patterns for intermittent theta burst stimulation (iTBS) and continous theta burst stimulation
(cTBS). (b) Opposite effect of cortical cTBS and iTBS on the amplitude of movement evoked
potential (MEP) induced by cortical trasncranial magnetic stimulation (TMS), reflecting cortical
excitability. Adapted from Huang, Edwards, et al. 2005.
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Interestingly, cerebellar TBS has been shown to be able to induce similar plastic

changes (Koch, Mori, et al. 2008). This highlights cerebellar TBS as a potential

treatment for motor disorders. And indeed, cerebellar TBS can induce an improve-

ment of gait and balance in patients suffering from hemiparesis following a stroke

affecting the cerebral cortex (Koch, Bonǹı, et al. 2019). In this study, the appli-

cation of iTBS over the cerebellum allowed for a progressive recovery of balance,

as evidenced by an increased Berg Balance Scale, coupled to a reduction of the

step with during walk (Koch, Bonǹı, et al. 2019). This suggests that cerebellar

TBS can heavily influence cerebello-cortical plasticity and thus can contribute to

the treatment of motor disorders linked to an erratic activity of the motor cortex.

Similarly, the repetitive administration of cerebellar cTBS on patients suffering

from levodopa-induced dyskinesias, a well known side-effect of the long term treat-

ment of Parkinson’s disease by levodopa, increased intracortical inhibition and lead

to a reduction of dyskinesias following administration of levodopa (Koch, Brusa,

et al. 2009). Consistently with this, a recent study on an animal model of levodopa-

induced dyskinesias revealed that the preventive application of optogenetic theta-

burst stimulation on Purkinje cells of the cerebellar cortex can contribute to reduce

the apparition of levodopa-induced dyskinesias, normalize the activity in the net-

work and promote LTD at the cortico-striatal synapse of D1R expressing MSNs

(Coutant et al. 2022).

Strikingly, studies investigating the potential use of cerebellar TBS in the treat-

ment of dystonia showed a potential to relieve patients from their dystonic symp-

toms, at least partially. Indeed, the daily administration of bilateral cerebellar

cTBS in patients suffering from cervical dystonia revealed an improvement of the

Toronto Western Spasmodic Torticollis Rating Scale (TWSTRS), suggesting a de-

creased dystonic phenotype (Koch, Porcacchia, et al. 2014). In addition, the cTBS

protocol induced plastic changes in the network, as evidenced by the variations in

Cerebellar Brain Inhibition (inhibition of M1-evoked EMG responses by cerebellar

TMS delivered a few milliseconds before the M1 TMS) after the delivery of the TBS

session (Koch, Porcacchia, et al. 2014). Interestingly, an other study revealed that

daily sessions of cerebellar iTBS on patients suffering from cervical dystonia lead

to a decrease in symptoms assessed by the TWSTRS score, as well as a (moder-

ate) improvement in quality of life and hand dexterity (Bradnam, McDonnell, et al.

2016). Another approach of non-invasive cerebellar stimulation consist in applying

continuous currents, which is thought to shift the excitability of neuronal tissue.

Such approach has also been attempted in dystonia but has shown limited success
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(Benninger et al. 2010; Buttkus et al. 2011; Ferrucci et al. 2016; Bradnam, Graetz,

et al. 2015).

Considering the similarities between DYT25 and DYT1, an hereditary dysto-

nia heavily associated to a cerebellar dysfunctions and to alterations of cerebello-

thalamo-cortical networks, we sought to investigate the presence of such dysfunctions

in the motor network of Gnal+/- mice by optogenetically probing the functionality

of cerebello-thalamic pathways. In addition, knowing that rodent models of DYT25

display an altered plasticity which cerebellar TBS was shown to influence, we ex-

plored the potential use of cerebellar TBS in the rescue of an aberrant plasticity in

Gnal+/- mice, which could contribute to the treatment of DYT25.
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1.3 Limbic circuits and emotional processing

1.3.1 Neuro-anatomy

The name of the limbic circuits stems from latin and means “border”. This comes

from the initial documentation of a cortical border surrounding the human brainstem

by Thomas Willis in 1664, corresponding to the cyngulate cortex. However, as we

now know, the networks responsible for emotional processing and learning are much

more distributed, and include many other brain structures. Later, Broca proposed

the olfactory structures to be included in the limbic system (Broca 1878). It is only

in 1906 that Christopher Jakob emits the idea that the limbic system is composed

of an ensemble of both cortical and subcortical brain structures (Jakob 1906). This

idea was later supported by James Wenceslaus Papez, who identified a network

involved in emotional processing and memory (Papez 1937).

This network, named Papez circuit, starts from the hippocampus, traverses

through the fornix, the mammillary bodies, and then through the mammillotha-

lamic tract, towards the anterior thalamic nucleus. Then, it reaches the cingulate

cortex, courses round the entorhinal cortex and returns to the hippocampus (Herrick

1933; Papez 1937; Shah et al. 2012). Later, Paul Yakovlev then proposed a parallel

basolateral circuit including the thalamus, particularly the mediodorsal thalamus,

and the orbitofrontal cortex (Yakovlev 1948). Our modern view of the limbic system

truly appeared when Paul MacLean decided to integrate both models from Papez

and Yakovlev into a unique system and added the prefontal cortex, the septum and

the amygdala (MacLEAN 1949; Maclean 1952). However, even then, the knowledge

of the extent of limbic circuit was definitely not complete, as evidenced by the late

inclusion of the midbrain (Nauta et al. 1978) This suggests that many more brain

structures could be part of the limbic circuit.

Despite the fact that the cerebellum displays a high degree of interconnectivity

with the structures of the limbic system, it is not canonically considered as being

part of it. In fact, the cerebellum was shown to project to these structures, ei-

ther monosynaptically as it is the case for the ventro-lateral Peri-Aqueducal Gray

(vlPAG, (Frontera, Baba Aissa, et al. 2020)) the mediodorsal thalamus (MD, (Groe-

newegen 1988; Fujita et al. 2020; Frontera, Sala, et al. 2023)) and the hypothalamus

(Haines, May, et al. 1990; Haines, Dietrichs, et al. 1997; Cavdar et al. 2001), or

through oligosynaptic pathways in the case of the prefrontal cortex (Frontera, Sala,

et al. 2023) and the basolateral amygdala (Jung et al. 2022). Conversely, the cere-

bellum also receives inputs from these structures through the precerebellar nuclei
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like the inferior olive (Watson et al. 2009; Kostadinov et al. 2019) or through the

pontine nuclei (Farley et al. 2016). These observations highlight the wide projec-

tions patterns of the cerebellum, and is an incentive for us to investigate the role of

the cerebellum as a potential modulator of limbic circuits-mediated functions.

1.3.2 Fear and fear conditioning

Studies have demonstrated the engagement of the different nodes of the limbic circuit

during tasks involving memory and/or emotions.

Although important breakthroughs about limbic systems and emotions were

made in the first half of the twentieth century, the interest of neuroscientists for

the neural basis of emotion then plummeted in favor of the study of other cog-

nitive processes such as memory (LeDoux n.d.). The rational was that studying

emotions required the measure of a conscious feeling, which wasn’t the case for a

wide range of cognitive processes who are mainly subconscious. However, not only

emotional responses involve unconscious mechanisms, but conscious feelings are not

even required to shape some of these responses (Öhman 1993; LeDoux n.d.). This

realization sparked an interest for the study of the neural mechanisms underlying

such emotional processes, particularly for in the context of fear (LeDoux n.d.).

Fear can be defined as an ensemble of responses caused by the presence of an

external stimulus, leading to an unpleasant sensation. Fear response is multi-

dimensional, as it is presented through behavioral, physiological and hormonal

changes, leading to defensive behaviors, autonomic arousal, hypoalgesia, reflex po-

tentiation and release of stress hormones (LeDoux n.d.; Blanchard, Blanchard, et al.

2008; Tovote et al. 2015). These changes allow for the identification of a potential

danger and the expression of an appropriate response. Thus, fear is paramount for

survival.

The study of mechanisms underlying fear required the design of an experimental

paradigm yielding an objective and measurable output, solely corresponding to fear

behaviour. For the most part, this was made possible by Pavlovian fear conditioning

(Pavlov (1927) 2010; LeDoux n.d.; Tovote et al. 2015; Urrutia Desmaison et al. 2023).

This paradigm is based in a form of associative learning described by Pavlov in 1927,

in which an initially neutral stimulus, also named conditioned stimulus (CS), will

develop similar properties as another event called unconditioned stimulus (US) upon

the repeated temporal pairing of both CS and US (Pavlov (1927) 2010).
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1.3.2.1 Fear acquisition during fear conditioning

In fear conditioning, an innocuous stimulus corresponding to the CS is presented

together with an aversive event corresponding to the US. When such experiment is

performed with rodents, the CS is typically a sensory cue (usually a tone, a light

or an odour) or a given context (in the case of contextual fear conditioning), the

US is an electrical shock delivered to the limbs using a conductive grid under the

animal called footshock (although an air puff can also be used), and the variable used

to quantify the fear response is the percentage of time spent immobile, also called

freezing. Thus, this paradigm brings a simple framework to study fear network, with

a measurable outcome and reproducible results among the population of animals

studied (Tovote et al. 2015).

The presentation of the US elicits a fear response (also called unconditioned fear

response), which is not the case initially for the CS. However, the repetition of the CS

in association with the US will induce a fear response triggered by CS presentation,

effectively creating an anticipation of the subsequent US. Thus, the fear network

overrides the fear response induced by the US, and is now controlled by the CS.

This phenomenon is referred to as fear acquisition, and results in a gradual increase

in fear response induced by the presentation of the CS, now called conditioned fear

response. The fear memory created during this pairing is long-lasting and consoli-

dated over time, as it can be retrieved at a later point in time, either by presenting

the CS without the US in a new context (following cued fear conditioning) or by

presenting the animal in the same context as during fear acquisition in contextual

fear conditioning (Tovote et al. 2015).

This process of fear conditioning has all the hallmarks of an associative learning

triggered by the initial unexpectedness of observing an US following a CS, which

forms a long-lasting association between the two stimuli. In 1972, Rescorla and

Wagner proposed that an associative learning process, such as fear conditioning,

could be modelled by an estimated probability of observing an US following a CS

(Rescorla 1972). This probability, or expectancy, is discretely updated by each CS

presentation, either increased if it was paired to the US or decreased otherwise.

Thus, the unexpected contingency between stimuli acts as a teaching signal, bi-

directionally controlling the estimated probability of observing a CS-US pair.

∆V = ab(λ− V )

In this equation, the term ∆V represents the variation in predictive value induced
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by the CS presentation, a corresponds to the saliency of the conditioned stimulus

and acts as a variable gain in the learning process, b is the actual learning rate,

and V is the estimated probability of an CS-US pair occurring. Conventionally, the

value of λ is considered as 1 if the presented CS was followed by an US, 0 otherwise.

Thus, the level of unexpectedness heavily influences the probability update, as the

variation of predictive value directly depends on the deviation between the observed

event and the prediction, causing unexpected events to induce dramatic changes in

probability, and expected events to mildly alter it.

1.3.2.2 Freezing as an indicator of fearful state

As described earlier, the variable typically used to measure fear expression in rodents

is freezing (Johansen et al. 2010; Dejean et al. 2016; Pasquet et al. 2016; Frontera,

Baba Aissa, et al. 2020). However, it needs to be mentioned that some pitfalls are

related to its sole use to quantify fear responses. Indeed, freezing corresponds to a

lack of motion during the presentation of a previously conditioned stimulus or in a

conditioned context, which could be widely mistaken for immobility.

In addition, freezing is not the only possible fear response expressed by rodents,

as they can also exhibit fight or flight reactions (Lang et al. 2000). Actually, fear

response was hypothesized to vary depending on the arousal state of the animal,

with freezing being favoured at lower arousal levels, and a switch to fight or flight

responses occurring at extremes levels of arousal (Lang et al. 2000). Thus, the

emotional intensity associated to the fearful state of the animal could bias the ex-

pression of fear toward high mobility, and lead to an underestimation of the actual

fear response if only freezing is considered.

To overcome these issues, alternative measures of fearful state were envisioned.

For example, the measure of freezing can be combined with physiological variables

such as heart rate (Signoret-Genest et al. 2023) or body temperature (Liu, Lee, et al.

2021) in order to help disambiguating between freezing and immobility. Also, fear

conditioning was shown to alter other behavioral parameters, inducing an increased

startle response to the presentation of a sound (VanElzakker et al. 2014; Tovote

et al. 2015), as well as changes in the vocalization patterns of animals (Wöhr et al.

2005; Olszyński et al. 2021), an increased probability of urination and defecation

(Blanchard, and Blanchard 1988), although these later behaviors are much more

inconsistent than freezing.
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1.3.3 Fear extinction

1.3.3.1 Suppression of conditioned fear response

Following the acquisition of fear conditioning, the repeated presentation of the CS

unpaired with the US will ultimately lead to a gradual decrease in fear response

induced by the CS, in a process called extinction of fear memory. Initially, extinction

was proposed to be a form of “unlearning” of the previously learned association based

on the violation of the CS-US contingency established during acquisition (Rescorla

1972), leading to a decreased expectancy of receiving an US after a CS.

However, evidence lead to challenge this conception of extinction. Indeed, the

engram associated to fear conditioning is known to be highly resistant to loss, injury

and to the passage of time (McAllister et al. 1986; Myers et al. 2002). In contrary,

the expression of extinction learning was shown to weaken over time, leading to

a phenomenon named spontaneous recovery (Robbins 1990). In addition, if CS

presentation occurs after extinction learning but in a different context than the one

where extinction took place, a strong conditioned response will be expressed, in a

process called renewal (Bouton et al. 1979). Both notions of spontaneous recovery

and renewal highlight the resilience of fear conditioning engram, and reveal that the

CS still retains control over fear expression even after the occurrence of extinction

learning. Therefore, we now conceptualize extinction as a new learning, and not

just a simple forgetting of the engram associated to fear conditioning.

Figure 1.11: Relationship between the expression of conditioned behaviour, condi-
tioning memory and extinction memory. While the initial fear response elicited by the CS
is low, it is increased as fear conditioning occurs and the memory associated to the conditioning
is strengthened. However, the occurrence of extinction doesn’t alter the memory associated to
the conditioning, but creates a competing extinction memory, allowing for the fear response to
decrease. Adapted from Quirk, Garcia, et al. 2006.

During extinction learning, a new memory which suppresses the expression of
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fear behaviour in the previously conditioned context is created, while the consoli-

dated engram associated to fear conditioning still promotes fear expression. Thus,

extinction of fear memory engages different networks having an antagonistic effect

on fear networks (Myers et al. 2002; Tovote et al. 2015; Urrutia Desmaison et al.

2023), and the behavioural response is a resultant of both competing networks.

1.3.3.2 Neuronal basis of fear extinction

The neuronal networks supporting fear extinction involve many brain structures,

including some important for fear conditioning, with a particularly strong contribu-

tion of the amygdala, the medial prefrontal cortex, the hippocampus (Tovote et al.

2015; Urrutia Desmaison et al. 2023).

Hippocampus

The hippocampus is proposed to be involved in both the encoding and the re-

trieval of fear learning (Ji, and Maren 2007), in particular through the storage of the

engrams related to fear conditioning and fear extinction (Zaki et al. 2022; Lacagn-

ina et al. 2019). Indeed, a recent study showed that the activity dependent reac-

tivations of hippocampal neurons associated to conditioning and extinction could

bi-directionally control the expression of conditioned fear behaviour (Lacagnina et

al. 2019). While the stimulation of fear conditioning related neurons promotes fear

expression, both the inhibition of this population or the stimulation of extinction

related neurons suppresses fear behaviour.

Amygdala

Critically, perturbing the activity in the basolateral amygdala (BLA) during the

acquisition of extinction was shown to lead to a sustained expression of fear response,

putting forward the BLA as a key player in the acquisition of fear extinction. In-

deed, the antagonization of NMDA transmission in the BLA impairs the extinction

of conditioned fear (Sotres-Bayon, Bush, et al. 2007; Falls et al. 1992), suggesting

that NMDA-dependent plasticity is required for extinction learning. This idea was

further cemented by a study revealing that the inhibition of MAPK/ERK path-

way, an intra-cellular phosphorylation cascade involved in neuronal plasticity, also

impaired extinction (Herry, Trifilieff, et al. 2006).
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Prefrontal cortex

The prefrontal cortex is also considered as one of the main contributor to fear

extinction, particularly the medial prefrontal cortex in rodents. Interestingly, there

seem to be a dichotomy between the ventral part of the mPFC (vmPFC) corre-

sponding to the infra-limbic cortex (IL) and the dorsal part of the mPFC (dmPFC)

corresponding to the pre-limbic cortex (PL) and the anterior cingulate cortex (Acc).

Although they are contiguous in space, the PL and the IL are different in terms

of connectivity and functions (Heidbreder et al. 2003; Vidal-Gonzalez et al. 2006;

Sierra-Mercado et al. 2011). In particular, study of the activity in PL and IL during

extinction learning showed different dynamics. While neurons in IL display CS-

evoked activity, it is initially weak after fear conditioning, and is increased following

extinction learning (Milad et al. 2002). In addition, an increased excitability and

metabolic activity was observed in IL neurons following extinction learning (Herry,

and Garcia 2002; Barrett et al. 2003). Consistently with this, lesions studies in

IL revealed that although a decrease of freezing during the extinction session was

visible, the recall of extinction the next days was impaired (Quirk, Russo, et al.

2000; Lebrón et al. 2004), which was supported by a similar effect of the inhibition

of protein synthesis in IL (Santini et al. 2004).

Interestingly, the reversible inactivation of IL using local injections of muscimol

lead to an impaired extinction, with higher levels of freezing both during the session

where muscimol was injected and during the next session (Sierra-Mercado et al.

2011). This may suggest a wider role of IL, both in the acquisition and consolidation

of extinction learning.

Consistently with a contribution of IL in promoting extinction learning, the

electrical stimulation of IL at the onset of the CS lead to a long lasting decrease in the

levels of freezing during CS (Vidal-Gonzalez et al. 2006). All together, these results

suggesting that IL is involved in suppressing conditioned fear following extinction

learning.

In contrast, the PL cortex is proposed to exert control over the production of

fear responses (Sotres-Bayon, and Quirk 2010) with a critical role in the expression

of fear behaviour following conditioning (Blum et al. 2006; Vidal-Gonzalez et al.

2006). Indeed, in contrast to IL, neurons in PL initially display strong CS-evoked

activity after conditioning, which decreases along extinction learning (Milad et al.

2002).

Moreover, the reversible inactivation of PL during extinction using muscimol

leads to lower levels of freezing during the session of the inactivation (Laurent et al.
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2009). Interestingly, this decrease in freezing induced by a perturbation of PL is

specific to conditioned fear and cannot suppress innate fear (Corcoran et al. 2007).

Conversely, the electric stimulation of PL during extinction leads to increased levels

of freezing (Vidal-Gonzalez et al. 2006).

The functional differences observed between IL and PL during extinction were

proposed to arise from an heterogeneity in their downstream projections (Brown,

van der Heijden, et al. 2022), particularly in their targets within the amygdala

(Vertes 2004; Gabbott et al. 2005).

However, despite the different roles of IL and PL in fear extinction, an increased

synchrony during was observed between these structures during fear conditioning

and extinction, particularly in the theta range (4-10Hz) (Wang, Stratton, et al.

2022), suggesting an interplay between IL and PL during the process of learning.

Fear-related oscillations in the prefrontal cortex

Interestingly, the expression of conditioned fear behaviour is associated to theta-

range oscillations in the local field potential (LFP) of the dmPFC (Dejean et al.

2016; Karalis et al. 2016b; Bagur et al. 2021). These oscillations have a dominant

frequency of 4Hz in mice, they are olfactory driven as they originate from sensory

inputs related to the breathing of the animal during freezing (Bagur et al. 2021), and

share a strong temporal relationship with the structure of freezing episodes (Karalis

et al. 2016b). Indeed, the appearance of such activity pattern in the LFP of the

dmPFC is predictive of the onset of a freezing episode, and a decreasing power of

4Hz oscillations precedes the offset of the freezing episode (Karalis et al. 2016b). Not

only their presence correlates with freezing behaviour, but Karalis et al showed that

the induction of 4Hz oscillations in the dmPFC through optogenetic stimulations

was sufficient to induce freezing (Karalis et al. 2016b).

Strikingly, the induction of 4Hz oscillations in the dmPFC increased the levels

of freezing during the stimulation, but also lead to a higher expression of freezing

in the same context at a later point in time (Karalis et al. 2016b). This result

suggests that in addition to being causal in the apparition of fear response, 4Hz

oscillations in the dmPFC can also be involved in fear learning. Knowing that these

oscillations propagate to the BLA where they can organise neuronal activity (Karalis

et al. 2016b), their contribution to fear learning may be due to a modulation of the

activity in the amygdala.
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Prefronto-amygdalar circuits

Consistently with a modulation of the amygdala by the prefrontal cortex, both

of these structures have been shown to be reciprocally interconnected (Arruda-

Carvalho et al. 2015). Critically, the projections from the prefrontal cortex to the

BLA were shown to contribute to fear extinction (Bloodgood et al. 2018). Indeed,

the projection from IL to BLA undergo plastic changes during extinction, with an

increased excitability of BLA-projecting IL neurons following extinction learning

(Bloodgood et al. 2018). Interestingly, this increased excitability was specific to

BLA-projecting IL neurons and absent in BLA-projecting PL neurons, consistently

with the IL cortex promoting fear extinction in opposition to PL controlling fear

response (Bloodgood et al. 2018). Moreover, the chemogenetic inhibition of BLA-

projecting dmPFC neurons during fear extinction lead to increased levels of freezing

during a later session of fear recall (Bloodgood et al. 2018). In addition, the op-

togenetic activation of these projections during extinction lead to lower levels of

freezing during the extinction session and during a later retrieval session (Bukalo

et al. 2021). These results suggest that cortico-amygdalar projections contribute to

the acquisition of fear extinction, as well as to the stabilization of its engram.

Conversely, segregated pathways exist between the BLA and both PL and IL

(Senn et al. 2014). Indeed, separated populations in the BLA will project either

to IL or PL, and were shown to have an opposite control on the expression of

conditioned fear. While the inhibition of PL-projecting BLA neurons leads to a

decreased freezing during CS administration, the inhibition of IL-projecting BLA

neurons induces higher levels of freezing (Senn et al. 2014). Furthermore, the CS-

evoked activity of these two populations evolves along extinction learning, with an

initially stronger activation of PL-projecting neurons decreasing over time, and a

milder activation of IL-projecting neurons during early extinction increasing in late

extinction. This is consistent with the role of PL in fear expression and IL being

rather involved in the acquisition of extinction learning. Taken all-together, these

results suggest that extinction learning is supported by a switch in balance of activity

between two populations of neurons in the BLA with different control over cortical

activity. Interestingly, while the acquisition and consolidation of extinction learning

seems to require both prefrontal cortex and basolateral amygdala, the acquisition

and consolidation of re-extinction following retrieval of fear conditioning seem to

depend more on IL cortex than on the BLA (Lingawi et al. 2019), which could

suggest a parallel storage of the engram associated to fear extinction in both the

prefrontal cortex and the amygdala.
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Thalamus

In addition to the previously mentioned structures, a particular attention was

brought on the thalamus and its role in regulating extinction of fear memory (Lee,

Ahmed, et al. 2012; Penzo et al. 2015; Marek et al. 2019; Furlong et al. 2016;

Ramanathan et al. 2019; Tao et al. 2020; Silva et al. 2021). Notably, the thalamic

nuclei mainly involved in the regulation of extinction are the medio-dorsal thalamus

(MD, (Lee, Ahmed, et al. 2012), the nucleus reuniens (Ramanathan et al. 2019;

Silva et al. 2021), the paraventral nucleus (Penzo et al. 2015; Tao et al. 2020), the

reticular nucleus (Lee, Latchoumane, et al. 2019) and the parafascicular (Jeon et al.

2010).

The nucleus reuniens is a key player in the regulation of the oscillatory synchrony

between the prefrontal cortex and the hippocampus (Roy et al. 2017; Ferraris et

al. 2018), two structures heavily involved in various cognitive processes, emotional

processing and fear extinction learning. Thus, this nucleus can have the ability

to regulate these functions. Strikingly, increased levels of C-fos expressions were

observed in the nucleus reuniens following extinction learning compared to mice that

didn’t undergo extinction (Ramanathan et al. 2019), which suggests that neuronal

activity was particularily increased in this nucleus during learning. Moreover, the

injection local inhibition of the nucleus reuniens through local injections of muscimol

just prior extinction learning lead to increased levels of freezing during the session

and also at a later point in time during retrieval, further suggesting an involvement

of the nucleus reuniens in both the acquisition and consolidation of fear extinction

(Ramanathan et al. 2019).

The reticular thalamus stands out among thalamic regions, as it a nucleus lo-

cated at the outer border of the thalamus, profusely populated by GABAergic neu-

rons which provide an inhibition to other thalamic nuclei (Jones 1975; Pinault et al.

1998). It receives inputs from a wide range of cortices, and was proposed to gate

transthalamic information transfer between cortices through its thalamic inhibitory

projections (Takata 2020). In a recent study, it has been shown to regulate ex-

tinction learning (Lee, Latchoumane, et al. 2019), with the optogenetic stimulation

and inhibition of the reticular thalamus held a bi-directional control over extinc-

tion learning, respectively inducing a facilitation and an impairment of extinction

(Lee, Latchoumane, et al. 2019). The rostro-ventral reticular thalamus sends in-

hibitory projections to the dorsal midline thalamus, a CeA-projecting thalamic nu-

clei, which were shown to be necessary for extinction learning (Lee, Latchoumane,

et al. 2019). Interestingly, the rostral reticular thalamus receives inputs from the
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cerebellum (Çavdar et al. 2002), which may suggest an alternative pathway through

which the cerebellum could influence fear extinction.

The paraventricular nucleus of the thalamus has also been shown to influence

fear extinction, mainly through its projections to the CeA (Tao et al. 2021; Penzo

et al. 2015; Chen, and Bi 2019).

Medio-dorsal thalamus

However, particular attention was brought on the role of the medio-dorsal thala-

mus (MD) in fear extinction. Indeed, the MD has a high degree of connectivity with

structures of the limbic circuits (Georgescu, Popa, et al. 2020), including reciprocal

connections with the prefrontal cortex (Morceau et al. 2019; Collins et al. 2018)

and the amygdala (Aggleton et al. 1984; Krettek et al. 1977), which are structures

known to be involved in fear extinction.

Consistently with reciprocal connectivity between the MD and the PFC, the

electrical stimulation of the MD leads to both short and long latency responses in

the PFC (Herry, Vouimba, et al. 1999; Gioanni et al. 1999; Pirot et al. 1994). Sim-

ilarly, the optogenetic activation of the MD terminals in the PFC leads to strong

depolarizing currents, particularly in layer II/III pyramidal cells, and to a lesser

extent in the layer V (Collins et al. 2018). Reciprocally, stimulating cortical termi-

nals from the PFC in the MD leads to strong EPSCs in MD neurons, facilitated by

paired pulses (Collins et al. 2018). This suggests a strong anatomical and functional

interplay between the MD and the PFC, potentially involved in fear extinction.

Strikingly, not only plastic changes in thalamo-cortical transmission between

the MD and the PFC can be induced by periodic electrical stimulations of the

MD (Herry, Vouimba, et al. 1999), but the exposition to extinction learning itself

induces changes in coupling between the MD and PFC (Herry, Vouimba, et al.

1999; Herry, and Garcia 2002). Indeed, the first day of extinction is associated to a

decreased transmission between MD and prefrontal cortex, which is converted to a

potentiation during the following extinction sessions (Herry, Vouimba, et al. 1999).

Moreover, inducing long-term depression or potentiation of this thalamo-cortical axis

bi-directionally influences extinction learning (Herry, and Garcia 2002), respectively

impairing or stabilizing it, suggesting that thalamo-cortical LTP is required for the

extinction of fear memory.

Although plastic changes in this thalamo-cortical network can be induced ex-

perimentally and seems to also occur physiologically during learning, the actual
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mechanism supporting the increased coupling observed following extinction learn-

ing has yet to be determined. Thalamic patterns of activity could contribute to

these plastic changes, in particular thalamic bursts who were proposed to be able

to drive thalamo-cortical plasticity (Hu et al. 2016; Langberg 2016).

Interestingly, the patterns of activity in the MD have been shown to exert a

bi-directional control over fear extinction (Lee, Ahmed, et al. 2012; Lee, and Shin

2016). Indeed, the induction of either tonic firing or burst firing in the MD during

CS using a bipolar stimulation electrode altered the time-course of extinction. While

the induction of tonic firing (100Hz) during CS induced a drastic and long-lasting

facilitation of extinction learning, inducing burst firing (416Hz during 12ms) had an

opposite effect, yielding a long lasting impairment in extinction (Lee, Ahmed, et al.

2012). Consistently with this, there is a negative correlation between the frequency

of tonic firing in the MD during extinction and the amount of freezing expressed by

the animal (Lee, Ahmed, et al. 2012), and the blockade of T-type calcium channels

participating to MD bursting facilitates extinction (Lee, Ahmed, et al. 2012).

It is interesting to note that while the potentiation of GABAergic transmission in

the MD leads to persistent freezing during extinction, its antagonization facilitates

extinction learning (Paydar et al. 2014). This is consistent with the fact that MD ac-

tivity directly affects extinction, and may suggest that MD GABAergic transmission

is required to provide the hyperpolarization necessary to aleviate the inactivation of

the T-type calcium channels participating to MD bursting.

Thus, not only the thalamus can heavily influence the extinction of fear memory

via its particular position as a major relay between the different structures of the

limbic circuit, but also seems to have a leverage over extinction learning through its

patterns of neuronal activity (Lee, Ahmed, et al. 2012; Lee, and Shin 2016). This

suggests that the thalamus, and more particularly the MD, can have integrative

properties involved in the regulation of fear learning. Interestingly, the cerebellum

remains a strong provider of thalamic inputs.

1.3.4 Cerebellar contribution to fear learning

Although the role of the cerebellum was mainly understood in the scope of motor

control, it both receives inputs from and exerts control over many non-motor areas

of the brain (Léna et al. 2016). Interestingly, the cerebellum has been shown to

be able to modulate the activity of most of the previously mentioned structures.

Indeed, the cerebellum project to a wide variety of thalamic nuclei (Novello et al.
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2022; Fujita et al. 2020), on which it can exert a “driver” or “modulator” control

on thalamic activity (Gornati et al. 2018).

These observations, taken together with the fact that the cerebellum is heavily

involved in sensory prediction error, suggest a contribution of the cerebellum in the

acquisition and consolidation of both fear conditioning and fear extinction. However,

little attention was brought on the role of cerebellum in emotional processing.

1.3.4.1 Cerebellum in fear in Human studies

Although being a rare occurrence in the literature, some functional studies in humans

revealed a potential involvement of the cerebellum in fear conditioning (Ploghaus et

al. 1999; Frings et al. 2002; Utz et al. 2015) and fear extinction (Kattoor et al. 2014;

Utz et al. 2015). While the cerebellar cortex undergoes an activation induced by

painful stimuli (mainly bilaterally in the anterior cerebellum), the anticipation of a

painful stimulus leads to the activation of a different region of the cerebellar cortex,

in the ipsilateral posterior cerebellum (Ploghaus et al. 1999), suggesting separated

cerebellar networks for the processing of nociceptive inputs and for sensory asso-

ciative learning related to them. In accordance with an involvement in associative

learning, both cerebellar vermis and lobule VI were shown to be activated during

the process of fear conditioning (Lange et al. 2015; Utz et al. 2015). The anterior

part of the vermis seems to also be involved in fear extinction, as it is activated by

the presentation of the CS following fear conditioning and in the absence of the US

(Utz et al. 2015).

1.3.4.2 Cerebellar activity is required for fear conditioning and extinc-

tion in rodents

However, the previously mentioned study mainly assess correlation between cere-

bellar activity and the presentation of the CS during or after conditioning, without

unravelling a causal contribution of the cerebellum to these learning processes. The

first indications that the cerebellum could be necessary for fear conditioning and fear

extinction were obtained thanks to rodent studies allowing for the manipulation of

cerebellar networks during learning.

Indeed, the inactivation of the cerebellar vermis in rats using local TTX infusion

induced an impairment in the retrieval of both contextual and cued fear memory

(Sacchetti, Baldi, et al. 2002). A similar effect was obtained by inactivating the
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interposed nucleus using TTX, which caused a deficit in the retrieval of cued fear

memory (Sacchetti, Baldi, et al. 2002). In contrast, the chemogenetic activation of

Purkinje cells in lobule V and VI of the cerebellar cortex induces a deficit in the

consolidation of fear memory (Dubois, Fawcett-Patel, et al. 2020).

Similarly, altering cerebellar plasticity impairs fear conditioning and fear extinc-

tion (Hwang et al. 2022; Otsuka et al. 2016; Sacchetti, Scelfo, et al. 2004). The

genetic deletion Cerebellin1, a critical gene for the formation and function of the

synapse between the parallel fibers and the Purkinje cells, creates a deficit in the

acquisition of fear conditioning (Otsuka et al. 2016). In addition, the deletion of

GluD2, a subunit of NMDA receptor present at the same synapse induce lower lev-

els of freezing during the following session, suggesting a role of this subunit in the

creation of a strong fear conditioning engram (Sacchetti, Scelfo, et al. 2004). In op-

position, another study observed that the deletion of GluD2 lead to higher levels of

freezing during the session following fear conditioning, and impaired fear extinction

(Dubois, and Liu 2021).

1.3.4.3 Cerebellar targets during fear learning

Although the previously mentioned studies highlight a role of the cerebellum in fear

conditioning and fear extinction by showing that cerebellar activity is required for

these functions, the downstream pathways, and in particular the targets integrating

cerebellar activity remain unclear.

In a recent study, the cerebellar projections to the vlPAG were shown to be

critical for the creation of maintenance of a proper association between the CS and

the US (Frontera, Baba Aissa, et al. 2020). Indeed, the chemogenetic modulation

of FN-vlPAG projections during fear conditioning was able to exert a bidirectional

control over extinction learning, with the inhibition of these projections leading to

a facilitated extinction, and the stimulation impairing extinction learning (Fron-

tera, Baba Aissa, et al. 2020). Interestingly, the optogenetic stimulation of these

projections during CS-US pairing facilitated extinction learning, similarly to the

chemogenetic activation (Frontera, Baba Aissa, et al. 2020). However, the vlPAG

isn’t the only target of the cerebellum which can be involved in fear conditioning

and fear extinction.

Notably, the fastigial nucleus was shown to profusely project to the medio-dorsal

thalamus (Fujita et al. 2020). Knowing that activity patterns in MD can bidirec-

tionally influence fear extinction (Lee, Ahmed, et al. 2012; Lee, and Shin 2016), that
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reciprocal connections exist between the MD and both prefrontal cortex and amyg-

dala (Morceau et al. 2019; Collins et al. 2018; Georgescu, Popa, et al. 2020), and

considering that the MD exerts a control over PFC plasticity (Herry, Vouimba, et

al. 1999) which is important for the maintenance of extinction learning (Herry, and

Garcia 2002), this brings the question of a potential contribution of the cerebellum

to extinction learning through its projections to the MD. However, this question was

never investigated. Thus, we sought to determine whether FN-MD projections could

modulate the extinction of fear memory and regulate thalamo-cortical dynamics.
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2
Dual contributions of cerebello-cortical

and cerebello-striatal networks to learning

and offline consolidation of a complex

motor task.

In this study, we used a combination of pathway-specfic chemogenetic inhibition of

cerebello-thalamic pathways and multi-site extracellular recordings in the cerebellar

nuclei (CN), ventro-lateral thalamus (VAL), centro-lateral thalamus (CL), primary

motor cortex (M1) and dorsolateral striatum (DLS) during a complex motor skill

learning, the accelerating rotarod, in order to investigate the differential contribution

of cerebello-cortical and cerebello-striatal networks to the execution and the offline

consolidation of the accelerating rotarod.

My contribution to this study included the development of a rotarod device al-

lowing for multi-focal video acquisition of the behaviour and the development of a

new electrode design allowing to record simultaneously CN, VAL, CL, M1 and DLS

bilaterally while performing optogenetic actuations of the CN. Then, I performed

accelerating rotarod learning on the implanted mice, and analyzed the electrophysi-

ological and behavioural data acquired. I did not participate to the experiments in-
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volving chemogenetic inhibitions, which were performed before I joined this project.

I observed short latency increases of firing rate in the CL, VAL, M1 and DLS

following optogenetic stimulations of CN neurons. Moreover, I revealed that the

cerebello-cortical and cerebello-striatal couplings were increased during learning.

Strikingly, while cerebello-cortical was maintained during resting periods, cerebello-

striatal coupling was altered, which suggested an involvement of cerebello-cortical

pathways during resting periods following learning. Consistently with this, I discov-

ered that, cerebellar spindle activity during NREM sleep following trials selectively

entrains cortical neurons which were engaged with the cerebellum during trials, and

observed that being entrained by cerebellar spindle activity promoted a maintained

cerebello-cortical connectivity.

Ultimately, I discovered strategy-specific replays of neuronal activity in the motor

network during resting periods following learning, which were predictive of the trial-

to-trial refinement of motor strategy.
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ABSTRACT

The contribution of the cerebellum to motor learning is often considered to be limited to

adaptation, a short-timescale tuning of reflexes and learned skills. Yet, the cerebellum is

reciprocally connected to two main players of motor learning, the motor cortex and the

basal ganglia, via the ventral and intralaminar thalamus respectively. Here, we evaluated the

functional changes occurring in the cerebello-cortical and cerebello-striatal networks, as well

as the neural mechanisms underlying the offline consolidation of a learned skilled

locomotor task in mice. Using multisite extracellular recordings in the motor networks, we

found that the coupling between the dentate nucleus of the cerebellum (DN) and both

primary motor cortex (M1) and dorsolateral striatum (DLS) was increased along learning the

task, and that the connectivity between DN and M1 was maintained during the resting

periods in between the rotarod trials. Using pathway-specific inhibition, we confirmed that

cerebellar nuclei neurons projecting to the intralaminar thalamus contribute to learning and

retrieval, and that cerebellar nuclei neurons projecting to the ventral thalamus contribute to

the offline consolidation of a motor skill. Ultimately, we found that offline replays of

neuronal activity in the motor network contributed to the refinement of the motor strategy

used by the mice during the task. Our results thus show that cerebello-cortical and

cerebello-striatal networks support distinct computations operating on different timescales

in motor learning.



INTRODUCTION

Learning to execute and automatize certain actions is essential for survival and, indeed,

animals have the ability to learn complex patterns of movement with great accuracy to

improve the outcomes of their actions {Krakauer, 2019 #53}. Two categories of learning are

often engaged in motor skill acquisition {Seidler, 2010 #26;Krakauer, 2019 #53}: 1) sequence

learning, which is needed when series of distinct actions are required, and 2) adaptation

which corresponds to learning a variation of a previous competence, and typically takes

place when motor actions yield unexpected sensory outcomes. The neurobiological

substrate of motor skills involves neurons distributed in the cortex, basal ganglia and

cerebellum, each structure implementing a distinct learning algorithm {Doya, 1999 #62}. On

one hand, the cerebellum is a site where supervised learning takes place {Raymond, 2018

#59}. The cerebellum has been shown to be central for the adaptation of skills such as

oculomotor movements {Yang, 2014 #60;Herzfeld, 2018 #61;Nguyen-Vu, 2013 #65},

reaching {Hewitt, 2015 #63}, locomotion {Morton, 2006 #27;Darmohray, 2019 #66}, as well

as conditioned reflexes {Longley, 2014 #64;Clopath, 2014 #75}. The cerebellum is thought to

form associations between actions and predicted sensory outcome at short-time scale

(typically under one second), which are seen as internal models {Ito, 2008 #39}. On the other

hand, reinforced learning takes place in the basal ganglia, which are usually linked to

learning complex actions involving sequences of movements, for which the involvement of

the cerebellum is far less well understood and still controversial {Bernard, 2013

#32;Krakauer, 2019 #53;Seidler, 2002 #44;Baetens, 2020 #30}.

Motor skills are generally progressively acquired {e.g. \Karni, 1998 #57} and their final

encoding in the brain may rely on different sets of brain structures compared to the initial

training {e.g. \Brashers-Krug, 1996 #58;Korman, 2003 #49;Muellbacher, 2002 #3}. Strikingly,

motor skills consolidation is not simply occurring during repetitions of the task, but also

takes place offline during resting periods {Brashers-Krug, 1996 #58;Cohen, 2005 #4;Doyon,

2009 #1;Muellbacher, 2002 #3}, which may even be sufficient to change the recruitment of

brain regions in the task execution {Shadmehr, 1997 #6}. Motor memories may also persist

in the form of savings, which facilitate relearning of the task at a later time {Huang, 2011

#67;Mauk, 2014 #68}. Overall, motor learning is a dynamical process distributed in time and

across brain regions.



Understanding the contribution of the cerebellum to motor learning thus requires

taking into account its integration in brain-scale circuits including the cortex and basal

ganglia {Caligiore, 2017 #56}. In the mammalian brain, both cerebellum and basal ganglia

receive the majority of their inputs from the cerebral cortex (via the pontine nuclei for the

cerebellum) and send projections back to the cortex via anatomically and functionally

segregated channels, which are relayed by predominantly non-overlapping thalamic regions

{Bostan, 2013 #101;Hintzen, 2018 #103;Proville, 2014 #102}. Furthermore, anatomical and

functional reciprocal di-synaptic connections have been demonstrated between the basal

ganglia and the cerebellum {Bostan, 2010 #71;Carta, 2019 #72}. The projections from the

cerebellum to the striatum and to the motor cortex are relayed through distinct thalamic

regions, respectively the intralaminar thalamus and ventral thalamus {Steriade, 1995

#73;Chen, 2014 #74}, suggesting distinct contributions of these cerebello-diencephalic

projections.

In the present study, we hypothesized that the cerebellum may contribute to some

phases of learning in a complex motor task via its projections to thalamic nuclei embedded

in thalamo-cortical and thalamo-striatal networks. We thus focused on the cerebellar nuclei

(CN) Dentate and Interposed and their projections to the centrolateral (intralaminar)

thalamus and ventral anterior lateral complex (motor thalamus), which respectively relay

their activity to the striatum and the motor cortex {Chen, 2014 #74;Proville, 2014

#102;Gornati, 2018 #104}. First, we examined the contribution of CN and cerebello-thalamic

pathways to learning using chemogenetic disruptions either during or after the learning

sessions and revealed a differential contribution of the different pathways to online learning

and offline consolidation. Then, we investigated the presence of changes of connectivity

between the cerebellar nuclei, the motor cortex and the striatum along learning using

chronic in vivo extracellular recordings. Ultimately, we examined the modulation of neuronal

activity in the motor network during the different possible strategies that mice could use

during the rotarod task, and investigated the presence of offline replays of neuronal

activities as well as their consequences on the strategy used on the rotarod.



RESULTS

In the present study, we used the paradigm of the accelerating rotarod, where the

animals walk on an accelerating rotating horizontal rod; over multiple repetitions of the

tasks, the rodents develop locomotion skills to avoid falling from the rod. This paradigm

allows to study the neurobiological basis of motor skill learning {e.g. \Costa, 2004

#76;Rothwell, 2014 #77;Yang, 2009 #78}. It is notably suitable to investigate the multiple

time scales of motor learning: when repeated over multiple days, distinct phases of learning,

with different rate of performance improvement and organization of locomotion strategies,

can be distinguished {Buitrago, 2004 #79} and selectively disrupted {Hirata, 2016 #80}.

To examine the involvement of the cerebellum in the accelerating rotarod task along

the different phases of learning, we first used a chemogenetic approach {Roth, 2016 #94} in

order to inhibit neurons from the cerebellar nuclei, using the inhibitory DREADD (hM4D-Gi)

activated by the synthetic drug Clozapine-N-Oxide (CNO). In order to validate this approach,

mice were injected with AAV5-hSyn-hM4D(Gi)-mCherry (DREADD mice) or AAV5-hSyn-EGFP

(Sham mice) and implanted with microelectrode arrays in the CN (Fig. 1a-d). Post-hoc

histology confirmed the position of the electrodes (Fig. 1e) and showed that the expression

of hM4D(Gi)-mCherry was confined to the CN and restricted to the neuronal membrane,

with 78% of the cells expressing hM4D(Gi)-DREADD in the CN (Fig. 1b-d). A week after

surgery, the neuronal activity was recorded in the CN in an open-field arena before and after

accelerating rotarod sessions. Neither saline (SAL) in DREADD mice nor CNO injection (1

mg/kg) in Sham mice affected the firing rate, while the same dose of CNO induced a

significant decrease of the firing rate in DREADD mice during Initial (day 1), Refinement (day

4) and Maintenance (day 7) phases (Fig. 1g and h).

We then examined whether the reduction of CN firing impacted spontaneous motor

activity, strength and motor coordination. The average velocity of open-field locomotion was

not altered by CNO or SAL injection in DREADD or Sham mice (Fig. Sup1a). In addition, no

significant differences were observed between the experimental groups in the fixed speed

rotarod (Fig. Sup1b), footprint patterns (Fig. Sup1c), grid test (Fig. Sup1d), horizontal bar (Fig.

Sup1e) and vertical pole (Fig. Sup1f) indicating that fatigue, coordination and strength were

not affected by the reduction of CN firing induced by 1mg/kg CNO. These results thus

indicate that the reduction of the CN firing induced by the CNO had a limited impact on the

basic motor abilities of the mice.



Figure 1. Cerebellar inactivation impairs the performance in the Refinement and Maintenance but not
Initial phases of motor learning task. a) Scheme of the implantation and injection. b) Coronal section of the
cerebellum showing hM4Di-DREADD expression in the three CN. c) Representative confocal image showing
hM4Di-DREADD expression on neuronal membranes. d) DAPI positive neurons expressing hM4Di-DREADD. e)
Electrode placement close to cells expressing hM4Di-DREADD (red: lesion site, yellow: electrode track). f)
Examples of spike shapes obtained from spike sorting in CN (mean +/- SD). g) Examples of high-pass filtered
traces of CN recordings before and after CNO injection. h) Boxplots (box: quartiles, whiskers: min/max) of
the mean firing rate of neurons recorded in DREADD and non-DREADD injected mice after CNO or SAL
injection during Initial (Init.), Refinement (Refin.) and Maintenance (Maint.) phases. CN firing rate was
reduced after 1 mg/kg of CNO injection in DREADD injected mice (***p<0.001 paired t-test). Small variations
were observed in a Sham+SAL mouse (*p<0.05, ***p<0.001 paired t-test). i) Impact of daily of injections of
CNO before trial 1 on accelerating rotarod performance. Top: summary of the performance for each
trial/day (*p<0.05, ***p<0.001; repeated measure ANOVA Group effect). Bottom: Latencies to fall in trial 1
and 7 and post-hoc comparisons for only these trials. Horizontal comparison lines correspond to trial 1
versus next trial 7, and trial 7 versus next trial 1, comparisons (*p<0.05, **p<0.01, ***p<0.001 paired t-test).
Vertical comparison lines report trial 1 and trial differences to controls (*p<0.05, **p<0.01, ***p<0.001 t-
test). j) Impact of daily of injections of CNO after the task (30 min after trial 7). All treatment is switched to



saline in the Maintenance phase. Same presentation as in i). Data represents mean ± S.E.M. n indicates the
number of mice.

Supplementary Figure 1. Cerebellar nuclei inhibition did not affect execution and fatigue, locomotion,
motor coordination, balance and strength. a) Locomotor activity (Velocity) in DREADD and non-DREADD
(Sham) injected mice after CNO or SAL injection during open-field sessions before (OF1) and after (OF2)
rotarod for Initial, Refinement and Maintenance (**p<0.01 t-test OF1 vs OF2). b) Latency to fall during
fixed speed rotarod (5, 10, 15, 20r.p.m.) for all experimental groups. One way repeated measure ANOVA
was performed on averaged values for all the speed steps in each experimental group followed by a
Tukey Posthoc pairwise comparison. c) Footprint patterns were quantitatively assessed for 3 parameters
as shown on representative footprint patterns (top) for all experimental groups. Three parameters are
represented graphically: linear movement (bottom left), sigma (bottom middle) and alternation
coefficient (bottom right). d) Latency reflecting the time before falling from the grid. 30 seconds of cut-off
of was established as the maximum latency (dotted line on figure). e) Latency to cross the horizontal bar
(balance beam test) for all experimental groups. f) Latency to reach home cage in vertical pole test for all
experimental groups. *p<0.05 One Way ANOVA followed by a Posthoc Tukey test. n indicates the
number of mice.

Partial CN inhibition during or after the task has a different impact on motor learning.

To test the effect of a reduction of CN activity on motor learning, we first examined the

impact of CN inhibition by injecting CNO (1 mg/kg) each day before the first trial of an

accelerating rotarod session (Fig. 1i). This treatment did not affect significantly the learning

of DREADD-expressing mice on the first day, but reduced their performance on the following

days compared to the control groups: Sham mice which received either SAL or CNO

(respectively referred to as Sham+SAL, Sham+CNO), and DREADD mice which received SAL

(referred to as DREADD+SAL). During the Refinement phase, the performance in the initial

trial of each day was reduced in DREADD+CNO mice compared to the control groups. These

poor performances were associated with a significant loss of performance overnight



between the last trial of one day and the first trial of the following day, indicating an

impairment in the consolidation of motor learning in the DREADD+CNO mice. Yet, within

each daily session, these mice learned fast enough to compensate for their poor initial

performance. However, during the Maintenance phase, the performance of the

DREADD+CNO group remained lower than the control groups both for the first and last trials

of the task, and no further improvement of the performance of this group was observed

during this phase. Thus, these results show that the inhibition of the CN impacts on learning

consolidation in the Refinement phase, and on the maximal performance reached in the

Maintenance phase.

The effect of systemic CNO administration lasted longer than the duration of the

learning trials; therefore the results above do not distinguish the action of cerebellar

inhibition during the learning trials or after training (offline consolidation). We therefore

injected another set of mice with CNO after the training sessions (Fig. 1j). CN inhibition after

learning in the Initial and Refinement phases reduced the performance on the first trials of

the next day, but did not prevent learning within days, indicating an impairment in the

offline consolidation. The performance on the last day of the Refinement phase of

DREADD+CNO mice was not different from the mice of the control groups indicating that the

lack of overnight consolidation was overcome by training the next day. We then shifted the

treatment of all mice to SAL during the Maintenance phase, and this did not reveal any

further difference between the groups. Thus, these results indicate that the cerebellum

participates to the offline consolidation of the accelerating rotarod learning.

Selective inhibition of cerebello-thalamic pathways differentially impacts motor learning.

Since the CN project to a wide array of targets {Teune, 2000 #118}, we specifically

examined whether Interposed and Dentate cerebellar neurons projecting to VAL and CL

differentially contribute to the rotarod learning and execution. For this purpose, an AAV5-

hSyn-DIO-hM4D(Gi)-mCherry virus expressing an inhibitory DREADD conditioned to the

presence of Cre-recombinase was injected either into the Dentate and Interposed CN, while

a retrograde CAV-2 virus expressing the Cre recombinase was injected either in the CL or in

the VAL, which respectively relay cerebellar activity to the striatum and cerebral cortex. In

both cases, we found an expression of hM4D(Gi)-mCherry throughout the CN mostly in the

Interposed and Dentate for the CL injections (Supplementary Figure 2). Since there was no



effect of CNO in Sham mice (Fig. 3), we only compared DREADD-injected animals receiving

either CNO or SAL.

Figure 2. Inhibition of cerebellar nuclei (CN) neurons projecting to the centrolateral thalamus (CL) and
to the ventral anterior lateral (VAL) thalamus during and after the training sessions differentially
impairs motor learning. a) combined viral injections targeting the CN->CL neurons using a retrograde
virus expressing the Cre in the thalamus and a virus inducing Cre-dependent expression of inhibitory
DREADD in the CN. Top: schematic of the viral injections. Bottom: GFP fluorescence revealing the site of
injection of the CAV viruses. b) Daily of injections of CNO before trial 1 in mice described in panel A
reduce performance during Maintenance phase but not earlier phases (Top: *p<0.05, **p<0.01,
***p<0.001; repeated measure ANOVA Group effect. c) Same as B for daily CNO injections 30 minutes
after trial 7 during the Initial and Refinement phases. d) combined viral injections targeting the CN->VAL
neurons using a retrograde virus expressing the Cre in the thalamus and a virus inducing Cre-dependent
expression of inhibitory DREADD in the CN. e) same as B for mice described in panel d. f) same as panel c
for mice described in panel d. g) Change of latency to fall in successive trials pooled for the Refinement
and Maintenance phases. (comparison between groups during vs after session: p<0.05, **p<0.01,
***p<0.001 Sidak-adjusted)CN: cerebellar nuclei, VAL: ventral anterior lateral thalamus, CL: central
lateral thalamus. Data represents mean ± S.E.M, n indicates the number of mice.



Supplementary Figure 2. Expression of hM4D(Gi)-mCherry in the cerebellar nuclei following CL and VAL injections. a)
left: schematics of the experiment for CN-CL groups, right: distribution of labeled neurons. Identified soma expressing
mCherry are indicated by arrow-heads. b) same as a for CN-VAL groups.

To examine the impact of the inhibition of cerebello-thalamic neurons on spontaneous

locomotion, motor coordination and strength, we first examined locomotor activity in open-

field experiments (Fig. Sup3a). Analysis of the open-field locomotor activity revealed that

velocity was generally not affected by CNO injection in DREADD or Sham mice (Fig. Sup3a);

CNO-injected CN-VAL and CN-CL mice respectively exhibited slightly higher velocity in day 1

and lower velocity in day 4 in the first open field session compared to control group. No

significant differences were observed between Saline- vs. CNO-treated CN-CL mice in the

fixed speed rotarod test (Fig. Sup3b). We found however a decrease in the latency to fall for

15 and 20 r.p.m. in the CN-VAL+CNO group. No significant differences were observed

between the experimental groups for footprint patterns (Fig. Sup3c), grid test (Fig. Sup3d),

horizontal bar (Fig. Sup3e) and vertical pole (Fig. Sup3f) indicating that coordination and

strength are not affected by the inhibition of cerebellar-thalamic pathways induced by

1mg/kg CNO.



Supplementary Figure 3. Inhibition of CN-CL or CN-VAL by 1mg/kg CNO does not affect execution and
fatigue, locomotion, motor coordination, balance and strength. a) Locomotor activty (Velocity) in
DREADD injected mice after CNO or SAL injection during open-fields sessions before (OF1) and after (OF2)
rotarod for Initial, Refinement and Maintenance (**p<0.01 paired t-test OF1 vs OF2). b) Latency to fall
during fixed speed rotarod (5, 10, 15, 20 r.p.m.) for all experimental groups. One way repeated measure
ANOVA was performed on averaged values for all the speed steps in each experimental group followed
by a Tukey Posthoc pairwise comparison. c) Footprint patterns were quantitatively assessed for 3
parameters as shown on representative footprint patterns (top) for all experimental groups. Three
parameters are represented graphically: linear movement (bottom left), sigma (bottom middle and
alternation coefficient (bottom right). d) Latency reflecting the time before falling from the grid. 30
seconds of cut-off of was established as the maximum latency (dotted line on figure). e) Latency to cross
the horizontal bar (balance beam test) for all experimental groups. f) Latency to reach home cage in
vertical pole test for all experimental groups. *p<0.05 One Way ANOVA followed by a PostHoc Tukey test.
CN, cerebellar nuclei, CL, centrolateral thalamus; VAL, ventral anterior lateral thalamus. n indicates the
number of mice.

We then examined how the accelerating rotarod learning was impaired by the

inhibition of cerebello-thalamic pathways during (Fig. 2b, e) and after (Fig. 2c, f) the task.

Inhibition of the CN-CL pathway during the task (Fig. 2b) did not affect the performance in

the Initial phase, but produced a progressive deviation from the performance of the control

group during the Refinement phase, yielding to a strong reduction of performance in the

Maintenance phase. In contrast, when the inhibition took place after the task during days 1,

2 and 3 (Fig. 2c), the performances remained similar to the control group. This suggests that

the CN-CL neurons mostly contribute to the learning during training, and not significantly to

offline consolidation.

In contrast, the inhibition of the CN-VAL pathway yielded another pattern of evolution

of performances. First, when inhibition took place during the task (Fig. 2e), there was a



strong loss of performance from the last trial of one day to the first trial of the following day

(Fig. 2g). This overnight loss was compensated by a fast relearning up to similar levels as the

control mice during the Refinement phase. However, despite the fast relearning following

the overnight loss, the performances saturated at lower level than control mice during the

Maintenance phase. Second, when inhibition took place after the task during days 1, 2 and 3

(Fig. 2f), a similar overnight decrease of performance was observed during the Refinement

phase (Fig. 2g). These results are consistent with a contribution of offline activity of the CN-

VAL pathway to the prevention of an overnight loss of the motor learning (as observed for

full cerebellar nuclei inhibition, Fig. 1j). Interestingly, when the mice previously treated with

CNO after the task in the Initial and Refinement phases were injected with SAL during the

Maintenance phase, they continued to exhibit a strong reduction in performance on the first

trial of each day, but the performances then raised up to similar levels of the control group

within each day (associated with significant within-day learning during the Maintenance

phase, Fig. 2c, f). This indicates that the mice still failed to consolidate new learning in the

Maintenance phase, even in the absence of cerebellar inhibition, suggesting that the

overnight consolidation depending on CN-VAL neurons is only possible in the earliest phases

of learning.

Overall, this shows on one hand that CL-projecting CN neurons are involved in the task

learning and/or execution during the late stages of learning; on the other hand, VAL-

projecting CN neurons have a distinct contribution in the offline consolidation of the learning,

although their inhibition does not prevent the preservation of a memory trace allowing fast

relearning on the next day.

Reversal of the inhibition of the cerebello-thalamic neurons after learning yields dramatic

impairments in performances

Mice that learned the task while either CN-CL or CN-VAL neurons were inhibited

showed reduced performance compared to controls after 7 days of training. To examine to

which extent the reduced performance was associated to a deficit of execution versus a

reduced learning, we switched the treatment in each group (Fig. 3): mice that received SAL

during 7 previous days were then administered with CNO and vice versa. In both groups,

mice that received CNO during learning did not exhibit a sudden improvement of

performance upon replacement by SAL. In the case of the CN-CL (Fig. 3a), the performances



only mildly improved during the two days of reverse treatment. In the case of CN-VAL (Fig.

3b), CNO-treated mice switched to SAL treatment continued to show a pattern of overnight

performance loss and relearning, reaching similar final values at the end of each day as

under CNO. Reciprocally, in both groups, SAL-treated mice switched to CNO treatment

exhibited a sudden drop in performance in the first day of reverse treatment. In the case of

the CN-CL (Fig. 3a), no improvement within days was observed, while for the CN-VAL

pathway (Fig. 3b), mice exhibited the same alternation of within-day increases and overnight

decreases of performance, as observed in the CNO-treated CN-VAL mice before the reversal

of treatment. These results show that the impact of cerebellar-thalamic inhibition during

learning cannot be readily reversed by alleviating the inhibition. Cerebellar-thalamic

inhibition after learning under SAL reduces the performance and prevents relearning, but

with different patterns for each pathway, the CN-VAL inhibition showed a pattern of within-

day improvement and overnight decline in performance that was absent following CN-CL

pathway inhibition.

Figure 3. Reversal of the inhibition of the cerebello-thalamic neurons in the late Maintenance phase yields lasting
impairments. a) Performance of mice with DREADD expression in CL-projecting CN neurons, which learned the task
under respectively CNO and Saline treatment (Figure 4b) during 7 days and then receive respectively Saline and CNO
treatment during a Reversal phase. Top: time course of the average performance (repeated-measure ANOVA group
effect: *: p<0.05). Bottom: summary of post-hoc comparisons limited to first and last trials of each day: horizontal
comparison lines indicate differences between successive trials 1 and 7; *p<0.05, **p<0.01, ***p<0.001 paired t-test;
vertical comparison lines indicate differences between groups of trial 1 and trial 7; *p<0.05, **p<0.01, ***p<0.001 t-
test. b) same as panel a for mice with DREADD expression in VAL-projecting CN neurons. CN: cerebellar nuclei, VAL:
ventral anterior lateral thalamus, CL: central lateral thalamus. Data represents mean ± S.E.M, n indicates the number
of mice.



Figure 4. Cerebellar nuclei neurons can bilaterally modulate the activity of the motor cortex and the dorsolateral
striatum. a) Experimental design for the extracellular recording of the cerebellar nuclei, thalamus, motor cortex and
striatum, and viral strategy for the optogenetic activation of the cerebellar nuclei. b) Scheme of the accelerating
rotarod setup. c) Latency to fall during the accelerating rotarod across trials along days in mice recorded over the 7
days. d) Example of peristimulus time histogram (PSTH, 5ms bins) and corresponding raster plots, centred on the
onset of the CN stimulation for neurons in the VAL, M1, M1ipsi, CL, DLS, DLSipsi. e) Cumulative histograms showing
the latency of neuronal response of neurons in the VAL, M1, M1ipsi, CL, DLS, DLSipsi responsive to CN stimulations.
**p<0.01, ***p<0.001, Kolmogorov-Smirnoff test. f) PSTH (5ms bins, centred on stimulation onset) displaying the
change in normalized firing rate (average ± SEM) of responsive neurons in the M1, M1ipsi, DLS and DLSipsi, before the
start of the first day of accelerating rotarod training, and before the day 7 (vertical dashed line represents the limit of
the afferent volley, 25ms). g) Average fractional increase in firing of responsive neurons in the M1, M1ipsi, DLS and
DLSipsi, before the start of the first day of accelerating rotarod training, and before the day 7, during the afferent
volley (0 to 25ms) and during the rest of the stimulation (25 to 100ms). *p<0.05, **p<0.01, Mann-Whitney U test.

Thalamic, cortical and striatal responses to cerebellar nuclei sitmulations

In order to investigate neuronal dynamics in cerebello-cortical and cerebello-striatal

networks during accelerating rotarod learning, we designed an extracellular recording

electrode (Fig. 4a) able to simultaneously record neuronal activity in the motor thalamus

(VAL), the centro-lateral nucleus of the thalamus (CL), bilaterally record the primary motor

cortex (M1 and M1ispi) and dorsolateral striatum associated to hindlimbs (DLS and DLSispi),

and to both record and perform optogenetic manipulations of the Dentate and Interposed

nuclei of the cerebellum (CN). We also built an accelerating rotarod device, allowing for the

acquisition of multiple point of views while the animal is performing the task (Fig. 4b), in



order to better characterize the motor strategies used by the mice on the rotarod,

potentially explaining the increase in performances observed during learning (Fig. 4c).

Performing 100ms optogenetic stimulations of the CN during the Open Field sessions

preceeding the rotarod training elicited an excitation of neurons in the thalamo-cortical tract,

with short latency responses observed in VAL, M1 and M1ispi (Fig. 4de). Latencies of

response were significantly shorter in the VAL compared to M1 and M1ispsi (Fig. 4e).

Similarly, we observed short latency responses in the thalamo-striatal tract with faster

responses in CL compared to DLS and DLSipsi (Fig. 4de). This is consistent with the deep

cerebellar nuclei projecting to thalamic nuclei, which then project to cortical and striatal

targets.

To examine whether learning induced a change in cerebello-cortical or cerebello-

striatal coupling, we compared the magnitude of response to cerebellar stimulations in the

cortex and the striatum before starting the accelerating rotarod learning (Day1) and before

starting the last day of protocol (Day7). We observed that the increase of firing elicited by

the stimulation was greater in M1, M1ipsi, DLS and DLSipsi at the end of the protocol (Fig.

4fg). Interestingly, this increased was mainly present during a short time period

corresponding to the afferent volley following cerebellar stimulation (from 0 to 25ms of

stimulation, Fig. 4fg). All together, these results suggest that deep cerebellar nuclei neurons

can affect the neuronal activity in the motor cortex and the striatum, and that cerebello-

cortical and cerebello-striatal couplings are increased as a consequence of motor learning.



Figure 5. Cerebellar connectivity with the motor cortex and the striatum increases along learning and is partially
maintained during resting. a) Example cross-correlogram of a CN neuron and a M1 neuron, and example of
associated spiketrains (top). b) Measure of bin-wise asymmetry in cross-correlograms of CN and M1 neurons
directionally connected. The dotted line represents the limit of the considered zone for asymmetry detection (25ms) c)
Ascending connectivity map of neurons in the CN, M1 and DLS for a mouse during the first day of rotarod training (left)
and for the same mouse during the last day of rotarod training (right). Significant connectivity during trials is
represented by arrows, the thickness of the arrow is proportional to the asymmetry index. d) e) f) g) Percentage of
significantly connected pairs in a given direction during trials. *p<0.05 **p<0.01, ***p<0.001, Fischer exact test. (left).
Distributions of asymmetry indices during trials of pairs of neurons significantly connected in a given direction during
trials. *p<0.05 **p<0.01, ***p<0.001, Dunn posthoc test following a Kruskal Wallis test.(middle). Distributions of
asymmetry indices during resting of pairs of neurons significantly connected in a given direction during trials. *p<0.05
**p<0.01, ***p<0.001, Dunn posthoc test following a Kruskal Wallis test. #p<0.05, ##p<0.01, ###p<0.001, Wilcoxon
test for the difference to 0.(right). h) Venn diagram showing the proportions of targets neurons in M1 significantly
connected with the CN, DLS or both. i) Example cross-correlograms of a CN, DLS and M1 triplet, and example of
associated spiketrains (top). j) Schematics of the partial information decomposition used to characterize information
transfer in M1 triplets (left). Distributions of the fraction of synergy between CN and DLS neurons towards M1
neurons during trials (middle) and during resting (right). *p<0.05 **p<0.01, ***p<0.001, Dunn posthoc test following
a Kruskal Wallis test.



Cerebellar connectivity with the motor cortex and striatum is enhanced during motor

learning.

We then investigated the previously observed increase in cerebello-cortical and

cerebello-striatal coupling by analyzing single neurons connectivity between CN, M1 and DLS.

We computed the cross-correlograms of spiketrains from pairs of single neurons recorded

during rotarod trials, allowing us to observe an enrichment of correlation distributed in a

short period following the discharge of the reference neuron (Fig. 5a) . This asymmetry in

cross-correlogram suggests that sequences of neuronal activities are propagated in the

motor network, and reveals the presence of a directional connectivity between CN, M1 and

DLS. Thus, we defined 25ms time windows following (CCpost) and preceding (CCpre) the

discharge of the reference neuron, and pairs of neurons displaying a distribution of bin-wise

difference in correlation (CCpost-CCpre) significantly different from 0 during these 25ms

time windows were considered connected (Wilcoxon rank test, p<0.05). The sign of this

difference was indicative of the direction of the connectivity, as a difference greater than 0

would suggest that the activity of the reference neuron was preceding the one of the target

neuron. For example, a pair of neuron composed of a CN neuron as the reference and a M1

neuron as the target with a difference significantly greater than 0 would be categorized as a

CN->M1 pair (Fig. 5b).

This analysis revealed that the connectivity between the cerebellm and the striatum

was initially low during the initial phase of learning, but greatly increased during the

maintenance phase (Fig. 5c). Indeed, we observed that the percentage of CN->M1 pairs was

significantly higher during the maintenance phase compared to the initial phase (Fig. 5d).

The percentage of CN->DLS pairs increased during learning, but in contrast to CN->M1 pairs,

it was higher during both refinement and maintenance phase compared to during the initial

phase (Fig. 5e). This result suggests that the coupling between the cerebellum and both

motor cortex and striatum increasse during motor learning, with a rapid increase in

cerebello-striatal connectivity, and a more progressive increase in cerebello-cortical

connectivity. We also identified M1->CN and DLS->CN pairs, which were significantly more

frequent during both refinement and maintenance phase compared to initial phase (Fig. 5fg).

However, the strength of coupling between CN, M1 and DLS neurons during rotarod trials

remained stable during learning, as evidenced by the stationarity of the asymmetry

modulation index along learning phases for CN->M1, CN->M1, M1->CN pairs (Fig. 5def),



although DLS->CN pairs displayed a lower modulation index during the refinement phase

compared to both initial and maintenance phase (Fig. 5g).

These results suggest that the degree of connectivity between the cerebellum and

both motor cortex and striatum is increased during motor learning in both ascending and

descending directions, more rapidly with the striatum than with the cortex.

Cerebello-cortical coupling is vastly maintained during the resting periods in-between

rotarod trials, while cerebello-striatal coupling is decreased.

Knowing that the offline consolidation of a learned task is paramount for the ability

of maintaining its memory trace, we explored the coupling between connected pairs during

the resting periods in-between the rotarod trial. We observed that the modulation index of

CN->M1 pairs was significantly greater than 0 during all the learning phases (Fig. 5d), and

that it was increased during maintenance phase compared to initial and refinement phase,

suggesting that cerebello-cortical coupling is not only maintained during resting periods, but

is also increasing during learning. Similarily, the modulation indices of M1->CN and DLS->CN

pairs were signifcanlty greater than 0 during resting periods, although the modulation

indices of M1->CN pairs wasn’t different from 0 during the initial phase (Fig. 5fg). The

modulation indices of M1->CN and DLS->CN pairs remains stable during learning, with the

exception of DLS->CN pairs having a lower modulation index during refinement compared to

maintenance phase.

In contrast, the modulation index of DN->DLS pairs was not different from 0 during

resting periods, except for the maintenance phase. These results reveal that while cerebello-

cortical connectivity is maintained during resting periods, the cerebello-striatal connectivity

is reduced, suggesting an engagement of cerebello-cortical networks during the offline

consolidation of a the accelerating rotarod learning.

Increased interactions between cerebellar and striatal inputs to the motor cortex during

accelerating rotarod learning.

Because the striatum exerts a modulation of the motor cortex and its cortico-spinal

output, we investigated the potential interactions between cerbellar and striatal inputs to

the motor cortex during motor learning. Indeed, DLS also exhibits directional connectivity

with M1, and we were able to record neurons in M1 simultaneously being connected with



one or more CN neurons and one or more DLS neurons (Fig. 5hi). In a total population of 165

M1 neurons, 52 neurons were categorized as cerebello-recipient, 59 were striato-recipient,

and 27 were receiving from both cerebellum and striatum simultaneously (Fig. 5h),

suggesting that a substantial amount of M1 neurons are integrating information from both

CN and DLS.

In order to delineate the contributions of CN neurons and DLS neurons over M1 in

triplets, we used the Partial Information Decomposition technique (PID) derived from

information theory (Fig. 5j). This technique allows to quantify the amount of information

carried uniquely by the CN neuron, the information carried uniquely by the DLS neuron, the

information carried by both (redundancy) and the interactions between CN and DLS neurons

(synergy). We observed that, during trials, the fraction of synergic information was increased

during refinement and maintenance phase compared to the initial phase (Fig. 5j), suggesting

a greater collaboration between CN and DLS neurons during the execution of the task.

Strikingly, the the fraction of synergic information during resting periods also underwent a

progressive increase during learning (Fig. 5j).

These results reveal the fact that cerebellar and striatal inputs to the motor cortex

are not independent, and that the cooperation between these inputs becomes greater

during the later phases of learning, both during the execution of the task and during resting

periods. Overall, our findings suggests that the functional coupling between the cerebellum,

the striatum and the motor cortex is increased during motor learning, with cerebello-cortical

networks being strongly engaged during the resting periods after the task.



Figure 6. Cerebellar spindles activity during NREM sleep selectively reactivates cortical neurons engaged with the
cerebellum during trials and shapes cerebello-cortical connectivity. a) Examples of spindles detected in the LFP of
the CN and simultaneous spiketrains of a CN neuron (top), M1 neuron (centre) and DLS neuron (bottom). b) Average
filtered LFP (10-16Hz) in the CN and M1 centered on CN spindles peak (top), corresponding normalized multi-unit
activity of neurons in the CN, M1 and M1ipsi depending on their relationship with CN neurons during trial (bottom). c)
Average filtered LFP (10-16Hz) in the CN and DLS centered on CN spindles peak (top), corresponding normalized
multi-unit activity of neurons in the CN, DLS and DLSipsi depending on their relationship with CN neurons during trial
(bottom). d) Proportions of neurons in M1/M1ipsi and DLS/DLSipsi locked to cerebellar spindles, depending on their
relationship with CN neurons during trial. **p<0.01, Fischer exact test. e) Histogram and polar plot of preferred firing
phase within cerebellar spindles for neurons significantly locked to cerebellar spindles, depending on their
relationship with CN neurons during trial. Vertical lines represent the populational circular mean, plain line if there
was a significant populational locking, dashed otherwise (left). **p<0.01,***p<0.001 Rayleigh test. f) Scatterplot
showing the evolution of the asymmetry modulation index of connected pairs during a training session (left) and the
distribution of the difference in modulation index (right) for different directions of connectivity and depending on
their locking to cerebellar spindles. *p<0.05, Mann-Whitney U test. #p<0.05, ##p<0.01, ###p<0.001, Wilcoxon test for
the difference to 0.



Cerebellar spindle activity during NREM sleep entrains cortical neurons and is associated to

a preserved cerebello-cortical connectivity

The maintained cerebello-cortical connectivity during resting periods and the effect

of CN-VAL inhibition after the task support the involvement of the cerebello-cortical loop in

offline consolidation of a motor skill. Memory consolidation is known to be supported by

different mechanisms, including patterns of activity occurring during sleep. Particularly,

sleep spindles were demonstrated to play a role in shaping functional connectivity in

neuronal networks. Recent studies have demonstrated the presence of such patterns of

activity in the cerebellum, but little is known on the functional consequences of cerebellar

spindles on long-range connectivity.

Therefore, we classified sleep cycles during resting period using M1 Local Field

Potential then detected cerebellar sleep spindles using DN LFP based on the methods

proposed by Lemke et al (see Material and Methods). We were able to observed spindle like

activity in the deep cerebellar nuclei during NREM sleep (Fig. 6a). We observed that

cerebellar spindles strongly entrained neuronal activity in the DCN (Fig. 6ab), but also in M1

bilaterally (Fig. 6b). In contrast, neurons in DLS and DLSispi displayed little entrainement by

cerebellar spindles (Fig. 6ab), consistently with the alteration of cerebello-striatal coupling

during resting periods in-between trials.

Interestingly, M1 and M1ispi neurons considered as cerebello-recipient on the

rotarod were more often significantly phase locked to cerebellar spindles than neurons non

considered as cerebello-recipient on the rotarod (Fig. 6d), suggesting that cortical neurons

engaged in the rotarod task were more consistently activated by cerebellar spindles than

other cortical neurons. However, this was not the case for DLS and DLSipsi neurons (Fig. 6d).

The vast majority of DN neurons were phase-locked to the troughs of cerebellar spindles (Fig.

6e), however, only cortical neurons considered as cerebello-recipient on the rotarod were

consistently locked to the troughs of cerebellar spindles, with a preferred spiking phase

lagging behind the preferred spiking phase of CN neurons (Fig. 6e), consistently with these

neurons being entrained by cerebellar activity. Non cerebello-recipient cortical neurons

didn’t display consistent phase locking, which was also the case for striatal neurons,

regardless of them being considered as cerebello-recipient are not (Fig. 6e).

Then, we investigated whether being entrained by cerebellar spindles had an effect

on the functional connectivity of cortical and striatal neurons with the cerebellum. We



calculated the cross-correlogram modulation index of both cerebello-recipient and

cerebello-projecting cortical and striatal neurons during the first three trials (early) and

during the last three trials (late) of each session. Comparing early and late modulation

indices revealed that modulation indices of such pairs were significantly decreased during

each session, with the exception of cerebello-recipient cortical cells significantly locked to

cerebellar spindles (Fig. 6f). Interestingly, cerebello-recipient striatal cell locked to cerebellar

spindles did not display a decrease in modulation index, but the difference in modulation

index was not significantly different from non-locked striatal cells. Overall, these result

suggest that cerebellar spindles are able to entrain cortical activity bilaterally, and may be

involved in preserving the functional coupling between cerebellar and motor cortex neurons

during the execution of the task

Figure 7. The motor strategies used by mice on the rotarod differentially modulates the activity in the cerebello-
cortico-striatal network and evolves during learning. a) Examples of frame and detection from the left view and back
view camera (left). Example traces for the y positions of the hind-paws in time, as well as the associated stride
classification (right). Coloured vertical lines represent the different stride types. b) Cumulative histogram of phase
difference between the lift of the first hind-paw and the lift of the second hind-paw. ***p<0.001, Kolmogorov-



Smirnoff test. c) Example of PSTH 10ms bins and corresponding raster plots, centred on the lift of the left paw for a
neuron in the CN during the different types of strides. d) Example of PSTH 10ms bins and corresponding raster plots,
centred on the lift of the left paw for neurons recorded simultaneously in a same mouse in the CN, VAL, M1, M1ipsi,
CL, DLS, DLSipsi during the different types of strides. e) Distributions of average pairwise cross-correlations between
the average activity observed during the different types of strides for single neurons. Red bars represent the critical
values for significant correlation. p>0.05 Wilcoxon test for the difference to 0. f) Evolution of the percentage of jump
during the learning protocol (black line), along with the evolution of latency to fall (gray line). Data are represented in
average+/-SEM. g) Scatterplot and associated linear regression showing the latency to fall as a function of the
percentage of jumps during trial. The colours of the dots reflect the timepoint at which the trial occurred ***p<0.001,
Pearson’s correlation test. h) Percentage of jump during each phases of learning. ***p<0.001, Fischer exact test.

The motor strategies used by mice on the rotarod differentially modulates the activity in

the cerebello-cortico-striatal network.

The latency to fall is classically used as an indicator of performances during the

accelerating rotarod task. However, the latency to fall strictly reflects the time spent before

doing a critical error causing the fall, and thus bears little information on the motor

sequences chosen by the mice on the rotarod or on the behavioural correlates of the

increased performances during learning. In order to furher understand the changes in motor

strategy used by mice during learning, we built a custom rotarod with transparent walls

allowing for video acquisition and tracking of mice limbs during the task using DeeplabCut

(Fig. 7a). Based on the tracking of their hindpaws, mice seem to express a discrete set of

motor strategies (Fig. 7a). They would either express a sequential stride, with a full swing of

a paw occuring before starting the swing of the contra-lateral hindpaw, this type of stride

would be called ‘left-first’ if the swing of the left hindpaw started before the right hindpaw,

and ‘right-first’ otherwise. In some case, the mice would initiate swings of both hindpaws

simultaneously, this was considered as a ‘jump’ (Fig. 7b).

While investigating the average neuronal response around the lift of the left paw, we

observed that the neurons we recorded were modulated during the stride. However, the

modulation of neuronal activity varied depending on the type of stride that was expressed,

in terms of magnitude, polarity and temporal sequence (Fig. 7c). Interestingly, while the

strides characterized as jumps displayed similar characteristics and kinematics behaviourally,

the neuronal activity associated to their expression wasn’t stationary. Particularly, jumps

occurring early during a trial (first half of the trial) lead to a different modulation of neuronal

activity than jumps occurring later during the trial (Fig Xcd).

This differential modulation of neuronal activity by the different stride types could be

observed in every structure of the cerebello-cortico-striatal network (Fig. 7d), and most

recorded neurons displayed poor correlations between their modulation during the different



stride types (Fig. 7e). This suggest that the different motor strategies used by the mouse on

the rotarod have a specific neuronal signature.

The motor strategies used by mice on the rotarod evolves along learning

Jumps are overall sub-optimal, as they require a propulsion intense enough to allow

for both hindpaws to be lifted from the rod at the same time, and thus are both energy

demanding and induce a risk of loss of balance. Interestingly, the proportion of jumps

expressed by the mice on the rotarod decreased during learning (Fig. 7fh), along with the

increase in latency to fall (Fig. 7f). Indeed, the proportion of jumps was anti-correlated to the

latency to fall (Fig. 7fg), suggesting that jumps were more frequently expressed by naive

mice than expert mice.

Thus, the evolution of the motor strategy used on the rotarod may be a behavioural

correlate of learning. Initially, the strategy is biased towards jumping, and along learning,

gradually shifts and promotes the use of left-first and right-first strides. However, the

mechanisms underlying this gradual decrease in jumping on the rotarod remain unknown.



Figure 8. Mice perform strategy-specific replays of neuronal activity in the motor network during resting, which
predict changes in motor strategy. a) Conceptualization of the detection of strategy-specific replays of activity during
resting periods. b) Example of template matching analysis (top) detecting the replays of different types of stride from
the neuronal activity of a mouse during resting period (bottom). c) Cumulative histogram of the Pearson’s correlation
coefficient between average activity during a stride type and during a replay for neurons significantly correlated.
*p<0.05, ***p<0.001, Kolmogorov-Smirnoff test. d) Distributions of the frequencies of offline replay detection during
each phase, for the different stride types. *p<0.05 **p<0.01, Dunn posthoc test following a Kruskal Wallis test. e)
Scheme explicating the learning model used to predict trial-to-trial change in stride proportion based on the temporal
structure of the replay during a resting period. f) Example of the learning model prediction a trial-to-trial change in
stride proportion based on the temporal structure of the replay during a resting period. g) Scatterplot and associated
linear regression showing the actual variation in stride proportion between trial-to-trial as a function of the predicted
variation. The colours of the dots reflect the timepoint at which the resting period occurred. h) Scatterplots and
associated linear regressions showing the actual variation in stride proportion between trial-to-trial as a function of
the predicted variation for different stride types. Covariance ellipses of 2SD are represented. ***p<0.001, Pearson’s
correlation test.

Stride-specific replays of neuronal activity in the cerbello-cortico-striatal network during

resting periods is predictive of inter-trial refinement of motor strategy

Knowing that offline replays of neuronal activity were shown to be involved in the

offline consolidation of a learned task, we assessed the presence of strategy-specific replays

of activity during the resting periods in-between rotarod trials (Fig. 8a). We used a template



matching approach to detect the presence of events displaying a strong similarity to the

sequence of activity induced by a given type of stride during resting periods (Fig. 8b). We

were able to observe replays associated to each motor strategy, with a reactivation of

neurons in the cerebellum, thalamus, motor cortex and striatum. However, the consistency

of the relationship between the replay and the stride-related activity varied between

structures (Fig. 8c). Indeed, the cerebellum displayed the highest consistency of reactivation,

suggesting a strong engagement of the cerebellum in offline replays. In contrast, the

striatum displayed the lowest correlation between stride related activity and reactivation,

consistently with a lower connectivity with the striatum during resting periods.

Interestingly, little changes were observed in the replay rate of the different

strategies along learning (Fig. 8d), which strongly contrasts with the dramatic decrease in

percentage of jumps expressed during learning. Regardless, we hypothesized that the

structure and content of the replays during resting period could be linked to the triat-to-trial

changes in motor strategy expressed by the mouse on the rotarod. We defined a simple

learning model trying to predict the probability of expressing a type of stride on a given trial

based on the content of replays during the resting period preceding this trial and the

probability of expressing this stride during the previous trial (Fig. 8e). In this model, while

replaying the activity associated to this given stride will increase the probability of

expressing this stride, replaying the activity associated to an other type of stride will

decrease the probability of expressing it (Fig. 8e). The model reached good performances in

predicting changes in the probability of expressing a stride (Fig. 8f). Indeed, only fitting a

learning rate per mouse allowed the model to perform predictions significantly correlated to

the variation in stride expression (Fig. 8g), suggesting that for single mice, the structure of

replay activity was predictive of the trial-to-trial variation in stride expression. However, the

model tended to generally overestimate the occurrence of reduction in proportion of strides,

as evidences by the negative offset in the model prediction corresponding to a steady

proportion of strides (Fig. 8g). This offset varies between mice, and its subtraction allows to

assess the relationship between prediction and actual variation in behaviour in the entire

population of mice (Fig. 8h).

We observed that the model prediction was positively correlated to the variation in

stride proportion in-between trials, for jumps, left-first strides and right-first strides (Fig. 8j).



These results support the role of offline replays of neuronal activity in refining the motor

strategy used by the mice on the rotarod in a trial-to-trial basis.

MATERIAL AND METHODS

1. Behavioral experiments

1.1. Accelerated rotarod task

The rotarod apparatus (mouse rotarod, Ugo Basile) consisted of a plastic roller with small

grooves running along its turning axis (Bearzatto et al., 2005). One week after injections,

mice were trained with seven trials per day during seven consecutive days. This training

protocol was chosen in order to distinguish the three different phases (Acquisition,

Consolidation and Maintenance). During each trial, animals were placed on the rod rotating

at a constant speed (4 r.p.m.), then the rod started to accelerate continuously from 4 to 40

r.p.m. over 300 s. The latency to fall off the rotarod was recorded. Animals that stayed on

the rod for 300 s were removed from the rotarod and recorded as 300 s. Mice that clung to

the rod for two complete revolutions were removed from the rod and time was recorded.

Between each trial, mice were placed in their home cage for a 5-minutes interval.

1.2. Open-field activity

Mice were placed in a circle arena made of plexiglas with 38 cm diameter and 15 cm height

(Noldus, Netherlands) and video recorded from above. Each mouse was placed in the open-

field for a period of 10 minutes before and after the accelerated rotarod task with the

experimenter out of its view. The position of center of gravity of mice was tracked using an

algorithm programmed in Python 3.5 and the OpenCV 4 library. Each frame obtained from

the open fields videos were analyzed according to the following process: open-field area was

selected and extracted in order to be transformed into a grayscale image. Then, a binary

threshold was applied on this grayscale image to differentiate the mouse from the white

background. To reduce the noise induced by the recording cable or by particles potentially

present in the Open-field, a bilateral filter and a Gaussian blur were sequentially applied,

since those components are supposed to have a higher spatial frequency compared to the

mouse. Finally, the OpenCV implementation of Canny algorithm was applied to detect the

contours of the mouse, the position of the mouse was computed as mouse’s center of mass.



The trajectory of the center of mass were interpolated in x and y using scipy’s Univariate

Spline function (with smoothing factor s=0.2 x length of the data), allowing the extraction of

a smoothed trajectory of the mouse. The distance traveled by the mouse between two

consecutive frames was calculated as the variation of position of the mouse multiplied by a

scale factor, to allow the conversion from pixel unit to centimeters. The total distance

traveled was obtained by summing the previously calculated distances over the course of

the entire open-field session. The speed was computed as the variation of position of center

points on two consecutive frames divided by the time between these frames (the inverse of

the number of frames per seconds). This speed was then averaged by creating sliding

windows of 1 second. After each session, fecal boli were removed and the floor was wiped

clean with a damp cloth and dried after the passing of each mouse. Active and quiet state

was determined by using a bi-threshold method in which two consecutive thresholded and

filtered frames were subtracted one from each other. In order to have a proper recognition

of both active and quiet state, lower and upper threshold of the changed pixels were

arbitrarily set to 0.04% and 0.12%, respectively. The both thresholds were based on the

video acquisition conditions (camera resolution, focal distance of the objective and distance

from the objective) and the size of the animal detected. For each time point, every

percentage of changed pixels below the lower or above the upper threshold was considered

as quiet or active state, and percentages placed between both thresholds were considered

as a continuity of the previous state.

1.3. Horizontal bar

Motor coordination and balance were estimated with the balance beam test which consists

of a linear horizontal bar extended between two supports (length: 90 cm, diameter: 1.5 cm,

height: 40 cm from a padded surface). The mouse is placed in one of the sides of the bar and

released when all four paws gripped it. The mouse must cross the bar from one side to other

and latencies before falling are measured in a single trial session with a 3-minutes cut-off

period.

1.4. Vertical pole

Motor coordination was estimated with the vertical pole test. The vertical pole (51 cm in

length and 1.5 cm in diameter) was wrapped with white masking tape to provide a firm grip.



Mice were placed heads up near the top of the pole and released when all four paws gripped

the pole. The bottom section of the pole was fixated to its home-cage with the bedding

present but without littermates. When placed on the pole, animals naturally tilt downward

and climb down the length of the pole to reach their home cage. The time taken before

going down to the home-cage with all four paws was recorded. A 20 seconds habituation

was performed before placing the mice at the top of the pole. The test was given in a single

trial session with a 3-minutes cut-off period.

1.5. Footprint patterns

Motor coordination was also evaluated by analysing gait patterns. Mouse footprints were

used to estimate foot opening angle and hindbase width, which reflects the extent of muscle

loosening. The mice crossed an illuminated alley, 70 cm in length, 8 cm in width, and 16 cm

in height, before entering a dark box at the end. Their hindpaws were coated with nontoxic

water-soluble ink and the alley floor was covered with sheets of white paper. To obtain

clearly visible footprints, at least 3 trials were conducted. The footprints were then scanned

and examined with the Dvrtk software (Jean-Luc Vonesch, IGBMC). The stride length was

measured with hindbase width formed by the distance between the right and left hindpaws.

1.6. Grid test

The grid test is performed to measure the strength of the animal. It consists of placing the

animal on a grid which tilts from a horizontal position of 0° to 180°. The animal is registered

by the side and the time it drops is measured. The time limit for this experiment is 30

seconds. In those cases where the mice climbed up to the top of grid, a maximum latency of

30 seconds was applied.

1.7. Fixed speed rotarod

Motor coordination, postural stability and fatigue were estimated with the rotorod (mouse

rotarod, Ugo Basile). Facing away from the experimenter�s view, the mice placed on top of

the plastic roller were tested at constant speeds (5, 10, 15 and and 20 r.p.m). Latencies

before falling were measured for up to 3 minutes in a single trial session.

2. Chronic in vivo extracellular recordings



2.1 Electrode design

In order to record neuronal activity in the motor network during the accelerating rotarod

learning, we designed a custom made microwire electrode array coupled with an optrode

destined to be implanted in the deep cerebellar nuclei (CN). The bundles of electrodes were

manufactured by folding in six and twisting a nichrome wire with a 0.005- inch diameter

(Kanthal RO-800). Each bundle was then placed inside guide cannulas (10 mm length and

0.16–0.18 mm inner diameter, Coopers Needle Works Limited, UK), glued (Loctite universal

glue) to a 3D-printed holder. Individual wires of the bundles were then connected to the

electrode interface board (EIB-36; Neuralynx, Boze- man, MT) with one wire for each

channel and four channels for each brain region (CL, VAL, M1, M1ipsi, DLS, DLSipsi),

extending 0.5 mm below the tube tip and fixed using gold pins (Neuralynx). In order to

perform optogenetic manipulations and recording of the cerebellar nuclei (CN), an optrode

was built by associating the bundles destined to be implanted in the CN (eight channels) to

an optic fiber (200µm, 0.22NA) housed in a stainless steel ferrule (Thor labs). Finally, the EIB

was secured in place by dental cement. A gold solution (cyanure-free gold solution, Sifco,

France) was used for gold plating, and the impedance of each electrode was set to 200–500

kΩ.

Recordings were performed in awake freely moving mice during the Open field as well as the

accelerating rotarod sessions. A custom-made pulley system balanced the weight and torque

of the wires during running and allowed the wires to accompany the mouse during the

accelerating rotarod task. Signal was acquired using a headstage and amplifier from TDT (32

channels headstage, RZ2, Tucker-Davis Technologies, USA) and analyzed with Python 3.7.

The spike sorting was performed using MountainSort4.

2.2 Surgeries

Mice were anesthetized using a mixture of isoflurane and O2 (4% for induction, 1.5% for

maintenance). Injections with buprenorphine (0.05 mg/kg, s.c.) were performed to control

pain, and core temperature (37°C) was kept with a heating pad. The mice were then fixed in

a stereotaxic apparatus (David Kopf Instruments, USA). After a local subcutaneous injection

of lidocaine under the scalp (2%, 1 ml), a medial incision was performed, exposing the skull.

Small craniotomies were drilled above the recording sites and above the optic fiber location



(above the virus injection site). Then, AAV8.hSyn.ChR2(H134R)-mCherry (400 nl) was

injected into the cerebellar nuclei (CN), followed by a descent of the optrode in the CN, and

by the descent of the remaining electrodes in the brain. This procedure allowed us, in one

experimental set, to record in the motor cortex bilaterally (M1) (AP 0 mm and –1 mm ML

from the Bregma, DV = 0.8 mm depth from the dura), ventrolateral thalamus (VAL) (–1.34

mm AP, ML = 1.00 mm, and DV = 3.6 mm depth from the dura), centrolateral thalamus (CL)

(AP at –1.58 mm, ML = 0.9 mm, DV = 3.00 mm depth from the dura), dorsolateral striatum

bilaterally (DLS, 0 mm AP,±2.7 mm ML, 2.5 mm depth from dura) and the cerebellar nuclei

(CN, 6 mm AP, ±2.3 mm ML, 2.4 mm depth from dura). The ground screw was placed on the

surface of the right parietal bone. Super Bond cement (Dental Adhesive Resin Cement, Sun

Medical CO, Japan) was applied on the surface of the skull to strengthen the connection

between the bone and the cement.

2.3 Optogenetic stimulation of the Deep Cerebellar Nuclei

The injection of an AAV expressing ChR2 coupled with the implantation of an optic fiber in

the left CN allowed for the optogenetic activation of local neurons. Illumination was

performed using a LED driver and a 470nm LED (Mightex Systems). Light transmission from

the LED output to the implanted optic fiber was done through a 200µm diameter flexible

optic fiber. The coupling between the flexible fiber and the implanted optic fiber was

allowed by a ceramic mating sleeve. The intensity of current provided to the LED was

calibrated in order to obtain an illuminance of 40mW/mm² at the tip of the optic fiber.

Optogenetic stimulations of the DN were performed during 100 ms at a frequency of 0.25 Hz

during 10 minutes in an Open Field arena, before the start of the rotarod session. The

average increase in firing rate during the stimulation was determined by computing the

peristimulus time histogram (10 ms bins) of the spikes during the stimulation; the spike

count in the histogram was divided by the duration of the bin and the number of

stimulations administered to yield a firing rate. The response to stimulation was only

analyzed in neurons where at least one bin during the stimulation was 3.5 times larger than

the SD of the values of firing rate during baseline (300ms before the onset of stimulation,

10ms bins).

2.4 Connectivity analysis



Spiketrains of single cells were used to compute cross-correlograms of neuronal pairs.

Spiketrains were binned (1ms), then timeseries cross-correlation was applied on the binned

spiketrains using the cross_correlation_histogram function from the package elephant in

order to obtain the cross-correlation of neuronal activity. Then, the asymetry of cross-

correlogram was established using the lag-wise difference in cross-correlation coefficient on

a short time window (25ms) preceeding and folowing the spiking of the reference neuron.

���� = ���−��−�

Where dcc is the difference in cross-correlation for a given lag value t , cc is the value of

cross-correlation at the lag value t, with t in the range [1ms, 25ms].

Pairs of neurons showing a distribution of lag-wise differences significantly different from 0

(Wilcoxon rank test, p<0.05) were considered as significantly connected. If the distribution of

differences was significantly higher than 0, the reference neuron was considered as a

modulator of the target neuron. A modulation index of this asymetry was computed to

reflect the strengh of the modulation of the target neuron by the reference neuron, this

modulation index was calculated as follows:

MI = 100 x
(CCpost − CCpre)
(CCpost + CCpre)

Where MI is the modulation index, expressed in percentage, CCpost is the average cross-

correlogram value in the [1ms, 25ms] time window and CCpre is the average cross-

correlogram value in the [-25ms, -1ms] time window.

Cortical triplets of neurons were defined as combinations of pairs involving a directional

connectivity of a DCN neuron and a M1 neuron, and a directional connectivity between a

DLS neuron and the same M1 neuron. In order to delineate the respective contributions of

the DCN and DLS neurons on the M1 neuron of each triplets, spiketrains were binned using

bins of 15ms, then the Partial Information Decomposition (PID) included in the Python

package IdtXl was used. PID is based on the bivariate mutual information of two source



timeseries (DCN and DLS binned spiketrains in this case) and a target timeseries (M1 binned

spiketrain in this case). The algorithm decomposes this bivariate mutual information into the

unique contribution of each sources, the redundant information carried by both, and the

residual component of the subtraction of unique contribution and redundancy to the

bivariate mutual information, named synergy, represents the information that is only

explaining variance of the target by considering both sources at the same time, thus

unraveling interactions between these two sources. Each of these components was then

divided by the total bivariate mutual information, yielding a value corresponding to the

fraction of the mutual information represented by each component.

2.5 Sleep cycle classification and sleep spindles detection

Sleep spindles are known to occur during NREM sleep. Thus, we separated the resting

periods into 10s epochs and classified each of these periods using the method described in

Lemke et al. The spectrogram of each 10s epochs of M1 LFP was computed with the Welch

method, using the welch_psd function from the package scipy. The average power of

different frequency bands was then extracted, in the delta band (1-4Hz), in the theta band

(5-10Hz) and the average power in the delta-theta-beta band (2-15Hz), then the theta ratio

was computed as the average theta power divided by the average power in the delta-theta-

beta band (5-10Hz / 2-15Hz). Epochs with high delta power (greater than the average delta

power) were considered as NREM sleep, whereas epochs with low delta power and high

theta ratio (greater than the average theta ratio) were considered as REM sleep, the

remaining epochs were considered as wake.

Then, cerebellar sleep spindles were detected within periods of NREM sleep using the

following process. The cerebellar recording site displaying the highest average power in the

spindle frequency range (10-16Hz) compared to the average power in the wide-band local

field potential (1-100Hz) was selected as the site for spindles in the deep cerebellar nuclei.

The signal from this electrode was then filtered in the sleep spindle frequency range (10-

16Hz) using a third order bilateral Butterworth filter. An Hilbert’s transform was then applied

on this filtered signal, allowing to extract the smoothed amplitude of envelope of the 10-

16Hz signal. The amplitude of the signal during NREM sleep was then z-scored by subtracting

its mean and dividing it by its standard deviation. Events where the spindle envelope



exceeded 2.5 SD above the mean for at least one sample and the spindle power exceeded

1.5 SD above the mean for at least 300 ms were detected as spindles.

2.6 Sleep spindles locking

The Hilbert’s transform applied on the CN LFP filtered in the range of sleep spindles (10-16Hz)

allowed for the extraction of the instantaneous phase of this signal, which was then used to

compute the phase of each spike of a given neuron. In order to assess if a neuron was

significant phase-locked to cerebellar spindles, we extracted the spikes of this neuron

occurring during spindles and their associated phase which allowed for the computation of

the Rayleigh Z of the phase distribution using the function circ_rayleigh of the package

pingouin. Then, we iteratively simulated 1000 phase distributions with a number of value

equivalent to the number of spikes occurring during spindles, randomly drawn from the

instantaneous phase distribution of the signal during spindles, and computed their Rayleigh

Z. Neurons displaying a Rayleigh Z higher than the 95th percentile of the distribution of

simulated Rayleigh Z were considered as significantly phase-locked to cerebellar spindles.

2.7 Hindpaw tracking and stride classification

During trials, recording was made thought four Imgaging Source DMK 37BUX273 cameras

(left, right, front and back) with an acquisition frequency of 50Hz. Afterwards, videos were

analysed thanks to a trained neural network on the back view (Deep Lab Cut, Python 3).The

position of each hindpaw in the Y axis was considered. The detection of negative peaks in

the trajectory of each paw yielded the timing of each paw lift, while the detection of positive

peaks yielded the timing of each paw landing. Then, we used the relative timing of lifts and

landing of each paw to classify each stride in different category. The left hindpaw was taken

as a reference. Each lift of the left paw was either preceded or followed by the lift of right

hinpaw. Jumps were event during which the lift of the second hindpaw of the stride was

preceeding the landing of the first hindpaw of the stride. Then the jumps were separated in



two categories, the early jumps occurring during the first half of a trial and the late jumps

occurring during the second half of a trial. However, if the lift of the second paw was

following the landing of the first one, the strides were classified in two other categories. If

the closest lift of a right paw was preceding the lift of the left hindpaw, the stride was

considered as a right first, otherwise it was a left-first stride.

2.8 Detection of replays associated to strides

In order to detect replays of neuronal activity corresponding to a given type of stride during

the offline resting period in-between trials, we used a template-matching approach. The

peri-stimuli time histograms (PSTH, 10ms bins, -1s to 1s centered on left-paw lift) previously

computed for each stride type during the sessions were used as templates to perform replay

detection during the offline resting period between the trials. The neural activity during

resting period for each cell of the network was binned (10ms bins) and centered by

subtracting the mean firing rate of each neuron during the resting period, creating a 2-

dimensional histogram with similar time scaling as the PSTHs. Then, template matching was

perform using the Python Package OpenCV, which returned a 1-dimensional timeseries of

template-matching coefficients. The detection of replays presenting a significant similarity in

terms of temporal sequence was done by applying random vertical shuffling on the

templates 100 times and performing template matching using these shuffled templates.

Vertical shuffling was chosen as a way to detect replays, as it allows for the randomization of

the temporal sequence of activity, while preserving co-activation in the network. These

shuffled template matchings yielded a mean template-matching coefficient as well as a

standard deviation for each timepoint during the resting period. Peaks which were locally

higher than 5 SD above the mean were considered as significant replays.

Since patterns of activity may display a degree of covariance between stride types,

coincidental replays were detected. If replays of different stride type were detected in a time

period of 500ms, they were considered coincidental. They were then disambiguated by

retaining the replay displaying the highest template-matching coefficient, as it will represent

the stride type sharing the highest covariance with the offline activity.

2.9 Replay-based learning model for motor strategy



The content of different types of replays within a given resting period is varigated. Thus, we

fitted a learning model in order to predict the variations in motor strategy based on the

content of replay activity during a resting period. The model was elaborated as follows:

Pn+1
strideA = PnstrideA +∆Pn+1

strideA

with∆Pn+1
strideA = ρ x (Hn

replay - PnstrideA)

and Pn=0
strideA = proportion of stride A during the previous trial

Where is the predicted probability of performing a stride A at the replay n, is the learning

rate fitted for each mouse, is the updating component, equal to 1 if the replay n was a

replay of stride A or equal to 0 otherwise.

∆Presting
strideA =

n=1

k
∆PnstrideA�

Where is the variation of proportion of stride predicted by the model during one resting

period. This value was then compared to the difference of stride proportion between the

trial following the resting period and the preceding trial. This model was fitted separately for

each mouse and each stride type.

3. Chemogenetic

3.1. Cerebellar outputs inactivation

We used evolved G-protein-coupled muscarinic receptors (hM4Di) that are selectively

activated by the pharmacologically inert drug Clozapine-N-Oxide (CNO) (Alexander et al.,



2009). In our study, non-cre and cre dependent version of the hM4Di receptor packaged into

an AAV were used in order to facilitate the stereotaxic-based delivery and regionally

restricted the expression of hM4Di. As demonstrated previously (Anaclet et al., 2018;

Anaclet et al., 2014; Anaclet et al., 2015; Pedersen et al., 2017; Venner et al., 2016). hM4Di

receptor and ligand are biologically inert in the absence of ligand. Moreover, at the

administered dose of 1 mg/kg, CNO injection induces a maximum effect during the 1–3 h

postinjection period (Anaclet et al., 2018; Anaclet et al., 2014) which enables us to confirm

that during the whole duration of our protocols the CNO was still effective. We are therefore

confident that the findings described in our study result from specific inhibition of the

targeted neuronal population and not from a nonspecific effect of CNO or its metabolite

clozapine (Gomez et al., 2017).

In order to globally inactivate the cerebellar outputs, stereotaxic surgeries were used to

inject DREADD viral constructs bilaterally into the Dentate, Interposed and Fastigial nucleus.

Mice were anesthetized with isoflurane for induction (3% in closed chamber during 4-5

minutes) and placed in the Kopf stereotaxic apparatus (model 942; PHYMEP, Paris, France)

with mouse adapter (926-B, Kopf), and isoflurane vaporizer. Anesthesia was subsequently

maintained at 1–2% isoflurane. A longitudinal skin incision and removal of pericranial

connective tissue exposed the bregma and lambda sutures of the skull. The coordinates for

the Dentate nucleus injections were: 6.2 mm posterior to bregma, +/-2.3 mm lateral to the

midline and -2.4 mm from dura while the Interposed injections were placed anteroposterior

(AP) -6.0 mm, mediolateral (ML) = +/-1.5 mm in respect to bregma and dorsoventral (DV) -

2.1 mm depth from dura. Finally, the Fastigial injections were placed -6.0 AP, +/-0.75 ML in

respect to bregma and -2.1 depth from dura. Small holes were drilled into the skull and

DREADD (AAV5-hSyn-hM4D(Gi)-mCherry, University of North Carolina Viral Core, 7.4 × 1012

vg per ml, 0.2 μl) or control (AAV5-hSyn-EGFP, UPenn Vector Core, the same concentration

and amount) virus were delivered bilaterally via quartz micropipettes (QF 100-50-7.5 ,Sutter

Instrument, Novato, USA) connected to an infusion pump (Legato 130 single syringe,

788130-KDS, KD Scientific, PHYMEP, Paris, France) at a speed of 100 nl/minutes. The

micropipette was left in place for an additional 5 minutes to allow viral dispersion and

prevent backflow of the viral solution into the injection syringe. The scalp wound was closed



with surgical sutures, and the mouse was kept in a warm environment until resuming normal

activity. All animals were given analgesic and fluids before and after the surgery.

In a separate set of mice, non-DREADD or DREADD (Dentate, Fastigial and Interposed)

bundles of electrodes were implanted into the cerebellar nuclei, as described above. Both

non-DREADD or DREADD injections and electrodes implantation were performed the same

day. This experiment was performed in order to evaluate and validate that hM4D(Gi)

receptors decrease the activity within the three cerebellar nuclei. Surgery, virus injections

(AAV5-hSyn-hM4D(Gi)-mCherry or AAV5-hSyn-EGFP), coordinates (Fastigial: -6.0 AP, +/-0.75

ML, -2.1 depth from dura; Interposed: -6.0 AP, +/-1.5 ML, -2.1 depth from dura; Dentate: -

6.2 AP, +/-2.3 ML, -2.4 depth from dura), chronic in vivo extracellular recordings and analysis

were performed as we previously described above. One week following stereotaxic surgery

to allow for virus expression, recordings at open-field were performed before and after CNO

or saline (SAL) injection at the day 1, 4 and 7 of the accelerated rotarod task protocol. Mice

were recorded for a 10 minutes baseline period followed by intraperitoneal injections of

CNO 1mg/kg or SAL which were performed in a random sequence using a crossover design.

After CNO or SAL injection, mice were recorded during 30 minutes before and 15 minutes

after the accelerated rotarod task protocol.

3.2. Cerebellar-thalamic outputs inactivation

In order to inhibit specifically cerebellar outputs to the centrolateral (CL) and/or ventral

anterior lateral (VAL) thalamus we applied a chemogenetic pathway-specific approach

(Boender et al., 2014). The technique comprises the combined use of a CRE-recombinase

expressing canine adenovirus-2 (CAV-2) and an adeno-associated virus (AAV-hSyn-DIO-

hM4D(Gi)-mCherry) that contains the floxed inverted sequence of the DREADD hM4D(Gi)-

mCherry. It entails the infusion of these two viral vectors into two sites that are connected

through direct neuronal projections and represent a neuronal pathway. AAV-hSyn-DIO-

hM4D(Gi)-mCherry is infused in the site where the cell bodies are located, while CAV-2 is

infused in the area that is innervated by the corresponding axons. After infection of axonal

terminals, CAV-2 is transported towards the cell bodies and expresses CRE-recombinase

(Kremer et al., 2000; Hnasko et al., 2006). AAV-hSyn-DIO-hM4D(Gi)-mCherry contains the

floxed inverted sequence of hM4D(Gi)-mCherry, which is reoriented in the presence of CRE,

prompting the expression of hM4D(Gi)-mCherry. This ensures that hM4D(Gi)-mCherry is not



expressed in all AAV-hSyn-DIO-hM4D(Gi)-mCherry infected neurons, but exclusively in those

that are also infected with CAV-2. Using the same procedures described above, 0.4 μl of the

retrograde canine adeno-associated cre virus (CAV-2-cre, titter ≥ 2.5 × 108) (Plateforme de

Vectorologie de Montpellier, Montpellier, France) was bilaterally injected in the CL (from

bregma: AP -1.70 mm, ML ±0.75 mm, DV −3.0 mm) and VAL (from bregma: AP -1.4 mm, ML

±1.0 mm, DV −3.5 mm). In addition, 0.2 μl of AAV-hSyn-DIO-hM4D(Gi)-mCherry (UNC Vector

Core, Chapel Hill, NC, USA) was bilaterally injected one week later into the cerebellar nuclei,

focusing on the Dentate (from bregma: AP −6.2 mm, ML ±2.3 mm, DV −2.4 mm) and

Interposed (from bregma: AP −6.0 mm, ML ±1.5 mm, DV −2.1 mm) nucleus. Based on

anatomical and functional evidences (Hintzen et ., 2018; Chen et al., 2014; Teune et al., 2000;

Sakai 2000), in a group of mice we decided to inhibit those neurons that project from

Dentate to CL and in another group we targeted those neurons that project from Interposed

to VAL. All the stereotactic coordinates were determined based on The Mouse Brain Atlas

(Paxinos and Franklin, 2004).

4. Behavioral experiments design

Behavioral tests were performed one week following stereotaxic surgery to allow for virus

expression. Balance beam, vertical pole, footprint patterns, grid test and fixed speed rotarod

experiments were performed 30 minutes after CNO (1 mg/kg, ip) or SAL injections. Two

different strategies were used for the accelerating rotarod motor learning task experiments:

1) CNO (1 mg/kg, ip) or SAL was injected every day 30 minutes before the 1st trial of the

accelerated rotarod task. Four days later to ensure a proper CNO washout, mice were

retested by receiving 7 trials for two consecutive daily sessions. Drug-free mice received

CNO (1mg/kg) or SAL 30 minutes before the first trial in both days. The treatments were

inverted meaning that those animals that received CNO during the preceding 7 days in this

case were injected with SAL and the other way around. 2) CNO (1 mg/kg, ip) was injected 30

minutes after last trial at the day 1, 2 and 3; subsequently mice received SAL 30 minutes

after last trial at the day 4, 5 and 6 of the accelerated rotarod task.

The DREADD ligand Clozapine-N-Oxide (CNO, TOCRIS, Bristol, UK) was dissolved in SAL (0.9%

sodium chloride) and injected intraperitoneally at 1mg/kg.

5. Histology



Mice were anesthetized with ketamine/xylazine (100 and 10 mg/kg, i.p., respectively) and

rapidly perfused with ice-cold 4% paraformaldehyde in phosphate buffered SAL (PBS). The

brains were carefully removed, postfixed in 4% paraformaldehyde for 24 h at 4 °C,

cryoprotected in 20% sucrose in PBS. The whole brain was cut into 40-μm-thick coronal

sections on a cryostat (Thermo Scientific HM 560; Waltham, MA, USA). The sections were

mounted on glass slides sealed with Mowiol mounting medium (Mowiol® 4-88; Sigma-

Aldrich, France). Verification of virus injection site and DREADDs expression was assessed

using a wide-field epifluorescent microscope (BX-43, Olympus, Waltham, MA, USA) using a

mouse stereotaxic atlas (Paxinos and Franklin, 2004). We only kept mice showing a well

targeted viral expression. Representative images of virus expression were acquired a Zeiss

800 Laser Scanning Confocal Microscope (×20 objective, NA 0.8) (Carl Zeiss, Jena, Germany).

Images were cropped and annotated using Zeiss Zen 2 Blue Edition software.

DISCUSSION

In this study, we observed that a transient and mild chemogenetic inhibition which

reduces the cerebellar nuclei activity preserves the motor abilities but disrupts motor

learning in this task. Moreover, we could distinguish two contributions of the cerebellum to

learning; one is carried by CN neurons projecting toward the midline thalamus, and is

needed for learning and recall. The other is carried by CN neurons projecting toward the

motor thalamus and is required to perform an offline consolidation of a latent memory trace

into a consolidated, readily available, motor skill.

In addition, we observed that the connectivity between the cerebellum, the motor

cortex and the striatum drastically increased while undergoing motor learning. Consistently

with an involvement of CN neurons projecting toward the motor thalamus in the offline

consolidation of motor skill, we revealed that the connectivity between CN neurons and

cortical neurons was maintained during the resting periods in-between rotarod trials. During

these resting periods, cerebellar sleep spindles concomitantly reactivate cerebellar and

cortical neurons engaged during the task, and contributes shaping cerebello-cortical

connectivity.



Thus, our results suggest that learning a complex motor task involves the coupling of

the cerebellum with the basal ganglia, which is needed during the learning and execution,

and the coupling of the cea rebellum with the cortex which plays a critical role in the offline

consolidation of the task.

A role for the cerebellum in the multi-nodal network of motor skill learning

By showing an involvement of the cerebellar nuclei neurons in the accelerating rotarod

task, our results complement the previous results which demonstrated that the basal ganglia

and motor cortex are recruited and required to complete the task {Cao, 2015 #81;Costa,

2004 #76;Kida, 2016 #82}. Our chemogenetic experiments also indicate that the involvement

of the cerebellum changes along the multiple phases of motor learning, ranging from a

minimal contribution in the Initial phase to a stronger contribution in the later phases. The

differential modulation of CN and thalamic firing during the rotarod task across the different

phase also likely reflect changes in the engagement of these structures along the task. These

observations parallel the converging evidence indicating that the areas of the basal ganglia

involved in the accelerating rotarod evolve along the phases of learning {Yin, 2009 #84;Cao,

2015 #81;Durieux, 2012 #85}. Therefore, the three main central nodes of motor function

(cortex, basal ganglia and cerebellum) are differentially recruited along the multiple phases

of the accelerating rotarod task.

Nonetheless, our observations that cerebello-cortical and cerebello-striatal

connectivities are increased in expert mice, along with an enhaced cooperation between

cerebellar and striatal inputs to the motor cortex suggests that the different actors of this

multi-nodal motor learning network, although being differentially recruited during learning,

participate to a coordinated interplay in order to achieve the proper execution of a learned

motor skill.

The impact of cerebellar defects or manipulations on accelerating rotarod learning

have previously been examined in too many studies to be listed exhaustively here, but the

reported effects range from ataxia and disruption of the ability to run on a rod {Sausbier,

2004 #86}, to normal learning {Galliano, 2013 #92}, defects in learning {Groszer, 2008

#90;Galliano, 2013 #92}, defects in consolidation {Sano, 2018 #87} and even increase in

learning {Iscru, 2009 #91}. However, the cerebellum is critical for inter-limb coordination

{Machado, 2015 #18;Sathyamurthy, 2020 #119}, and many studies lack proper motor



controls to test the ability to walk on a rotating rod: a lack of improvement in performance

with training may thus simply result from problems of running on the rod rather than

problems of learning. Moreover studies often involve genetic mutations which leave room

from variable compensations along development and adult life, as exemplified by the

diversity of the motor phenotypes of mice with degeneration of Purkinje cells {Porras-Garcia,

2013 #88}. Finally the multiphasic nature of rotarod learning is often overlooked.

However, studies of cerebellar synaptic plasticity provide support of an involvement of

cerebellum in learning. Indeed, the targeted suppression of parallel-fiber to Purkinje cell

synaptic long-term depression in the cerebellar cortex disrupts rotarod learning after the

Initial phase, without altering any other motor ability {Galliano, 2013 #92}. Consistently,

Thyrotropin-releasing hormone (TRH) knock-out mice do not express long-term depression

at parallel fiber-Purkinje cell synapses and exhibit impaired performance in the late phase of

rotarod learning, while the administration of TRH in the knock-out mice both restores long-

term depression and accelerating rotarod learning {Watanave, 2018 #93}. More generally,

studies in mutant mice suggest that cerebellar plasticity is required for adapting skilled

locomotion {Vinueza Veloz, 2015 #97}. This suggests that cerebellar plasticity is involved in

accelerating rotarod learning and thus contributes to learning and not simply to the

execution of the task.

A specific impact on learning of CL-projecting CN neurons.

In our study, we found that the chemogenetic inhibition of CN-CL neurons during the

task reduces the performances of the mice in the late phases of learning. This effect unlikely

results from basic motor deficits: we found that the chemogenetic modulation did not

significantly alter 1) limb motor coordination in footprint analysis, 2) strength in the grid test,

3) speed in spontaneous locomotion in the open-field test, 4) locomotion speed and balance

required to complete the horizontal bar test and 5) body-limb coordination and balance

required in the vertical pole test. Since all these motor parameters may be affected by

cerebellar lesions, this suggests that CN-CL neurons are not necessary to maintain those

functions, which might thus be relayed by other cerebellar nuclei neurons; indeed focal

lesions in the intermediate cerebellum (thus projecting to the Interposed nuclei) has been

reported to induce ataxia without altering rotarod learning {Stroobants, 2013 #13}.

Alternatively, the effect of the partial inhibition induced by CNO (typically ~50% reduction in



firing rate) may be compensated at other levels in the motor system to ensure normal

performances in these tasks; indeed, the selective ablation of CN-CL neurons has been

reported to yield locomotor deficits in the initial performances on the accelerating rotarod

{Sakayori, 2019 #11}, which contrasts with the lack of significant deficit in the Initial phase

following CN-CL (partial) inhibition in our study. A possible explanation for this discrepancy

could be that our intervention, being milder than a full ablation, selectively disrupted the

advanced patterns of locomotion only needed at the higher speeds of the rotarod and thus

did not impact on the slow rotarod locomotion typically performed in the Initial phase.

However, the highest speeds reached on the rotarod correspond to the average locomotion

speed in the open-field, which is unaffected by the chemogenetic inhibition. Moreover, in

our conditions, the inhibition of the CN-CL neurons did not produce significant deficits in the

fixed speed rotarod; CNO-treated animals ran in average for about two minutes at 20 r.p.m.

while they fell in average after the same amount of time on the accelerating rotarod,

corresponding to a rotarod speed below 20 r.p.m. at the time of the fall. This rules out a

contribution of weakness or fatigue to the latency to fall in the accelerating rotarod, the

CNO-treated animals being able to run on the fixed speed rotarod more than twice the

distance, at a higher speed, than the distance they run on the accelerating rotarod before

falling. Overall, this indicates that the partial inhibition of the CN-CL neurons does not

disrupt the elementary motor abilities needed in the task.

The inhibition of CN-VAL neurons during the task also yielded lower levels of

performance in the Maintenance stage, and the degree of connectivity between the

cerebellum and the motor cortex is increased during the Maintenance phase, suggesting

that cerebello-cortical networks contribute to the learning and the retrieval of motor skills,

although the mild defect in fixed speed rotarod could indicate the presence of a locomotor

deficit, only visible at high speed. Interestingly, both Dentate and Interposed nuclei contain

some neurons with collaterals in both VAL and CL thalamic structures {Sakayori, 2019

#11;Aumann, 1996 #12}, suggesting that the effect on learning could be mediated by a

combined action on the learning process in the striatum (via the CL thalamus) and in the

cortex (via the VAL thalamus); however, consistent with {Sakayori, 2019 #11}, we found that

the manipulations of cerebellar neurons retrogradely targeted either from the CL or from

the VAL produced different effects in the task. This indicates that either the distinct

functional roles of VAL-projecting of CL-projecting neurons reported in our study is carried



by a subset of pathway-specific neurons without collaterals, or that our retrograde infections

in VAL and CL effectively targeted different cerebello-thalamic populations even if these

populations had axon terminals in both thalamic regions.

Contribution of VAL-projecting CN neurons to offline consolidation.

While in control mice, the final performance at the end of a session could be

reproduced at the beginning of the next session, this preservation of performance across

night was lost when CN-VAL neurons were inhibited after the task, suggesting an impairment

of offline consolidation. However, in this group of mice, the daily gain of performance

increased across days, instead of decreasing, and compensated the overnight loss. We

therefore interpret this faster relearning as the presence of “savings”. Therefore, if the

inhibition of CN-VAL neurons alters the offline consolidation, a latent trace of the learning

remains unaltered by CN-VAL inhibition and allows for a faster relearning on the next day.

The effect of CNO peaks in less than an hour and lasts for several hours afterwards

{Alexander, 2009 #95}; therefore the disruption of offline consolidation reported above is

produced by a disruption of the cerebellar activity in the few hours that follow the learning

session. In agreement with this, we found in normal conditions that the connectivity

between the cerebellum and the motor cortex was maintained during the resting periods in-

between the rotarod trials. These results suggest that an activity-dependent offline

consolidation of motor skill learning starts readily when the animals are resting. This falls in

line with a number of evidence indicating that cerebellar-dependent learning is consolidated

by the passage of time, even in the awake state {Shadmehr, 1997 #6;Cohen, 2005 #4;Doyon,

2009 #1;Muellbacher, 2002 #3;Nagai, 2017 #55}, although very few studies in the Human

have examined the impact of offline cerebellar stimulations on motor learning {Samaei,

2017 #40}.

In the case of rotarod, it has been noted that sleep is not required for the overnight

preservation of performance {Nagai, 2017 #55}; however sleep may still be required for the

change of cortical {Cao, 2015 #81;Li, 2017 #54} or striatal neuronal substrate of the

accelerating rotarod skill {Yin, 2009 #84}. Moreover, the previously mentionned study

investigated the effect of sleep deprivation on accelerating rotarod learning, and observed

little effect on performances {Nagai, 2017 #55}. However, we observed that even during the

short periods of time in-between trials, mice undergo short cycles of sleep during which



cerebellar sleep spinldes could be observed. Furthermore, replays of neuronal activity

specific to behavioural patterns were measurable during these periods, and the fact that

their presence correlates with trial-to-trial refinement of motor strategy suggests that the

little amount of time between trials is enough to create substanital changes in the

consolidation of accelerating rotarod learning, and may explain why a completely

unperturbed sleep is not necessary to observe decent learning.

These results are consistent with the fact that sleep-dependent learning processes

were shown to occur even during day-time naps, as sleep spindles can happen during naps

[[Nishida and Walker 2007]]], and replays of activity can even happen during wakefulness

[[Karlsson et al 2009, Durbin et al 2022]].

The existence of multiple timescales for consolidation has already been described in

Human physiology where the movements could be consolidated without sleep while

consolidation of goals {Cohen, 2005 #4} or sequences {Doyon, 2009 #1} would require sleep.

It is indeed difficult, as for most real-life skills, to classify the accelerating rotarod as a pure

adaptive learning, or a pure sequence learning: on one hand, the shape of the rod and its

rotation induce a change in the correspondence between steps and subsequent body

posture and thus require some locomotor “adaptation”. On the other hand, the acceleration

of the rod introduces sequential aspects: 1) the same step executed a few seconds or tens of

seconds apart in a trial result in different consequences on body position, and 2) asymptotic

performances require to use successively multiple types of gaits as the trial progresses

{Buitrago, 2004 #79}. Following offline inhibition of CN-VAL neurons, which aspect of the

accelerating rotarod skill would be maintained and which would be lost? Faster relearning

has been proposed to reflect an improved performance at selecting successful strategies

{Ruitenberg, 2018 #69;Morehead, 2015 #70}. In addition, recent studies revealed cerebellar

mechanisms which could serve sequence learning {Khilkevich, 2018 #42;Ohmae, 2015 #43}

and the offline inhibition of CN-VAL neurons could disrupt the consolidation of these

sequences via the feedback collaterals of CN-VAL neurons to the cerebellar cortex {Houck,

2015 #96}. However, our study does not allow us to conclude on the nature of savings

remaining after the offline inhibition of CN-VAL neurons.

An internal model in the output of the cerebellum?



Improving the rotarod performance requires the mice to match their locomotion

speed to the accelerating speed of the rod. In the cerebellar nuclei, we observed that

neurons exhibited substantial modulation during each rotarod stride, with a modulation of

activity specific to the type of stride pattern that was expressed. It is well established that a

number of neurons in the Interposed nucleus exhibit a modulation along the stride

{Armstrong, 1984 #20;Sarnaik, 2018 #19}, and a transient optogenetic manipulation of this

activity results in an alteration of the gait {Sarnaik, 2018 #19}. Indeed, the optogenetic

activation of genetically-defined Interposed nucleus neurons projecting mainly to the ventral

lateral thalamus and the red nucleus produced higher strides {Low, 2018 #21}. Stride-related

signals are also found in the Dentate nucleus, which is more clearly recruited in response to

perturbations {Schwartz, 1987 #22} or during skilled locomotion such as on a ladder {Marple-

Horvat, 1999 #23}; this is consistent with the selective impact of lateral cerebellum lesion to

obstacle stepping while preserving overground locomotion {Aoki, 2013 #24}. The changes of

firing rate in the Dentate and Interposed units reported in our study thus likely reflect the

integrated representation of the stride {Sauerbrei, 2015 #99}.

In conclusion, our results provide clear evidence for the existence of online

contributions of the cerebello-thalamic pathways to the formation and retrieval of motor

memories distributed in a cerebello-striato-cortical network. They also show a contribution

to the offline consolidation of savings by cerebello-thalamo-cortical networks. Thus, our

work highlights the importance of studying the contribution to learning of single nodes in

the brain motor network from an integrated perspective {Caligiore, 2017 #56;Krakauer, 2019

#53}.



FIGURE LEGENDS

Figure 1. Cerebellar inactivation impairs the performance in the Refinement and

Maintenance but not Initial phases of motor learning task. a) Scheme of the implantation

and injection. b) Coronal section of the cerebellum showing hM4Di-DREADD expression in

the three CN. c) Representative confocal image showing hM4Di-DREADD expression on

neuronal membranes. d) DAPI positive neurons expressing hM4Di-DREADD. e) Electrode

placement close to cells expressing hM4Di-DREADD (red: lesion site, yellow: electrode track).

f) Examples of spike shapes obtained from spike sorting in CN (mean +/- SD). g) Examples of

high-pass filtered traces of CN recordings before and after CNO injection. h) Boxplots (box:

quartiles, whiskers: min/max) of the mean firing rate of neurons recorded in DREADD and

non-DREADD injected mice after CNO or SAL injection during Initial (Init.), Refinement (Refin.)

and Maintenance (Maint.) phases. CN firing rate was reduced after 1 mg/kg of CNO injection

in DREADD injected mice (***p<0.001 paired t-test). Small variations were observed in a

Sham+SAL mouse (*p<0.05, ***p<0.001 paired t-test). i) Impact of daily of injections of CNO

before trial 1 on accelerating rotarod performance. Top: summary of the performance for

each trial/day (*p<0.05, ***p<0.001; repeated measure ANOVA Group effect). Bottom:

Latencies to fall in trial 1 and 7 and post-hoc comparisons for only these trials. Horizontal

comparison lines correspond to trial 1 versus next trial 7, and trial 7 versus next trial 1,

comparisons (*p<0.05, **p<0.01, ***p<0.001 paired t-test). Vertical comparison lines report

trial 1 and trial differences to controls (*p<0.05, **p<0.01, ***p<0.001 t-test). j) Impact of

daily of injections of CNO after the task (30 min after trial 7). All treatment is switched to

saline in the Maintenance phase. Same presentation as in i). Data represents mean ± S.E.M.

n indicates the number of mice.

Figure 2. Inhibition of cerebellar nuclei (CN) neurons projecting to the centrolateral

thalamus (CL) and to the ventral anterior lateral (VAL) thalamus during and after the

training sessions differentially impairs motor learning. a) combined viral injections

targeting the CN->CL neurons using a retrograde virus expressing the Cre in the thalamus

and a virus inducing Cre-dependent expression of inhibitory DREADD in the CN. Top:

schematic of the viral injections. Bottom: GFP fluorescence revealing the site of injection of

the CAV viruses. b) Daily of injections of CNO before trial 1 in mice described in panel A

reduce performance during Maintenance phase but not earlier phases (Top: *p<0.05,



**p<0.01, ***p<0.001; repeated measure ANOVA Group effect. c) Same as B for daily CNO

injections 30 minutes after trial 7 during the Initial and Refinement phases. d) combined viral

injections targeting the CN->VAL neurons using a retrograde virus expressing the Cre in the

thalamus and a virus inducing Cre-dependent expression of inhibitory DREADD in the CN. e)

same as B for mice described in panel d. f) same as panel c for mice described in panel d. g)

Change of latency to fall in successive trials pooled for the Refinement and Maintenance

phases. (comparison between groups during vs after session: p<0.05, **p<0.01, ***p<0.001

Sidak-adjusted)CN: cerebellar nuclei, VAL: ventral anterior lateral thalamus, CL: central

lateral thalamus. Data represents mean ± S.E.M, n indicates the number of mice.

Figure 3. Reversal of the inhibition of the cerebello-thalamic neurons in the late

Maintenance phase yields lasting impairments. a) Performance of mice with DREADD

expression in CL-projecting CN neurons, which learned the task under respectively CNO and

Saline treatment (Figure 4b) during 7 days and then receive respectively Saline and CNO

treatment during a Reversal phase. Top: time course of the average performance (repeated-

measure ANOVA group effect: *: p<0.05). Bottom: summary of post-hoc comparisons limited

to first and last trials of each day: horizontal comparison lines indicate differences between

successive trials 1 and 7; *p<0.05, **p<0.01, ***p<0.001 paired t-test; vertical comparison

lines indicate differences between groups of trial 1 and trial 7; *p<0.05, **p<0.01,

***p<0.001 t-test. b) same as panel a for mice with DREADD expression in VAL-projecting CN

neurons. CN: cerebellar nuclei, VAL: ventral anterior lateral thalamus, CL: central lateral

thalamus. Data represents mean ± S.E.M, n indicates the number of mice.

Figure 4. Cerebellar nuclei neurons can bilaterally modulate the activity of the motor

cortex and the dorsolateral striatum. a) Experimental design for the extracellular recording

of the cerebellar nuclei, thalamus, motor cortex and striatum, and viral strategy for the

optogenetic activation of the cerebellar nuclei. b) Scheme of the accelerating rotarod setup.

c) Latency to fall during the accelerating rotarod across trials along days in mice recorded

over the 7 days. d) Example of peristimulus time histogram (PSTH, 5ms bins) and

corresponding raster plots, centred on the onset of the CN stimulation for neurons in the

VAL, M1, M1ipsi, CL, DLS, DLSipsi. e) Cumulative histograms showing the latency of neuronal

response of neurons in the VAL, M1, M1ipsi, CL, DLS, DLSipsi responsive to CN stimulations.



**p<0.01, ***p<0.001, Kolmogorov-Smirnoff test. f) PSTH (5ms bins, centred on stimulation

onset) displaying the change in normalized firing rate (average ± SEM) of responsive neurons

in the M1, M1ipsi, DLS and DLSipsi, before the start of the first day of accelerating rotarod

training, and before the day 7 (vertical dashed line represents the limit of the afferent volley,

25ms). g) Average fractional increase in firing of responsive neurons in the M1, M1ipsi, DLS

and DLSipsi, before the start of the first day of accelerating rotarod training, and before the

day 7, during the afferent volley (0 to 25ms) and during the rest of the stimulation (25 to

100ms). *p<0.05, **p<0.01, Mann-Whitney U test.

Figure 5. Cerebellar connectivity with the motor cortex and the striatum increases along

learning and is partially maintained during resting. a) Example cross-correlogram of a CN

neuron and a M1 neuron, and example of associated spiketrains (top). b) Measure of bin-

wise asymmetry in cross-correlograms of CN and M1 neurons directionally connected. The

dotted line represents the limit of the considered zone for asymmetry detection (25ms) c)

Ascending connectivity map of neurons in the CN, M1 and DLS for a mouse during the first

day of rotarod training (left) and for the same mouse during the last day of rotarod training

(right). Significant connectivity during trials is represented by arrows, the thickness of the

arrow is proportional to the asymmetry index. d) e) f) g) Percentage of significantly

connected pairs in a given direction during trials. *p<0.05 **p<0.01, ***p<0.001, Fischer

exact test. (left). Distributions of asymmetry indices during trials of pairs of neurons

significantly connected in a given direction during trials. *p<0.05 **p<0.01, ***p<0.001,

Dunn posthoc test following a Kruskal Wallis test.(middle). Distributions of asymmetry

indices during resting of pairs of neurons significantly connected in a given direction during

trials. *p<0.05 **p<0.01, ***p<0.001, Dunn posthoc test following a Kruskal Wallis test.

#p<0.05, ##p<0.01, ###p<0.001, Wilcoxon test for the difference to 0.(right). h) Venn

diagram showing the proportions of targets neurons in M1 significantly connected with the

CN, DLS or both. i) Example cross-correlograms of a CN, DLS and M1 triplet, and example of

associated spiketrains (top). j) Schematics of the partial information decomposition used to

characterize information transfer in M1 triplets (left). Distributions of the fraction of synergy

between CN and DLS neurons towards M1 neurons during trials (middle) and during resting

(right). *p<0.05 **p<0.01, ***p<0.001, Dunn posthoc test following a Kruskal Wallis test.



Figure 6. Cerebellar spindles activity during NREM sleep selectively reactivates cortical

neurons engaged with the cerebellum during trials and shapes cerebello-cortical

connectivity. a) Examples of spindles detected in the LFP of the CN and simultaneous

spiketrains of a CN neuron (top), M1 neuron (centre) and DLS neuron (bottom). b) Average

filtered LFP (10-16Hz) in the CN and M1 centered on CN spindles peak (top), corresponding

normalized multi-unit activity of neurons in the CN, M1 and M1ipsi depending on their

relationship with CN neurons during trial (bottom). c) Average filtered LFP (10-16Hz) in the

CN and DLS centered on CN spindles peak (top), corresponding normalized multi-unit activity

of neurons in the CN, DLS and DLSipsi depending on their relationship with CN neurons

during trial (bottom). d) Proportions of neurons in M1/M1ipsi and DLS/DLSipsi locked to

cerebellar spindles, depending on their relationship with CN neurons during trial. **p<0.01,

Fischer exact test. e) Histogram and polar plot of preferred firing phase within cerebellar

spindles for neurons significantly locked to cerebellar spindles, depending on their

relationship with CN neurons during trial. Vertical lines represent the populational circular

mean, plain line if there was a significant populational locking, dashed otherwise (left).

**p<0.01,***p<0.001 Rayleigh test. f) Scatterplot showing the evolution of the asymmetry

modulation index of connected pairs during a training session (left) and the distribution of

the difference in modulation index (right) for different directions of connectivity and

depending on their locking to cerebellar spindles. *p<0.05, Mann-Whitney U test. #p<0.05,

##p<0.01, ###p<0.001, Wilcoxon test for the difference to 0.

Figure 7. The motor strategies used by mice on the rotarod differentially modulates the

activity in the cerebello-cortico-striatal network and evolves during learning. a) Examples

of frame and detection from the left view and back view camera (left). Example traces for

the y positions of the hind-paws in time, as well as the associated stride classification (right).

Coloured vertical lines represent the different stride types. b) Cumulative histogram of phase

difference between the lift of the first hind-paw and the lift of the second hind-paw.

***p<0.001, Kolmogorov-Smirnoff test. c) Example of PSTH 10ms bins and corresponding

raster plots, centred on the lift of the left paw for a neuron in the CN during the different

types of strides. d) Example of PSTH 10ms bins and corresponding raster plots, centred on

the lift of the left paw for neurons recorded simultaneously in a same mouse in the CN, VAL,

M1, M1ipsi, CL, DLS, DLSipsi during the different types of strides. e) Distributions of average



pairwise cross-correlations between the average activity observed during the different types

of strides for single neurons. Red bars represent the critical values for significant correlation.

p>0.05 Wilcoxon test for the difference to 0. f) Evolution of the percentage of jump during

the learning protocol (black line), along with the evolution of latency to fall (gray line). Data

are represented in average+/-SEM. g) Scatterplot and associated linear regression showing

the latency to fall as a function of the percentage of jumps during trial. The colours of the

dots reflect the timepoint at which the trial occurred ***p<0.001, Pearson’s correlation test.

h) Percentage of jump during each phases of learning. ***p<0.001, Fischer exact test.

Figure 8. Mice perform strategy-specific replays of neuronal activity in the motor network

during resting, which predict changes in motor strategy. a) Conceptualization of the

detection of strategy-specific replays of activity during resting periods. b) Example of

template matching analysis (top) detecting the replays of different types of stride from the

neuronal activity of a mouse during resting period (bottom). c) Cumulative histogram of the

Pearson’s correlation coefficient between average activity during a stride type and during a

replay for neurons significantly correlated. *p<0.05, ***p<0.001, Kolmogorov-Smirnoff test.

d) Distributions of the frequencies of offline replay detection during each phase, for the

different stride types. *p<0.05 **p<0.01, Dunn posthoc test following a Kruskal Wallis test. e)

Scheme explicating the learning model used to predict trial-to-trial change in stride

proportion based on the temporal structure of the replay during a resting period. f) Example

of the learning model prediction a trial-to-trial change in stride proportion based on the

temporal structure of the replay during a resting period. g) Scatterplot and associated linear

regression showing the actual variation in stride proportion between trial-to-trial as a

function of the predicted variation. The colours of the dots reflect the timepoint at which the

resting period occurred. h) Scatterplots and associated linear regressions showing the actual

variation in stride proportion between trial-to-trial as a function of the predicted variation

for different stride types. Covariance ellipses of 2SD are represented. ***p<0.001, Pearson’s

correlation test.

Supplementary Figure 1. Dentate and Interposed nuclei display a context-dependent

sensitivity to speed, with a negative correlation between cerebellar activity and rotarod

speed. a) Raster plots showing the activity of representative cells for Dentate (left) and



Interposed (right) during trials for Initial, Refinement and maintenance (same example cells

as Figure 1). b) Distribution of the number of trials with significant modulation of firing rate

between the trial and nearby inter-trial periods during Initial (Init.), Refinement (Refin.) and

Maintenance (Maint.) phases for Dentate (top) and Interposed (bottom) (*p<0.05,

***p<0.001 Mann-Whitney test, Holm-Sidak corrected for multiple comparison; trials are

compared to the previous and following inter-trial period except the first and last trial which

are respectively compared only to the following and to the preceding inter trial period). c)

Fraction of cerebellar units exhibiting significant positive or negative regression slope of

firing rate vs rotarod speed (*p<0.05, **p<0.01, ***p<0.001 chi-square test, Holm-Sidak

corrected). d) Scatter plot of the slope values for all units in CL (top) and VAL (bottom)

thalamic nuclei during Initial (Init.), Refinement (Refin.) and Maintenance (Maint.). Marginal

distributions are displayed as in Figure 1e. e) Scatter plot of the slope of linear regression on

rotarod versus the (dimension-less) associated Pearson correlation coefficient for each

neuron for Dentate (top) and Interposed (bottom) nucleus during Initial (Init.), Refinement

(Refin.) and Maintenance (Maint.). The lines represent the isotonic regression of the

Pearson’s r by the slope on rotarod (***p<0.001 Spearman Rank test). f) Same as e) for the

CL and VAL. g) Overlapping index η of the distributions of Pearson’s r coefficients for Initial,

Refinement and Maintenance phase (*p<0.05, **p<0.01, ***p<0.001 Mann Whitney test).

Supplementary Figure 1. Cerebellar nuclei inhibition did not affect execution and fatigue,

locomotion, motor coordination, balance and strength. a) Locomotor activity (Velocity) in

DREADD and non-DREADD (Sham) injected mice after CNO or SAL injection during open-field

sessions before (OF1) and after (OF2) rotarod for Initial, Refinement and Maintenance

(**p<0.01 t-test OF1 vs OF2). b) Latency to fall during fixed speed rotarod (5, 10, 15,

20r.p.m.) for all experimental groups. One way repeated measure ANOVA was performed on

averaged values for all the speed steps in each experimental group followed by a Tukey

Posthoc pairwise comparison. c) Footprint patterns were quantitatively assessed for 3

parameters as shown on representative footprint patterns (top) for all experimental groups.

Three parameters are represented graphically: linear movement (bottom left), sigma

(bottom middle) and alternation coefficient (bottom right). d) Latency reflecting the time

before falling from the grid. 30 seconds of cut-off of was established as the maximum

latency (dotted line on figure). e) Latency to cross the horizontal bar (balance beam test) for



all experimental groups. f) Latency to reach home cage in vertical pole test for all

experimental groups. *p<0.05 One Way ANOVA followed by a Posthoc Tukey test. n

indicates the number of mice.

Supplementary Figure 2. Expression of hM4D(Gi)-mCherry in the cerebellar nuclei

following CL and VAL injections. a) left: schematics of the experiment for CN-CL groups,

right: distribution of labeled neurons. Identified soma expressing mCherry are indicated by

arrow-heads. b) same as a for CN-VAL groups.

Supplementary Figure 3. Inhibition of CN-CL or CN-VAL by 1mg/kg CNO does not affect

execution and fatigue, locomotion, motor coordination, balance and strength. a)

Locomotor activty (Velocity) in DREADD injected mice after CNO or SAL injection during

open-fields sessions before (OF1) and after (OF2) rotarod for Initial, Refinement and

Maintenance (**p<0.01 paired t-test OF1 vs OF2). b) Latency to fall during fixed speed

rotarod (5, 10, 15, 20 r.p.m.) for all experimental groups. One way repeated measure ANOVA

was performed on averaged values for all the speed steps in each experimental group

followed by a Tukey Posthoc pairwise comparison. c) Footprint patterns were quantitatively

assessed for 3 parameters as shown on representative footprint patterns (top) for all

experimental groups. Three parameters are represented graphically: linear movement

(bottom left), sigma (bottom middle and alternation coefficient (bottom right). d) Latency

reflecting the time before falling from the grid. 30 seconds of cut-off of was established as

the maximum latency (dotted line on figure). e) Latency to cross the horizontal bar (balance

beam test) for all experimental groups. f) Latency to reach home cage in vertical pole test for

all experimental groups. *p<0.05 One Way ANOVA followed by a PostHoc Tukey test. CN,

cerebellar nuclei, CL, centrolateral thalamus; VAL, ventral anterior lateral thalamus. n

indicates the number of mice.
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3
Functional abnormalities in the

cerebello-thalamic pathways in a mouse

model of DYT25 dystonia

In this study, we used a combination of optogenetic activation of neurons in the den-

tate nucleus of the cerelllum (DN), coupled with multi-site extracellular recordings

in the ventro-lateral thalamus (VAL), centro-lateral thalamus (CL), primary motor

cortex (M1) and dorsolateral striatum (DLS) in a mouse model of DYT25 dystonia

in order to assess the functionality of cerebello-thalamic pathways in this model,

and to investigate the potential effect of cerebellar theta bursts stimulations on the

motor network.

My contribution to this study was to analyse the extracellular recordings acquired

during optogenetic stimulation of the DN, as well as to participate to the surgeries,

the recording and the analysis of the optogenetic stimulation of the DN-CL pathway.

I discovered a constitutive alteration of the DN-VAL pathway in this model, with

an enhanced sensitivity to cerebellar stimulations in presymptomatic mice. Then, I

discovered that the first exposition of the model to the cholinergic agonist needed

to trigger symptoms lead to long lasting increases in the sensitivity of VAL, CL and

M1 to cerebellar stimulations. I observed that cerebellar theta-burst stimulations
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could induce plastic changes in VAL, CL, M1 and DLS fast-spiking neurons, which

could not be observed in asymptomatic mice of this model, suggesting an abnormal

cerbello-thalamic, cerebello-cortical and cerebello-striatal plasticity in DYT25.

Ultimately, I observed that the administration of cerebellar theta-burst stim-

ulations to symptomatic mice lead to a depression of the response to cerebellar

stimulations in the VAL, CL and M1.
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Abstract Dystonia is often associated with functional alterations in the cerebello-thalamic path-
ways, which have been proposed to contribute to the disorder by propagating pathological firing 
patterns to the forebrain. Here, we examined the function of the cerebello-thalamic pathways in a 
model of DYT25 dystonia. DYT25 (Gnal+/−) mice carry a heterozygous knockout mutation of the Gnal 
gene, which notably disrupts striatal function, and systemic or striatal administration of oxotremo-
rine to these mice triggers dystonic symptoms. Our results reveal an increased cerebello-thalamic 
excitability in the presymptomatic state. Following the first dystonic episode, Gnal+/- mice in the 
asymptomatic state exhibit a further increase of the cerebello-thalamo-cortical excitability, which 
is maintained after θ-burst stimulations of the cerebellum. When administered in the symptomatic 
state induced by a cholinergic activation, these stimulations decreased the cerebello-thalamic excit-
ability and reduced dystonic symptoms. In agreement with dystonia being a multiregional circuit 
disorder, our results suggest that the increased cerebello-thalamic excitability constitutes an early 
endophenotype, and that the cerebellum is a gateway for corrective therapies via the depression of 
cerebello-thalamic pathways.

Editor's evaluation
Baba Aissa et al. provide compelling evidence for a modulatory role of the cerebello-thalamo-striatal 
pathway in the pathology of DYT25 dystonia. Their results further suggest that cerebellar stimulation 
holds promise as a therapeutic intervention for treating dystonia.

Introduction
Dystonia is a class of neurological disease whose symptomatology is characterized by involuntary 
movements and abnormal postures, caused by the co-contraction of antagonistic muscles (Berardelli 
et al., 1998; Albanese et al., 2013). The wide clinical spectrum of dystonia, whether in causes or 
clinical manifestations, has hampered so far the identification of a common pathophysiological mech-
anism underlying the disease (Balint et al., 2018). If early studies have primarily highlighted the role of 
the basal ganglia in the onset of the disease, more recent studies have revealed strong dysfunctions in 
the motor cortex, thalamus, and cerebellum in dystonic patients, questioning which structural impair-
ments are primary or secondary causes of dystonia (Simonyan, 2018). Indeed, lesions in the basal 
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ganglia or in the cerebellum do not systematically induce a dystonic phenotype, and the onset of the 
disease is usually delayed following the lesions. Moreover, if the basal ganglia and cerebellum have 
been considered as therapeutic targets, approaches targeting these structures yielded inconsistent 
outcomes (Oyama and Hattori, 2021). These specificities led to the emergence of a new working 
hypothesis, that dystonia is a circuit disorder that has a diversity of triggering mechanisms but requires 
the interactions between several nodes of the motor network to reach a symptomatic state (Lehéricy 
et al., 2013; Prudente et al., 2014).

In line with the circuit disorder theory, studies of genetic forms of the disease have identified 
endophenotypes in the form of nonmotor symptoms, such as altered temporal discrimination threshold 
in nonmanifesting mutation carriers (Hutchinson et al., 2013), causing an inability of individuals to 
consider two subsequent stimuli as asynchronous if those are presented in a short amount of time. 
Such endophenotypes indicate an altered sensorimotor processing, which after amplification over 
time or through environmental interactions would lead to motor dysfunction. Anomalies in synaptic 
plasticity in the cortex and striatum have also been linked to dystonia in genetic forms of dystonia in 
rodent models (Calabresi et al., 2016). Cerebellar dysfunction preexisting to symptoms has also been 
observed in such models: nonmanifesting DYT6 mice exhibit an aberrant electrophysiological activity 
in the cerebellar cortex and nuclei, which is further disrupted in manifesting animals (van der Heijden 
et al., 2021). The functional connectivity in motor circuit may play an important role in the expression 
of symptoms. Indeed, DYT1 mutation carriers exhibit cerebello-thalamic disruptions, and the pene-
trance of DYT1 dystonia, as well as the severity of symptoms, is regulated by the structural integrity 
of cerebello-thalamo-cortical tracts (Argyelan et al., 2009). This observation has been reproduced in 
a mouse model of DYT1 (Uluğ et al., 2011), as well as a defect in cortico-striatal plasticity (Yu-Taeger 
et  al., 2020), supporting the possibility of an inter-dependence of cerebello-thalamic and striatal 
dysfunctions. Thus, animal models of genetic forms of dystonia support the idea of a circuit disorder, 
but also offer an opportunity to investigate the network alterations at the level of the cerebellum, 
basal ganglia, motor cortex, and their reciprocal connections.

DYT25 is a recently identified genetic form of primary torsion dystonia, characterized as an 
autosomal-dominant adult-onset disorder (Fuchs et al., 2013; Kumar et al., 2014). It is caused by 
loss-of-function mutations of the Gnal gene encoding Gα(olf), a G-protein stimulating adenylate 
cyclase activity, mainly expressed in the olfactory bulb and striatum, with a sparse expression in 
Purkinje cells of the cerebellar cortex (Belluscio et al., 1998; Vemula et al., 2013). The genetic alter-
ations discovered in DYT25 dystonic patients can be mimicked by heterozygous knockout mutation 
of the Gnal gene (Gnal+/−) (Pelosi et al., 2017). In this model, cAMP production is reduced in the stri-
atum, disrupting striatal functions, but the mice are devoid of dystonic symptoms in early adulthood. 
In agreement with a role of increased striatal cholinergic activity in dystonia (Pisani et  al., 2007), 
dystonic symptoms are induced by injections of a muscarinic cholinergic agonist (oxotremorine M) 
administered either systemically or in the striatum, but not in the cerebellum, and were prevented by 
the muscarinic antagonist, trihexyphenidyl, a drug alleviating symptoms in many dystonic patients. 
This indicates that an increase in striatal cholinergic tone is critical to the onset of the disorder (Pelosi 
et  al., 2017). This is consistent with a primary involvement of Gnal in striatal neurotransmission, 
despite its sparse expression in other brain regions (Zhuang et al., 2000; Corvol et al., 2001; Hervé 
et al., 2001; Corvol et al., 2007; Vemula et al., 2013).

Regardless of the heterogeneity in the function and expression of the genes involved in DYT1 and 
DYT25, these types of dystonia share many similarities. Strikingly, in animal models, similar alterations 
in cortico-striatal plasticity were observed in DYT1 and DYT25, suggesting common pathophysio-
logical mechanisms (Martella et al., 2021). While the alteration of cerebellum or cerebello-thalamic 
tracts has been linked to the expression of DYT1 in patients and mouse models (Argyelan et al., 
2009; Uluğ et al., 2011; Fremont et al., 2017), studies of DYT25 have remained focused on striatal 
alterations. However, an involvement of cerebello-thalamic tracts in the pathophysiology of DYT25 
remains an open question. Moreover, cerebellar stimulations have been shown to be beneficial in 
idiopathic cervical dystonia (Koch et al., 2014; Bradnam et al., 2016), and genetic mouse models 
of dystonia allow a finer dissection of the effects induced by this type of approach (van der Heijden 
et al., 2021). In contrast to the DYT1 mouse, the DYT25 mouse model has the additional advantage 
of being pharmacologically inducible, allowing the study of the network’s state in the presymptomatic 
and symptomatic states.
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In this study, we therefore investigated the functional connectivity and plasticity of cerebello-
thalamic tracts in the Gnal mouse model. We performed optogenetic stimulations in the cerebellar 
dentate nucleus (DN) and recorded activity in the ventrolateral thalamus (VAL, which projects to the 
motor cortex), centrolateral thalamus (CL, which projects to the striatum), primary motor cortex (M1), 
and dorsolateral striatum (DLS). We investigated the state of this network in the presymptomatic 
condition, symptomatic state, and asymptomatic state after the induction of the disease. Finally, in 
line with the therapeutic benefit of cerebellar stimulations in patients, we tested the effect of opto-
genetic θ-frequency stimulations of the DN on the plasticity of cerebello-thalamo-cortical tracts and 
on motor symptoms.

Results
Young adult Gnal+/- mice do not exhibit constitutive locomotor 
impairments
3–7-month-old Gnal+/- mice have been described as asymptomatic, without dystonic phenotype in 
control conditions (Pelosi et al., 2017). To further examine whether Gnal+/- mice exhibit constitutive 
motor deficit (taking into account gender), we performed a larger set of motor experiments, including 
vertical pole, horizontal bar, grid test, fixed-speed rotarod, gait test, and an open-field test (Figure 1, 
Supplementary file 1a).

We observed that the motor performance of Gnal+/- mice was not impaired in the vertical pole test 
(Figure 1A, Supplementary file 1a), horizontal bar test (Figure 1B, Supplementary file 1a), and grid 
test (Figure 1C, Supplementary file 1a). Females exhibited better performances in the horizontal bar 
test, regardless of their genotype.

Motor coordination was also examined in a fixed-speed rotarod test. We did not find significant 
differences between Gnal+/- and WT mice (Figure 1D, Supplementary file 1a), nor when comparing 
males and females for each speed step (Figure 1E, Supplementary file 1a).

In the gait test, we found no significant differences in gait width, alternation coefficient, linear 
movement, sigma, or length of stride (Figure 1F, Supplementary file 1a).

Finally, in spontaneous locomotion in the open field, we observed no significant differences between 
genotype and gender neither in median instantaneous speed nor in distance traveled (Figure 1G, J 
and K, Supplementary file 1a). Additionally, we included an analysis of the thigmotaxis and time 
spent exploring the center of the open field and observed no significant differences between geno-
types or genders in our mice (Figure 1H, I, Supplementary file 1a). In conclusion, motor activity and 
motor coordination are not impaired in young 3–7-month-old Gnal+/- mice; furthermore, no significant 
differences were observed between male and female Gnal+/- mice compared to their WT littermates, 
allowing us to merge genders in the following physiological experiments.

Thalamo-cortical alteration in Gnal+/- mice in presymptomatic and 
symptomatic states
To assess the functional connectivity of the ascending pathway connecting the cerebellum with the 
thalamus and motor cortex, we performed extracellular recordings of the VAL and CL thalamic nuclei, 
as well as M1 in awake freely moving young adult mice of both genotypes (Figure 2, Figure 2—figure 
supplement 1, Supplementary file 1b). Mice were recorded at the age of 3–7 months, at which 
Gnal+/- mice are asymptomatic, before the onset of an abnormality of motor coordination (Pelosi 
et al., 2017). VAL, CL, and M1 neurons presented no differences in firing rate between WT and Gnal+/- 
mice in basal conditions (Figure 2—figure supplement 2A, Supplementary file 1k and l).

To induce a dystonic-like phenotype in Gnal+/- mice (Pelosi et al., 2017), we then injected oxotrem-
orine M (0.1 mg/kg, i.p.), a nonselective cholinergic agonist in both WT and Gnal+/- mice. As described 
previously, this treatment induces in both genotypes a cholinergic shock, which translates into 
excessive salivation and lacrimation, as well as a persistent immobility. It also induces in Gnal+/- mice 
abnormal dystonic-like movements and postures. Oxotremorine-treated mice, whether WT or Gnal+/-, 
presented a significant decrease in the firing rate of VAL and M1 (Figure 2—figure supplement 2A, 
Supplementary file 1k and l). While oxotremorine did not modify the firing properties of CL neurons 
in WT mice, it decreased the firing rate of CL neurons in Gnal+/- mice (Figure 2—figure supplement 
2A, Supplementary file 1k and l). We then investigated the effect of a first exposure to oxotremorine 
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Figure 1. Young male and female Gnal+/- mice do not display motor coordination impairments. (A) Latency to climb down the vertical pole in male and 
female Gnal+/- (GNAL) and wildtype (WT) mice. (B) Latency to cross the horizontal bar. (C) Latency to fall during the grid test (30 s cutoff). (D) Latency 
to fall during the fixed-speed rotarod test separated by genotype, and (E) by gender and genotype. (F) Gait width, alternation coefficient, movement 
linearity, sigma, and stride length during the gait test. (G) Two-dimensional histograms showing the density of position of mice during open-field 

Figure 1 continued on next page
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on the regularity of firing patterns in the thalamus. We observed a significant decrease in CVisi of VAL 
neurons in both WT and Gnal+/- mice (Figure 2—figure supplement 3A, Supplementary file 1o and 
p). While oxotremorine did not modify the CVisi of CL neurons in WT mice, it was decreased for CL 
neurons in Gnal+/- mice (Figure 2—figure supplement 3A, Supplementary file 1o and p), suggesting 
an increased regularity of firing.

Overall, these results show no thalamic impairments in Gnal+/- mice in the presymptomatic state 
compared to WT mice but reveal differences between genotypes following the induction of dystonic-
like state using oxotremorine injection. Oxotremorine by itself affects VAL-M1 activity, while a sensi-
tivity of the CL was only found in Gnal+/- mice compared to WT mice.

First exposure to cholinergic agonist induces long-lasting changes in 
cerebello-thalamic excitability
The DN is the main output of the cerebellum towards the thalamus and is known to project both to 
the VAL and CL (Ichinohe et al., 2000; Teune et al., 2000). To probe the activity of these cerebello-
thalamic pathways, we hence paired recordings of these structures with low-frequency, low-intensity 
stimulations of the DN in Gnal+/- and WT mice not only in the presymptomatic state (saline-injected 
naive mice) and symptomatic (oxotremorine-injected mice) states, but also in an asymptomatic state 
(saline-injected mice at least 2 days after oxotremorine injection) (Figure  2C, Figure  2—figure 
supplement 2B and C).

In naive saline-treated mice, we found a significant increase in firing rate for the VAL, CL thalamus 
and M1 neurons during 100 ms DN stimulations in WT and Gnal+/-mice (Figure 2—figure supplement 
2B and C). Responses in the VAL were significantly larger in Gnal+/- than in WT mice, suggesting an 
increased responsiveness of this thalamo-cortical pathway in the presymptomatic state. We verified 
the absence of plastic changes of the responses in VAL, CL, and M1 induced by our low-frequency 
stimulation of the DN by showing the absence of significant difference between the average response 
to the first half of the stimulations (‘early’) and the second half of the stimulations (‘late,’ Figure 2—
figure supplement 2B and D, Supplementary file 1n).

Then, we examined the effect of acute exposure to oxotremorine on cerebello-thalamo-cortical 
projections. The naive saline-treated mice were thereafter injected with oxotremorine and subjected 
again to low-frequency stimulations (‘Oxo’ condition, Figure 2A and C). We did not observe any 
significant difference in response to DN stimulation in the VAL, CL, and M1 in comparison to naive 
condition, for both genotypes (Supplementary file 1c and d). This suggests that the first exposure to 
oxotremorine does not cause significant short-term changes in the cerebellar drive of thalamic nuclei 
and motor cortex.

In order to investigate a potential long-term effect of the exposure to oxotremorine on cerebello-
thalamo-cortical sensitivity, the mice were subjected once more to low-frequency, low-intensity opto-
genetic stimulations of the DN in saline conditions, 2 days after their first exposition to oxotremorine 
(‘Post-Oxo,’ asymptomatic condition, Figure 2A). While the acute exposure to oxotremorine yielded 
slightly increased responses in VAL neurons and decreased responses in M1 neurons in WT mice, 
Gnal+/- mice in the asymptomatic state presented a significantly larger response to DN stimulations in 
all recorded structures compared to the changes induced by oxotremorine in WT animals (Figure 2C, 
Supplementary file 1c and d), indicating an increased excitability of the cerebello-thalamic pathways 
in asymptomatic Gnal+/- mice following the first dystonia induction.

Overall, these results show that a single exposure of Gnal+/- mice to oxotremorine induces, in the 
cerebello-thalamic pathways, long-lasting functional alterations that are more pronounced than the 
mild alterations observed in the presymptomatic state.

Cerebello-thalamic plasticity is altered in asymptomatic Gnal+/- mice
The long-lasting increase after oxotremorine treatment in Gnal+/-mice of the excitability in the 
cerebello-thalamic connections could be associated with an alteration of their plasticity. To test this 

sessions, separated by gender and genotype. Thigmotaxis index (H), percentage of time spent in center (I), median instantaneous speed (J), and total 
distance traveled (K) during the open-field test. Reported statistics are the comparison of groups separated by gender and genotype using a Kruskal–
Wallis test, followed by a Dunn’s post-hoc test corrected using Holm–Sidak method. *p<0.05.

Figure 1 continued
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Figure 2. Exposure to oxotremorine causes a long-lasting increase in thalamic and cortical response to dentate nucleus (DN) stimulation in Gnal+/- 
mice. (A) Schematics describing the experimental design of thalamo-cortical recordings coupled with DN stimulation (top) and experimental timeline 
(bottom). (B) Examples of peristimulus time histogram (PSTH) and corresponding raster plot, centered on the onset of the cerebellar stimulation, of 
centrolateral thalamus (CL) neurons from the same recording site in a Gnal+/- mouse under saline condition, before being exposed to oxotremorine 
(‘naive,’ left) and 48–72 hr after being exposed to oxotremorine (‘Post-Oxo,’ right). Inset represents the average waveforms of the recorded neuron. (C) 
Distributions of responses to DN stimulations in naive condition (blue), under the acute effect of oxotremorine (red) and in saline post-oxo condition 
(green). Two-way ANOVA, with state and genotype as factors, followed by a Dunn’s post-hoc test corrected using Holm–Sidak method to compare 
states within genotype. *p<0.05, **p<0.01, ***p<0.001; &&&p<0.001 for ANOVA interaction term between states and genotype.

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. Electrophysiology recordings in thalamo-cortical and cerebello-striatal networks.

Figure supplement 2. Effects of initial exposure to oxotremorine and dentate nucleus (DN) stimulation on the thalamo-cortical network in wildtype 
(WT) and Gnal+/- mice.

Figure supplement 3. Effects of initial exposure to oxotremorine on the regularity of thalamic firing patterns in wildtype (WT) and Gnal+/- mice.
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possibility, we performed optogenetic θ-burst stimulations of the DN and examined the changes in 
thalamic and cortical responses to cerebellar stimulation by subsequently applying low-frequency DN 
stimulations (Figure 3).

In saline-treated WT mice, the comparison of the increase in firing rate induced by DN stimulations 
before and after θ-burst stimulations (Figure 3B and C) revealed a potentiation of the response in VAL 
and M1 neurons to the low-frequency stimulation (Figure 3D, Supplementary file 1e). On the other 
hand, in Gnal+/- mice, θ-burst stimulations failed to induce a significant potentiation in the responses 
of VAL, CL, or M1 neurons to DN stimulations, yielding significantly smaller θ-burst-induced changes 
in response to DN stimulations compared to WT mice (Figure 3D, Supplementary file 1e). We veri-
fied that these effects did not result from the recruitment of other brain structures over the duration 
of the 100 ms stimulation by quantifying the change in response in a short (10 ms wide) initial window 
corresponding to the putative afferent volley. This analysis reduced the spikes counts considered and 
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Figure 3. Asymptomatic Gnal+/- mice display an abnormal cerebello-thalamic plasticity induced by dentate nucleus (DN) θ-bursts. (A) Schematics 
describing the experimental design of thalamo-cortical recordings coupled with dentate nucleus-centrolateral thalamus (DN-CL) stimulation (top) 
and experimental timeline (bottom). All the mice received oxotremorine (0.1 mg/kg) in session 1, which took place 2–3 days before. (B) Example of 
peristimulus time histogram (PSTH) and corresponding raster plot, centered on the onset of the cerebellar stimulation, of a CL neuron from a wildtype 
(WT) mouse under saline condition, before θ-burst (left) and after θ-burst (right). Inset represents the average waveform of the neuron. (C) Overlay of 
PSTHs for the neuron shown in panel (B); the difference between the histograms is filled to highlight the potentiation or depression of the responses. 
(D) Impact of θ-burst stimulations administered in saline condition on the response to 100 ms DN stimulations. (E) Impact of θ-burst stimulations 
administered in saline condition on the afferent volley in response to 100 ms DN stimulation. Wilcoxon test for paired samples *p<0.05, **p<0.01, 
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thus decreased the signal/noise ratio of detection of potentiation. However, a reduction of θ-burst 
effect was observed in Gnal+/- mice compared to WT mice in VAL and CL neurons. In M1, the signifi-
cant θ-burst-induced potentiation was only observed in WT but not Gnal+/- mice (Figure 3E). Hence, 
in the saline condition, θ-burst stimulations of the DN induced a potentiated response for WT mice in 
motor thalamo-cortical pathways, whereas this potentiation was absent in Gnal+/- mice, indicating an 
impaired plasticity of cerebello-thalamic pathways in the asymptomatic state.

Effect of cerebellar stimulation on the cerebello-striatal pathway
The cerebello-CL-striatal pathway (Ichinohe et al., 2000; Bostan and Strick, 2010; Chen et al., 2014; 
Gornati et al., 2018; Xiao et al., 2018) has been shown to play a central role in certain forms of 
dystonia (Chen et  al., 2014). We therefore further investigated the functionality of the cerebello-
striatal pathway by recording awake freely moving mice where DN neurons were retrogradely infected 
from the CL with a ChR2-expressing AAV virus (Figure 4A). With the use of an optrode, we recorded 
the activity of DN neurons while performing optogenetic stimulations in the DN and recorded simul-
taneously extracellular activity from the DLS.

Using 100 ms low-frequency DN stimulations, we observed in both Gnal+/- and WT mice an 
increased firing rate in DN neurons consistent with the existence of a population of CL-projecting 
DN neurons (Figure 4B and C, Supplementary file 1f). Application of a θ-burst protocol in these 
mice (Figure 4—figure supplement 1, Supplementary file 1q) failed to induce a global potentia-
tion or depression of DN responses to subsequent low-frequency 100 ms stimulations (Figure 4D), 
suggesting that θ-burst stimulations in the DN do not result in a long-lasting change of excitability in 
the stimulated neurons. Finally, we examined the impact of oxotremorine injections on DN discharge 
and found, as in other recorded brain regions, a significant decrease in firing rate in DN neurons 
under oxotremorine conditions in both Gnal+/- and  WT mice (Figure  4—figure supplement 2A, 
Supplementary file 1r). However, contrarily to the impact of oxotremorine injections on CL discharge 
(Figure 2—figure supplement 2A), we found no such difference between the genotypes in the DN 
(Figure 4—figure supplement 2A, Supplementary file 1r). Interestingly, while dystonia has been 
associated with irregular cerebellar firing in other models of dystonia (LeDoux and Lorden, 1998; 
Chen et al., 2014; Fremont et al., 2014; Fremont et al., 2017; van der Heijden et al., 2021), the 
firing irregularity (as measured by the coefficient of variation of the interspike interval, CVisi) was not 
significantly modified under oxotremorine for WT and Gnal+/- mice, although DN neurons in Gnal+/- 
mice exhibited a stronger shift toward regular firing discharge under oxotremorine compared to WT 
mice (Figure 4—figure supplement 2B, Supplementary file 1r).

The impact of these DN stimulations was then examined in the DLS. DLS neurons exhibited a 
bimodal distribution of firing rate (Figure 4E), allowing to separate slow- and fast-spiking neurons 
corresponding to putative medium spiny neurons and interneurons (Her et al., 2016). Neurons from 
both populations in the DLS displayed significant departure from baseline firing during DN optoge-
netic stimulations in both WT and Gnal+/- mice, but there was no significant increase in the firing rate 
of the population over the whole stimulation interval (Figure 4F, Supplementary file 1f). Θ-burst 
stimulations of the DN also produced a rhythmic entrainment of the DLS fast-spiking populations 
(Figure 4—figure supplement 1B and C) consistent with a striatal entrainment through CL-projecting 
DN neurons.

Aberrant striatal plasticity in asymptomatic Gnal+/- mice
We then examined the long-lasting effect of θ-burst DN-CL stimulations on DLS responses in the 
saline condition (Figure 4G–J). In WT animals, DLS fast-spiking neurons exhibited increased responses 
to low-frequency 100 ms DN stimulations after θ-burst protocol, not only when taking into account the 
whole duration of the DN stimulation (Figure 4H and I), but also when focusing on the initial response 
(Figure 4J). This suggests that θ-burst DN stimulations increase the recruitment of DLS fast-spiking 
units through an oligo-synaptic pathway. In contrast, such change in response to DN low-frequency 
100 ms stimulations was absent in Gnal+/- mice in either type of units in the DLS following θ-burst 
stimulations. This observed difference between genotypes is consistent with the impact of θ-burst 
stimulations in the CL neurons in saline condition (Figure 3D and E) and thus indicates an impairment 
in cerebello-thalamo-striatal plasticity in asymptomatic (‘post-Oxo’) Gnal+/- mice.
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Figure 4. Dentate nucleus-centrolateral thalamus (DN-CL) θ-bursts potentiate the response of fast-spiking dorsolateral striatum (DLS) neurons to DN 
stimulation in WT wildtype (mice), but not in Gnal+/- mice. (A) Schematics describing the experimental design of cerebello-striatal recordings coupled 
with DN-CL stimulation (top) and experimental timeline (bottom). (B) Distributions of response amplitude in the DN to optogenetic stimulation in 
saline condition, before θ-bursts. (C) Example of peristimulus time histogram (PSTH) and corresponding raster plot, centered on the onset of the 

Figure 4 continued on next page
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Aberrant cerebello-thalamic plasticity in Gnal+/- mice in the 
symptomatic state
Since cerebellar θ-burst transcranial stimulation protocols have been shown to produce symptomatic 
relief in human motor disorders (Koch et al., 2014; Bradnam et al., 2016), we then examined the 
effects on motor circuits and behavior of θ-burst stimulations applied during oxotremorine-induced 
dystonia in our mice (Figure 5). Following oxotremorine administration, the increase in firing rate in 
response to low-frequency 100 ms DN stimulations in VAL, CL, and M1 neurons was stronger in Gnal+/- 
mice than WT mice (Figure 5B), as also found in the asymptomatic condition (Figure 2C).

In WT mice, θ-burst stimulations under oxotremorine did not induce lasting changes in the response 
of VAL and M1 neurons to low-frequency 100 ms DN stimulations, neither when taking into account 
the whole duration of stimulation (Figure 5E, Supplementary file 1i), nor when looking only at the 
initial response (‘afferent volley,’ Figure 5F, Supplementary file 1i). In contrast, θ-burst stimulations 
in Gnal+/- mice induced a lasting depression of the response to low-frequency cerebellar stimulations 
in VAL, CL, and M1 for the whole duration of the stimulation (Figure 5C–E, Supplementary file 1i). 
This depression was also observed in the afferent volley (Figure 5F, Supplementary file 1i). Thus, 
while cerebellar drive of the thalamus and cortex is enhanced in asymptomatic Gnal+/- mice, θ-bursts 
applied in symptomatic (but not asymptomatic, Figure 3E and F) Gnal+/- mice induce a decrease in 
the entrainment of the thalamus and M1 by the cerebellum.

Cerebellar θ-burst stimulations reduce dystonic symptoms in Gnal+/-

 mice
We then evaluated the effect of optogenetic θ-burst stimulations on the motor state of Gnal+/- mice 
compared to WT mice (Figure 5G–I). In Gnal+/- mice, oxotremorine consistently induced abnormal 
postures such as the extension of hind limbs from the body axis for >10 s, sustained hunched posture 
with little movements, slow walking with increased hind limb gait, yielding maximal dystonia scores, 
while only mild motor signs were observed in WT mice (Figure 5H, Supplementary file 1j). These 
observations are consistent with the previous findings in Gnal+/- mice (Pelosi et al., 2017) and indi-
cate that the surgical interventions (electrode and optical fiber implantation, AAV infections) did not 
impact the development of dystonic-type motor abnormalities.

DN optogenetic θ-burst stimulations decreased the abnormal motor state in Gnal+/- mice following 
oxotremorine injection (Figure  5H). To confirm these observations, we also evaluated the activity 
of mice by measuring the percentage of time spent moving in an open field (‘active wakefulness’) 
(Georgescu et al., 2018). In the saline-treated WT mice, DN optogenetic θ-burst stimulations had no 
significant effect on the active wake time. Similarly, in the asymptomatic Gnal+/- mice, θ-burst stimula-
tions did not significantly change the percentage of time spent in active wake (Figure 5I, Supplemen-
tary file 1j). In contrast, in the oxotremorine condition, the average active wake time decreased in 
both WT and Gnal+/- mice compared to saline, the effect being more pronounced in the mutant mice 
(Figure 5I). One session of DN optogenetic θ-burst stimulation was sufficient to increase the time 

cerebellar stimulation, of a DN neuron from a WT mouse under saline condition, before θ-bursts. Inset represents the average waveform of the neuron. 
(D) Impact of θ-burst stimulations administered in saline condition on the amplitude of response to 100 ms DN-CL stimulation. (E) Illustration of the 
criteria used to classify DLS neurons as slow spiking and fast spiking based on their mean firing rate using a threshold of 6 Hz (red line). (F) Distributions 
of striatal responses to DN-CL stimulation in saline condition, before θ-burst. (G) Example of a PSTH and corresponding raster plot, centered on the 
onset of the DN-CL stimulation, of a DLS fast-spiking neuron from a WT mouse under saline condition, before θ-burst (left) and after θ-burst (right). 
Inset represents the average waveform of the neuron. (H) Overlay of the PSTHs from panel (G); the difference between the histograms is filled to 
highlight the potentiation or depression of responses. (I) Impact of θ-burst stimulations administered in saline condition on the response to 100 ms 
DN-CL stimulation. (J) Impact of θ-burst stimulations administered in saline condition on the afferent volley in response to 100 ms DN-CL stimulation. 
Wilcoxon test for paired samples *p<0.05, **p<0.01, ***p<0.001. Mann–Whitney test for independent samples #p<0.05, ##p<0.01, ###p<0.001 for 
differences between genotypes.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. Dentate nucleus-centrolateral thalamus (DN-CL) θ-bursts elicit excitation in DN neurons and dorsolateral striatum (DLS) fast-
spiking neurons.

Figure supplement 2. Effect of oxotremorine on the firing of the dentate nucleus (DN).

Figure 4 continued



 Research article﻿﻿﻿﻿﻿﻿ Neuroscience

Aïssa, Sala, Georgescu Margarint et al. eLife 2022;11:e79135. DOI: https://doi.org/10.7554/eLife.79135 � 11 of 24

DN stim

CL (GNAL) Oxotremorine

CL (GNAL)
Oxotremorine, pre θ-burst

CL (GNAL)
Oxotremorine, post θ-burst

pre θ-burst
post θ-burst
potentiation
depression

0

4

8

D
el

ta
FR

 fr
om

 b
as

el
in

e 
(H

z)

2

6

0 100-100
Time (ms)

10

## ###

*** * ***

de
pr

es
si

on
po

te
nt

ia
tio

n
CL M1VAL

0

10

D
el

ta
FR

po
st

θ  
- D

el
ta

FR
pr

eθ
 (H

z)

5

-5

WT
GNAL

15

20

Change in early response
to cerebellar stimulation

de
pr

es
si

on
po

te
nt

ia
tio

n

CL M1VAL

0

10

D
el

ta
FR

po
st

θ 
 - 

D
el

ta
FR

pr
eθ

 (H
z)

5

-5

15

20

*** ** ***

# ### ###

Change in response to 
cerebellar stimulation

B

E FD

0
50

100
150

0
5

10
15

FR
 (H

z)
Tr

ia
l

FR
 (H

z)
Tr

ia
l

0
50

100
150

0
5

10
15

DN stim DN stim

0 50 100 150-50-100-150
Time (ms)

0 50 100 150-50-100-150
Time (ms)

AAV1/2-hSyn-
hChR2(H134R)

-eYFP

LED
M1

VAL
CL

Experimental design

Session 2: θ-burst + oxotremorine

DN stim

Oxotremorine

DN stim

DN 
θ-burst

0.25Hz
100ms

(10 min)

0.25Hz
100ms

(10 min)

pre 
θ-burst

post
θ-burst

8.33Hz
20ms

(2x40 s)

A

C

G H

0

1

2

3

4

GNAL +/-(n=14)

Oxotremorine
WT (n=11)

GNAL +/-(n=14)
WT (n=11)

pr
e-

Θ
po

st-
Θ

pr
e-

Θ
po

st-
Θ

*
*

I

0

5

10

15

20

25

30 50

Ac
tiv

e 
w

ak
e 

(%
) 

Ac
tiv

e 
w

ak
e 

(%
) 

0

2

4

6

8

Saline Oxotremorine

Time after 
injection(min)

30 50
Time after 

injection(min)

Abnormal postures after
Oxotremorine injection

 in GNAL+/- mice

0

10

20

30

D
el

ta
FR

 fr
om

 b
as

el
in

e 
(H

z)

WT
GNAL

Oxotremorine / pre θ-burst

CL M1VAL

#

#
###

Ab
no

rm
al

 m
ot

or
 s

co
re

Θ
-b

ur
st

Θ-burst

Figure 5. Dentate nucleus (DN) θ-bursts administered to symptomatic Gnal+/- mice induce a decreased response 
to DN stimulation and decrease motor symptoms of dystonia. (A) Schematics describing the experimental 
design of thalamo-cortical recordings coupled with DN stimulation (top) and experimental timeline (bottom). (B) 
Distributions of responses to DN stimulation in oxotremorine condition, before θ-burst. (C) Example peristimulus 
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spent in active wake in Gnal+/- mice (Figure 5I, Supplementary file 1j). Overall, these results indicate 
that DN optogenetic θ-burst stimulations decrease the dystonic phenotype in symptomatic Gnal+/- 
mice regarding both the abnormal motor scores and active wake deficit.

Discussion
Our results show that young adult Gnal+/- mice in the presymptomatic state, that is, without overt 
motor impairment, already exhibit altered cerebello-thalamic functional connectivity. After the first 
dystonic episode triggered by a cholinergic agonist, mutant animals, once returned to an asymptom-
atic state, exhibit further functional alterations of the cerebello-thalamic pathways, with a marked 
increase in cerebello-thalamic excitability and loss of potentiation of these functional connections by 
cerebellar θ-burst stimulations, which are also reflected downstream in the motor cortex and striatum. 
Finally, cerebellar θ-burst stimulations in the symptomatic state induce a functional depression of the 
cerebello-thalamic pathway absent from control mice, and this effect is accompanied by a reduction of 
the motor symptoms. This shows that in Gnal+/- mice before the first dystonia episode the cerebello-
thalamic tract exhibits an increased excitability that is amplified after the first episode and can thus 
be seen as a functional endophenotype. Indeed, the plasticity induced in this pathway via cerebellar 
stimulations reducing the cerebello-thalamic excitability exerts an effective therapeutic potential.

DYT25 penetrance and dystonia endophenotypes
Mutations in Gnal (DYT25) were first identified in 2012 (Fuchs et al., 2013) as a cause of primary 
torsion dystonia. DYT25 is known to be an adult-onset dystonia, with an age at onset ranging from 
7 to 63 years (average of about 30 years), and, although the onset occurs mainly in the neck (about 
80%), dystonia can affect various body parts, with generalization in 10% of the cases (Fuchs et al., 
2013; Miao et al., 2013; Vemula et al., 2013; Dufke et al., 2014; Kumar et al., 2014; Ziegan et al., 
2014; Saunders-Pullman et al., 2014; Carecchio et al., 2016; Dos Santos et al., 2016). Interestingly, 
the immunohistochemistry study in rats of Gα(olf), the protein encoded by Gnal, reveals labeling in 
the olfactory bulb, striatum, substantia nigra, and cerebellar cortex (Vemula et al., 2013). In the stri-
atum, Gα(olf) is closely associated with the G protein subunits, Gγ7 and Gβ2, and the type 5 adenylyl 
cyclase (AC5) to form a multi-molecular complex critical for cAMP production (Hervé, 2011; Xie 
et al., 2015) and mutations of Gγ7 and AC5 cause motor disorders, including dystonia, in animals and 
humans. Homozygous Gγ7 knockout mice, which have a severe impairment of Gα(olf) signaling in the 
striatum, display age-dependent dystonia (Sasaki et al., 2013). In addition, loss-of-function mutations 
of ADCY5, the human gene encoding AC5, are responsible for chorea with dystonia (Carapito et al., 
2015), whereas gain-of-function mutations cause dyskinesia with facial myokymia (Chen et al., 2015). 
Thus, the disruption of the striatal transduction pathway involving Gα(olf) likely plays a central role in 
the development of dystonia.

In the mouse striatum, expression of Gα(olf) highly increases between postnatal day 7 (P7) and P14 
(Iwamoto et al., 2004), a period during which motor skills of pups are developing intensely. More-
over, while juvenile rats (P14) displayed intense staining in cell bodies of striatal cholinergic neurons 
and medium spiny neurons, adult rats displayed a more diffused staining in the striatum, with a weaker 
staining in cholinergic neurons. Similarly, juvenile rats displayed a staining of the soma and dendrites 

time histogram (PSTH) and corresponding raster plot, centered on the onset of the cerebellar stimulation of a 
centrolateral thalamus (CL) neuron from a Gnal+/- mouse under oxotremorine condition, before θ-burst (left) and 
after θ-burst (right). Inset represents the average waveform of the neuron. (D) Overlay of the PSTHs from panel 
(C); the difference between the histograms is filled to highlight the potentiation or depression of the responses. (E) 
Impact of θ-burst stimulations administered in oxotremorine condition on the response to +/-ms DN stimulation. 
(F) Impact of θ-burst stimulations administered in oxotremorine condition on the afferent volley in response to 
100 ms DN stimulation. Wilcoxon test for paired samples *p<0.05, **p<0.01, ***p<0.001; Mann–Whitney test for 
independent samples #p<0.05, ##p<0.01, ###p<0.001 difference between genotypes. (G) Examples of dystonic 
postures in Gnal+/- mice following oxotremorine administration. (H) Average dystonia scores in Gnal+/- and wildtype 
(WT) mice following oxotremorine administration before and after DN θ-burst stimulations. (I) Change of average 
active wake percentage after one session of DN θ-burst stimulations in Gnal+/- and WT mice. Wilcoxon test 
*p<0.05 difference between pre- and post-θ-burst stimulations.

Figure 5 continued
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of Purkinje cells, while it was restricted to their soma in adult rats. These shifts in expression suggest 
that Gα(olf) plays a role in shaping neuronal networks and that the mutation of Gnal may cause an 
abnormal neuronal circuit development. DYT25 is inherited in an autosomal-dominant manner, but 
the penetrance of the disease is only partial (Fuchs et al., 2013; Vemula et al., 2013), and the higher 
penetrance and earlier childhood onset in carriers of the homozygous mutation (Masuho et al., 2016) 
is consistent with a contribution of Gnal to the maturation of the motor system.

While old (>1  year) Gnal+/- adult mice exhibit motor impairments and occasional dystonic-like 
posture (Pelosi et al., 2017), our results in young adult Gnal+/- mice failed to evidence motor deficits 
either in simple activities (locomotion and strength test) or in skilled movements (vertical rod, bar test, 
rotarod). They indeed provide a model of the presymptomatic stage of dystonia. Identifying presymp-
tomatic alterations may provide insights into the mechanism by which the network activity will shift 
toward the pathological state (mediational endophenotypes), although these alterations may simply 
be a side effect of the mutation unrelated to the disease (Hutchinson et al., 2013). In humans, several 
physiological markers were proposed as endophenotypes of primary dystonia. The tactile temporal 
discrimination threshold (TDT) is increased in different types of isolated dystonia, nonmanifesting 
DYT1-mutation carriers, and unaffected relatives of both familial and sporadic adult-onset dystonia 
patients, and the somatotopic representation of fingers in the S1 cortex was disorganized on both 
sides in unilaterally affected dystonic patients (Meunier et al., 2001). Inter-hemispheric inhibition, 
as assessed by dual-site paired-pulse TMS, is reduced in asymptomatic individuals but with a family 
history of dystonia (Bäumer et al., 2016). A critical issue is that these subclinical physiological alter-
ations may not be specific to dystonia: for example, TDT was found abnormal in Parkinson’s disease 
(Conte et al., 2016) and psychogenic dystonia (Morgante et al., 2011). Some neuroimaging studies 
also demonstrated a pattern of hypermetabolism of the basal ganglia, cerebellum, and supplemen-
tary motor area linked with DYT1 and DYT6 dystonia even in nonmanifesting gene carriers (Eidel-
berg et al., 1998; Trost et al., 2002). While cerebello-thalamic fiber tract integrity in these dystonias 
is diversely affected in all gene carriers, nonmanifesting subjects exhibit a combination of rather 
preserved cerebello-thalamic tract and reduced downstream thalamus-motor cortex tract, suggesting 
that symptom manifestation due to disrupted cerebello-thalamic communication may be prevented 
by reduced thalamo-cortical interactions, as seen in nonmanifesting carriers (Argyelan et al., 2009). 
Although our data did not reveal significant increases in neuronal activity in naive Gnal+/- mice that 
would compare to the hypermetabolism found in DYT1 or DYT6 patients, we found an anomalously 
high responsiveness of thalamus VAL neurons to cerebellar stimulations; since we found no difference 
in DN responsiveness to optogenetic modulations between genotypes, it is likely that this difference 
results at least in part from an increased synaptic transmission or postsynaptic excitability. The origin 
of this alteration is unclear but could result from structural defects or homeostatic regulations (i.e., 
compensatory mechanisms) of the cerebello-thalamic pathway.

Cerebello-thalamic network after dystonia induction in Gnal+/- mice
Oxotremorine injections affected both control and Gnal+/- mice, but induced dystonic postures in the 
mutant mice. While these injections induced an overall decrease in firing rate in the DN, VAL, and M1 
in both genotypes, the reduction in firing rate in the CL was only visible in mutant mice. Since only 
Gnal+/- mice expressed a strong dystonic phenotype, an oxotremorine-induced reduction of firing 
may correspond to a rather nonspecific effect of the cholinergic stimulation in the DN, VAL, and M1 
while the specific change in the CL of Gnal+/- most likely reflects abnormal activity in the thalamo-
striatal pathway in relation with dystonic symptoms. We did not observe a difference between geno-
types in the reduction of discharge or irregularity of DN neurons under oxotremorine in Gnal+/- mice, 
nor a decreased excitability to optogenetic stimulations. This contrasts with the observations from 
murine models of DYT1, DYT12, DYT6 dystonia or from dystonic dt rats, where increased irregularity 
of neuronal discharge is observed in the cerebellar nuclei (LeDoux and Lorden, 1998; Chen et al., 
2014; Fremont et al., 2014; Fremont et al., 2017; van der Heijden et al., 2021), as also seen in 
dystonia caused by cerebellar infusion with kainate (e.g., Pizoli et al., 2002). This increased discharge 
irregularity could therefore be a landmark of dystonia with a primary cerebellar contribution (LeDoux 
et al., 1993; Fremont et al., 2017). In contrast to these rodent models, dystonia in Gnal+/- mice might 
mainly result from the action of oxotremorine in the striatum of Gnal+/- mice (Pelosi et al., 2017) and 
hence exhibit less fewer abnormalities in the cerebellar nuclei discharge.
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The first dystonia episode in Gnal+/- mice was followed by strong and lasting increases in cerebello-
thalamic excitability and stronger responses to DN stimulations in the motor cortex in the asymp-
tomatic state. Such direct assessment of the cerebello-thalamic functional connectivity cannot be 
performed in patients. However, integrated measures of connectivity such as cerebellar brain inhibi-
tion (CBI, Ugawa et al., 1995), which measures – by subtraction – the tonic excitatory effect exerted 
by the cerebellar nuclei over the motor cortex, or the covariance of metabolic activity in the brain 
motor circuits, which reflects inter-regional functional connectivity, have been performed in several 
cohorts of dystonic patients (for the most part focal hand or cervical dystonia). These studies rather 
point toward a reduction of the entrainment of the cerebellum over downstream regions (Brighina 
et al., 2009; Koch et al., 2014; Filip et al., 2017; DeSimone et al., 2019; Porcacchia et al., 2019; 
Panyakaew et al., 2020; but see Kita et al., 2021). So far, the significance of these alterations is 
unclear: while a reduction of CBI was found in focal hand dystonia, it was either reduced or normal 
in cervical dystonia (Brighina et al., 2009; Koch et al., 2014; Porcacchia et al., 2019). In a rodent 
model of DYT12 dystonia, the cerebello-thalamic tract propagates pathological activities toward 
the striatum (Chen et al., 2014), suggesting that a decreased cerebello-thalamic functionality could 
exert a protective effect. Abnormal involvement of the cerebellum in the motor circuits has also 
been linked to the presence of tremor in dystonia (DeSimone et al., 2019), for which accumulating 
evidence correlates this feature with cerebellar dysfunction (Antelmi et al., 2017; Martino et al., 
2020). Indeed, dynamic causal modeling of brain activity from patients with dystonic tremor suggests 
a central contribution of the cerebellum and cerebello-thalamic pathway in this form of tremor (Nieu-
whof et al., 2022). Overall, the functional state of cerebello-thalamic pathway may thus depend on 
the type of dystonia. Our results suggest that in a type of dystonia with a primary striatal dysfunction 
(Pelosi et al., 2017) the hyperexcitability of the cerebello-thalamic tract could reveal an increased 
susceptibility to dystonia, already present in presymptomatic Gnal+/- mice  and further potentiated 
after the first dystonic episode; a decrease in functional connectivity could however correspond to a 
long-term adaptation of the cerebello-forebrain pathways, which did not take place in the timescale 
of our experiments.

Effects of θ-burst stimulations in Gnal+/- mice
Our results showed a differential sensitivity of the ascending cerebello-thalamic pathways to θ-burst 
stimulations of the DN in Gnal+/- and WT mice. In WT mice, these stimulations induce a lasting potenti-
ation of responses in the downstream structures. They do not affect the response in the DN, indicating 
that their effect occurs downstream either as an increase in thalamic excitability or as a potentiation 
of cerebello-thalamic synapses (Aumann et al., 2000). In contrast, in Gnal+/- mice, the θ-burst stim-
ulations failed to evoke a potentiation in saline condition. Since in these experiments the effect of 
DN stimulations on downstream structures has already been potentiated following the first dystonic 
episode, the failure to potentiate the responses to DN in the asymptomatic state could result from 
a saturation of the potentiation. In contrast, θ-burst stimulations administered in the presence of 
oxotremorine were followed by a depression of the cerebello-thalamic responses only in Gnal+/- mice, 
consistent with an abnormal cerebello-thalamic state or sensitivity to the cholinergic excitation.

Impaired plasticity is a landmark feature at cortico-striatal synapses in hyperkinetic disorders 
(Calabresi et  al., 2016) and also found for cortical plasticity in transcranial experiments in focal 
dystonia patients (Quartarone et al., 2005). So far, the effect of the cerebellum on plasticity at the 
level of the thalamus, cortex, or striatum in dystonia is not well understood. In healthy subjects, cere-
bellar transcranial θ-burst protocols alter the cerebral cortex responsiveness, intra-cortical inhibition, 
and propensity to develop sensorimotor plasticity in the cortex (Koch et al., 2008; Popa et al., 2010; 
Popa et al., 2013); these protocols generally fail, in focal dystonia, to restore the influence of the 
cerebellum on the cerebral cortex (Hubsch et al., 2013; Koch et al., 2014; Bologna et al., 2016; 
Bradnam et al., 2016; Porcacchia et al., 2019). Transcranial cerebellar stimulations are thought to 
recruit Purkinje cells and thus affect the cerebellar nuclei, but the site where these transcranial proto-
cols elicit plastic changes is not established. Interestingly, daily sessions of θ-burst protocols have 
been found to mildly improve the condition of dystonic patients (Koch et al., 2014; Bradnam et al., 
2016). Alternatively, deep brain (high frequency) stimulations in patients indicate an improvement 
of dystonia, and notably tremor, when performed in the cerebello-thalamic pathway (Cury et  al., 
2017; Coenen et  al., 2020). Stimulating the cerebellar nuclei has also been proven beneficial in 
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the treatment of secondary dystonia associated with palsy (Sokal et al., 2015). In all these studies, 
as in our experiments, the size effects of the treatment remained modest, but their impact on the 
life quality of patients may be noteworthy (e.g., Bradnam et al., 2016). Finally, repeated sessions 
of θ-burst stimulation might potentiate the effect (Meunier et al., 2015). In light of our results and 
consistent with the ‘protective’ effect of depressed cerebello-thalamo-cortical connections (Argyelan 
et al., 2009), the depression of the cerebello-thalamic pathway could thus be a mechanism by which 
cerebellar manipulations improve the condition of patients.

Gnal+/- mice display an abnormal striatal plasticity
We observed short-latency responses in the DLS following stimulations of CL-projecting DN neurons, 
consistent with the disynaptic cerebello-striatal connection (Bostan et  al., 2013) primarily relayed 
through the intralaminar thalamus (Ichinohe et al., 2000; Chen et al., 2014; Gornati et al., 2018) and 
targeting both interneurons and medium spiny neurons (Xiao et al., 2018). Additionally, we found 
that DN θ-stimulations induce a potentiation of the response of fast-spiking striatal neurons in control 
mice. This potentiation could result from the potentiation at the level of the CL; however, CL striatal 
afferents have been shown to be less prone to synaptic plasticity in medium spiny striatal neurons 
(Ellender et al., 2013), so the difference of effect of DN θ-burst between slow- and fast-spiking could 
also result to the recruitment of synaptic plasticity at the striatal level. In contrast to control mice, 
θ-burst stimulations did not induce cerebello-thalamo-striatal plasticity in asymptomatic Gnal+/- mice.

Defects in striatal plasticity have been found in murine models of primary dystonia DYT25 and DYT1: 
cortico-striatal synapses in DYT1 mice could undergo LTP but not LTD, and a previously-potentiated 
synapse could not be depotentiated (Maltese et al., 2014). Similarly, a loss of cortico-striatal LTD was 
observed in a DYT25 rat model. This loss of LTD could be rescued by blocking adenosine A2A recep-
tors (Yu-Taeger et al., 2020) or by negatively modulating mGluR5 receptors (Martella et al., 2021). 
Interestingly, the striatal inputs from the CL have been shown to shift the cortico-striatal plasticity in 
favor of LTP (Chen et al., 2014); therefore, the increased excitability of the DN-CL pathway after the 
first dystonic episode could participate to maintain potentiated cortico-striatal synapses. However, 
the cortico-striatal plasticity is controlled by many parameters, including notably the striatal acetylcho-
line (Deffains and Bergman, 2015), which is altered in dystonia. Further work clarifying the control 
of cortico-striatal plasticity by thalamic inputs (Mendes et al., 2020) is needed to understand how 
the cerebello-thalamo-striatal projections contribute to the impairments of cortico-striatal plasticity 
in dystonia.

In conclusion, our study investigates an original dystonia model that mimics the genetic alter-
ations discovered in patients suffering from the recently identified DYT25 dystonia and demonstrates 
the benefits of a model with a pharmacological switch between presymptomatic, symptomatic, and 
asymptomatic states. Although the striatum is likely the primary origin of functional alterations (Pelosi 
et al., 2017), our study reveals the presence of early abnormalities in cerebello-thalamic pathways in 
Gnal+/- mice and thus supports the view that dystonia is a motor network disorder. Furthermore, our 
results suggest that identifying cerebellar stimulation patterns that maximize the depression of the 
cerebello-thalamic pathway in patients could help improve therapeutic interventions.

Materials and methods
Animals
Experiments were performed in accordance with the guidelines of the European Community Council 
Directives. Gnal+/- mice were mated with C57BL/6J mice in order to obtain male and female Gnal+/- 
and WT littermates. Animals (males and females Gnal+/- and WT aged 3–7 months old) were kept at a 
constant room temperature and humidity on 12 hr light/dark cycle and with ad libitum access to water 
and food. All the motor control experiments were performed in males and females, and recordings 
were performed in freely moving mice.

Open-field activity
Mice were placed in a circular arena made of polyvinyl chloride with 38 cm diameter and 15 cm height 
(Noldus, Netherlands) and video-recorded from above. Each mouse was placed in the open field for 
5 min with the experimenter out of its view. The center of gravity of the mice was tracked using an 
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algorithm programmed in Python 3.5 and the OpenCV 4 library. Each frame obtained from the open 
field’s videos was analyzed according to the following process: open-field area was selected and 
extracted in order to be transformed into a grayscale image. A binary threshold was then applied 
to this grayscale image to differentiate the mouse from the white background. To reduce the noise 
induced by the recording cable or by particles potentially present in the open field, a bilateral filter 
and a Gaussian blur were sequentially applied since those components are supposed to have a higher 
spatial frequency compared to the mouse. Finally, the OpenCV implementation of the Canny algo-
rithm was applied to detect the contours of the mouse; the position of the mouse was computed as 
the mouse’s center of mass. The distance traveled by the mouse between two consecutive frames 
was calculated as the variation of the position of the mouse center point multiplied by a scale factor 
to allow the conversion from pixel unit to centimeters. The total distance traveled was obtained by 
summing the previously calculated distances throughout the entire open-field session. The speed was 
computed as the variation of position of center points on two consecutive frames divided by the time 
between these frames (the inverse of the number of frames per second). This speed was then aver-
aged by creating sliding windows of 1 s. After each session, fecal boles were removed and the floor 
was wiped clean with a damp cloth and dried after the passing of each mouse.

Horizontal bar test
Motor coordination and balance were estimated with the horizontal bar test, which consists of a linear 
horizontal bar extended between two supports (length: 90 cm; diameter: 1.5 cm; height: 40 cm from a 
padded surface). The mouse is placed on one of the sides of the bar and released when all four paws 
gripped it. The mouse must cross the bar from one side to the other, and latencies to cross the bar are 
measured in a single trial session with a 3 min cutoff period.

Vertical pole test
Motor coordination was estimated with the vertical pole test. The vertical pole (51 cm in length and 
1.5 cm in diameter) was wrapped with white masking tape to provide a firm grip. Mice were placed 
heads up near the top of the pole and released when all four paws gripped the pole. The bottom 
section of the pole was fixated to its home-cage with the bedding present but without littermates. 
When placed on the pole, animals naturally tilt downward and climb down the length of the pole to 
reach their home cage. The time taken before going down to the home-cage with all four paws was 
recorded. A 20 s habituation was performed before placing mice at the top of the pole. The test was 
given in a single trial session with a 3 min cutoff period.

Gait test
Motor coordination was also evaluated by analyzing gait patterns. Mouse footprints were used to 
estimate foot opening angles and hind base width, reflecting the extent of muscle loosening. The 
mice crossed an illuminated alley, 70 cm in length, 8 cm in width, and 16 cm in height, before entering 
a dark box at the end. Their hind paws were coated with nontoxic, water-soluble ink, and the alley 
floor was covered with sheets of white paper. To obtain clearly visible footprints, at least three trials 
were conducted. The footprints were then scanned and examined with the Dvrtk software (Jean-Luc 
Vonesch, IGBMC). The stride length was measured with hind base width formed by the distance 
between the right and left hind paws. The footprint pattern generated was scored for five parameters 
(Simon et  al., 2004). Step length, the average distance of forward movement between alternate 
steps, is defined as the distance of travel divided by the number of steps. Sigma, describing the regu-
larity of step length, is defined as the standard variation of all right-right and left-left step distance. 
Gait width, the average lateral distance between opposite left and right steps, is determined by 
measuring the perpendicular distance of a given step to a line connecting its opposite preceding 
and succeeding steps. Alternation coefficient, describing the uniformity of step alternation, is calcu-
lated by the mean of the absolute value of 0.5 minus the ratio of right-left distance to right-right 
step distance for every left-right step pair. Linearity, average change in angle between consecutive 
right-right steps is calculated by drawing a line perpendicular to direction of travel, starting at first 
right footprint. After determining angle between this perpendicular line and each subsequent right 
footprint, differences in angle were estimated between each consecutive step pair, and the average 
of absolute values of all angles was calculated.
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Grid test
The grid test is performed to measure the animal strength. It consists of placing the animal on a grid 
that tilts from a horizontal position of 0–180°. The time elapsed until the animal drops is recorded. The 
time limit for this experiment is 30 s. In those cases where the mice climbed up to the top of the grid, 
a maximum latency of 30 s was applied.

Fixed-speed rotarod
Motor coordination, postural stability, and fatigue were estimated with the rotarod (mouse rotarod, 
Ugo Basile). The mice were placed on top of the plastic roller facing away from the experimenter’s 
view and tested at constant speeds (5, 10, 15, 20, and 25 rpm). Latencies before falling were measured 
for up to 3 min in a single trial session.

Surgery
Two surgeries were performed. During the first surgery, AAV2/1.hSyn.ChR2(H134R)-eYFP.WPRE.hGH 
(700 nl) was injected into the dentate nucleus of cerebellum (DN) of the Gnal+/‐ and WT mice (−6 mm 
AP, ±2.3 mm ML, −2.4 mm depth from dura). After 3 weeks, implantation surgery was performed. For 
both surgeries, the mice were anesthetized either with a mixture of ketamine/xylazine or a mixture of 
isoflurane and O2 (3% for induction, 1.7% for maintenance). Injections with buprenorphine (0.05 mg/
kg, s.c.) were performed to control pain, and core temperature (37°C) was kept with a heating pad. 
The mice were fixed in a stereotaxic apparatus (David Kopf Instruments, USA). After a local midline 
lidocaine injection s.c. (2%, 1 ml), a medial incision was performed, exposing the skull. Small crani-
otomies were drilled above the recording sites and above the optic fiber location (above the virus 
injection site), and then the electrodes were stereotaxically lowered inside the brain. This procedure 
allowed us, in one experimental set, to record in the left motor cortex (M1) (AP +2 mm and –2 mm 
ML from the Bregma, DV = −0.5 mm depth from the dura), ventrolateral thalamus (VAL) (–1.34 mm 
AP, ML = −1.00 mm, and DV = −3.4 mm depth from the dura), and centrolateral thalamus (CL) (AP at 
–1.58 mm, ML = −0.8 mm, DV = −3.00 mm depth from the dura). On a second experimental set, we 
recorded in the left dorsomedial striatum (DLS, −6 mm AP,±2.3 mm ML, −2.4 mm depth from dura) 
and dentate nucleus of cerebellum (DN, −6 mm AP, ±2.3 mm ML, −2.4 mm depth from dura). The 
mice were implanted with bundles of extracellular electrodes for each recording site. The ground wire 
was placed on the surface of cerebellum. Super Bond cement (Dental Adhesive Resin Cement, Sun 
Medical CO, Japan) was applied on the surface of the skull to strengthen the connection between the 
bone and the cement. The cannulas and ground wire were then fixed with dental cement (Pi-Ku-Plast 
HP 36, Bredent GmbH, Germany). The bundles of eight electrodes were made in-house by folding 
and twisting the nichrome wire with a 0.005-inch diameter (Kanthal RO-800) (Menardy et al., 2019). 
The bundles were placed inside guide cannulas (8–10 mm length and 0.16–0.18 mm inner diameter, 
Coopers Needle Works Limited, UK) glued (Loctite universal glue) to an electrode interface board 
(EIB-16; Neuralynx, Bozeman, MT) with one wire for each channel and four channels for each brain 
region (M1, CL, VAL), extending 0.5 mm below the tube tip. Wires were then fixed to the EIB with gold 
pins (Neuralynx), and then the EIB was secured in place by dental cement. A gold solution (cyanure-
free gold solution, Sifco, France) was used for gold plating, and the impedance of each electrode was 
set to 200–500 kΩ.

Manipulations of cerebellar output
Because the cerebellar nuclei send projections in the contralateral thalamus that then connects 
with the M1 (Teune et al., 2000), optogenetic stimulations were performed in the contralateral 
cerebellar DN (left M1 and right DN). Light‐induced excitation of the cerebellar‐projection neurons 
was elicited by using an LED driver (Mightex Systems) through optical fibers radiating blue light 
(470 nm) unilaterally implanted into the deep cerebellar nuclei (light intensity of 1.5 mW/mm2). 
Optogenetic stimulations of the DN were either 100 ms, 0.25 Hz, or θ-burst stimulation, 20 ms, 
8.33 Hz, applied for 2 × 40 s with a 2 min pause in between and were performed before and after 
triggering the dystonic attacks by an oxotremorine methiodide (oxotremorine M) intraperitoneal 
injection.
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Electrophysiological recordings
The recordings began after at least 3 days of recovery and were performed on awake freely moving 
mice using a 16-channel acquisition system with a sampling rate of 25 kHz (Tucker-Davis Technology 
System 3, Tucker-Davis Technologies, Alachua, FL). We performed 60 min baseline recording in an 
open field, followed by a 60 min recording after a saline injection. Gnal+/- and WT mice were then 
injected intraperitoneally with oxotremorine methiodide (0.1  mg/kg, Sigma-Aldrich), dissolved in 
saline (NaCl 0.9 g/l), and recorded another 60 min with the same protocol as for saline. Optoge-
netic stimuli were applied to the DN at low-frequency stimuli of 100 ms, 1.5 mW/mm2, and 0.25 Hz. 
After 48–72 hr, a second session with θ-burst stimulations was performed. The mice were recorded 
60 min after the saline injection and then 60 min after the oxotremorine M1 injection using the same 
protocol as in baseline day except that after 30 min two θ-burst sessions of 40 s each with 2 min pause 
in between were applied (a total of 600 pulses for each condition). The stimulations induced small 
twitches but no major motor effect.

Histological verification of the site of optical fiber in DN and 
verification of the position of the electrodes
The animals were sacrificed with a single dose of pentobarbital (100 mg/kg, i.p.). Electrolytic lesions 
were performed to check the position of electrodes, mice were perfused with paraformaldehyde, 
and the brains were removed and kept in paraformaldehyde (4%). After slicing (using a vibratome at 
90 μm thickness), all sites of the recordings were verified by superposing the atlas (Allen Brain Atlas) 
on slices, with the closest anatomical landmarks from our lesions used as reference points. Injec-
tions in the CL usually encompassed the neighboring structures (lateral mediodorsal thalamus, medial 
posterior thalamus), which have little if any projection to the dorsolateral striatum, but touched also 
the anterior part of the parafascicular thalamus that may contribute in part to the cerebello-thalamo-
striatal pathway (Xiao et al., 2018).

Behavioral analysis
Video recordings monitored the motor behavior of Gnal+/‐ and WT mice in the open field. Dystonia 
severity was estimated using a previously published abnormal movement scoring scale (Jinnah et al., 
2000; Calderon et al., 2011; Pelosi et al., 2017) for every 10-min-long blocks of the recording after 
the oxotremorine M injection was given. The assessment was blinded for mouse genotype and was 
done by two members of the team. The scale uses the following scores: 0 = normal motor behavior; 1 
= no impairment, but slightly slowed movements; 2 = mild impairment: occasional abnormal postures 
and movements; ambulation with slow walk; 3 = moderate impairment: frequent abnormal postures 
and movements with limited ambulation; 4 = severe impairment: sustained abnormal postures without 
any ambulation or upright position. In addition, the total time of active wakefulness from the total 
time of recording (active wake percentages, AW%) was assessed for both states, pre- and post-
oxotremorine and pre- and post θ-burst stimulation. Active wake was considered as the state when 
the mouse is exploring the open field by walking in any direction and is expressed as a percentage 
of the total time of the recording (Georgescu et al., 2018). We evaluated the impact of θ-burst DN 
stimulation on the onset of dystonic‐like symptoms in saline‐ and oxotremorine‐treated Gnal+/‐ mice.

Electrophysiological analysis
Spike sorting was completed using homemade MATLAB scripts (MathWorks, Natick, MA) based 
on k-means clustering on PCA of the spike waveforms (Paz et al., 2006). In order to evaluate the 
activity of the same cells in similar conditions during experiments, we investigated the change of the 
firing rate probability in the thalamus and M1 motor cortex during cerebellar DN 100 ms stimulations 
after saline or oxotremorine M administration was done and analyses in one continuous session. The 
average increase in firing rate during the stimulation was determined by computing the peristimulus 
time histogram (bin: 10 ms) of the spikes around the stimulation; the spike count in the histogram 
was divided by the duration of the stimulation and the number of stimulations administered to yield a 
firing rate. The acceleration of discharge due to the stimulation was taken as the average spike count 
during the stimulation subtracted by the baseline (taken as the 300 ms that preceded the stimula-
tion onset). The response to stimulation was only analyzed in cells where at least one bin during the 
stimulation was four times larger than the standard deviation of the baseline values. To isolate in the 
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responses the part corresponding to the direct excitation (in the same neuron for DN recordings, after 
one synapse in the thalamus, and after two synapses in the cortex and striatum), we also measured the 
discharge in 10-ms-long windows: 0–10 ms after illumination onset in the DN, 4–14 ms after illumina-
tion onset in the thalamus, and 7–17 ms in the cortex.

Statistics
Figures represent the averages ± standard error of the mean (SEM). We used nonparametric tests: 
Wilcoxon and Mann–Whitney statistics (depending on whether the measures were paired or unpaired). 
For factorial analysis, we used repeated-measures ANOVA. The statistical values were computed in 
Python using the modules SciPy (version 1.5.4), statsmodels (version 0.12.2), and scikit_posthocs 
(version 0.6.1). Boxplots are composed of a box that extends from the first quartile to the third quar-
tile of the data, with a line at the median. The whiskers extend from the box by 1.5× the interquartile 
range, and data values falling outside the range of the whiskers are represented individually.
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Figure 1. Young male and female Gnal+/- mice do not display motor coordination impairments. (A) Latency to climb down the vertical pole in male and 
female Gnal+/- (GNAL) and wildtype (WT) mice. (B) Latency to cross the horizontal bar. (C) Latency to fall during the grid test (30 s cutoff). (D) Latency 
to fall during the fixed-speed rotarod test separated by genotype, and (E) by gender and genotype. (F) Gait width, alternation coefficient, movement 
linearity, sigma, and stride length during the gait test. (G) Two-dimensional histograms showing the density of position of mice during open-field 

Figure 1 continued on next page
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sessions, separated by gender and genotype. Thigmotaxis index (H), percentage of time spent in center (I), median instantaneous speed (J), and total 
distance traveled (K) during the open-field test. Reported statistics are the comparison of groups separated by gender and genotype using a Kruskal–
Wallis test, followed by a Dunn’s post-hoc test corrected using Holm–Sidak method. *p<0.05.

Figure 1 continued
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Figure 2. Exposure to oxotremorine causes a long-lasting increase in thalamic and cortical response to dentate nucleus (DN) stimulation in Gnal+/- 
mice. (A) Schematics describing the experimental design of thalamo-cortical recordings coupled with DN stimulation (top) and experimental timeline 
(bottom). (B) Examples of peristimulus time histogram (PSTH) and corresponding raster plot, centered on the onset of the cerebellar stimulation, of 
centrolateral thalamus (CL) neurons from the same recording site in a Gnal+/- mouse under saline condition, before being exposed to oxotremorine 
(‘naive,’ left) and 48–72 hr after being exposed to oxotremorine (‘Post-Oxo,’ right). Inset represents the average waveforms of the recorded neuron. (C) 
Distributions of responses to DN stimulations in naive condition (blue), under the acute effect of oxotremorine (red) and in saline post-oxo condition 
(green). Two-way ANOVA, with state and genotype as factors, followed by a Dunn’s post-hoc test corrected using Holm–Sidak method to compare 
states within genotype. *p<0.05, **p<0.01, ***p<0.001; &&&p<0.001 for ANOVA interaction term between states and genotype.
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Figure 2—figure supplement 1. Electrophysiology recordings in thalamo-cortical and cerebello-striatal networks. (A) Picture of a freely moving 
mouse during a recording coupled with optogenetic DN stimulation. (B) Schematics describing the experimental design of thalamo-cortical 
recordings coupled with DN stimulation. Guide cannulas with bundles of electrodes were inserted into left motor (M1), CL, and VAL. (C) Schematics 
describing the experimental design of cerebello-striatal recordings coupled with dentate-CL (DN-CL) stimulation. Guide cannulas with bundles of 

Figure 2—figure supplement 1 continued on next page
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electrodes were inserted into the DN and DLS; an optic fiber was inserted in the right DN. (D) Experimental timeline describing the protocol of two 
recording sessions: baseline (left) and θ-burst (right). (E) Example high-pass-filtered traces recorded in the M1, VAL, CL, DN, and DLS coupled with 
the corresponding spike-sorted units (left) and their average waveform (mean ± SD, right). (F) Example of cannula placement, optic fiber placement, 
and electrode position revealed by electrolytic lesions in M1, VAL, CL, DN, and DLS. The guide cannula for the electrodes is visible only when the 
angle of the brain slices was close enough to the angle of penetration. The localization of the targeted area and neighboring nuclei is outlined 
based on the Mouse Brain Allen Atlas (2011, version 2) (http://help.brain-map.org/download/attachments/2818169/AllenReferenceAtlas_v2_2011.
pdf?version=1&modificationDate=1319667383440&api=v2) and adjusted manually to correspond to the landmarks. CL: centrolateral thalamus; CM: 
centromedial thalamus; CTX: cortex; DLS: dorsolateral striatum; DMS: dorsomedial striatum; DN: dentate nucleus; IMD: intermediodorsal thalamus; IP: 
interposed nucleus; FG: fastigial nucleus; Hb: habenula; HPF: hippocampal formation; LD: laterodorsal thalamus; LP: lateral posterior thalamus; MD: 
mediodorsal thalamus; M1: primary motor cortex; M2: secondary motor cortex; PO: posterior thalamus; PVT: paraventricular thalamus; RT: reticularis 
thalamus; VAL: ventral anterior lateral thalamus; VM: ventromedial thalamus; VPM/VPL: ventral posterior medial/lateral thalamus; ZI: zona incerta; fr: 
fasciculus retroflexus; mmt: mammillothalamic tract.

Figure 2—figure supplement 1 continued
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Figure 2—figure supplement 2. Effects of initial exposure to oxotremorine and dentate nucleus (DN) stimulation on the thalamo-cortical network 
in wildtype (WT) and Gnal+/- mice. (A) Comparison of mean firing rate under saline and oxotremorine conditions in ventrolateral thalamus (VAL), 
centrolateral thalamus (CL), and primary motor cortex (M1). *p<0.05, **p<0.01, ***p<0.001 paired difference between treatment for the cells, &&p<0.01 
interaction between treatment and genotypes. (B) Example of peristimulus time histogram (PSTH) and corresponding raster plot, centered on the 

Figure 2—figure supplement 2 continued on next page
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onset of the cerebellar stimulation, of a CL neuron under saline condition, from a WT mouse (left) and Gnal+/- mouse (right). Inset represents the 
average waveform of the neuron. The first half of the stimulations is categorized as early (yellow) and the second half as late (purple). (C) Distributions of 
responses to DN stimulation under saline condition in VAL, CL, M1 (same as Figure 2C), here with comparisons between genotypes. Wilcoxon test for 
paired samples *p<0.05, **p<0.01, ***p<0.001 and Mann–Whitney test for independent samples ###p<0.001. (D) Comparison of the responses between 
early and late DN stimulation under saline condition, showing no evolution of responses due to low-frequency repetitive DN stimulation. No significant 
difference according to Wilcoxon test.

Figure 2—figure supplement 2 continued
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Figure 2—figure supplement 3. Effects of initial exposure to oxotremorine on the regularity of thalamic firing patterns in wildtype (WT) and Gnal+/-

 mice. (A) Comparison of CVisi under saline and oxotremorine conditions in ventrolateral thalamus (VAL) and centrolateral thalamus (CL). *p<0.05, 
**p<0.01, ***p<0.001 paired difference between treatment for the cells, &p<0.05 interaction between treatment and genotypes.
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Figure 4. Dentate nucleus-centrolateral thalamus (DN-CL) θ-bursts potentiate the response of fast-spiking dorsolateral striatum (DLS) neurons to DN 
stimulation in WT wildtype (mice), but not in Gnal+/- mice. (A) Schematics describing the experimental design of cerebello-striatal recordings coupled 
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cerebellar stimulation, of a DN neuron from a WT mouse under saline condition, before θ-bursts. Inset represents the average waveform of the neuron. 
(D) Impact of θ-burst stimulations administered in saline condition on the amplitude of response to 100 ms DN-CL stimulation. (E) Illustration of the 
criteria used to classify DLS neurons as slow spiking and fast spiking based on their mean firing rate using a threshold of 6 Hz (red line). (F) Distributions 
of striatal responses to DN-CL stimulation in saline condition, before θ-burst. (G) Example of a PSTH and corresponding raster plot, centered on the 
onset of the DN-CL stimulation, of a DLS fast-spiking neuron from a WT mouse under saline condition, before θ-burst (left) and after θ-burst (right). 
Inset represents the average waveform of the neuron. (H) Overlay of the PSTHs from panel (G); the difference between the histograms is filled to 
highlight the potentiation or depression of responses. (I) Impact of θ-burst stimulations administered in saline condition on the response to 100 ms 
DN-CL stimulation. (J) Impact of θ-burst stimulations administered in saline condition on the afferent volley in response to 100 ms DN-CL stimulation. 
Wilcoxon test for paired samples *p<0.05, **p<0.01, ***p<0.001. Mann–Whitney test for independent samples #p<0.05, ##p<0.01, ###p<0.001 for 
differences between genotypes.

Figure 4 continued
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Figure 4—figure supplement 1. Dentate nucleus-centrolateral thalamus (DN-CL) θ-bursts elicit excitation in DN neurons and dorsolateral striatum 
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Distributions of responses to DN-CL stimulation under saline condition in DN, DLS fast-spiking and slow-spiking neurons. Wilcoxon test for paired 
samples *p<0.05, **p<0.01, ***p<0.001. Mann–Whitney test for independent samples #p<0.05, ##p<0.01, ###p<0.001 difference between genotypes.
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Figure 5. Dentate nucleus (DN) θ-bursts administered to symptomatic Gnal+/- mice induce a decreased response 
to DN stimulation and decrease motor symptoms of dystonia. (A) Schematics describing the experimental 
design of thalamo-cortical recordings coupled with DN stimulation (top) and experimental timeline (bottom). (B) 
Distributions of responses to DN stimulation in oxotremorine condition, before θ-burst. (C) Example peristimulus 
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time histogram (PSTH) and corresponding raster plot, centered on the onset of the cerebellar stimulation of a 
centrolateral thalamus (CL) neuron from a Gnal+/- mouse under oxotremorine condition, before θ-burst (left) and 
after θ-burst (right). Inset represents the average waveform of the neuron. (D) Overlay of the PSTHs from panel 
(C); the difference between the histograms is filled to highlight the potentiation or depression of the responses. (E) 
Impact of θ-burst stimulations administered in oxotremorine condition on the response to +/-ms DN stimulation. 
(F) Impact of θ-burst stimulations administered in oxotremorine condition on the afferent volley in response to 
100 ms DN stimulation. Wilcoxon test for paired samples *p<0.05, **p<0.01, ***p<0.001; Mann–Whitney test for 
independent samples #p<0.05, ##p<0.01, ###p<0.001 difference between genotypes. (G) Examples of dystonic 
postures in Gnal+/- mice following oxotremorine administration. (H) Average dystonia scores in Gnal+/- and wildtype 
(WT) mice following oxotremorine administration before and after DN θ-burst stimulations. (I) Change of average 
active wake percentage after one session of DN θ-burst stimulations in Gnal+/- and WT mice. Wilcoxon test 
*p<0.05 difference between pre- and post-θ-burst stimulations.

Figure 5 continued
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The cerebellum regulates fear extinction

through thalamo-prefrontal cortex

interactions in male mice

In this study, we used a combination of anatomical tracings, pathway-specfic chemo-

genetic inhibition and multi-site extracellular recordings in the medio-dorsal thamala-

mus (MD) and dorso-medial prefrontal cortex (dmPFC) during extinction of fear

memory, in order to investigate the contribution of cerebello-thalamic projections

to the medio-dorsal nucleus of the thalamus.

My contribution to this study was to analyze the extracellular recordings previ-

ously acquired during optogenetic stimulation of the fastigial nucleus (FN) and dur-

ing the extinction of fear memory. I observed short latency increases of firing rate in

the MD and dmPFC following optogenetic stimulations of FN neurons. Moreover,

I revealed that the chemogenetic inhibition of FN-MD caused an increased burst-

ing activity. Then, I discovered a cortico-thalamo-cortical coupling of fear-related

4Hz oscillations, entraining bursting activity in the MD, which in terms promotes

a state of high oscillations in the system through. Ultimately, I revealed that the

chemogenetic inhibition of FN-MD increased 4Hz oscillations in the dmPFC during

extinction and enhanced the synchrony between the MD and the dmPFC, leading to

187



more bursting activity in the MD and more sustained oscillations in the dmPFC-MD

circuit, overall impairing fear extinction.
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The cerebellum regulates fear extinction
through thalamo-prefrontal cortex
interactions in male mice

Jimena L. Frontera 1,2, RomainW. Sala1,2, Ioana A. Georgescu1, Hind Baba Aissa1,
Marion N. d’Almeida1, Daniela Popa 1,3 & Clément Léna 1,3

Fear extinction is a form of inhibitory learning that suppresses the expression
of aversive memories and plays a key role in the recovery of anxiety and
trauma-related disorders. Here, using male mice, we identify a cerebello-
thalamo-cortical pathway regulating fear extinction. The cerebellar fastigial
nucleus (FN) projects to the lateral subregion of the mediodorsal thalamic
nucleus (MD), which is reciprocally connectedwith the dorsomedial prefrontal
cortex (dmPFC). The inhibition of FN inputs to MD in male mice impairs fear
extinction in animals with high fear responses and increases the bursting of
MDneurons, afiring pattern known toprevent extinction learning. Indeed, this
MD bursting is followed by high levels of the dmPFC 4Hz oscillations causally
associated with fear responses during fear extinction, and the inhibition of FN-
MD neurons increases the coherence of MD bursts and oscillations with
dmPFC 4Hz oscillations. Overall, these findings reveal a regulation of fear-
related thalamo-cortical dynamics by the cerebellum and its contribution to
fear extinction.

Impaired emotion regulation is a growing concern inmodern societies,
and is responsible for major behavioral dysfunctions. Indeed, the
failure to suppress fear responses underlies several anxiety disorders,
such as the post-traumatic disorder (PTSD). The extinction of condi-
tioned fear has been an essential paradigm to identify the brain net-
works and neural mechanisms involved in the suppression of fear1,2.
Growing evidence indicates that the cerebellum has multiple connec-
tions with the fear network3–5 review in ref. 6, and exhibits BOLD acti-
vations during emotion processing, notably in the medial part of the
cerebellum7–9. Recent evidence showed that the cerebellum is also
involved in fear extinction10–12 and exhibits anomalous functional
connectivity with the emotional network in PTSD13,14. However, little is
known on how this structure regulates fear memories.

Fear extinction results from the formation of a newmemory trace,
and is known to heavily rely on the medial region of the prefrontal
cortex (mPFC), composed of the dorsomedial (dmPFC) and

ventromedial (vmPFC) subdivisions, which play complementary roles
in fear extinction15–18. The mPFC is closely linked to other limbic
structures (eg. amygdala, hippocampus)19,20, and is reciprocally con-
nected to themediodorsal thalamic nucleus (MD)21–24, known to have a
substantial contribution in fear extinction learning25–29. Strikingly, dual
firing patterns have been associated with extinction learning in MD
thalamo-cortical neurons27. While the increase of tonic firing in MD
facilitates fear extinction, burst firing in MD neurons prevents fear
extinction learning.

Moreover, the interactions between the different structures of the
limbic network in the course of emotional processing have been
associated with neuronal synchronization30–32. Notably, the expression
of conditioned fear memories has been associated with prominent
synchronous 4Hz oscillations within dmPFC-basolateral amygdala
(BLA) circuit, which organize the spiking activity of local neuronal
populations and cause fear memory expression30,33,34.
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While the contributions of the mPFC, BLA, and MD to fear
extinction have been studied in detail, much less is known about the
contribution of the cerebellum. The cerebellum has been associated
with fear learning and freezing behavior35,36, review in ref. 37. Associa-
tive fear learning triggers the long-termpotentiation of synapses in the
cerebellar cortex38, and cerebellar vermis inactivation during con-
solidation phase weakens fear-relatedmemories39, suggesting that the
cerebellar plasticity participates to fear processing (but see ref. 40).
Recently, we have described a role of the cerebellum in fear memories
through its projections to the ventrolateral periaqueductal grey
(vlPAG)3. However, little is known about the interconnections of the
cerebellum with other limbic-related areas and their contributions to
the neurophysiological mechanisms involved in fear extinction.

In this study, we address these questions with a combination of
neuroanatomical tracing, chemogenetic manipulations, optogenetics

and electrophysiology in freely moving mice, and we describe a
pathway that links the cerebellum with the dmPFC via the MD and
regulates fear extinction.

Results
The MD nucleus is a thalamic relay between the FN and
the dmPFC
In order to examine the connectivity between the cerebellum and the
thalamic MD nucleus, known to play an important role in fear extinc-
tion, we injected a retrograde adeno-associated virus (AAV) in MD to
induce the expression of GFP in neurons projecting to this area
(Fig. 1a).We found in the cerebelluma robust retrograde labeling in the
cerebellar fastigial nucleus (FN) (Fig. 1b), notably in the caudal part
(Fig. 1c), and more abundantly in the medial area of the FN (Fig. 1d).
The distribution of retrogradely labeled neurons in FN were highly
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Fig. 1 | Cerebellar fastigial nucleus (FN) sends projections to the mediodorsal
thalamic nucleus (MD). a Retrograde tracing strategy by injection of retrograde
AAV-GFP in the MD. b Coronal cerebellar sections of FN with MD-projecting neu-
rons expressing retrograde AAV-GFP (green), and cell nuclei labeled with DAPI
(scale bar, 500 µm). c Quantification (mean +/− SEM) and antero-posterior dis-
tribution of retrograde GFP-labeled FN MD-projecting neurons (FN-GFP+) in cor-
onal sections (data from 6 mice). AP position is reported relative to Bregma.

d Distribution pattern of FN MD-projecting neurons (FN-GFP+) in coronal cere-
bellar sections across replicates (n = 6 mice, colors correspond to labeling from
different animals). (scale bar, 250 µm). See also Supplementary Fig. 1. Brain sche-
matic in panel a modified from the Allen Mouse Brain Atlas and Allen Reference
Atlas – Mouse Brain73,74 http://atlas.brain-map.org/atlas?atlas=1#atlas=1&plate=
100960384, http://atlas.brain-map.org/atlas?atlas=1#atlas=1&plate=100960136,
http://atlas.brain-map.org/atlas?atlas=1#atlas=1&plate=100960240.
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consistent across replicates (n = 6, Fig. 1d). Furthermore, we also found
cortical retrograde-labeled neurons projecting to MD, localized prin-
cipally in the dmPFC (composedby the anterior cingulate cortex (ACC)
and the prelimbic area (PL)) and less in vmPFC (mainly infralimbic
cortex (IL)) (Supplementary Fig. 1), consistent with previous studies
showing mPFC projections to MD21,41.

Since the MD is reciprocally connected with the dmPFC21–24, we
examined whether the areas of theMD that receive projections from

the cerebellar FN correspond to MD areas projecting to the dmPFC.
Using a combination of anterograde expression of AAV-mCherry in
the FN (Fig. 2a, c) and the retrograde Cholera-Toxin subunit B (CTB)
injection in the dmPFC (Fig. 2a, b), we found that the MD neurons
projecting to the dmPFC were preferentially localized in the medial
and the lateral MD (Fig. 2d, e), while the FN projections were prin-
cipally localized contralaterally in the lateral MD, surrounding the
MD neurons that project to the dmPFC (Fig. 2d, e). Thus, these
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Fig. 2 | MD as a high-order thalamic relay between the FN and the dmPFC.
a Strategy for neuroanatomical tracing by injections of anterograde AAV-mCherry
in the FN and retrograde CTB-488 in the dmPFC (n = 3 replicates). b Example of
CTB-488 injection site in the dmPFC (scale bar, 500 µm). cAAV-mCherry expression
in the cerebellar FN (scale bar, 500 µm).d Thalamic section exhibiting contralateral
FNprojections (mCherry, blue) and thalamic dmPFC-projecting neurons (CTB-488,
green) (scale bar, 500 µm). e Zoom-in from thalamus section ind (dotted line area),
showing the FNprojections toMD, preferentially into the lateral segment of theMD
(MDl). MDc: central segment of MD, MDm: medial segment of MD. (scale bar,
100 µm). f Schematic representation of viral strategy to localize FN-post-synaptic
neurons in MD. Anterograde trans-synaptic expression of cre by AAV9 and cre-
dependent expression of td-Tomato in MD. (n = 3 replicates) g MD exhibiting FN-

post-synaptic labeled neurons (arrow heads) with tdTom and co-localization of
calbindin expression detected by immunostaining (green). Cell nuclei labeled with
DAPI (blue). h Zoom-in from g (yellow dotted line area) exhibiting FN post-synaptic
MD neurons. i dmPFC sections exhibiting FN-post-synaptic MD neuronal projec-
tions in different cortical layers (scale bar, 100 µm). j Zoom-in from dmPFC section
in i (yellow dotted line area), cortical layers I-VI (scale bar, 100 µm). Brain sche-
matics modified from the Allen Mouse Brain Atlas and Allen Reference Atlas –
Mouse Brain73,74 from http://atlas.brain-map.org/atlas?atlas=1#atlas=1&plate=
100960136, http://atlas.brain-map.org/atlas?atlas=1#atlas=1&plate=100960240 in
panels a, f, and from http://atlas.brain-map.org/atlas?atlas=1#atlas=1&plate=
100960260 in panels d, e, g.
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results suggest the existence of a di-synaptic FN-MD-dmPFC
pathway.

To confirm the existence of this pathway, we used a trans-synaptic
strategy combining injections of anterograde trans-synaptic AAV ser-
otype 9 encoding cre-recombinase (cre) in the FN, with injections of
anterograde cre-dependent AAV-DIO-tdTomato in theMD (Fig. 2f). We
found tdTom-expression in MD neurons as a result of the anterograde
trans-synaptic transport of AAV9-cre from FN terminals (Fig. 2g).
Moreover, sinceMDdmPFC-projecting neurons have been reported to
express calbindin, we examined calbindin-immunoreactivity and
found that those tdTom-labeled MD neurons expressed calbindin
(Fig. 2g, h). Finally, we observed the tdTom-labeled projections of MD
neurons in the Layers I, III, V and VI of the dmPFC (Fig. 2i, j), confirming
that the MD neurons receiving FN inputs project to the dmPFC. Taken
together, our findings reveal the existence of a cerebello-dmPFC
pathway through the lateral part of MD that also receives inputs from
the dmPFC.

Optogenetic stimulations of FN induce short latency responses
in the MD and dmPFC
To study whether the FN input can drive MD and dmPFC neuronal
activity, we performed single-unit recordings in MD and dmPFC cou-
pled with optogenetic stimulation of Channelrhodopsin-2 (ChR2)-
expressing neurons in the FN in freely moving mice (Fig. 3a, b).
Optogenetic stimulation (100ms) of the FN induced an increase in
firing rate during light pulses, both in MD and dmPFC (Fig. 3c), while
FN illumination in absence ofChR2 expressiondidnot inducevariation
of the firing rate at the population level (Supplementary Fig. 2, all
statistics are detailed in the Supplementary File). During optogenetic
stimulation of the FN, we found that 49% of the MD recorded cells
(77/158 MD neurons, n = 10 mice) displayed a significant increase in
firing, whereas in the dmPFC 47% of the population (17/36 dmPFC
neurons, n = 7 mice) significantly increased their firing rate during the
light stimulation. Furthermore, among the responsive neurons in the
MD and the dmPFC, a smaller set (MD: 14 cells with latency <15ms;
dmPFC: 8 cells with latency <20ms) displayed short latencies of
response (Fig. 3d). While MD neurons showed an early and sustained
response, dmPFC neurons exhibited an initial increase in firing rate
that was further amplified around 50ms of stimulation (Fig. 3e, f).
These data suggest a potent excitatory effect of the FN input to MD
and dmPFC involving direct and indirect pathways.

Then, to test the direct and specific contribution of FN input to
MD neuronal responses, we combined retrograde AAV-cre injection in
theMDwith cre-dependent AAV-DIO-ChR2 injection in the FN (Fig. 3g,
n = 10mice). In these experiments, short illumination (10ms) of the FN
MD-projecting neurons expressing ChR2 produced short latency
responses in MD neurons (9/90 with latency ≤ 15ms, Fig. 3h). In con-
trast, no short latency responses were observed in the dmPFC but
some neurons exhibited a late increase in discharge (9/48 with laten-
cies >20ms, Fig. 3h). Thus, these results indicate a monosynaptic
excitatory connection between the FN and the MD, and in con-
cordancewith amodulatory roleof theMDondmPFCactivity in vivo42,
the activation of this pathway did not elicit a potent short-latency
activation of the dmPFC neurons.

Chemogenetic inhibition of the FN input to MD impairs fear
extinction
Since the MD and the dmPFC are involved in fear extinction15–18,27,28,
we then investigated the contribution of the FN-MD pathway to this
learning. For this purpose, mice were subjected to a Pavlovian fear
conditioning protocol (FC), which consisted of 5 conditioned sti-
mulus (CS, tone)-unconditioned stimulus (US, electrical foot-shock)
paired presentations, followed by three consecutive days of fear
extinction sessions (EXT), 25 unreinforced CS presentations
per session (Fig. 4d).

We examined the contribution of the FN input to MD during fear
extinction by specific chemogenetic inhibition of these projections.
We selectively expressed inhibitory DREADD receptors in the FN
neurons that target the MD, by injecting bilaterally retrograde CAV2-
cre in the MD, and cre-dependent AAV- hM4Di (named Gi) in the FN
(Fig. 4a–c).We then performed the FC and extinction sessions in these
mice (Fig. 4d) and quantified the fear response as the percentage of
time freezing during the CS.

After fear learning, control DREADD-expressing mice (saline-
injected, CT + SAL) extinguished the freezing response over 3 days of
extinction sessions (EXT1-3) (Fig. 4e). By contrast, mice under FN-MD
input inhibition (Gi+CNO) during the first two days of extinction (EXT1
and EXT2), exhibited an impairment of fear extinction (Fig. 4e, Sup-
plementary Fig. 3a, e). Both groups of mice had similar freezing levels
at the beginning of EXT1 (median CT + SAL = 68.1%, Gi + CNO= 71.2%).
Comparing mice expressing high levels of freezing during early EXT1
(above median) to mice expressing low levels freezing (below
median) revealed that the impairment of extinction was only visible in
the Gi+ CNOmice with the highest initial EXT1 freezing levels (Fig. 4e,
top), in which little if any extinction occurred during EXT1 and EXT2. In
contrastGi + CNOmicewith lower initial EXT1 freezing levels exhibited
normal extinction suggesting that FNMD-projecting neurons primarily
modulate extinction of high fear responses. During EXT3, without
chemogenetic inhibition, both groups of mice showed a decrease in
conditioned-fear response compared to EXT1 and EXT2, suggesting
that the inhibition of FN MD-projecting neurons partially suppressed
the expression of the learned extinction. Moreover, the basal freezing
levels during the habituation to context A (before FC) or context B
(before EXT1, EXT2 or EXT3, after SAL/CNO administration), were not
significantly different between groups (Fig. 4f), indicating that che-
mogenetic inhibition did not induce general freezing behavior, but
affected specifically the extinction of the freezing response to the CS.
We verified that the dose of CNO used i.p. in our experiments had no
effect per se on freezing or extinction learning, by performing FC and
EXT sessions in sham mice (mice subjected to the same surgery pro-
cedure with infusion of AAV-mCherry instead of DREADD), injected
with saline or CNO during EXT1 and EXT2. No differences were found
between CNO and saline sham control mice, indicating that CNO had
no effect in the absence of DREADD expression (Supplementary
Fig. 3b, f). Altogether, these results indicate that FNneurons projecting
to the MD modulate fear extinction.

To investigate if the effect observed by inhibition of FN MD-
projecting neurons involves the FN inputs to theMD, we induced local
inhibition of the DREADD-expressing FN terminals in MD, by intra-
cranial local infusion of CNO in MD. In this set of experiments, mice
expressing Gi in the FN-MD terminals received either SAL or CNO
(0.5mM) infusions, while another group of sham mice received the
CNO (0.5mM) infusion, 10min before the EXT1 and EXT2. In con-
cordance with the effect observed following the systemic administra-
tion of CNO, freezing levels were significantly higher in the Gi-CNO
group at late EXT1, compared to both CT + SAL and CT +CNO control
groups (Supplementary Fig. 3c, g). This effect was not observed in
EXT2, but this may be due to the experimental limitations of repeated
intracranial infusions. Overall, this result supports the hypothesis that
FN influence on fear extinction is mediated by its input to MD.

The increased freezing observed during extinction following FN-
MD inhibition could result from a disruption of the expression of
conditioned fear (potentiation of fear expression, or disruption of fear
suppression) rather than an effect on the extinction learning pro-
cesses. If this was the case, FN-MD inhibition only during the
EXT3 should result in an increased freezing. However, this experiment
did not reveal significant differences between the FN-MD inhibited and
control group (Supplementary Fig. 3d, h), indicating that this pathway
does not simply modulate fear expression but also the extinction
learning.
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Overall, these data indicate that the FN input to MD modulates
the fear extinction in normal conditions, and that inhibiting
this input leads to a deficiency in the extinction of the fear
response.

FN input to the MD is not involved in anxiety behavior or
nociception sensitivity
The mPFC-limbic circuit is also recruited in anxiety19. Thus, in order to
testwhether theFN input toMDcontributes to anxiety-likebehavior,we
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Fig. 3 | Optogenetic stimulation of FN input to MD induced responses in MD
and dmPFC. a Strategy used for the specific optogenetic stimulation of FN neu-
rons, representing the local injection of anterograde AAV-ChR2-eYFP in the FN and
the implantation of recording electrodes in MD and dmPFC. b Example of high-
passed filtered trace of a recording channel in MD (left) and spike shapes of single
units from MD (average ± SD), after spike sorting (right). c Example PSTH (5ms
bins, bottom) and rasterplot (top) of a MD cell (left) and dmPFC cell (right) during
100ms optogenetic stimulation of the FN. The light stimulation is represented by a
blue rectangle. dCumulative histograms showing the latency of neuronal response
of responsive cells in MD and dmPFC triggered by 100ms optogenetic stimulation
of the FN. e PSTH (5ms bins) displaying the change in firing rate (average ± SEM) of
responsive cells during 100ms optogenetic stimulation of the FN in MD (left), and
in dmPFC (right). The light stimulation is representedby a blue rectangle. fAverage

change in firing rate of responsive cells during 100ms optogenetic stimulation of
the FN. Wilcoxon test, (77 MD neurons from 10 mice, 17 dmPFC neurons from 7
mice) ***p <0.001. Boxplots represent quartiles and whiskers correspond to range;
points are singled as outliers if they deviatemore than 1.5 x interquartile range from
the nearest quartile. g Strategy used for the specific optogenetic stimulation of the
FN inputs in MD, by injection of retrograde AAV-cre-mCherry in the MD and
anterograde cre-dependent AAV-DIO-ChR2-GFP in the FN, and the implantation of
recording electrodes inMD and dmPFC. h PSTH displaying the change in firing rate
(average ± SEM) of responsive cells following 10ms optogenetic stimulation of the
FN inMD (left, 5ms bin), and in dmPFC (right, dmPFC, 20ms bin). Data available at
doi:10.5061/dryad.9kd51c5ng. Detailed statistical results are available in the Sup-
plementary Tables referenced by panel numbers.
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performed different anxiety tests under chemogenetic inhibition of FN-
MD projections: open field (Supplementary Fig. 4a), elevated plusmaze
(Supplementary Fig. 4b) and dark-light box (Supplementary Fig. 4c).
There were no differences between the control and the FN-MD inhibi-
tion groups. Overall, these results indicate that the inhibition of FNMD-
projecting neurons do not significantly affect anxiety behavior.

Since the MD also receives spinal nociceptive inputs and it is
involved in the processing of negative affective aspects of pain43, we
examined the sensitivity of the mice to painful stimuli, using hot plate
and tail immersion tests (Supplementary Fig. 4d). The results showedno
alteration in the sensitivity under inhibitionof FN input toMD, indicating
that the inhibitionof FN-MDprojectionsdoesnotmodulatenociception.

Overall, our behavioral results suggest that cerebellar FN-MD
projections contributemore specifically to the fear extinction learning
process than to other MD-dmPFC functions related to negative emo-
tions, such as anxiety and nociception.

Inhibition of the FN input to MD increases thalamic bursting
Previous work showed that high-frequency bursts of action potentials
in MD prevented fear extinction while an increased tonic firing in the

MDpromoted fear extinction learning27. Since inhibition of FN input to
MD impaired fear extinction, an increased bursting in theMDcould be
a possible mechanism that explains our findings. Thus, we examined
how the chemogenetic inhibition of the FN input to MD affects burst
firing in the MD (Fig. 5). We used the Robust Gaussian Surprise
method44 (Fig. 5a, b) to detect bursts in the MD and quantify two
bursting parameters: the burst occurrence (number of bursts
per second) and firing rate within-bursts. All MD cells exhibited some
bursting activity.

The inhibition of FN-MD input during EXT1 induced an increase in
burst occurrence compared to the FC, both in the baseline (before first
CS presentation) and during CS presentation (Fig. 5c, d). Notably, the
burst occurrence in EXT1 was higher in the Gi + CNO group compared
to the control, during baseline (when fear expression is enhanced,
Fig. 4f right) and during CS presentation (Fig. 5c), and was reversed to
values close to baseline during EXT3. While the burst occurrence was
increased by the chemogenetic inhibition of FN-MD input, the firing
rate within-burst was not different than the control mice, suggesting
that bursting intensity in the MD was not altered by the disruption of
FN-MD (Fig. 5d). Taken together, these data indicate that the FN-MD

d

5 x CS-US 25 x CS 25 x CS 25 x CS
Context A Context B Context BContext B

Saline/CNO Saline/CNO

FC Extinction 1 Extinction 2 Extinction 3

FN

mCherry
GFP

ca
CAV2-cre-GFP

AAV-hSyn-DIO-hM4Di
-mCherry

MD
FN

MD MD

GFPb

Early LateMid. Early LateMid. Early LateMid.CS1 CS5

Early LateMid. Early LateMid. Early LateMid.CS1 CS5

e
CT+SAL n=5
Gi+CNO n=6

0

100
* ** ** *

0

100

EXT1
%

 F
re

ez
in

g
EXT2 EXT3FC

EXT1

%
 F

re
ez

in
g

EXT2 EXT3FC

Highest initial EXT1 freezing animals

Lowest initial EXT1 freezing animals

f

%
 F

re
ez

in
g

%
 F

re
ez

in
g

Highest initial EXT1 freezing animals

Lowest initial EXT1 freezing animals

0

50

0

50

Context A
preFC

Context B
preEXT1

Context B
preEXT2

Context B
preEXT3

Context A
preFC

Context B
preEXT1

Context B
preEXT2

Context B
preEXT3

CTL+SAL

Gi+CNO

CT+SAL n=5
Gi+CNO n=6

Fig. 4 | FN input to MD modulates fear extinction. a Chemogenetic strategy to
inhibit specifically the activity of FN-MD input, bilateral retrograde expression of
cre recombinase in MD by CAV2-cre-GFP infusion and anterograde cre-dependent
expression of inhibitory DREADD (hM4Di (Gi)) in the cerebellar FN. b Injection site
of CAV2-cre-GFP in the MD. c Cre-dependent expression of inhibitory DREADD
reported by mCherry fluorescence in the FN (scale bar, 250 µm). d Classical fear
conditioning and extinction protocol used. FN-MD projections were inhibited by
CNO administration during extinction 1 and 2. e FN-MD input inhibition (Gi+CNO,
n = 12) during extinction sessions 1 and 2 reduced extinction of fear response
compared to the control group (CT + SAL, n = 10). The mice were separated in two

groups of same size expressing respectively the highest and lowest freezing levels
on the Early stage of EXT 1. Lines represent mean ± SEM. Post-hoc two-sided t-test
Holm-Sidak corrected, *p <0.05. f FN-MD chemogenetic inhibition of FN-MD input
did not affect basal levels of freezing during habituation to the context of fear
conditioning (Context A) or extinction (Context B), compared to the control mice;
same groups and statistics as in panel e. Boxplots represent quartiles and whiskers
correspond to range; points are singled as outliers if they deviate more than 1.5 x
interquartile range from thenearestquartile,p >0.05.Data available atdoi:10.5061/
dryad.9kd51c5ng. Detailed statistical results are available in the Supplementary
Tables referenced by panel numbers.

Article https://doi.org/10.1038/s41467-023-36943-w

Nature Communications |         (2023) 14:1508 6



input participates in the regulation of burst firing in MD neurons and
its inhibition results in an increased MD bursting activity in periods
where fear expression is higher.

dmPFC 4Hz oscillations and neuronal dynamics in the MD
During fear extinction, the fear expression (conditioned-freezing) is
associatedwith 4Hz olfactory-entrained oscillations in the dmPFC and
amygdala, anticipating and causing freezing occurrence30,45. To further
investigate the interactions between MD and dmPFC during fear
extinction, we studied how MD neuronal activity is related to the
dmPFC 4Hz local field potential (LFP) oscillations.

Consistently with the observations of Karalis et al.30, we observed
high levels of 4Hz oscillations in the LFP of the dmPFC induced by the
presentation of the CS in EXT1 (Fig. 6a), with peaks of Power Spectrum
Density (PSD) in the 4Hz range (2–6Hz) (Fig. 6b). We found an
increased fraction of the PSD associated to 4Hz oscillations during CS
compared to baseline in both experimental groups (Fig. 6c), consistent
with the increase in fear responses during the CS. Moreover, the
fraction of the PSD associated to 4Hz oscillations during CS was
increased under inhibition of FN input to MD, compared to control
mice, consistent with the higher expression of fear response in
this group.

Next, we examined themodulation ofMD activity by dmPFC 4Hz
oscillations during CS presentations. MD neuronal activity exhibited a
negative correlation with the amplitude of dmPFC 4Hz oscillations
during CS in both experimental groups, indicating a reduction of MD
firing rate during high 4Hz inmost cells (Fig. 6d, e). We then identified
episodes of high 4Hz oscillations and found a significant reduction in
burst occurrence in the MD during these episodes (Fig. 6f). However,
the down-modulation of MD bursting by dmPFC 4Hz oscillations was

significantly milder during CS when the FN input to MD was inhibited
(Fig. 6f), yielding anoverall higher burst occurrence during episodes of
high dmPFC 4Hz oscillations during CS (Fig. 6g).

All together, these data indicate an inhibition of theMDbydmPFC
4Hz oscillations associated with freezing during fear extinction, and
that the disruption of the FN-MD pathway during extinction results in
an increased bursting during CS-related freezing.

Phase-locking ofMD bursting to dmPFC 4Hz oscillations during
fear extinction
Sustained fear expression relies on the maintenance of dmPFC 4Hz
oscillations46. We therefore examined how MD bursting is related to
the dynamics of these oscillations. The average dmPFC LFP aroundMD
bursts during episodes of high dmPFC 4Hz revealed a slow oscillatory
component centered on a positive peak in the dmPFC LFP, with a peak-
to-peak latency compatible with a 4Hz oscillation (Fig. 7a), suggesting
that the MD bursting is organized around positive peaks of dmPFC
4Hz oscillations. In agreement with this, the MD bursting (pooled
across mice) displayed a significant phase-locking to dmPFC 4Hz in
both control and FN-MD inhibited mice, with a preferred phase close
to the positive peaks of dmPFC 4Hz oscillations (Fig. 7b), but the
amplitude of modulation appeared larger following FN-MD inhibition.
In concordance with this global MD observation, individual MD neu-
rons showed phase-locking around a preferred phase close to the
positive phase of dmPFC LFP (Fig. 7c), and a higher concentration of
the individual preferred phases (measured by the distribution of
angular distance between preferred bursting phases and dmPFC 4Hz
positive peak) was observed under FN-MD input inhibition indicating a
more consistent phase locking of MD bursting to dmPFC 4Hz oscil-
lations in this condition (Fig. 7d, Supplementary Fig. 5a). These results
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show that the MD bursting is temporally organized by dmPFC 4Hz
oscillations during fear extinction, and that the inhibition of FN-MD
pathway during extinction increases the phase locking ofMD bursting
to dmPFC 4Hz oscillations.

While these results suggest that MD bursting is entrained by
dmPFC 4 Hz oscillations, we investigated whether the occurrence
MDbursting would reciprocally impact on the amplitude of the later
dmPFC 4 Hz oscillations. The comparison of 4 Hz oscillation
amplitude 500ms before and after MD bursting during CS pre-
sentations revealed that the amplitude of dmPFC 4 Hz oscillations
after MD bursting was significantly higher than before bursting if
the bursting occurred during episodes of high dmPFC 4 Hz, in both
experimental groups (Fig. 7d). Indeed, this increase in amplitude
was higher if the bursting occurred during episodes of high dmPFC
4 Hz compared to episodes of low dmPFC 4 Hz, as displayed by an
increased ratio of dmPFC 4 Hz amplitude after/before MD bursting
(Fig. 7e). In the case of MD bursting occurring during episodes of

low dmPFC 4 Hz, the amplitude after burst was not significantly
different from the amplitude preceding the burst (Supplementary
Fig. 5b). Thus, these data suggest that MD bursting during episodes
of high dmPFC 4 Hz contributes in both groups to the maintenance
of these oscillations.

dmPFC-MD4Hz coherence ismodulated by the FN inputs toMD
Since our data showed that dmPFC 4Hz oscillations can organize MD
neuronal activity, we then investigated the presence of an oscillatory
4Hz component in the MD LFP. Interestingly, similar to our previous
observations in the dmPFC, the presentation of the CS during fear
extinction resulted, in both experimental groups, in high levels of 4Hz
oscillations in the LFP of the MD synchronized with the dmPFC oscil-
lations (Fig. 8a). This was evidenced by the presence of peaks in the
Power SpectrumDensity (PSD) in the 4Hz range (2–6Hz) (Fig. 8b), and
by an increased fraction of the PSD associated to 4Hz oscillations
when compared to baseline (Fig. 8c).
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sided. Detailed statistical results are available in the Supplementary Tables refer-
enced by panel numbers.
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4Hz filtered LFP traces (2–6Hz) from the dmPFC and MD
recording sites were strongly correlated in both control and FN-MD
inhibited groups (Fig. 8e), with maxima in the cross-correlograms
present at short negative lags (Fig. 8e), suggesting that dmPFC 4Hz
oscillations entrain MD 4Hz oscillations. This observation was con-
firmed by the presence of a sharp 4Hz peak in the Generalized Partial
Directed Coherence (GPDC) in dmPFC-to-MD direction (Fig. 8f). Fur-
thermore, the 4Hz GPDC in the dmPFC-to-MDdirection was increased
in the FN-MD inhibition group compared to the control (Fig. 8g),
indicating that the inhibition of the FN-MD pathway increases the
contribution of dmPFC to MD 4Hz oscillations.

Since our data showed that MD bursting was followed by an
increase in dmPFC 4Hz amplitude, we then investigated the effect of
MD bursting on the coherence between the MD and dmPFC 4Hz
amplitude. Our study revealed a transient increase in MD-dmPFC 4Hz
coherence after MD bursting during periods of high dmPFC 4Hz
oscillations (Fig. 9a, b). Indeed, when comparing the average baseline
coherence preceding the burst (1000–250ms before the
burst) between the two treatments, we observed higher levels of 4 Hz
MD-dmPFC coherence in Gi + CNO mice compared to CT + SAL
(Fig. 9c), but MD bursting was followed in both cases by a short-term
increase in cortico-thalamic coupling for a duration of about one cycle
of 4Hz oscillations (Fig. 9d). Overall, these data further support that
MD bursting participates to the maintenance of dmPFC 4Hz oscilla-
tion via MD-dmPFC synchronization.

Discussion
The cerebellum has been known to influence fear learning and fear
expression3,35, review in ref. 37, and it may participate in a variety of
other emotional processes47 via the projections of the FN to multiple
brain regions, including limbic structures such as the vlPAG, thalamus
and hypothalamus3,5,48,49. Furthermore, recent evidence revealed that
the cerebellum participates in fear extinction in humans and
rodents3,10–12. However, the circuits relaying the cerebellar contribu-
tions to this emotional learning have remained elusive.

In the current study, we identified cerebellar mechanisms reg-
ulating fear extinction through a cerebello-thalamo-cortical pathway.
Our findings reveal the existence of a functional disynaptic pathway
from the cerebellum to the dmPFC through the thalamic MD: we
showed that the cerebellar FN projects to the lateral subregion of
thalamic MD, which is reciprocally connected to the dmPFC, and that
trans-synaptic experiments from the FN results in labeling of calbindin-
positive MD neurons that project to the dmPFC. In addition, optoge-
netic stimulations of FN input to MD elicit fast activation of MD, con-
sistent with a direct pathway. Interestingly, while non-specific
optogenetic stimulation of the FN triggered fast activation of some
dmPFC neurons, we did not find fast responses when the stimulation
was confined to the MD-projecting FN neurons. This absence (or
scarcity) of fast mPFC response is consistent with previous results
showing that MD activation may only increase the firing rate in fast-
spikingmPFCneurons, andwith amodulatory role of theMD inputs on
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mPFC activity in vivo42. Another pathway linking the cerebellum and
mPFC via the ventral anterior lateral thalamus has been previously
hypothesized to explain the cerebellar control of mPFC discharge
associated with the conditioned responses in trace eyeblink
conditioning50. More recently, functional connectivity between the
cerebellum and the mPFC has been shown to influence social and
repetitive/inflexible behaviors through the ventromedial (VM)
thalamus51. Both VM and MD are matrix-type thalamus, but their con-
tribution to mPFC activity is functionally distinct since inputs from
these two thalamic nuclei target different cell types and layers in the
mPFC52,53.

Cerebellar projections to sub-regions of the MD seem to be con-
served across mammalian species, reviewed in ref. 54, and have been
proposed to contribute to the cerebello-prefrontal interactions,
reviewed in ref. 55. The FN-MD pathway described in our study is well-
positioned to relay cerebellar influence on extinction learning, since
cerebellar territories associated to fear have been found in the medial
part of the cerebellum7,8. In addition, the MD has bidirectional con-
nections with mPFC regions21,41,56,57, specially the ACC, PL and IL, key
brain structures for fear extinction16–20,27–29, and MD controls dmPFC
synaptic plasticity required for fear extinction25,26.

A remarkable finding in our study is that the specific inhibition of
FN input to the MD leads to an impairment of the extinction learning.
This effect is primarily effective when starting extinction from high
fear expression levels and does not reflect a simple prevention of the
expression of fear extinction learning since it failed to affect the fear
response when performed only in EXT3. These results suggest that the

FN facilitates fear extinction when fear responses are high. Indeed, we
found that inhibition of FN-MD projections affects the firing pattern of
MD neurons, and notably increases the bursting activity during the CS.
WhileMDbursting, also observed between CS, does not seem to cause
freezing, it has been shown to prevent extinction learning. Moreover,
while coordinated activities between limbic brain structures are
important for fear extinction33, our work reveals that MD bursting is
regulated by the limbic 4Hz oscillations that take place during fear
expression. The dmPFC plays a central role in these oscillations30,
which are synchronized with respiration via the olfactory bulb46, and
regulated by the amygdala33,45,58. Interestingly, we also found that the
inhibition of this cerebellar output enhances the entrainment of MD
bursting to dmPFC 4Hz oscillations. This is consistent with the role of
the cerebellum inmodulating brain oscillations and their coordination
across different brain regions59–61, review in ref. 62, as with amodulation
of slowoscillations (<10Hz) in themPFC63,64. In addition, our data show
that the amplitudeof thedmPFC4Hzoscillations is increased afterMD
bursts, suggesting that the bursts exert a positive feedback partici-
pating in the maintenance of these oscillations.

In agreement with previous trans-synaptic work5, we found that
the FN preferentially targets the dmPFC rather the vmPFC via the MD.
While extinction learning has been tightly linked to the vmPFC16,17,
failure to extinct fear responses is linked to enhanced dmPFC
activity65 and the dmPFC 4Hz oscillations play a central role in the
maintenance of the fear response46,65. Therefore, by dampening the
entrainment of MD bursting by dmPFC oscillations, the cerebellum
–under physiological conditions- may limit the positive feedback

Fig. 8 | dmPFC-MD 4Hz coherence is increased by chemogenetic inhibition of
FN-MD. a Representative spectrogram of MD LFP during EXT1 (top), displaying a
4Hz component induced by the CS. 2–6Hz filtered LFP traces from dmPFC (blue),
showing the apparitionof 4Hz oscillations after the onset of theCS (red rectangle).
b A 4Hz component (2–6Hz) is visible in the Power Spectrum Density (PSD) MD
LFP during EXT1 for CT + SAL (left) and Gi + CNO (right), average ± SEM, dashed
lines represent the 4Hz range (2–6Hz). c The fraction of the PSD representing
2–6Hz oscillations is increased during Extinction compared to Baseline. Wilcoxon
test, ***p <0.001 (CT + SAL = 28 recording sites from 4 mice, Gi + CNO= 30
recording sites from5mice).dCross-correlation of 2–6Hzfiltered LFP inMDand in
dmPFC display maxima at negative lags. Colored lines represent pairwise cross-
correlations. Black lines represent averages. e Lags of maximum peaks in cross-

correlations, Wilcoxon test ***p <0.001. f Generalized Partial Directed Coherence
(GPDC) between dmPFC and MD LFP during CS, Average ± SEM, Wilcoxon test on
the 4Hz GPDC dmPFC->MD versus MD->dmPFC, *p <0.05, **p <0.01, ***p <0.001.
g, 4 HzGPDCdmPFC ->MD.Mann–WhitneyU test, *p <0.05, **p <0.01, ***p <0.001
(CT + SAL = 28 recording sites in MD and 14 recording sites in MD from 4mice, Gi+
CNO= 30 recording sites in MD and 15 recording sites in the dmPFC from 5 mice).
Boxplots represent quartiles and whiskers correspond to range; points are singled
as outliers if they deviate more than 1.5 x interquartile range from the nearest
quartile. Data available at doi:10.5061/dryad.9kd51c5ng. All tests are two-sided.
Detailed statistical results are available in the Supplementary Tables referenced by
panel numbers.

Article https://doi.org/10.1038/s41467-023-36943-w

Nature Communications |         (2023) 14:1508 10



exerted by MD on dmPFC 4Hz oscillations and hence on fear
responses30,46. Indeed, the drop in freezing response observed in
Fig. 4e (top panel) between the end of EXT 2 and beginning of EXT3
when releasing the inhibition of FN-MD projections suggest that this
inhibition also promotes the expression of the learned fear response.
Our results in high-freezingmice suggest that highMDbursting during
high levels of fear expression (>70%) could be particularly effective at
preventing the expression of extinction learning. Moreover, recent
studies have revealed the importance of the neuronal connections and
dynamical synchrony between the dmPFC and vmPFC in extinction
learning66,67. Our data are therefore consistent with a modulatory role
of the dmPFC in fear extinction learning, by which the cerebellum
exerts a control over fear extinction.

Finally, our demonstration of the role of cerebellum in facilitat-
ing the extinction of the fear response is in concordance with the role
of the cerebellum in rapidly adapting the behavior to unexpected
situations3,10,68. Beyond the classical role of cerebellum in tuning
motor behavior, our work provides an anatomo-functional substrate
for its role in adapting the emotional behavior strategy. Overall, our
work provides support for the role of the cerebellum in psychiatric
conditions with deficiencies of fear extinction, such as PTSD,
reviewed in ref. 14. Targeting the lateral cerebellumhave been recently
shown as a relevant target for the treatment of autism-spectrum
disorder69, while stimulation of the medial cerebellum improved the
negative symptoms in schizophrenia70. Our work may therefore
motivate future research on therapeutic approaches targeting the
cerebellum or its projections to the thalamus for the treatment of
fear-related and anxiety disorders.

Methods
Animals
Adult male C57BL/6 N mice (Charles River, France,MSR Cat#
CRL_27,RRID:IMSR_CRL:27), were housed in groups of 4 mice per
cage, with free access to food and water, maintained at 21–22 °C,
with a 12 h:12 h light/dark cycle with a constant humidity of 40%.
Adult male wild-type mice 8–12 weeks of age were used for all the
experiments. Male and female mice are equally suitable for fear
conditioning analysis71, but male mice are bigger and have therefore
more strength to carry the implant and preamplifier in electro-
physiological experiments. Animal care and experimental

procedures followed the European Community Council Directives
(authorization number APAFIS#1334-2015070818367911 v3 and
APAFIS #29793-202102121752192).

Stereotactic surgeries
Surgeries for tracing, chemogenetic, optogenetic and electro-
physiological experiments, were performed in 7–8 weeks-old mice,
placed in a stereotaxic frame (Kopf Instruments) after buprenorphine
administration, and anaesthetized with isoflurane 2% along the whole
procedure. In addition, a local analgesia was administered sub-
cutaneously above the skull with 0.02% of lidocaine. The body tem-
perature was monitored and maintained at 36 °C with a heating pad
and a rectal thermometer.

For viral injections and electrodes and optic fiber implantations,
the stereotaxic coordinates used for FN (AP: −6.37, ML: ±0.70, DV:
−2.12), MD (AP: −1.12, ML: ±0.65, DV: −3.15) and dmPFC (AP: +2.34, ML:
±0.25, DV: −1.5) were taken relative to the bregma, and the depth was
considered from the brain surface. Glass capillaries used for viral
infusions were kept at the injection site for 5min after viral infusion
before being slowly withdrawn.

Neuroanatomical tracing and histology
For neuroanatomical tracing a group of mice was injected with
100 nl of anterograde AAV1-CB7-Cl-mCherry-WPRE-rBG (Upenn
Vector) in the FN (n = 6), 100 nl CTB-alexa 488 (Invitrogen) in the
dmPFC (n = 6), or retrograde AAV-Syn-eGFP (Addgene) were injec-
ted in the MD (n = 6). For trans-synaptic labeling, a group of mice
was injected with 75 nl of AAV9-CMV-PI-Cre-rBG (Addgene) in the
FN, and 100 nl of AAV1-CAG-Flex-tdTomato-WPRE-bGH in the MD
(n = 3), and MD sections were used to perform Calbindin
immunostaining.

Mice were deeply anesthetized with ketamine 80mg kg−1 and
xylazine 10mg kg−1 i.p., and transcardially perfused with formalin
(Sigma) 3–4 weeks after the surgery to assess the viral expression.
Brains were dissected and kept overnight in formalin at 4 °C and then
placed in PBS solution until slicing. Coronal brain sections of 50 or 90
μm were made using a vibratome (Leica VT 1000 S), then dried and
mounted with Mowiol (Sigma) or Fluoroshield with DAPI medium
(Sigma). The slices were analyzed and imaged using a confocal
microscope (Leica TCS Sp8).
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The same procedure was used to verify electrode and optic fiber
implantation sites and viral expressions for each experiment, mice
were perfused as detailed above, and mice with no viral expression or
misplacement of the viral infusion, optic fiber or electrode were
excluded from the analysis. Electrode placements are summarized in
the Supplementary Fig. 6.

Immunohistochemistry
For the immunostaining, 50 µmslices containingMDwerewashedwith
PBS-0.3% Triton X-100, blockage of nonspecific sites was assessed by
2 h of incubation with 3% normal donkey serum (NDS). Sections were
then incubated in a solution containing monoclonal mouse anti-
Calbindin-D-28K (1:300, Sigma, C9848) in PBS-0.3% Triton X-100 with
1.5% NDS at 4 °C for 24 h. After first antibody incubation, slices were
rinsed and sections were incubated at room temperature for 2 h with
secondary antibody, donkey anti-mouse IgG conjugated to Alexa Fluor
488 (1:300, Invitrogen, R37114). Slices weremounted with Mowiol and
analyzed with the confocal microscope.

Fear conditioning and extinction protocol
Previous to behavioral experiments, mice were daily handled during
one week. Fear conditioning and extinction protocol were performed
in twodifferent chamber configurations (Context AorB), placed inside
of a sound-attenuating box (Ugo Basile). The fear conditioning was
performed in the Context A, which consisted in a rectangular-shaped
Plexiglas chamber, 17 × 17 × 25 cm (L ×W×H) dimension, with a grid
floor and black and white checker walls, scented with peppermint
soup. On fear conditioning day (day 1), mice were left for 5min to
habituate to context A, then they were exposed to 5 presentations of a
tone (30 s, 80 dB, 2.7 kHz, representing the CS), that co-terminated
with amild foot-shock (0.5 sec, 0,4mA, representing the US), and with
an interval between CS-US presentations of 120 s. During the following
3 days,mice underwent the fear extinction training, which consisted in
3 days of extinction sessions (EXT1-3). Extinction sessions were per-
formed in the Context B, composed by a yellow cylindrical chamber
(17 cm diameter, 25 cm H), grey Plexiglas floor, and vanilla scented.
Each extinction session started with 5min of habituation period in the
novel context B, followed by 25 consecutive un-reinforced 30s-long CS
presentations, with an interval between CS of 30 s.

Mice were video-tracked using a high-definition video camera,
positioned above the testing chambers. Stimuli administration was
controlled by the EthoVision XT 14 software (Noldus Information
Technology), which assessed also the freezing behavior during the
experiments as inactive periods (the threshold of inactivity was set to
not detect the breathing movements as active periods). All mice
returned to their homecage after the experiments. Analysis of freezing
levels in each session was performed by comparisons between groups
of the first CS and CS5 for FC, and averaged of CS1-CS5 representing
“early” EXT, CS10-CS14 as “middle” EXT, and CS21-CS25 as “late” EXT.

Anxiety tests
Open field, elevated plus maze and dark-light box tests were per-
formed in order to analyze anxiety-like behavior. On week before
subjecting the mice to fear conditioning, they were subjected on
successive days to anxiety tests, startingwith the less anxiogenic, open
field test, followed by elevated plus maze and dark-light box. Open
field test consisted in a 38 cm diameter circular arena (Noldus), under
40–50 lux luminosity. Each mouse was placed in the center of the
arena and allowed to explore freely for 10min. Frequency of entries to
the center of the arena, time spent in center, distancemoved in center,
weremeasured. Elevated plusmaze test was realized using an elevated
(52 cm above the floor), plus-shaped apparatus (Noldus) with 2 open
arms (36 ×6 cmL ×W) and 2 closed arms (36 × 6 × 25 cm L ×W×H),
under 40–50 lux luminosity in the open arms. Mice were left to freely
explore the arena for 5min, while assessing the frequency of entries in

open and closed arms, time spent in open arms, total distancemoved.
In the dark-light box test, each mouse was placed in the light zone
(luminosity 500–600 lux, 40× 20 × 20 cm L ×W×H dimension) of the
apparatus (Noldus) and left to freely explore for 5min, while assessing
the frequency of entries in light zone, time spent in light zone, latency
to enter in dark zone (0 lux, 20 × 20 × 20 cm L ×W×H dimension), and
total distance moved. Mice were video tracked and behavior was
analyzed using EthoVision XT 14.

Hot plate and tail immersion tests
Pain sensitivity was analyzed using hot plate and tail immersion assays
performed two weeks after the end of the other experiments. Mice
were placed on a hot plate (55 °C) (Harvard apparatus), until they
jumped or licked their hind paw. The latency to the first reaction was
measured. After the hot plate test, tail immersion test was performed.
The mice tail tips were immersed in hot water (50 °C) and the latency
of the tail flick or withdrawal was measured. All experiments were
video tracked.

Chemogenetics
Specific chemogenetic inhibition of the FN neurons projecting to MD
was carried out by bilateral injection of 250nl of a retrograde virus
expressing a cre-recombinase in the MD (CAV2-cre-GFP, from Plat-
forme de Vectorologie de Montpellier) in combination with the infu-
sion of 200 nl of inhibitory cre-dependent DREADD (AAV‐hSyn‐DIO-
hM4Di-mCherry, Addgene) bilaterally in FN, adapted from previous
works in our team72 which demonstrated a strong reduction in cere-
bellar nuclei firing rate upon injection of CNO (1mg/kg). The beha-
vioral experiments started 10–14 days after the surgery, to ensure the
expression of the receptors and the recovery of the mice. Transient
inhibition of the FN MD-projecting neurons was assessed by intraper-
itoneal administration of the clozapine N-oxide (CNO, Tocris
Bioscience) dissolved in saline solution (1.25mg/kg), while a control
group received only saline administration, 30min before the first 2
extinction sessions (EXT1 and EXT2) or 30min before anxiety or
nociceptive tests.

Additional controls were performed to verify the specificity of the
pathway inhibition and the DREADD-modulation effect. To corrobo-
rate that the CNO dose has not an effect per se in our experimental
conditions, a batch of mice (named “Sham”mice) underwent the same
surgical procedure with the injection of AAV‐hSyn‐mCherry instead of
the DREADD vector. During behavioral experiments, the Sham mice
received either an intraperitoneal injection of saline or CNO solution
(1.25mg/kg), 30minbefore the tests, and freezing levelswere analyzed
in absence ofDREADDexpression.On the other hand, to verify that the
effect observed under DREADD inhibition was specific of the FN
terminals inMD,mice were implanted with 30G cannulas bilaterally in
the MD to allow the local infusion of 200nl of CNO or saline intra-
cranially. During extinction sessions, mice expressing inhibitory
DREADD received either sterilized filtered PBS or CNO (0.5mM) infu-
sion, and another group of Sham mice received CNO (0.5mM). The
intracranial infusions were performed 10min before the beginning of
each session, by using a pumpat an infusion speed of 100 nl/min, and a
total volume of 250nl. Freezing levels were analyzed and the positions
of the cannulas were corroborated histologically.

Electrophysiological recordings
Extracellular recordings were assessed using standard 16 channels
electrode interface boards (EIB-16; Neuralynx), to which 2 cannulas
were attached, one for each recorded region, MD and dmPFC. The
electrode bundles consisted of nickel chrome wires (16μm diameter,
Coating ¼ Hard PAC, KANTHAL Precision Technology) twisted in
groups of 6, gold-plated to 100–400 kΩ (cyanure-free gold solution,
Sifco). Two bundles were inserted per cannula (stainless steel, 30
Gauge, Phymep). The recording electrodes were then progressively
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lowered until they reached the targeted brain structures and the
electrode interface boards were cemented to the skull (Dental Parkell
Adhesive Resin Cement Super-Bond C&B). Miniature stainless steel
screws were implanted on the left parieto-occipital suture, serving as
electrical reference andground. The skin ridgeswere sutured andmice
were allowed to recover in their home cage for at least 10 days.
Recordings were performed on a TDT system control by Synapse v95
(Tucker-Davis Technologies, Davis, CA) when no fear conditioning was
involved, or on Multi-Channel System W2100 system with their
recording software (v1.5.6)

Optogenetics and electrophysiological recordings
The neural activity in the MD and dmPFC was recorded during the
optogenetic activation of the contralateral FN neurons. Expression of
channelrhodopsin 2 (ChR2) was assessed by injection of an ante-
rograde AAV8-Syn-ChR2-H134R-EYFP (Addgene) in the FN, and an
optical was fiber implanted above (200 μm diameter, 0.22 aperture,
fixed in a stainless steel ferula, Thor Labs) and contralateral to the
recording sites. Electrodes were placed through cannulas in the MD
anddmPFC and the EIBwere fixed to the skull. The optical stimulations
were performed three or four weeks after the surgery (to ensure the
ChR2 expression), in freely moving mice. After a 5min habituation
period in an open field (38 cm diameter), the activation of the FN
projections was done, using light pulses of 100ms, at 0.25 Hz, 1mW,
for 30min (with a 2min break every 10min block). The choice of light
intensity to stimulate FN neurons was based on the calibration per-
formed in our previous work3. The activation of MD and dmPFC neu-
rons by optogenetic stimulation of FN neurons was assessed by
computing the Peri-Stimulus Time Histogram (5ms bins) around the
optogenetic stimulation. This PSTH was then normalized using a
classical Z-score (subtracting by themean value of the PSTHduring the
100ms before the stimulation and dividing it by its standard devia-
tion). Normalized PSTH reaching an absolute Z-score value superior to
3 during the 100ms stimulation were considered responsive.

In another group of mice, the specific activation of the FN-MD
pathway was assessed by injecting a cre-dependent anterograde ade-
novirus expressing ChR2 (AAV-Dio-ChR2-EYFP, Addgene) in the FN,
together with a retrograde adenovirus expressing cre-recombinase
(AAV-Cre-mCherry, Addgene) in the contralateral MD (left side). The
implantation and surgical procedures were identical with the ones
described above. The FN MD-projecting neurons were stimulated by
pulses of 10ms, at 0.5 Hz and 1mW, during 10min. Luminous stimuli
were administered and neural signals were recorded using Tucker
Davis Technology System 3 acquisition system (25Hz sampling rate,
RZ2, RV2, Tucker-Davis Technologies) and the spike sorting was per-
formed using Matlab scripts. Viral infusions and implant positions
were confirmed histologically when the experiment ended. Analysis of
the spike sorted data was performed using Python. The specific acti-
vation of MD and dmPFC neurons by optogenetic stimulation of FN
MD-projecting neurons was assessed by computing the Peri-Stimulus
Time Histogram (5ms bins) around the optogenetic stimulation. This
PSTHwas then normalized using a classical Z-score (subtracting by the
mean value of the PSTH during the 100ms before the stimulation and
dividing it by its standard deviation). Normalized PSTH reaching an
absolute Z-score value superior to 3.5 were considered responsive.

In order to assess the validity of the optostimulation experiments,
we performed a control experiment to verify that FN illumination in
absence of ChR2 expression does not affect spike firing in the areas
recorded. We implanted an optic fiber in the FN together with elec-
trodes in FN, MD and dmPFC, in mice injected with retrograde AAV-
GFP (without the expression of ChR2) in the MD, and performed
100ms illuminations at 0.25Hz, 1mW, for 30min (with a 2min break
every 10min block), while recording in the FN, MD and dmPFC (Sup-
plementary Fig. 2A–B). There was no variation of firing rate at the
population level in the FN, MD and dmPFC (Supplementary Fig. 2C),

although we observed 1 neuron in the FN and 3 neurons in the MD
reaching the threshold of significant variation of firing rate during the
100ms of illumination (Supplementary Fig. 2D). However, the tran-
sient nature of the mild increase in firing rate suggests a coincidental
classification as responsive cells.

Since the wireless transmitter used in the electrophysiological
experiments represented a significant hindrance for the movement
and was associated with atypical immobile postures (nose down and/
or tilted head to rest the preamplifier on the floor or against the wall)
whichcould indifferently reflect freezingor resting,we could not score
freezing in these mice.

Chemogenetics and electrophysiological recordings
Mice expressing cre-dependent inhibitory DREADDs in FN MD-
projecting neurons (see chemogenetics section) were implanted with
electrodes in theMDanddmPFC (as described in “Electrophysiological
recordings” section). The neuronal activity of the MD and dmPFC was
examined during FC and extinction learning, under chemogenetic
inhibition of the FN-MD projections during EXT1 and without manip-
ulation during EXT3. After experiments were concluded, viral expres-
sion and electrode positions were confirmed by histology.

Quantification and statistical analysis
Behavioral data analysis. For freezing analysis, thedatawere analyzed
by repeated-measure ANOVA computed with R 3.6.3 (lme package
version 3.1-3) and posthoc tests were performed with the package
emmeans (version 1.7.0) using Rstudio 4.1.2. During extinction, Early,
Middle, Late values of freezing respectively correspond to the average
of the 5 first, 5 middle and 5 last CS freezing scores. For other beha-
vioralmeasures, t-testwereused (Graph PadPrism® version 7). All tests
used are two-sided (when applicable).

Electrophysiological data analysis
Burst analysis. We quantified the occurrence of bursts in MD, detec-
ted using the Robust Gaussian surprise algorithm 1. Spike trains were
processed in the following way: Inter-Spike Intervals (ISI) were calcu-
lated, then transformed to log (ISI). A central set of ISI was defined as
the portion of this distribution lying under [E−1.64*MAD;
E + 1.64*MAD], where E is the midpoint of top and bottom 100*p per-
centile of the log (ISI)s with p = 0.05. The central location of this dis-
tribution was defined as the median of the central set previously
mentioned, and the distribution of log (ISI) was then normalized by
subtracting the central location. This normalization process was per-
formed on the entire spike train using a sliding window of half-width
0.2*N/2, where N is the number of spikes in the spike train. The burst-
threshold is set as 0.5 percentile of the central distribution. Bursts
seeds were defined as normalized ISI being below the burst-threshold.
Those seeds were then extended by recursively trying to add the
previous and the next normalized ISI, if the addition lead to an increase
of the associated p-value, the concatenation process was stopped,
otherwise it was continued. Overlapping bursts strings were cleaned
by keeping the strings with the lowest associated p-value, thus making
them mutually exclusive. Burst occurrence was computed as the
number of bursts strings divided by the duration of the recorded spike
trains. The average burst firing rate was calculated as the number of
spikes contained within a burst divided by the total duration of burst
strings in the spike train.

Local field potential, spectral analysis and phase locking. In order
to process the LFP, the raw electrophysiological traces sampled at
25 KHz were filtered between 1Hz and 200Hz, then downsampled to
1 kHz. All signals were filtered using the filtfilt function from the
package scipy,with zero-phasedistortion 5thorder Butterworthfilters.
Power Spectral Densities (PSD) were computed using the welch func-
tion from the scipy package. The fraction of the PSD representing 4Hz
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oscillations was defined the integral of the PSD in the 4Hz range
(2–6Hz) divided by the integral of the PSD from 1 to 100Hz. To assess
the relationship between LFP in the dmPFC and in theMD, Generalized
Partial Directed Coherence analysis was performed on the processed
LFP traces using the package spectral_connectivity from Eden Kramer
Lab (https://github.com/Eden-Kramer-Lab/spectral_connectivity). For
the specific analysis of 4Hz LFP, the processed LFP traces were filtered
in the desired frequency band (2–6Hz) using the filtfilt function from
the scipy package, with zero-phase distortion 5th order Butterworth
filters. To study the relationship between the timing of MD neuronal
activity and the dmPFC 4Hz oscillations, Hilbert’s transform was per-
formed using the function hilbert from the package scipy, allowing the
extraction of the instantaneous phase and amplitude of envelope
estimated at every sample point of the signal. Phaseswere expressed in
radians, with a phase of 0 corresponding to a negative peak in the 4Hz
LFP. Phase locking analysis of bursting activity was performed by
considering thefirst spike of each bursts. Considering spikes occurring
in periods associated to weak 4Hz oscillations would result in the
inclusion of uninformative phases in the analysis. So, in order to pre-
vent this bias, only burst occurring in periods of high 4Hz were con-
sidered. Periods of high 4Hz were defined as periods were the
amplitude of envelope was superior to the median amplitude of
envelope during the baseline before the Extinction session plus one
median absolute deviation (MAD). In other words, we considered the
periods where the Robust Z-score of the amplitude of envelope was
superior to 1, creating a spike train corresponding to MD bursting
during periods of high 4Hz oscillations in dmPFC. Von Mises dis-
tributionsfit onphasedistributionswereperformedusing the function
vonmises from the package scipy, allowing the computation of the
parameter Kappa, indicative of the concentration of a circular dis-
tribution. Rayleigh tests and circular V-tests with a preferred direction
of pi were performed using the package pingouin, respectively using
the functions circ_rayleigh and circ_vtest. In order to assess the rela-
tionship betweenMDbursting and the coherencebetween dmPFC and
MD LFP, we used the function spectral_connectivity included in the
packagemne, For this, LFP snippets of 2000ms centered on the bursts
of each individual MD neurons were extracted from the channels dis-
playing the highest fraction of the PSD corresponding to 4Hz oscilla-
tions in theMDand in the dmPFC, and the coherence betweenMD and
dmPFC LFP was calculated using Morlet wavelets of the first order,
yielding a time frequency coherence analysis centered on MD bursts.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data generated during this study have been deposited on the
Dryad database with the reference doi:10.5061/dryad.9kd51c5ng.

Code availability
The source code generated during this study have been deposited on
theDryad databasewith the reference https://doi.org/10.5281/zenodo.
7603770.

Material availability
This study did not generate new unique reagents.
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Supplementary Fig. 1. dmPFC neurons project to the MD. a, Retrograde tracing strategy by injection of retrograde AAV-
GFP in the MD.  b, dmPFC-MD projecting neurons expressing retrograde AAV-GFP (green, scale bar, 500 µm). c, Zoom-in of 
dmPFC section from (b), GFP+ neurons in cortical layers of the dmPFC projecting to MD (scale bar, 100 µm). n=3 replicates.  
Brain schematic in panel (a) modified from the Allen Mouse Brain Atlas and Allen Reference Atlas – Mouse Brain73,74 
http://atlas.brain-map.org/atlas?atlas=1#atlas=1&plate=100960384,  http://atlas.brain-
map.org/atlas?atlas=1#atlas=1&plate=100960136, http://atlas.brain-map.org/atlas?atlas=1#atlas=1&plate=100960240.   

 

 

 

 

 
Supplementary Fig. 2. Cell responses to FN illumination in absence of ChR2 expression. a, Strategy used for the FN 
illumination control experiment, representing the local injection of retrograde AAV-eGFP in the MD and implantation of 
recording electrodes in MD and dmPFC. b, PSTH (5 ms bins) displaying the change in firing rate (average ± SD) during 100 
ms illumination of the FN in MD (left), and in dmPFC (right). The light stimulation is represented by a blue rectangle. 

 

  



 

Supplementary Fig. 3. Specific chemogenetic inhibition of FN terminals in MD modulates fear extinction learning. a, Top 
panel: classical fear conditioning and extinction protocol used, with Saline or CNO administration during extinctions 1 and 2. 
Bottom: same data as Fig. 4e without separating high-freezing and low-freezing mice; a reduction of fear extinction is still 
visible in EXT1. Lines represent mean ± SEM. Posthoc t-test, * p<0.05. b, Verification that the CNO dose used has not effect 
on freezing in absence of DREADD-Gi expression (Sham mice); no differences in freezing levels were found between sham 
mice injected i.p. with CNO or saline (Sham+SAL, n = 7; Sham+CNO, n = 9). Posthoc t-test, p > 0.5. c, Specific inhibition of 
FN-terminals in MD by intracranial CNO infusion in EXT1 and EXT2 sessions (Gi+CNO, n = 5) reduced extinction of fear 



response compared to the control groups (CT+SAL, n = 6; CT+CNO, n = 6). d, Top panel: fear conditioning and extinction 
protocol with Saline or CNO administration in EXT3 in mice expressing inhibitory DREADD in FN neurons projecting to MD. 
Inhibition of FN input to MD during EXT3 (Gi+CNO, n = 7) did not affect the expression of CS-freezing response compared to 
control group (CT+SAL, n = 5). Lines represent mean ± SEM. Posthoc t-test, p>0.5 Holm-Sidak corrected. e-h baseline 
freezing levels before FC (context A) and before each extinction session (context B). A small difference between groups was 
observed in the EXT1 baseline freezing for the late inhibition experiment (h); this reveals a small heterogeneity between the 
groups of animals which, at that time of the protocol received both the same treatment; however the inter-group 
difference in baseline freezing fell below significance during EXT2 (and EXT3). Posthoc t-test, * p<0.05. Boxplots represent 
quartiles and whiskers correspond to range; points are singled as outliers if they deviate more than 1.5 x interquartile range 
from the nearest quartile.   Data available at doi:10.5061/dryad.9kd51c5ng  All tests are two-sided. Detailed statistical 
results are available in the Supplementary Tables. 

 

 
Supplementary Fig. 4. FN input to MD does not contribute either to anxiety like behavior or nociception. a-c, FN-MD 
chemogenetic inhibition (Gi+CNO, n = 6) had no effect on anxiety like behavior compared to the control mice (CT+SAL, n = 
8) in the open field (a), in the elevated plus maze (b), or in the dark-light box (c). d, Inhibition of FN-MD projections had not 
significant effect on hot plate (Gi+CNO, n = 5; CT+SAL, n = 5) (left) or tail immersion (Gi+CNO, n = 4; CT+SAL, n = 4) (right) 
tests compared to the control. Scatter dot plot with mean ± SEM, n.s.: Mann-Whitney U test, p > 0.05. Data available at 
doi:10.5061/dryad.9kd51c5ng . All tests are two-sided. Detailed statistical results are available in the Supplementary Tables. 

 

  



 

Supplementary Fig. 5. The inhibition of FN inputs to MD induces a greater phase locking to dmPFC 4Hz positive peaks 

and MD bursting is not associated to an increase in 4Hz amplitude during periods of low dmPFC 4Hz. a, Distributions of 

angular distance between referential bursting phases of MD neurons and pi (positive peaks in dmPFC 4Hz oscillations). 

Mann-Whitney U test, #p=0.01. b, The average 4 Hz amplitude of the 500 ms following MD bursting is not increased during 

episodes of low 4 Hz compared to the 500 ms preceding the burst. Wilcoxon test. All tests are two-sided. Detailed 

statistical results are available in the Supplementary Tables. Data available at doi:10.5061/dryad.9kd51c5ng 

 

 

  



 

 

 

Supplementary Figure 6. Histological placement of the electrodes. a, example brain slices of MD (top) and 

dmPFC (bottom). An atlas schematic is provided on the left, where the the MD (pink) and dmPFC (green) are 

highlighted. The estimated tip of the bundle is labeled by the black losange. b, summary of the electrode 

position within the MD and dmPFC. All brain schematics are modified from the Allen Mouse Brain Atlas and 

Allen Reference Atlas – Mouse Brain73,74   https://atlas.brain-map.org/atlas?atlas=1&plate=100960260 and 

http://atlas.brain-map.org/atlas?atlas=1#atlas=1&plate=100960365  for panel a, and https://atlas.brain-

map.org/atlas?atlas=1&plate=100960244,  https://atlas.brain-map.org/atlas?atlas=1&plate=100960232 

https://atlas.brain-map.org/atlas?atlas=1&plate=100960360  https://atlas.brain-

map.org/atlas?atlas=1&plate=100960360  for panel b.  

 



Experiment region n cells N mice
FN stimulation MD 158.00 10.00

dmPFC 36.00 7.00
FN-MD stimulation MD 90.00 8.00

dmPFC 48.00 8.00

Supplementary Table 1: Statistics for Optogenetic recordings.

Group Group Phase region n cells N mice
Recorded neuron CT+SAL FC MD 36.00 4.00

EXT1 MD 39.00 4.00
EXT3 MD 22.00 4.00

Gi+CNO FC MD 49.00 5.00
EXT1 MD 67.00 5.00
EXT3 MD 51.00 5.00

Supplementary Table 2: Statistics for Chemogenetic recordings.

Group Phase region n channels N mice
CT+SAL EXT1 MD 28.00 4.00

dmPFC 14.00 4.00
Gi+CNO EXT1 MD 30.00 5.00

dmPFC 15.00 5.00

Supplementary Table 3: Statistics for LFP channels.
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Value Test Structure Statistic p-value Sig.
DeltaFR One sample Wilcoxon test MD 14.00 <0.001 ***
DeltaFR One sample Wilcoxon test dmPFC 0.00 <0.001 ***

Supplementary Table 4: Statistics for Fig 3f.

Mice Phase Effect ANOVA p-value Sig.
High-freezing mice FC CS F(1,8)=51.04 9.156e-05 ***

Treatment F(1,8)=0.7107 0.4234 n.s.
CS:Treatment F(1,8)=0.01367 0.9098 n.s.

EXT1 CS F(2,18)=2.067 0.1556 n.s.
Treatment F(1,9)=5.952 0.03739 *
CS:Treatment F(2,18)=4.346 0.02884 *

EXT2 CS F(2,18)=4.637 0.02376 *
Treatment F(1,9)=8.956 0.01514 *
CS:Treatment F(2,18)=3.06 0.07178 n.s.

EXT3 CS F(2,18)=3.715 0.04459 *
Treatment F(1,9)=1.757 0.2177 n.s.
CS:Treatment F(2,18)=0.3146 0.734 n.s.

Low-freezing mice FC CS F(1,8)=94.43 1.051e-05 ***
Treatment F(1,8)=0.1369 0.721 n.s.
CS:Treatment F(1,8)=1.389 0.2725 n.s.

EXT1 CS F(218)=4.472 0.0265 *
Treatment F(19)=0.03038 0.8655 n.s.
CS:Treatment F(218)=0.5615 0.58 n.s.

EXT2 CS F(218)=12.88 0.0003373 ***
Treatment F(19)=0.06678 0.8019 n.s.
CS:Treatment F(218)=0.2771 0.7611 n.s.

EXT3 CS F(218)=18.59 4.184e-05 *
Treatment F(19)=1.609 0.2365 n.s.
CS:Treatment F(218)=3.51 0.05161 n.s.

Supplementary Table 5: Statistics for Fig 4e ANOVAs.
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Mice Group 1 Group 2 Phase CS period Estimate (Grp1-Grp2) SE df t p-value sig
High-freezing mice Gi+CNO CT+SAL FC CS1 7.41 10.91 16.00 0.68 0.51 n.s.

CS5 5.60 10.91 16.00 0.51 0.61 n.s.
EXT1 Early 1.83 8.30 23.84 0.22 0.83 n.s.

Middle -17.50 8.30 23.84 -2.11 0.05 *
Late -27.52 8.30 23.84 -3.31 0.00 **

EXT2 Early -18.81 13.76 15.75 -1.37 0.19 n.s.
Middle -49.02 13.76 15.75 -3.56 0.00 **
Late -37.85 13.76 15.75 -2.75 0.01 *

EXT3 Early -18.43 14.09 13.81 -1.31 0.21 n.s.
Middle -19.85 14.09 13.81 -1.41 0.18 n.s.
Late -11.63 14.09 13.81 -0.83 0.42 n.s.

Low-freezing mice Gi+CNO CT+SAL FC CS1 3.42 7.82 15.15 0.44 0.67 n.s.
CS5 -7.97 7.82 15.15 -1.02 0.32 n.s.

EXT1 Early -0.67 9.26 16.69 -0.07 0.94 n.s.
Middle 2.89 9.26 16.69 0.31 0.76 n.s.
Late -6.28 9.26 16.69 -0.68 0.51 n.s.

EXT2 Early -3.52 11.50 13.65 -0.31 0.76 n.s.
Middle 1.01 11.50 13.65 0.09 0.93 n.s.
Late -5.46 11.50 13.65 -0.47 0.64 n.s.

EXT3 Early 0.83 6.68 14.37 0.12 0.90 n.s.
Middle -10.47 6.68 14.37 -1.57 0.14 n.s.
Late -12.72 6.68 14.37 -1.91 0.08 n.s.

9.00

Supplementary Table 6: Statistics for Fig 4e contrasts.

Mice Effect ANOVA p-value Sig.
High-freezing mice Treatment F(1,9)=0.00802 0.93 n.s.

Context F(3,21)=63.65 0.00 ***
Treatment:Context F(3,21)=1.607 0.22 n.s.

Low-freezing mice Treatment F(1,9)=2.532 0.15 n.s.
Context F(3,27)=36.52 0.00 ***
Treatment:Context F(3,27)=3.189 0.04 *

Supplementary Table 7: Statistics for Fig 4f ANOVAs.

Mice context Group1 Group2 Estimate (Grp1-Grp2) SE df t.ratio p.value Sig.
High-freezing mice context A CNO SAL -4.01 6.27 9.00 -0.64 0.54 n.s.

context B preEXT1 CNO SAL -13.28 6.27 9.00 -2.12 0.06 n.s.
context B preEXT2 CNO SAL 0.87 6.79 9.00 0.13 0.90 n.s.
context B preEXT3 CNO SAL -8.94 6.79 9.00 -1.32 0.22 n.s.

Low-freezing mice context A CNO SAL -6.02 4.56 9.00 -1.32 0.22 n.s.
context B preEXT1 CNO SAL 6.79 4.56 9.00 1.49 0.17 n.s.
context B preEXT2 CNO SAL -9.77 4.56 9.00 -2.14 0.06 n.s.
context B preEXT3 CNO SAL -8.24 4.56 9.00 -1.81 0.10 n.s.

Supplementary Table 8: Statistics for Fig 4f Contrasts.
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Experiment Phase Effect ANOVA p-value Sig.
EXT1 EXT2 systemic FC CS F(1,18)=133.7 <0.001 ***

Treatment F(1,18)=0.1936 0.665 n.s.
CS:Treatment F(1,18)=0.5587 0.464 n.s.

EXT1 CS F(2,40)=5.935 0.006 **
Treatment F(1,20)=1.538 0.2308 n.s.
CS:Treatment F(2,40)=3.38 0.04401 *

EXT2 CS F(2,40)=11.73 <0.001 ***
Treatment F(1,20)=3.982 0.0598 n.s.
CS:Treatment F(2,40)=1.439 0.2492 n.s.

EXT3 CS F(2,40)=12.22 <0.001 ***
Treatment F(1,20)=2.908 0.1036 n.s.
CS:Treatment F(2,40)=0.5247 0.5958 n.s.

EXT1 EXT2 systemic SHAM FC CS F(1,28)=93.32 <0.001 ***
Treatment F(1,28)=2.245 0.1452 n.s.
CS:Treatment F(1,28)=0.1467 0.7046 n.s.

EXT1 CS F(2,28)=40.45 <0.001 ***
Treatment F(1,14)=8.389e-06 0.9977 n.s.
CS:Treatment F(2,28)=0.3898 0.6808 n.s.

EXT2 CS F(2,28)=3.663 0.03862 *
Treatment F(1,14)=0.1186 0.7357 n.s.
CS:Treatment F(2,28)=1.427 0.257 n.s.

EXT3 CS F(2,28)=0.3484 0.7088 n.s.
Treatment F(1,14)=0.8528 0.3714 n.s.
CS:Treatment F(2,28)=0.89 0.4219 n.s.

Local infusion in MD FC CS F(1,28)=180.6 <0.001 ***
Treatment F(2,28)=3.891 0.03228 *
CS:Treatment F(2,28)=0.8224 0.4497 n.s.

EXT1 CS F(2,28)=28.78 <0.001 ***
Treatment F(2,14)=2.142 0.1543 n.s.
CS:Treatment F(4,28)=2.719 0.0497 *

EXT2 CS F(2,28)=8.082 0.001 **
Treatment F(2,14)=0.2967 0.7479 n.s.
CS:Treatment F(4,28)=0.7401 0.5726 n.s.

EXT3 CS F(2,28)=6.821 0.0038 **
Treatment F(2,14)=2.013 0.1705 n.s.
CS:Treatment F(4,28)=0.2776 0.89 n.s.

EXT3 systemic FC CS F(1,12)=75.87 <0.001 ***
Treatment F(1,12)=0.2627 0.6175 n.s.
CS:Treatment F(1,12)=3.799 0.07506 n.s.

EXT1 CS F(2,24)=38.94 <0.001 ***
Treatment F(1,12)=0.07624 0.7872 n.s.
CS:Treatment F(2,24)=0.3532 0.7061 n.s.

EXT2 CS F(2,24)=3.517 0.04576 *
Treatment F(1,12)=0.8919 0.3636 n.s.
CS:Treatment F(2,24)=2.072 0.1479 n.s.

EXT3 CS F(2,24)=0.3027 0.7416 n.s.
Treatment F(1,12)=0.007115 0.9342 n.s.
CS:Treatment F(2,24)=0.8221 0.4515 n.s.

Supplementary Table 9: Statistics for SupFig 3a-d ANOVAs.
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Experiment Group 1 Group 2 Phase CS period Estimate SE df t p-value Sig.
EXT1 EXT2 systemic Gi+CNO CT+SAL FC CS1 5.41 6.52 35.74 0.83 0.41 n.s.

CS5 -1.18 6.52 35.74 -0.18 0.86 n.s.
EXT1 Early 0.58 7.44 35.33 0.08 0.94 n.s.

Middle -5.50 7.44 35.33 -0.74 0.46 n.s.
Late -16.90 7.44 35.33 -2.27 0.03 *

EXT2 Early -11.17 10.57 29.90 -1.06 0.30 n.s.
Middle -24.00 10.57 29.90 -2.27 0.03 *
Late -21.66 10.57 29.90 -2.05 0.05 *

EXT3 Early -8.80 7.92 30.63 -1.11 0.28 n.s.
Middle -15.16 7.92 30.63 -1.91 0.07 n.s.
Late -12.18 7.92 30.63 -1.54 0.13 n.s.

EXT1 EXT2 systemic SHAM SHAM+CNO SHAM+SAL FC CS1 10.62 7.98 28.00 1.33 0.19 n.s.
CS5 6.30 7.98 28.00 0.79 0.44 n.s.

EXT1 Early 4.99 9.62 28.58 0.52 0.61 n.s.
Middle -2.14 9.62 28.58 -0.22 0.83 n.s.
Late -2.78 9.62 28.58 -0.29 0.77 n.s.

EXT2 Early -2.77 10.23 31.52 -0.27 0.79 n.s.
Middle -12.12 10.23 31.52 -1.19 0.24 n.s.
Late 6.68 10.23 31.52 0.65 0.52 n.s.

EXT3 Early 5.76 8.77 28.79 0.66 0.52 n.s.
Middle 1.00 8.77 28.79 0.11 0.91 n.s.
Late 12.88 8.77 28.79 1.47 0.15 n.s.

Local infusion in MD CT+SAL Gi+CNO FC CS1 13.02 8.02 28.00 1.62 0.25 n.s.
CS5 18.46 8.02 28.00 2.30 0.07 n.s.

EXT1 Early -9.18 8.60 26.25 -1.07 0.54 n.s.
Middle -5.64 8.60 26.25 -0.66 0.79 n.s.
Late -24.95 8.60 26.25 -2.90 0.02 *

EXT2 Early -17.08 12.65 27.10 -1.35 0.38 n.s.
Middle -7.57 12.65 27.10 -0.60 0.82 n.s.
Late 3.72 12.65 27.10 0.29 0.95 n.s.

EXT3 Early -10.01 7.76 37.80 -1.29 0.41 n.s.
Middle -4.30 7.76 37.80 -0.55 0.84 n.s.
Late -10.21 7.76 37.80 -1.32 0.40 n.s.

CT+SAL CT+CNO FC CS1 1.56 7.64 28.00 0.20 0.98 n.s.
CS5 15.33 7.64 28.00 2.01 0.13 n.s.

EXT1 Early -6.66 8.20 26.25 -0.81 0.70 n.s.
Middle 9.11 8.20 26.25 1.11 0.52 n.s.
Late -3.52 8.20 26.25 -0.43 0.90 n.s.

EXT2 Early -11.52 12.06 27.10 -0.96 0.61 n.s.
Middle -8.29 12.06 27.10 -0.69 0.77 n.s.
Late 0.20 12.06 27.10 0.02 1.00 n.s.

EXT3 Early -6.96 7.40 37.80 -0.94 0.62 n.s.
Middle -10.15 7.40 37.80 -1.37 0.37 n.s.
Late -12.18 7.40 37.80 -1.65 0.24 n.s.

Gi+CNO CT+CNO FC CS1 -11.46 8.02 28.00 -1.43 0.34 n.s.
CS5 -3.13 8.02 28.00 -0.39 0.92 n.s.

EXT1 Early 2.51 8.60 26.25 0.29 0.95 n.s.
Middle 14.74 8.60 26.25 1.71 0.22 n.s.
Late 21.43 8.60 26.25 2.49 0.05 *

EXT2 Early 5.57 12.65 27.10 0.44 0.90 n.s.
Middle -0.72 12.65 27.10 -0.06 1.00 n.s.
Late -3.52 12.65 27.10 -0.28 0.96 n.s.

EXT3 Early 3.05 7.76 37.80 0.39 0.92 n.s.
Middle -5.85 7.76 37.80 -0.75 0.73 n.s.
Late -1.98 7.76 37.80 -0.25 0.96 n.s.

EXT3 systemic CT+SAL Gi+CNO FC CS1 15.19 8.77 23.99 1.73 0.10 n.s.
CS5 -8.78 8.77 23.99 -1.00 0.33 n.s.

EXT1 Early 6.54 9.70 26.38 0.67 0.51 n.s.
Middle 1.95 9.70 26.38 0.20 0.84 n.s.
Late -2.18 9.70 26.38 -0.22 0.82 n.s.

EXT2 Early 5.69 11.22 26.84 0.51 0.62 n.s.
Middle -12.62 11.22 26.84 -1.12 0.27 n.s.
Late -17.87 11.22 26.84 -1.59 0.12 n.s.

EXT3 Early 6.78 10.24 23.75 0.66 0.51 n.s.
Middle -3.79 10.24 23.75 -0.37 0.71 n.s.
Late -5.11 10.24 23.75 -0.50 0.62 n.s.

Supplementary Table 10: Statistics for SupFig 3a-d contrasts.
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Experiment Effect ANOVA p-value Sig.
EXT1 EXT2 systemic Group F(1,20)=1.315, 0.27 n.s.

Context F(3,54)=62.02, 0.00 ***
Group:Context F(3,54)=0.3499, 0.79 n.s.

EXT1 EXT2 systemic SHAM Group F(2,14)=0.5874, 0.57 n.s.
Context F(3,42)=25.29, 0.00 ***
Group:Context F(6,42)=0.7821, 0.59 n.s.

Local infusion in MD Group F(1,14)=0.147, 0.71 n.s.
Context F(3,42)=22.59, 0.00 ***
Group:Context F(3,42)=0.6034, 0.62 n.s.

EXT3 systemic Group F(1,10)=1.364, 0.27 n.s.
Context F(3,30)=64.24, 0.00 ***
Group:Context F(3,30)=3.188, 0.04 *

Supplementary Table 11: Statistics for SupFig 3e-h ANOVAs.

group context Group 1 Group 2 Estimate SE df t.ratio p.value Sig.
EXT1 EXT2 systemic CONTEXT A CT+SAL Gi+CNO 3.81 4.01 20.00 0.95 0.35 n.s.

CONTEXT B preEXT1 CT+SAL Gi+CNO 1.76 4.01 20.00 0.44 0.67 n.s.
CONTEXT B preEXT2 CT+SAL Gi+CNO 4.15 4.19 20.00 0.99 0.33 n.s.
CONTEXT B preEXT3 CT+SAL Gi+CNO 7.38 4.19 20.00 1.76 0.09 n.s.

EXT1 EXT2 systemic SHAM CONTEXT A SHAM+SAL SHAM+CNO 0.71 5.90 14.00 0.12 0.91 n.s.
CONTEXT B preEXT1 SHAM+SAL SHAM+CNO -2.78 5.90 14.00 -0.47 0.64 n.s.
CONTEXT B preEXT2 SHAM+SAL SHAM+CNO 5.54 5.90 14.00 0.94 0.36 n.s.
CONTEXT B preEXT3 SHAM+SAL SHAM+CNO 3.21 5.90 14.00 0.54 0.59 n.s.

Local infusion in MD CONTEXT A Gi+CNO Gi+SAL -8.00 8.62 14.00 -0.93 0.63 n.s.
CONTEXT A Gi+CNO SHAM+CNO -4.41 8.62 14.00 -0.51 0.87 n.s.
CONTEXT A Gi+SAL SHAM+CNO 3.59 8.22 14.00 0.44 0.90 n.s.
CONTEXT B preEXT1 Gi+CNO Gi+SAL 0.05 8.62 14.00 0.01 1.00 n.s.
CONTEXT B preEXT1 Gi+CNO SHAM+CNO 2.29 8.62 14.00 0.27 0.96 n.s.
CONTEXT B preEXT1 Gi+SAL SHAM+CNO 2.24 8.22 14.00 0.27 0.96 n.s.
CONTEXT B preEXT2 Gi+CNO Gi+SAL -12.61 8.62 14.00 -1.46 0.34 n.s.
CONTEXT B preEXT2 Gi+CNO SHAM+CNO -8.00 8.62 14.00 -0.93 0.63 n.s.
CONTEXT B preEXT2 Gi+SAL SHAM+CNO 4.62 8.22 14.00 0.56 0.84 n.s.
CONTEXT B preEXT3 Gi+CNO Gi+SAL -7.09 8.62 14.00 -0.82 0.70 n.s.
CONTEXT B preEXT3 Gi+CNO SHAM+CNO -12.72 8.62 14.00 -1.48 0.33 n.s.
CONTEXT B preEXT3 Gi+SAL SHAM+CNO -5.63 8.22 14.00 -0.68 0.78 n.s.

EXT3 systemic CONTEXT A CT+SAL Gi+CNO 1.23 4.46 10.00 0.28 0.79 n.s.
CONTEXT B preEXT1 CT+SAL Gi+CNO 10.81 4.46 10.00 2.42 0.04 *
CONTEXT B preEXT2 CT+SAL Gi+CNO 6.62 4.46 10.00 1.48 0.17 n.s.
CONTEXT B preEXT3 CT+SAL Gi+CNO -2.90 4.46 10.00 -0.65 0.53 n.s.

Supplementary Table 12: Statistics for SupFig3e-h Contrasts.

Parameter Kruskal p-value Sig. Group1 Group2 p-value Sig.
Total Distance 1.04 0.59 n.s. CT+SAL Gi+CNO 0.94 n.s.
Entries Central Area 3.37 0.18 n.s. CT+SAL Gi+CNO 0.21 n.s.
Percentage time Central Area 4.61 0.10 n.s. CT+SAL Gi+CNO 0.10 n.s.
Distance moved Central Area 5.30 0.07 n.s. CT+SAL Gi+CNO 0.06 n.s.

Supplementary Table 13: Statistics for SupFig 4a.

Parameter Kruskal p-value Sig. Group1 Group2 p-value Sig.
Distance moved 0.71 0.70 n.s. CT+SAL Gi+CNO 0.83 n.s.
Frequency open arms 0.79 0.67 n.s. CT+SAL Gi+CNO 0.82 n.s.
Percentage time opened arms 1.16 0.56 n.s. CT+SAL Gi+CNO 0.70 n.s.
Frequency closed arms 2.51 0.28 n.s. CT+SAL Gi+CNO 0.64 n.s.

Supplementary Table 14: Statistics for SupFig 4b.
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Parameter Kruskal p-value Sig. Group1 Group2 p-value Sig.
Frequency Light zone 1.71 0.43 n.s. CT+SAL Gi+CNO 0.96 n.s.
Percentage time Light zone 1.67 0.43 n.s. CT+SAL Gi+CNO 0.48 n.s.
Latency to enter Dark Zone 0.28 0.87 n.s. CT+SAL Gi+CNO 0.95 n.s.

Supplementary Table 15: Statistics for SupFig 4c.

Parameter Kruskal p-value Sig. Group1 Group2 p-value Sig.
Hot plate Latency 1.37 0.50 n.s. CT+SAL Gi+CNO 0.64 n.s.
Tail immersion Latency 0.03 0.98 n.s. CT+SAL Gi+CNO 1.00 n.s.

Supplementary Table 16: Statistics for SupFig 4d.

Parameter Phase Group 1 Group 2 Test Stat p-value Sig.
Bursts per second baseline FC CT+SAL Gi+CNO Mann Whitney U 698.00 0.10 n.s.

EXT1 CT+SAL Gi+CNO Mann Whitney U 819.00 0.00 **
EXT3 CT+SAL Gi+CNO Mann Whitney U 440.00 0.10 n.s.

Bursts per second CS FC CT+SAL Gi+CNO Mann Whitney U 771.00 0.16 n.s.
EXT1 CT+SAL Gi+CNO Mann Whitney U 899.50 0.01 *
EXT3 CT+SAL Gi+CNO Mann Whitney U 439.00 0.14 n.s.

Average burst firing rate baseline FC CT+SAL Gi+CNO Mann Whitney U 697.00 0.14 n.s.
EXT1 CT+SAL Gi+CNO Mann Whitney U 1154.00 0.29 n.s.
EXT3 CT+SAL Gi+CNO Mann Whitney U 504.00 0.29 n.s.

Average burst firing rate CS FC CT+SAL Gi+CNO Mann Whitney U 733.00 0.25 n.s.
EXT1 CT+SAL Gi+CNO Mann Whitney U 1145.00 0.27 n.s.
EXT3 CT+SAL Gi+CNO Mann Whitney U 547.00 0.43 n.s.

Supplementary Table 17: Statistics for Fig 5.

Parameter Group Phase 1 Phase 2 Test Stat p-value Sig.
Bursts per second baseline CT+SAL FC EXT1 Mann Whitney U 625.00 0.208 n.s.

EXT1 EXT3 Mann Whitney U 128.00 <0.001 ###
Gi+CNO FC EXT3 Mann Whitney U 904.00 <0.001 ###

EXT1 EXT3 Mann Whitney U 613.00 <0.001 ###
Bursts per second CS CT+SAL FC EXT1 Mann Whitney U 539.00 0.803 n.s.

EXT1 EXT3 Mann Whitney U 197.00 <0.001 ###
Gi+CNO FC EXT3 Mann Whitney U 1042.50 <0.001 ###

EXT1 EXT3 Mann Whitney U 1121.00 <0.001 ###
Average burst firing rate baseline CT+SAL FC EXT1 Mann Whitney U 501.00 0.018 #

EXT1 EXT3 Mann Whitney U 162.00 <0.001 ###
Gi+CNO FC EXT3 Mann Whitney U 712.00 <0.001 ###

EXT1 EXT3 Mann Whitney U 586.00 <0.001 ###
Average burst firing rate CS CT+SAL FC EXT1 Mann Whitney U 478.00 0.018 #

EXT1 EXT3 Mann Whitney U 163.00 <0.001 ###
Gi+CNO FC EXT3 Mann Whitney U 779.00 <0.001 ###

EXT1 EXT3 Mann Whitney U 650.00 <0.001 ###

Supplementary Table 18: Statistics for Fig 5 bis.

Variable Group Test Condition 1 Condition 2 Statistic p-value Sig.
Fraction of PSD CT+SAL Wilcoxon Baseline CS 0.00 <0.001 ***

Gi+CNO Wilcoxon Baseline CS 1.00 <0.001 ***

Supplementary Table 19: Statistics for Fig 6c.

Variable Condition Test Condition 1 Condition 2 Statistic p-value Sig.
Fraction of PSD CS Mann Whitney U CT+SAL Gi+CNO 22.00 0.00 ##

Supplementary Table 20: Statistics for Fig 6c bis.
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Group Test Statistic p-value Sig.
CT+SAL during CS One sample Wilcoxon test 100.00 <0.001 ***
Gi+CNO during CS One sample Wilcoxon test 460.00 <0.001 ***
CT+SAL between CSs One sample Wilcoxon test 212.00 0.0129 *
Gi+CNO between CSs One sample Wilcoxon test 467.00 <0.001 ***

Supplementary Table 21: Statistics for Fig 6f.

Condition 1 Condition 2 Test Statistic p-value Sig.
CT+SAL during CS Gi+CNO during CS Mann Whitney U 1013.00 0.0274 #
CT+SAL between CSs Gi+CNO between CSs Mann Whitney U 1295.00 0.4712 n.s.
CT+SAL during CS CT+SAL between CSs Wilcoxon 136.00 <0.001 ***
Gi+CNO during CS Gi+CNO between CSs Wilcoxon 990.00 0.3519 n.s.

Supplementary Table 22: Statistics for Fig 6f bis.

Variable Test Condition 1 Condition 2 Statistic p-value Sig.
Burst occurence Mann Whitney U CT+SAL Gi+CNO 890.00 0.00 ##

Supplementary Table 23: Statistics for Fig 6g.

Value Test Group Z p-value Sig.
MD bursting phase Rayleigh test CT+SAL 5.67 0.0034 **

Rayleigh test Gi+CNO 90.56 <0.001 ***

Supplementary Table 24: Statistics for Fig 7b.

Value Test Group Z p-value Sig.
MD neurons preferential Rayleigh test CT+SAL 4.67 0.0085 **
bursting phase Circular V-test (dir=pi) CT+SAL 12.50 0.0023 ##

Rayleigh test Gi+CNO 17.98 <0.001 ***
Circular V-test (dir=pi) Gi+CNO 33.94 <0.001 ###

Supplementary Table 25: Statistics for Fig 7c.

Value Category Test Group Statistic p-value Sig.
Average dmPFC 4Hz relative to MD High 4Hz episode Wilcoxon CT+SAL 35.00 <0.001 ***
bursting (prior vs post bursting) Wilcoxon Gi+CNO 143.00 <0.001 ***

Supplementary Table 26: Statistics for Fig 7d.

Value Test Group Statistic p-value Sig.
Ratio Post/Pre-burst 4Hz amplitude Wilcoxon CT+SAL 31.00 <0.001 ***
(low vs high 4Hz episode) Wilcoxon Gi+CNO 215.00 <0.001 ***

Supplementary Table 27: Statistics for Fig 7e.

Variable Test Condition 1 Condition 2 Statistic p-value Sig.
Angular distance Mann Whitney U CT+SAL Gi+CNO 973.00 0.01 #

Supplementary Table 28: Statistics for SupFig 5a.

Value Category Test Group Statistic p-value Sig.
Average dmPFC 4Hz relative to MD Low 4Hz episode Wilcoxon CT+SAL 338.00 0.47 n.s.
bursting (prior vs post bursting) Wilcoxon Gi+CNO 953.00 0.25 n.s.

Supplementary Table 29: Statistics for SupFig 5b.

Variable Group Test Condition 1 Condition 2 Statistic p-value Sig.
Fraction of PSD CT+SAL Wilcoxon Baseline CS 0.00 <0.001 ***

Gi+CNO Wilcoxon Baseline CS 68.00 0.0326 *

Supplementary Table 30: Statistics for Fig 8c.
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Variable Group Test Statistic p-value Sig.
Lag of peak cross-correlation CT+SAL Wilcoxon 456.00 <0.001 ***
dmPFC - MD 4Hz LFP Gi+CNO Wilcoxon 351.00 <0.001 ***

Supplementary Table 31: Statistics for Fig 8e.

Variable Group Test Direction 1 Direction 2 Statistic p-value Sig.
4Hz range GPDC EXT1 CT+SAL Wilcoxon dmPFC->MD MD->dmPFC 87.00 <0.001 ***

Gi+CNO Wilcoxon dmPFC->MD MD->dmPFC 925.00 <0.001 ***

Supplementary Table 32: Statistics for Fig 8f.

Value Test Group 1 Group 2 Statistic p-value Sig.
4Hz GPDC dmPFC->MD Mann Whitney U CT+SAL Gi+CNO 8045.00 <0.001 ***
4Hz GPDC MD->dmPFC Mann Whitney U CT+SAL Gi+CNO 5894.00 <0.001 ***

Supplementary Table 33: Statistics for Fig 8g.

Value Test Group 1 Group 2 Statistic p-value Sig.
Basal dmPFC-MD Mann Whitney U CT+SAL Gi+CNO 809.00 <0.001 ***
4Hz coherence before MD bursting

Supplementary Table 34: Statistics for Fig 9c.

Test Group Value 1 Value 2 Statistic p-value Sig.
Wilcoxon test CT+SAL 4HzCohbasal 4HzCoh 1st cycle before burst 98.00 <0.001 ***

4HzCohbasal 4HzCoh 1st cycle after burst 95.00 <0.001 ***
4HzCohbasal 4HzCoh 2nd cycle after burst 223.00 0.0197 *

Gi+SAL 4HzCohbasal 4HzCoh 1st cycle before burst 366.00 <0.001 ***
4HzCohbasal 4HzCoh 1st cycle after burst 247.00 <0.001 ***
4HzCohbasal 4HzCoh 2nd cycle after burst 842.00 0.0635 n.s.

Supplementary Table 35: Statistics for Fig 9d.

Test Group Value 1 Value 2 Statistic p-value Sig.
Wilcoxon test CT+SAL 4HzCoh 1st cycle before burst 4HzCoh 1st cycle after burst 202.00 0.01 ##

Gi+SAL 4HzCoh 1st cycle before burst 4HzCoh 1st cycle after burst 761.00 0.02 #

Supplementary Table 36: Statistics for Fig 9d bis.
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5
Discussion

5.1 Limitations of the studies

5.1.1 Diversity of cerebellar nuclei neurons

In our studies, we typically consider the output of the cerebellum as partitioned into

the 3 main cerebellar nuclei, being the fastigial nucleus (FN), the interposed nucleus

(IN) and the dentate nucleus (DN). However, many evidences tend to point to-

wards an anatomical and functional heterogeneity between the neurons from a same

cerebellar nucleus (Fujita et al. 2020; Kebschull, Richman, et al. 2020; Kebschull,

Casoni, et al. 2023).

Targeting cerebellar nuclei neurons is a powerful way to investigate cerebellar

function. As an example, one of our studies is particularly interested in cerebello-

thalamic projections originating from the cerebellar fastigial nucleus projecting to

the medio-dorsal thalamus involved in the regulation of cortico-thalamo-cortical syn-

chrony and extinction of fear memory (Frontera, Sala, et al. 2023). It was recently

showed that the FN was composed of distinct sub-populations of projection neurons,

having different anatomical characteristics, gene expression and projection targets

(Fujita et al. 2020). Although this study revealed that MD-projecting FN neurons

belong to a single sub-population of neurons named F4, which also projects to several
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other targets such as the ventro-medial and centro-lateral thalamus, it is possible

that the F4 sub-population is itself heterogeneous. Indeed, a recent study revealed

that glutamatergic projection neurons of the cerebellar nuclei were composed of

intermingled clusters of sub-populations named class-A and class-B projection neu-

rons (Kebschull, Richman, et al. 2020; Kebschull, Casoni, et al. 2023). In the case

of PAG-projecting neurons, collaterals were visible in several structures including

the MD and PF thalamic nuclei.

Although the pathways that we study may be restricted to one of these sub-

populations of cerebellar nuclei neurons, we cannot rule out the possibility that

there can be different sub-populations contributing to cerebello-thalamic pathways

having different functions and computations either via the same thalamic nucleus

or via differential collateralization to other structures.

5.1.2 Perturbation of cerebellar output

The neurons of the cerebellar nuclei were described as spontaneously regular spik-

ing (Jahnsen 1986), with firing rates as high as several tens of Hz in slices (Raman,

Gustafson, et al. 2000) as well as in-vivo (Özcan et al. 2020). In particular, gluta-

matergic neurons of the cerebellar nuclei display high regularity, and higher average

firing rate compared to GABAergic neurons (Özcan et al. 2020).

This suggests that projection neurons from the cerebellar neurons are intrinsi-

cally tonically active and fast spiking. This tonic activity has some implications for

the interpretation of experiments of perturbation of the cerebellar output. Indeed,

if the modulation of the activity of cerebellar projection neurons is responsible for

the support of a brain function, the ideal perturbation would be to prevent these

modulations while maintaining the spontaneous behaviour of the cell. However, this

is impossible with the current optogenetic and chemogenetic silencing, as they al-

ter neuronal activity beyond this point. Indeed, most commonly used optogenetic

silencing tools can lead to a complete silencing of neuronal activity during illumina-

tion (Wiegert et al. 2017). In the case of inhibitory DREADDs, the binding with

CNO leads to a decreased excitability of the neuron, which in our study did not

completely silence neuronal activity, and only down-modulated it by 50% (Varani

et al. 2020).

In the case of the cerebello-thalamic pathway, the reduction of a tonic excita-

tory input to the thalamus, even incomplete, could have dramatic consequences.

More specifically, it could contribute to a hyperpolarization which would favor de-

inactivation of low-threshold calcium channel-driven and then favor bursts of activity
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(Destexhe et al. 2002). A reduction of excitator inputs could thus somewhat para-

doxically favor higher frequency activity through bursting. Moreover, shifting the

baseline state of neurones could not only disrupt its firing patterns but also create

highly non-physiological shifts of activity, and create behavioral consequences be-

yond the physiological functions of the cerebellum. In the particular case of our

MD study, the reduced excitator drive applied to the MD neurons by inhibitory

DREADD in the afferent cerebellar inputs could explain the increased bursting

activity (Frontera, Sala, et al. 2023), which incidentally is known to influence ex-

tinction learning (Lee, Ahmed, et al. 2012). Nonetheless, the fact that the inhibition

of the pathway leads to an increased oscillatory coupling between the thalamus and

the cortex is an indication that the cerebellum actively controls cortico-thalamic

synchronization, and is not just providing an excitatory tone to the thalamus.

Moreover, both optogenetic and chemotogenetic tools have temporal and/or spa-

tial specificity limitations which can impair their use. Typically, optogenetics tools

have a great spatial and temporal specificity, as their spatial specificity is limited

by the extent of the illumination pattern and their temporal specificity is limited

by the activation and deactivation kinetics of the opsin used (Wiegert et al. 2017;

Dugué, Akemann, et al. 2012; Dugué, Lörincz, et al. 2014). However, specifically in

the case of optogenetic silencing, the properties of the opsins lead to instabilities if

opened for more than few seconds, especially in the case of ion pumps which can

alter ionic homoeostasis, limiting their use for long-lasting inhibitions (Wiegert et al.

2017; Zhang, Yang, et al. 2019).

On the other hand, chemogenetic tools display a lower temporal and spatial

specificity, but are overall more suited for longer-term perturbation of neuronal

activity (Roth 2016; White et al. 2017), which makes it a great tool for behavioural

perturbations (Whissell et al. 2016; Roth 2016). However, both temporal and spatial

specificity of chemogenetic perturbations are going to be heavily dependent not only

on the accuracy of the targeted expression of the DREADD but also on the mode

of administration of CNO. Indeed, CNO is usually administered either systemically

or with intra-cranial micro-injections, with systemic injections leading to slow onset

time and brain-wide presence of CNO, while intra-cranial micro-injections lead to

a fast onset and more restricted activation of DREADDs receptors, limited by the

spread of the CNO injection. Nonetheless, the effect of chemogenetic manipulation

can persists for up to 6 hours (Whissell et al. 2016), as its offset is dependent on the

systemic elimination of CNO. Thus, using chemogenetic tools to reversibly perturb

neuronal activity during short periods is impossible in-vivo.
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These properties of optogenetic and chemogenetic tools prevented us to reliably

perturb neuronal activity only during trials or only during resting periods in the

accelerating rotarod protocol, and lead to potential mixed effects of chemogenetic

inhibition during the rotarod session. Similarly, the chemogenetic inhibition of the

FN-MD pathway during extinction of fear memory (Frontera, Sala, et al. 2023) was

not restricted to the extinction session and persisted during the hours following the

end of the session, which could potentially alter memory consolidation mechanisms.

Furthermore, as silencing neuronal activity implies constant function of the si-

lencing tool, it may lead to a plethora of undesired effects in the long term (Wiegert

et al. 2017). Specifically, a prolonged optogenetic stimulation or inhibition can lead

to tissue heating, and chronic chemogenetic inhibition could induce desensitization,

homeostatic adaptations and intrinsic plasticity (Wiegert et al. 2017). Nonetheless,

for the cerebellar nuclei, observations from our lab suggest that the repeated admin-

istration of CNO does not induce massive shift of baseline firing of cerebellar nuclei

neurons expressing an inhibitory DREADD (Varani et al. 2020).

5.1.3 Potential involvement of cerebello-thalamic collaterals

The cerebellum projects to a wide variety of targets in the brain, including the di-

encephalon, mesencephalon and medulla oblongata (Novello et al. 2022). Strikingly,

the thalamus is a profuse diencephalic target of the cerebellum, as many thalamic

nuclei receive projections from the cerebellar nuclei (Ichinohe et al. 2000; Teune

et al. 2000; Fujita et al. 2020; Novello et al. 2022).

However, single cerebellar nuclei neurons were shown to project to multiple tar-

gets, emitting collaterals not only to the thalamus, but also to other structures such

as the tectum, the midbrain, the medulla oblongata and the spinal cord (Bharos

et al. 1981; Bentivoglio, and Kuypers 1982; Sathyamurthy et al. 2020; Streng et al.

2021).

In addition, cerebellar nuclei neurons targeting the ventro-lateral thalamus send

collateral branches to the granular layer of the cerebellar cortex where they contact

both granule and Golgi cells (Houck et al. 2015), suggesting that a corollary discharge

is sent to the cerebellar cortex, potentially leading to a feedback inhibition of the

cerebellar nuclei.

Quite strikingly, neurons in the fastigial nucleus (FN) projecting to the supe-

rior colliculus also send collaterals to several thalamic and midbrain targets (Streng

et al. 2021). This includes the medio-dorsal (MD), ventro-lateral (VAL), ventro-
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medial (VM) and parafascicular (PF) thalamic nuclei, as well as the ventro-lateral

periaqueductal gray (vlPAG). These findings potentially support the existence of a

neuronal population in the fastigial nucleus projecting simultaneously to the MD

and to vlPAG. And indeed, it was already observed that FN-vlPAG neurons send

collaterals to several thalamic nuclei including the MD, the PF and the VAL (Fron-

tera, Baba Aissa, et al. 2020), confirming that a neuronal population projecting to

both vlPAG and MD exists in the FN.

The presence of collaterals to the MD and vlPAG from single axons indicates that

the chemogenetic inhibition of FN-vlPAG neurons (Frontera, Baba Aissa, et al. 2020)

and FN-MD neurons (Frontera, Sala, et al. 2023), target overlapping populations

of the FN neurons. Yet in the case of systemic administration of CNO during

extinction, the impact of inhibition between the two structures differ, the expression

of fear during presentation of CS on the third day of extinction when CNO was

not administered remained higher when vlPAG-projecting neurons were targeted

while the effect was milder for MD-projecting neurons. Therefore the effects do

not seem identical in the two experiments. The contribution of the MD could be

anyway singled out by using intra-cranial micro-injections of CNO in the MD -which

shall only decrease the activity of FN terminals in the MD-. These local injections

produced similar, although weaker, effect than systemic injections (Frontera, Sala,

et al. 2023) is a strong indication that the FN-MD projections are modulating the

extinction of fear memory via the MD. However, an experiment involving intra-

cranial micro-injections of CNO in the vlPAG might be necessary to clarify the

involvement of FN-vlPAG projections in the extinction of fear memory.

Similarly, neurons of the cerebellar nuclei projecting to the spinal cord emit pro-

jections to the ventral thalamus and to the red nucleus (Sathyamurthy et al. 2020).

This reveals that a population of cerebellar nuclei neurons projecting to the VAL

also projects to the spinal cord and to the red nucleus. More interestingly, the

chemogenetic inhibition of spinal cord-projecting CN neurons during the accelerat-

ing rotarod task impairs performances in motor skill learning (Sathyamurthy et al.

2020). This study however did not investigate the impact of the inhibition on motor

abilities, and this prevents the disambiguation of motor defects vs motor learning

defect.

Our results investigating the impact of inhibition of CN-VAL neurons during

the learning of the accelerating rotarod task also showed an impairment of motor

learning . Thus, the effect that we observed in our study could be mediated by

any of the different potential targets that these neurons target, since we performed
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intra-peritoneal injections of CNO.

However, some key differences between our results and the observations of this

study should be noted. Indeed, we observe that the inhibition of CN-VAL neurons

during the task doesn’t initially induce a consistent deficit in performances during

the first days of learning, and that the late inhibition of these neurons after learning

(during the treatment reversal experiments) induce a strong decrease in performance

. On the other hand, this study reveals that the inhibition of spinal cord-projecting

CN neurons leads to a strong deficit, present even in early phases of learning (which

could result from a direct motor impairment) and, that the inhibition of these neu-

rons post-learning (on day 4) does not affect performances (Sathyamurthy et al.

2020). This suggests that although there is an intersection between the neuronal

populations inhibited in both studies (as collateralization was observed), there may

be a strong contingent of non-spinal cord-projecting CN-VAL neurons, and non-

VAL-projecting spinal cord-projecting CN neurons carrying different functions, the

former being more involved in the expression of a previously learned skill, whereas

the latter is more involved in the acquisition of a motor skill.

Moreover, it was observed that CN neurons could emit collaterals in the VAL and

CL simultaneously (Sakayori et al. 2019), suggesting a possible divergent transfer of

information between the cerebellum and these two thalamic nuclei. This observation

implies that at least a neuronal population in the CN would be inhibited in both of

our experimental design of CN-VAL and CN-CL inhibition.

All together, these observations highlight the fact that performing intra-cranial

micro-injections of CNO may be necessary to clearly unravel the phenotypes in-

ducible by the inhibition of CN-VAL and CN-CL projections, as well as their func-

tions. Nonetheless, the clear differences between the phenotypes induced by the

chemogenetic inhibition CN-VAL and CN-CL neurons, as well as the dichotomy ob-

served between cerebello-cortical and cerebello-striatal coupling are strong evidences

that distinct pathways exist between the cerebellum, motor cortex and striatum,

supporting different functions.

5.1.4 Assessment of synaptic plasticity in-vivo

In some of our studies, we compare the response of single neurons to optogenetic

stimulations of cerebellar nuclei neurons at different stages of learning or pathology

and treatment development to extrapolate a change in coupling between the cerebel-

lum and other structures such as the thalamus, the motor cortex and the striatum

(Aı̈ssa et al. 2022). The underlying rational is that an increased response would

reflect a long term potentiation of synapses between the stimulated cerebellar nuclei
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neurons and the target neuron. On the other hand, a decreased response would

reflect a synaptic long term depression.

More specifically, our investigation of the effect of cerebellar theta-bursts stim-

ulations on cerebello-thalamo-cortical plasticity was supported by a comparison of

the response of single neurons to optogenetic stimulations of cerebellar nuclei before

and after the application of cerebellar theta-bursts stimulations (Aı̈ssa et al. 2022).

Our observed change in response could be due to multiple factors, including possible

changes in intrinsic plasiticity (Shim, Lee, et al. 2018; Gao, van Beugen, et al. 2012;

Frick et al. 2004; Kim, and Jung 2006; Zhang, and Linden 2003; Gittis et al. 2006).

This is process is not restricted to synaptic plasticity and encompasses non-synaptic

and more global changes (Shim, Lee, et al. 2018; Belmeguenai et al. 2010). Interest-

ingly, it was reported to act alongside synaptic potentiation and depression (Hyun

et al. 2013; Shim, Jang, et al. 2017), suggesting an interaction between both forms of

plasticities. However, incongruence between synaptic and intrinsic plasticities were

reported (Brager et al. 2007), where an increased excitability was observed along-

side a long term depression of synaptic inputs, suggesting that the duality between

synaptic and intrinsic plasticities could support homoeostasis in neuronal networks.

Thus, an observed change in response could both reflect changes in synaptic and

instrinsic plasticities, as these two are intertwined.

Synaptic plasticity has been shown to be a heterogeneous process, spreading over

different timescales and mechanisms (Frey et al. 1998; Baltaci et al. 2019). As an

example, it has been shown in hippocampal neurons that long term potentiation can

be broken down into different components, as a short latency mechanism considered

as “early-LTP” occurs prematurely, and can be later stabilized during the “late-

LTP” phase (Frey et al. 1998). While early-LTP is dependent on the activation

CaMKII to perform intra-cellular protein trafficking, the late-LTP requires gene

expression and protein synthesis (Baltaci et al. 2019), occurring in the following tens

of minutes up to hours following the plasticity-inducing stimulation. Subsequently,

this stabilized LTP will be maintained by different cellular mechanisms (Baltaci

et al. 2019). In our study, we compare responses before and after application of

cerebellar theta-bursts stimulations. Knowing that the average response measured

after stimulation occurs in the following 10-20 minutes following theta-bursts, it may

reflect a mix of both early and late-LTP, and may not be completely indicative of

the stability of the change, as it may not be fully consolidated yet. This is critical,

as weak stimulations leading to solely early-LTP induce changes which can typically

last for 1 to 3 hours, whereas late-LTP induces changes lasting for a day (Baltaci
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et al. 2019).

In order to properly delineate the contribution of the different forms of plas-

ticity on the change of response that we observed, as well as the stability of the

change measured, a complementation by ex-vivo studies would have beenb neces-

sary. Nonetheless, it should be noted that the long-term increases or decreases in

firing rate observed during our experiments are still strong evidence that changes

of coupling between the cerebellum and downstream structures are occurring dur-

ing learning or after performing cerebellar theta-bursts stimulations, and thus have

important functional implications.

5.2 Cerebellum as a coordinator of brain oscilla-

tions during learning

In our studies, we revealed that the cerebellum actively participates to the regula-

tion of learning mechanisms depending on brain oscillations, whether through the

presence of cerebellar spindles reactivating cortical populations during motor learn-

ing, or through the regulation of cortico-thalamo-cortical coupling of fear-related

4Hz oscillations between the MD and the dmPFC during extinction of fear memory

(Frontera, Sala, et al. 2023).

5.2.1 Fear related 4Hz oscillations

As evidenced in previous studies, the expression of a conditioned fear behaviour is

associated to particular patterns of activity in the dmPFC. Indeed, oscillations are

visible in the LFP of the dmPFC during the expression of freezing following fear

conditioning, at frequency of ~4Hz in rodents and corresponding to the breathing

rhythm (Karalis et al. 2016a; Dejean et al. 2016; Bagur et al. 2021). These oscil-

lations propagate to the amygdala, where they were also observed (Lesting et al.

2013; Karalis et al. 2016b; Davis et al. 2017; Ozawa et al. 2020; Hagihara et al.

2021), consistently with a high degree of interconnection with the prefrontal cor-

tex. Knowing the importance of coordinated activity in the limbic circuits for the

support emotional learning, it was critical to investigate the extent to which these

oscillatory patterns of activity can affect neuronal dynamics in the limbic circuits.

We revealed that fear related oscillations are present in the medio-dorsal tha-

lamus (MD), a central hub of the limbic system (Georgescu, Popa, et al. 2020).

More importantly, these oscillations can participate to bursting activity in the MD,
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which was shown to regulate the extinction of fear memory (Lee, Ahmed, et al.

2012). Thus, the presence of 4Hz oscillations in the dmPFC promotes synchronous

bursting in the MD, which in turn impairs extinction.

Critically, we also observed that MD bursting nested within 4Hz oscillations

could contribute to the persistence of these oscillations, increasing both their am-

plitudes and their cortico-thalamic coupling. This is consistent with the notion that

bursting activity, particularly if engaging large populations of neurons, could con-

tribute to oscillatory processes in the brain (Cunningham et al. 2004; Constantinou

et al. 2015; Tal et al. 2020; Scherer et al. 2022).

Strikingly, we observed that the chemogenetic inhibition of FN-MD pathway

during extinction learning leads to an increased coherence of 4Hz oscillations between

the dmPFC and the MD, as well as more bursting activity in the MD and an

enhanced entrainment of MD bursting by dmPFC 4Hz oscillations. This increased

synchrony between the MD and the dmPFC following a cerebellar nuclei inhibition

is consistent with the role of the cerebellum in modulating brain oscillations and

coordinating brain structures (Popa et al. 2013; Lindeman et al. 2021; McAfee et al.

2019; McAfee et al. 2021; Heck et al. 2023).

Interestingly, this is the first report suggesting that the cerebellum could con-

tribute to the desynchronization of distant structures’ activities, as it was usually

observed that perturbing the cerebellum would lead to a decreased synchrony be-

tween brain areas (Popa et al. 2013; Lindeman et al. 2021; Georgescu Margarint et

al. 2020; Heck et al. 2023), rather implying a role of the cerebellum in promoting co-

herent oscillatory oscillations between distant structures. However, the mechanism

underlying this desynchronization remains unknown and needs to be investigated.

A simple hypothesis explaining this phenomenon, supported by preliminary results,

will be discussed in a later section.

Altogether, our observations support the fact that the degree of synchrony of 4Hz

oscillations in the limbic circuit is critical in regulating the expression of conditioned

fear behaviour and extinction learning, and that this synchrony is actively controlled

by the cerebellum, which, in normal conditions, promotes a desynchronization of the

dmPFC-MD reciprocal network, reducing the bursting behaviour of the MD, limiting

the maintenance of dmPFC 4Hz oscillations, which in term facilitates extinction

learning.
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Figure 5.1: The cerebellum controls fear extinction through the synchrony of cortico-
thalamic fear-related oscillations. Following fear conditioning, the exposition to the CS elicits a
fear response. In normal extinction of fear memory, freezing is associated to fear-related oscillations
in the dmPFC, which propagate to the MD where they can organize local bursting activity. The
bursting of neurons in the MD is associated to persistent and more synchronous oscillations in the
system. However, under physiological conditions these oscillations get weaker through extinction,
the phase locking of MD bursting is mild and the fear response decreases. In contrast, the inhibition
of FN-MD pathway leads to an enhance synchrony of fear-related oscillations between dmPFC and
MD, with an increased bursting activity which is more entrained by these oscillations, and higher
and more persistent levels of freezing.

5.2.2 Sleep spindles

In the past, a strong correlative link has been made between sleep spindles and

learning. However, a potential causal role of these rhythms in the consolidation of

an engram has yet to be determined. Indeed, many studies support the fact that the

frequency of sleep spindles in the motor cortex is increased following motor learning

(Fogel et al. 2007; Morin et al. 2008; Barakat, Doyon, et al. 2011), and that a

correlation between the properties of sleep spindles and the learning rate of a given

task can be observed (Barakat, Doyon, et al. 2011; Nishida et al. 2007; Barakat,

Carrier, et al. 2013).

Interestingly, we were able to observe spindles during the resting periods in-

between rotarod trials, which is consistent with the fact that spindles can also be

observed during day-time naps (Nishida et al. 2007).

Remarkably, we observed that cerebellar spindles during NREM sleep following

motor learning can synchronously reactivate neurons of the motor cortex, particu-
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larly the neurons that were engaged in directional connectivity with the cerebellum

during the task. This is consistent with the observations that sleep spindles can be

recorded in the cerebellum and that the cerebellum contributes to sleep-dependent

memory processes (Xu, De Carvalho, Clarke, et al. 2021; Jackson et al. 2023).

Within cerebellar sleep spindles, the preferred firing phase of cerebellar neurons

anticipates the preferred firing phase of cortical neurons, suggesting that cerebellar

neurons are entraining cortical neurons. Consistently with this, it was revealed that,

although the cerebellum does not seem to initiate sleep spindles, a directional influ-

ence from the cerebellum to the motor cortex through the thalamus was observable

during these events (Xu, De Carvalho, Clarke, et al. 2021; Jackson et al. 2023).

How to reconcile these observations with the classical view of a thalamic origin of

spindles remains unclear.

Interestingly, little overlap between spindles detected in the cerebellar nuclei and

spindles detected in the motor cortex was observed, eventhough cerebellar spindles

do entrain cortical activity. This may suggest that, if sleep spindles originate from

thalamo-cortical networks as the current models imply, the spindles detected in the

cerebellum but not in the motor cortex may arise from other cortical areas and

propagate to the cerebellum through the mossy fibers system, entraining activity

in the cerebellar cortex and cerebellar nuclei. Then, the cerebellar output neurons

entrained by the spindle activity will activate the downstream thalamic and cortical

neurons which were previously co-activated during the task. Thus, this mechanism

may allow to selectively reactivate sub-networks from the cerebello-thalamo-cortical

circuits which were previously engaged during the learning process and consolidate

them.

In line with this idea, sleep spindles have been shown to affect functional connec-

tivity in cortico-striatal networks (Lemke et al. 2021). Indeed, pairs of cortical and

striatal neurons entrained by cortical spindles display a maintained connectivity,

while pairs that are not entrained would rather display a decreased connectivity.

Consistently, we observed that pairs of cerebellar and cortical neurons entrained

by cerebellar spindles during resting periods between trials display a maintained

connectivity during a training session, and other pairs showed a tendency to have

a decreased coupling. This, taken together with the fact that inhibiting CN-VAL

neurons after the training session impairs the next rotarod trial, further suggest

that cerebellar spindles are involved in the off-line consolidation of a motor skill and

contribute shaping cerebello-cortical networks.

229



5.3 Cerebello-cortical-striatal networks during mo-

tor learning

While the roles of the cerebellum, motor cortex and basal ganglia in motor learning

have been extensively studied in the past, little attention was brought to their poten-

tial interactions as they have been considered as separated learning devices having

different contributions to sequence learning and motor adaptation (Doya 1999; Doya

2000; Krakauer et al. 2019).

However, we know that the cerebellum and the neo-cortex, in particular the

motor cortex, are heavily interconnected (Middleton et al. 1997; Middleton et al.

1998; Kelly et al. 2003; Bostan, Dum, et al. 2013). Moreover, cerebellar activity

can influence cortical activity (Popa et al. 2013; Proville et al. 2014; Chabrol et al.

2019; Dacre et al. 2021), and conversely the cortex can modulate cerebellar activity

(Guo, Sauerbrei, et al. 2022).

Similarly, several pathways linking the basal ganglia and the cerebellum have

been discovered, mainly involving intralaminar thalamic nuclei such as the centro-

lateral and parafascicular nuclei (Middleton et al. 1994; Bostan, Dum, et al. 2013;

Bostan, and Strick 2018; Ichinohe et al. 2000; Chen, Fremont, et al. 2014; Xiao et al.

2018).

Thus, taking this in consideration along with the fact that interactions exist

between sequence learning and sensorimotor adaptation (Liu, and Block 2021), in-

teractions between the cerebellum, the basal ganglia and the motor cortex are likely

to occur during motor learning.

5.3.1 Cerebellar connectivity with the motor cortex

In our study, we revealed that the cerebellum was profusely connected with both the

contralateral and ipsilateral primary motor cortices, which suggest that cerebellar

processing can propagate bilaterally. Even more interestingly, this statement holds

true for both directions of communication, as we observed pairs of cerebellar and

cortical neurons displaying a directional connectivity in the cerebello-cortical and

cortico-cerebellar directions.

This is consistent with the observations that, cerebellar nuclei may emit both

contralateral and (mild) ipsilateral projections (Sakai 2013), which is also the case for

thalamo-cortical projections (Carretta et al. 1996; Dermon et al. 1994). Moreover,

an extensive inter-hemispheric communication between cortices through the corpus

callosum as been shown to exist and to support bi-manual movements (Jeong et al.
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2021; Charalambous et al. 2016). In addition, cortico-cerebellar projections were

shown to be bilateralized (Karavasilis et al. 2019; Zhu et al. 2023), as the cortex of

one hemisphere contributes to both ipsilateral and contralateral mossy fibers systems

(Zhu et al. 2023).

Thus, eventhough the majority of cerebello-cortical loops link the cerebellum

with the contralateral motor cortex, the cerebellum has many potential pathways

through which it could display a functional connectivity with the ipsilateral motor

cortex, each of them having variable numbers of synapses and different integrative

properties.

Interestingly, the cerebellar nuclei from one hemisphere were shown to represent

movement from both sides of the body (Soteropoulos et al. 2008), and altering cere-

bellar function unilaterally with kainate infusion in the cerebellar cortex leads to

a decreased inter-hemispheric cortical coherence (Georgescu Margarint et al. 2020),

further suggesting that the cerebellum can functionally interact with the motor

cortices of both hemispheres, which is consistent with the profuse open-loop con-

nectivity recently observed between cerebellum and cortex (Zhu et al. 2023).

5.3.2 Plastic changes in cerebello-cortical and cerebello-striatal

networks

We observed dynamic changes in the connectivity between the cerebellum and the

cortex during the process of accelerating rotarod learning. During the course of

motor learning, the occurrence of putative oligosynaptically-connected pairs (pairs

of cells exhibiting short-term asymmetry in their crosscorrelogram) between the

cerebellum the motor cortex and the striatum increased, particularly in the cerebello-

cortical and cerebello-striatal directions, and the magnitude of response to cerebellar

stimulation increased in both motor cortex and striatum. These observations suggest

that motor learning triggers plastic changes in the cerebello-thalamo-cortical tracts,

leading to an increased drive of the cerebellar nuclei neurons on cortical activity.

Consistently, we also observed in our studies that long term potentiation of the

cerebello-thalamo-cortical and cerebello-thalamo-striatal tracts was inducible, as the

application of theta-bursts stimulation in the deep cerebellar nuclei leads to an in-

crease in response to cerebellar stimulations in the thalamus and motor cortex of

wild-type mice, as well as in the fast-spiking neurons of the striatum (Aı̈ssa et al.

2022). In addition, the ability of cerebello-thalamic synapses to undergo long-term

potentiation has been observed in the past (Aumann 2002; Aumann, Redman, et al.

2000), and can occur spontaneously during motor adaptation (Aumann, and Horne
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1999). Similarly, long-term potentiation was discovered in the thalamo-cortical sys-

tems (Aumann 2002; Baranyi et al. 1991; Iriki et al. 1991), along with changes of

cerebello-cortical plasticity associated to motor adaptation (Rispal-Padel et al. 1992;

Meftah et al. 1994).

Previous studies have shown that motor learning was associated to a long-term

depression of the parallel fiber to Purkinje cell synapse and an increased excitability

in the primary motor cortex (Spampinato et al. 2017). A recent study revealed that

progressive changes occur in the cerebello-cortical tract during motor learning, as

variations of cerebellar brain inhibition can be observed early during learning, and

an occlusion of LTP in the motor cortex could be observed in later learning stages

(Spampinato et al. 2017).

Moreover, it was recently observed that cerebello-cortical connectivity was in-

creased following motor learning (Mehrkanoon et al. 2016), consistently with our

observations. Strikingly, our results revealed the existence of an enhancement of

cerebello-striatal connectivity induced by motor learning, along with an increased

collaboration of cerebellar and striatal inputs to the motor cortex during the execu-

tion of a learned task, which was not reported before.

5.3.3 Offline refinement and consolidation of a motor skill

Motor learning is associated to a wide variety of sleep-dependent processes, and

it was shown that every form of sleep, including day-time naps, could contribute

to consolidation of motor skill (Doyon, Korman, et al. 2009; Nishida et al. 2007).

Thus, we sought to investigate the neuronal activity in the cerebello-cortico-striatal

networks during the resting periods in-between the rotarod trials, during which mice

exhibit inactivity and can fall asleep. This led us to make three critical discoveries:

• Cerebello-cortical connectivity, but not cerebello-striatal, is maintained during

resting periods

• Cerebellar spindles during NREM sleep reactivate cortical neurons and shape

cerebello-cortical connectivity

• Replays of neuronal activity predict the refinement of motor strategy during

rotarod learning

Knowing that cerebellar sleep spindles were discussed in a previous section of

this discussion, we will focus on the connectivity between cerebellum, striatum and
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motor cortex, as well as on the presence of replays of neuronal activity during the

resting periods between rotarod trials.

Cerebello-cortical and cerebello-striatal connectivity

Strikingly, a strong difference was observed between cerebello-cortical and cerebello-

striatal ascending connectivities during resting periods. The pairs of cerebellar

and cortical neurons exhibiting directional connectivity during the task would dis-

play similar connectivity patterns during resting periods, suggesting that cerebello-

cortical connectivity is still engaged even outside of the task, when the animal is

resting. Consistently with this, not only the cerebellum was shown to display an

increased activity during sleep following motor learning, but the magnitude of this

activity was directly correlated to the savings of the motor skill (Debas et al. 2010).

Furthermore, the maintained cerebello-cortical connectivity that we observed

is consistent with the reports of maintained interactions between the cerebellum

and the motor cortex during sleep (Xu, De Carvalho, Clarke, et al. 2021; Jackson

et al. 2023), which also revealed that the directional connectivity was maintained

between cerebellar and cortical neurons (Xu, De Carvalho, Clarke, et al. 2021; Xu,

De Carvalho, and Jackson 2022).

On the other hand, we observed that directional connectivity between the cere-

bellum and the striatum was altered during resting periods, as pairs of cerebellar

and striatal neurons exhibiting directional connectivity during the task would not

conserve this relationship during resting periods. Consistently with this, no report

was made of a potential involvement of cerebello-striatal loops in the consolida-

tion of a motor skill. Interestingly, this difference between cerebello-cortical and

cerebello-striatal ascending connectivities is in line with the previous expectations

that cerebello-cortical and cerebello-striatal loops may contribute differentially to

motor learning (Doyon, Penhune, et al. 2003).

Replays and refinement of motor strategy

We observed that mice typically use a discrete set of strategies on the rotarod,

either jumping or adapting a gait-like strategy, alternating hind-paws. Moreover, we

revealed the fact that expert mice tend to jump less than naive mice, suggesting that

they favor a gait-like strategy, which correlates directly with the overall performances

of the mice. Altogether, this suggests that the accelerating rotarod is a complex
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problem to solve for mice with multiple solutions, and that the learning process

corresponds to choosing the optimal strategy and correctly executing it.

These results strongly contrast with the observations of Nguyen et al, which

showed that while learning was associated to changes in kinematics and inter-limb

coordination, mice tend to favor a gait-like strategy relatively early without any

change in coordination between hind-paws (Nguyen et al. 2021). However, many

factors are known to influence the performance on the rotarod task, including the

device used, the protocol, the gender, the age and the weight of the mice (Rustay

et al. 2003; Kovács et al. 2013; Eltokhi et al. 2021). Interestingly, the diameter of

the cylinder used by Nguyen et al is much larger (5.08cm, 2inch) than the one used

in our studies (3cm, 1.18inch), and their acceleration protocol (15rpm to 40rpm in

80s) is different than the one used during our recordings (10rpm to 45rpm in 300s).

These larger cylinders diameter, coupled to the higher starting speed, may ex-

plain that jumping is less frequent in their study, as for a similar rotation speed, the

mice of their study had to perform a much longer distance (1.69 times longer) on a

rod that is closer to a plane due to its larger diameter.

While reactivations of neuronal activity during sleep were already observed in the

motor cortex (Xu, de Carvalho, et al. 2019), particularly following motor learning

(Eichenlaub et al. 2020; Rubin et al. 2022), little was known on the extent to which

these replays could be present in other structures of the motor networks such as the

cerebellum, thalamus and basal ganglia.

In our recordings, we were able to specifically detect replays of motor patterns

(individual steps), which engage neurons not only in the motor cortex, but also in the

cerebellar nuclei, motor thalamus, centrolateral thalamus and striatum bilaterally.

This suggests that replays of activities are coordinated events widely distributed

in the motor network, which is in line with the previous observations of coordi-

nated replays between hippocampus, cortices and amygdala (Ji, and Wilson 2007;

Girardeau, Inema, et al. 2017). However, this is the first report of replays of activ-

ity in the cerebellum, thalamus and striatum. We were able to detect such replays

of neuronal activity throughout the resting periods, which is consistent with the

observations that replays of neuronal activity can happen even during wakefulness

(Karlsson et al. 2009; Rubin et al. 2022).

Strikingly, we observed that the structure of the replay activity during resting

periods was predictive of the variations in motor strategies. Surprisingly, no link

was previously made between the occurrence of these replay and the refinement of

a strategy during a motor task, with no suggestion that the execution of a partic-
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ular replay would influence the next motor sequences performed. However, it was

proposed that the prioritization of hippocampal replays was correlated with later

choices in a spatial navigation task (Mattar et al. 2018), which would be somewhat

consistent with our observation that the relative frequency of replays influences

trial-to-trial variations in the motor strategy used on the rotarod.

Although we observed that the cerebellum contributes to replays of activity,

its functional role in generating or maintaining these replays remains unknown.

However, it was previously shown that the cerebellum is needed for preparatory

activity in the motor cortices (Gao, Davis, et al. 2018; Chabrol et al. 2019; Zhu

et al. 2023), and that perturbing cerebellar activity before the onset of a movement

could collapse cortical dynamics and lead to a decrease in performance during a

sensorimotor task (Gao, Davis, et al. 2018).

The cerebellum may very well play a similar role during the replays of neuronal

activity. If it is the case, cerebellar activity might be necessary to stabilize the

replay and guarantee the correct execution of the replay of a particular sequence.

This hypothesis may explain why the offline perturbation of CN-VAL neurons after

the session leads to an impairment of the performances during the first trial of the

subsequent day with a fast recovery on the second and third trials, as perturbing

cerebellar activity during replay may bias the mouse towards the expression of a

sub-optimal strategy, which will be corrected during the next unperturbed resting

periods.
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Figure 5.2: The offline consolidation of a motor skill differentially involve cerebello-
cortical and cerebello-striatal networks. Undergoing accelerating rotarod training is associ-
ated to a long lasting increase of connectivity in cerebello-cortical and cerebello-striatal networks.
During the resting periods in-between rotarod trials, the presence of cerebellar spleep spindles dur-
ing NREM sleep reactivates cortical neurons and shapes cerebello-cortical connectivity. Resting
periods are also associated to sequential replays of neuronal activity corresponding to the different
motor patterns used on the rotarod, which are predictive of the trial-to-trial refinement of the
motor strategy during the task.

5.4 Cerebello-thalamic pathways in dystonia

Mutations in Gnal (DYT25) and their association with a dystonic phenotype were

first identified in 2012 (Fuchs et al. 2013). DYT25 is known to be an adult-onset

dystonia, with an age at onset ranging from 7 to 63 years depending on the cases.

In terms of body distribution, although the onset is mainly cervical (80% of cases),

DYT25 can affect many body parts, and can be generalized through the progression

of the disease, even though it is a relatively rare occurrence (Fuchs et al. 2013;

Miao et al. 2020; Vemula et al. 2013; Dufke et al. 2014; Kumar et al. 2014; Ziegan

et al. 2014; Saunders-Pullman et al. 2014; Carecchio et al. 2016). Considering the

heterogeneity of phenotypes, the late age of onset observed in DYT25 patients, and

the fact that an incomplete penetrance of the disease was reported (Vemula et al.

2013), may suggest that the mutation of Gnal leads to sub-threshold alterations in

the motor networks of non-manifesting mutations carriers, which can progress with

time and/or external factors, eventually triggering the disease onset.
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5.4.1 Constitutive alteration and pathological switch

Consistently with this hypothesis, we revealed that, although Gnal+/- mice do

not display motor symptoms in the absence of cholinergic agonist, they exhibit a

constitutive alteration in cerebello-thalamic connectivity (Aı̈ssa et al. 2022). Indeed,

the neuronal response to stimulations of the dentate nucleus is increased in the motor

thalamus of Gnal+/- mice compared to wild type animals, but not in the centro-

lateral thalamus nor in the motor cortex. This is consistent with the reports of

alterations of cerebello-thalamic pathways in another hereditary dystonia, DYT1,

caused by a mutation of the torsinA gene (Argyelan et al. 2009; Uluğ et al. 2011).

Interestingly, regarding the ascending cerebello-thalamo-cortical tracts, non-manifesting

carrieres of torsinA mutation (known to cause DYT1), whether human or mice,

exhibit strong alterations of thalamo-cortical axis, and milder connectivity impair-

ments in the cerebello-thalamic tracts (Argyelan et al. 2009; Uluğ et al. 2011). On

the other hand, symptomatic DYT1 patients display even deeper cerebello-thalamic

alterations (Argyelan et al. 2009; Uluğ et al. 2011), suggesting that the integrity of

cerebello-thalamic tracts is a key factor influencing the penetrance of the disease.

Knowing that non-manifesting DYT1 mice display an increased cerebellar ac-

tivity (Uluğ et al. 2011), this could be compatible with a role of the cerebellum

in actively compensating the alterations of cortical and thalamo-cortical networks

in the presymptomatic state until cerebello-thalamic network becomes so severely

altered than this compensation cannot occur anymore, leading to the pathological

state.

However, it was also shown that performing an acute knock down of torsinA in

the cerebellum in mice is sufficient to induce an aberrant cerebellar activity and a

dystonic phenotype (Fremont, Tewari, et al. 2017), rather suggesting a role of the

cerebellum in pathophysiology of the disease.

We observed an evolution of cerebello-thalamic alterations with the progres-

sion of the disease in Gnal+/- mice. Indeed, while presymptomatic Gnal+/- mice

only displayed an increased response to cerebellar stimulations in the motor tha-

lamus compared to wild-type animals, the initial exposure to oxotremorine lead to

long-lasting increases of responses to cerebellar stimulations in the centro-lateral

thalamus, the motor cortex, and further exaggerated to the response in the mo-

tor thalamus. However, the exposure to oxotremorine doesn’t produce long-lasting

symptoms, as Gnal+/- mice later come back to an asymptomatic state. Then, the

increased response observed in the thalamus and motor cortex in an asymptomatic
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could either contribute to enhance a compensatory action of the cerebellum on the

motor network, or on the other hand create an imbalanced connectivity in the motor

network, later leading to a persistent symptomatic state.

Interestingly, an increased connectivity between the cerebellum and the motor

cortex has also been reported in dystonic patients (Zito et al. 2022), along with an

impaired GABAergic transmission in the cerebellum and in the sensorimotor cortex

(Gallea et al. 2016). These findings are consistent with the heightened response to

cerebellar stimulations observed in the motor cortex of Gnal+/- mice, and suggests

that dystonia can arise from the promotion of excitation in the motor cortex.

5.4.2 Aberrant plasticity

In addition of showing an increased cerebello-thalamic functional connectivity in

asymptomatic Gnal+/- mice, we also revealed that these mice display an aberrant

cerebello-thalamic and cerebello-cortical plasticity (Aı̈ssa et al. 2022). Indeed, while

wild-type mice receiving theta-burst stimulations of the dentate nucleus later ex-

hibit an increase in response to cerebellar stimulations in the thalamus and the

motor cortex, suggesting a long-term potentiation of the cerebello-thalamo-cortical

pathway, asymptomatic Gnal+/- mice do not display a consistent change in response

to cerebellar stimulations (Aı̈ssa et al. 2022). Considering the fact that the response

to cerebellar stimulations of Gnal+/- mice was already potentiated following the

exposure to oxotremorine, this absence of further potentiation could reflect an oc-

clusion of LTP-like behaviour, which is a process shown to be inducible or to appear

spontaneously during learning processes (Stefan et al. 2006; Delvendahl et al. 2010).

Interestingly, dysfunctional plasticity is a hallmark of dystonia, specifically in the

motor cortical plasticity (Calabresi, Pisani, et al. 2016; Quartarone, Bagnato, et al.

2003; Quartarone, Rizzo, Bagnato, et al. 2005; Quartarone, Morgante, et al. 2008;

Gilio et al. 2007; Quartarone, and Hallett 2013), present even in non-manifesting

mutation carriers of hereditary dystonia (Edwards et al. 2006).

In addition, defects of cortico-striatal plasticity have been described in hereditary

dystonias, as cortico-striatal synapses of DYT1 and DYT25 mice can undergo LTP

but not LTD (Maltese et al. 2014; Yu-Taeger et al. 2020; Martella et al. 2021).

Consistently with an abnormal striatal plasticity in DYT25, we observed that, while

the fast-spiking neurons in the dorsolateral striatum (DLS) of wild-type mice could

display an increased response to cerebellar stimulation following cerebellar theta

bursts stimulations, fast-spiking DLS neurons of Gnal+/- mice did not responses to

cerebellar stimulations (Aı̈ssa et al. 2022). Although this lack of potentiation may

seem similar to the one observed in the thalamus and motor cortex, it is important
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to note that in contrary to these structures, the basal response of fast-spiking DLS

neurons to cerebellar stimulations was not higher in Gnal+/- mice compared to the

wild type mice. Thus, the hypothesis of an occlusion of cerebello-striatal LFP due

to a saturation of potentiation seems less likely.

5.5 Future perspectives

5.5.1 FN-MD and the control of fear-related 4Hz oscilla-

tions

As described previously, we demonstrated that disrupting cerebellar output to the

medio-dorsal thalamus during the extinction of fear memory enhanced the synchrony

of fear-related 4Hz oscillations in the cortico-thalamo-cortical circuit between the

dmPFC and the MD, along with an impairment of fear extinction (Frontera, Sala,

et al. 2023).

The increased synchrony observed in absence of a functional cerebellar out-

put suggests that, in normal condition, the cerebellum desynchronizes the cortico-

thalamo-cortical loop. However, the actual mechanisms allowing the cerebellum to

promote the desynchronization of two distant structures are not known yet.

A simple hypothesis could be that, since brain oscillations require the syn-

chronous activation of large populations of neurons intercalated with periods of

silence (Buzsáki 2006; Harris, Csicsvari, et al. 2003), the presence of an oscillatory

input with a similar frequency but in opposition of phase could lead to an attenua-

tion of these brain oscillations, as an activity would arise during periods of silence

and disappear during the periods of synchronous activity in the system. In this

view, the system would be composed of two oscillators being the dmPFC and the

cerebellum, coupled at the level of the MD where they dynamically affect local neu-

ronal dynamics and tune the measured degree of synchrony between the dmPFC

and the MD.

However, this hypothesis holds some requirements. In order for the cerebellum

to generate an output signal phase-opposed to the 4Hz oscillations of the dmPFC,

the cerebellum will need to receive an input from the dmPFC, whether direct or

indirect. Then, the cerebellum needs to be able to perform a phase transform on

this input signal, yielding to an output signal which will be a phase- and amplitude

-modulated version of the 4Hz oscillations in the dmPFC. Finally, there should be

a possible convergence of inputs from the dmPFC and from the cerebellum in the
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MD, allowing for a local integration of both signals.

Descending pathways from the prefrontal cortex to the cerebellum involving pre-

cerebellar nuclei and the mossy fibers system have been previously described (Kelly

et al. 2003). Moreover, it was observed that coherent oscillations could exist be-

tween the neocortex and the cerebellum (Roš et al. 2009; McAfee et al. 2019). In

addition, populations of Purkinje cells in lobulus simplex and Crus I have been

shown to not only be tuned to prefrontal oscillations, but to be able to represent

the phase difference between prefrontal and hippocampal oscillations (McAfee et al.

2019), suggesting that the cerebellum could be involved in synchronizing these two

structures. Thus, the presence of a cerebellar tuning to dmPFC 4Hz oscillations, as

well as a phase and amplitude modulation of this signal by cerebellar circuits is a

possibility.

Furthermore, we demonstrated that the FN targets the lateral compartment of

the MD, and that the MD received direct projections from the dmPFC (Frontera,

Sala, et al. 2023), confirming that the medio-dorsal thalamus is a potential interac-

tion site between dmPFC and FN 4Hz oscillations.

In order to investigate the hypothesis of the cerebellum providing a negative

interference dampening the propagation of dmPFC 4Hz oscillations to the MD, we

performed simultaneous recordings in the FN, MD and dmPFC during extinction.

We made critical observations in line with the previously mentioned hypothesis.

Notably, the relationship between 4Hz oscillations in the dmPFC and in the MD

was dynamical, as the extinction session was populated by both periods of high

synchrony and low synchrony between the MD and the dmPFC. During periods of

high synchrony, the amplitude of the oscillations was high in both structures and

the phase difference between signals was low. On the other hand, periods of low

synchrony could arise, even in the presence of high dmPFC 4Hz oscillations, where

the amplitude of the oscillation was low in the MD and the phase relationship

between both signals was inconsistent.

Strikingly, periods of high synchrony between MD and dmPFC occurred when

the FN was synchronous with the dmPFC, displaying a low phase difference. In

contrast, when the phase of the 4Hz oscillations in FN was opposed to the phase in

the dmPFC, the amplitude of oscillation in the MD was decreased. Ultimately, the

amplitude of the oscillation in the MD was directly correlated to the phase difference

between the 4Hz oscillations in the dmPFC and in the FN, consistently with the

hypothesis that the FN provides a negative interference to the MD, facilitating fear

extinction.
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In addition, the persistent interference of FN leads to a decreased amplitude in

the dmPFC after few oscillatory cycles, in line with the MD potentially having a

positive feedback effect on dmPFC 4Hz (Frontera, Sala, et al. 2023), suggesting that

dmPFC and the cerebellum are two oscillators coupled in a dynamical system.

Although a strong correlative relationship was observed between the state of 4Hz

oscillations in the cortico-cerebellar and cortico-thalamic circuits, further analysis

and experiments are required to demonstrate this hypothesis.

Notably, performing optogenetic closed loop manipulations of the FN-MD path-

way during extinction, either forcing the cerebellar output to be in phase or phase-

opposed with the 4Hz oscillations in the dmPFC, would be a solid demonstration

of the ability of the cerebellum to modulate fear extinction through the regulation

of cortico-thalamo-cortical synchrony.

5.5.2 Motor learning and memory consolidation

In our studies, we provided evidence supporting the fact that the consolidation and

the refinement of motor learning depend on several neuronal mechanisms occurring

during resting following practice.

Notably, this included the occurrence of cerebellar sleep spindles during NREM

sleep, selectively reactivating cortical neurons engaged with cerebellar neurons dur-

ing the task. Cortical neurons entrained by cerebellar spindles maintained their

connectivity with the cerebellum, while other neurons tended to display a decrease

in connectivity. This suggests that, at least within a training session, cerebellar

spindle contribute in shaping cerebello-cortical networks.

However, we do not know the extent to which cerebellar spindles contribute to

the increase in cerebello-cortical connectivity that we observed between training

sessions, nor to the refinement of the motor strategy during accelerating rotarod

learning. In order to elucidate these points, a selective perturbation of the cere-

bellar output during NREM cerebellar sleep spindles could be performed. Indeed,

a retrograde virus expressing an inhibitory opsin could be injected in the motor

thalamus, and an optic fiber could be implanted in the cerebellar nuclei, while per-

forming simultaneous recordings in the cerebellar nuclei and in the motor cortex.

This construct, in addition of being feasible and quite similar to our previous experi-

mental construct, would allow to perform closed loop perturbations of the cerebellar

pathway to the motor cortex. While the electrodes in the motor cortex should allow

for sleep stage classification and the detection of NREM sleep, the electrodes in the
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cerebellar nuclei would serve for the online detection of cerebellar sleep spindles,

using a simple online bandpass filter at 10-16Hz and an amplitude threshold. Then,

the functional consequences of these perturbations should be assessed using the same

cross-correlogram based metrics used in our study, the measure of the latency to fall

and the evolution of motor strategy during learning.

An appealing prediction would be that perturbing cerebellar sleep spindles will

hinder the increase in cerebello-cortical connectivity that we observed in our study,

making these networks more stationary. In addition, it could also prevent the grad-

ual shift observed between jumping and performing a gait-like strategy on the ro-

tarod, impairing the learning.

Moreover, it has been shown that the nesting of sleep spindles in slow oscillations

was of particular interest for learning (Kam et al. 2019; Hahn et al. 2022), as well

as for connectivity (Lemke et al. 2021). Thus, studying slow oscillations along with

the spindles may be more indicative of connectivity and learning changes occurring

during accelerating rotarod learning.

Similarly, we observed that strategy-specific replays of neuronal activity occurred

in the motor network following the execution of the task, and that the temporal

structure of these replays was predictive of the refinement of the motor strategy

on the rotarod. Although the cerebellum is reactivated during replays, we do not

know to which extent cerebellar activity is necessary for replays to arise or to be

maintained, or if the cerebellum is actually needed for the update the motor strategy.

A similar experimental than the one exposed above for the specific perturbation

of cerebellar output during sleep spindles could be used. However, the online de-

tection of replays may be more complex. As reported, replays arise during periods

of high gamma oscillations in the motor cortex [[Rubin et al 2022]], thus, one pos-

sibility will be to perturb cerebellar output during periods of high cortical gamma

oscillations. But, because the bursts of gamma oscillations in the motor cortex could

be an event non-specific to replays of activity, the link between periods of high cor-

tical gamma and replays needs to be assessed before performing such experiments.

Fortunately, this analysis can be made on our already acquired dataset.

Our prediction would be that specifically perturbing such replays of activity

during resting will alter the motor strategy used during the next trial, but that

impairment will be recovered after the next unperturbed resting period.

A simpler experiment would be to reproduce the chemogenetic inhibitions of CN-

VAL and CN-CL neurons, both during the execution of the task and offline, while

performing multisite neuronal recording and classification of the behavioral motor
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strategy. These experiments should reveal the consequences of these inhibitions of

cerebellar activity and on the execution of the task. Notably, this approach may elu-

cidate the mystery surrounding the reasons behind the impairment of performances

observed during the first trial of the subsequent day following the offline inhibition

of CN-VAL neurons.

5.5.3 Cerebellar nuclei theta-burst stimulations as a treat-

ment

In our study, we revealed the potential use of cerebellar theta-burst stimulations

as a treatment of DYT25 (Aı̈ssa et al. 2022). Surprisingly, while performing cere-

bellar theta-burst stimulations on asymptomatic Gnal+/- mice failed to induce any

change in response to cerebellar stimulations in the thalamus, striatum and motor

cortex, the same operation performed on symptomatic Gnal+/- mice not only in-

duced a depression of the response to cerebellar stimulation in the thalamus and the

motor cortex (so a normalization of the response), but also reduced the severity of

dystonic symptoms (Aı̈ssa et al. 2022). This observation is consistent with the pre-

vious studies showing a potential for TMS based protocols to treat dystonia (Koch,

Porcacchia, et al. 2014; Lozeron et al. 2016), and is in line with the notion that

hyperkinetic disorders arise from an over excitability of the motor cortex leading to

involuntary movements (Calabresi, Pisani, et al. 2016), and suggests that inducing

LTD in the motor network may be a potent mechanism for treating such disorders.

Strikingly, while the results of cerebellar theta-bursts stimulations in the treat-

ment of dystonia have been shown to be highly variable, several parameters could

potentially explain this variability (Quartarone, Rizzo, Terranova, et al. 2017). No-

tably, protocols involving repeated administration of theta-bursts, as well as bilateral

stimulations, seem to yield better results (Koch, Porcacchia, et al. 2014; Quartarone,

Rizzo, Terranova, et al. 2017). In our study, we observed a minor effect of cerebellar

theta bursts stimulations on dystonic symptoms. However, we only performed one

session of unilateral cerebellar theta-bursts stimulations, suggesting that we could

improve these results by performing multiple sessions and implementing bilateral

theta-burst stimulations.

Similarly, the results of theta-burst stimulations are influenced by the protocol

used (cTBS or iTBS) and by the amplitude of stimulations (Harrington et al. 2015).

Indeed, applying cTBS induces a reduction of the N100 amplitude, an indicator of

GABAergic transmission, and reduces the amplitude of movement evoked potential,

but only when performed at low intensity (Harrington et al. 2015). In contrast,
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iTBS can induce an increase of the N100 amplitude, but only when the iTSB is

performed at high intensity (Harrington et al. 2015). Thus, lowering the intensity

of stimulations during our protocol, which in practice are closer to cTBS, could

improve the efficiency of the treatment.

Interestingly, defects of cortico-striatal plasticity have been described in heredi-

tary dystonias. Indeed, cortico-striatal synapses of DYT1 and DYT25 mice models

can undergo LTP but not LTD (Maltese et al. 2014; Yu-Taeger et al. 2020; Martella

et al. 2021). However, the LTD of cortico-striatal synapses can be rescued in these

mice models of DYT1 and DYT25 by the chronic administration of dipraglurant, an

mGluR5 antagonist, prior to the execution of an LTD inducing protocol (Yu-Taeger

et al. 2020). Thus, the priming of Gnal+/- mice by daily injections of dipraglurant

could allow for a deeper depression of the response to cerebellar stimulations in the

motor network induced by cerebellar theta-burst stimulations.

If the beneficent effect of cerebellar theta-burst stimulation is obtained through

the depression of the cerebello-cortical tract, an interesting perspective to explore

would be the optimization of the treatment by either experimenting on protocols

where both the cerebellum and the cortex are stimulated at a delay (similarly to

paired associated stimuli protocols), or a protocol exploiting spontaneous cortical

rhythms.
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basal ganglia inputs define three main nuclei in the mouse ventral motor thalamus. Fron-

tiers in Neuroanatomy 17, 1242839, DOI: 10.3389/fnana.2023.1242839, PubMed ID:

37645018.

(9) Alviña, K., Ellis-Davies, G., and Khodakhah, K. (2009). T-type calcium channels mediate

rebound firing in intact deep cerebellar neurons. Neuroscience 158, 635–641, DOI: 10.

1016/j.neuroscience.2008.09.052, PubMed ID: 18983899.

245

https://doi.org/10.1002/cne.902220106
https://doi.org/10.1002/cne.902220106
https://www.ncbi.nlm.nih.gov/pubmed/6321564
https://doi.org/10.7554/eLife.79135
https://doi.org/10.1038/72049
https://www.ncbi.nlm.nih.gov/pubmed/10649564
https://doi.org/10.1152/jn.1999.82.4.1697
https://www.ncbi.nlm.nih.gov/pubmed/10515960
https://doi.org/10.1016/s0896-6273(00)80598-x
https://www.ncbi.nlm.nih.gov/pubmed/9808468
https://doi.org/10.1016/0166-2236(89)90074-x
https://doi.org/10.1016/0166-2236(89)90074-x
https://www.ncbi.nlm.nih.gov/pubmed/2479133
https://doi.org/10.1016/0025-5564(71)90051-4
https://doi.org/10.3389/fnana.2023.1242839
https://www.ncbi.nlm.nih.gov/pubmed/37645018
https://doi.org/10.1016/j.neuroscience.2008.09.052
https://doi.org/10.1016/j.neuroscience.2008.09.052
https://www.ncbi.nlm.nih.gov/pubmed/18983899


(10) Alviña, K., Walter, J. T., Kohn, A., Ellis-Davies, G., and Khodakhah, K. (2008). Ques-

tioning the role of rebound firing in the cerebellum. Nature Neuroscience 11, 1256–1258,

DOI: 10.1038/nn.2195, PubMed ID: 18820695.

(11) Aman, T. K., and Raman, I. M. (2007). Subunit dependence of Na channel slow inactivation

and open channel block in cerebellar neurons. Biophysical Journal 92, 1938–1951, DOI:

10.1529/biophysj.106.093500, PubMed ID: 17189307.

(12) Andre, P., Zaccaroni, M., Fiorenzani, P., Della Seta, D., Menzocchi, M., and Farabollini,

F. (2019). Offline consolidation of spatial memory: Do the cerebellar output circuits play a

role? A study utilizing a Morris water maze protocol in male Wistar rats. Brain Research

1718, 148–158, DOI: 10.1016/j.brainres.2019.05.010, PubMed ID: 31075262.

(13) Angaut, P., and Cicirata, F. (1994). [Anatomo-functional organization of the neocerebellar

control pathways on the cerebral motor cortex]. Revue Neurologique 150, 39–45, PubMed

ID: 7801039.

(14) Angaut, P., and Cicirata, F. (1990). Dentate control pathways of cortical motor activity.

Anatomical and physiological studies in rat: comparative considerations. Archives Itali-

ennes De Biologie 128, 315–330, PubMed ID: 2268184.

(15) Angaut, P., Cicirata, F., and Serapide, F. (1985). Topographic organization of the cerebel-

lothalamic projections in the rat. An autoradiographic study. Neuroscience 15, 389–401,

DOI: 10.1016/0306-4522(85)90221-0, PubMed ID: 4022330.

(16) Angaut, P., and Sotelo, C. (1989). Synaptology of the cerebello-olivary pathway. Double

labelling with anterograde axonal tracing and GABA immunocytochemistry in the rat.

Brain Research 479, 361–365, DOI: 10.1016/0006- 8993(89)91641- 7, PubMed ID:

2466540.

(17) Angaut, P., and Sotelo, C. (1987). The dentato-olivary projection in the rat as a pre-

sumptive GABAergic link in the olivo-cerebello-olivary loop. An ultrastructural study.

Neuroscience Letters 83, 227–231, DOI: 10.1016/0304-3940(87)90090-5, PubMed ID:

3441304.

(18) Ankri, L., Husson, Z., Pietrajtis, K., Proville, R., Léna, C., Yarom, Y., Dieudonné, S., and
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(258) Hervé, D., Moine, C. L., Corvol, J.-C., Belluscio, L., Ledent, C., Fienberg, A. A., Jaber, M.,

Studler, J.-M., and Girault, J.-A. (2001). Golf Levels Are Regulated by Receptor Usage

and Control Dopamine and Adenosine Action in the Striatum. Journal of Neuroscience

21, Number: 12 Publisher: Society for Neuroscience Section: ARTICLE, 4390–4399, DOI:

10.1523/JNEUROSCI.21-12-04390.2001, PubMed ID: 11404425.

(259) Herzfeld, D. J., Pastor, D., Haith, A. M., Rossetti, Y., Shadmehr, R., and O’Shea, J.

(2014). Contributions of the cerebellum and the motor cortex to acquisition and retention

of motor memories. NeuroImage 98, 147–158, DOI: 10.1016/j.neuroimage.2014.04.076,

PubMed ID: 24816533.

(260) Herzfeld, D. J., Vaswani, P. A., Marko, M. K., and Shadmehr, R. (2014). A memory of

errors in sensorimotor learning. Science (New York, N.Y.) 345, 1349–1353, DOI: 10.1126/

science.1253138, PubMed ID: 25123484.

(261) Hira, R., Ohkubo, F., Tanaka, Y. R., Masamizu, Y., Augustine, G. J., Kasai, H., and

Matsuzaki, M. (2013). In vivo optogenetic tracing of functional corticocortical connections

between motor forelimb areas. Frontiers in Neural Circuits 7, 55, DOI: 10.3389/fncir.

2013.00055, PubMed ID: 23554588.

(262) Hitchcock, E. (1973). Dentate lesions for involuntary movement. Proceedings of the Royal

Society of Medicine 66, 877–879, PubMed ID: 4616241.

(263) Ho, S., Lajaunie, R., Lerat, M., Le, M., Crépel, V., Loulier, K., Livet, J., Kessler, J.-P.,

and Marcaggi, P. (2021). A stable proportion of Purkinje cell inputs from parallel fibers are

silent during cerebellar maturation. Proceedings of the National Academy of Sciences of the

United States of America 118, e2024890118, DOI: 10.1073/pnas.2024890118, PubMed

ID: 34740966.

267

https://www.ncbi.nlm.nih.gov/pubmed/11784805
https://doi.org/10.1111/j.1460-9568.2006.04893.x
https://www.ncbi.nlm.nih.gov/pubmed/16882022
https://doi.org/10.1152/jn.1999.82.5.2827
https://doi.org/10.1152/jn.1999.82.5.2827
https://doi.org/10.1523/JNEUROSCI.13-05-02237.1993
https://www.ncbi.nlm.nih.gov/pubmed/8478697
https://doi.org/10.1523/JNEUROSCI.21-12-04390.2001
https://www.ncbi.nlm.nih.gov/pubmed/11404425
https://doi.org/10.1016/j.neuroimage.2014.04.076
https://www.ncbi.nlm.nih.gov/pubmed/24816533
https://doi.org/10.1126/science.1253138
https://doi.org/10.1126/science.1253138
https://www.ncbi.nlm.nih.gov/pubmed/25123484
https://doi.org/10.3389/fncir.2013.00055
https://doi.org/10.3389/fncir.2013.00055
https://www.ncbi.nlm.nih.gov/pubmed/23554588
https://www.ncbi.nlm.nih.gov/pubmed/4616241
https://doi.org/10.1073/pnas.2024890118
https://www.ncbi.nlm.nih.gov/pubmed/34740966


(264) Hoebeek, F. E., Witter, L., Ruigrok, T. J. H., and De Zeeuw, C. I. (2010). Differential

olivo-cerebellar cortical control of rebound activity in the cerebellar nuclei. Proceedings of

the National Academy of Sciences of the United States of America 107, 8410–8415, DOI:

10.1073/pnas.0907118107, PubMed ID: 20395550.

(265) Hooks, B. M., Mao, T., Gutnisky, D. A., Yamawaki, N., Svoboda, K., and Shepherd,

G. M. G. (2013). Organization of cortical and thalamic input to pyramidal neurons in

mouse motor cortex. The Journal of Neuroscience: The Official Journal of the Society

for Neuroscience 33, 748–760, DOI: 10.1523/JNEUROSCI.4338-12.2013, PubMed ID:

23303952.

(266) Horisawa, S., Kohara, K., Nonaka, T., Mochizuki, T., Kawamata, T., and Taira, T. (2021).

Case Report: Deep Cerebellar Stimulation for Tremor and Dystonia. Frontiers in Neurology

12, 642904, DOI: 10.3389/fneur.2021.642904, PubMed ID: 33746894.

(267) Horisawa, S., Taira, T., Goto, S., Ochiai, T., and Nakajima, T. (2013). Long-term im-

provement of musician’s dystonia after stereotactic ventro-oral thalamotomy. Annals of

Neurology 74, 648–654, DOI: 10.1002/ana.23877, PubMed ID: 23463596.
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(432) Mittmann, W., Koch, U., and Häusser, M. (2005). Feed-forward inhibition shapes the

spike output of cerebellar Purkinje cells. The Journal of Physiology 563, 369–378, DOI:

10.1113/jphysiol.2004.075028, PubMed ID: 15613376.

(433) Moini, J., and Piran, P. In Functional and Clinical Neuroanatomy, Moini, J., and Piran, P.,

Eds.; Academic Press: 2020, pp 497–517, DOI: 10.1016/B978-0-12-817424-1.00016-1.

(434) Molineux, M. L., McRory, J. E., McKay, B. E., Hamid, J., Mehaffey, W. H., Rehak, R.,

Snutch, T. P., Zamponi, G. W., and Turner, R. W. (2006). Specific T-type calcium channel

isoforms are associated with distinct burst phenotypes in deep cerebellar nuclear neurons.

Proceedings of the National Academy of Sciences of the United States of America 103,

5555–5560, DOI: 10.1073/pnas.0601261103, PubMed ID: 16567615.

(435) Molineux, M. L., Mehaffey, W. H., Tadayonnejad, R., Anderson, D., Tennent, A. F., and

Turner, R. W. (2008). Ionic factors governing rebound burst phenotype in rat deep cerebel-

lar neurons. Journal of Neurophysiology 100, 2684–2701, DOI: 10.1152/jn.90427.2008,

PubMed ID: 18768644.

(436) Montague, P. R., Dayan, P., and Sejnowski, T. J. (1996). A framework for mesencephalic

dopamine systems based on predictive Hebbian learning. The Journal of Neuroscience: The

Official Journal of the Society for Neuroscience 16, 1936–1947, DOI: 10.1523/JNEUROSCI.

16-05-01936.1996, PubMed ID: 8774460.

(437) Morceau, S., Piquet, R., Wolff, M., and Parkes, S. L. (2019). Targeting Reciprocally Con-

nected Brain Regions Through CAV-2 Mediated Interventions. Frontiers in Molecular Neu-

roscience 12, https://www.frontiersin.org/articles/10.3389/fnmol.2019.00303.

(438) Morehead, J. R., Taylor, J. A., Parvin, D. E., and Ivry, R. B. (2017). Characteristics of

Implicit Sensorimotor Adaptation Revealed by Task-irrelevant Clamped Feedback. Journal

of cognitive neuroscience 29, Publisher: NIH Public Access, 1061, DOI: 10.1162/jocn_a_

01108, PubMed ID: 28195523.

(439) Morin, A., Doyon, J., Dostie, V., Barakat, M., Tahar, A. H., Korman, M., Benali, H.,

Karni, A., Ungerleider, L. G., and Carrier, J. (2008). Motor Sequence Learning Increases

Sleep Spindles and Fast Frequencies in Post-Training Sleep. Sleep 31, 1149–1156, PubMed

ID: 18714787, https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2542961/.

282

https://doi.org/10.1016/S1364-6613(98)01220-0
https://doi.org/10.1038/nature01138
https://doi.org/10.1111/j.1749-6632.1988.tb32998.x
https://www.ncbi.nlm.nih.gov/pubmed/3364889
https://doi.org/10.1113/jphysiol.2004.075028
https://www.ncbi.nlm.nih.gov/pubmed/15613376
https://doi.org/10.1016/B978-0-12-817424-1.00016-1
https://doi.org/10.1073/pnas.0601261103
https://www.ncbi.nlm.nih.gov/pubmed/16567615
https://doi.org/10.1152/jn.90427.2008
https://www.ncbi.nlm.nih.gov/pubmed/18768644
https://doi.org/10.1523/JNEUROSCI.16-05-01936.1996
https://doi.org/10.1523/JNEUROSCI.16-05-01936.1996
https://www.ncbi.nlm.nih.gov/pubmed/8774460
https://www.frontiersin.org/articles/10.3389/fnmol.2019.00303
https://doi.org/10.1162/jocn_a_01108
https://doi.org/10.1162/jocn_a_01108
https://www.ncbi.nlm.nih.gov/pubmed/28195523
https://www.ncbi.nlm.nih.gov/pubmed/18714787
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2542961/


(440) Morton, S. M., and Bastian, A. J. (2006). Cerebellar contributions to locomotor adaptations

during splitbelt treadmill walking. The Journal of Neuroscience: The Official Journal of

the Society for Neuroscience 26, 9107–9116, DOI: 10.1523/JNEUROSCI.2622-06.2006,

PubMed ID: 16957067.

(441) Muellbacher, W., Ziemann, U., Wissel, J., Dang, N., Kofler, M., Facchini, S., Boroojerdi,

B., Poewe, W., and Hallett, M. (2002). Early consolidation in human primary motor cortex.

Nature 415, 640–644, DOI: 10.1038/nature712, PubMed ID: 11807497.

(442) Mugnaini, E., Di˜o, M. R., and Jaarsma, D. In Progress in Brain Research, De Zeeuw,

C. I., Strata, P., and Voogd, J., Eds.; The Cerebellum: From Structure to Control, Vol. 114;

Elsevier: 1997, pp 131–150, DOI: 10.1016/S0079-6123(08)63362-2.
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(492) Pimentel-Farfan, A. K., Báez-Cordero, A. S., Peña-Rangel, T. M., and Rueda-Orozco, P. E.

(2022). Cortico-striatal circuits for bilaterally coordinated movements. Science Advances

8, Number: 9, eabk2241, DOI: 10.1126/sciadv.abk2241, PubMed ID: 35245127.
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Voies de communications parallèles cérébello-cérébrales et leur implication dans

l'apprentissage implicite

Résumé :
Le cervelet est surtout connu pour être une structure clé dans la régulation des mouvements.
Cependant, son haut degré d'interconnexion avec diverses structures corticales et sous-corticales
soulève la question de son implication dans la régulation d'autres fonctions cérébrales, telles que les
processus cognitifs. En particulier, les liens étroits entre le cervelet, les circuits moteurs et les circuits
limbiques suggèrent une contribution du cervelet à l'apprentissage moteur et émotionnel.

En utilisant des traçage anatomiques, de l'électrophysiologie extracellulaire et du comportement,
l'objectif de cette thèse est d'élucider l'implication du cervelet dans l'extinction de la mémoire de peur
à travers le contrôle de la synchronisation thalamo-corticale des oscillations liées à la peur. Ensuite,
cette thèse étudiera les contributions différentielles des réseaux cérébello-corticaux et cérébello-
striataux à l'acquisition et à la consolidation d'une habileté motrice complexe. Enfin, elle se
concentrera sur l'intégrité des réseaux cérébello-thalamiques et la fonctionnalité de la plasticité
cérébello-thalamique dans un modèle murin de DYT25, une forme génétique de dystonie.

Parallel cerebello-cerebral pathways and their involvement in implicit learning

Abstract :

The cerebellum is mostly known to be a key structure in the regulation of movements.
However, its high degree of inter-connectivity with various cortical and subcortical structures brings
the question of its involvement in regulating other brain functions, such as cognitive processes. In
particular, the tight links between the cerebellum, the motor circuits and the limbic circuits suggest a
contribution of the cerebellum to both motor learning and emotional learning.

Using anatomical tracing, extracellular electrophysiology and behavior, the aim of this thesis is to
unravel the involvement of the cerebellum in the extinction of fear memory through the control of
thalamo-cortical synchrony of fear-related oscillations. Then, this thesis will investigate the
differential contributions of cerebello-cortical and cerebello-striatal networks to the acquisition and the
consolidation of a complex motor skill. Ultimately, it will focus on the integrity of cerebello-thalamic
networks and the functionality of cerebello-thalamic plasticity in a mouse model of DYT25, a genetic
form of dystonia.
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