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Abstract

Locomotor adaptation is a basic form of learning required for stable mobility in
an unpredictable environment. Locomotor adaptation has been widely studied in humans
using a split-belt treadmill that controls the speed of each side of the body independently.
A previous study has shown that mice adapt on a split-belt treadmill in a way that is
remarkably similar to humans. Similar to human locomotor adaptation, mice learn to
adapt their locomotor patterns to achieve a more symmetric gait by adjusting spatial and
temporal aspects of interlimb coordination.  Split-belt locomotor adaptation is a
cerebellar-dependent form of learning that requires the interposed deep cerebellar
nucleus. Both spatial and temporal components of locomotor adaptation are impaired by
chemogenetic manipulations of the interposed nucleus. However, while unilateral
manipulations of the interposed impair spatial adaptation regardless of the belt-speed
condition, temporal adaptation is only affected with manipulations ipsilateral to the fast
treadmill belt. This differential lateralization suggests that spatial and temporal adaptation
might be processed independently in the cerebellum and/or downstream motor areas.
Here, we investigate specific output pathways from the interposed nucleus and examine
their contributions to spatial and temporal locomotor learning. First, we show that the
interposed nucleus sends direct excitatory projections to the thalamus, red nucleus and
reticular nuclei. Next, we targeted inhibitory DREADDs to some of these downstream
nuclei to examine their role in spatial and temporal adaptation. We found distinct regions
specifically involved in spatial vs temporal learning, demonstrating that for locomotor

learning space and time are processed by differential neural circuits.

Key words: Spatial adaptation, Temporal adaptation, Interposed Nucleus, Red nucleus,

Gigantocellular reticular nucleus






Resumo

A adaptacdo locomotora é uma forma de aprendizagem motora necessaria para
uma mobilidade estavel e equilibrada em ambientes dindmicos e em constante mudanca.
Em humanos, este tipo de aprendizagem tem sido estudada usando uma passadeira com
duas cintas que permite controlar a velocidade de cada lado do corpo independentemente.
Os ratinhos adaptam nesta passadeira de uma forma muito semelhante aos humanos e, tal
como estes, aprendem a adaptar a sua locomog¢édo de modo a caminharem de uma forma
mais simétrica. Esta simetria € alcancada atraves de ajustes em parametros espaciais e
temporais relativos a coordenacao entre membros. A adaptacdo locomotora é dependente
do cerebelo e requer o interposed deep cerebellar nucleus. Os componentes espaciais e
temporais da adaptacao locomotora sdo afetados por manipulagdes chemogenéticas deste
nucleo. No entanto, enquanto manipulac6es unilaterais do interposed afetam a adaptacéo
espacial independentemente da velocidade das cintas da passadeira, a adaptagéo temporal
sO é afetada quando as manipulacfes sdo ipsilaterais ao lado da passadeira com a
velocidade mais rapida. Esta diferente lateralizacdo sugere que a adaptacdo espacial e
temporal pode ser processada independentemente no cerebelo ou em areas motoras que
recebam projecbes do mesmo. No presente trabalho, identificamos as regides que
recebem projecdes do interposed nucleus e examinamos a sua contribuicdo para a
adaptacdo espacial e temporal. Em primeiro lugar, demonstramos que o interposed
nucleus envia projecOes excitatorias para o thalamus, red nucleus e reticular nucleus.
Seguidamente, usamos DREADDs inibitérios para manipular alguns destes nucleos
motores e analisar o seu envolvimento na adaptacdo locomotora. Diferentes regides
envolvidas especificamente em cada tipo de adaptacdo (espacial e temporal) foram
identificadas, demostrando que estas formas de aprendizagem sdo processadas por

circuitos neuronais distintos.

Palavras chave: Adaptacdo espacial, Adaptacdo temporal, Interposed Nucleus, Red

nucleus, Gigantocellular reticular nucleus
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Chapter 1

Introduction






Chapter I — Introduction

1.1. Locomotion

The ability to move actively from one place to another is an essential behavior
performed by all animals. Despite seemingly effortless, locomotion is a complex motor
behavior that requires the interplay between multiple supraspinal centers and spinal

mechanisms to plan, initiate, execute and coordinate movement 13,

Planning and initiation of locomotion involves the coordinated activation of
several brain regions including motor cortex, basal ganglia, midbrain and hindbrain, but
basic rhythmic gait patterns can be generated by the spinal cord alone *°. The spinal
cord is the final output of motor systems and, together with brainstem circuits, is
responsible for the execution of movement 2!, Furthermore, efficient locomotion
requires whole-body coordination. To accomplish this, further layers of modulation to

keep movements calibrated come from the cerebellum 2312,

1.1.2. Cerebellar contributions to locomotion

The cerebellum is essential for the control of movements, especially those
required for balance and coordination 3. This structure is involved in the correction and
modulation of motor patterns by adapting and fine-tuning movements in order to make
them more accurate, through a trial and error process 4. Thus, cerebellar damage is
associated with reduced postural control and balance, as well as profound impairments
on interlimb coordination, timing of muscle activation and a decreased ability to learn

from movement errors, symptoms referred to as ataxia 31516,

1.1.2.1. Cerebellar functional anatomy for the control of locomotion

The cerebellum receives inputs from different parts of the brain and spinal cord
and it is directly or indirectly connected with several motor structures, such as motor
cortex, brainstem and spinal cord 118, Based on its afferent and efferent connectivity, the
cerebellum can be divided into distinct functional zones (medial, intermediate and
lateral), each having different roles in locomotion 1°2°, These functional zones are defined

by the sole output centers of the cerebellum, the deep cerebellar nuclei (DCN), which is
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composed by three distinct nuclei with different output connectivity: the medial nucleus,

the interposed nucleus and the lateral nucleus (Fig. 1) 3.

Medial zone

Intermediate zone Intermediate zone

Lateral zone Lateral zone

A

¥ y
Ventrolateral Red nucleus Vestibular

thalamus Reticular nuclei nuclei

4 v
Motor, prefrontal, Interneurons {spinal Motor and interneurons
premotor and cord), inferior olive, (spinal cord and brain

parietal cortices  other brainstem nuclei stem)

Figure 1 - Medial to lateral organization of the cerebellum. The cerebellum can be divided into three
distinct zones: medial, intermediate and lateral. Each zone contains a distinct deep cerebellar nuclei
(medial, interposed and lateral nucleus) that send output projections to different regions of the brain. (L,
lateral nucleus; IP, interposed nucleus; M, medial nucleus). Adapted from Kandel et al., 2000 2.

1.1.2.1. A) Medial zone

The most medial zone of the cerebellum, the vermis, receives vestibular, visual
and auditory inputs, as well as somatic sensory inputs from the head and proximal parts
of the body via ascending spinal pathways 223, More recently, it has also been reported
that the vermis receives dense inputs from the motor areas of the cerebral cortex 2*. The

medial zone projects primarily to the vestibular and reticular nuclei, via the medial

4
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nucleus, which has as outputs the cerebral cortex and brainstem, thereby modulating the
descending motor systems responsible for the control of the proximal muscles of the body
and limbs 2>?7, Thus, the medial zone integrates both spinal and vestibular information,

thereby influencing important motor pathways for walking.

The role of the medial zone of the cerebellum in balance and locomotion has been
extensively reported in animals. Lesions or inactivation of the medial nucleus in cats and
monkeys have been associated with alterations in upright postural tone, disturbances in
maintaining sitting and standing balance and walking difficulties characterized by balance
deficits that include frequent falls to the side of the lesion 263, Specifically, cats with
lesions in this nucleus show adduction combined with ipsilateral limb flexion and
contralateral limb extension 22%33, These animals also display irregular interlimb timing
and shorter stride length during locomotion on a motorized treadmill **. Furthermore, a
recent study performed in rats showed that unilateral lesion of the medial nucleus impairs
motor coordination as demonstrated by poor motor performances in beam-walking, grid
run-away and rota-rod *°. Consistently with the results obtained from animal studies,
human patients with medial nucleus lesions show impairments in gait balance-related
parameters 6. Thus, this data suggests that the medial region of the cerebellum plays a

key role in the control of posture, dynamic balance and locomotion.

1.1.2.1. B) Intermediate zone

The intermediate zone of the cerebellar hemispheres receives inputs from
ascending spinal pathways, reticular nuclei and cerebral cortical areas "', The output
of this zone is the interposed nucleus which projects to the red nucleus, reticular nuclei
and to cerebral cortex via the thalamus 32427, The intermediate cerebellar hemispheres
can therefore integrate both spinal and cortical information and then convey it to motor

cortical areas, thus influencing walking.

The influence of the intermediate zone in locomotion is not as well understood.
Damage of this region is associated with deficits in walking which are not as pronounced
as the ones caused by lesions in the medial zone 2%, Studies in cats with lesions in the
interposed nucleus have shown that these animals have no difficulties walking on a flat
surface 2%34, Furthermore, cats and monkeys with lesions in the intermediate zone of the

cerebellum have little or no impairment in upright posture and balance during standing
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and walking 26-3°, Nonetheless, this region is involved in a more discrete control of the
ipsilateral limbs since that some abnormalities such as loss of postural placing and
hopping reflexes, hypermetric movements during swing phase and abnormal timing of
coordinated movements are observed in these limbs 2224243 The pattern of movement
associated with lesions in this region is characterized by higher activation of the ipsilateral
flexor muscle in late stance and during the entire swing phase, mainly due to an increase
in swing phase and a decrease in stance phase in the ipsilateral limb and a decrease in
swing phase and an increase in stance phase in the contralateral limb %24, Consistently
with this data, humans with lesions in the interposed nucleus show deficits in interlimb

coordination 3.

Recordings of simple spikes from Purkinje cells terminating in the interposed
nucleus during locomotion show that each cell discharge rhythmically in time with the
stepping movements of the limbs. The greatest activity of the Purkinje cell population
occurs in the transition from stance to swing phases in the ipsilateral forelimb, whereas
the least activity occurs in the mid-stance °. Armstrong and Edgley (1988) have shown
that the activity of the interposed nucleus is only slightly altered upon change of the
locomotor paradigm from slow to fast speed or to an uphill incline #°. On the other hand,
Schwartz and colleagues (1987) have shown that the cells of the interposed nucleus are
modulated during locomotion on a treadmill and that their discharge is strongly associated
with the muscular activity of the ipsilateral forelimb. Furthermore, when the locomotor

cycle is perturbed, this modulation ceases “°.

The role of the intermediate zone in locomotion seems to be largely distinct from
the medial zone, in the way that lesions in the interposed do not strongly affect walking
over ground but do induce impairments in more complex tasks such as walking on a
treadmill or horizontal bars 2°34. However, more precise and accurate analysis should be
performed to characterize with detail movement abnormalities. Moreover, the interposed
nucleus does not have a direct influence in upright posture and balance but its lesions
cause hypermetria during swing phase and abnormal timing of forelimb stance and swing
phases 28293442 Therefore, the interposed nucleus seems more likely to be involved in
the control of limb movements by regulating the timing of coordination between limbs,
as well as the activity of the ipsilateral flexor and extensor muscles, thus controlling limb

trajectories during locomotion.
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1.1.2.1. C) Lateral zone

The lateral zone of the cerebellar hemispheres receives inputs exclusively from
the cerebral cortex and its outputs are conveyed through the lateral nucleus to the red
nucleus and to cortical regions such as the motor, pre-motor and pre-frontal cortices, via
the thalamus 2374751, The lateral zone can therefore be important for the control of

voluntary movements and walking by tightly interacting with the motor cortex.

Animals with lesions in the lateral nucleus can walk rather effectively on a flat
surface and do not present any detectable change in postural tone and supporting reflex.
However, these animals displayed some misplacements of the ipsilateral limbs during
more complex locomotor tasks, such as beam walking 2. Patients with lesions in the

lateral nucleus show impairments in leg placement and goal-directed limb movements %,

Recordings of lateral nucleus neurons have shown that these cells are poorly
modulated during normal treadmill locomotion and are not coupled to the forelimb step-
cycle. Nonetheless, studies performed in cats show step-related rhythmic modulation of
these cells during visually guided stepping °2. Likewise, cats that are exposed to a rung
that moves up as they approach display an increase in the firing rate of lateral nucleus
cells, thereby showing modulation upon the unpredictable movements of the rung °3.
Thus, the lateral nucleus seems to play a key role in limb placement during precise motor
tasks and in making adjustments to the normal locomotor pattern under novel walking

conditions in which strong visual guidance is required.

In sum, the medial zone of the cerebellum is strongly involved in dynamic balance
control, upright stance and locomotion. On the other hand, the intermediate zone does not
play such significant role in posture and balance but seems involved in interlimb
coordination by regulating the timing of movement between limbs. The lateral zone also
does not play a crucial role in balance, but it is particularly important under novel walking

conditions that require the control of complex, visually guided limb movements.

1.1.2.2. Cerebellar motor outputs for the control of locomotion

The cerebellum has been shown to be specifically involved in coordinated

locomotion 3. Before conveying motor commands to spinal motor neurons, this structure
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can influence several downstream motor pathways, including the corticospinal,

rubrospinal and reticulospinal tracts 23,

The corticospinal tract has been extensively implied in locomotor control 102354,
This pathway originates primarily in the motor cortex and parietal areas of the cortex and
terminates in the intermediate region of the spinal cord 2>°>°, The motor cortex has been
shown to be essential for gait modifications that require strong visuomotor coordination
like walking on a horizontal ladder or stepping objects placed on a treadmill >"°8, Several
studies using a variety of locomotor tasks have demonstrated that when the gait has to be
modified motor cortical neurons projecting to the spinal cord change their discharge
activity %%, Moreover, motor cortex inactivation during gait modifications induces
alterations in limb trajectories and placement of the paw 8923  In addition to this, it has
been demonstrated that the posterior parietal cortex is essential for planning locomotion
by estimating the position of an animal relatively to obstacles in its path 1%, Further
evidence for this comes from recordings on the posterior parietal cortex: while some cells
increased their discharge as the animal approaches the object, others sustained their
activity when the animal goes over it 24 Thus, the corticospinal tract seems mostly
involved in the planning and execution of gait modifications when visual guidance is

required 1°.

The rubrospinal tract has also been shown to be involved in locomotor control.
This pathway arises from the magnocellular red nucleus and projects predominantly to
the cervical spinal cord 7. Lesion studies suggest that the red nucleus is not required
for movement initiation but that it is important during ongoing locomotion 7%, Bilateral
lesions of the red nucleus do not prevent walking but do induce impairments on gait
coordination 76970 Furthermore, animals with lesions of the rubrospinal tract
demonstrate impaired braking with the forelimb ipsilateral to the rubrospinal tract injury,
as well as reduced weight support by the ipsilateral hindlimb "*. Recordings from red
nucleus neurons show that the maximal activity of these cells occurs during the swing
phase of the step cycle, thereby influencing the activity of flexor muscles %73,
Nevertheless, more than half of the neurons showed phasic activity during both swing
and stance phases 3. These neural recordings, together with evidence from
microstimulation studies, suggest that the red nucleus might also influence the activity of
extensor muscles at the end of the swing and during the stance phases %7°73, Similarly to

the corticospinal tract, the rubrospinal tract has been shown to be important for voluntary
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gait modifications. Recordings from the red nucleus demonstrate that these neurons
increase their discharge activity when the contralateral forelimb is the first to step over
an obstacle "3. Taken together, this data suggests that the rubrospinal tract is involved in
ongoing locomotion and that it might contribute to its modulation when adaptive gait

changes to the environment are required 576873,

The reticulospinal tract is thought to be very important for locomotion, but the
exact function of this pathway and its associated nuclei has not yet been well established.
The difficulties in understanding the role of the reticulospinal tract on locomotion come
mainly from the non-discrete boundaries between these nuclei combined with the
multiple cell types within each nucleus, leading to the report of a variety of diverge
functions including initiation and stopping of locomotion, as well as speed modulation
574-76 The reticulospinal tract has been shown to project bilaterally to cervical and lumbar
segments of the spinal cord /"8, Thus, it is not surprising that stimulation of the reticular
formation results in multi-joint and multi-limb movements, with responses in either fore-
or hindlimbs ranging from ipsilateral flexion to contralateral extension 2. Moreover,
reticulospinal neurons integrate information from multiple upstream centers to send
commands to spinal motor neurons. It is also thought that there might be processing of
motor commands within the reticular formation, though this has not yet been addressed

in detail 4.

Thus, the cerebellum can impact multiple downstream pathways important for the
control of locomotion. But how does the cerebellum interact with these output pathways

to generate coordinated movement? This question will require further investigation.

1.2. Cerebellum and motor learning

The idea that the cerebellum is involved in adaptation and learning of movements
has emerged in the early 1970s with the work of Marr, Albus and Ito 7°-8%. Their general
hypothesis has been supported by much research, although the exact role of the
cerebellum in motor learning is not yet fully resolved 3°82# To understand the neural
mechanisms underlying this form of learning, two forms of cerebellar-dependent motor
learning have been extensively studied, namely the classical eyelid conditioning and the

adaptation of the vestibulo-ocular reflex (VOR). These studies have revealed much about
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the cerebellum’s role in motor learning, but it is still not clear whether more complex

motor tasks share the same mechanisms.

1.2.1. Cerebellar circuitry

The cerebellum is essential for motor learning and, therefore, its anatomy and
physiology are crucial to the ideas about the sites of plasticity and the underlying learning

mechanisms. Thus, the cerebellar circuitry will be first briefly described.

The cerebellum is composed by a series of neuronal units displaced in highly
regular arrays, each sharing the same basic microcircuitry (Fig. 2). The similarity between
the architecture and physiology in all regions of the cerebellum suggests that the
cerebellum performs similar computational operations for many different motor, and

perhaps non-motor, tasks 1718,

The cerebellum receives
information  from two  major porallel
excitatory inputs: mossy fibers and
climbing fibers, which produce
different patterns of firing in

I

cerebellar cortical Purkinje cells, T = - Grane
= ~ .G

conveying  distinct types of

Climbing
fiber

information "8, Mossy fibers carry
sensory information from the spinal _

cord, brainstem and cerebral cortex
_ " oo N
and they form excitatory synapses on cerebellar

neurons

the dendrites of granule cells 8%, \ =

The sensory signals that converge on inferior livary

nucleus cell

granule cells through mossy fibers

are essential for the generation and Figure 2 — Organization of the cerebellar microcircuitry.
o Excitatory and inhibitory inputs can be compared both at the

coordination of movements . The cerebellar cortex and deep cerebellar nuclei. Recurrent loops

. occur at the cerebellar cortex and outside the cerebellum, in
axons of granule cells constitute the the inferior olive .

parallel fibers that pass through and make synapses with several Purkinje cells, thereby
controlling the firing rate of simple spikes in Purkinje cells. Moreover, granule cells also

contact with Golgi and basket/stellate cells, which form inhibitory synapses onto granule

10
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cells or Purkinje cells, respectively 1”8, Climbing fibers arise from the inferior olive and
directly synapse onto Purkinje cells on the cerebellar cortex 8. Each climbing fiber
contacts 1 to 10 Purkinje cells, however, in contrast to the parallel fibers, each Purkinje
cell receives inputs from only a single climbing fiber 8. Climbing fibers enwrap the
dendritic tree of the Purkinje cells, making numerous synaptic contacts /. A single action
potential from a single climbing fiber results in a prolonged depolarization that yields a
complex spike 888, Climbing fiber activity is assumed to convey sensory feedback

information, particularly error signals .

An important characteristic of the cerebellar circuitry consists in the fact that the
excitatory and inhibitory inputs are compared both in the cerebellar cortex and deep
cerebellar nuclei 8. Purkinje cells exert inhibitory effects on the deep cerebellar nuclei,
the sole output of the cerebellar circuitry. In contrast, mossy and climbing fibers send
excitatory projections to the deep nuclei . Thus, the inhibitory input from the latter
modulates the excitatory inputs from the former. Another important hallmark of the
cerebellar circuitry is the presence of several recurrent loops at different levels 1718,

1.2.2. Eyelid conditioning and vestibulo-ocular reflex

Extensive analysis of simple forms of motor learning such as classical eyelid
conditioning and adaptation of the vestibulo-ocular reflex (VOR) has provided several

evidences for the cerebellum’s involvement in motor learning 308283,

In the classical conditioning of the eyelid response, an air puff to the cornea serves
as an unconditional stimulus (US) that elicits an eyeblink response. If a neutral
conditioned stimulus (CS) such as a tone repeatedly precedes the US, the tone will
gradually elicit a blink in advance to the air puff. If this paradigm is repeated many times,
the CS alone is sufficient to induce a blink thus indicating that there was a reliable, learned

eyelid response 8%,

Another form of cerebellar-dependent motor learning is VOR adaptation %, The
VOR stabilizes images on the retina by generating compensatory eye movements in the
opposite direction to the head movement %2, Turning the head can always induce eye
movements, even without training. However, when the head turn is successively paired
with image motion there is a change in the size of the vestibular response in order to

improve image stabilization on the retina %2, This gradual adaptation can be considered

11
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a learning response since that, overtime, the head turn alone begins to elicit an altered eye
movement response that is similar to the one triggered by the presence of both head turn
and image motion. Thus, the tone and the head turn can be considered the stimuli that

induces the learned response and the image motion and air puff the instructive stimuli
92,96

It is clear that the two learning paradigms are very similar at the behavior level.
The only difference is that in the eyelid conditioning the CS needs to be paired with an
air puff to elicit a response, whilst in the VOR the CS triggers a response before training,

though its amplitude changes throughout practice, when associated with image motion.

1.2.2.1. Similarities between eyelid conditioning and VOR neural

circuits

Eyelid conditioning and VOR responses are processed by different motor
pathways, though both in extracerebellar structures. The red nucleus and other brainstem
nuclei are involved in eyelid conditioning, whereas the vestibular nuclei and other
brainstem nuclei are involved in VOR adaptation %2°7-1%1  Likewise, the sensory inputs
associated with conditioning are different (auditory inputs for eyelid conditioning and
vestibular inputs for VOR), but both project in parallel to the cerebellar cortex and deep
cerebellar nuclei. In the cerebellar cortex, the anterior lobe is relevant for eyelid
conditioning and the floccular complex for VOR, while in the deep cerebellar nuclei the
anterior interposed nucleus is important for eyelid conditioning and the floccular target

neurons in the vestibular nucleus (correspondent to the deep cerebellar nuclei) for VOR
102-107

In each paradigm, the two stimuli that need to be paired in order to cause a
conditioned response converge both in the cerebellar cortex and deep cerebellar nuclei.
In both eyelid conditioning and VOR, sensory information about the CS (tone or head
turn) is conveyed to the cerebellum through mossy fibers and somatosensory information
about the US (air puff or image motion) is carried to the cerebellum by climbing fibers
108-112 Thys, the functionally homologous sensory stimuli for the two behaviors use

similar pathways to convey them to the cerebellum.

12
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1.2.2.2. Memory in the cerebellar cortex and deep cerebellar nuclei

The role of the cerebellum in motor learning in both eyelid conditioning and VOR
has been demonstrated by lesion experiments. For instance, lesions in the anterior
interposed nucleus block eyelid responses to the tone (CS) thereby preventing learning,
but do not affect responses to the air puff (US) alone 1314, On the other hand, for the
VOR, lesions in the vestibular nuclei cause deficits in overall behavior 13, However, other
mechanisms rather than learning could have been affected and, therefore, only the FTNs

on the vestibular nuclei should have been ablated in this experiment.

The role of the cerebellum in eyelid conditioning has been further confirmed by
two studies that demonstrated that learning occurs downstream mossy fiber cerebellar
inputs and upstream the red nucleus. In the first study, the replacement of the CS and US
by stimulation of mossy fibers or climbing fibers, respectively, induced a conditioned
response, indicating that learning occurs downstream the input of the cerebellar circuitry
(mossy fibers) 119112 In the second study, the red nucleus was reversibly inactivated and
the CS and US were delivered at the same time, during several sessions. During training,
the expression of conditioned responses was abolished. However, when the activity of the
red nucleus was reestablished, there was expression of conditioned responses, showing

that learning occurs upstream the red nucleus, apparently in the cerebellum 114115,

Although these studies suggest that the cerebellum is involved in memory storage
in motor learning, they do not demonstrate the role of the cerebellar cortex and the deep
cerebellar nuclei. In eyelid conditioning, reversible inactivation of the interposed nucleus
allows the acquisition of a conditioned response but blocks its expression, thereby
indicating that the cerebellar cortex is probably a site of plasticity *°. Still, in both eyelid
conditioning and VOR adaptation, lesions of relevant parts of the cerebellar cortex
prevent further learning but abolish only some of the memory acquired during training,
suggesting that in cerebellar-dependent learning there is storage of memory both within

and outside the cerebellar cortex, probably in the relevant deep cerebellar nuclei
102,105,106,117-119

Eyelid conditioning and VOR adaptation are quite different motor problems,
however, it is clear that they share remarkable similarities both at behavioral and circuit
level. Even though the two systems receive different sensory inputs and send outputs to

distinct parts of the brain, the pathways that convey them to the cerebellum are the same
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and the underlying neural mechanisms of these forms of learning seem to be similar.
Thus, these two behaviors may represent general principles underlying cerebellar-
dependent motor learning that could perhaps be applied in more complex tasks.

1.2.3. Locomotor adaptation

The cerebellum is involved in simple motor learning paradigms such as the
previously mentioned classical eyelid conditioning and VOR adaptation. The learning
mechanisms underlying these behaviors appear to be quite similar, but could this be

applied to more complex motor tasks such as locomotor adaptation?

Locomotor adaptation is essential for our everyday life. We must constantly adapt
locomotor patterns to meet changing environmental demands. Successful locomotion in
these unpredictable environments requires relatively fast adjustments (reactive feedback
adaptation), as well as more gradual adjustments that require time and practice under
exposure to novel conditions (predictive feedforward adaptation) *?°. In humans,
locomotor adaptation has been extensively studied using a split-belt treadmill that
controls the speed of opposite sides of the body independently 120122, In this experimental
paradigm, first subjects are tested walking with belts tied (baseline), followed by belts
split (adaptation) and again belts tied (post-adaptation). In this locomotor task, healthy
individuals adapt interlimb coordination over the course of the split-belt trials to achieve
a more symmetric pattern of gait. In the post-adaptation phase, healthy individuals show
negative aftereffects, indicating that they have stored a new pattern of movement 20122,
On the other hand, individuals with cerebellar damage make reactive changes of
individual limbs to match the speed of the belts, but do not adapt interlimb coordination
and do not show negative aftereffects 12°. Thus, the cerebellum seems to be specifically
involved in controlling interlimb coordination. In agreement with these data, mutant mice
with post-natal Purkinje cell degeneration (pcd mice) show impairments in interlimb and
whole-body coordination during free walking, but do not demonstrate abnormalities in
forward motion of individual limbs if changes in body size and walking speed are

considered 123,

Split-belt locomotor adaptation can also be studied in mice, using high-speed
videography and 3D whole-body tracking *?* (Fig. 3A and 3B). Mice placed on a split-
belt treadmill learn to adapt their locomotor patterns to achieve a more symmetric and

14



Chapter I — Introduction

stable gait. Similar to human locomotor adaptation, intralimb parameters scale to match
the speed of the belts (Fig. 3C and 3D), while interlimb and whole-body coordination
adapt over several minutes of split-belt walking to enable a more symmetric gait (Figure
3E and 3F). Pcd mice, however, are able to respond appropriately to changes in belt speed
but do not adapt interlimb parameters over the course of the split-belt trials and do not
show negative aftereffects in the post-adaptation phase 24, Thus, split-belt adaptation in

mice, as in humans, seems to be a cerebellar-dependent form of learning.
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Figure 3 — Mice on a split-belt treadmill learn to adapt interlimb coordination. A) Split-belt treadmill
setup schematic. Mice are placed on a transparent corridor where they freely walk on two belts driven by
motors that control the speed of the belts independently. A 45-degree mirror below the corridor allows a
high-speed camera (330 fps) to capture both side and bottom views of the mice. B) 3D tracking of mouse
body features (paws, nose and tail) (top). Tracking example for all paws and nose represented as their
position in x overtime (bottom). C) Intralimb parameters (stride length) consist in the distance that a single
limb takes from stance to stance during a stride cycle. D) Average stride length symmetry for front limbs
shows that mice do not adapt intralimb parameters. Dashed lines represent individual animals’ adaptation.
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E) Interlimb parameters are computed as step length which consists in the relative distance between two
homologous limbs at stance onset. F) Average step length symmetry for front limbs shows that mice adapt
interlimb coordination. Individual animals’ adaptation are represented as dashed lines. From Darmohray et
al., 2018 124,

Human and mouse locomotor adaptation share remarkable similarities. However,
there are evident differences in their gait (quadrupedal vs bipedal) which demand
different behavioral analysis. For instance, analysis of front limbs vs hind limbs
movements in mice during locomotor adaptation shows that front limbs adapt faster and
with a higher magnitude than hind limbs 124,

Locomotor adaptation on a split-belt treadmill requires specifically adjustments
in interlimb coordination on both species. Interlimb coordination is usually measured as
step length. However, step length adaptation has been shown to have both spatial and
temporal components in mice (Fig. 4A and 4B) and humans 20124125 Spatial adaptation
is achieved by adjusting the excursion of the limbs during a stride relative to the body
center (Fig. 4C), while temporal adaptation is accomplished by adjusting the relative
timing between limbs (Fig. 4D).
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Figure 4 - Interlimb parameter step length can be broken down into spatial and temporal adaptation. A)
Schematic representing stride cycles during tied belt walking for fast (red) and slow (blue) limb. Step length (vertical
solid lines) symmetry is achieved by symmetry on both spatial (center of oscillation (coo), dashed horizontal lines)
and temporal (shaded vertical patches) parameters. B) Early split-belt period is characterized by asymmetries on step
length which result from changes on spatial and temporal components. C) Spatial adaptation is accomplished by
changing the center of oscillation (coo) of the limbs overtime. Light red lines represent fast limb stride cycles during
early split-belt adaptation. D) Temporal adaptation occurs by adjusting the relative timing between the limbs.
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The mechanisms underlying locomotor adaptation seem therefore to be conserved
across species, opening up the possibility of using mice as a model to understand how
this behavior is processed at the circuit and synaptic level. This form of learning has been
shown to involve the cerebellum and, more recently, a specific cerebellar region required
for this behavior has been identified: the interposed nucleus and overlying paravermal
cortex 124, Furthermore, this experimental paradigm can also help to better understand the
role of the cerebellum in coordinated locomotion. The cerebellum is thought to control
the ipsilateral side of the body but interlimb coordination requires comparison of
movements between different limbs. So how does the cerebellum integrate sensory
information from multiple limbs and then translate it into coordinated movements? A
previous study has started to address this by analyzing how unilateral manipulations of
the Purkinje cells terminating in the interposed affect spatial and temporal adaptation.
Interestingly, a differential laterality of contributions to spatial and temporal learning was
observed: while double support symmetry was only affected when the fast belt was run
ipsilateral to the injection site, spatial adaptation was impaired regardless of the side that
the fast belt was set (ipsilateral or contralateral) 124, These results suggest that on one side
the cerebellum is involved in the bilateral control of spatial parameters of locomotor
adaptation and on the other that space and time might be processed independently in the
interposed and/or its associated circuitry. Therefore, it is necessary to continue to dissect
the circuitry behind the interposed to understand whether spatial and temporal adaptation

are processed by distinct neural populations.

1.3. Objectives

Despite the tremendous growth in research on cerebellar functions in recent years,
the neural mechanisms underlying cerebellar-dependent motor learning are still largely
unknown, especially the ones regarding locomotor adaptation. The role of the cerebellum
in locomotor adaptation has been widely assessed in patients with cerebellar damage,
however, these studies do not provide information about which specific regions of the
cerebellum are mediating adaptation '%°. Mice provide several advantages to study
coordinated locomotion. Aside from the high availability of genetic tools that allow to
manipulate their neural circuits, they are also very small making it possible to analyze

movements across different parts of the body with high spatial and temporal resolution
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using high-speed videography and 3D whole-body tracking 2. These recent technologies

can be used to study locomotor adaptation on a split-belt treadmill 124,

Split-belt locomotor adaptation has been shown to be a cerebellar-dependent form
of learning that involves spatiotemporal changes in interlimb coordination 120124125 A
specific cell type and region of the cerebellum, the Purkinje cells in the paravermal cortex
overlying the interposed nucleus, have been shown to be necessary for this form of
learning. This study has started to narrow down the potential pathways involved in split-
belt adaptation. Moreover, manipulations of this region suggest that spatial and temporal
components of locomotor adaptation might be processed distinctly in the interposed

and/or its associated circuitry 124,

Thus, our main goal is to map the interposed downstream circuitry required for
split-belt adaptation in order to find out whether spatial and temporal adaptation are

processed by differential neural circuits.
To achieve this, our aims are:

- Extend the results that demonstrate that perturbing the activity of the Purkinje
cells terminating in the interposed impairs locomotor adaptation by using an
alternative viral strategy to manipulate directly the interposed nucleus.

- Trace the projections of the interposed to its downstream motor targets.

- Manipulate the interposed downstream structures to assess whether specific
output nuclei contribute differently to spatial vs temporal components of
locomotor adaptation.
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2.1. Animals

Animal procedures were carried out in accordance with the Champalimaud Centre
for the Unknown Ethics Committee guidelines and approved by the Portuguese Direc¢édo
Geral de Veterinaria. Animals were kept in a temperature-controlled room with a reverse
light cycle (12h light/12h dark) so that all the experiments were performed during the
dark period in which mice are more active. Male and female mice were separately housed
in groups of 2-5 mice with ad libitum access to water and food. All experiments were
carried out in C57BL/6 mice with approximately 10-14 weeks of age. VVglut2-cre mice
obtained from the Jackson Lab (#016963, Slc17a6™m2re)Lowl/ 3y were used in the interposed

manipulation experiments.

2.2. Surgical procedures

In all surgeries, mice were placed in a stereotaxic apparatus (David Kopf
Instruments, Tujunga, CA) and anesthetized with isoflurane (3% for induction, 1.5% for
maintenance). For virus injections, the skin was cut to expose the skull and craniotomies
were drilled over the region of interest. A nanoject (Nanoject I, Drummond) with a pulled
beveled glass pipette (30-40 um of diameter) was used for local administration of the
virus with multiple short pulses. After injection, the craniotomy was filled with a silicone-
based elastomer (Kwik-cast, World Precision Instruments). Antibactericide and lidocaine
were applied on the exposed skin and the skull was covered with dental cement (Super
Bond — C&B). Buprenorphine (0.1 mg/kg) was intraperitoneally injected for

postoperative analgesia.

2.3. DREADDs manipulations

For interposed manipulation experiments, mice were injected with 200-240 nL of
doubled floxed Gi-coupled hM4D DREADDs (AAV8-hSyn-DI0-hM4D(Gi)-mCherry,
addgene plasmid #44362) into the interposed nucleus of vglut2-cre animals for expression
of inhibitory DREADDs in the glutamatergic neurons of the interposed. The following
coordinates were used for targeting the interposed: -6.24 mm anterior-posterior from

bregma, 1.6 mm lateral and -2.3 mm ventral.
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For manipulations of the magnocellular red nucleus and gigantocellular reticular
nucleus, wild-type mice were injected with 200-250 nL of Gi-coupled hM4D DREADDs
(AAV8-hSyn-hM4D(Gi)-mCherry, addgene plasmid #50475). The coordinates used for
targeting the magnocellular red nucleus were -3.5 mm anterior-posterior from bregma, -
0.6 mm lateral and -3.6 ventral, while for the gigantocellular reticular nucleus were -6.4

mm anterior-posterior from bregma, -0.5 mm lateral and -4.6 mm ventral.

Split-belt adaptation experiments were performed two weeks post-injection to
allow time for virus expression. To activate DREADDs receptors, clozapine N-oxide
(CNO) was administrated intraperitoneally (10 mg/kg) and mice were run 30-40 minutes

post-injection.

All animals were perfused after the behavioral experiments and histology was

performed to confirm virus expression and injection site location.

2.4. Anatomical tracing

Vglut2-cre mice were injected into interposed nucleus with 200 nL of AAVS-
hSyn-DI10-mCherry (addgene plasmid #50459) for anterograde expression of mCherry in
the glutamatergic neurons of the interposed. Mice were perfused after 2 weeks to allow
time for virus expression and their brains were histologically analyzed to identify the

distinct excitatory outputs of the interposed nucleus.

2.5. Histology

Mice were given intraperitoneal injections of ketamine/xylazine (10 ml/kg) and
posteriorly perfused with 0.01 M phosphate buffered saline (PBS) followed by 4%
paraformaldehyde (PFA). Their brains were dissected, placed overnight in PFA 4% and
then cryopreserved for at least 24h in 30% sucrose in 0.01 M PBS and 10% sodium azide.
The brains were embedded in optimum cutting temperature (OCT) compound (Tissue-
Tek, 4583) and 50 um-thick coronal sections were cut in a cryostat (CM3050S, Leica).
Immunohistochemistry was then performed. Images were acquired in a Z1 AxioScan

Microscope (Zeiss) with a 20x magnification objective.
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2.6. Immunohistochemistry

Immunohistochemistry was performed on interposed nucleus and gigantocellular
reticular nucleus slices. Floating sections of the regions of interest were washed three
times with 0.01 M PBS and then incubated in 0.01 M PBS with 0.4% Triton-X (T9284-
100ML, Sigma-Aldrich®) for 60 min to increase tissue penetration. The slices were then
incubated overnight at room temperature with rabbit anti-mCherry primary antibody
(ab167453, Abcam) diluted 1:1000 in 0.01 M PBS with 0.4% Triton-X. Afterwards, the
slices where washed three times with 0.01 M PBS and incubated with the secondary
antibody, Alexa anti-Rabbit 488 (A-11008, ThermoFisher Scientific), diluted at 1:1000
in 0.01M PBS with 0.4% Triton-X for two hours at room temperature. The slices were
then washed twice with 0.01 M PBS. Interposed nucleus sections were counterstained
with DAPI (4,6-Diamidine-2’-phenylindole dihydrochloride) solution diluted 1:1000 in
0.01 M PBS for 20 min and washed again twice with 0.01 M PBS. Sections were then

mounted and coverslipped with mowiol mounting medium.

2.7. Experimental setup

All behavioral experiments were performed using a split-belt treadmill previously
developed in the lab 2%, The setup was composed by two transparent melinex belts driven
by two DC motors with high-resolution encoders and an Escon 50/5 motor controller
(Maxon). Mice were placed in a transparent corridor (4 x 30 cm) that restrained their
walking to the place of the belts. A 45-degree angled mirror below the corridor allowed
a single high-speed camera (Pike F-032 B/C, Allied Vision Technologies) to capture both
side and bottom views of the mice. This camera allowed to capture images at 330 fps.
The setup was illuminated by a set of LEDs that emitted cool white light and that was
positioned to increase contrast and decrease reflection. Image acquisition was controlled
using a software previously written in Labview. Body features (paw, nose and tail) were

tracked in 3D using a previously developed tracking algorithm 24,
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2.8. Experimental protocols

Animals were habituated to the behavioral setup for 3 daily sessions before
starting the experiment. During each session, mice were subjected to 10 trials of short
duration (approximately 20 seconds) with increasingly different speeds (0.1 —0.275 m/s)
until they were able to walk without turns, maintain a regular position and keep up with

the speed of the belts required for the subsequent experiments.

Split-belt locomotor adaptation experiments were composed by three distinct
phases: baseline tied (3 trials), split (10 trials) and post-adaptation tied (10 trials) in which
each trial had the duration of 1 minute. For the split adaptation phase the fast belt was set
at 0.375 m/s and the slow belt at 0.175 m/s, while for the baseline and post-adaptation
phases both belts were set at an intermediate speed between slow and fast belts (0.275
m/s). 40 minutes before the experiment, intraperitoneal injections of either saline
(control) or CNO were given. Every split-belt adaptation protocol was followed by a

washout on the next day that consisted on 10 trials at tied speed (0.275 m/s).

2.9. Gait analysis and parameters definition

For the computation of all gait parameters, strides were defined as the period from
stance to stance. Symmetry was computed by subtracting trial average values of each

individual limb on the fast side per individual limb on the slow side.

Step length was defined as the relative distance between the two homologous
limbs at stance onset. Spatial parameters were measured by computing the center of
oscillation (coo) which consists in the midpoint between swing and stance phases relative
to the body center. Temporal parameters were assessed by computing the % of double
support which is defined as the percentage of the stride cycle duration in which two

homologous limbs are in stance at the same time.

2.10. Statistics

Statistical analyses were performed using MATLAB. For split-belt adaptation
experiments, learning was quantified by measuring the difference between early post-
adaptation period (first aftereffect trial) relative to the mean baseline period. To compare
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learning between control and manipulation groups, paired t-test were applied. Differences
were considered significant at p < 0.05 and are reported as * for p < 0.05, ** for p <0.01,
and *** for p <.001.
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3.1. Split-belt locomotor adaptation requires interposed
nucleus

Locomotor adaptation on a split-belt treadmill has been shown to be specific to
measures of interlimb coordination which involve spatiotemporal gait changes 29?4, A
previous study narrowed down the neural circuitry underlying this form of learning by
targeting the Purkinje cells terminating in each of the three deep cerebellar nuclei (DCN)
(Fig. 5A). Perturbation of the interposed-associated circuitry has shown that this nucleus,
but not the medial or lateral, is necessary for split-belt adaptation. Moreover, this study
suggests that spatial and temporal adaptation might be processed differentially by the
interposed and/or its associated circuitry since unilateral manipulations of this region
show bilateral and unilateral contributions for spatial and temporal learning, respectively
124" Thus, to understand whether spatial and temporal adaptation are independently

processed it is necessary to continue to dissect the circuitry behind the interposed nucleus.

We started by expanding the previous results by targeting directly the interposed
nucleus (Fig. 5B). We injected an adeno-associated virus into the right interposed nucleus
of vglut2-cre mice for cre-dependent expression of inhibitory DREADDs on
glutamatergic neurons (Fig. 6A). Virus expression in the interposed nucleus was broad
and spread throughout the entire anteroposterior axis (Fig. 6B). Mediolateral spreading
within the interposed was variable: in some animals, spillover to the medial and lateral
nucleus was observed, while in others was restricted to a small region of the interposed.
The injections were performed unilaterally so that split-belt adaptation protocol could be
run with the fast belt ipsilateral or contralateral to the injection site, thereby providing us

the ability of identifying potential differences in lateralization.

Split-belt adaptation experiments were performed two weeks after virus injection.
Mice locomotor adaptation was assessed after intraperitoneal injection of either saline
(control) or clozapine-N-oxide (CNO). The same mice were then compared across
conditions to assess whether inhibition of interposed glutamatergic neurons impaired
locomotor learning. The adaptation curves presented here correspond always to front
limbs symmetry because it was previously shown that split-belt adaptation occurs mainly
through adjustments in front limb movements %4, Separate groups of mice were used

when the belts were run ipsi- and contra-fast.
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Figure 5 — Schematic of cerebellar circuitry representing experimental design for Purkinje cells vs
interposed nucleus manipulations. A) Schematic representing viral strategy used in a previous study
performed by Darmohray et al., 2018 1?4, A retrograde virus (rAAV2-hSyn-DIO-hM4D(Gi)-mCherry) was
injected into the interposed nucleus of L7-cre mice for cre-dependent expression of inhibitory DREADDs
on Purkinje cells. B) Schematic representing viral strategy used in the present work. Vglut2-cre mice were
injected in the interposed nucleus with a virus (AAV8-hSyn-DIO-hM4D(Gi)-mCherry) to express
inhibitory DREADD:s in the interposed glutamatergic neurons.

We examined how direct manipulation of the interposed nucleus affected spatial
and temporal adaptation on ipsi- and contra-fast conditions. Control animals showed
normal adaptation on both conditions, with symmetric spatiotemporal parameters during
baseline tied, followed by an asymmetry during split trials which improved overtime and
then a prominent aftereffect when the belts returned to tied, demonstrating that there was
learning. However, inhibition of interposed glutamatergic neurons impaired spatial
adaptation (Fig. 6C and 6D), as measured by the center of oscillation, both on ipsi- (CNO
v saline aftereffect: t g) = 2.4, p = 0.04) and contra-fast (CNO v saline aftereffect: t 7y =
7.06, p = 2.01 &%) conditions (Fig. 6E), while double support symmetry (Fig. 6F and 6G)
was only affected on the ipsi-fast (CNO v saline ipsi-fast aftereffect: t @) = -2.25, p =
0.05; CNO v saline aftereffect contra-fast: t (7y =-0.06, p = 0.95) (Fig. 6H). These results
are consistent with what was observed when the activity of the Purkinje cells terminating
in the interposed is perturbed '?*. Moreover, the effects observed are dependent on
DREADDs expression, as mice injected with an adeno-associated virus expressing only
mCherry adapted similarly with saline and CNO (CNO v saline spatial aftereffect: t )=

1.7 p = 0.16; CNO v saline temporal aftereffect: t 4= 1.68 p = 0.17) (Annex 1).
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Figure 6 - Interposed nucleus has different laterality of contributions to spatial and temporal
adaptation. A) Schematic of injection site location. AAV8-hSyn-DIO-hM4D(Gi)-mCherry was injected
into the right interposed nucleus of vglut2-cre mice. B) Left: Example of coronal section showing
expression of inhibitory DREADDs in the interposed nucleus. Right: Magnification of the interposed
nucleus. Virus expression is seen throughout the entire interposed with some spillover to the lateral nucleus.
DREADDs expression can be observed by either mCherry (red) or anti-mCherry (green) labelling. DAPI
staining (blue) was used to visualize the cerebellar structure. C) Top: Schematic representing ipsi-fast
condition. The fast belt was set ipsilateral to the injection site. Bottom: Average spatial adaptation (+ s.e.m.)
curves for interposed-injected mice run on the ipsi-fast condition after saline (black) or CNO (pink)
administration (n=9). Grey patches represent split-belt trials. D) Top: Schematic representing contra-fast
condition. The fast belt was set contralateral to the injection site. Bottom: Average spatial adaptation (+
s.e.m.) curves for animals injected in the interposed and run on the contra-fast condition after administration
of saline (black) or CNO (green) (n=8). E) Average center of oscillation aftereffect size (first post-
adaptation trial) for saline and CNO-injected animals on the ipsi-fast (pink) and contra-fast (green)
conditions. Dashed thin lines represent individual animals’ aftereffect size. F) Average temporal adaptation
( s.e.m.) curves for interposed-injected animals run on the ipsi-fast condition after saline (black) or CNO
(pink) administration (n=9). G) Average temporal adaptation (x s.e.m.) curves for mice injected in the
interposed and run on the contra-fast condition after saline (black) or CNO (green) injections (n=8). H)
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Average % double support aftereffect size (first trial post-adaptation) for mice administered with saline and
CNO and run on the ipsi-fast (pink) and contra-fast (green) conditions. Individual animals’ aftereffect size
is shown in dashed thin lines.

3.2. Interposed nucleus projections to pre-motor and
motor areas

The interposed nucleus and overlying paravermal cortex has been shown to be
required for locomotor adaptation. The demonstration that the interposed, but not the
other deep nuclei, is necessary for locomotor learning decreases the downstream
candidate sites for split-belt adaptation 2. Moreover, the differences observed in the
laterality of contributions of the interposed to spatial and temporal learning suggest that

these strategies might be dissociable in the deep nuclei and/or its associated circuitry.

Thus, to map the cerebellar downstream circuitry involved in split-belt adaptation,
we started by anatomically identifying the interposed pre-motor and motor projecting
areas. We injected an adeno-associated virus into the interposed nucleus of five vglut2-
cre mice for anterograde expression of mCherry in the interposed glutamatergic neurons
(Fig. 7A and 7B).

We observed axonal labelling in all animals in the following brain regions:

- Forebrain: basolateral amygdaloid nucleus (BLA); ventrolateral thalamic
nucleus (VL), central medial thalamic nucleus (CM), paracentral thalamic
nucleus (PC) (Fig. 7C), ventromedial thalamic nucleus (VM) (Fig. 7D);

- Midbrain: superior colliculus (SC), mesencephalic reticular formation (mRt),
magnocellular red nucleus (RMC) (Fig. 7E);

- Hindbrain: reticulotegmental nucleus of the pons (RtTg) (Fig. 7F), pontine
reticular nucleus caudal part (PnC), parvocellular reticular nucleus alpha part
(PCRtA), facial nerve (7n) (Fig. 7D), intermediate reticular nucleus (IRt),
gigantocellular reticular nucleus (Gi), gigantocellular reticular nucleus alpha
part (GiA), lateral paragigantocellular nucleus (LPGi) (Fig. 7H), medullary
reticular nucleus ventral part (MdV), medullary reticular nucleus dorsal part
(MdD) (Fig. 71).

32



Chapter I11 - Results

AAV8-hSyn-DIO-mCherry

anti-mCherry

B -
..PnC 7nFCRA Rt . Itpcrn
’ ' NLATIRC

LPGI— N GiA

Figure 7 — Interposed-downstream motor structures. A) Example of a cerebellar coronal section with
mCherry (red), anti-mCherry (green) and DAPI (blue) staining showing virus spread on injection site
location. AAV8-hSyn-DIO-mCherry was injected into the interposed nucleus of vglut2-cre mice for
anterograde expression of mCherry in glutamatergic neurons. B) Interposed nucleus magnification. C-E)
Interposed-downstream targets: BLA, VL (C); PC, CM (C, D); VM (D); mRt, SC, RMC (E); xscp, RtTg
(F); spc, PnC, 7n (G); PCRtA (G, H); Gi, LPGi, GiA (H); IRt (H, I); MdV, MdD (I). Abreviations used
in all figures: IP: interposed nucleus; BLA: basolateral amygdaloid nucleus; VL: ventrolateral thalamic
nucleus; CM: central medial thalamic nucleus; PC: paracentral thalamic nucleus; VM: ventromedial
thalamic nucleus; mRt: mesencephalic reticular formation; SC: superior colliculus; RMC: magnocellular
red nucleus; xscp: decussation of the cerebellar peduncle; RtTg: reticulotegmental nucleus of the pons; spc:
superior cerebellar peduncle; PnC: pontine reticular nucleus caudal part; 7n: facial nerve; PCRtA:
parvocellular reticular nucleus alpha part; Gi: gigantocellular reticular nucleus; LPGi: lateral
paragigantocellular nucleus; GiA: gigantocellular reticular nucleus alpha part; IRt: intermediate reticular
nucleus; MdV: medullary reticular nucleus ventral part; MdD: medullary reticular nucleus dorsal part.
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3.3. Red nucleus manipulations specifically impair
temporal learning

The interposed nucleus projects to many motor-related brain structures. The
magnocellular red nucleus is one of the major targets of the interposed, receiving massive
contralateral glutamatergic inputs from the previous. Thus, to start identifying the
cerebellar outputs involved in spatial and temporal locomotor learning, we started by

targeting this structure.

We injected an adeno-associated virus into the left magnocellular red nucleus of
wild-type mice for pan-neuronal expression of inhibitory DREADDs (Fig. 8A). Virus
expression was observed in the entire nucleus, though in some mice expression was sparse
(Fig. 8B). The interposed nucleus projects to the contralateral red nucleus, which then
sends contralateral projections to the spinal cord . Thus, we performed virus injections
on the contralateral red nucleus relatively to the interposed and then run split-belt
adaptation experiments with the fast belt contralateral to the injection site (Fig. 8C).

We then analyzed how inhibition of magnocellular red nucleus neurons affected
spatial (Fig. 8D) and temporal (Fig. 8F) components of locomotor adaptation. While
spatial adaptation upon administration of CNO was not different from the control (CNO
v saline aftereffect: t 5y = -0.29, p = 0.79) (Fig. 8E), double support symmetry was
impaired (CNO v saline aftereffect: t 5)= 3.58, p = 0.02) (Fig. 8G). The magnocellular

red nucleus seems therefore to be specifically involved in temporal adaptation.
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Figure 8 — Temporal adaptation specifically requires the red nucleus. A) Schematic representing virus
injection. AAV8-hSyn-hM4D(Gi)-mCherry was injected into the left red nucleus of wild-type mice. B)
Magnification of coronal section showing the red nucleus. DREADDs expression can be observed through
mCherry labelling on the cell bodies of the magnocellular red nucleus. C) Schematic representing injection
site location (RN) and split-belt adaptation protocol. The interposed nucleus (IP) projects to the
contralateral red nucleus (RN) which then projects contralaterally to the spinal cord. Fast belt (red) was
run contralateral to the injection site (RN). D) Average spatial adaptation (z s.e.m.) curves for red nucleus-
injected animals run with saline (black) or CNO (red) (n=6). Grey patches represent split-belt trials. E)
Average center of oscillation aftereffect size (first post-adaptation trial) for mice injected with saline and
CNO. Dashed thin lines show individual animals’ aftereffect size. F) Average temporal adaptation (+
s.e.m.) curves for mice injected in the red nucleus and administered with saline (black) and CNO (red)
(n=6). G) Average % double support aftereffect size (first trial post-adaptation) for saline and CNO-injected
animals. Individual animals’ aftereffect size is represented in dashed thin lines.
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3.4. Gigantocellular reticular nucleus is necessary for
spatial adaptation

The identification of a pre-motor region involved only in temporal adaptation
indicates that space and time are dissociable at the circuit level. Consequently, we wanted
to find out the interposed downstream circuitry responsible for spatial adaptation. Our
previous results suggest that spatial adaptation is influenced bilaterally and, therefore, we
sought to target a region that could potentially impact movement on both sides of the
body. The reticulospinal tract has been described as projecting bilaterally to the cervical
and lumbar spinal cord, so we decide to target inhibitory DREADDSs to one of these

nuclei, the gigantocellular reticular nucleus "8,

For this, we injected a pan-neuronal adeno-associated virus into the left
gigantocellular reticular nucleus of wild-type mice (Fig. 9A). The anteroposterior and
mediolateral spread of the virus was broad, with some spillover to the dorsal
paragigantocellular nucleus (DPGi), intermediate reticular nucleus (IRt) and
gigantocellular reticular nucleus alpha part (GiA) (Fig. 9B). The gigantocellular reticular
nucleus receives contralateral inputs from the interposed, but sends both ipsi- and
contralateral projections to the spinal cord . Since cerebellar control is thought to be
predominantly ipsilateral, we started by running split-belt experiments with the fast belt

contralateral to the injection site (Fig. 9C).

The impact of gigantocellular reticular nucleus manipulations on spatial (Fig. 9D)
and temporal adaptation (Fig. 9F) was then examined. Interestingly, CNO-injected
animals showed impairments on spatial learning (CNO v saline aftereffect: t 3y=5.24, p
=0.01) (Fig. 9E), while temporal remained intact (CNO v saline aftereffect: t (3)=-1.29,
p =0.28) (Fig. 9G).

These results demonstrate that spatial and temporal adaptation are mediated
through distinct output pathways, identifying specific regions required for each form of

locomotor learning.
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Figure 9 - Gigantocellular reticular nucleus is specifically required for spatial adaptation. A)
Schematic representation of virus injection. AAV8-hSyn-hMD4(Gi)-mCherry was injected into the
gigantocellular reticular nucleus of wild-type mice. B) Left: example of coronal section with mCherry (red)
and anti-mCherry (green) showing virus spread on the gigantocellular reticular nucleus. Spillover to the
dorsal paragigantocellular nucleus (DPGi), intermediate reticular nucleus (IRt) and gigantocellular reticular
nucleus alpha part (GiA) can be observed. Right: Gigantocellular reticular nucleus magnification. C)
Schematic of injection site location and split-belt adaptation protocol. The interposed nucleus (IP) projects
to the contralateral gigantocellular reticular nucleus (Gi) which in turn sends bilateral projections to the
spinal cord. Split-belt experiments were performed with the fast belt (orange) contralateral to the injection
site. D) Average spatial adaptation (+ s.e.m.) curves for mice injected in the gigantocellular reticular nucleus
and run following administration of saline (black) and CNO (orange) (n=4). Grey patches represent split-
belt trials. E) Average center of oscillation aftereffect size (first trial post-adaptation) for saline and CNO-
injected mice. Individual mice’ aftereffect size is represented in thin dashed lines. F) Average temporal
adaptation (x s.e.m.) curves for gigantocellular reticular nucleus-injected animals after saline (black) and
CNO (orange) injection (n=4). G) Average % double support aftereffect size (first post-adaptation trial) for
animals injected with saline and CNO. Dashed thin lines show individual animals’ aftereffect size.
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Chapter IV - Discussion

Locomotor adaptation is essential to ensure safe and successful mobility in an
environment that is constantly changing. Locomotor adaptation has been extensively
studied in humans using a split-belt treadmill that imposes different speeds on opposite
sides of the body 129122, In this paradigm, individuals need to adapt interlimb coordination
overtime to achieve a more symmetric and stable gait. Like in humans, mouse split-belt
adaptation is cerebellar-dependent and involves changes in interlimb coordination that
are accomplished through adjustments in spatial and temporal kinematic parameters
124125 Recently, a sub-region of the cerebellum, the paravermal cortex overlying the

interposed nucleus, has been shown to be required for locomotor learning 24,

Here, we show that unilateral manipulations of interposed glutamatergic neurons
impair spatial and temporal adaptation with different degrees of lateralization, providing
further evidence for what was observed when the activity of the Purkinje cells terminating
in this nucleus is perturbed 24, These results suggest that the neural mechanisms
underlying space and time might be different. Moreover, we identify the interposed-
downstream motor targets and found distinct regions specifically involved in either
spatial or temporal learning. Spatial adaptation was impaired when gigantocellular
reticular nucleus neurons were inhibited, while temporal was only affected by red nucleus
manipulations. Thus, we demonstrate for the first time that space and time are
independently processed by cerebellar downstream pathways.

4.1. Separability of spatial and temporal learning

Locomotor adaptation on a split-belt treadmill specifically involves
spatiotemporal changes in interlimb coordination. Many lines of evidence suggest that
spatial and temporal locomotor adaptation are independent processes that work in parallel

to achieve coordinated locomotion and that might be dissociable at the circuit level
120,122,124,125_

In humans, spatial and temporal adaptation have been shown to have different
development onsets and adaptation rates, with temporal parameters adapting faster than
spatial 122125126 Furthermore, subjects can consciously prevent spatial adaptation without
affecting temporal, demonstrating that space and time can be separately adapted 2°.
Similarly, mouse split-belt adaptation has spatial and temporal components that adapt at

different rates. Moreover, analysis of individual limb contributions to mouse locomotor
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adaptation showed that spatial adaptation was comprised of changes across all limbs

whereas temporal seems to involve only the fast front limb 24,

To investigate whether the neural mechanisms underlying spatial and temporal
adaptation are independent, a previous study performed unilateral manipulations of the
Purkinje cells overlying the interposed nucleus and run split-belt protocols with the fast
belt ipsilateral or contralateral to the injection site so that potential differences in
lateralization could be identified. The authors observed that while temporal learning was
only affected on the ipsi-fast condition, spatial adaptation was impaired regardless of the
belt-speed condition 24, Likewise, when we manipulated the interposed nucleus directly
by targeting its glutamatergic projection neurons, the same differences in the
lateralization of spatial and temporal parameters were observed. Interestingly, individual
limb contributions to space and time are in agreement with the differential lateralization
observed with unilateral manipulations of the interposed nucleus: while spatial adaptation
involves changes across multiple limbs and is affected by the interposed bilaterally,
temporal adaptation seems to require only the fast front limb and is impaired only when

interposed manipulations are ipsilateral to the fast treadmill belt.

Taken together, these results further indicate that the neural mechanisms

underlying spatial and temporal adaptation might be distinct.

4.2. Red nucleus and temporal learning

The demonstration that the interposed nucleus, but not the medial or lateral
nucleus, is necessary for split-belt adaptation narrows down the required downstream
circuitry for locomotor adaptation 2. Our anatomical tracing revealed interposed
glutamatergic projections to several regions known to influence locomotion like motor
cortex, midbrain and brainstem, with the most prominent projections observed in the

magnocellular red nucleus.

The red nucleus has been extensively described as required for skilled forelimb
movements, with unilateral lesions affecting reaching on the contralateral limb by causing
dysmetria and impairments in grouped digit extension and distal muscles movements
65127129 Moreover, this structure has also been shown to play an important role in

locomotion. Lesion studies suggest that the red nucleus is not necessary for movement
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initiation but that it plays a role on ongoing locomotion, with bilateral lesions impairing
gait coordination. Thus, it has been hypothesized that the red nucleus might be important

during conditions that require correction and adaptation of ongoing movements 78,

We manipulated red nucleus neurons activity and showed that this nucleus is
required for temporal adaptation alone, thereby showing that space and time are separable
at the circuit level. We have previously demonstrated that interposed nucleus
manipulations affect temporal adaptation only on the ipsi-fast condition. Interestingly, the
red nucleus controls the same body side as the interposed, since it receives contralateral
inputs from the previous and then sends contralateral projections to the spinal cord 56:1%,
Furthermore, the magnocellular red nucleus targets predominantly cervical spinal
segments, thus exerting control mainly in forelimb motor neurons %3, Thus, both
interposed and red nucleus might be involved in temporal learning by controlling the
timing of the fast forelimb. Nonetheless, it would be important to perform split-belt
experiments with the fast treadmill belt ipsilateral to the injection site to confirm that the
red nucleus only affects temporal adaptation on the contra-fast condition. Our anatomical
tracing of interposed-downstream targets revealed a few interposed excitatory projections
to the ipsilateral magnocellular red nucleus. It is the first time that ipsilateral projections
from the interposed to the red nucleus are reported and it would be important to determine
whether they also play a role in split-belt learning. However, this scenario would be
unlikely since we show that the red nucleus is specifically involved in temporal
adaptation. So, its influence on locomotor adaptation should be equal to what is observed

on temporal learning after interposed nucleus manipulations.

The neural mechanisms by which the red nucleus influences temporal adaptation
remain to be further elucidated. The magnocellular red nucleus does not only receive
inputs from the interposed, but it also sends collaterals back to the deep nuclei, creating
a feedback loop between the two structures. The red nucleus contacts multiple cell types
within the interposed, thereby being in position to exert influence on interposed neuronal
activity by modulating the integration of Purkinje cells inputs or by acting on the nucleo-
olivary pathway. Moreover, red nucleus projections to the interposed are collaterals of
rubrospinal axons that project to the cervical spinal cord, suggesting that this pathway
copies pre-motor information necessary for the control of forelimb movements 3. This
raises the question of whether the red nucleus serves only as a relay between motor

commands and the motor neurons responsible for its execution or if it instructs learning
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via its projections to the cerebellum. In eyelid conditioning, the red nucleus has been
shown to be involved in expression, but not acquisition, of the learned response 11411,
But would this function be conserved across distinct forms of cerebellar-dependent

learning like locomotor adaptation?

4.3. Gigantocellular reticular nucleus and spatial

learning

After identifying a specific role for the red nucleus in temporal adaptation, we
sought to find out whether there was a specific region required solely for spatial
adaptation. Spatial adaptation has been previously shown to involve changes across all
limbs 124, Because of this, we sought to manipulate an interposed target that could
potentially impact the spinal circuits involved in multi-limb control. The reticulospinal
tract projects bilaterally to both cervical and lumbar spinal segments, thus being implied
in coordination of movements that involve multi-joint and multi-limb motor commands
4 This tract is comprised of multiple nuclei that usually exhibit biases for either fore- or
hindlimb-innervating spinal motor neurons. Gigantocellular reticular nucleus neurons
have been reported as projecting bilaterally to both fore- and hindlimb motor neurons
with similar ratios of distribution 8. Thus, motor commands from the gigantocellular
reticular nucleus can potentially elicit changes across all four limbs, like what is observed
on spatial adaptation 2. Consequently, we perturbed the activity of the gigantocellular
reticular nucleus and assessed its importance to locomotor adaptation. We found that
gigantocellular reticular neurons were specifically required for spatial, but not temporal

adaptation.

There are few studies addressing the role of the gigantocellular reticular nucleus
on locomotion with diverge functioning being reported, including bilateral forelimb
stepping elicited by electric stimulation and halting of locomotion induced by optogenetic
stimulation of V2a glutamatergic spinal projecting neurons 78132 Thus, how
gigantocellular reticular nucleus neurons impact locomotion remains largely unknown.
Our results demonstrate a specific role for this nucleus in locomotor learning by showing
its involvement in spatial adaptation. Furthermore, it would also be interesting to examine

whether gigantocellular reticular nucleus neurons project to the interposed nucleus. If so,
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the gigantocellular reticular nucleus, similarly to the red nucleus, could be in position to

provide key information to instruct learning within the cerebellum.

The demonstration that unilateral manipulations of the interposed nucleus affect
spatial adaptation independently of whether the fast belt is set ipsi- or contralateral to the
injection site and that the interposed motor output involved in this form of learning has
the potential to influence movement across all limbs suggests that the cerebellum might
be involved in bilateral control of movement. This challenges the view of cerebellar
control as ipsilateral, though there are some studies that have implied the cerebellum in
bilateral control 33134, In fact, interlimb coordination involves comparison of movement
between multiple limbs, so how would the cerebellum integrate information between
different limbs and then translate it into coordinated locomotion without exerting some

bilateral influence?

With this work, we have identified specific motor nuclei located in distinct spinal
descending pathways required for either spatial or temporal learning: while the
magnocellular red nucleus, which gives rise to the rubrospinal tract, is necessary for
temporal adaptation, the gigantocellular reticular nucleus, which belongs to the
reticulospinal tract, is involved in spatial adaptation. These results show that for

locomotor learning space and time are processed by distinct neural circuits.
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Chapter V — Conclusion and Future Perspectives

The present study was the first to demonstrate that spatial and temporal locomotor
adaptation are independently processed by cerebellar output pathways. We show that the
interposed nucleus contributes to spatial and temporal learning differently and identified
pre-motor regions involved in either space (gigantocellular reticular nucleus) or time (red

nucleus).

We show that unilateral manipulations of the interposed impact spatial adaptation
regardless of the side that the fast treadmill belt is set, whereas temporal adaptation is
only affected when the fast belt is run ipsilateral to the injection site. Accordingly, spatial
learning involves the gigantocellular reticular nucleus which can potentially exert
bilateral control on limb movements, while temporal learning requires the red nucleus,
which seems to influence only one side of the body. In the previous experiments targeting
the pre-motor projection nuclei of the interposed, split-belt adaptation protocols were
performed only in one belt-speed condition. Thus, to confirm that gigantocellular reticular
nucleus manipulations affect spatial learning regardless of the belt-speed condition and
the red nucleus affects temporal only on the contra-fast, we plan to perform the same
unilateral manipulations but set the belts at opposite speeds. Moreover, we are going to
manipulate more interposed-downstream targets and assess whether they are involved in

locomotor adaptation.

The demonstration that spatial and temporal adaptation require the interposed
nucleus but are distinctly processed in its outputs raises the question of how this
information is processed within the cerebellum. To start addressing this, we intent to
perform a retrograde tracing from the red nucleus and gigantocellular reticular nucleus to
examine whether they are distinct neural populations within the interposed. If that is the
case, this would indicate that the deep nuclei processes space and time independently, but
if the neural population that gives rise to red nucleus and gigantocellular reticular nucleus
is the same, how does the cerebellum integrate and processes both information to convey
it to distinct outputs so that different motor commands can be executed?

In case the neural populations in the interposed that give rise to red nucleus and
gigantocellular reticular nucleus-projecting neurons are discrete, we intend to specifically
manipulate the interposed-projecting neurons to these downstream targets to confirm that

these projections are indeed responsible for either space or time.

Furthermore, if these neural populations are independent, we aim to use a
combination of viral approaches to trace the inputs to red nucleus or gigantocellular
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reticular nucleus-projecting interposed neurons. This experiment would allow us to map
the cerebellar circuitry specifically involved in spatial and temporal adaptation, namely
the Purkinje cells, mossy fibers and climbing fibers inputs. Interestingly, this would
indicate whether the information required for spatial and temporal adaptation is processed
independently by the cerebellar cortex or if it only diverges in the interposed nucleus and
whether the information conveyed by mossy and climbing fibers is carried by distinct

neural populations.
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Annexes
Annex 1 — DREADDSs control
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Figure 10 - Mice injected with an adeno-associated virus without DREADDs expression adapt
similarly to controls on the ipsi-fast condition. A) Example of a coronal section with mCherry
(red), anti-mCherry (green) and DAPI staining demonstrating virus spread on the interposed nucleus.
Vglut2-cre mice were injected into the interposed with AAV8-hSyn-DIO-mCherry. B) Average
center of oscillation aftereffect size (first trial post-adaptation) for mice injected with saline and
CNO. C) Average % double support aftereffect size (post-adaptation first trial) for saline and CNO-
injected animals. Individual mice’ aftereffect size is shown in thin dashed lines.
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Annex 2 — List of abbreviations

7n — facial nerve

BLA — basolateral amygdaloid nucleus

CM — central medial thalamic nucleus

CS — conditional stimulus

Gi — gigantocellular reticular nucleus

GIA — gigantocellular reticular nucleus alpha part
IP — interpose nucleus

IRt — intermediate reticular nucleus

LPGi — lateral paragigantocellular nucleus
MdD — medullary reticular nucleus dorsal part
MdV — medullary reticular nucleus ventral part
mRt — mesencephalic reticular formation

PC — paracentral thalamic nucleus

PCRtA — parvocellular reticular nucleus alpha part
PnC — pontine reticular nucleus caudal part
RMC — magnocellular red nucleus

RN — red nucleus

RtTg — reticulotegmental nucleus of the pons
SC — superior colliculus

scp — superior cerebellar peduncle

US — unconditional stimulus

VL — ventrolateral thalamic nucleus

VM — ventromedial thalamic nucleus

VOR - vestibulo-ocular reflex

VSCT - ventral spinocerebellar tract

xscp — decussation of the cerebellar peduncle
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