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querida avó por todo carinho e conversas do fundo do coração. To my dutch grandparents

for being supportive and cheering all my conquers. Um obrigado especial à Ana, porque não
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Abstract

Motor learning is a crucial process that is present throughout life. Similar to declarative

memories, motor memories also undergo consolidation over time, becoming less susceptible to

interference. Despite its ubiquity, mechanisms for motor memory consolidation are still poorly

understood. The cerebellum is essential for several forms of motor learning, including delay

eyeblink conditioning, a form of associative learning. This learning task has been relevant to

study how cellular activity contributes to motor memory consolidation. Here we investigated

the dynamics of motor memory consolidation of eyeblink learned responses.

We have found that as the engagement in locomotor activity enhances the acquisition and

expression of eyeblink conditioning responses, it also accelerates the consolidation of these

memories. Only animals that were not actively locomoting during training sessions were sus-

ceptible to pharmacological and optogenetic perturbations of activity in the cerebellar cortex

immediately after each training session. In contrast, post-session manipulations of neural ac-

tivity had no effect on memory consolidation in mice that were trained on a motorized running

wheel. Conversely, optogenetic perturbation of cerebellar granule cells in between the learning

trials, impaired learning only in animals that were engaged in locomotion during training, but

did not yield an effect in animals voluntarily locomoting during the task.

These results indicate a temporal discrepancy of the motor memory consolidation time win-

dow depending on locomotor engagement during task performance, suggesting that locomotion

drives a shift in the critical time window for motor memory consolidation in the cerebellar

cortex, from immediately following, to within training sessions. Further preliminary data

suggest that running modulation may also promote a subtle earlier shift in memory storage

location, from the cerebellar cortex to the cerebellar nuclei. Finally, our results also highlight

the importance of the neuronal activity in the cerebellar cortex for the consolidation of eyeblink

learned responses in mice.

Key words: Cerebellum; Eyeblink Conditioning; Motor Memory Consolidation
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Resumo

A aprendizagem motora é um processo imprescindı́vel que nos acompanha ao longo da vida.

Tal como as memórias declarativas, memórias motoras também passam por um processo de

consolidação ao longo do tempo que as torna menos suscetı́veis a interferências. Apesar de ser

um processo comum, os mecanismos subjacentes à consolidação de memórias motoras ainda

não são completamente compreendidos.

O cerebelo é essencial para várias formas de aprendizagem motora, incluindo eyeblink con-

ditioning, uma forma de aprendizagem associativa. Esta tarefa dependente do cerebelo tem sido

relevante para estudar como a atividade neuronal contribui para a consolidação de memórias

motoras. Neste projeto, o nosso objetivo foi investigar a dinâmica do processo de consolidação

das memórias motoras associadas às respostas de eyeblink conditioning.

Os nossos resultados sugerem que, tal como acontece com a aquisição e expressão de re-

spostas de eyeblink conditioning, a atividade locomotora acelera a consolidação dessas memórias.

Apenas murganhos que não estavam ativamente em locomoção durante a sessão eram suscetı́veis

a perturbações farmacológicas e optogenéticas do córtex cerebelar feitas imediatamente após

cada sessão de treino. Em contraste, as manipulações da atividade neuronal pós-sessão não

tiveram efeito na consolidação destas memórias quando os animais eram treinados numa roda

motorizada que faz com que se locomovam constantemente. Por outro lado, a perturbação

optogenética de granule cells cerebelares entre cada trial das sessões de treino atrasou a apren-

dizagem apenas em animais que estavam ativamente a correr durante a sessão. A mesma

perturbação optogenética não produziu um efeito em animais que estavam voluntariamente a

andar durante a tarefa.

Estes resultados indicam uma discrepância temporal do perı́odo crı́tico da consolidação de

memórias motoras, dependendo do envolvimento ativo em locomoção durante a tarefa. Sug-

erindo assim que correr leva a uma mudança na janela de tempo crı́tica para a consolidação da

memória motora no córtex cerebelar, de imediatamente após, para durante as sessões de treino.

9
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Resultados preliminares sugerem também que a corrida ativa durante a sessão de treino pode

promover uma mudança do local de armazenamento das memórias de eyeblink conditioning do

córtex para os núcleos cerebelares. Finalmente, os nossos resultados destacam a importância

da atividade neuronal do córtex cerebelar na consolidação das memórias associadas a eyeblink

conditioning em murganhos.

Palavras-chave:Cerebelo; Eyeblink Conditioning; Consolidação de Memórias Motoras
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Chapter 1

Introduction

1.1 Motor Learning and Memory

The cerebellum was initially associated solely with motor control and coordination, a concept

that arose from Flourens’ studies in the early 1800s (Flourens, 1824). The knowledge of

cerebellar functions has been largely driven by the effects of dysfunctions and lesions, and

is strongly associated with disturbances in movement (Schmahmann, 1991).

This view changed in the 1960s through electrophysiological and morphological studies in

John Eccles’ laboratory, which first described the cellular structure of the cerebellar cortex

(Eccles et al., 1967). Following this work, David Marr (Marr, 1969) and James Albus (Albus,

1971) proposed an influential theory, subsequently developed by Masao Ito (Ito, 1972), estab-

lishing a new role of the cerebellum. According to their work, the cerebellum is a site of motor

learning, receiving divergent-convergent inputs to modulate motor output. In fact, recent studies

have found that the cerebellum plays a role not only in motor but also in non-motor functions

(Baumann et al., 2015; Schmahmann et al., 2019).

Interestingly, the cerebellum appears to have a modulatory role in movement. It acts as

a “time and learning machine” by detecting errors and predicting the consequences of the

actions. It then compares the actual outcome to then generate corrective signals (Ito, 2008;

D’Angelo, Casali, 2013; Therrien, Bastian, 2019). This theory of cerebellar motor learning has

been supported by several studies of classical eyeblink conditioning (Raymond et al., 1996).

3
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1.2 Eyeblink Conditioning

Classical eyeblink conditioning is a simple cerebellum-dependent form of Pavlovian associa-

tive learning that aids the better adaptation of the subjects’ future behavior to their environment

(Rescorla, 1988; Medina et al., 2000b).

Various experiments have revealed the cerebellum dependence of eyeblink conditioning (Mc-

Cormick, Thompson, 1984; Yeo et al., 1984; Krupa et al., 1993; Perrett et al., 1993; Garcia et al.,

1999; Heiney et al., 2014). Through these studies, it was possible to identify the lobule IV/V

of the cerebellar cortex as the required region for the acquisition and expression of eyeblink

conditioning responses (Garcia et al., 1999; Heiney et al., 2014) and the anterior interpositus

nucleus (AIP) as the critical region of the deep cerebellar nuclei (DCN) for this process (Krupa

et al., 1993; Heiney et al., 2014). Overall, it has been found that learning occurs in both the

cerebellar cortex and nucleus, even though this remains a topic of controversy (Lisberger, 2021).

1.2.1 Paradigm

Eyeblink conditioning consists of repeated pairing of a neutral conditioned stimulus (CS),

such as a light (light CS), with an unconditioned stimulus (US), such as an air puff (air puff

US) that reliably elicits blinking (Figure 1.1 A, B). This specific type of learning involves a

gradual development of conditioned responses (CRs), that consist of blinking to the CS, in an

accurately timed manner so that it occurs briefly before the US (Figure 1.1 C), (Medina et al.,

2000b; De Zeeuw, Yeo, 2005). The CS can be a wide range of stimuli, including visual, auditory

or tactile (De Zeeuw, Yeo, 2005). Eyeblink conditioning entails two main hallmarks: gradual

CR acquisition (Figure 1.1 D) and adaptive timing of the learned responses.

There are two variants of eyeblink conditioning: delay and trace. In the delay, the light CS

precedes the air puff US onset by a fixed interval (InterStimulus Interval – ISI) and the stimuli

co-terminate, briefly overlapping. Whereas in the trace conditioning the light CS is followed

by a period of no stimulation before the air puff US onset (Thompson, Steinmetz, 2009). The

trace paradigm has been shown to involve other areas, such as the hippocampus and the frontal

cortex (Kalmbach et al., 2010). In this thesis, I will refer to the delay paradigm as eyeblink

conditioning, as that was the task selected to investigate motor-specific memory consolidation.

For learning of eyeblink conditioning to occur, the light CS must precede the air puff US by

4 Maria Inês Ribeiro
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Figure 1.1: Features of delay eyelid conditioning. A) Schematic representation of CS-US pairing in delay eyeblink conditioning. B)
Experimental apparatus with head-fixed mouse. Adapted from Albergaria et al. (2018) C) Average eyelid closure for a representative animal
across 9 learning sessions, showing the gradual acquisition of CRs, which can be converted into a learning curve on a function of %CR over
the learning sessions D).

at least 100 ms and learning appears to worsen after 500 ms of ISI (Smith, 1968; Smith et al.,

1969). The CR timing is adaptable to the used ISI so that the maximum eyelid closure occurs

at the expected air puff US onset (Mauk, Ruiz, 1992; Chettih et al., 2011). Unconventionally,

the cerebellar cortex accomplishes appropriately timed CRs not only by learning to act but also

by learning to suppress acting both at the right time. In fact, the generation of a CR is driven

by a response-suppression mediated by a learned pause in Purkinje cell (PC) activity, which, by

disinhibiting the DCN, initiates movement (Medina et al., 2000a).

1.2.2 Circuits Within

Eyeblink conditioning, alongside other Pavlovian learning tasks such as fear conditioning,

has been helpful to elucidate the neural circuits and anatomical areas relevant for motor memory

and learning (Medina et al., 2000b, 2002).

1.2.2.1 Cerebellar Circuit

The cerebellum is composed of tightly folded layers of gray matter – the cerebellar cortex –

with white matter beneath composed of myelinated fibers projecting to and from the cerebral

Maria Inês Ribeiro 5



CHAPTER 1. INTRODUCTION MSc Dissertation

cortex (Eccles et al., 1967). Within the white matter, there are three pairs of DCN: fastigial,

interpositus and dentate.

The cerebellum has a highly regular structure and is composed of repeating neuronal units

each with the same basic microcircuitry. The cerebellar cortex contains three layers composed

of distinctive types of neurons. The deepest one is the granule cell layer and receives inputs to

the cerebellum. It is densely packed with granule cells (GCs), the most abundant cell type in the

brain, as well as interneurons, such as Golgi cells. Part of this layer is occupied by cerebellar

glomeruli, a structure composed of excitatory synapses between mossy fibers (MFs), GCs and

Golgi cells. In the Purkinje cell layer lies the cell bodies of PCs, whose axons are responsible

for the sole output of the cerebellar cortex forming GABAergic synapses with the DCN. DCN

neurons subsequently make excitatory synapses with their targets, such as brainstem nuclei and

the cerebral cortex. Lastly, the molecular layer is the most superficial one and is built up of GC’s

axons referred to as parallel fibers (PFs) because of their longitudinal display. Additionally, this

layer is also composed of inhibitory interneurons (molecular layer interneurons; MLIs) as well

as the extension of PC’s dendrites, where both parallel and climbing fibers (CFs), another main

input source of the cerebellum, synapse (Eccles et al., 1967).

Mossy Fibers – Granule Cells

Each GC receives an average of four inputs from MFs that originate from cell bodies in the

spinal cord and brainstem, receiving sensorial context information from both the cerebral cortex

and the periphery (Eccles et al., 1967). Multimodal pathways converge onto individual GCs,

making a highly diverse stream of information being conveyed to the cerebellar cortex (Huang

et al., 2013). PFs synapse with three hundred PCs on average but each produces brief, small

excitatory effects on PCs, thus requiring a summation of a large number of PFs’ action potentials

to generate rapid, high-rate depolarizations – referred to as simple spikes (Eccles et al., 1967;

Martinez et al., 1971; Chadderton et al., 2004).

Climbing Fibers

CFs are one of the main sources of input to the cerebellum. They originate from a specific

nucleus of the brainstem, the inferior olive, and carry information from all sensorial systems

(consisting mainly of sensorial feedback). Each CF forms excitatory synapses with up to ten

6 Maria Inês Ribeiro
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PCs, establishing several points of contact with PCs in a 1:1 ratio (Rescorla, 1988). Although

only one CF synapses with PCs, its influence upon PC’s activity is markedly different from

PFs, producing complex spikes as a result of prolonged depolarization. CFs, like PFs, also

spontaneously generate action potentials, but with low spike rates instead (Eccles et al., 1967;

Martinez et al., 1971).

Molecular Layer Interneurons

MLIs, traditionally known as basket and stellate cells, are inhibitory interneurons that receive

direct excitatory inputs from GCs (Eccles et al., 1967; Mittmann et al., 2005). These cells have

spontaneous activity and strongly inhibit PCs and other MLIs, modulating PC output (Kim,

Augustine, 2021).

1.2.2.2 Eyeblink Conditioning Circuit

The neuronal circuit underlying eyeblink conditioning is relatively well-established (Figure

1.2), with CFs conveying the error signals (air puff US) (Mauk et al., 1986; Steinmetz et al.,

1989; Welsh, 1998), and MFs the information about the sensorial context (light CS) (Steinmetz

et al., 1988; Hesslow et al., 1999). Additionally, GCs have been the center of cerebellar learning

theories for decades (Marr, 1969; Albus, 1971; Ito, 1972), and recently, have been found to be

key components in eyeblink conditioning adaptive responses (Giovannucci et al., 2017).

1.2.3 Synaptic Plasticity

As aforementioned, the ability of the cerebellum to produce accurately timed CRs occurs in

a time-dependent manner, through repeated pairing of the CS with the US, causing synaptic

changes (De Zeeuw, Yeo, 2005). According to the Marr-Albus-Ito theory, when PF-PC and

CF-PC synapses are reliably active at the same time, modifications occur at the PF level (Marr,

1969; Albus, 1971; Ito, 1972). This hypothesis was corroborated by Ito’s results that showed

that the combined activation of these pathways resulted in long-term depression (LTD) of the

PF-PC synapse. LTD in PF-PC synapse by CF input improves learning by decreasing the

strength of error-associated PF-PC synapses, leading to changes in PC’s output (Carey, 2011).

Nonetheless, recent work has highlighted that PF-PC LTD cannot account for every aspect

of cerebellar dependent learning and that there are several types and sites of plasticity that

Maria Inês Ribeiro 7
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may have different roles in motor learning and memory (De Zeeuw, Yeo, 2005; Carey, 2011;

Antonietti et al., 2017). Besides synaptic plasticity at the PF-PC level, interneurons’ (such

as MLIs) modulatory role in timing and regularity of PC’s spiking may also be implicated in

motor performance (Boele et al., 2018; Kim, Augustine, 2021). Studies have also shown the

involvement of synaptic plasticity of the DCN in learning of eyeblink conditioning (Carey,

2011), especially at the level of MF-AIP synapse (Ohyama, Mauk, 2001; Pugh, Raman, 2006;

Zhang, Linden, 2006; Freeman, Steinmetz, 2011). Finally, AIP learning seems to depend on the

association of both excitatory and inhibitory inputs coming via MF and PC, respectively (Pugh,

Raman, 2006).

Figure 1.2: Diagram of the cerebellar circuit underlying eyeblink conditioning. During eyeblink conditioning, climbing fibers (CF) relay
the information about the learning instruction (air puff US), while mossy fibers (MF) relay information regarding the learning context (light
CS). Granule cells also form excitatory synapses with molecular layer interneurons (MLIs), which inhibit Purkinje cells and modulate their
output. This information is integrated into the cerebellar cortex, from where Purkinje cells transmit the output to the anterior interpositus
nucleus (AIP), which then regulates motor behavior. Adapted from Kandel (2013).
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1.2.4 Modulation of Learning by Locomotion

It is clear that the cerebellum regulates motor coordination and locomotion. Notwithstanding,

locomotion has also been shown to modulate the cerebellar cortex’s activity, mainly through

increased MFs and consequently GC’s activity (Ozden et al., 2012; Powell et al., 2015; Muzzu

et al., 2018).

Interestingly, it has been recently demonstrated that locomotion positively modulates the ac-

quisition and expression of eyeblink conditioning (Albergaria et al., 2018). Mice that run more

while performing the eyeblink conditioning task learned faster. Runners not only developed

CRs earlier but also had trial-by-trial enhancement of the responses, in a speed-dependent

manner. When running on a motorized treadmill at a constant speed, inter-animal variability

was also greatly reduced. As multimodal input from MFs induces suprathreshold firing activity

at GCs (Ishikawa et al., 2015), MF increased activity during locomotion (Powell et al., 2015)

combined with CS signals (visual, auditory or tactile) may allow GCs to more efficiently

compute eyeblink associated information (Albergaria et al., 2018).

1.3 Cerebellar Motor Memory Consolidation

1.3.1 Memory Consolidation

Memory consolidation can be defined as a set of processes whereby a labile memory pro-

gressively becomes more stable. Memory is considered stabilized when it becomes resistant to

interference, such as the formation of a competing memory or a localized lesion (Dudai, 2004).

Consolidation is commonly viewed in two types: synaptic consolidation and systems consol-

idation (Dudai, 2004; Dudai et al., 2015). The first one involves modifications at the cellular

level that stabilize synaptic plasticity after learning, occurring within minutes to hours after

the encoding (Dudai, 2004; Kandel et al., 2014). Whereas systems consolidation consists

of the gradual reorganization of memory representations over distributed brain areas, taking

longer to be established (weeks, months or years) (Dudai, 2004). While the foundational

aspects of synaptic consolidation are considered universal, systems consolidation has been

investigated mainly in declarative memories. Thus, it is usually described as the process by

which memories get reorganized into the neocortex, eventually becoming independent from the
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hippocampus (Squire, Alvarez, 1995; Dudai, 2004; Dudai et al., 2015; Squire et al., 2015).

Interestingly, the local molecular and synaptic alterations may occur simultaneously to the

circuitry rearrangement and, by working together, they make consolidation a continuous process

(Dudai, 2012).

Moreover, declarative and procedural knowledge have different natures; while declarative

memory involves the conscious recall of information comprising the medial temporal lobe and

hippocampus, procedural memory does not require awareness and usually involves the motor

cortex, striatum and cerebellum (Squire, Dede, 2015).

1.3.2 Consolidation of Eyeblink Conditioning Responses

Retention of eyeblink learned responses also requires the cerebellum: post-training reversible

inactivation of the eyelid region of the cerebellar cortex using the GABAA receptor agonist

muscimol disrupted consolidation of learned responses (Attwell et al., 2002). It was observed

that infusions of muscimol five minutes after the end of the learning sessions were able to

prevent consolidation (Attwell et al., 2002), and it was established that the infusion should

be done between five and forty-five minutes after the sessions for greater impairment (Cooke

et al., 2004). These results suggest that the cerebellar cortex is crucial for the consolidation

of cerebellum-dependent motor memories in rabbits. However, eventually, the dependence on

this structure appears to be reduced since infusions ninety minutes post-training had little or

no effect. Moreover, Cooke et al. (2004) identified a 2-hour time window for consolidation

to occur, starting around 1 hour after training, and suggested parallel fiber LTD as the main

probable mechanism for this process.

On the other hand, reversible inactivation of the eyeblink conditioning nuclei region (AIP)

after the sessions of learning, similar to the one performed in the cerebellar cortex, had null

effects on consolidation (Attwell et al., 2002). This result has also been reinforced by other

studies, suggesting that the consolidation process of cerebellum-dependent motor memories

mostly resorts on the cerebellar cortex and not on the DCN/AIP, at least in earlier stages

(Kellett et al., 2010). However, it has been hypothesized that these types of memories also

present circuitry reorganization involving the DCN/AIP - systems consolidation (Kassardjian

et al., 2005; Shutoh et al., 2006). Similar to declarative memory, cerebellum-dependent memory

traces would be encoded initially in the cerebellar cortex as a result of rapid plasticity and then,

after gradual changes in PC firing and synaptic plasticity, shift its anatomical location to the
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DCN/AIP (Medina et al., 2001; Ohyama, Mauk, 2001).

Granule cells have also been implicated not only in the acquisition phase (Giovannucci

et al., 2017) but also in memory consolidation of cerebellar adaptive responses (Galliano et al.,

2013). Disruption of long-term plasticity between PFs and PCs proved to impair learning

and consolidation of learned responses of cerebellar-dependent tasks (Galliano et al., 2013).

However, the role of these cells in the consolidation of eyeblink conditioning learned responses

has yet to be investigated.

Interestingly, MLIs have also been suggested to have a relevant role in the consolidation of

cerebellar-dependent memories. These cells are also a site for plasticity and their feedforward

inhibition of PCs appears to have an important modulatory effect on them, regulating memory

consolidation (Wulff et al., 2009).

Overall, these findings suggest that cerebellar motor memories are consolidated and stored,

at least initially, in the cerebellar cortex, and that GCs potentially have a primary role in this

process. How the DCN/AIP are involved in the consolidation of cerebellar motor memories,

specifically on eyeblink conditioning in mice, has yet to be established. Are cerebellum-

dependent memories consolidated similarly to other systems? Do eyeblink learned responses

also show synaptic and system consolidation properties?

1.4 Aims
Our main goal was to investigate the dynamics of motor memory consolidation of mice in

a cerebellar-dependent learning task, eyeblink conditioning. We performed reversible inacti-

vations of the cerebellar cortex post eyeblink conditioning training sessions, f ollowing up on

data previously acquired in the laboratory (Silva et al., in preparation). To precisely target

the consolidation time period of eyeblink learned responses, we took advantage of optogenetic

tools to specifically target GCs, a main component of the cerebellar cortex. This allowed us to

study the temporal properties of consolidation as well as evaluating the importance of GCs for

this process. Further, to assess a possible shift in eyeblink conditioning memory storage, we

have performed reversible inactivations i) of the cerebellar cortex at later more stable stages of

learning, and ii) of the AIP after each acquisition session to investigate whether this structure

was being recruited at an earlier stage of learning.
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Materials and Methods

2.1 Animals

All procedures were performed in different mouse lines with C57BL/6J background. Both

males and females mice were used. Mice used were between 10 and 14 weeks of age and had

not been used in any prior experiments.

Mice were housed in standard cages in groups of 2 to 5 with food and water ad libitum. Very

sporadically animals had to be single-housed, especially males, due to disruption of normal

behavior, such as display of aggression and barbering (over-grooming or fur plucking). Mice

were kept on a reverse light cycle (12 hr light/12 hr dark) so that experiments were conducted

during the period mice were more active.

All procedures were carried out in accordance with the European Union directive 86/609/EEC

and approved by the Portuguese National Authority for Animal Health (Direção Geral de Alimentação

e Veterinária – DGAV).

2.1.1 Mouse Lines

For the reversible inactivation experiments, we used WT from C57BL/6J or, when unavail-

able, littermate controls of the other mouse lines available in the laboratory.

For the optogenetic experiments we used mouse lines that express either channelrhodopsin-2

(ChR2) or archaerhodopsin-3 (ArchT) specifically on granule cells (GC); Gabra6cre-ChR2-

YFP (GC-ChR2) and Gabra6cre-ArchT-GFP (GC-ArchT), respectively. These mouse lines

were obtained by crossing Gabra6-Cre mice, in which Cre recombinase expression was driven
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by the alpha6 subunit of the GABAA receptor (Fünfschilling, Reichardt, 2002), with either

ChR2-EYFP-LoxP or ArchT-GFP-LoxP from the Jackson Laboratory (stock number 012569

and 012735, respectively). As controls for each experiment, we used the WT littermates for

each condition.

2.1.2 Surgical Procedures

In all surgeries, animals were anesthetized with isoflurane (IsoFlo - Zoetis) - 4% induction

and 0.5-1.5% for maintenance - and placed in a stereotaxic apparatus (David Kopf Instruments,

Tujunga, CA). In the beginning, both eyes were covered with a gel (Vidisic gel, Bausch Lomb)

to prevent eye drying. Mice were then intraperitoneally injected with a non-steroidal anti-

inflammatory and analgesic (Carprofen, in-house vivarium made). The head was cleaned with

ethanol and povidone-iodine before a 1 cm diameter circle of skin was cut to expose the skull.

A craniotomy was drilled over the eyelid area of the cerebellar cortex (AP -5.7, ML +1.9) or

over the AIP cerebellar nucleus (AP -6, ML -1.7) after the appropriate brain alignment.

For the reversible inactivation experiment, a 26 gauge, 5 mm length guide cannula (Plastic-

sOne) was implanted at the surface of the brain. In order to target the infusion to the eyelid

area of the cerebellar cortex (lobule IV/V; Chettih et al., 2011), an internal cannula projecting

1.5 mm was later inserted into this guide cannula during experiments. To target the cerebellar

nucleus (AIP; Chettih et al. (2011)), the guide cannula was implanted 0.2 mm below the surface,

and an internal projecting 1.8 mm was then used.

For the optogenetic perturbation, a 100 µm diameter, 3 mm length, 0.22 NA optical fiber

(Doric Lenses) was implanted, at the eyelid area of the cerebellar cortex (AP -5.7, ML +1.9,

DV -1.5). Additionally, a metal head piece (headpost) was transversally attached to the surface

of the skull over bregma. Both the implant (infusion cannula or optical fiber) and the headpost

were fixed into place using dental cement (Super Bond, CB).

2.2 Conditions

2.2.1 Setup

The experimental setup was based on previous work in the laboratory (Albergaria et al.,

2018) (Figure 2.1 A). Head-fixed mice were placed on top of a running apparatus consisting
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of a fast-trac activity wheel mounted on top of a mouse igloo (Bio-Serv). Depending on the

experiment, the running wheel was either freely rotating by mouse impulse (self-paced) or

externally maintained at a fixed speed (motorized; usually 0.10 m/s for medium speed). The

speed of the motorized running wheel was controlled by a DC motor with an encoder (Maxon).

Running speed was measured using an infrared sensor placed underneath the running wheel

(PTRobotics). The setup was placed inside a soundproof box kept in the dark and mice were

monitored using a surveillance camera (PlayStation Eye).

2.2.2 Stimuli

The stimuli used were in accordance with the standard procedure done in the laboratory

(Albergaria et al., 2018) (Figure 2.1 B). The unconditioned stimulus (US) had to reliably elicit

a full blink, so we delivered a puff of air (40 psi, 50 ms duration) controlled by a Picospritzer

(Parker) through a needle positioned in front of the right eye. The conditioned stimulus (light

CS) had to be neutral but salient enough to be detectable by both eyes, thus, as the mouse is

placed inside a dark box, we used a white LED (350 ms duration) positioned 2-3 cm directly in

front of it.

Figure 2.1: Delay eyeblink conditioning experimental setup with head-fixed apparatus and protocol. A) Experimental setup - 1) head-
fixed mouse, 2) air puff needle for air puff US delivery, 3) LED for light CS presentation, 4) treadmill with a sensor coupled for running
measurement assessment. B) Eyeblink conditioning trial structure - Each acquisition session of eyeblink conditioning had an average of 100
or 40 trials, for long and short session protocols. The light CS had a 350 ms duration while the air puff US had a 50 ms. The stimuli were
separated by a 300 ms fixed interval and co-terminated. Each trial was separated by a randomized intertrial interval (ITI) of 10 to 15s.

2.2.3 Reversible Inactivation

For the reversible inactivation, we used muscimol (Sigma-Aldrich), a GABAA receptor ag-

onist diluted at a 1 mM concentration into a brain-buffer vehicle solution (ACSF, Artificial
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CerebroSpinal Fluid; RD Systems). By the end of each session, either muscimol or vehicle were

delivered through an internal cannula that went 1.5 mm or 1.8 mm down the guide cannula, to

target the eyelid area of the cerebellar cortex or the AIP cerebellar nucleus, correspondingly.

These substances were infused for 5 min at a 100 nL/min rate, making a total of 500 nL. After

infusion, a dummy cannula (PlasticsOne) was placed on the guide cannula to keep it clean and

unclogged, and to protect the brain from possible infections. To further reduce contamination,

the internal cannula was disinfected with 70% ethanol in between animals.

2.2.4 Optogenetic Perturbation

For the optogenetic experiments, lights from either 473 nm (blue) or 595 nm (yellow) lasers

(Laserglow Technologies) were used to perturb or inhibit cellular activity, accordingly. Laser

lights were delivered through an optogenetics patch cord (100 µm core diameter, 0.22 NA) that

connected to the optical fiber implanted in the animal’s brain (zirconia tip, sleeve connection).

The animals expressed either blue (GC-ChR2) or yellow (GC-ArchT) light-driven rhodopsins

specifically on granule cells. ChR2 is a cation channel activated in response to blue light,

depolarizing the cells, while ArchT is a proton pump activated in response to yellow light,

hyperpolarizing and inhibiting the cells (Bernstein, Boyden, 2011).

2.2.5 Data Acquisition

Videos of the eyelid movements were recorded using Genie HM640 (DALSA) monochromatic

camera to monitor a 172 x 160-pixel region, so it enclosed the whole eye, at 900 fps. The

recordings were performed so that each trial had a corresponding video. Lighting was provided

by an infrared light (Infaimon).

A custom-written code in LabVIEW together with a board responsible for digital to analog

signal conversion (both from National Instruments) were used to trigger and control all the

hardware in a synchronized way.

2.3 Protocol

After the surgical procedures and handling, mice were habituated to the setup for at least 3

days prior to training (4 sessions for the motorized running wheel and 6 sessions for the self-
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paced running wheel). During habituations mice were placed on top of the running wheel for

gradually increasing durations from 5 to 20 minutes without stimuli being presented.

For each session, mice were head-fixed while under light isoflurane anesthesia to decrease

the animals’ stress (mice would wake up within 10 to 15 s while we adjusted the setup con-

ditions). Most experiments consisted of three phases: acquisition, test and extinction. During

acquisition, mice were presented with 90% CS-US paired trials and 10% CS-only trials in a

pseudo-randomized order (in each block of 10 trials, 9 were CS-US and 1 was CS-only). CS-

only trials allowed us to observe the full dynamics of the learned responses, since they are not

masked by the unconditioned response (UR) to the airpuff US. Mice performed one session a

day and each session had on average either 100 or 40 trials (for long or short sessions). Trials

were separated by a randomized intertrial interval (ITI) of 10 to 15 s. The onsets for the light

CS and air puff US were separated by a fixed interval (ISI - InterStimulus Interval) of 300 ms,

and both stimuli co-terminated in time (Figure 2.1 B). The test phase was different depending

on the experiment; detailed below. By the end, animals performed 4 extinction sessions which

consisted of 100% of CS-only trials.

2.3.1 Reversible Inactivation

As mentioned, for the reversible inactivation experiments, we performed infusions in WT

animals. The acquisition phase on the self-paced running wheel consisted of 14 sessions (S1-

S14) while on the motorized it had a 10-session duration (S1-S10).

Mice were randomly assigned either to muscimol or vehicle-treated group. 5 minutes after

each learning session, mice were infused with either muscimol or vehicle while remaining head-

fixed on the running wheel (Figure 2.2). Each infusion lasted 5 min so that by the end 500

nL of either substance was injected. After the infusion was complete, mice stayed head-fixed

on the running wheel for an additional 5 min to properly deliver the solution. After 6 hours,

muscimol’s effect decreases (Cooke et al., 2004), therefore mice’s performance was only re-

assessed 24 hours later when muscimol had already been washed out of the mouse’s organism.

The test phase of these experiments was done to evaluate if the muscimol infusions had been

performed in the appropriate eyeblink location. Thus, after the last acquisition session, all mice

received a muscimol infusion (equal to the ones performed during acquisition), and their learn-

ing was assessed 5 to 10 min after in a short 30-trial session (muscimol test; M1). If the cannula

was well-placed the animals would not be able to exhibit previously acquired conditioned
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Figure 2.2: Protocol for within and post-session perturbations. We have performed two types of perturbations of the cerebellar cortex:
within the learning session and post-session. To specifically target the intertrial interval (ITI) of each learning session, we used optogenetic
tools to perturb granule cells during this period. We used GC-ChR2 and GC-ArchT mice, which got either 473 nm or 595 nm laser lights,
depicted as blue or yellow lightening bolts, respectively. During every learning session, 5 ms pulses of light were delivered at 100 Hz during the
ITIs for 5 s to perturb or inhibit granule cell’s activity. The ITI had a 10 to 15 seconds duration and laser stimulation randomly occurred for 5 s
during this period. The same procedure occurred in every ITI of the 15 sessions of acquisition. On the other hand, to perturb the post-session
period, we performed either reversible inactivation using muscimol or optogenetic perturbation. 5 min after every learning session, mice would
either be infused with 500 nL of muscimol or vehicle (green syringe), or optogenetically perturbed (blue lightening bolt) for 10 min while
remaining on the running wheel. The optogenetic perturbation consisted of interspersed laser stimulation delivered at 100 Hz for 5 s every
10-15 s, randomized. For both types of perturbations, mice’s learning was reassessed the next day and the same procedure was repeated for the
rest of the acquisition phase.

responses (as described in Attwell et al. (2002); Cooke et al. (2004)). Additionally, in some

experiments, to account for the effect of the procedure itself, on the following day all mice were

tested with a 30-trial session after a vehicle infusion instead (vehicle test; V1). Additionally,

to properly confirm the placement of the cannula for the reversible inactivation experiments on

the AIP, we performed histological microscopy. As infusions to both the cerebellar cortex and

the AIP prevent the expression of previously acquired learned responses (Attwell et al., 2002;

Heiney et al., 2014), we needed to ensure that the infusions were specifically targeting the AIP,

and not the cerebellar cortex (Figure 2.3 A, B). After the test phase, mice underwent 4 sessions

of extinction (E1-E4).

Figure 2.3: Validation of infusion cannula placement at the AIP cerebellar nucleus. A) Histological sample for a representative animal
indicating cannula placement at the AIP. Dashed white circle indicated cannula track. B) Histological samples with gray circles indicating
guide cannula placement above the AIP, for each animal.
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2.3.1.1 Control experiment for running during infusion

To assess the importance of running during the infusion protocol, mice performed the acquisi-

tion sessions on the self-paced running wheel and were immediately transferred to the motorized

running wheel for the infusion protocol. As for the main protocol, the infusion lasted 5 min and

the animals stayed for an additional 5 min. The process of transferring the animals from the

self-paced to the motorized running wheel and the start of the infusion took, on average, 5 min

as well.

2.3.1.2 Control experiment for infusion after the acquisition phase

A subset of the reversible inactivation animals learning on the self-paced running wheel

underwent an experiment done to evaluate the effects of muscimol after the animals had already

learned (after acquisition; P1-P4). Similar to the acquisition phase, mice were infused with

muscimol at the end of the session, and their learning was re-assessed on the following day.

This experiment was performed in mice that had had vehicle infusions during acquisition so

that they had minimal contact with muscimol before (only infused for the test session, M1).

2.3.2 Optogenetic Perturbation

As mentioned, for the optogenetic experiments, we used GC-ChR2 or GC-ArchT mice.

These animals did 15 sessions of acquisition (S1-S15) independent of being on the motorized or

on the self-paced running wheel. The optogenetic perturbation was done either during or after

the learning session depending on the experiment, as detailed below (Figure 2.2). After the

acquisition sessions, we performed a test consisting of interleaved blocks of 10 trials each (test

blocks) where blocks without laser were followed by blocks with laser-driven perturbation in

between trials. There were a total of 10 blocks (T1-T10) for the long and 6 blocks (T1-T6) for

the short sessions. With this, we assessed whether laser perturbation in between the trials was

affecting the cells’ ability to respond on the next trial. After the test blocks, mice underwent the

extinction protocol (E1-E4).

We verified the proper location of the optogenetic fiber placement at the eyelid region of

the cerebellar cortex of GC-ChR2 mice by measuring the eyeblink response to specific laser

power stimulations (test blink; Figure 2.4 A). GC-ChR2 mice present a blink to the laser

because GCs’ stimulation activates MLIs which in turn strongly inhibit PCs, causing a pause
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in their activity. This pause in PC activity causes disinhibition of the DCN and consequentially

an eyeblink. The laser power used during the experiments was adjusted to detect a subtle

eye movement (stimulation almost subthreshold), causing only a mild perturbation of GCs

baseline neuronal activity. Corresponding laser powers were chosen for GC-ChR2 animals

and their littermates, and overall, they were similar among all optogenetic experiments (Figure

2.4 B). Laser power ranged from 1 to 3 mW, with an average of 2.9 mW (63.64 of irradiance,

https://web.stanford.edu/group/dlab/optogenetics) for the blue light. The test blink was per-

formed both at the beginning (to select animals) and at the end of the experiment (to confirm

the functionality of laser stimulation).

Figure 2.4: Validation of optic fiber placement at the eyelid area of the cerebellar cortex for GC-ChR2 and GC-ArchT. To validate the
fiber placement for GC-ChR2 mice, we measured their eyeblink movements in response to specific laser powers, while for GC-ArchT we need
to find the optic fiber track through histology. A) Range of laser power used on GC-ChR2 experiments: optogenetic perturbation of the ITI
on the motorized (40t, blue; 100t, dark blue) and on the self-paced running wheels (pink); and post-session optogenetic perturbation on the
self-paced (purple) and on the motorized running wheels (lilac). GC-CTLs are represented in gray. B) Amplitude of laser-driven eyeblink for
1.5, 3 and 6 mW for GC-ChR2 mice. Shaded error bar represents standard error of the mean (SEM). C) Amplitude of laser-driven eyeblink
closure for GC-ArchT mice. D) Histological sample for a representative animal indicating fiber placement at the eyelid region of the cerebellar
cortex. Dashed white circle indicates fiber track. E) Histological sample indicating fiber placement for all GC-ArchT animals. Fiber track
depicted as superimposed gray circles. Green fluorescence indicates ArchT-GFP expression and red Purkinje cells.

On the other hand, as GCs’ inhibition is not strong enough to inhibit PCs’ tonic firing, GC-
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ArchT mice do not present a laser-driven blink (Figure 2.4 C). Thus, we had to confirm their

fiber placement by locating the fiber track in histological slices (Figure 2.4 D, E). The laser

power was set at 6 mW (190,91 of irradiance) to increase the likelihood of cells being affected.

The laser power was adjusted for each animal and measured with a power meter (Thorlabs)

at the beginning and at the end of every session.

2.3.2.1 Optogenetic perturbation during the session (ITI)

To test the hypothesis of consolidation occurring within the learning sessions, 5 ms pulses

were delivered at 100 Hz for 5 s in between the trials (ITI; 10-15s) of the acquisition sessions

(Figure 2.2). This experiment was done in both GC-ChR2 and GC-ArchT on the motorized and

self-paced running wheel. In some experiments, we also included catch trials (10%) where no

stimulation was delivered in between the trials to be able to measure its impact on the expression

of learning on the next trial.

2.3.2.2 Post-session optogenetic perturbation

As a complementary experiment to understand the effects of laser stimulation after each

learning session and to compare to the muscimol post-session infusions, we optogenetically

perturbed the post-session period (Figure 2.2). For this experiment, we used GC-ChR2 mice

learning on either the self-paced and motorized running wheel. This protocol started 5 min

after the end of each session and consisted of a 10 min interspersed laser stimulation (5 s 100

Hz stimulation every 10-15 s).

2.4 Histology

Animals were perfused transcardially with 4% paraformaldehyde and their brains were re-

moved so that fiber or cannula placement could be examined. Coronal sections were cut on a

vibratome and mounted on glass slides with Mowiol mounting medium. Histology images were

acquired with an upright confocal laser point-scanning microscope (Zeiss LSM 710), using a 5×

or 10× objective. Brain slices were stained for calbindin (Purkinje cells) and DAPI (nucleus).

GC-ChR2 and GC-ArchT mice expressed a fluorescence tag. To evaluate the target and spread

of muscimol infusions, fluorescent muscimol was infused prior to perfusion.
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2.5 Data Analysis

Data analysis was performed using Matlab (Mathworks) software. Recorded videos were

analyzed post-hoc using a custom-written code, previously developed in the lab.

2.5.1 Behavioral Analysis

For each video recording, eye closure was measured by the distance between the eyelids.

This was calculated frame by frame by thresholding the grayscale image of the eye’s outline

and extracting the count of pixels that constituted the minor axis of the elliptical eye-region

(Figure 2.5 A). Eyelid closure was normalized for each session of each mouse so that the pixel

size was 0 for the eye fully open and 1 for a full blink. The eyelid position in the 0.1 s preceding

each trial was subtracted from that trial, resulting in all of the trials starting from 0 (eye open).

An eyelid movement was considered a CR if a) it occurred between 0.1 s after the light onset

and the beginning of the airpuff delivery and b) it exceeded 10% of full eye closure (> 0.1

normalized pixel values).

Average traces of the eyelid responses as mean values of all trials per time point were

calculated for each session (Figure 2.5 B). Average CR amplitudes were calculated for each

session as the mean value of eyelid closure of the CRs and plotted as a function of time (number

of sessions).

2.5.2 Statistical Analysis

Statistical analysis was performed using the Statistics toolbox in Matlab software, in a custom-

written code. To quantify the statistical difference of both CR percentage and amplitude during

learning acquisition in each experimental condition (experimental vs littermate controls), we

used a 2-sample independent t-test. Because the levels of learning of control animals are

different across the several experiments we have performed (self-paced vs motorized, WT

vs transgenic mice, etc), we used the maximum learning acquired in each control group to

normalize learning across conditions. The first session of learning used for statistical compar-

ison was selected from the littermate control learning average curve as the first to surpass the

normalized threshold of 30% for the %CR or the 0.3 for the CR amplitude; statistical analysis

was performed from that session onwards, in both control and experimental groups. To quantify
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Figure 2.5: Analysis of eyeblink conditioning trials throughout learning. A) Eyelid movements recorded for each trial - To analyze the
eyeblink kinematics, the distance between the eyelids was measured in pixels for each trial. B) Average traces of a learning session of delay
eyeblink conditioning - In early sessions the mouse only blinks to the air puff US, whereas, after the presentation of several hundred paired
trials, the animal learns to close the eye in response to the light CS before the air puff US onset - which is called a conditioned response (CR).

the statistical difference of both CR percentage and amplitude during the extinction phase, we

did a 2-sample independent t-test to compare the mean value for each animal in each condition

of the 4 sessions of extinction. The statistical measurement of the difference of CS-only trials

between the groups was done by a 2-sample independent t-test, comparing the maximum eyelid

closure of each animal in each condition by the end of learning in the experimental vs littermate

controls. The statistical analysis for the test blocks and catch trials was done through the

comparison of the maximum eyelid closure for each animal in each condition (CTL or GC-

ChR2/GC-ArchT; baseline or laser) between 0.1 and 0.3 s after the CS onset (identical to the

time interval for considering an eye movement a CR). This was done by a 2-sample paired t-test,

comparing the data from the control group in the presence of laser (CTL laser) and without it

(CTL baseline), and the experimental group with the presence of the laser (ChR2/ArchT laser)

and without it (ChR2/ArchT baseline). Differences were considered statistically significant

when the p-value was *p<0.05, **p<0.01, ***p<0.001.
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Chapter 3

Results

To investigate motor memory consolidation, we assessed the learning of mice in an eyeblink

conditioning task (Silva et al., in preparation). These experiments were performed as described

previously, with head-fixed mice walking on a running wheel (Albergaria et al., 2018). We

evaluated the ability of mice to learn to close their eyes in response to a LED (light CS) after

consistently pairing it with an air puff (air puff US). As a measure of learning, we calculated the

percentage of learned responses to the light CS before the air puff US was presented - %CR.

3.1 Reversible inactivation of the cerebellar cortex

3.1.1 Post-session muscimol infusions interfere with the mem-

ory consolidation of animals learning while walking on

a self-paced running wheel

To study the role of the cerebellar cortex in the consolidation of eyeblink conditioning learned

responses in mice, we performed reversible inactivations of the cerebellar cortex immediately

after each session of learning, similarly to previous studies done in rabbits (Attwell et al.,

2002; Cooke et al., 2004) (Figure 3.1 A-C). For that, we infused muscimol, a GABAA receptor

agonist, which affects the cerebellar cortex’s activity. We trained two randomly assigned groups

of mice on eyeblink conditioning to either receive post-session muscimol (N=11) or vehicle

(N=4) infusions, while they were on the self-paced running wheel.

Consistent with the literature (Attwell et al., 2002; Cooke et al., 2004), mice infused with
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muscimol right after each session of learning had delayed acquisition of eyeblink responses

when delayed in acquisition, they eventually reached levels of learning comparable to their

littermate controls (Figure 3.1 D, F). Mice infused with muscimol also presented a decrease in

CR amplitude, when compared to the control group (Figure 3.1 E).

To confirm if the infusions were being delivered specifically to the eyelid region of the

cerebellar cortex, we performed a test at the end of the acquisition phase where we injected

muscimol before instead of after it (M1; Figure 3.1 D shaded green bar) (Attwell et al., 2002;

Cooke et al., 2004). We observed a decrease in CRs upon muscimol injection, which confirms

the cannula placement. This also indicates that cells in this area were still sensitive to muscimol

treatment by the end of the acquisition phase. We applied this procedure to both muscimol and

vehicle-treated animals, and mice that did not decrease in M1 were excluded. No differences

between the two groups were observed neither in M1 nor in the extinction phase (Figure 3.1 D,

E).

Similar to the experiments done in Attwell et al. (2002), we performed muscimol post-

session infusions in mice that had completed the acquisition phase as vehicle controls. This

was performed to evaluate the effects of cerebellar cortical inactivations in already acquired

memories. Our results indicate that cerebellar cortex inactivation after mice have already

acquired eyeblink conditioning responses does not affect their consolidation (Figure 3.1 G),

in accordance with previous literature (Attwell et al., 2002).

These results indicate that the cerebellar cortex is necessary for the consolidation of eyeblink

responses in mice. Additionally, similar to previous results in the laboratory (Albergaria et al.,

2018), mice running at a faster speed appeared to be less susceptible to the muscimol effect.

This raised the question of whether the memory consolidation process can be modulated by

running.

3.1.2 Running makes memory consolidation less susceptible

to post-session muscimol infusions

Data from the laboratory has shown that animals running faster on the self-paced learned

faster as well, however, self-paced running is variable and usually restricted to slow speeds

(Albergaria et al., 2018). Therefore, to appropriately evaluate the effects of running on motor

memory consolidation, we externally controlled the speed at which animals walked during the
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Figure 3.1: Running modulates the effect of post-session reversible inactivations of the cerebellar cortex on the consolidation of eyeblink
learned responses. To study the effect of running on consolidation of eyeblink learned responses, we performed post-session reversible
inactivation of the cerebellar cortex in two running contexts: voluntary walk on the self-paced running wheel or active walk on the motorized
running wheel. A) Cerebellar circuit diagram representing the cerebellar cortex (dashed green square) as the target area for muscimol infusions.
B) Representative fluorescence image of a coronal cerebellar slice showing the cannula track in the eyelid sulcus of the cerebellar cortex.
Depicted in the figure is also the guide cannula implanted at the surface of the cerebellum through which the internal cannula is introduced to
acutely deliver the infusions to the eyelid area. C) Schematics of post-session muscimol infusions protocol. D) Individual learning curves of
muscimol-treated (green, N=11) and vehicle-treated mice (gray, N=4) walking on the self-paced running wheel, with superimposed average
%CR. p-value = 0.0208 from S6-14. p-values for M1 = 0.2986 and for E1-E4 = 0.7480. E) Individual eyelid closure of muscimol-treated
(green, N=11) and vehicle-treated mice (gray, N=4) learning on the self-paced running wheel, with superimposed average %CR. p-value =
0.0017 from S7-14. p-values for M1 = 0.2685 and for E1-E4 = 0.7188. F) Average eyelid closure for CS-only trials of the last learning session
(S14). Green lines represent the muscimol group, and gray lines the vehicle treated group. p-value = 0.0497. p-values for M1 = 0.2685 and for
E1-E4 = 0.7188. G) Individual learning curves of muscimol treated animals (N=5), after completing the acquisition phase (as vehicle-treated
mice, trained on the self-paced running wheel), with superimposed average %CR. H) Individual learning curves of muscimol-treated (green,
N=7) and vehicle-treated mice (gray, N=6) running on the medium speed (0.10 m/s) motorized running wheel, with superimposed average
%CR. p-value = 0.6208 from S5-14. p-values for M1 = 0.7316 and for E1-E4 = 0.8035. I) Individual eyelid closure of muscimol-treated
(green, N=6) and vehicle-treated mice (gray, N=7) learning on the motorized running wheel (medium speed, 0.10 m/s), with superimposed
average %CR. p-value = 0.1347 from S6-14. p-values for M1 = 0.6136 and for E1-E4 = 0.7744. J) Average eyelid closure for CS-only trials of
the last learning session (S10). Green lines represent the muscimol group, and gray lines the vehicle treated group. p-value = 0.0.7738. Shaded
error bars represent the standard error of the mean (SEM). *p<0.05, **p<0.01, ***p<0.001 and ns, not significant.
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sessions of learning. For that, we trained WT mice on a motorized running wheel rotating at a

fixed speed (0.10 m/s; medium speed). We first did this experiment in sessions with the same

length as the ones from the self-paced running wheel (100 trials), and we did not observe any

differences between the groups (data not shown). Thus, we decided to decrease the length of the

session to 40 trials, aiming to slow down the learning and increase the likelihood of targeting

the memory consolidation process. Surprisingly, the same post-session infusions of muscimol

(as Figure 3.1 D) did not affect consolidation when mice were running at a constant speed:

there were no differences between the experimental (N=7) and control (N=6) groups (Figure

3.1 H-J).

After the acquisition phase, the location of the guide cannula was confirmed by the decrease

in learned responses observable in M1 (M1; Figure 3.1 shaded green bar). No differences

between the two groups were observed neither in M1 nor in the extinction phase (Figure 3.1 H,

I).

These results suggest that running makes memory consolidation less susceptible to post-

session muscimol-dependent cortical inactivation.

3.1.3 Consolidation of eyeblink conditioning responses is not

enhanced by post-session locomotion on the motorized

running wheel

We next asked whether the lack of effect from post-session muscimol infusions observed

in mice learning on the motorized running wheel (Figure 3.1 H) was caused by: a) the post-

session running that occurs while animals are receiving their infusions (15 min duration) or b)

by locomotion during the session itself. To investigate this, we performed a control experiment

where mice were trained on the self-paced and then transferred to the motorized running wheel

for the infusion protocol (Figure 3.2 A, B). If the result was to be more similar to the one of the

motorized running wheel (no difference between muscimol and controls, Figure 3.1 H), then

the running after the session, during the infusion process, was the primary factor responsible

for the enhancement of consolidation. On the other hand, if the result was more similar to the

self-paced running wheel (difference between muscimol and controls, Figure 3.1 D), then the

running post-session was not the crucial factor for this process.

We observed a difference in learning rate between the two groups (muscimol N=5, vehicle
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Figure 3.2: Post-session running activity is not responsible for the reduced susceptibility of eyeblink learned responses to post-session
reversible inactivations of the cerebellar cortex on the motorized running wheel. To assess the importance of running during the infusion
protocol, after performing the learning session on the self-paced running wheel, mice were transferred to the motorized running wheel for the
post-session infusion protocol. A) Cerebellar circuit diagram representing the cerebellar cortex (dashed green square) as the target area for
muscimol infusions. B) Schematics of training on the self-paced running wheel and post-session muscimol infusion while on the motorized
running wheel. C) Individual learning curves of muscimol-treated (green, N=5) and vehicle-treated animals (gray, N=5), with superimposed
average %CR. p-value = 0.0051 from S8-14. p-values for M1 = 0.0318 and for E1-E4 = 0.3516. D) Individual eyelid closure of muscimol-
treated (green, N=5) and vehicle-treated mice (gray, N=6), with superimposed average %CR. p-value = 0.0145 from S9-14. p-values for M1
= 0.0464 and for E1-E4 = 0.2364. E) Average eyelid closure for CS-only trials of the last learning session (S14). Green lines represent the
muscimol group, and gray lines the vehicle treated group. p-value = 0.0005. Shaded error bars represent the standard error of the mean (SEM).
*p<0.05, **p<0.01, ***p<0.001 and ns, not significant.

N=6) (Figure 3.2 C-D) that was similar to the self-paced running wheel result. Thus, running

during the session, and not after, appears to be the main driver of the locomotion modulation in

motor memory consolidation.

We have also confirmed the appropriate location of the guide cannula with the M1 test (M1;

Figure 3.2 A shaded green bar) and did not observe any differences in extinction rate between

the groups (Figure 3.2 C). Mice from the muscimol-treated group appear to have a more abrupt

decrease in CRs in M1, compared to littermate controls, but no differences were observed in the

extinction phase (Figure 3.2 C, D).

Taken together, these results indicate that, similarly to the positive modulation of locomotion

on the acquisition of eyeblink conditioning (Albergaria et al., 2018), running may also be

enhancing the motor memory consolidation process.
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3.2 Optogenetic perturbation of the cerebellar cor-

tex

One hypothesis that emerges from the reversible inactivation results is that locomotor activity

may promote a shift of the critical time window for consolidation of the eyeblink learned

responses. The null effect of the post-session muscimol infusions when animals were engaged

in locomotor activity during learning (Figure 3.1 H), suggests that memory consolidation might

be happening in between the trial of each session, instead of only after it.

To further investigate the dynamics of memory consolidation of eyeblink conditioning re-

sponses, we took advantage of optogenetic fine temporal properties to perturb the cerebellar

cortex. GCs, located in the cerebellar cortex, are a major excitatory input to PCs and have been

previously implicated in memory consolidation of another cerebellar-dependent learning task

(Galliano et al., 2013). Thus, to better determine the temporal properties of motor memory

consolidation, we performed experiments to either stimulate or inhibit GCs’ activity at specific

time points during or after each learning session.

3.2.1 Optogenetic perturbation of GC during the ITI inter-

feres with learning when animals are engaged in loco-

motor activity

To investigate if the time in between the learning trials was relevant for the consolidation

of eyeblink responses when animals were engaged in locomotion, we trained mice on the

motorized running wheel (0.10 m/s; medium speed) and optogenetically perturbed this period.

Hence, we used mice expressing either ChR2 or ArchT under a GC-specific promoter, GC-

ChR2 and GC-ArchT respectively, to optogenetically stimulate or inhibit GCs during the ITI

(Figure 3.3 A-C).

Optogenetic stimulation of GCs during the ITIs delayed mice’s learning (GC-ChR2 N=3)

when compared to littermate controls (GC-CTL N=4) (Figure 3.3 D), indicating the importance

of GCs’ activity during the ITI period. This perturbation also led to a decrease in the amplitude

of GC-ChR2 mouse responses (Figure 3.3 E, F).

Considering that the ChR2 stimulation electrically induces changes at the cellular level that
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Figure 3.3: Optogenetic perturbation of GCs in between the trials of eyeblink conditioning affects learning of mice actively engaged in
locomotor activity. To investigate the temporal dynamics of memory consolidation of eyeblink conditioning responses, we took advantage of
optogenetic fine temporal properties to perturb the cerebellar cortex during the session, while mice were actively walking. A) Cerebellar circuit
diagram representing the cerebellar cortex as the target of the optogenetic manipulations. Blue and yellow lighting bolts represents the specific
cell target of laser stimulation or inhibition, respectively: granule cells. B) Schematics of intertrial interval (ITI) optogenetic perturbations
protocol. C) Representative fluorescence image of a coronal cerebellar slice showing the optogenetic fiber track in the eyelid sulcus of the
cerebellar cortex. D) Individual learning curves of GC-ChR2 (blue, N=3) and GC-CTL mice (gray, N=4) learning on the motorized running
wheel (0.10 m/s) in 40-trial sessions, with superimposed average %CR. p-value = 0.0241 from S8-15. p-values for E1-E4 = 0.4253. E)
Individual eyelid closure of GC-ChR2 (blue, N=3) and GC-CTL mice (gray, N=4) learning on the motorized running wheel (0.10 m/s) in
40-trial sessions, with superimposed average amplitude of CRs. p-value = 0.0834 from S8-15. p-values for E1-E4 = 0.5756. F) Average eyelid
closure for CS-only trials of the last learning session (S15). Blue lines represent the experimental group, and gray lines the control group.
p-value = 0.4773. G) Individual learning curves of GC-ArchT (orange, N=5) and GC-CTL mice (gray, N=6 , with opsin control mice in blue
dashed lines (N=2)) learning on the motorized running wheel (0.10 m/s) in 40-trial sessions, with superimposed average %CR. p-value = 0.0305
from S9-15. p-values for E1-E4 = 0.1024. H) Individual eyelid closure of GC-ArchT (orange, N=5) and GC-CTL mice (gray, N=5 , with opsin
control mice in blue dashed lines (N=2)) learning on the motorized running wheel (0.10 m/s) in 40-trial sessions, with superimposed average
amplitude of CRs. p-value = 0.0181 from S10-15. p-values for E1-E4 = 0.0945. I) Average eyelid closure for CS-only trials of the last learning
session (S15). Orange lines represent the experimental group, and gray lines the control group. p-value = 0.0267. Shaded error bars represents
standard error of the mean (SEM). *p<0.05, **p<0.01, ***p<0.001 and ns, not significant.
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are not visible at the behavioral level (Albergaria et al., 2018), we repeated the same protocol

with GC-ArchT mice instead. We observed the same result as with GC-ChR2 mice: optogenetic

inhibition of GCs also impairs learning (GC-ArchT N=5), comparing with littermate controls

(GC-CTL N=6) (Figure 3.3 G-I). Thus, independently of the type of perturbation - stimulation

(ChR2) or inhibition (ArchT) - the results were identical. These indicate again the importance of

the ITI period in the consolidation of the eyeblink learned responses when animals are engaged

in locomotion. No differences between the two groups were observed in the extinction phase

(Figure 3.3 D, E, G and H).

These results were obtained from short sessions (40 trials) to compare with the results from

the reversible inactivation on the motorized running wheel (Figure 3.1 H), where we aimed

to increase the likelihood of targeting the consolidation process upon post-session infusions.

However, if in the case where animals are engaged in locomotor activity the consolidation

process is occurring mainly during the ITI period, the effect of the ITI perturbation should be

independent of the number of trials in each session. Thus, and to be able to compare with

the reversible inactivation on the self-paced running wheel, we performed the same protocol

of ITI perturbation in longer sessions of 100 trials. We have also observed a tendency of

the ITI optogenetic disruption, either stimulation or inhibition, to impair learning of eyeblink

conditioning under these conditions, although at a smaller scale than in the shorter sessions

(GC-ChR2 N=3, GC-CTL N=8; GC-ArchT N=3, GC-CTL N=2) (Figure 3.4). GCs may find

a compensatory mechanism or a faster way to counteract the perturbation, as most animals

eventually learn to comparable levels to the controls. No differences between the two groups

were observed in the extinction phase (Figure 3.3 C, D, F and G).

Additionally, in some of the experiments, we also included two types of littermate controls.

Mice that didn’t express the opsin (either ChR2 or ArchT) but still received laser during the

ITIs, to control for the light of the laser - laser CTL -, and mice that expressed the opsins but

didn’t receive laser during the ITI - opsin CTL -, to control for the effect of the expression of the

opsins. We observed that opsin CTL animals learned identically to laser CTL animals (Figure

3.3 G, blue dashed lines; and Figure 3.4 C, yellow dashed lines).
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Figure 3.4: Optogenetic perturbation of GCs in between the trials of eyelid conditioning has less effect on learning in longer sessions.
To further investigate the temporal dynamics of memory consolidation of eyeblink conditioning responses, we perturbed GC activity in between
the trials of longer eyeblink learning sessions. A) Cerebellar circuit diagram representing the cerebellar cortex as the target of the optogenetic
manipulations. Blue and yellow lighting bolts represents the specific cell target of laser stimulation or inhibition, respectively: granule cells.
B) Schematics of intertrial interval (ITI) optogenetic perturbations protocol. C) Individual learning curves of GC-ChR2 (dark blue, N=2)
and GC-CTL mice (gray, N=8, with opsin control mice (yellow dashed lines, N=3)), learning on the motorized running wheel (0.10 m/s) in
100-trial sessions, with superimposed average %CR. p-value = 0.6208 from S6-15. p-values for E1-E4 = 0.2957. D) Individual eyelid closure
of GC-ChR2 (dark blue, N=2) and GC-CTL mice (gray, N=8, with opsin control mice (yellow dashed lines, N=3)), learning on the motorized
running wheel (0.10 m/s) in 100-trial sessions, with superimposed average amplitude of CRs. p-value = 0.3507 from S6-15. p-values for
E1-E4 = 0.3179. E) Average eyelid closure for CS-only trials of the last learning session (S15). Dark blue lines represent the experimental
group, and gray lines the control group. p-value = 0.3865. F) Individual learning curves of GC-ArchT (dark orange, N=3) and GC-CTL mice
(gray, N=4) learning on the motorized running wheel (0.10 m/s) in 100-trial sessions, with superimposed average %CR. p-value = 0.3560 from
S5-15. p-values for E1-E4 = 0.4873. G) Individual eyelid closure of GC-ArchT (dark orange, N=3) and GC-CTL mice (gray, N=4) learning
on the motorized running wheel (0.10 m/s) in 100-trial sessions, with superimposed average amplitude of CRs. p-value = 0.6247 from S7-15.
p-values for E1-E4 = 0.5510. H) Average eyelid closure for CS-only trials of the last learning session (S15). Dark orange lines represent
the experimental group, and gray lines the control group. p-value = 0.4084. Shaded error bars represents standard error of the mean (SEM).
*p<0.05, **p<0.01, ***p<0.001 and ns, not significant.
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3.2.2 Optogenetic perturbation of GC during the ITI does

not affect learning when mice are voluntarily walking

on the self-paced running wheel

To check whether consolidation in the self-paced is mainly post-session, as suggested by the

muscimol infusion results (Figure 3.1 D), we performed the same ITI optogenetic perturbations

(as Figures 3.3 and 3.4) but while animals were walking on the self-paced running wheel,

instead of the motorized (Figure 3.5 A, B). In the case consolidation of eyeblink conditioning

for mice learning on this condition is mainly post-session, then the perturbation during the ITIs

should not yield an effect.

In agreement with our prediction, we observed that perturbation of the ITI period of an-

imals learning on the self-paced running wheel does not affect consolidation. Both control

and experimental animals, either with laser stimulation or inhibition, had comparable learning

performances (GC-ChR2 N=3, GC-CTL N=2; GC-ArchT N=3, GC-CTL N=4) (Figure 3.5 C-

H). No differences between the two groups were observed in the extinction phase (Figure 3.3

C, D, F and G).

This result suggests that consolidation on the self-paced running wheel occurs mainly post-

session, as expected, confirming our reversible inactivation results (Figure 3.1 D) and previous

literature (Attwell et al., 2002; Cooke et al., 2004). Additionally, these results also showed that

laser perturbation in between the learning trials did not affect the mice’s ability to learn and/or

express the learned responses in the ITI perturbation on the motorized running wheel (Figures

3.3 and 3.4).

The finding that GC optogenetic perturbation during the session, in between the trials, impairs

learning of eyeblink conditioning on the motorized running wheel but not on the self-paced

running wheel provides further evidence that running activity enhances motor memory consol-

idation, perhaps by shifting its time window to within the session. It also raises the possibility

that GCs might be differentially recruited during the eyeblink memory consolidation process

depending on the mouse’s locomotor activity.
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Figure 3.5: Optogenetic perturbation of GCs in between the trials of eyeblink conditioning does not affect the learning of mice walking
voluntarily. As a control to the laser stimulation and to verify whether consolidation on the self-paced is mainly post-session, we performed
the ITI optogenetic perturbations while animals were walking on the self-paced running wheel. A) Cerebellar circuit diagram representing the
cerebellar cortex as the target of the optogenetic manipulations. Blue lighting bolt represents the specific cell target of laser stimulation: granule
cells. B) Schematics of intertrial interval (ITI) optogenetic perturbations protocol. C) Individual learning curves of GC-ChR2 (pink, N=3) and
GC-CTL mice (gray, N=4) learning on the self-paced running wheel, with superimposed average %CR. p-value = 0.9221 from S12-15. p-values
for E1-E4 = 0.4914. D) Individual eyelid closure of GC-ChR2 (pink, N=3) and GC-CTL mice (gray, N=2) learning on the self-paced running
wheel, with superimposed average amplitude of CRs. p-value = 0.8793 from S10-15. p-values for E1-E4 = 0.3358. E) Average eyelid closure
for CS-only trials of the last learning session (S15). Pink lines represent the experimental group, and gray lines the control group. p-value =
0.5030. F) Individual learning curves of GC-ArchT (red, N=5) and GC-CTL mice (gray, N=6) learning on the self-paced running wheel, with
superimposed average %CR. p-value = 0.9572 from S9-15. p-values for E1-E4 = 0.3076. G) Individual eyelid closure of GC-ArchT (red, N=2)
and GC-CTL mice (gray, N=2) learning on the self-paced running wheel, with superimposed average amplitude of CRs. p-value = 0.8371
from S9-15. p-values for E1-E4 = 0.3672. H) Average eyelid closure for CS-only trials of the last learning session (S15). Red lines represent
the experimental group, and gray lines the control group. p-value = 02488. Shaded error bars represents standard error of the mean (SEM).
*p<0.05, **p<0.01, ***p<0.001 and ns, not significant.
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3.2.3 Post-session optogenetic perturbation affects consolida-

tion in mice learning on the self-paced but not on the

motorized running wheel

As a complementary experiment to understand whether optogenetic stimulation of GCs after

each session of learning would produce the same effect as muscimol post-session infusions

(Figure 3.1 D, H), we optogenetically perturbed the post-session period, both on the self-paced

and motorized running wheels (Figure 3.6 A, B).

Strikingly, 10 min of interspersed laser stimulation of GCs (for 5 s every 10 to 15 s, ran-

domized) after each learning session while mice were on the self-paced running wheel was

enough to delay the acquisition of their CRs (GC-ChR2 N=2), when comparing to littermate

controls (GC-CTL N=2) (Figure 3.6 C-E). In contrast with post-session reversible inactivation,

GC-ChR2 did not reach the same levels of learning as their control littermates (Figure 3.6 C-E).

On the other hand, the same post-session laser perturbation did not yield the same effect on the

consolidation of mice learning while engaged in locomotor activity (GC-ChR2 N=3, GC-CTL

N=3) (Figure 3.6 F-H). No differences between the two groups were observed in the extinction

phase (Figure 3.6 C, D, F and G).

By using a more temporally precise technique that affects GCs specifically, we obtained

results in line with the muscimol reversible inactivation of the cerebellar cortex (Figure 3.1 3.1),

confirming the temporal discrepancy of the motor memory consolidation window depending on

locomotor engagement during task performance.

3.2.4 Optogenetic perturbation during the ITI does not seem

to affect mice’s ability to express their eyeblink learned

responses

To assess if laser perturbation during the ITI was affecting learning processes other than

consolidation, we performed a test at the end of the acquisition phase (Figure 3.7 A-C). This

test consisted of blocks without laser followed by blocks with laser perturbation in between

the trials (test blocks), to a total of 6 or 10 blocks, for short or long protocols, respectively.

In the case laser perturbation in between the trials was somehow impairing the cells’ ability to
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Figure 3.6: Post-session optogenetic perturbation of GCs only affects eyeblink conditioning of mice that are not engaged in locomotion
during the session. To understand whether post-session optogenetic perturbation would produce the same effect as post-session infusions,
we optogenetically stimulated GCs after each session of learning, on both the self-paced and motorized running wheels. A) Cerebellar circuit
diagram representing the cerebellar cortex as the target of the optogenetic manipulations. Blue lighting bolt represents the specific cell target of
laser stimulation: granule cells. B) Schematics of post-session optogenetic perturbations protocol. C) Individual learning curves of GC-ChR2
(purple, N=2) and GC-CTL mice (gray, N=2) learning on the self-paced running wheel, with superimposed average %CR. p-value = 0.1108
from S9-15. p-values for E1-E4 = 0.8359. D) Individual eyelid closure of GC-ChR2 (purple, N=3) and GC-CTL mice (gray, N=2) learning
on the self-paced running wheel, with superimposed average amplitude of CRs. p-value = 0.2045 from S9-15. p-values for E1-E4 = 0.8921.
E) Average eyelid closure for CS-only trials of the last learning session (S15). Purple lines represent the experimental group, and gray lines
the control group. p-value =0.0371. F) Individual learning curves of GC-ChR2 (lilac, N=3) and GC-CTL mice (gray, N=3) learning on the
motorized running wheel (0.10 m/s) in 40-trial sessions, with superimposed average %CR. p-value = 0.8360 from S10-15. p-values for E1-E4
= 0.9841. G) Individual eyelid closure of GC-ChR2 (lilac, N=3) and GC-CTL mice (gray, N=3) learning on the motorized running wheel
(0.10 m/s) in 40-trial sessions, with superimposed average amplitude of CRs. p-value = 0.6056 from S10-15. p-values for E1-E4 = 0.6332.
H) Average eyelid closure for CS-only and CS-US trial traces of the last learning session (S15). Lilac lines represent the experimental group,
and gray lines the control group. p-value = 0.6219. Shaded error bars represent the standard error of the mean (SEM). *p<0.05, **p<0.01,
***p<0.001 and ns, not significant.
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Figure 3.7: Optogenetic perturbation of GCs in between the trials does not affect the expression of eyeblink responses, independently
of the stage of learning. To test if GCs perturbation impairs the cells ability to respond on the following trial, we have conducted test
trials/sessions where we compare the amplitude of eyeblink learned responses after the presence or absence of laser perturbation, both during
and after animals have learned. A-C) Average eyelid closure for CS-US trials (showing until US onset: 0.3 s after CS onset) from test blocks,
for optogenetic perturbation during the ITI (A; CTL baseline vs laser, p-value = 0.9616; ChR2 baseline vs laser, p-value = 0.7827) and post-
session (B ; CTL baseline vs laser, p-value = 0.9125; ChR2 baseline vs laser, p-value = 0.8156) using GC-ChR2 mice, and for optogenetic
inhibition during the ITI using GC-ArchT mice (C; CTL baseline vs laser, p-value = 0.9407; ArchT baseline vs laser, p-value = 0.6827). Black
and gray lines indicate average CRs on blocks of no laser presentation (baseline) and with laser perturbation in between the trials, for control
animals. Dark blue and dark orange lines indicate average baseline CRs, and blue and orange lines indicate average CRs on blocks with laser
presentation for perturbed mice (GC-ChR2 or GC-ArchT, respectively). D, E) Average eyelid closure for CS-US trials (showing until US onset:
0.3 s after CS onset) from catch trials, for optogenetic perturbation during the ITI for GC-ChR2 mice (D; CTL baseline vs laser, p-value =
0.1455; ChR2 baseline vs laser, p-value = 0.8515) and for GC-ArchT mice (E; CTL baseline vs laser, p-value = 0.7335; ArchT baseline vs laser,
p-value = 0.7801) trained on the self-paced running wheel. Black and gray lines indicate average CRs on trials following no laser presentation
(baseline) and trials following laser presentation, for control animals. Dark blue and dark orange lines indicate average baseline CRs, and blue
and orange lines indicate average CRs on trials following laser presentation for perturbed mice (GC-ChR2 or GC-ArchT, respectively). Shaded
error bars indicate standard error of the mean (SEM). *p<0.05, **p<0.01, ***p<0.001 and ns, not significant.
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respond on the next trial, then blocks where no laser perturbation was delivered should exhibit

enhanced learned responses. We verified that the CRs were not enhanced in blocks without the

laser compared to the ones with the laser perturbation (Figure 3.7 A-C), for both stimulation

(A, B) and inhibition (C) of GCs, indicating that in these experiments we were mainly targeting

the consolidation process.

The test block was performed at the end of the acquisition phase when memory is considered

to be more stable (Dudai, 2004). To test whether the cells’ ability to respond appropriately had

been impaired by laser perturbation throughout the acquisition phase, where memory is more

labile, we have incorporated trials where no laser perturbation was delivered in the previous ITI -

catch trials. Similar to the test block results, we did not observe any difference in the expression

of the learned responses between a trial following ITI perturbation and a trial without it (Figure

3.7 D, E).

Both reversible inactivation and optogenetic perturbation results have provided solid evidence

pointing in the direction of our main hypothesis that running makes the consolidation process

faster, possibly by shifting its relevant time window to within the sessions of learning (Figure

3.8, summary table). Optogenetic perturbation of GCs during the session only perturbed ani-

mals actively walking during the task (A, C) and not the ones that were not (B, D). Whereas

post-session perturbation of the cerebellar cortex’s activity, using either muscimol infusions or

optogenetic tools, affected consolodation on mice voluntarily walking during the task (F, H),

and not the ones engaged in locomotion (E, G). Our results also highlight the importance of

GCs for eyeblink memory consolidation in mice.

3.3 Exploring the potential shift in memory stor-

age location enhanced by locomotion

The different cerebellar cortex perturbations that we have performed (Figures 3.8 A-D, G and

H) have consistently pointed in the direction of a temporal shift in motor memory consolidation

when mice are running during the eyeblink conditioning. Although locomotion seemingly

prompts a shift of the time window for consolidation of eyeblink conditioning responses, there

is also the possibility that it may induce an earlier spatial shift on memory storage - systems

consolidation (Dudai, 2004). It has been proposed for another cerebellar-dependent learning
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Figure 3.8: Summary – Double dissociation distinguishing within and post-session perturbations, and learning while on self-paced and
motorized running wheels. Summary table showing the main results from perturbation of the cerebellar cortex’s activity, from both reversible
inactivation (right column; G, H) and optogenetic stimulation/inhibition (left panels; A-F). The table shows that post-session perturbations
(E-H) only affect mice voluntarily walking during the session, and that within session perturbations (A-D) only affect animals engaged in
locomotor activity during the session.

task that, after a given amount of time, memories that are initially formed in the cerebellar

cortex are then “shifted” to other downstream regions, such as the DCN, which is the primary

receiver from the cerebellar cortex (Kassardjian et al., 2005). In the eyeblink conditioning task,

the required DCN for this process is the AIP (Krupa et al., 1993; Heiney et al., 2014; Brinke ten

et al., 2017).

To investigate the spatial dynamics of cerebellar motor memories and dissect the mechanism

for the consolidation of eyeblink conditioning, we conducted post-session reversible inactiva-

tions of the AIP.

3.3.1 Investigating a potential spatial shift in motor memory

storage location, from the cerebellar cortex to the AIP,

in the motorized running condition

As a first step towards investigating the possibility of a spatial shift on memory storage

location, we aimed to test if the AIP was being recruited in the early stages of learning upon

running activity. We trained two randomly assigned groups of mice to either receive muscimol

(N=3) or vehicle post-session infusions (N=3), while they were on the motorized running wheel
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(medium speed; 0.10 m/s), in a similar manner to the reversible inactivations of the cerebellar

cortex (Figure 3.9 A-C).

We observed a small delay in the learning of the AIP muscimol-treated mice when compared

to littermate controls (vehicle N=3, muscimol N=3) (Figure 3.9 D-F). Since muscimol infusions

to the cerebellar cortex on mice learning on the motorized running wheel did not affect their

consolidation (Figure 3.1 D), the difference observed in AIP experiments suggests a possible

earlier involvement of this DCN structure in learning driven by locomotor activity.

Figure 3.9: Post-session reversible inactivation of the AIP cerebellar nucleus induce a sublte delay in the learning of eyeblink
conditioning, when mice are engaged in running activity. To investigate the spatial shift on memory storage due to running activity we
conducted post-session reversible inactivation of the AIP while animals were engaged in locomotion. A) Cerebellar circuit diagram representing
the AIP (dashed green square) as the target area for muscimol infusions. B) Representative fluorescence image of a coronal cerebellar slice
showing the cannula track targeting the AIP and a close-up to the muscimol spread into the nucleus. Depicted in the figure is also the guide
cannula implanted at the surface of the cerebellum through which the internal cannula is introduced to deliver the infusions to the AIP. C)
Schematics of post-session muscimol infusions protocol. D) Individual learning curves of muscimol-treated (green, N=3) and vehicle-treated
mice (gray, N=3) walking on the motorized running wheel (medium speed, 0.10 m/s), with superimposed average %CR. p-value = 0.4070 from
S15-15. p-values for M1 = 0.3739, for V1 = 0.4367 and for E1-E4 = 0.5504. E) Individual eyelid closure of muscimol-treated (green, N=3) and
vehicle-treated mice (gray, N=3), with superimposed average %CR. p-value = 0.5722 from S6-15. p-values for M1 = 0.3926, for V1 = 0.5401
and for E1-E4 = 0.4860. F) Average eyelid closure for CS-only trials of the last learning session (S14). Green lines represent the muscimol
group, and gray lines the vehicle treated group. p-value = 0.7601. Shaded error bars indicate standard error of the mean (SEM). *p<0.05,
**p<0.01, ***p<0.001 and ns, not significant.

At the end of the acquisition phase, we confirmed the correct location of the guide cannula

through the observable decrease in learning performance (M1; Figure 3.9 D, shaded green bar),
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since muscimol infusions to the AIP also affect the expression of CRs (Attwell et al., 2002;

Heiney et al., 2014). Performance returned to normal values after doing the same test with

vehicle ACSF infusions instead (V1; Figure 3.9 D, shaded yellow bar). No differences between

the two groups were observed neither in M1, V1 nor in the extinction phase (Figure 3.9 D, E).

These preliminary data suggest that when mice are learning eyeblink conditioning while

engaged in running activity there may also be a subtle spatial shift of the motor memory

location, together with a temporal shift in the time window of motor memory consolidation.

However, further experiments are needed to compare with the results from the self-paced run-

ning condition (Figure 3.1 D).
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Discussion

Memory consolidation has been described as a post-training process occurring on a scale

of hours (Dudai, 2004). Yet, this description fits mostly declarative hippocampal-dependent

memories. Other memory types, such as associative motor memories, might be mechanistically

different and thus their consolidation may occur on a very different time scale.

Surprisingly, our results point in a new direction from previous studies of both declarative

(Dudai et al., 2015) and motor memories (Attwell et al., 2002; Cooke et al., 2004; Robertson

et al., 2004), opening the possibility of an adaptable time window for motor memory consoli-

dation, driven by locomotion. Overall, our work suggests a faster motor memory consolidation

process, on the order of seconds when animals are engaged in running during the learning task.

4.1 Running modulation

We have confirmed that the cerebellar cortex is required for the consolidation of learned

eyeblink responses in mice (Attwell et al., 2002; Cooke et al., 2004), but the timescale for this

process appears to be different when animals are engaged in locomotion (Figure 3.1). Exercise

has been associated with the enhancement of attention, synaptic plasticity and learning (Smith

et al., 2010; El-Sayes et al., 2019), however, studies about the effects of exercise in learning have

been evaluated before or after the training sessions, but always dissociable from the learning task

itself (Roig et al., 2012; Ferrer-Uris et al., 2017; Dal Maso et al., 2018). However, a positive

relationship between running and cerebellar motor learning, specifically during the learning

task, has recently been described (Albergaria et al., 2018). In line with this, here we have

shown that locomotion during the learning task has a positive effect on the consolidation of
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cerebellar motor memories (Figures 3.1 and 3.2).

Through the use of a temporally precise technique (optogenetics), we have further shown that

memory consolidation may be happening in between the trials of the learning sessions, in the

presence of modulation through running (Figure 3.3). Interestingly, a similar phenomenon was

observed recently in a motor task performed by humans (Bönstrup et al., 2019). The authors

found rapid motor skill improvements during the short intervals in between the learning trials,

suggesting that consolidation could be happening in the timescale of seconds, similar to the

timescale we have identified in our study.

As the period in between trials seems to be the main temporal window for consolidation in

mice learning eyeblink conditioning while engaged in locomotion, it would be interesting to

manipulate it to be outside the time range used in our study (ITI: 10-15 s). By using shorter

ITIs of 1-5 s or longer ITIs of 20-25 s, and measuring their effects on eyeblink conditioning

performance one could evaluate if these manipulations yield similar results to the optogenetic

perturbation of GCs activity presented here (Figure 3.3), further investigating the importance of

these intervals, and how they are influenced by running activity.

4.2 Possible neuronal mechanism for faster motor

memory consolidation promoted by running -

temporal shift

Our results suggest that being engaged in locomotion during the learning task enhances the

consolidation of eyeblink learned responses and that GCs seem to be involved in this process

(Figures 3.3, 3.4, 3.5 and 3.6). There are several possibilities to the underlying mechanisms

by which running promotes motor memory consolidation. One possibility is an overall faster

integration of sensory stimuli being driven by running activity (Niell, Stryker, 2010; Ayaz et al.,

2013). In line with this possibility, it could also be that the multimodal integration of both

running and CS input brings GCs closer to the threshold to fire and thus respond strongly,

enhancing the learning responses, as seen before (Ishikawa et al., 2015; Powell et al., 2015;

Albergaria et al., 2018). However, these possibilities only account for running modulation

during the trials of learning, and our results suggest that GCs activity in between the trials is the

main promoter of motor memory consolidation. Therefore, other possibilities are that more GCs
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are being recruited and/or that GCs are becoming more active due to running activity (Ozden

et al., 2012), perhaps in between the trials of the learning session. Maybe even exhibiting pattern

repetition of the engram formed during the learning trials, as it has previously been described

(Liu et al., 2012; Ramanathan et al., 2015).

As optogenetic experiments with ChR2 stimulation entail caveats like the possibility of the

introduction of a new signal perhaps able to create a new pattern of neural activity, we have also

performed experiments using ArchT inhibition, which provides an alternative approach. We

have observed the same results with both ChR2 stimulation and ArchT inhibition of GCs (Fig-

ures 3.3, 3.4 and 3.5). Furthermore, the fact that we observed different results when performing

the same optogenetic perturbations while only varying the running (Figure 3.3 vs 3.5 and Figure

3.6 C vs F), points in the direction of a specific perturbation of memory consolidation. To further

confirm that these manipulations were specific to memory consolidation, we also performed test

blocks and catch trials (Figure 3.7); so far only for the self-paced but in the future also for the

motorized conditions.

Given the relevance of GCs for the consolidation of eyeblink learned responses, in the future

we would like to perform calcium-imaging of GCs activity using a two-photon microscope:

during the trial, in between the trials and post-session; while animals are engaged in running vs

not. This would help us decipher how differentially active GCs are at different periods of the

learning session, and how running modulates GCs activity.

Although our (Figures 3.3, 3.4, 3.5 and 3.6) and previous results (Galliano et al., 2013)

indicate that GCs are important for the motor memory consolidation process, it is not yet clear

what their exact contribution is. Due to inherent cerebellar circuit properties, GCs activity

influences the activity of other cells downstream including MLIs and PCs. Therefore, to evalu-

ate the specific contribution of GCs in this process, we will also conduct experiments where we

manipulate the activity of either MLIs or PCs during the relevant time window for consolidation.

By comparing these results with the ones of GCs perturbation, we will be able to dissect the

circuit underlying cerebellar motor memory consolidation, and how it is modulated by running.

Maria Inês Ribeiro 45



CHAPTER 4. DISCUSSION MSc Dissertation

4.3 Possible spatial shift of cerebellar motor mem-

ory storage location
The main focus of this project was the study of the temporal dynamics of motor memory con-

solidation, and we have observed a faster/earlier temporal window for the memory consolidation

process when animals are engaged in locomotion. However, besides the shift in the memory

consolidation time window, our preliminary results also suggest the possibility of an earlier

shift of the memory storage location from the cerebellar cortex to the AIP cerebellar nucleus

being driven by running activity (Figure 3.9). As locomotion increases MF activity (Powell

et al., 2015), this could potentially lead to increased synaptic plasticity between MF-AIP upon

running activity, possibly recruiting this area in an earlier learning phase.

A critical next step, to appropriately evaluate the possible early recruitment of the AIP when

mice are engaged in locomotion, will be the use of different perturbations on different running

conditions. We will do so by performing both pharmacological reversible inactivations of the

AIP and also optogenetically inhibiting its activity via stimulation of PCs axons, which are

located in the AIP cerebellar nucleus. By performing neuronal manipulation at different time

scales, these approaches will allow us to explore the involvement of this area at different time

periods during learning. Additionally, it would also be interesting to see if the inhibition of the

AIP would induce different results depending on the learning stage of the animals.

4.4 Novel consolidation mechanism for cerebellar

motor memories
Our main objective with this thesis was to understand the dynamics of cerebellar motor mem-

ory consolidation. There is a large body of literature for declarative hippocampal-dependent

memory consolidation, however, knowledge on how motor memories are consolidated is still

poorly understood. In general, memories are thought to be consolidated post-training and

benefit from post-training sleep and exercise (Dudai, 2012; Dudai et al., 2015; Ferrer-Uris

et al., 2017). Procedural memory consolidation is mostly described as an offline motor skill

gain, which refers to post-training processes on the order of hours to days (Robertson et al.,

2004). However, results from a recent study (Bönstrup et al., 2019), suggest that these motor
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skill gain improvements are taking place on a much faster scale, during the brief resting periods

in between the learning trials (in the order of seconds). Overall, in line with this recent evidence,

our results indicate that the consolidation time window for cerebellar-dependent memories

could be dynamically changed depending on internal state modulation, in particular engagement

in locomotion during the learning task (Figure 3.8). Thus, the memory consolidation process

may have different temporal and spatial properties depending on the learning task and the brain

areas involved. Our results extend the concept of memory consolidation from a post-training

process, taking hours to days and being dependent on post-session sleep and exercise, to an

adaptable process driven by running activity that occurs in the seconds in between the trials

while the subjects are performing the learning task.

4.5 Conclusion
We have performed several experiments exploring how cerebellar motor memories are con-

solidated, aiming to understand their temporal and spatial properties. Our results point in the

direction of a novel faster consolidation time window that can be dynamically regulated by

locomotor activity. In the future, we will continue to investigate the neuronal mechanisms un-

derlying the consolidation of eyeblink learned responses by evaluating the changes in temporal

and spatial features driven by running modulation.

Maria Inês Ribeiro 47



CHAPTER 4. DISCUSSION MSc Dissertation

48 Maria Inês Ribeiro



Bibliography

Albergaria Catarina, Silva N. Tatiana, Pritchett Dominique L., Carey Megan R. Locomotor

activity modulates associative learning in mouse cerebellum // Nature Neuroscience. 2018.

21, 5. 725–735.

Albus J. S. A Theory of Cerebellar Function // Mathematical Biosciences. 1971. 10. 25–61.

Antonietti Alberto, Casellato Claudia, D’Angelo Egidio, Pedrocchi Alessandra. Model-driven

analysis of eyeblink classical conditioning reveals the underlying structure of cerebellar

plasticity and neuronal activity // IEEE Transactions on Neural Networks and Learning

Systems. 2017. 28, 11. 2748–2762.

Attwell Phillip J.E., Cooke Samuel F., Yeo Christopher H. Cerebellar Function in Consolidation

of a Motor Memory // Neuron. 2002. 34, 6. 1011–1020.

Ayaz Asli, Saleem Aman B., Schölvinck Marieke L., Carandini Matteo. Locomotion controls

spatial integration in mouse visual cortex // Current Biology. 2013. 23, 10. 890–894.

Baumann Oliver, Borra Ronald J., Bower James M., Cullen Kathleen E., Habas Christophe,

Ivry Richard B., Leggio Maria, Mattingley Jason B., Molinari Marco, Moulton Eric A., Paulin

Michael G., Pavlova Marina A., Schmahmann Jeremy D., Sokolov Arseny A. Consensus

Paper: The Role of the Cerebellum in Perceptual Processes // Cerebellum. 2015. 14, 2.

197–220.

Bernstein Jacob G., Boyden Edward S. Optogenetic tools for analyzing the neural circuits of

behavior // Tre. 2011. 15, 2. 592–600.
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