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ABSTRACT

The cerebellum is involved in diverse functions, from motor control and equilibrium to spatial
learning and emotion. At birth, the human cerebellar cortex is still immature, making it vulnerable to
perinatal events such as hypoxia. Apnea of prematurity (AOP) is a main cause of perinatal hypoxia, as
it occurs in over 50% of preterm infants. Several relationships between cerebellar functions and the
deficits observed in children having suffered from AOP have been demonstrated, but the physio-
pathological mechanisms by which AoP affects the cerebellum remain poorly understood.

This work aims at shedding light on the mechanisms underlying cerebellar hypoxic injury. To
this end, we developed an intermittent hypoxia (IH) protocol, consisting of repeated 2-minute cycles
of hypoxia-reoxygenation (including 20 seconds at 5% 02), applied between P2 and P12, 6 hours per
day, which constitutes a valid murine model of AOP.

In a first study, we show that the cerebellum is indeed sensitive to IH, and presents a
significant delay in maturation at the end of our IH protocol. In addition, hypoxia seems to induce an
overexpression of genes involved in reactive oxygen species (ROS) production, which accumulate in
the cerebellum. Conversely, genes coding for antioxidant enzymes are underexpressed after IH,
suggesting a failure of the defense system against ROS. IH also induces long-term damage, in the form
of learning and motor deficits, which are associated with the over-innervation of Purkinje cells by
climbing fibers.

We followed these results with a transcriptomic study of genes involved in cell differentiation
and migration. We analyzed the expression of these genes by RT-qPCR, in different developmental
stages and in different cell types, using laser capture microdissection to separate cerebellar layers.
This allowed us to determine that the period most vulnerable to IH is the P8 stage in mice, during
which a significant number of genes are dysregulated in all cerebellar cortical layers. Moreover, it
seems that all processes involved in cerebellar development are impacted, including proliferation,
differentiation, synaptic connectivity, and myelination. Several compensatory and neuroprotective
mechanisms are put in place during and after IH, but they do not seem to be sufficiently effective
considering the persistence of deficits through adulthood.

Finally, given the established connection between hypoxia and vascularization, we tested a
gene panel focused on these processes and found significant regulations of angiogenic and growth
factors. In addition, preliminary imaging results suggest that IH cerebella have a looser and less
voluminous vascular network, a factor that could participate in the pathophysiology of AOP. We aim
to pursue this line of inquiry with additional immunohistochemical and clearing studies.

Overall, the data presented here demonstrate that the cerebellum is affected by IH, and that
its injury is, at least in part, responsible for the symptoms observed in children having experienced
AOP. This project provides elements to better understand AOP, by connecting behavioral and
histological alterations to plausible underlying cellular and molecular mechanisms. In the long term, it
could lead to the identification of novel therapeutic targets to improve the current clinical
management of this highly prevalent pathology.
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RESUME ETENDU

Le cervelet est une région du systeme nerveux central (SNC), située a I'arriere du cerveau.
Malgré sa petite taille, représentant seulement 15 % de la masse totale, il contient a lui seul plus de
70 % des neurones du cerveau. Le cervelet est constitué d'un cortex de substance grise superficielle
recouvrant la substance blanche dans laquelle se trouvent des noyaux cérébelleux profonds de
matiere grise. La substance blanche cérébelleuse est constituée de fibres nerveuses et I'on compte
guarante fois plus d'afférences, majoritairement représentées par les fibres moussues et grimpantes,
que d’efférences.

A la naissance, le cortex cérébelleux est composé de 4 différentes couches cellulaires : la
couche granulaire externe dans laquelle proliférent les précurseurs des cellules en grain ; la couche
moléculaire, pauvre en cellules mais riche en connections ; la couche des cellules de Purkinje ; et la
couche granulaire interne dans laquelle se différencient les neurones en grain. La maturation du
cortex se poursuit pendant la période postnatale au cours de laquelle la couche granulaire externe
disparait peu a peu. Ainsi, a 'adolescence, le cervelet mature n’est plus constitué que de 3 couches
corticales.

Les premiéres fonctions attribuées au cervelet étaient liées a I'équilibre et a la posture puis
des fonctions motrices ont été décrites, permettant de diviser le cortex cérébelleux en trois régions
fonctionnelles :

. Le spinocervelet, qui recoit principalement des afférences de la moelle épiniére. Il
traite ainsi de nombreuses informations sensorimotrices et participe a I'orchestration
du mouvement.

. Le corticocervelet, qui est le composant le plus récent du cervelet sur le plan
phylogénétique. Il recoit uniquement des informations du cortex cérébral et s'occupe
principalement du contréle de la motricité.

. Le vestibulocervelet, en lien avec la rétine et |'oreille interne, qui régule I'équilibre et
les mouvements oculaires.

Les fonctions non motrices du cervelet ont, quant a elles, été découvertes beaucoup plus
tardivement. En effet, lors de Iésions ou de pathologies cérébelleuses, celles-ci ont longtemps été
masquées par les déficits moteurs. Cependant, au cours des trois derniéres décennies, la contribution
du cervelet dans plusieurs fonctions cognitives a été démontrée et le cervelet est aujourd'hui reconnu
comme étant impliqué dans des réseaux complexes responsables de nombreuses fonctions
supérieures telles que le langage, la mémoire et I'affect. Ainsi, une altération de son développement
pourrait engendrer des déficits moteurs et cognitifs majeurs a plus ou moins long terme. De méme,
du fait de son développement essentiellement postnatal, un incident périnatal pourrait induire des
conséquences comportementales substantielles chez I'enfant. Ce travail s’intéresse a I'étude des
effets d'une hypoxie périnatale sur le développement postnatal du cervelet.
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La période périnatale (de la 36°™ semaine de gestation au 8™ jour postnatal) est un stade de
développement particulierement vulnérable a I'hypoxie, surtout en cas de naissance prématurée
(avant la 37°™ semaine). L'hypoxie périnatale est considérée comme une cause importante de morbi
mortalité et son impact socio-économique durable en fait une priorité clinique. En effet, les épisodes
d'hypoxie-ischémie sont liés a 30 % de la mortalité néonatale et peuvent causer jusqu'a 40 % de
déficits neurologiques a long terme. L'hypoxie périnatale peut avoir une étiologie ventilatoire ou
circulatoire, et peut étre continue ou intermittente. Mais quelles que soient ces modalités, une
réponse cellulaire a été mise évidence pour combattre le stress oxydatif induit par un apport
insuffisant d'O,. En effet, dans les cellules, 'utilisation de 1'0, entraine nécessairement la production
d'espéces réactives de I'oxygene (ROS), et I'équilibre entre la production et la neutralisation des ROS
est essentiel au bon déroulement des processus physiologiques. Cependant, une accumulation de ROS
peut devenir délétere pour les cellules. C'est pourquoi un double mécanisme de défense veille a
maintenir des niveaux physiologiques de ROS : une composante non enzymatique qui comprend des
vitamines et autres molécules antioxydantes; et une composante enzymatique antioxydante,
impliquant des enzymes telles que la SOD, la catalase ou les GPX. En revanche, si la production de ROS
finit par dépasser la capacité antioxydante des cellules, le déséquilibre qui en résulte induit un stress
oxydatif (SO) cellulaire qui peut mener a la mort cellulaire.

Parmi les diagnostics les plus courants d'hypoxie périnatale se trouve I'apnée du prématuré
(ADP). L'ADP est caractérisée par une hypoxie intermittente (HI) et consiste en un arrét respiratoire
survenant au moins toutes les 5 minutes et durant plus de 20 secondes. L'étiologie de I'ADP n'est pas
entierement comprise, mais il semble qu'elle résulte de I'immaturité physiologique du systeme
respiratoire et des centres de contréle associés lors des naissances prématurées. Actuellement, deux
stratégies thérapeutiques principales sont envisagées pour I'ADP : [|'utilisation de traitements
pharmacologiques stimulant la respiration, tels que la caféine, ou l'assistance ventilatoire non
invasive. Malheureusement, leur efficacité est variable, et des études longitudinales ont mis en
évidence d’importants effets secondaires a long terme associés au traitement a la caféine. D'autres
pistes sont explorées a plus petite échelle mais, a ce jour, leur bénéfice est contesté.

De plus, malgré sa prévalence, les conséquences neurologiques de cette pathologie restent
méconnues car elles sont souvent masquées par les altérations inhérentes a la prématurité. Les
séquelles a long terme sont encore plus difficiles a déterminer en raison du suivi des patients et du
temps nécessaire pour que les déficits deviennent apparents. Cependant, a mesure que la prise en
charge des prématurés s’améliore, la survie de ces enfants a permis de progresser dans la
compréhension de cette pathologie. Ainsi, une corrélation a été établie entre la persistance de I'ADP
chez les nourrissons et I'apparition de déficits neurodéveloppementaux chez les enfants jusqu'a 3 ans.
De méme, la vulnérabilité du cerveau aux épisodes d'hypoxie a été amplement décrite. Plus
récemment, un lien a été établi entre les fonctions cérébelleuses et les déficits observés chez les
enfants ayant souffert d'ADP. Cependant, les altérations cellulaires induites par I'ADP sont encore mal
comprises.

Ce travail vise donc a mettre en lumiere les mécanismes sous-jacents aux lésions hypoxiques
cérébelleuses. Pour cela, nous avons développé un protocole d'hypoxie intermittente (HI), consistant
en des cycles répétés de 2 minutes d'hypoxie-réoxygénation (dont 20 secondes a 5% d'02) durant 10
jours pendant 6 heures par jour, qui constitue un modéle murin valide d'ADP.
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Les premiers objectifs de ce projet étaient les suivants :

= Comprendre les effets cellulaires de I'HI en se concentrant sur la prolifération, la mort
cellulaire et le SO. Ces effets ont été évalués par : i) des injections de BrDU pour étudier
les effets de I'HI sur la prolifération et la migration ; ii) des tests de production de ROS et
d'activité de la caspase-3/7 ; et iii) une analyse RT-gPCR des génes liés au SO et a
I'apoptose a I'age de P12.

= Déterminer, grace a des études immunohistochimiques, les effets de I'HI sur I'histologie
générale du cortex cérébelleux et les afférences cérébelleuses.

= Définir si et comment ces altérations pourraient induire des déficits comportementaux a
court et a long terme.

Tout d'abord, nous avons démontré que le cervelet est effectivement sensible a I'HI et
présente un retard significatif de maturation a la fin du protocole d'ADP. De plus, I'hypoxie induit une
surexpression des genes impliqués dans la production de ROS au sein de cette structure, ce qui aboutit
de fait a une accumulation de ces especes réactives. A l'inverse, les génes codant pour les enzymes
antioxydantes sont sous-exprimés lors de I'HI suggérant une défaillance du systéme de défense contre

les ROS. Celle-ci pourrait expliquer I'altération morphologique des cellules de Purkinje et étre a
|'origine des déficits comportementaux observés chez les souriceaux. De plus, nos résultats montrent
qgue I'ADP peut provoquer des dommages a long terme puisque les souris adultes présentent toujours
des défauts d"apprentissage et de motricité associés a une innervation exacerbée des cellules de
Purkinje par les fibres grimpantes. Ces données nous ont ensuite amenés a concevoir une série
d'expériences de transcriptomique pour mieux comprendre la base moléculaire des modifications

induites par I'HI.
Pour ce faire, nous avons cherché a:

» Déterminer le stade de développement le plus vulnérable a I'HI. A cette fin, nous avons
mené des expériences a différents stades postnataux, a savoir P4, P8, P12, P21 et P70.

= Comprendre les voies moléculaires a la base des altérations observées. En conséquence,
nous avons congu 2 processus généraux a étudier : /) compte tenu des effets de I'HI sur
la mort cellulaire et le stress oxydatif observés a P12, nous avons cherché a tester un
panel de génes liés au SO ; et ii) en raison du retard de maturation histologique induit
par notre protocole d'IH, nous avons entrepris de créer un nouveau panel de génes liés a
la maturation et a la différenciation cellulaires.

= Déterminer quels types de cellules pourrait étre les plus affectés par I'Hl et comment.
Pour cette raison, nous avons décidé d'utiliser la microdissection par capture laser et de
tester I'expression des génes sur chaque couche cérébelleuse séparément.

Cette étude nous a permis de déterminer que la période la plus vulnérable a I'HI est le stade
P8 chez la souris (correspondant a environ 32 semaines de gestation chez I’'Homme) avec un nombre
important de génes dérégulés dans toutes les couches corticales cérébelleuses. De plus, il semble que
I'ensemble des processus intervenant dans le développement du cervelet soit impacté, incluant la



prolifération, la différenciation, la connectivité synaptique ou encore la myélinisation. Plusieurs
mécanismes de compensation et de neuroprotection se mettent en place pendant et aprés la phase
d'HI mais ceux-ci ne semblent pas suffisamment efficaces puisque des déficits persistent chez I'adulte.

Enfin, étant donné que I'hypoxie joue un réle crucial dans I'angiogenése au cours du
développement, la derniere partie du travail est centrée sur I'exploration des effets de I'HI sur la
vascularisation du cervelet.

Cette partie du projet, en cours de réalisation, comporte trois axes :

. Une étude gPCR des génes associés a la vascularisation sur I'ensemble du cervelet
pour déterminer leur régulation en fonction du stade de développement.

. Des expériences d’'immunocytochimie suivie de microscopie confocale pour mieux
comprendre comment la vasculogénése est affectée par I'HI dans le contexte du
développement cérébelleux.

. Un protocole de transparisation suivi de microscopie a feuille de lumiere pour
observer la densité et la morphologie du réseau vasculaire in situ.

Nos résultats préliminaires ont révélé une diminution de la longueur et du volume des
vaisseaux sanguins, ainsi qu'un réseau plus lache dans le cortex cérébelleux chez les souris P8 ayant
subi I'HI. De méme, une étude qPCR aux différents stades d’observation a mis en évidence que de
nombreux facteurs de croissance et génes angiogéniques subissent une dysrégulation face a I'Hl. La
poursuite de cette étude avec des techniques d'imagerie permettra de comprendre les conséquences
histologiques de ces modifications transcriptomiques.

Dans I'ensemble, les résultats de notre étude fournissent des éléments essentiels permettant
de mieux comprendre divers aspects des lésions cérébelleuses induites par I'ADP. Ils montrent ainsi
que I'ADP peut entrainer des altérations moléculaires, structurelles et fonctionnelles durables dans le
cervelet, qui peuvent participer, au moins en partie, aux troubles neurodéveloppementaux observés
chez les enfants affectés. A long terme, l'identification des cellules cibles de I'HI, d'un large éventail de
génes impliqués dans les effets de I'HI, et de la fenétre de vulnérabilité du cervelet qui ont été mis en
évidence durant ce travail, pourrait conduire a de nouvelles perspectives de recherche.

En effet, du fait du manque de traitements satisfaisants pour I'ADP, l'identification de facteurs
neurotrophiques susceptibles de protéger le cervelet des dommages induits par I'HI pourrait s'avérer
précieuse. A long terme, cela pourrait conduire a I'identification de nouvelles cibles thérapeutiques
pour traiter cette pathologie qui touche plus de la moitié des prématurés et a un impact significatif
d'un point de vue humain et socioéconomique.

Mots clés : cervelet, développement, hypoxie intermittente, périnatal, apnée du prématuré,
histologie, apoptose, stress oxydatif, transcriptome, différenciation

Keywords: cerebellum, development, intermittent hypoxia, perinatal, apnea of prematurity,
histology, apoptosis, oxidative stress, transcriptome, differentiation
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INTRODUCTION

INTRODUCTION

CHAPTER ONE: THE CEREBELLUM

1. ANATOMY

1. Overview

Among the first findings concerning the cerebellum were the observations of French
anatomist Raymond Vieussens in his treatise about the central nervous system (CNS), Neurographia
universalis in 1684 (Vieussens 1684). Since, from the contributions of Santiago Ramdn y Cajal to the
latest findings in functional magnetic resonance imaging (fMRI), the perception and understanding of
this “little brain” is constantly evolving (Ramdn y Cajal 1909; Voogd and Koehler 2018). The cerebellum
is a hindbrain-derived part of the CNS and occupies the posterior cranial fossa, separated from the
cerebral hemispheres by the tentorium cerebelli (Standring 2016). It is located dorsally to the pons
and medulla, from which it is separated by the fourth ventricle. The cerebellum is connected to the
brainstem by three pairs of cerebellar peduncles (Figure 1). Despite its small size, representing only
15% of total brain mass, the cerebellum alone contains over 70% of the neurons in the brain

(Herculano-Houzel et al. 2006).

Colliculi
Cerebellum

(" Superior

Cerebellar J
peduncles w

\_Inferior ——""

Middle ————

Fourth ventricle

Figure 1: Relations and gross anatomy of the cerebellum in humans.
Representation of the cerebellum and its relationship with the brainstem zoomed in from a sagittal section of
the brain.

11



INTRODUCTION

2. Divisions

There are several approaches to describing the cerebellum: evolutionary, anatomical,
functional, and histological. The evolutionary and anatomical standpoints converge to define three
distinct parts (Figure 2): i) the archicerebellum already present early in the phylogenetic tree such as
in fish, corresponding to a small primitive part of the cerebellum also called the flocculonodular lobe;
ii) the paleocerebellum that appeared later in reptiles and birds, which is represented by the medial
lobe (vermis) and intermediate lobes (paravermis), separated by two longitudinal furrows; and finally
iii) the neocerebellum found only in mammals and embodied by the lateral portion of the cerebellum,

namely the hemispheres (Larsell 1937; Kandel 2013).

Paravermis

Vermis H Hemisphere
[ [ |

Anterior lobe

Primary Fissure

Horizontal Fissure

Posterior lobe

Posterolateral Fissure ============z-ux --

Flocculonodular lobe

Figure 2: Schematic representation of the cerebellum in humans, superior view.
Main divisions of the cerebellum in lobes and lobules and the corresponding numerical nomenclature.

The cerebellum is further divided in tightly convoluted folds visible on its surface. From largest
to smallest, these divisions are: lobes, lobules, further subdivided into folia, in turn separated by
transverse fissures (Standring 2016). The anterior lobe is the most cranial and it is separated from the
posterior lobe by the primary fissure. In turn, the posterior lobe is separated caudally from the

flocculonodular lobe by the posterolateral fissure (Figure 2).
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However, a functional afferent-based cerebellar division is more appropriate to the clinical
understanding of cerebellar functions (lto 1990). With this approach, the cerebellum is divided
sagittally in: i) the median cerebellum which is comprised of the vermis; ii) the intermediate
cerebellum composed of the paravermis; and iii) the lateral cerebellum which includes the lateral parts
of the hemispheres. Additionally, the flocculonodular lobe is composed of a vermal component, the

nodule, and two lateral portions, the flocculi (Vuillier et al. 2011).

Despite these divisions, the cerebellum is characterized by a stereotypical histological
organization which is constant throughout. The cerebellum consists of a superficial grey matter cortex
overlying a core of white matter in which are embedded grey matter deep cerebellar nuclei (DCN).
Cerebellar neurons receive two major afferences in the form of mossy fibers (MFs) and climbing fibers

(CFs) which arrive via the cerebellar peduncles.

3. Grey Matter

The elements of the cerebellar cortex are precisely arranged in the tangential, longitudinal,
and transverse planes of each folium and this organization is conserved throughout the organ and
across species. Even though the layers of the cortex will vary according to the developmental stage,
in adults we can distinguish three layers based on their cellular composition: granular, Purkinje and

molecular layers (Figure 3).

a. The granular layer

The innermost granular layer (GL) consists, for the most part, of granule cells (GCs), which
constitute the overall largest neuronal population in the adult human brain (Zagon et al. 1977). GCs
are small glutamatergic neurons whose 5 to 8 um-wide soma is almost entirely occupied by their
nucleus (Gallo et al. 1982). They receive branches of afferent MFs from the spinal cord, brainstem,
and brain. This excitatory signal arrives via 3 to 5 short dendrites, localized within a glomerulus where
GCs also receive inhibitory signals from inhibitory neurons called Golgi cells (Lackey et al. 2018). The
glomerular triad is surrounded by a velate astrocyte, whose role is unclear but may be involved in
neuroprotection (Oliveira-Junior et al. 2019). The information is then relayed via an axon that extends
toward the surface to the molecular layer (ML) where it divides into two opposed branches, thus

forming parallel fibers (PFs) that synapse with Purkinje cell dendritic trees (Pichitpornchai et al. 1994).
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Scattered among the GCs, several types of inhibitory interneurons with a glycinergic/ gamma-
aminobutyric acid(GABA)ergic phenotype are found in the GL: Golgi cells, Lugaro cells, and globular
cells (Ottersen et al. 1988). Golgi cells are distributed throughout the GL and can be recognized by
their large polygonal soma. They have an extensive dendritic tree that branches out in the ML. There,
Golgi cells receive inhibitory inputs from other interneurons, namely, basket, stellate, and Lugaro cells
(Rubenstein 2020). In the GL, they receive direct excitatory inputs from MFs and are in close contact
with Sheibel collaterals from CFs although synapses between the two have not yet been evidenced
(Galliano et al. 2013). Lugaro cells are fusiform “cigar-shaped” interneurons lying just beneath the
Purkinje cell layer and can belong to three subgroups: large fusiform, triangular, and small fusiform.
They receive GABAergic inputs from recurrent axon collaterals of Purkinje cells, and project glycinergic
axons to the ML to innervate basket and stellate cells (Lainé and Axelrad 2002). Globular cells, while
displaying round somata, could be a “deep” subtype of Lugaro cells as they are dispersed in the whole
GL but have a similar physiology (Lainé and Axelrad 2002). Indeed, both cell types express calretinin,
while Golgi cells express the metabotropic glutamate receptor 2 (mGIuR2) and neurogranin (Simat et

al. 2007).
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Figure 3: General organization of a cerebellar folium, longitudinal and transverse section.
GL: granular layer; ML: molecular layer; PCL: Purkinje cell layer; WM: white matter.
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In addition to the different types of inhibitory interneurons, one type of excitatory interneuron
has been identified in the GL. Unipolar brush cells (UBCs) are glutamatergic interneurons, mostly
present in the vestibulocerebellum and virtually absent from the cerebellar hemispheres. Generally,
high densities of UBCs coincide with the terminal regions of vestibular afferents (Barmack et al. 1992).
These cells are named for their distinctive dendritic structure, which is characterized by a single, short
dendrite terminating in many branches, thus resembling a brush, which engulf one or two rosettes of
glutamatergic and cholinergic MFs. They innervate dendrites of other UBCs and GCs. As such, they
function as an intermediate that amplifies the excitatory signals of MFs on GCs (Mugnaini and Floris

1994).

b. The Purkinje cell layer

Overlying the GL, lies a single-cell layer of neurons with apical dendrites, called Purkinje cell
layer (PCL). It contains the large, pear-shaped somata of Purkinje cells (PCs) which measures
approximately 20 um in diameter in mice and up to 65 pm in humans. From their basal extremity, they
emit a single axon which extends to reach the cerebellar nuclei (Ito et al. 1964; Korbo and Andersen
1995). A prominent phenotypical landmark of PCs is their large dendritic tree stemming from a single
apical root, called primary dendrite (Figure 3). It gives rise to secondary dendrites, which in turn branch
out to form multiple tertiary dendrites. All these ramifications extend throughout the thickness of the

ML to establish connections with other cells, most notably, GCs.

The PCL also contains the cell bodies of Bergmann glia, candelabrum cells, scatters of GCs, and
occasional Golgi cells interspersed between PCs (Glickstein et al. 2009). Bergmann glia are specialized
astrocytes that intercalate between PCs and emit projections towards the ML and cortical surface
(Hanke and Reichenbach 1987). These cells are derived from radial glia and direct the migration of GC
precursors during development (Xu et al. 2013). They are also involved in the formation of synapses
and in the refinement of the mature cerebellar cortical circuit through synaptic pruning by engulfment
during motor learning (Morizawa et al. 2022). Bergmann glia also oversee metabolic functions such as
glucose metabolism and are involved in the reuptake of neurotransmitters via the glutamate aspartate
transporter 1 (GLAST-1) and glutamate transporter 1 (GLT-1) receptors (Chaudhry et al. 1995; Tellios
et al. 2022). Finally, recent findings suggest that these astrocytes may function as neural stem cells in

the mature cerebellum for adult oligodendrogenesis (Alcock et al. 2007; Radecki and Samanta 2022).

Candelabrum cells represent the latest type of neurons discovered in the cerebellar cortex
(Lainé and Axelrad 1994). These GABAergic inhibitory interneurons have a small piriform cell body
oriented vertically between PCs and are the most abundant PCL interneuron, being ubiquitous across

all cerebellar lobules (Osorno et al. 2022). One to two thick dendrites emerge from their soma and
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penetrate the ML vertically, where they emit branches that may reach the cortical surface. Smaller
dendrites may also stem from the opposite pole or from the base of the main dendrites, which project
in the GL while their axon travels horizontally within the PCL (Schilling et al. 2008). This axon emits a
multitude of branches that ascend into the ML giving the cell its candelabrum or “menorah-like”

appearance (Osorno et al. 2022).

 c. The molecular layer

The most external molecular layer (ML) is sparsely populated but is the site of many
intercellular connections. In fact, the few cell bodies present in the ML are mostly those of GABAergic
interneurons whose main function is to inhibit PCs, namely basket and stellate cells, as well as some
GCs. Stellate cells lie more superficially, while basket cells are more closely related to the underlying
PCL (Yamanaka et al. 2004). Overall, the ML is highly interconnected with basket, stellate, and Golgi
cells, forming a complex network of inhibitory connections among a matrix of radial glial projections

from Bergmann cells.

Basket cells have a large soma of roughly 12 um in diameter and are in the lower third of the
ML. They have sparsely branched dendrites distributed radially in the ML along a parasagittal axis and
which synapse mostly with PFs. Ascending dendrites may occupy the full thickness of the ML, whereas
descending dendrites are shorter and less numerous. A noteworthy feature of these cells is the
presence of dendritic spines, not only along the entire length of the dendritic tree, but also
occasionally on the cell body. Their axon extends along and into the PCL and emit collaterals that wrap
around the somas of PCs thus forming the basket-like network, hence their name (Lemkey-Johnston

and Larramendi 1968).

Stellate cells are in the upper two-thirds of the ML. The outermost ones have a diameter
comprised between 5 and 9 um and a few radial dendrites, whereas the innermost cells are larger and
have a more elaborate dendritic tree. They project an axon that runs parallel to the PCL and forms
synapses with PC dendritic trees. Like basket cells, they are GABAergic inhibitory neurons that receive
inputs from PFs and some CFs, and send inhibitory axon collaterals to the dendrites of PCs (Lemkey-

Johnston and Larramendi 1968; Llinds and Sugimori 1980).

The distinction of stellate and basket cells into two separate cell types is questioned (Ramdn
y Cajal 1909) and they may represent a single cell population whose morphological variations are
thought to be due to their relative positioning within the ML (Sultan and Bower 1998). However, there

is evidence of a timeline difference during their development, with stellate cells maturing a couple of
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days after basket cells (Altman 1972). Moreover, basket cells emit prolongations which directly

contact PC somata, while stellate cells exert their inhibition via contact with PC dendrites (Ito 2006).

In addition, the ML can contain some GCs, that were long believed to be ectopic. However,
while it was long assumed that GCs from the ML were a minor neuronal population, it has now been
shown that these are as prevalent as stellate or basket cells in the ML of the posterior cerebellum.
Moreover, whole-cell patch-clamp experiments demonstrated similar action potential activity in ML-
GCs as in GL-GCs, but, since their inputs differ based on their location, it is thought that both

populations are involved in different cerebellar micro-circuits (Dey et al. 2022).

Aside from its cellular population, the largest volume of the ML is comprised of nerve fibers,
such as dendritic trees of the underlying Purkinje and Golgi cells, numerous PFs emitted by GCs,
extensions of Bergmann glial cells, and afferent CFs (Figure 3). The tertiary dendrites of PCs are
covered in dendritic spines that connect to thousands of PFs, which measure approximately 5 mm in
length in the rat brain, leading to more than 175,000 synaptic contacts (Herndon 1963; Harvey and
Napper 1988; Napper and Harvey 1988). In addition, each PC is also connected to a single CF, which
wraps around the dendritic tree, forming numerous connections (Herndon 1963). Moreover, the
apical dendrites of Golgi cells ascend into the ML to connect to PFs as well as with each other (Dugué

et al. 2009).

Even though most of the cerebellar grey matter is found in the cortex, an important portion
lies deeper in the cerebellum. The deep cerebellar nuclei also contain a diverse neuronal population

that shares some characteristics with those of the cortex.

The deep cerebellar nuclei (DCN) are central areas of grey matter (GM) embedded within the
white matter. From medial to lateral, these are: the fastigial, the two interposed (the globose
posteriorly and emboliform anteriorly) and dentate nuclei (Figure 4). These neuronal clusters are
connected to the cerebellar cortex via inhibitory afferences from PC axons, but they also receive

excitatory afferences from mossy and climbing collaterals (Uusisaari and Knopfel 2013).

In these central areas of GM, the extracellular matrix is organized to enwrap the neuronal
somata, forming perineuronal nets. Recent findings suggest that changes these DCN structures can
regulate cerebellar functions (Hirono et al. 2021). Each DCN contain three main neuron categories that

differ in morphology, neurotransmitter, and connectivity (Leto et al. 2006): i) large glutamatergic
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neurons that project outside the cerebellum, ji) medium GABAergic nucleo-olivary projection neurons;
and iii) small local GABAergic interneurons. Thus, large-somata glutamatergic neurons, which might
be compared to PCs due to their wide-spanning dendritic trees, are the main efferent cells issuing
from DCNs and project to various brain regions, including the red nucleus and thalamus (Uusisaari and
Knopfel 2012). DCNs are also populated by smaller GABAergic and glycinergic neurons, characteristic
of the dentate and fastigial nuclei respectively. These small neurons can act either as local
interneurons or project their axons to the inferior olivary nucleus (Bagnall et al. 2009; Uusisaari and
Knopfel 2012). Thus, the DCNs represent a central node of the cerebellum as the source of its output

as they can be involved in inhibitory or excitatory signal transmission (Uusisaari and Knépfel 2013).
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Figure 4: Schematic representation of cerebellar deep nuclei in humans, horizontal section.
GM: grey matter; WM: white matter.

The dentate nucleus is the largest and most recognizable in transverse section by its
characteristic convoluted band, forming a crescent with a medial hilus. It contains mostly multipolar
neurons with branching dendrite (MiloSevic¢ et al. 2010). This DCN can be functionally divided into two
areas, dorsal and ventral, which are involved in motor and non-motor functions, respectively (Kiper
et al. 2011). It receives inputs from the cerebral cortex via the inferior peduncle and from the
ipsilateral cerebellar hemispheres, and projects outputs via the superior peduncle towards the

contralateral red nucleus and the ventrolateral thalamic nucleus (Carpenter 1991; Bond et al. 2017).
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Both emboliform and globose nuclei may be referred to conjointly as the interposed nuclei
(anterior and posterior, respectively) and are even fused in some species. The emboliform nucleus is
grossly wedge-shaped and is located close to the dentate hilus with which it shares a similar cell
population. The globose nucleus is a variable group of rounded cell clusters. They are adjacent to the
roof of the fourth ventricle and receive afferences issuing from the paravermis, while their efferences
travel through the superior cerebellar peduncle before reaching the contralateral red nucleus (Voogd

et al. 2013).

The fastigial nucleus is located directly above the roof of the 4" ventricle, near the midline. It
is further divided in rostral and caudal fastigial nuclei based on cytological evidence, with smaller cells
found in the rostral extremity (Carpenter 1991). This nucleus receives afferences from both vermian
PCs and collaterals of MFs and CFs (Vuillier et al. 2011; Zhang et al. 2016). It is unique in its emission
of efferent fibers through the inferior cerebellar peduncle. Most of them cross to the contralateral
side within the cerebellum, and project to all levels of the brain stem (Carpenter 1991). Surrounding
these clusters of neurons lies the white matter. Devoid of neuronal bodies, this area of the cerebellum

is comprised of dense bundles of nerve fibers.

4. White Matter

The cerebellar white matter (WM) is located deep under the cerebellar cortex and is
composed of fibers traveling to and from it. The only efference of the cerebellar cortex originates in
PCs, while there are forty times more afferences in the form of climbing, mossy fibers and, to a lesser

extent, beaded fibers (Carpenter 1991).

Climbing fibers (CFs) are axons that arise mainly from neurons of the contralateral inferior
bulbar olivary nucleus (Desclin 1974; Carpenter 1991). They cross the midline and enter the
cerebellum via the inferior cerebellar peduncle. A minor proportion of CFs originate in the pontine
nuclei and project through the middle cerebellar peduncle (Bloedel 1973). Within the cerebellum, CFs
emit collateral branches to synapse with DCN interneurons, and then pursue a straight trajectory to
reach the cerebellar cortex. There, they issue several tendril collaterals which join the ML where they
form branches surrounding PC dendritic trees. Although a PC is innervated by only one CF, the
formation of a rich plexus of fine CF terminals allows for a high number of synaptic contacts with a
single PC (Palay and Chan-Palay 1974). Furthermore, a single CF connects to several PCs, which may
be located in different lobules, where CFs exert an all-or-none excitatory activity mediated by

glutamate and aspartate (Kimura et al. 1985; Carpenter 1991).
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Mossy fibers (MFs) originate from different brainstem nuclei, such as the pontine and
vestibular nuclei, or from the spinal cord. These glutamatergic fibers enter the cerebellum via the
middle and inferior cerebellar peduncles. Within the cerebellar WM, they distribute to specific lobules
in the ipsi- or contralateral hemisphere depending on their origin (Sillitoe et al. 2012). Upon arrival in
the GL, MFs lose their myelin sheath and form numerous bifurcations along which lobulated
enlargements called “rosettes” give them their characteristic appearance (Carpenter 1991). Each
rosette forms the center of a cerebellar glomerulus, a nodular structure establishing contact with

about 20 GCs and multiple Golgi cell terminals (Carpenter 1991; Lackey et al. 2018).

Beaded fibers (BFs), so called due to their diffuse termination patterns, constitute a minor
proportion of afferent fibers that come join the cerebellar WM (Sillitoe et al. 2012). These
neuromodulatory fibers can be distinguished by their specific neurotransmitters whose targets and

receptors are summarized in Figure 5.

Serotonergic fibers arise mostly from the reticular formation and, in a smaller proportion, from
the raphe nuclei (Strahlendorf and Hubbard 1983; Bishop and Ho 1985). They project heterogeneously
to the whole cerebellar cortex, with an increased density within lobules VIl to X of the vermis
(Strahlendorf and Hubbard 1983; Rahimi-Balaei et al. 2015). PCs represent the main target for these

serotoninergic afferents, thus having their firing activity modulated (Crivellato et al. 1992).

Noradrenergic neuromodulatory fibers originate mainly in the locus coeruleus, enter the
cerebellum via the superior peduncle and project to reach the DCNs and the cortex. They thus form a
sparse network that manages to reach and innervate seemingly all PCs (Bloom et al. 1971). This
network also acts on other cell types, such as ML interneurons, in a nonjunctional paracrine manner,

triggering an increase of their spontaneous inhibitory synaptic currents (Abbott and Sotelo 2000).

Cholinergic afferents from the pedunculopontine nucleus, the reticular formation and, to a
lesser extent, the vestibular nuclei, form a diffuse web and reach the ML, GL and DCNs (Barmack et al.
1992; Jaarsma et al. 1997). Moreover, MFs also extensively innervate UBCs, some of which may rely
on cholinergic input from the medial vestibular nucleus. In fact, acetyltransferase-positive MFs co-
release acetylcholine and glutamate and thus, may participate in nicotinic neurotransmission in the

cerebellum (Jaarsma et al. 1996).

Histaminergic fibers originating directly from the tuberomamillary nucleus of the
hypothalamus connect to neurons of the ML, GL and PCL (Panula et al. 1993). There, histamine acts
as an excitatory neuromodulator via its G-protein-coupled receptor on both PCs and GCs (Li et al.

2014).
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Finally, dopaminergic afferents originate from the ventral tegmental area and travel to the
cerebellar cortex (lkai et al. 1992; Giompres and Delis 2005). Considering the localization of dopamine
receptors, it is suggested that dopamine fibers act primarily on PCs to modulate cerebellar reward-
based learning (Barili et al. 2000). Thus BFs and their neurotransmitters are part of a complex and

tightly regulated network that is instrumental to the cerebellum’s wide range of functions.

5. Cerebellar circuitry

a. Afferences

Most cerebellar afferents arrive through the inferior cerebellar peduncle. CFs and MFs are the
two distinct excitatory afferents to the cerebellum (Palay and Chan-Palay 1974). Inputs issuing from
the brainstem are relayed in the inferior olivary nucleus of the medulla oblongata, which then emerge
as CFs to reach the contralateral cerebellum. Meanwhile, MFs originating from various extracerebellar
regions, such as the spinal cord, pontine nuclei, and reticular formation reach the cerebellum where
hemispheric projections decussate while those destined to the vermal cortex are bilateral. MFs issued
from the motor and somatosensory areas of the cerebral cortex maintain their somatotopic

organization in the cerebellum (Carpenter 1991).

CFs establish direct contact with PCs and each CF forms hundreds of synapses around proximal
PC dendrites (Eccles et al. 1966). Indeed, this is facilitated by the highly convoluted shape of the cortex
which enables a single inferior olive neuron to act on cerebellar output by simultaneously affecting
the firing of over 100 PCs (Han et al. 2020). CF input powerfully excites PCs by triggering dendritic
spikes as well as a characteristic high-frequency burst of somatic spikes known as the complex spike.
A complex spike occurs at 1-2 Hz and is characterized by a fast sodium (Na*) action potential followed
by slow dendritic calcium (Ca%) spikelets (Miyakawa et al. 1992). Dendritic and complex spikes have
been shown to be relatively unrelated in origin. Indeed, complex spikes are generated in the proximal
part of the axon but seem to undergo some regulation by dendritic spikes. This electrical potential
allows for the dual function of CF inputs which aim at triggering local plasticity as well as generating
an output signal (Davie et al. 2008). Additionally, a complex spike in one PC has a local effect by
ephaptic coupling on neighboring PCs that suppresses the 100 Hz Na* simple spikes on their axons

during a few milliseconds (Han et al. 2020).
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Figure 5: Schematic representation of cerebellar neuronal circuitry and cytoarchitecture.

DCN: deep cerebellar nuclei; GL: granular layer; ML: molecular layer; PC: Purkinje cell; PCL: Purkinje cell layer;
SC: stellate cell; WM: white matter; +: excitation; -: inhibition.

Figure compiling information from (Schweighofer et al. 2004; Li et al. 2014; Tam et al. 2021).
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While long believed to be of dichotomic nature, the complex spike’s “all-or-none” character is
now questioned, and it is now clear that CF signal is much more specific in order to match sensory
inputs. Indeed, presynaptic CF Ca% amplitude is directly proportional to the sensory stimulus’
strength, which ultimately conditions post-synaptic PC dendritic Ca?* amplitude (Roh et al. 2020). In
turn, PCs control the discharge of their own CF afferents and thus might participate in the regulation
of cerebellar function via the olivo-cortico-nuclear network which forms a regulatory closed loop

(Chaumont et al. 2013).

MFs contact GCs within a glomerulus (Figure 5), a structure that brings together GC dendrites,
MF terminals and Golgi axons. GC dendrites emit 3 to 5 dendritic digits in relation with each other and
which receive one or more synaptic inputs from either MF terminal or Golgi axon varicosities (Jakab
and Hamori 1988). At this site, glutamate released by MFs binds to N-methyl-D-aspartate (NMDA)
receptors on the postsynaptic membrane of GCs. Transmission efficacy is increased by the binding of
glutamate from spillover onto alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)

receptors of the postsynaptic density (DiGregorio et al. 2002).

: b. Intracortical interactions

Within the glomerulus, GC dendrites are intermixed with UBC dendrioles, both of which
receive synapses from the same one to two MF rosettes, indicating a minimal convergence of
excitatory inputs. There, UBCs receive fast (AMPA) and slow (NMDA) glutamatergic signals from MFs.
UBC dendrioles are also presynaptic to GC dendrites, forming dendro-dendritic contacts similar to
excitatory synapses and contribute to GC excitation (Mugnaini et al. 1997). Additionally, UBCs form
synaptic junctions with Golgi cell boutons, indicating that UBCs may receive an inhibitory modulation
(Mugnaini et al. 1994). Likewise, communication with GCs is negatively regulated by Golgi cells which
innervate GC dendrites in the cerebellar glomeruli, thus providing feedforward and feedback
inhibition to GCs. Indeed, GC-secreted glutamate in the glomerulus activates mGIuR2, kainate, or
AMPA receptors present on Golgi cells (Bureau et al. 2000; Watanabe and Nakanishi 2003). In turn,
this causes the release of GABA from Golgi cells which then binds to GABA, receptors on GCs to exert
negative feedback. Golgi cell also receive inhibitory inputs from basket, stellate, and Lugaro cells.
Moreover, the apical dendrites of Golgi cells ascend into the ML to connect to PFs as well as
communicate with each other through electrical synapses (Dugué et al. 2009). This electrical coupling
via gap junctions allow them to exert a rhythmic inhibition on GCs (Vervaeke et al. 2010). Thus, Golgi
cells are thought to play a crucial role in the regulation of GC activity, which is essential for the

formation of motor memories in the cerebellum (Llinds and Sugimori 1980).
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After glomerular modulation, the resulting signal ultimately ascends the axon of GCs and
travels through PFs in the ML where PFs synapse with inhibitory interneurons. The diversity of
expression of synapsin isoforms at GC terminals is a key component in short term plasticity that
influences the recruitment of inhibitory interneurons (Dorgans et al. 2019). PFs then go on to contact
the distal dendritic compartment of PCs and since each PC is innervated by approximately 175,000
PFs, excitation of a single PF only slightly depolarizes PC dendrites (Napper and Harvey 1988). Thus
about 50 GCs are needed to fire in a synchronous fashion in order to generate a single Na* action
potential or “simple spike” in the PC soma (Barbour 1993). Moreover, PC firing rate is highly sensitive
to the duration of PF stimulation, which constitutes in itself a temporal regulation of signals

(Grangeray-Vilmint et al. 2018).

In response to excitatory signals transmitted by PFs, basket and stellate cells release GABA
and while a single interneuron may connect to several PCs, each PC receives about 1,500 inhibitory
synapses from at least 10 interneurons (Korbo et al. 1993; Jaeger et al. 1997). On PCs, the binding of
GABA at GABAa receptors inhibits signal transmission, while GABAergic synapses onto basket or
stellate cells creates a mutual inhibition signaling between interneurons (Briatore et al. 2010). Basket
cell axons are also known to form a specialized structure around the proximal segment of PC axons
called the pinceau. Although molecules involved in chemical GABAergic inhibition prevail at basket
cell synapses on PC somata, the pinceau is enriched with Shaker-type potassium (K*) channels (Laube
et al. 1996; Iwakura et al. 2012). This enables basket cells to exert fast electrical inhibition via ephaptic

control over the speed and stability of PC firing (Kole et al. 2015).

The action of ML interneurons is also negatively regulated by Lugaro cells (Schilling et al. 2008).
Indeed, Lugaro cells receive GABAergic inputs from recurrent axon collaterals of PCs and project
glycinergic axons to basket and stellate cells, thus indirectly providing feedback inhibition to PCs (Lainé
and Axelrad 2002). Candelabrum cells primarily inhibit ML interneurons, which in turn triggers PC
disinhibition and ultimately controls cerebellar output (Osorno et al. 2022). Thus, candelabrum cells,
akin to basket and stellate cells, appear to also mediate PC inhibition (Schilling et al. 2008). In addition,
PCs also make inhibitory GABAergic synapses with other PCs and Lugaro cells via PC axon collaterals
and form a cerebellar cortical microcircuit, which is driven by serotonin and noradrenaline and
participates in synaptic plasticity (Hirono et al. 2021). Bergmann glia also participates in plasticity
within cerebellar microdomains by extending radial extensions that form a glial sheath around ML
synaptic connections (Grosche et al. 2002). The clearing of glutamate spilling over from the synaptic
cleft of both CF and PF terminals is done by the glia via glutamate transporters GLAST-1 and GLT-1
(Takayasu et al. 2009).
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Ultimately, the glutamatergic excitatory signals of CFs and PFs converge onto PCs, which act
as an integration center. Both glutamatergic connections induce an increase in cytosolic Ca%*in
postsynaptic PCs via the same mechanisms. First, a rapid activation of AMPA receptors allows Na*
entry into the Purkinje cell and leads Ca?* influx through the opening of voltage-gated Ca?* channels.
Then, glutamate binding on mGIuR1 receptors triggers two G protein-dependent pathways that results
in a release of Ca?* contained within the endoplasmic reticulum and the opening of a cation channel

(Hartmann and Konnerth 2005; Isope et al. 2012).

The multiple sources of innervation and complex processing occurring in PCs enable plasticity
mechanisms to take place. Among them, long-term depression (LTD) and long-term potentiation (LTP)
are important for motor learning (Figure 5). These processes are driven by PC Ca®* concentration, but
the intricacies are not completely understood (Vogt and Canepari 2010). However, it is generally
admitted that LTP is the default response to PF stimulation above a well-defined frequency threshold.
If the Ca?* signal surpasses that limit, an extracellular positive feedback loop triggers LTD instead.
When full depression is reached, feedback loops are automatically inactivated and the network
returns to its basal state (Gallimore et al. 2018). Besides GC input, LTP at inhibitory interneuron - PC
synapses called “rebound potentiation” also participates in motor learning (Nakamura and Hirano
2016). Additionally, the short- and long-term effects of neuromodulators from BFs must be considered
when examining cerebellar circuitry. It is postulated that serotonin oversees cerebellar microzone
attribution and learning processes, norepinephrine regulates cortex-wide learning, dopamine
enhances goal-oriented learning, and acetylcholine controls learning speed in PCs (Figure 5)

(Schweighofer et al. 2004).

c. Efferences

The integrated signal then travels through the primary PC axon, which is the only efference of
the cerebellar cortex, until the distal synapse with DCN neurons. Thus, cerebellar efferents stem
directly from PCs or via the DCNs. The largest bundle of efferent fibers originates in the emboliform,
globose, and dentate nuclei, and primarily exit the cerebellum via the superior cerebellar peduncle.
They reach the upper portion of the pons where they lay flush to the dorsolateral wall of the fourth
ventricle, and are then dispatched to several regions to take part in specific functional loops

(Rubenstein 2020).
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2. Regional variations

It was long believed that the adult cerebellar cortex presented a somewhat uniform circuitry
and that differences in function were due to distinct patterns of input and output connectivity.
However, anatomical, molecular, and physiological data suggest otherwise. Regional differences
include changes in cell phenotype and expression of various molecular markers which define
parasagittal stipes when observing PC gene expression profile. The most well-known pattern is
revealed by detecting the expression of zebrin Il, an antigen located on the aldolase C protein,

exclusively expressed in PCs within the cerebellum (Figure 6) (Brochu et al. 1990; Cerminara et al.

2015).
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Figure 6: Patterned molecular marker expression in the mouse cerebellar cortex, dorsal view.
Colocalization of zebrin I+ Purkinje cells and zebrin II- Purkinje cells with other molecular makers. EAATA4:
excitatory amino acid transporter 4; GABAsr2: GABA-B receptor subtype 2; MAP1la: microtubule-associated
protein 1a; mGIuR1lb: metabotropic glutamate receptor R1lb; NCS-1: neuronal calcium sensor-1; PLCR3:
phospholipase CB3; PLCR4: phospholipase CP4. Figure adapted from (Cerminara et al. 2015).
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Cerebellar afferents are distributed along fields that are organized parasagittally which
highlight how this molecular pattern is directly in service of its functions (Sillitoe and Joyner 2007).
Indeed, PCs of the same longitudinal zone receive afferents from CFs of emerging from the same
region of the inferior olive. Likewise, PCs from a single zone project efferents to a given set of DCN
neurons. Moreover, each longitudinal area is itself divided into microzones revolving around PCs,
which are composed of functional modules formed by the interactions between the different cortical
cells (Ashida et al. 2018). Moreover, mouse mutant models also show that PC death follows those
molecularly distinct boundaries and are related to specific functional impairments (Cerminara et al.

2015).

6. Vascularization

The cerebellum is vascularized by three arteries (Figure 7): the superior cerebellar artery
(SCA), the anterior inferior cerebellar artery (AICA), and the posterior inferior cerebellar artery (PICA),
all of which usually arise from the vertebrobasilar system (Delion et al. 2017). They all emit small
branches that travel towards the fourth ventricle to contribute to the choroid plexus, although the

PICA is the main contributor via its choroidal artery (Carpenter 1991; Delion et al. 2017).

Interindividual anatomical variations exist, but the most constant component is the SCA which
can branch out from the first segment of the posterior cerebral artery or directly from the rostral part
of the basilar artery (Carpenter 1991; Delion et al. 2017). The SCA is constituted of four segments,
named for the structures it comes in contact with: anterior pontomesencephalic, lateral
pontomesencephalic, cerebellomesencephalic, and cortical segments. Along the course of the first
two segments, the SCA emits perforating branches to irrigate the mesencephalon and cerebellar
peduncles. The cerebellomesencephalic segment emits branches that reach the cerebellar WM and
DCN, while the cortical segment remains on the surface (Rodriguez-Hernandez et al. 2011). After
crossing the trigeminal nerve, the cerebellomesencephalic segment of the SCA divides into two
branches, medial and lateral, which supply the superior areas of the vermis and cerebellar
hemispheres, respectively (Naidich et al. 2009). In turn, the medial branch further subdivides i)
medially to irrigate the mesencephalon, superior brain peduncles, colliculi and superior cerebellar
cortex as well as participating to the irrigation of the DCN, and i) laterally to supply the vermis and

the superolateral cortex of the cerebellar hemispheres (Delion et al. 2017).
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Figure 7: Arterial irrigation of the human cerebellum: main vessels and relations.
Sagittal (top) and ventral (bottom) views. AICA: anterior inferior cerebellar artery; PICA: posterior inferior
cerebellar artery; SCA: superior cerebellar artery.

The AICA usually branches out from the proximal third of basilar artery. However, its origin,
trajectory and territory are variable, and it can arise from the vertebrobasilar junction or even from a
common trunk with the PICA (Delion et al. 2017). The AICA is divided into four segments: anterior
pontine, lateral pontine, flocculopeduncular, and cortical segments. Along the course of the first two
segments, the AICA emits branches to irrigate the pons and cranial nerves (abducens, facial and
vestibulocochlear). The flocculopeduncular segment generally splits into a rostrolateral and
caudomedial branches and vascularizes the middle cerebellar peduncles, the flocculus, and the
anterior hemispheric surfaces below the horizontal fissure. However, due to the AICA’s variability,
some of these areas may rely on blood supply from anastomoses with the SCA or even on the SCA
alone (Atkinson 1949; Delion et al. 2017). Moreover, the AICA’s penetrating branches irrigate part of

the dentate nucleus and the adjacent WM (Carpenter 1991). Finally, the AICA terminates superficially
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with the cortical portion which cover the anterior surface of the cerebellum (Rodriguez-Hernandez et

al. 2011).

Finally, the PICA arises most frequently from the vertebral artery and emits perforating
branches near its origin to irrigate the lateral part of the medulla and the olivary nucleus (Delion et al.
2017). The PICA has five segments: anterior medullary, lateral medullary, tonsillomedullary,
telovelotonsillar, and cortical segments. The tonsillomedullary portion gives rise to vermian and
tonsillo-hemispheric branches. The vermian branch irrigates the pyramid (VIII), uvula (IX), nodule (X),
and inferior part of the biventral lobule (VIII). The tonsillo-hemispheric branch supplies the superior
part of the biventral lobule (VIII), the inferior part of the semilunar lobule (VIIb) and the tonsilla (IX).
It also provides a secondary blood supply to the DCNs (Naidich et al. 2009; Delion et al. 2017). Finally,
the telovelotonsilar segment gives rise to branches that supply the tela choroidea and choroid plexus
of the fourth ventricle (Rodriguez-Hernandez et al. 2011). All subsequent ramifications are cortical and
terminate their transit on the cerebellar cortex where they anastomose with superficial branches of

the SCA (Delion et al. 2017).

Cerebellar veins are described as superficial or deep veins, according to their territory (Figure
8). It is worth mentioning that veins are even more variable between individuals than arteries and are

prone to forming numerous superficial anastomoses (Delion et al. 2017).

The superficial veins have a course somewhat similar to that of the arteries. Indeed, drainage
of the cerebellum is handled by three venous systems (Naidich et al. 2009). They drain the cortical
surfaces of the cerebellum and are named based on the region they correspond to. Therefore, the
superior hemispheric and superior vermian veins drain the tentorial or superior surface; the inferior
hemispheric and the inferior vermian veins drain the suboccipital or inferior surface; and the anterior

hemispheric veins drain the petrosal or anterior surface (Matsushima et al. 1983; Rhoton 2000).

In turn, the deep veins are named according to their trajectory, namely the veins of the
cerebellomesencephalic, cerebellomedullary, and cerebellopontine fissures as well as the veins of the

superior, middle, and inferior cerebellar peduncles (Matsushima et al. 1983).
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Figure 8: Venous drainage of the human cerebellum: main vessels and relations.
Sagittal (top) and ventral (bottom) views. Some deep veins are masked by the structures they drain.

All cerebellar veins terminate as bridging veins that cross the subarachnoid and subdural
spaces to reach the venous sinuses in the dura. These are divided into three groups: galenic, petrosal
and tentorial which drain respectively into the vein of Galen, petrosal sinuses, or tentorial sinuses
(Matsushima et al. 1983; Rhoton 2000). Some superior hemispheric veins drain inferiorly into the
transverse sinus. Others are joined by the vein of the superior cerebellar peduncle, on the
superolateral side of the cerebellum and together they drain either j) directly into the vein of Galen or
ii) indirectly in the vein of the cerebellomesencephalic fissure via the superior vermian veins (masked.
The inferior hemispheric veins travel toward the tentorium cerebelli and usually drain into the
tentorial sinus, above the cerebellum, either directly or via the inferior vermian veins. Finally, the
anterior hemispheric veins drain blood to the vein of the cerebellopontine fissure which also receives
the veins of the cerebellomedullary fissure and middle cerebellar peduncle, and finally converge to

the superior petrosal sinus (Matsushima et al. 1983).
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2. EMBRYOLOGY

1. Overview

Human CNS ontogenesis begins on day 16 of the embryonic development (E16) with
gastrulation. By the end of this process, the embryo consists of three layers of cells: a dorsal ectoderm,
a middle mesoderm, and a ventral endoderm. Gastrulation also defines the midline and medial/lateral
axis of the body as well as the anterior/posterior and dorsal/ventral axes (Sadler 2019). The initiating
event for the development of the nervous system is the formation of the notochord, a transient ridge
of mesodermal cells, at the midline of the gastrulating embryo (Figure 9). The notochord invaginates
and extends from a surface indentation called the primitive pit, which subsequently elongates antero-

posteriorly to form the primitive streak (Purves 2018).

By the third week of development, the ectodermal germ layer has the shape of an elongated
disc with a broader cephalic extremity. Neurulation begins when the notochord sends inductive signals
to the overlying ectoderm which thickens into a columnar epithelium thus forming the neural plate.
The plate becomes the neuroectoderm which will give rise to the entire nervous system (Sadler 2019).
Between the 3™ and 4™ gestational weeks (GW), the lateral margins of the neural plate fold inward,
converting the neural plate into the neural tube, composed of the alar plates dorsally and basal plates

ventrally (Figure 9) (Spemann and Mangold 2001; Sadler 2019).

Meanwhile, the cranial extremity of the neural tube forms three bulges that expand to
become the three primary vesicles. In a cranio-caudal direction, these are called: the prosencephalon,
the mesencephalon and the rhombencephalon (Figure 10). The indentation of the pontine flexure
marks the formation of the five secondary vesicles by separating the rhombencephalon into
metencephalon cranially and myelencephalon caudally, which will give rise to the medulla oblongata.
The corresponding cavity will become the 4™ ventricle during the 5" GW (Grow 2018). The
mesencephalon remains unchanged at this stage. Meanwhile, the prosencephalon will divide into
telencephalon cranially and diencephalon caudally (Purves 2018). Afterwards, the metencephalon will

give rise to the cerebellum.
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Figure 9: Schematic representation of the formation of the neural tube in humans.
Dorsolateral view of the developing embryo (left) and transversal cut (right) from day 18 to 24.
Adapted from (Purves 2018).
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Figure 10: Schematic representation of the primary (top) and secondary (bottom) brain vesicles.
Three-dimensional view in the embryo (left) and longitudinal section of the neural tube (right).
Adapted from (Purves 2018).

2. Ontogenesis of the cerebellum

1. Regionalization

The complex formation of the brain relies on regional segmentation of the neural tube by
establishing two axes. The rostro-caudal axis differentiation compartmentalizes the rhombencephalon
into rhombomeres while dorso-ventral axis development separates the cerebellar primordium from

the pons.

: a. Rostro-caudal axis

The rostro-caudal regionalization of the neural tube during cerebellar ontogenesis follows a
sequential set of events which are orchestrated by secreted factors from the isthmus, located at the
boundary between the mesencephalon and the metencephalon (Nakamura et al. 2005; Hashimoto

2009).
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This isthmic organizer produces a gradient of signaling factors along the rostro-caudal axis
(Figure 11). A major mediator of this process is Fgf8 (fibroblast growth factor 8), which has a polarizing
activity and whose expression is promoted by En1/En2 (engrailed homeobox 1 and 2), especially after
embryonic day 11 (E11) (Cheng et al. 2010). In mice, Fgf8 has 8 isoforms (Fgf8a-h) whose activity vary
depending on their affinity with FGF receptors and it has been shown that specific inactivation
mimicking the loss of Fgf8b results in deletion of the midbrain, isthmus, and cerebellum (Irving and
Mason 2000; Guo et al. 2010). Indeed, Fgf8 restricts the expression of Otx2 (orthodenticle homeobox
2) rostrally to the isthmus while inducing the expression of Gbx2 (gastrulation brain homeobox 2)
caudally. Gbx2 is crucial for the development of rhombomere 1 into the cerebellum while Otx2
prevents the expansion of cerebellar differentiation cranially and thus constitutes the rostral
boundary of the cerebellar anlage. Fgf8 also induces the expression of the secreted factor Wntl
(wingless-type MMTYV integration site family member 1) expression in the isthmic organizer (Figure
11) which is essential in the regulation of isthmus inductive activity and midbrain-hindbrain

regionalization (McMahon et al. 1992; Guo et al. 2007; Lowenstein et al. 2022).

Isthmus
G — =D
tx2 —
Diencephalon _\ l /

Enl

Rhombomeres

Prosencephalon /

Metencephalon
Myelencephalonv \

= o o e

N

Figure 11: Neural tube regionalization and formation of the rhombomeres in a 28-day embryo (left)
and genetic regulation in mice (right and color overlay in left).

Enl: engrailed homeobox 1; Fgf8: fibroblast growth factor 8; Gbx2: gastrulation brain homeobox 2; Lmx1b: LIM
homeobox transcription factor 1 beta; Otx2: orthodenticle homeobox 2; Rx: rhombomere x; Wntl: Wingless-
Type MMTV Integration Site Family Member 1.

Adapted from (Guo et al. 2007; Hashimoto 2009; Lowenstein et al. 2022).
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The rostro-caudal differentiation is also controlled by Hox (homeobox) genes, such as Lmx1b
(LIM homeobox transcription factor 1 beta), which are expressed differentially along the neural tube
of the embryo (Okafuji et al. 1999; Guo et al. 2007). In turn, Lmx1b also seems to regulate the
expression of Fgf8, Wntl, Pax2 (paired box 2) and other isthmus-specific transcription factors. It is
necessary to the induction activity of the isthmic organizer, and thus, to the development of the
tectum and cerebellum from rhombomere 1 (Figure 11) (Guo et al. 2007). Downstream of these
genetic factors, interhombomeric boundaries are maintained by actomyosin cytoskeletal components
that are enriched in these sites. These mechanical barriers are partly regulated by of ephrin signaling
(Calzolari et al. 2014). However, the molecular underpinnings of cerebellar development are still being

established through the identification of new genes and the role of other factors has been explored.

. b. Dorso-ventral axis

The subsequent expression and activation of several transcription factors begins to regionalize
the metecephalon in the dorso-ventral axis (Figure 12). Its alar and basal plates will differentiate to
become the cerebellum and pons, respectively (Sadler 2019). In the first rhombomere, the roof plate
of the fourth ventricle acts as a local organizer by secreting signaling molecules such as Wnt ligands
and bone morphogenetic proteins (BMPs) which determine a dorsal destination to the adjacent
portion of the neural tube (Chizhikov and Millen 2004). For example, loss of Wnt5a resulted in
cerebellar hypoplasia with a particular depletion of both GABAergic and glutamatergic neurons due

to decreased proliferation of radial glia and GC progenitors (Subashini et al. 2017).

Roof plate of 4" ventricle Cerebellar rudiment Fusion along the midline CRL Cerebellar Hemisphere

Rhombic lip Vermis

. Pons
Sulcus limitans

Basal Platé

—
Cerebellar expansion
4th ventricle

Figure 12: Progression of cerebellar formation, transverse cuts at the metencephalic level.
CRL: cerebellar rhombic lip. Adapted from (Sadler 2019).

Then, two germinal zones form: the ventricular zone (VZ) from the roof of the 4th ventricle,
and the rhombic lips (RL) from the dorsolateral region (Figure 13). The VZ is a germinal zone that gives
rise to cerebellar GABAergic neurons including Purkinje cells, inhibitory DCN interneurons, Golgi cells
and ML interneurons. This differentiation process is under the influence of the Ptfla (pancreas

associated transcription factor 1 alpha) produced by VZ neuronal precursors (Hoshino et al. 2005;
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Pascual et al. 2007). Additionally, the expression of Olig2/3 (oligodendrocyte transcription factor 2/3)
specifies a differentiation towards PCs while Gsx1 (genomic screened homeobox 1) expression
coincides with the induction of inhibitory interneurons (Figure 13) (Lowenstein et al. 2022). Moreover,
Ascll (achaete-scute family BHLH transcription factor 1) restricts VZ progenitors from becoming RL

progenitors and thus contributes to determining cell fate (Sudarov et al. 2011).

Future EGL

RL (Atoh1)

(+Thr2) \ \

A L}

DCN pc (+0lig2/3) 1N (+Gsx1)
VZ (Ptfla)

Mesencephalon

Isthmus
Cerebellar anlage

Cerebellar rhombic lip

Eye

Choroid plexus
4th yentricle (with cut roof plate) ?

Figure 13: Dorsolateral view of a mouse embryo at E11.5, sagittal section along the blue plane, and
coronal section along the pink plane.

Regionalization within the cerebellum and migration from the germinative zones. Ascll: achaete-scute family
BHLH transcription factor 1; Atoh1: atonal BHLH transcription factor 1; CRL: cerebellar rhombic lip; DCN: deep
cerebellar nuclei; ECN: extracerebellar neurons; EGL: external granular layer; GC: granule cell; Gsx1: genomic
screened homeo box 1; HRL: hindbrain rhombic lip; IN: interneuron; Mb: midbrain; OL: olivary nuclei; Olig2/3:
oligodendrocyte transcription factor 2/3; PC: Purkinje cell; Ptfla: pancreas associated transcription factor 1
alpha; RL: rhombic lip; Tbhr2: T-box brain protein 2; UBC: unipolar brush cell; VZ: ventricular zone; 3V: third
ventricle; 4V: fourth ventricle. Figure compiling information from (Volpe 2009; Hashimoto and Hibi 2012; Millen

et al. 2014; Yeung 2017; Lowenstein et al. 2022).

The RLs are the origin of glutamatergic neurons and are divided in the cerebellar RL (CRL) rostrally
and the hindbrain RL caudally (HRL). The CRL produces GC precursors, UBCs, and excitatory DCN

neurons, while the HRL generates the cells of the pontine and inferior olivary nuclei (Hashimoto and
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Hibi 2012). Neuronal differentiation from the CRL relies on the expression of the Atoh1 (atonal BHLH
transcription factor 1). Indeed, Atoh1-deficient mice show lower cells density in the CRL as well as
migration deficits of the concerned neurons (Ben-Arie et al. 1997). The co-expression of Olig3 with
Atoh1 propels cells to differentiate into excitatory DCN neurons, while Tbr2 (T-box brain transcription
factor 2) triggers UBC differentiation (Figure 13). The CRLs eventually form a secondary germinal zone

on the surface of the cerebellar anlage called external granular layer (EGL) (Lowenstein et al. 2022).

c. Medio-lateral axis

In parallel to the migration of neuronal precursors, the cerebellar primordium continues
developing. To form the cerebellum, the dorsolateral parts of the alar plates bend medially, and the
pontine flexure becomes more marked. Then, the rhombic lips compress cephalocaudally and fuse

along the midline to form the cerebellar plate (Figure 14).

In a 12-week human embryo, the vermis is already visible as a small midline portion of the
cerebellar plate, surrounded by the hemispheres (Sadler 2019). This mediolateral patterning of the
cerebellum likely revolves around a midline organizer containing roof-plate derivatives. A scRNA-seq
study identified a Fgf17*, Calb2* (calbindin2) cell population which, in response Fgf8-mediated Wnt/R-
catenin and FGF/ERK (mitogen-activated protein kinase 1) signaling, go on to form the cerebellar
vermis (Wizeman et al. 2019). Additionally, knockout experiments targeting the Galnt17 (polypeptide
n-acetylgalactosaminyltransferase 17) gene demonstrated that this gene is involved in the correct

development of the cerebellar vermis (Chen et al. 2022).
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Figure 14: Dorsal view of the human developing mesencephalon and rhombencephalon.
In an 8-week embryo (left) and 4-month embryo (right); roof of the 4t ventricle removed for visibility.
Adapted from (Sadler 2019).
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Concerning hemispheric differentiation, much remains to be unveiled, but it is likely that
different PC lineages condition the formation of the cerebellar hemispheres. Additionally, recent
findings about the molecular regulation of the posterior transitory zone, a distinct progenitor zone
anterior to the RL, highlighted new genes involved in cerebellar fate mapping, such as Notch and Hes1
(hes family BHLH transcription factor 1). These may participate in the vermis/hemisphere specification
(Khouri-Farah et al. 2022). Finally, engrailed homeobox genes (En1/2) are also proposed as a class of

genes involved in medio-lateral axis differentiation (Cheng et al. 2010).

The most noticeable gross morphological feature of the cerebellum is its folded appearance.
This highly convoluted structure is the result of the segmentation into lobules that takes place in the
16th GW. The foliation process continues during development and is estimated to increase by a factor
of 30 between the 24th GW and birth (Figure 15). As a result, the cerebellar surface area increases
from 40 mm?to over 15,000 mm?, while cerebellar volume increases by a factor of 4 (Rakic and Sidman

1970; Volpe 2009).

A transverse fissure appears by GW 12 and separates the nodule and flocculi from the vermis
and hemispheres, respectively (Sadler 2019), while the primary fissure only appears in the 14" GW to
separate the anterior and posterior lobes of the cerebellum (Liu et al. 2011). The regional differences
in cerebellar fissure and folia formation are the result of precise genetic regulation, much of which
remains to be elucidated. However, En1/2 have been proven essential to the timing of primary and
secondary fissure formation (Orvis et al. 2012). Additionally, they have been identified as being crucial
to the differentiation of the vermis and hemisphere foliation patterns. Furthermore, in mice, En
differentiating activity continues beyond that of the Fgf8 isthmic organizer after embryonic day 14
making En an important class of genes that can be affected until late in cerebellar development (Cheng
et al. 2010). In fact, En1/En2 gene mutants present alterations in both fissure formation and EGL layer
thickness (Legué et al. 2016). Additionally, En mutant analysis shows that GCs are involved in forming
the characteristic cerebellar foliation, and that GCs are differentially regulated in different lobes,

notably by TIx3 (T cell leukemia homeobox 3), Gli1 (GLI family zinc finger 1), Otx2 (Legué et al. 2016).

Indeed, the foliation process is part of the developmental interplay between cells under the
surface. Thus, initiation of fissure formation is thought to be the result of a combination of cellular
changes involving GCs, but also PCs and Bergmann glia. Experiments relying on genetic inducible fate

mapping in mice revealed a major initiating event of foliation: the appearance of an “anchoring
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center”, a cytologically distinct area that will become the root of each cerebellar fissure (Figure 16).
These regions are characterized by an increase in proliferation in the EGL along with a slight
invagination of the PCL. Afterwards, GC precursors elongate along the plane of the growing fissure
and Bergmann glial fibers radiate towards its base. GC migration along Bergmann glial fibers then
propels the outgrowth of folia (Sudarov and Joyner 2007). Recent evidence also implicates the Hippo-
Yap/Taz (transcriptional coactivator YAP1 / tafazzin) pathway as part of the molecular basis of the

establishment of the radial glia scaffold (Hughes et al. 2020).

6»’”**%@

1M1GW 13GW 16GW 20GW 22GW 24 GW

Figure 15: Schematic representation of cerebellar development along the midsagittal plane in
humans from 11" gestational weeks (GW) to 7t" postnatal months (PNM).

The primary fissure separates the anterior lobe (blue) from the posterior lobe (green). Adapted from (Rakic and
Sidman 1970).
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The Wnt signaling pathway, which already intervenes in regionalization, also plays a critical
role in tissue organization via its downstream molecule B-catenin. Deletion of B-catenin in cerebellar
neuronal cells after E12.5 in mice alters the positions of where fissure formation occurs and led to
improper inclusion of the meninges into the folds (Wen et al. 2013). Likewise, genetic loss of the
serine-threonine Lkb1 (kinase Liver Kinase B1) in GC precursors increases cerebellar cortical size and
foliation. This is likely correlated with a delayed radial migration of GCs, regardless of changes in

proliferation or Hedgehog signaling (Ryan et al. 2017).

E16.5 E17.5 E18.5
Local increased proliferation leads Folding of the Convergence and
to accumulation of GC precursors cerebellar surface fanning out of BG

Elongation of GC

precursors at the —~ N
@ point of the fissure /

at the anchoring
point at the base of
the fissure

Folding of PCL Invagination of PCL

Figure 16: Representation of the changes occurring at the anchoring center of a folium in mice.
Left: E16.5. inward accumulation of GC precursors (blue) resulting from increased proliferation. Meanwhile the
PCL (pink) folds inward. Middle: E17.5. GC precursors elongate and align along the fissure, as the outer cerebellar
surface begins to fold inwards. Right: E18.5. Bergmann glia fibers near the anchoring centers converge on the
base of the fissure. Bergmann glia fibers in the anchoring centers fan out from a narrow anchoring point.
Meanwhile, Purkinje cells develop their budding dendritic tree and GCs begin migrating from EGL to IGL through
the expanding ML. BG: Bergmann glia. EGL: external granular layer; GC: granule cell; IGL: internal granular layer;
ML: molecular layer; PCL: Purkinje cell layer. Adapted from (Sudarov and Joyner 2007).

3. Cerebellar vascular development

Initially, the neural plate and the open neural tube are simply fed by diffusion from the
amniotic fluid, but, by the middle of the 3rd GW, nutrient diffusion is no longer sufficient to fulfill the
metabolic requirements of the developing embryo. Thus, two distinct mechanisms, vasculogenesis

and angiogenesis, begin to take over and oversee the formation of the vascular network.
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Vasculogenesis begins when the notochord triggers the formation of the first blood islands in
the mesoderm surrounding the wall of the yolk sac and later in the lateral plate mesoderm. To this
end, notochord secretes SHH (sonic hedgehog) which induces the surrounding mesenchyme to
express VEGF (vascular endothelial growth factor) (Sadler 2019). Subsequently, blood island cells
activated by FGF2 (fibroblast growth factor 2) form hemangioblasts. Under the influence of
mesoderm-secreted VEGF, hemangioblasts in the center of blood islands become hematopoietic stem
cells, while those at the periphery differentiate into angioblasts. These angioblasts proliferate and
VEGF prompts them to differentiate into endothelial cells that merge to form primitive blood vessels.
This process of vasculogenesis culminates with the establishment of a primary vascular plexus
including the heart, the dorsal aorta and the cardinal veins (Patan 2004; Sadler 2019). From these
initial vessels, another step of vasculogenesis forms the meninx primitive which surrounds the neural

tube (Raybaud 2010).

As the rostral portion of the neural tube expands into the three primary brain vesicles, the
meninx primitiva further evolves into the primordial choroid plexuses to better supply the neural
tissue (Raybaud 2010). This process begins with the budding of the perineural vascular plexus (PNVP)
from angioblasts recruited from the pre-somitic mesoderm (Figure 17, left), which later becomes the
meningeal vasculature. Then, between GW 5 and 7, the first blood vessels penetrate radially into the
neural tube, as the intraneural vascular plexus (INVP). Once it reaches the ventricular surface, it forms
the periventricular plexus (PVP). From this 2" plexus, numerous collaterals will eventually develop to

colonize the entire brain (Vogenstahl et al. 2022; Klostranec and Krings 2022).

The rest of the vasculature is added by angiogenesis which expands and remodels the primary
network starting in the 4" GW. This process is also mediated by VEGF and is comprised of two
mechanisms: endothelial sprouting and intussusceptive microvascular growth. In endothelial
sprouting, VEGF stimulates endothelial cell proliferation along the existing vessels on foci that will be
the root of new vessels. From these points, budding vessels sprout and grow. Alternatively,
intussusception starts with a buildup of intervascular tissue in the lumen of an existing vessel which
will thus be divided (Patan 2004). In the human cerebellum, the superior cerebellar artery begins to

appear above the rhombencephalon around day 32 in the human embryo (Figure 17, right). From day
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35to day 52, the basilar and vertebral arteries develop more intensely to give rise to the anteroinferior

and posteroinferior cerebellar arteries (Klostranec and Krings 2022).
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Figure 17: Vascular development in the human CNS.

Mechanisms of vascularization around the neural tube (left). Representation of the vascular system in a 32-day-
old embryo (right) with the main arteries (top) and veins (bottom). ACA: anterior cerebral artery; INVP:
intraneural vascular plexus; MCA: middle cerebral artery; PNVP: perineural vascular plexus; PVP: periventricular
plexus; SCA: superior cerebellar artery; SHH: sonic hedgehog; VEGF: vascular endothelial growth factor.
Inspired by (Mullan et al. 1996; Bertulli and Robert 2021; Vogenstahl et al. 2022).

Angiogenesis is a highly regulated and coordinated process whose molecular basis is still being
uncovered. Maturation and remodeling of vasculature into the definitive adult pattern are regulated
by several growth factors including PDGF (platelet-derived growth factor) and TGF-B (transforming
growth factor beta) (Sadler 2019). Some of the most well-known promoters of angiogenesis are VEGF
and its receptors Flk1 and Fltl (VEGF receptor 2 and 1), the EPH receptor A /EPH-B (ephrin) system,
and the Angiopoietin/Tie system (Patan 2004). In the CNS, VEGF acts through the receptor VEGFR2

particularly expressed in the endothelial cells of the PNVP (Raybaud 2010), and the coreceptor
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Neuropilinl. Downstream, VEGF expression induces the Notch pathway which will locally trigger: i)
expression of EphrinB2 to stimulate arterial development while suppressing venous cell fate; ii)
upregulation of the vein-specific EphB4; or jii) expression of PROX1 (prospero-related homeobox 1), a

transcription factor that appears to be oversee lymphatic vessel differentiation (Sadler 2019).

Additionally, the DIll4/Notch (delta like canonical notch ligand 4/ notch receptor) and
Slit2/Robo4 (slit guidance ligand 2/ roundabout guidance receptor 4) signaling pathways further
regulate the density of vessels within the neural parenchyma. Meanwhile, integrins help regulate
angiogenesis by maintaining endothelial cell-neuroepithelium communication. Wnt7a/b also appear
to be critical in the regulation of neuroepithelial angiogenesis (Mancuso et al. 2008). There is also
increasing evidence that the Hippo-YAP/TAZ pathway is involved in regulating endothelial cell
proliferation, migration, and survival. Moreover, signaling cascades that regulates angiogenesis also
activate YAP/TAZ to control vascular sprouting, barrier formation, and remodeling (Boopathy and
Hong 2019). Blood vessels then undergo maturation, remodeling, and pruning, concomitantly with the
recruitment of vascular smooth muscle cells thanks to the PdgfB/PdgfrB and TGF-B pathways
(Mancuso et al. 2008).

Finally, the Angiopoietin/Tie2 pathway is critical for CNS angiogenesis. Indeed, deficient mice
present immature vessels lacking branching (Raybaud 2010). Interestingly, this parallels the dendrite
branching deficits seen in Tie2-deficient mice (Luck et al. 2021). Moreover, it has been shown that the
tips of developing blood vessels respond to guidance molecules such as Slit/Robo and Semaphorin3E-
PlexinD1, also involved in neuronal differentiation (Eichmann et al. 2005). Together, this highlights the

parallel between neurogenic and angiogenic pathways and how these might be interconnected.

4. Cell differentiation

In the 6" GW, neuronal differentiation begins with the emergence of the GABAergic and
glutamatergic neuronal precursors (Sadler 2019). Shortly after, the different progenitor lineages begin
their migration from the VZ and RL, respectively (Figure 13). Their migration is facilitated by
extracellular matrix molecules such as integrins which are sensed by the primary cilia and integrin
receptors on the transiting cells (Pittman and Solecki 2023). Migrating cells eventually form the four
layers of the immature cerebellar cortex: the external granular layer (EGL), the Purkinje cell layer (PCL),
the molecular layer (ML), and the internal granular layer (IGL). As the cerebellum matures, the EGL

thins and progressively disappears (Lowenstein et al. 2022).
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Purkinje cell precursors arise from the superior VZ during the 9" GW and migrate through the
white matter along the radial glia to their final location in the PCL. Notably, three stages of PC
maturation have been identified consistently across species. In humans, the first stage spans from the
12" to 16" GW; the second stage occurs during GWs 16 to 28; and the third stage continues well into
the first postnatal year. In the first stage, PCs are smooth, bipolar, and distributed in a stratified layer.
They then gradually organize in the second stage as a monolayer in the PCL by the end of the 28" GW.
Meanwhile, PCs acquire dendritic processes and numerous somatic spines which are where the first
synapses appear between GW 18 and 24 (Zecevic and Rakic 1976). The third stage is mostly dedicated
to the differentiation process characterized by the formation and ramification of a large dendritic tree,
which is covered with dendritic spines and whose development in the ML continues into the postnatal
period. PC dendritogenesis is promoted by GC-secreted trophic factors such as brain-derived
neurotrophic factor (BDNF), which binds to its receptor, tropomyosin receptor kinase B (TrkB), on PCs

and stimulates branching (Sadakata et al. 2007).

The radial migration of PCs is mediated by reelin, an extracellular matrix protein produced by
EGL granule cell precursors, and mice lacking this protein present a disorganized PCL (Yuasa et al.
1993). The retinoid-related orphan receptor alpha (RORa), highly expressed by PCs, also appears
essential in murine models as its mutation leads to PC degeneration and cerebellar atrophy (Hamilton
et al. 1996; Sotelo and Dusart 2009). Moreover, the total loss of RORa expression leads to cerebellar
defects including a marked decrease in PC survival (Boukhtouche et al. 2006). Concurrently to PCs,
glial cells develop, and since they are essential to PC migration, loss of FGF9 or reelin in mice was
shown to affect both Bergmann glia’s scaffold formation, as well as the survival and development of

PCs and GCs (Yuasa et al. 1993; Guo et al. 2020).

Mature GCs are also potent inducers of PC differentiation and PC dendritogenesis was found
to be related to GC survival and density. Indeed, MFs activate NMDA receptors expressed by GCs
resulting in the activation of the BDNF-TrkB signaling pathway and promotes GC survival. In turn, this
increases GC-PC synapses triggering Ca** accumulation in PCs, which has been demonstrated to
promote dendritic branching (Hirai and Launey 2000). Each dendritic arbor flattens in the plane
transverse to its cerebellar folium and forms an orthogonal network in relation to GC axons. This
consistent phenotype has been reproduced in vitro which allowed to characterize the cytoskeletal
components involved. Thus, it has been demonstrated that Blll-spectrin, a protein involved in type 5
spinocerebellar ataxia, is required for the growth of dendrites, and its deficiency causes cytoskeletal

disorganization, resulting in abnormal branching (Fujishima et al. 2020). In the same way, triple
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knockdown of Ca?*/calmodulin-dependent protein kinases (CaMKlla, I and 1V) inhibited PC
branching (Horie et al. 2021) and, Wnt5a mutants also displayed phenotypically altered PCs with a
shortened and less ramified dendritic arbor (Subashini et al. 2017). However, it is admittedly only part

of a complex regulatory network, of which other components have yet to be identified.

Concomitantly, PC precursors establish somatic connections with climbing fibers. The
refinement of CF-PC innervation has been well characterized in mice. It begins at PO with the “creeper”
stage, where CFs form transient synapses on immature PC dendrites (Chedotal and Sotelo 1993). Then,
at P5, CFs densely surround and innervate PC somata during the “perisomatic nest” phase. Afterwards,
at P9, CF innervation progressively moves to the apical portion of PC somata during the “capuchon”
stage, and finally translocates to PC dendrites at P12 in the “dendritic” stage (Watanabe and Kano
2011). At birth, CFs from several inferior olivary neurons innervate each PC, while, in the mature
cerebellum, each PC is innervated by a single CF (Crepel et al. 1976). This one-to-one relationship is
achieved by the elimination of supernumerary CFs, which occurs in two phases. The early phase (from
P7 to P11 in mice) relies on the strengthening of single CF inputs via voltage-dependent Ca?* channels
(Hashimoto and Kano 2003). The late phase (from P12 to P17) is mediated by a signaling cascade in
PCs initiated at PF-PC synapses, which relies on the GIuR82-cerebellinl-neurexin system (Miyazaki et
al. 2010; Watanabe and Kano 2011). Moreover, the elimination of excess CFs is activity-dependent
and it has been shown that altered neuronal activity in either the inferior olive or PCs will result in
abnormal multi-innervation of PCs by CFs (Andjus et al. 2003; Lorenzetto et al. 2009). As cerebellar
lobules form postnatally, PC clusters disperse longitudinally into adult stripes and are followed by their

CF terminals until they reach their final position in the PCL (Rubenstein 2020).

GC precursors appear in the superior RL from the 9" GW onwards and migrate tangentially to
the surface of the cerebellum to form the EGL, guided by attractive chemokines such as stromal cell-
derived factor 1 alpha (SDF-1a) produced by pial cells (Rahimi-Balaei et al. 2015). Once in the EGL, GC
precursors proliferate, induced notably by PC-secreted SHH which can initiate the cell cycle in mice
and in humans (Wallace 1999; Sadler 2019; Jiao et al. 2021). Indeed, this proliferation relies on
complex regulations downstream of SHH and N-myc that prevent cells from differentiating and
promote the activation of cyclins to maintain the cell cycle (Knoepfler et al. 2002; Jiao et al. 2021).
Additionally, SHH activity is enhanced by B1-integrin expression from GC precursors which maintain
contact with the meningeal basement membrane and recruits the laminin—SHH complex (Blaess

2004). However, due to the importance of this process, it is likely that there is a functional redundancy
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of several pathways to maintain GC precursors in a proliferative state. Indeed, f1-integrin expression
in GCs does not seem to be essential for proliferation and is compensated (Frick et al. 2012).
Interestingly, this redundancy is not present further downstream as cyclin Al expression cannot
compensate for the loss of cyclin A2 which results in severe cerebellar hypoplasia, decreased

proliferation of GC progenitors and PC abnormalities (Otero et al. 2014).

After their last mitotic division, GCs undergo a transient latency in the EGL during 20 to 48
hours (Marzban et al. 2015). GCs then initiate their differentiation process by becoming bipolar and
emitting two axonal expansions parallel to the cortical surface (Komuro et al. 2001). The ensuing
tangential migration of post-mitotic GCs is regulated by several molecules whose functions are not yet
completely understood. Among those identified, extracellular somatostatin facilitates granule cell
movement near their EGL original position (Yacubova and Komuro 2002). Additionally, GCs secrete
FGF9 to control the formation of the Bergmann fiber scaffold, which in turn, guides their own inward
migration (Lin et al. 2009). This migration towards the ML s, at least in part, enabled by the astrotactin

family of molecules (Wilson et al. 2010).

During GC migration, the EGL can temporarily be segmented into two regions, an outer zone
of proliferation (0EGL), and an inner layer that the cells join before beginning their radial migration
(iEGL). These two layers are populated by GCs at distinct maturation stages and expressing different
markers. In fact, CRMP2 (collapsin response mediator protein 2) is highly expressed in the oEGL where
GCs undergo proliferation (Ricard et al. 2001). In contrast, RAX (retina and anterior neural fold
homeobox protein) is increased in the cerebellum from P4 to P9, when the GCs mainly migrate from
the EGL to the IGL (Yong et al. 2015). Additionally, the Liver Kinase B1 (Lkb1) is a Hedgehog-
independent migration expressed throughout the EGL, whose mutation delays radial migration of GCs
(Ryan et al. 2017). Meanwhile, GC lateral extensions continue to expand, and radial migration velocity

decreases.

As GCs come out of the EGL, a third orthogonal extension with a growth cone emerges and
penetrates into the ML (Komuro et al. 2001). Within the ML, this neuronal extension wraps around
Bergmann glial fibers and the GCs shift from tangential to radial migration. The GC soma can then
move by translocation along this new axis aided by a BDNF gradient towards the IGL and D-serine
released by Bergmann glia (Schell et al. 1997; Borghesani et al. 2002). Upon approaching PCs, GCs
pause their migration as they get separated from the glia, regain their characteristic round shape, and
complete their movement by crossing the PCL. Thus they form the IGL following contact with the
underlying WM (Komuro et al. 2001) and continue their differentiation with the emission of dendrites

that connect to mossy fibers already present in the cerebellum since the 16" GW, and the elongation
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of the horizontal extensions within the ML forms the parallel fibers (Altman 1972; Kilpatrick et al.
2012; Rubenstein 2020). GC differentiation is facilitated by different molecules including NeuroD1 and
Notch signaling (Pan et al. 2009; Adachi et al. 2021).

Postnatal cerebellar maturation is also characterized by a reduced growth rate due, in part, to
selective GC apoptosis eliminating non-functional mature cells from the IGL and supernumerary pre-
migratory EGL cells. There is evidence for an intervention of caspase-3 in the regulation of
physiological neuronal death of post-mitotic GCs which did not establish proper synaptic connections.
However, it seems that cell death at the precursor/pre-migratory stage of GC differentiation is
caspase-3-independent (Lossi et al. 2018). The main contribution to this selection is most likely related
to the high expression Bcl-X, a member of the Bcl-2 family of proteins, activating the intrinsic apoptotic
pathway (Sohma et al. 1996). The presence of the cell death receptor Fas on GC also suggests a
potential involvement of the extrinsic pathway of apoptosis upon binding of the PC-secreted Fas ligand
(Nat et al. 2001; Allais et al. 2010). Thereafter, the EGL gradually thins over several months in humans,

to eventually disappear, while the IGL progressively thickens into the definitive GL.

The mechanisms related to the emergence and development of interneurons are not as well
studied as other cerebellar neurons. The inhibitory interneurons of the cerebellum arise from Pax-2
precursors of the VZ and migrate long distances through stereotyped migration patterns toward
specific laminar positions. DCN interneurons initiate this process, followed by the interneurons of the
GL (namely, Golgi and Lugaro cells) and finally those of the ML (basket and stellate cells). Interestingly,
genetic inducible fate mapping with an Ascll allele marks all VZ derivatives, but each cell type has a
unique temporal profile. Thus, a timeline of origin can be inferred for each cell type. In fact, the later
an interneuron expresses Ascll, the further it will migrate towards the cortical surface. Therefore, it

was concluded that candelabrum cells seem to arise from the VZ between basket and stellate cells.

Additionally, in mice, Ptfla expression in the VZ functions with Ascll in generating
interneurons (Sudarov et al. 2011). Thus, Golgi and Lugaro are generated from the Ptfla domain of
the VZ after PCs, which are produced at E11.5. They migrate through the WM where they undergo
“transit amplification” (i.e., continue to divide), their last mitosis occurring between E13.5 and P4.
They then reach the IGL where they begin differentiation (Leto et al. 2016). Basket interneurons arise
during their journey in the white matter by transit amplification between P3 and P9, while stellate

cells are generated between P5 and P12 (Sudarov et al. 2011). Basket and stellate cell progenitor
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migration were found to follow four phases in an organotypic slice model: i) rostro-caudal tangential
migration along the ML surface, ii) orientation change from horizontal to vertical, iii) radial migration
toward the PCL layer, and, finally, iv) a second tangential migration in the ML (Cameron et al. 2009).
However, it has been shown that stellate, but not basket, cells require an extra step of tangential

migration along the iEGL which is facilitated by GCs (Cadilhac et al. 2021).

Meanwhile, UBCs, like GCs, originate from Atoh1-positive precursors in the CRL between E14.5
and the first postnatal days (Sekerkova et al. 2004). UBCs express the transcription factor Tbr2 and

complete their migration from the EGL to the GL between PO to P10 (Englund 2006).

Concerning differentiation, it appears that GCs contribute to interneuron dendritogenesis via
BDNF production (Mertz et al. 2000). Moreover, PCs also play a primary role in interneuron
proliferation via SHH release (De Luca et al. 2015). PCs also secrete neurofascin and semaphorin that
guide the axonal extensions of interneurons and facilitate the formation of synaptic contacts (Ciani et

al. 2002; Ango et al. 2004).

DCN neurons develop in parallel to neurons of the cerebellar cortex and are formed on days
E10 to E14 (Marti-Clua 2022). These cells and their origin are also traceable via the same molecules as

those of the cortex and may be inhibitory or excitatory.

Excitatory DCN neurons are produced in the CRL from Atohl-positive precursors, also
expressing Pbx3 (Pre-B-Cell Leukemia Homeobox 3), Sox4 (SRY-box transcription factor 4) and
Neurod6 (neuronal differentiation) (Carter et al. 2018). They migrate rostrally in the subpial layer
(future EGL) to the “nuclear transitory zone” (future DCNs) in the cerebellar WM and express

transcription factors Pax6, Tbr2, and Tbrl sequentially as they approach their destination (Fink 2006).

Inhibitory GABAergic neurons of the DCNs include nucleo-olivary projecting neurons as well
as local inhibitory interneurons. The latter derive from a common pool of inhibitory interneuron
progenitors of the VZ along with those of the ML and GL (Leto et al. 2006). They have been shown to
emerge at E11 (Sudarov et al. 2011). The expression of the transcription factor Gsx1 in VZ progenitors
seems to be responsible for shifting cell fate away from PC differentiation and towards inhibitory
interneurons (Lowenstein et al. 2022). While less is known about projecting neurons, VZ progenitors
begin expressing Iroquois Homeobox 3 (Irx3) and Myeloid Ecotropic Viral Integration Site 1 Homolog

2 (Meis2) at E10, which coincides with a proliferation phase. Then, the expression of LIM Homeobox
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2/9 (Lhx2/9) starts at E10.25 when the first wave of postmitotic progenitors separates from the
underlying VZ. These Irx3/Meis2/Lhx2/9+ cells then migrate and aggregate to form the future DCNs,

where they are later joined by their excitatory counterparts (Morales and Hatten 2006).

Astrocytes arise from the VZ from E17 to birth, after neuronal cell types have already been
generated (Altman and Bayer 1997). Indeed, neurochemical and fate mapping analysis of glia

confirmed that cerebellar astrocytes originate in the VZ (Mori et al. 2006; Sudarov et al. 2011).

In contrast to other precursors, cerebellar oligodendrocytes do not arise from the VZ or CRL,
but instead from the Olig2-expressing neuroepithelium in the ventral rhombomere 1. Their generation
and subsequent differentiation is mediated in part by Sox9 (Hashimoto et al. 2016). In vitro,
oligodendrocyte differentiation also depends on diffusing factors which are proportional to the
number of PCs in the medium. Among these factors, SHH was shown to stimulate the proliferation of
oligodendrocyte precursor cells while inhibiting their differentiation (much like it acts on GCs). In
contrast, developmentally regulated vitronectin secretion by PCs stimulates oligodendrocyte

differentiation (Bouslama-Oueghlani et al. 2012).

Finally, Bergmann precursors originate in the VZ and extend processes to the pia mater. Then
they progressively retract so as to relocate their cell bodies toward the cerebellar cortex (Yuasa 1996).
Bergmann glial somata migrate away from the VZ just after PCs, from E14 to P7. Indeed, current
findings show that Bergman cell differentiation parallels that of neighboring PCs (Yamada and
Watanabe 2002). They ultimately are guided by the Notch signaling pathway to arrange in an
epithelium-like monolayer in the PCL (Komine et al. 2007). Their soma surrounds PCs and they extend
three to six Bergmann fibers around the PCs’ dendritic trees (Buffo and Rossi 2013). Moreover,
Bergmann cells, via their role in the anchoring centers, are crucial to the establishment of the
cerebellum’s characteristic foliation and connectivity, and therefore to its function (Sudarov and

Joyner 2007).
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3. FUNCTIONS

1. Overview

The first functions attributed to the cerebellum based on case reports were related to balance
and posture (Jackson 1841). Motor functions of the cerebellum were also described based on
numerous animal experimentations and these findings were later confirmed in humans through
clinical studies (Thomas 1898). However, a point that was raised by scientists was that, due to the
length of nerve fibers in animals, feedback based on sensory signals would be delayed and result in
unstable movements. Thus, biological motor control should be equipped with a compensation
mechanism for this sensory delay to enable fast and stable movement. One mechanism proposed by
computational neuroscience is to process a future state of the body based on a current estimate of
the body and an efferent signal of motor control. This predictive computation internally models an
actual movement of the body by essentially predicting body motion forward in time, thus constituting
an internal forward model (Wolpert et al. 1998; McNamee and Wolpert 2019). The cerebellum was
then quickly identified as the center of movement control through the processing of both sensory and

motor data.

The involvement of the cerebellum in non-motor functions was only suspected in 1985 by
Botez et al. (Botez et al. 1985). This relatively late discovery stems from the fact that the first and most
important symptoms observed in case of cerebellar lesions or pathologies are motor in nature and
may mask other deficits. Moreover, this structure being highly organized, a localized damage leads to
specific deficits, making its overall function difficult to understand. Nevertheless, over the last 3
decades, the involvement of the cerebellum in several cognitive functions has been proved and its

importance in non-motor functions is at the forefront of current research.

2. Motor functions

The spinocerebellum, named thusly because it mostly receives spinal afferences, groups
functionally the vermis and paravermis cerebellar subdivisions (Vuillier et al. 2011). It processes
extensive sensorimotor input from somatosensory receptors conveying information about touch,

pressure, and proprioception, thus making it a major component in the orchestration of movement.
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Spinocerebellar afferences arise from several regions in the spinal cord and the brainstem and
may be conveyed via: i) direct pathways that originate from interneurons in the GM of the spinal cord
or ii) indirect pathways from the spinal cord that first relay on neurons in one of the precerebellar
nuclei of the brainstem reticular formation (Nieuwenhuys et al. 2008). The main spinocerebellar inputs
enter the vermis either via the cuneocerebellar and spinocerebellar tracts (Figure 18), or from the
reticular substance via the reticulocerebellar tracts (Oscarsson 1965). Afferents for the hind limbs and
lower trunk come mainly from the dorsal spinocerebellar tract and the ventral spinocerebellar tract.
The cuneocerebellar and rostral spinocerebellar tracts are the upper extremity counterparts of the

dorsal and the ventral spinocerebellar tracts, respectively (Lance and McLeod 1981).

Both pairs of tracts carry proprioceptive and cutaneous sensory information from the lower
and upper parts of the body, but they are functionally different. The dorsal spinocerebellar and
cuneocerebellar tracts carry information from neuromuscular spindles, tendon organs and joint
receptors to provide proprioceptive feedback from a single muscle or synergistic muscle group. In
contrast, the ventral and rostral spinocerebellar tracts transmit a signal from larger fields and different
segments of the limbs which provides information about movement commands assembled at the
spinal cord during active motion (Nieuwenhuys et al. 2008; Standring 2016). The cerebellum compares
both the narrow and broad fields of inputs to potentially adjust motor commands to achieve the

desired movement (Kandel 2013).

The dorsal and rostral spinocerebellar tracts enter the cerebellum through the inferior
cerebellar peduncle to reach the ipsilateral spinocerebellum. They are joined by the cuneocerebellar
tract after its relay in the cuneate nuclei of the medulla oblongata. Meanwhile, the ventral tract
decussates twice before entering the ipsilateral cerebellum through the superior peduncle (Standring
2016). These tracts all end as MFs in the cerebellum. Individual MFs are characterized by distributing
bilaterally in the cerebellum and they give off collaterals that terminate in longitudinal MF rosettes.
Exteroceptive fibers terminate superficially near the apex of the folia, while proprioceptive terminate

near the base (Ekerot and Larson 1972).
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Figure 18: Schematic representation of spinocerebellar pathways in humans.

CCT: cuneocerebellar tract; DSCT: dorsal spinocerebellar tract; OST: olivospinal tract; RSCT: rostral
spinocerebellar tract; RST: rubrospinal tract; VSCT: ventral spinocerebellar tract; VST: vestibulospinal tract.
Afferences are depicted in shades of green and efferences in shades of blue. Arrows indicate the direction of the
signal propagation.
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Spinocerebellar efferences arise from PCs that, being the main integration center, forward this
signal and project somatotopically to DCNs which control descending motor pathways. Vermal PCs of
the anterior and posterior cerebellar lobes send axons to the fastigial nucleus which then projects
bilaterally to the vestibular, the red and the olivary nuclei. Finally the signal proceeds to the spinal
cord via the vestibulo, rubro, and olivospinal tracts respectively (Figure 18) (Vuillier et al. 2011).
Additionally, the fastigial nucleus sends axons to the paramedian reticular formation, which in relays
to the cranial nerve nuclei overseeing eye movements (Zhang et al. 2016). Meanwhile, PCs from the
paravermis project to the interposed nuclei. From there, some axons exit through the superior
cerebellar peduncle and decussate to terminate in the magnocellular portion of the red nucleus. Axons
emerging from the red nucleus decussate once again and reach the spinal cord via the rubrospinal
tract. Exiting axons from the interposed nucleus can also travel to the ventrolateral nucleus of the
thalamus, from which neurons project to the primary motor cortex (Figure 18) (Nieuwenhuys et al.

2008; Kandel 2013).

The input relayed to the cerebellum about the dynamic state of the organism in relation to its
environment enables the spinocerebellum to control posture (Ouchi et al. 1999). This processing is
also critical to compare planned versus executed movement in order to modulate it in real time (Tracy
et al. 2001). Thus, a spinocerebellar lesion leads to postural hypotonia and dysmetria (Hore et al. 1991;
Falcon et al. 2016). Since cerebellar outputs cross the midline twice prior to reaching the spinal cord,
cerebellar symptoms are ipsilateral to the lesion (Kandel 2013). Moreover, since the vermis is involved
in the control of saccades and smooth-pursuit eye movements through PC in lobules V, VI, and VII,

lesions of these areas cause deficits in the accuracy of eye movements (Kandel 2013).

The corticocerebellum is the most recent component of the cerebellum phylogenetically and
is formed by the cerebellar hemispheres. It receives input solely from the cerebral cortex and is

primarily concerned with motor control (Kandel 2013).

Corticocerebellar afferences arise from the cortex where the information about the
programmed movement is generated. It is transmitted through the corticopontocerebellar tract which
has a somatotopic distribution and begins in cerebral areas involved in the planning of movements as
well as the overall goal of an action. Then, pontocerebellar fibers relay at the level of the pontine
nuclei, and travel through the middle cerebellar peduncle to finally terminate within the contralateral

cerebellar hemisphere (Figure 19) (Ramnani 2006).
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Figure 19: Schematic representation of corticocerebellar pathways in humans.

CPCT: corticopontocereballar tract; CRST: corticoreticulospinal tract; GMT: Guillain-Mollaret triangle.
Afferences are depicted in shades of green and efferences in shades of blue. Arrows indicate the direction of the
signal propagation.
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Corticocerebellar efferences start with the PCs of the hemispheres that integrate the signal
and project to the underlying dentate nucleus (Figure 19). Dentate axons then exit the cerebellum
through the superior cerebellar peduncle and follow one of two pathways: i) to the contralateral
ventrolateral thalamus and then project to the premotor and primary motor cortex; or ii) to the
parvocellular area of the contralateral red nucleus, whose neurons project to the inferior olivary
nucleus. In turn, olivary neurons projects to the contralateral cerebellum as CFs forming a recurrent
loop (Asanuma et al. 1983; Kandel 2013; Tacyildiz et al. 2021). The first pathway corresponds to the
corticoreticulospinal tract in charge of regulating global voluntary movement while the second is
referred to as the Guillain-Mollaret triangle and acts on the muscles of the face, the pharynx and the

diaphragm (Figure 19) (Murdoch et al. 2016).

Through these two pathways, the corticocerebellum modulates the action of the motor cortex
by regulating voluntary movements. It improves motor precision and plans complex movements by
overseeing the corrections made by the spinocerebellum. It is also involved in motor learning
processes. Therefore, a lesion in this region induces movement execution disorders with a loss of
temporo-spatial organization (Ishikawa et al. 2014). Patients present delays in initiating movements
and irregularities in the timing of movement components. The initiation of movement can also be
delayed experimentally by inactivating the dentate nucleus (Kandel 2013). In fact, deep brain
stimulation of the dentate nucleus could be a treatment option for patients presenting dystonia or

dyskinesia (Nicholson et al. 2020).

The vestibulocerebellum is composed solely of the flocculonodular lobe and regulates balance
and eye movements. This region’s function is closely related to the vestibular nuclei of the brainstem

who possess a role similar to that of DCNs (Figure 20).

The nodulus portion of this lobe receives vestibular afferences from the otolith organs within
the semicircular canals of the inner ear, which sense the head’s motion and relative position (Figure
20). This information travels via the ipsilateral vestibular nerve and is the only primary MF input to
reach the cerebellum (Vuillier et al. 2011; Kandel 2013). Input from the inner ear also arrives via
secondary cholinergic MFs that transit through the vestibular nuclei and reach the cerebellum
bilaterally, or via tertiary vestibular afferents that pass through the contralateral inferior olivary
nucleus and reach the cerebellum as CFs (Kaufman et al. 1996; Barmack 2003; Vuillier et al. 2011).

Meanwhile, the flocculi portion of the vestibulocerebellum receives visual afferences from: i) pretectal
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nuclei that lie deep in the midbrain beneath the superior colliculus, ii) from the primary and secondary
visual cortex via the pontine and pretectal nuclei, and iii) the retina whose output transits through the

inferior olivary nucleus and emerges as CFs that reach the cerebellum (Kandel 2013; Wylie et al. 2018).

A unique feature of vestibulocerebellar efferences is that they bypass the DCNs to directly
reach the vestibular nuclei in the brainstem (Figure 20). The vestibular nuclei include four major nuclei:
medial, descending, superior and lateral (Barmack 2003). The nodulus chiefly controls axial
musculature via a relay in the lateral vestibular nucleus and the extrapyramidal pathway (Vuillier et
al. 2011; Kandel 2013). The lateral vestibulospinal tract is organized topographically as it emerges from
the lateral vestibular nucleus and remains so until it reaches the ventral horn of the spinal cord where
it relays information onto motor neurons (Vuillier et al. 2011). Fibers from the dorsocaudal portion of
the vestibulospinal tract are destined to the lumbosacral region while rostroventral fibers eventually
reach the cervical spinal cord (Brodal 1981; Barmack 2003). Thus, the vestibulocerebellum conveys a
vestibular set of coordinates to enable the adaptive guidance of movement by postural adjustment
(Barmack 2003), and influences muscle tone and postural balance by controlling the motor neurons

responsible for the postural muscles in charge of maintaining balance (Horak et al. 2002).

The vestibulocerebellum has also acquired vision-related functions in more recent phylogeny.
As such, it is involved in the control of eye movements and in the eye-head movement coordination
(Giolli et al. 1988; Bankoul and Neuhuber 1990) via the flocculi and the medial vestibular nucleus. The
medial vestibulospinal tract relays signals from the flocculi to the oculomotor and accessory nerve
nuclei, as well as the cervical muscles, thus mediating the vestibulo-ocular reflex that allows gaze
stabilization during rapid head movements. Dynamic adaptation of this reflex to the environment
relies on the integrity of the flocculus, and, a common sign following its lesions is a defect in smooth
eye movement toward the side of the lesion (Broussard et al. 2011; Kandel 2013). As a whole, a lesion
to the vestibulocerebellum leads to vestibulo-cerebellar ataxia which presents as the combination of
balance impairment with a loss of vertical posture, walking disorders, and nystagmus (Kaufman et al.

1996; Kandel 2013).
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Figure 20: Schematic representation of the main vestibulocerebellar pathways in humans.
Afferences are depicted in shades of green and efferences in shades of blue. Arrows indicate the direction of the
signal propagation.
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3. Non-motor functions

The paradigm concerning cerebellar functions has shifted in the past few decades in light of
new evidence, since several studies have found that the cerebellum is involved in higher cognitive
functions. One fundamental element in this change was the characterization of the cerebellar
cognitive affective syndrome (CCAS) or Schmahmann's syndrome in 1998 in which patients exhibit
deficits in executive function, linguistic processing, spatial cognition and affect regulation
(Schmahmann 1998). It was later evidenced that the cerebellum exchanges information with the
prefrontal cortex (Middleton 2000). Moreover, the anterior and posterior lobes of the cerebellum
involved in this interaction have displayed an increase in volume in the course of evolution (Balsters

et al. 2010), thus supporting the notion of a cognitive cerebellar function in humans.

The concept of space-time representation in the brain was redefined in 1982 by Pellionisz and
Llinas using tensor network theory. This premise provides a mathematical model of the transformation
of sensory space-time coordinates into motor coordinates and vice versa by cerebellar neuronal
networks. The authors state the following: “(a) In order to deal with the external world, the brain
embeds the external space-time continuum into a high dimensional internal space. External space-
time events are represented within the CNS in overcomplete, inherently oblique, reference frames
where space and time information are detected as a continuum over each coordinate axis. (b) The
central nervous system may be seen as imposing a geometry on this internal hyperspace in such
manner that neuronal networks transform inputs in a metric tensor-like manner. (c) In order to
coordinate movements, the cerebellum acts as a predictive motor space-time metric which allows the
establishment of coincidences of goal-directed movements of limbs in space-time with external

targets (Pellionisz and Llinas 1982)”.

Beyond these theoretical notions, recent findings support the idea that the cerebellum is
critical for spatial orientation, especially due to its involvement in vestibular processing (MacNeilage
and Glasauer 2018). Additionally, by analyzing the Human Connectome Project retinotopy dataset,
van Es et al. were able to build a visuospatial organization map of the cerebellum. They thus
demonstrated its importance in processing visuospatial information which is linked to a retinotopic

organization of the cerebellum (van Es et al. 2019).

58



INTRODUCTION

a. Space

Various clinical studies have shown that cerebellar lesions can be the cause of an alteration in
visuospatial capacities, suggesting a cerebellar involvement in the mental manipulation and rotation
of items in space. Yet the underpinnings of multisensory integration are not completely elucidated
(Molinari et al. 2004). However, whole-brain neuroimaging while stimulating visual and vestibular
senses allowed for the characterization of a self-motion network. The areas most notably involved
were the cingulate sulcus, the cerebellar uvula (vermian lobule 1X), and the temporo-parietal cortex.
It is postulated that feedback loops involved in updating visuo-spatial and vestibular information
between the cingulate sulcus and the uvula support this essential role in egomotion perception (i.e.
the three-dimensional motion of the body in an environment) via multisensory integration (Ruehl et
al. 2022). This concept is closely related to the feedback loops overseeing sense of agency (“experience
of initiating and controlling an action”) and sense of body ownership (“feeling of mineness toward
one’s own body parts”) (Braun et al. 2018). The causal role of the premotor cortex and the cerebellum
in agency and body ownership have been explored with the “moving rubber hand illusion” in which
participants moved their hidden hand while watching a rubber hand (Figure 21). The reported findings
suggest that the premotor cortex mainly oversees awareness of action whereas the cerebellum is
involved in proprioceptive adaptation and body positioning (Marotta et al. 2021). These functions

allow for an accurate feedback and control of one’s actions and position in space.

Experimenter

Figure 21: Depiction of the moving rubber hand illusion.

The participant’s hand is hidden from them, but the rubber hand is visible. The participant's index finger and
rubber index finger are connected via a rod (dashed line). Therefore, the rubber hand moves following the
participant’s actions. Alternatively, the rod can be moved by the experimenter, which moves the artificial hand's
index finger correspondingly. This can test sense of agency and sense of ownership, respectively.

Adapted from (Braun et al. 2018).
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Interestingly, the impairments observed in patients differ according to the location of the
cerebellar lesion, suggesting a likely lateralization of spatial functions. Indeed, left cerebellar lesions
affect mental object rotation test with only a few errors, whereas right cerebellar lesions lead to
numerous errors (Molinari et al. 2004). Another key player in visuospatial navigation and spatial
representations is the hippocampus which has been proposed to collaborate with the cerebellum in
visual perception. Indeed, fMRI experiments to explore the involvement of different brain structures
in processing three-dimensional visual input showed activation of the left superior parietal cortex
during perspective shifts (i.e., an egocentric change where the subject moves around a fixed
structure), and of the right anterior hippocampus in configuration-changes in space (i.e., an allocentric
change where the object is moved while the subject remains still). Interestingly, the cerebellum is able
to differentiate these inputs in what seems to be a hippocampal-coupled manner. These findings
highlight a cerebello-hippocampal interaction in the processing of, not only visuospatial navigation,

but also perception of changes in visuospatial information (Hauser et al. 2020).

It has also been established that the cerebellum plays a critical role in sensorimotor control in
space but, at this time, there is no definitive cure to movement disorders such as dysmetria, postural
instability, bradykinesia, axial stiffness, and involuntary appendicular movements. However, a
correlation has been established between visuo-vestibular discrepancy and symptom severity in
patients presenting movement disorders suggests that exploiting the visual function represents a
potential avenue for rehabilitation purposes. Indeed, testing of subjects by stimulating vestibular
(moving platform) or visual (immersive virtual reality goggles) movement sensing, show that these
two input processes likely involve different mechanisms (Beylergil et al. 2022), but are directly linked

with cerebellar motor functions.

Experiments in rodents have further evidenced that spatial learning is impaired following
cerebellar damage. To assess spatial skills, hemicerebellectomized rats were subjected to the Morris
pool test and showed difficulties in exploring the new environment, in the acquisition of exploration
strategies and in right/left discrimination (Petrosini 1998). A study combining imaging, behavior and
computational modelling, revealed that a widespread network revolving around the cerebral cortex
and basal ganglia is implicated during the exploration phase, whereas connectivity centered on
hippocampal and cerebellar activity oversees navigation. Moreover, it suggested a key role of the
cerebello-hippocampal circuit in translating egocentric spatial information into allocentric actions
(Babayan et al. 2019). It has been shown that cerebellar activity is involved in the maintenance of
hippocampal egocentric movement representation and, by using mice with a PC-specific mutation, it

was evidenced that potentiation of PCs contributes to stabilizing the hippocampal representation of
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a familiar environment in an allocentric reference and to supporting a goal-oriented movement (Lefort

et al. 2019).

b. Time

Concerning the temporal perception of events, time-processing tasks have been linked to both
prefrontal cortical and cerebellar functions, but the exact roles of each component in time perception
is not yet conclusive. Psychophysical experiments have been conducted to differentiate the
participation of the two structures in time perception by comparing patients with localized lesions.
The results indicate that the corticocerebellum is involved in a central timing mechanism and may
function as a pacemaker of the internal clock. Meanwhile, the prefrontal cortex is more likely in charge
of temporal representations related to working memory and task-oriented time representation. For
example, rats with prefrontal lesions expected their reward later than when it was provided during
training, indicating a distortion of reference memory. The coordinated action of these regions appears
to oversee a working memory system capable of discriminating timelapses extending from the
millisecond to multi-second range (Mangels et al. 1998). So, while the cerebellum has been implicated
in time perception in the subsecond range, it could also contribute more widely. Indeed, by analyzing
behavioral data in subjects with cerebellar lesions, a regional specialization was evidenced. Lesions in
the lateral superior hemispheres or the dentate nuclei resulted in increased impairment in time
perception compared to lesions of other cerebellar regions. Likewise, there is a lateralization and
patients with damage to the left cerebellum differed from control subjects more than those with
damage to the right. Thus, it seems that damage to the middle-to-superior lobules or left hemisphere
mostly alters suprasecond-range timing, most likely due to connections with the dorsolateral

prefrontal cortex (Gooch et al. 2010).

The role of the prefrontal cortex and cerebellum can also be distinguished in terms of
sensitivity to time perception. This is underlined when testing patients on temporal and nontemporal
tasks with varying attentional loads. Participants were exposed to auditory stimuli and asked about
their frequency and duration. Patients with frontal lobe lesions had significant impairments for both
aspects whereas cerebellar patients struggled solely with the duration assessment. This support a
stronger dependence on the attentional load for the frontal functions while the cerebellum seems to
be specifically implicated in timing (Casini and Ivry 1999). Likewise, by testing patients with and
without attentional cues on time-related discrimination tasks, it became apparent that the cerebellum
is crucial in the process of proactive attentional modulation of perceptual sensitivity in time. Indeed,
subjects with a cerebellar lesion lost the ability to discern temporal patterns among a series of stimuli

(Breska and Ivry 2021). On the other hand, it has been shown that patients with damage involving the
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middle to superior cerebellar lobules presented impairments in time reproduction (maintaining a beat
after cessation of the auditory stimulus) but not perception (ranking the duration between two sound
stimuli). In turn, this was correlated with decreased working memory. The cerebellum was not found
to be responsible for timekeeping operations but it was postulated that timing movement deficits may
be related to a disruption in acquiring sensory and cognitive information germane to the task, along

with an impairment in the motor output (Harrington 2003).

Therefore, the cerebellum appears to be an internal temporal evaluation system, overseeing
the processing of temporally organized events and charged with the interpretation of spatiotemporal
relationships between several stimuli. Further proof of the cerebellum’s involvement in time-related
functions appeared with the emergence of some neuroprosthetics. These are technologies that could
eventually replace deficient modules in the brain and be included in the management of certain
pathologies. One such device is the network-on-chip hardware architecture which effectively mimics
a bio-realistic cerebellum of approximately 100,000 neurons. The simulation results confirm that this
system reproduces cerebellar passage of time accurately. Additionally, this system has a stable
computational speed even if the neuron number increases, which highlights the potential clinical

applications of a silicon cerebellum (J. Luo et al. 2016).

This ability of the cerebellum to keep time may rely on cellular mechanisms. Just over half a
century ago Bell and Grimm were the first to succeed in a simultaneous recording from multiple PCs,
revealing that these neurons can fire in synchrony with a precision of the millisecond order (Bell and
Grimm 1969). This was shown to be accurate for both complex spikes modulated by CF and simple
spikes modulated by the MF-PF system. However, these modulating systems tend to oscillate and the
basis for PC synchronicity has remained elusive while seeming to be essential in the coordination of
motor behavior (De Zeeuw and Romano 2022). Indeed, by analyzing PC discharge in the oculomotor
vermis in a simian model, researchers were able to show that the cerebellum can anticipate eye
motion in real-time by coordinating inputs from PC synapses on DCN neurons (Herzfeld et al. 2015).
According to the aforementioned theory by Llinds, the cerebellum acts as a controlling center that
uses the inferior olive’s rhythmic activity to synchronize PC populations for the fine-tuning of
coordination (Llinds 2009). On the other hand, the Ito-Marr-Albus theory views the cerebellum as a
learning computing center that heuristically refines PCs’ signals based on error report stimuli from the
inferior olivary nucleus (I1tdo 1984). Regardless, PCs seem to be the space-time integration node of the

cerebellum which relies on their oscillation templates (Cheron et al. 2016).
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‘a. Overview

As a concept, “executive function” encompasses a skillset comprised of different abilities and
behaviors that are important for day-to-day life, by enabling the individual to learn and adapt to
change. The scientific community has attempted to establish a unified theory of executive function
and its components, but the terms coined to characterize its underlying aspects are still loosely
defined (Clark et al. 2021). A generally accepted approach includes three domains: i) Attentional
Shifting/Cognitive Flexibility, ii) Updating/Working Memory, and iii) Inhibition (Miyake et al. 2000;
Diamond 2013). In a broader sense, executive functions are characterized as a set of cognitive tasks
organized in such a way as to achieve a goal and the ability to constantly adjust them. They therefore
require the management and coordination of afferent feedback in order to modulate output and allow

the execution of simultaneous tasks (Logan 1985).

When thinking of executive function, the spotlight is usually on the prefrontal cortex, but given
the abundance of connections of the cortex with the cerebellum, the latter could also participate
(Middleton 2000). However, this cerebellar involvement remains controversial, and the evidence
remains inconsistent across studies. Indeed, some research has demonstrated the presence of
executive function impairment after cerebellar surgery where patients showed issues with abstract
thinking and problem solving (Mak et al. 2016). On the contrary, other works have shown that the
disorders that manifested acutely after the lesions were compensated in the long term (Schmahmann

1998; Neau et al. 2000), thus minimizing the role of the cerebellum.

Nonetheless, growing research on executive functions, behavior and clinical presentation,
points toward the notion that the cerebellum might play different roles during development.
Therefore, variables such as age and physio-pathological state should be taken into account when
assessing and studying cerebellar executive functioning (Molinari et al. 2018). Indeed, in teens, a larger
cerebellar GM volume was correlated with better executive function (Jung et al. 2019). Similarly, in
adolescents and young adults suffering from congenital heart disease, cerebellar volume was found
to be decreased and patients had poorer executive function. More specifically, there was a significant
correlation between executive performance and posterior cerebellum involvement, which suggests a
regional specialization (Semmel et al. 2018). Additionally, differences in connection strength and
localization were observed between sexes, which might indicate that the adolescent cerebellum has
a sex-dependent involvement in executive function (Jung et al. 2019). However, neuroimaging and
clinical data show that the importance of the cerebellum’s role in human executive functions shifts

from crucial in newborns to only supportive in adulthood (Beuriat et al. 2020; Beuriat et al. 2022).
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b. Language and speech

Cerebellar injury was found to affect speech production, and while motor impairment plays a
role in this effect, it does not capture the whole picture. Indeed, cerebellar disorders such as CCAS
highlight the importance of the cerebellum in word recognition and sentence construction (Guell et
al. 2015). This effect of cerebellar injury on speech production concerns complex processes involving
the prearticulatory stage, such as subvocalizations, and also manifests as a capping of speech rate
(Ackermann et al. 2007). The cerebellum is also involved in the planning of speech, the anticipation of
speech rate, verbal working memory, and the creation of a predictive representation of phonation
(Silveri 1998; Ackermann et al. 2007). Thus, patients with cerebellar lesions can present agrammatism,
latency to speak, or aphasia (Silveri et al. 1994; Marien et al. 2000). The cerebellum can also influence
the cadence and tone of speech. Indeed, one study indicates that emotional prosody activates the
superior cerebellum and that cerebellar alterations cause dysprosody in patients (Pichon and Kell
2013). This was reflected in another study focused on assessing “speech naturalness” in ataxic
patients, and it was found that this aspect of prosodic control was more impaired than language

intelligibility (Hilger et al. 2022).

The cerebellum is also implicated in the adaptation of oral expression during conversation via
the dynamic finetuning of volume, rhythmicity and tone of speech. Cerebellar degeneration has been
shown to inhibit the tendency to covertly adapt to others' speech (Spéath et al. 2022). These non-motor
aspects of language are linked to corticocerebellar connections with the left inferior frontal gyrus
(Broca’s area) or the left temporal area (Wernicke's area) (Booth et al. 2007). As such, the perceptive
component of language and communication subtleties may be affected in cerebellar disorders.
Indeed, fMRI studies have highlighted pathways implicated in sarcasm comprehension, and the
characteristic context—content incongruity effect was notable in the cerebellum (Nakamura et al.
2022). Aside from basic communication requirements, the emotional ramifications of such
impairments can significantly alter quality of life (Hilger et al. 2022; Spath et al. 2022). Finally, language
and speech deficits are generally associated with impaired verbal memory, indicating that the

cerebellum plays a role in its encoding and reinforcement (Ravizza et al. 2006; Ackermann et al. 2007).

 ¢. Learning and memory

Impairments in other executive functions might appear more prominently in patients’ clinical

examination, but cerebellar pathologies also have major consequences on mnesic and cognitive
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functions (Gottwald 2004). Indeed, the clinical presentation of patients with left cerebellar damage
showcases the cerebellum’s role in procedural memory. This manifested as a severe impairment in
the acquisition of procedures, as assessed by the serial reaction time task (Torriero et al. 2007). In this
test, a light appears at one of four locations on a screen and participants are asked to press the key
directly below the light, out of a set of four keys. This is repeated a number of times and can be
followed by a recall session to check if the participant memorized the sequence (Nissen and Bullemer
1987). The results of this test corroborates findings on the participation of the cerebellum in learning
and conditioning mechanisms, as demonstrated in the classical eyelid closure test (McCormick et al.
1982). Eyelid closure conditioning experiments evidenced a memory defect when the interposed
nuclei responsible for the connection between vermis/paravermis and thalamus were injured (Grant
et al. 1960). Since these early works, progress in imaging techniques have enabled researchers to bring

forward more specific findings.

Studies have demonstrated by functional neuroimaging that working memory tasks engage
several posterior regions of the cerebellar hemispheres and vermis, revealing that the cerebellum acts
as an important node in this circuit. Thus, when the cerebellum is affected by childhood disorders,
lasting working memory deficits are commonly observed (Seese 2020). Another study showing that
children treated for cerebellar medulloblastoma who presented lesions of this lobe also presented
working memory impairments. Moreover, fMRI in healthy children while engaging in tasks requiring
this function coincided with the activation in the left posterior cerebellar lobe, thus confirming this
regional specialization (Hoang et al. 2019). More specifically, these imaging studies have led to the
discovery of new evidence demonstrating the participation of cerebellar structures in the long-term
storage of visual information. It was shown that cerebellar lobule VIlb/Vlila displays load-dependent
activity that is proportional to the number of items held in visual working memory. These lobules have
a selective activity pattern for memory storage (i.e. encoding) and this selectivity persists after the

initial stimulus has been removed (i.e. maintenance) (Brissenden et al. 2021).

Another aspect to consider relies on the extensive connections between the paleocerebellum
and the limbic system, notably the amygdala and the hippocampus. Thus, cerebellar involvement in
fear-conditioned learning appears to be considerable. Indeed, aversive conditioning tests in rats
showed that vermal lesions lead to a decrease in freezing time when presented with a fear inducing-
stimulus, reflecting a defect in memory (Supple et al. 1987). The strengthening of synapses between
PFs and PCs in vermal lobules V-VI after the learning phase suggests that the LTP of these cerebellar
synapses may be the cellular mechanism underlying the formation of fear memory (Sacchetti et al.

2004). This high plasticity is also propitious to conditioned fear learning and, by focusing on cerebellar

65



INTRODUCTION

connections with the hippocampus, researchers have observed that MF terminal complexes in
hippocampal and cerebellar circuits rearrange in response to learning (Ruediger et al. 2011). From a
macroscopic standpoint, the evidence highlights a joint activation of both cerebellum and
hippocampus. On a closer look, it appears that there is a synchronization of neuronal oscillations, and,
at the cellular level, hippocampal neuronal assemblies show a cerebellar-dependent activation. This
showcases the importance of looking at the bigger picture when evaluating pathologies associated

with the hippocampus, as the cerebellum could also be involved (Rondi-Reig et al. 2022)..

The extensive anatomical connections between the cerebellum and many brain stem and
forebrain structures support the cerebellum’s involvement in emotional and affective behaviors
(Supple et al. 1987). In fact, specific regions have been identified for each of the five primary emotions,
namely: joy, sadness, fear, anger, and disgust (Baumann and Mattingley 2012). However, it seems
that, while the cerebellum involved in perceiving a range of emotions, it is more concerned with
negative emotions (Lupo et al. 2015). Indeed, it has been shown that both cerebellar ischemia and
spinocerebellar ataxia can lead impair patients’ ability to recognize negative facial expressions
(Sokolovsky et al. 2010; Adamaszek et al. 2014). In CCAS, patients present a global disinhibition and
heightened impulsivity, aggressiveness or irritability (Schmahmann 1998; Argyropoulos et al. 2020).
This emotional response is further enhanced due to close cerebellar connections with the limbic

system as well as cerebral cortical diaschisis (Bostan et al. 2018; Argyropoulos et al. 2020).

Other works have instead focused on the emotional components of social behavior, and the
contributions of the cerebellum to these advanced functions. Thus, the growing corpus of evidence
placing the cerebellum at the forefront of emotional processes has even led to coining the term “limbic
cerebellum” to designate the cerebellar vermis (Clausi et al. 2022). Social cognition is comprised of
two aspects: i) emotion recognition, i.e., the processing of information culminating in the accurate
perception of the dispositions and intentions of others; and ii) mentalizing, i.e., the ability to recognize
and attribute emotions, intentions, and beliefs, to others (Clausi et al. 2022). Moreover, studies have
demonstrated cerebellar activation during socialization processes involving observation and imitation
of facial expressions (Van Overwalle et al. 2014). Thus, the cerebellum is involved in the perception
aspect of social interaction (emotion recognition and social cognitive functions) but also governs
context-appropriate behavioral responses including social mirroring (Van Overwalle et al. 2020).
Abnormalities in different cerebellar subregions also trigger behavioral manifestations in response to

socio-emotional cues. These are related to specific cerebro-cerebellar circuits which might be crucial
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to structural brain development itself. Indeed, since perinatal cerebellar lesions have been linked to
impaired growth of the contralateral cerebral cortex, they could be associated with long-term
alterations of behavior (Stoodley 2016). Therefore, besides emotion recognition, the cerebellum is
involved in the regulation and expression of emotional states. This participates in explaining the social
challenges faced by patients presenting neurodevelopmental disorders such as autism spectrum

disorder or attention-deficit hyperactivity disorder (ADHD) (Sathyanesan et al. 2019).

Finally, the cerebellum’s role in overseeing affective behaviors has been linked to PC function
(Beckinghausen and Sillitoe 2019). Post-mortem findings have evidenced structural deficits such as
cerebellar atrophy or a decrease in the number of PCs in patients on the autistic spectrum (Bailey
1998). The central role of PCs is highlighted by a study showing that PC activity in the cerebellar vermis
regulates aggression (Jackman et al. 2020). Moreover, functions such as reward behavior, emotional
response and social interaction, usually attributed chiefly to the limbic regions, have been shown to
also involve dopamine receptors on PCs, further linking the cerebellum to social behaviors (Cutando

et al. 2022).
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CHAPTER TWO: PERINATAL HYPOXIA

1. OVERVIEW

1. Definition of hypoxia
Tissues within the organism rely on the blood supply for nutrients and oxygen delivery. When

the supply does not meet the oxygen (0,) expenditure, it generates a state of hypoxia in the brain.

Four causes of hypoxia are generally recognized: i) hypoxemic hypoxia is by far the most
common and is due to a decreased arterial partial pressure of oxygen (PaO,) which can be caused by
any ventilation to perfusion mismatch, apnea, or altitude ascent; ii) circulatory hypoxia is generally
due to insufficient cardiac output which results in insufficient oxygenated blood supply to the tissues;
iii) anemic hypoxia refers to a decrease in the O; transport capacity, whether due to erythrocytopenia
or low hemoglobin binding affinity; iv) histotoxic hypoxia is a condition where tissues are unable to

use O; regardless of the supply (Samuel and Franklin 2008).

Hypoxia can also be categorized based on duration, ranging from acute, if it lasts a few seconds
or minutes, to chronic if it persists up to several hours or days. Aside from the permanence of the
condition itself, two subtypes emerge based on the length of the low-0; episode. Thus, when the O,
level remains constantly low, it is referred to as continuous hypoxia (CH), whereas if hypoxic episodes
are interrupted by reoxygenation phases, the hypoxia is designated as intermittent hypoxia (IH)

(Figure 22) (Prabhakar and Semenza 2012).
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Figure 22: Representation of oxygen variation causing different types of hypoxias.
Graphs showing Oz concentration as a function of time during intermittent hypoxia (IH; left) and continuous
hypoxia (CH; right). O2: oxygen.
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2. Etiology of perinatal hypoxia

The perinatal period (from the 36" GW to the 8" postnatal day) is a developmental stage
particularly vulnerable to hypoxia, especially in case of premature birth (before the 37" GW). Perinatal
hypoxia is considered to be a significant cause of morbimortality, and its long-lasting socio-economic
impact makes it a clinical priority. Indeed, hypoxia-ischemia episodes are linked with 30% of newborn
mortality and can cause up to 40% of long-term neurological deficits (Netto et al. 2018). Perinatal
hypoxia can have a ventilatory cause, like in hypoxemic hypoxia, or a circulatory etiology, and can be
continuous or intermittent. Regardless of these modalities, some cellular and/or histological deficit in

the CNS is always reported.

CH can often be traced back to an intrauterine origin, related to an infectious process
occurring in the mother, a placental defect or umbilical cord anomalies. CH has been shown to alter
synaptogenesis in the cerebral cortex and hippocampus, inducing a decrease in cortical volume and
ventriculomegaly (Curristin et al. 2002). Moreover, CH alters the expression of genes involved in
neuronal differentiation (e.g., downregulation of reelin), apoptosis (e.g., enhancement of caspase-3),
and stress response (e.g., enhancement of HIF-1a) (Curristin et al. 2002). CH also has histological and
cytological effects on the cerebellum: it is associated with an increase in the GL and ML thicknesses,
co-occurring with a decrease in cell density and a morphological alteration of the PCs. Moreover, it
has been shown that these deficits persist in the long-term, suggesting important functional

ramifications (Campanille et al. 2015).

CH can also be caused by ischemia or hemorrhage. In this case, the sequalae present
differently according to the stage of development. For example, in humans, basal ganglia are affected
in full-term infants, whereas premature infants tend to display periventricular leukomalacia (Ferriero
2001). Similarly, in rats, alterations of the WM in the cerebellar hemispheres are observable at P2,
whereas at P7, the structures affected are those with a higher metabolic demand such as the basal
ganglia, hippocampus, and cerebral cortex. Interestingly, at P7, hypoxia-ischemia was associated with
cell death even in regions not directly affected by ischemia, such as the cerebellum, suggesting that
this neurodegeneration is a result of impaired neuronal connectivity with other implicated regions
(Biran et al. 2012). However, the cerebellum seems to be more sensitive to hypoxia alone as cerebellar
white matter lesions and a decrease in neuronal cell density were more pronounced following hypoxia

than hypoxia-ischemia (Biran et al. 2011).
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IH can be prenatal, due to maternal factors such as smoking or gestational sleep disorders, or

neonatal (Mouradian et al. 2021), usually caused by apneic pathologies.

Apneas can be classified as follows: i) short central episodes account for 10-25% of cases,
where the airway is clear but there is no respiratory effort or chest movements, ii) longer obstructive
in 10-25% of cases, when air circulation is impeded by an upper airway obstruction/collapse, and Jii)
mixed or combined in the remaining 50-75% of cases (Stokowski 2005). Central apneas are due to
neurological immaturity while obstructive apnea can be cause by airway secretion or collapse, and the
former can lead to the latter. Indeed, prolonged central apnea may result in laryngeal closure and lead
to combined apnea (Idiong et al. 1998). Treatment and clinical management vary depending on the

subtype and relies both on stimulating medications as well as air cannulas (Stokowski 2005).

Nevertheless, during apnea, the organism is subjected to rapidly alternating short periods of
low oxygenation followed by reoxygenation that will induce brain alterations (Prabhakar and Semenza
2012). Interestingly, while not much information is available on the effects of IH in neonates, more is
known in adults. Indeed, in rat models of obstructive sleep apnea (OSA), neurons of the hippocampal
CA1 area present functional and morphological abnormalities (L. Xu et al. 2022). Moreover, an O,-
dependent Purkinje and fastigial neuron damage has been reported in adult rats subjected to IH (Pae
et al. 2005). Similar findings are observed in adult OSA patients with a loss of grey matter in several

CNS regions, including the cerebellum (Macey et al. 2002). .

Furthermore, due to their immature respiratory system, premature newborns are particularly
susceptible to apnea and a correlation has been established between the persistence of this perinatal
IH, and the occurrence of neurodevelopmental deficits in children (Janvier et al. 2004). This has led to

coining the term “apnea of prematurity” (AoP).
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2. APNEA OF PREMATURITY

1. Physiopathology

Apnea of prematurity (AOP) is among the most common diagnoses in neonatal intensive care,
but despite its prevalence, little is known about the ramifications of this phenomenon. AOP is
characterized by IH and consists of breathing cessation occurring at least every 5 minutes and lasting
over 20 seconds (Moriette et al. 2010). Moreover, it can be associated with bradycardia or O,
desaturation (Eichenwald et al. 2016). The incidence of AOP is inversely proportional to gestational
age and birth weight. Thus, AOP occurs in 50% of all preterm infants and nearly 100% of very preterm
infants born before 28 GW. It usually subsides in 98% of cases when the corrected term is reached,
but it can cause significant developmental alterations in the meantime (Henderson-Smart 1981;

Pergolizzi et al. 2022a).

The etiology of AOP is not fully understood, but it is postulated that it results from
physiological immaturity of the respiratory system and associated control centers in preterm births
(zhao et al. 2011). Indeed, in utero, breathing movements are intermittent and become continuous in
term births. In contrast, preterm infants have an immature system where respiratory movements are

irregular and can lead to apneas (Moriette et al. 2010).

The major neuronal networks controlling ventilation are located within the brainstem and
these are modulated by many neural inputs from the upper airway, lungs, central and peripheral

chemoreceptors (Hall 2020).

Peripheral chemoreceptors are clustered into small ovoid bodies respectively localized in the
carotid (carotid sinus) and aortic arch (aortic bodies). They uniquely modulate ventilation in response
to oxygen availability and act as respiratory pacemakers in the early neonatal period. Both transmit
impulses to the brainstem: the carotid bodies are connected to the respiratory centers while the aortic
bodies are connected to the cardiovascular centers (Figure 23). Peripheral chemoreceptors sense
arterial partial O, pressure (Pa0O;) and stimulate ventilation when it falls below 50mmHg. Moreover,
in utero, carotid body sensitivity is adapted to the low Pa0,. As a result, at birth, the increase in
pressure leads to a transient silencing of the chemoreceptors (Hertzberg and Lagercrantz 1987). They
then adjust their O; sensitivity during the first few days of extrauterine life (Cohen and Katz-Salamon

2005). Afterwards, initiation and maintenance of continuous breathing relies on a combination of
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factors, including the decrease in peripheral body temperature and the stabilization of PaCO, (Kuipers
et al. 1997). In addition, aortic bodies, unlike their carotid counterpart, are sensitive to carbon

monoxide and anemia (Hall 2020).
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Figure 23: Location of peripheral chemoreceptors and their CNS projections.
Peripheral chemoreceptors transmit information to the brainstem’s cardiovascular and respiratory centers via
the glossopharyngeal and vagus nerves. CNS: central nervous system.

In parallel, autonomic control of breathing is overseen at several respiratory centers in the
brainstem which gathers central and peripheral information to maintain and adjust respiratory
parameters. There are three such areas (Figure 23): i) the dorsal respiratory group in the caudal third
of the nucleus tractus solitarius (NTS) receives most input from peripheral chemoreceptors, and as
such, is the first responder to hypoxia (Alheid and McCrimmon 2008); ii) the ventral respiratory column
in the ventral medulla oblongata, containing the parafacial respiratory group and the pre-Botzinger
complex, which have been identified as the main sites of rhythmogenesis of respiration (lkeda et al.

2017); and iii) the pontine respiratory group in the dorsolateral pons (Standring 2016).
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In the respiratory centers, the ventilatory response is biphasic. During hypoxia, it starts with
an initial hyperpneic phase triggered by the binding of glutamate onto mostly NMDA receptors of the
NTS. This is followed by a relatively hypopneic phase, mediated by inhibitory neurotransmitters or
PDGF (Gozal et al. 2000). Indeed, immunoblotting experiments in rats demonstrated that early
postnatal PDGF-B receptor activation during hypoxia contributes to ventilatory depression during
postnatal development, and more markedly so for immature stages of development (Vlasic et al.
2001). Afterwards, and depending on the duration and type of the hypoxic episode, the pathways of
respiratory control may undergo remodeling and chronic hypoxia may dysregulate them (Gozal et al.

2000).

In addition to a defective response to O; variations, the CO-related response is also altered
in premature newborns. Central chemoreceptors are poorly localized clusters of monoamine neurons
that are sensitive to pH and arterial partial CO; pressure. They are grossly situated in the brainstem,
near the floor of the fourth ventricle and close to brainstem respiratory centers and seem to be
composed of a diverse neuronal population. Indeed, experiments have shown that alteration in the
activity of noradrenergic locus coeruleus neurons and serotoninergic raphe magnus neurons can
impair CO; response. Moreover, the redundancy of several sites involved in central chemoreception
may be a safety mechanism as well as a way to allow the adjustment of the response to hypercapnia

based on other signals (Nattie and Li 2009).

In fact, hypercapnia normally triggers hyperventilation with an increase in both the frequency
and amplitude of respiratory movements (Hall 2020). However, in preterm neonates, the response to
hypercapnia is decreased during hypoxia (Rigatto et al. 1975). Furthermore, it was observed that
eupneic and apneic alveolar CO; partial pressure (PACO>) are very close in preterm neonates. This is
likely due to the compliance of their chest wall, decreased functional capacity and overall respiratory
immaturity. This narrow threshold makes premature infants very susceptible to apnea, since minor
oscillations in breathing may trigger irregular breathing (Khan et al. 2005). This characteristic has been
exploited in clinical trials of low concentration of inhaled CO, to stimulate breathing in AOP (Al-Saif et
al. 2001). This indicates that AOP stems from several mechanisms that are compounded into a

presentation which increases in severity when occurring in less mature infants.

Moreover, in the context of preterm birth, synaptic connections between peripheral
chemoreceptors and central respiratory centers are insufficient, leading to an altered ventilatory
response. The immaturity of respiratory control is also related to aberrant activity of central and
peripheral chemoreceptors, as well as difficulty maintaining upper airway patency due to

neuromuscular underdevelopment (Martin and Wilson 2012). Indeed, autonomic activation of the
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ventilatory drive via the chemoreceptor reflex is delayed in premature infants (Cohen and Katz-
Salamon 2005). Additionally, since preterms rely more than term infants on peripheral chemoreceptor
input to generate a ventilatory drive, a delay in that signal further exacerbates disordered breathing
during prematurity (Mammel et al. 2022). Among the areas affected, hypoxic damage can alter NTS
and the pre-Bétzinger complex, which further enhances hypoxia (Almado et al. 2012; Garcia et al.

2016). These elements provide some insights as to how AOP creates a downward spiral.

Finally, the persistence of AOP beyond chemoreceptors maturation suggests that other
mechanisms may be involved in this pathology (Gauda et al. 2004). One such contributing factor is the
laryngeal chemoreflex. Physiologically protective, this mechanism facilitates coughing and swallowing
following stimulation of the laryngeal mucosa (Praud 2010). However, in premature infants, the
immaturity of the upper laryngeal afferents may trigger upper airway closure instead. This may be
prompted by the mucosal stimulation seen in gastroesophageal reflux disease (GERD) which may have
a causal relationship with AOP. In turn, this is thought to lead to apneas, hypoxemia and even
bradycardia (Thach 2008). However, extensive review of the available literature concluded that, across
studies, only a minority of apneic events followed the occurrence of GERD symptoms. Current
evidence is lacking to establish a clear causal link and results may be solely due to chance (Quitadamo

et al. 2020).

Numerous neurotransmitters and neuromodulators are also involved in respiratory regulation
and may participate in the pathogenesis of AOP. Indeed, it has been shown that GABA-mediated
mechanisms participate in regulating breathing rhythmicity during development. Colocalization
studies in developing piglets revealed a significantly increased CO; reactivity in GABA-containing
neurons in the medulla oblongata, notably within the Botzinger region. Therefore, during early
development, brainstem GABAergic neurons seem to be part of the CO; sensing network activated in
response to hypercapnia (Zhang et al. 2003). Furthermore, blocking GABA, receptors increases
hyperventilation, inhibits apneas induced by laryngeal stimulation, and reduces hypoxic ventilatory

depression (Miller et al. 2000; Abu-Shaweesh and Martin 2008).

Conversely, O, sensing in chemoreceptors is based on the AMP/ATP ratio. When this ratio is
elevated, 5'-nucleotidase enzyme activation will convert AMP to adenosine ultimately activating
adenosine Axx receptors. These receptors are widely distributed in the CNS and cardiovascular system.
On carotid bodies, binding of adenosine triggers hypoxic cardiovascular chemoreflexes prompting an
autonomic response while, in the CNS, it mediates breathing inhibition (Koos 2011). Adenosine is also

involved in respiration inhibition by decreasing phrenic activity, which can be countered by blocking
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GABA, receptors. Thus, it seems that adenosine, via Aa receptors, modulates GABAergic inputs
overseeing respiratory timing and drive (Wilson et al. 2004). Additionally, studies on mice deficient for
the A; adenosine receptor or lacking the enzyme adenosine deaminase (which degrades adenosine)
conclusively demonstrated its role in mediating hypoxia-induced injury. Indeed, the characteristic
periventricular leukomalacia and secondary ventriculomegaly typically observed in premature
newborns who suffered hypoxia was lessened in these mice. Therefore, adenosine, via Aia receptors,

seems to be instrumental in developing hypoxia-induced brain injury (Turner et al. 2003).

It should also be noted that glial cells could also be involved in this respiratory control since
adenosine can be both of neuronal and glial origin. In the same way, blocking the release of glial
glutamate has been shown to induce a decrease in respiratory rate in rats, which highlights the role
of gliotransmitters in the regulation of ventilation (Young et al. 2005). However, the contribution of
neurotransmitters and mediators to the pathology may be potentiated by polymorphisms in the
adenosine A; and A,a receptor genes, which have been linked to a higher risk of AOP and variable

effectiveness of methylxanthine therapy as a respiratory stimulant (Kumral et al. 2012; He et al. 2021).

Interestingly, a twin study to investigate the heritability of AOP showed strong arguments in
favor of a genetic predisposition to this pathology. The genetic influence was even stronger in males
which suggest the presence of a sex-dependent factor (Bloch-Salisbury et al. 2010). Likewise, the
influence of sex chromosomes and genetic factors in CNS differentiation and development has been

shown (Arnold et al. 2004; Arnold 2004).

Clinical data of premature births suggests a sex difference in hypoxia ischemia outcomes, with
males exhibiting more severe cognitive/behavioral deficits relative to females. These results have
been corroborated in rats, although the female advantage was only seen in some behavioral tasks
(Smith et al. 2014). These findings raise the idea of a female protection via sex-specific plasticity or
compensation which has been investigated, notably through the use of progesterone as a potential
therapeutic strategy for hypoxia (Bairam et al. 2019). However, histopathological examination of
rodent brains after hypoxia did not reveal a difference across sexes (Smith et al. 2014) and other
studies do not report a statistical difference in the outcome of neonatal hypoxia between sexes,
suggesting that the influence of sex may be interlinked with other confounding variables (Nagraj et al.

2021).
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Finally, other factors, such as sleep state and environmental temperature influence metabolic
rate inducing alterations in O, consumption and CO; release, which have a direct influence on
breathing (Sawczenko and Fleming 1996). An ongoing infection can also increase the occurrence of
AOP (Stock et al. 2010). As such, AOP may arise from any number of these causes (Figure 24) or a
combination of them, and, in fact, seems to be the result of a “perfect storm” of adverse events
culminating in a pathology that has been proven to cause significant short and long-term deficits (Di

Fiore et al. 2013).
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Figure 24: Summary of known causal factors of apnea of prematurity.
Central, peripheral, and other etiologies of AOP.
AOP: apnea of prematurity; GABA: gamma-aminobutyric acid; O2: oxygen.
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2. Current management

Currently, two main therapeutic strategies are considered for AOP: the use of pharmacological
treatments that stimulate breathing, or noninvasive ventilatory support. Other prospective avenues

are being explored on a smaller scale but, to this day, their benefit is disputed.

a. Ventilation

Nasal continuous positive airway pressure (CPAP) is the first line treatment and has proven
effective and safe for over 35 years (Abu-Shaweesh and Martin 2008). This noninvasive ventilation
technique improves airway patency by delivering a constant air pressure to the upper airway through
a mask. Thus, it requires a lesser respiratory muscular effort and prevents the occurrence of soft tissue
collapse causing apneas with an obstructive component. In addition, it increases functional residual
capacity (Miller et al. 1985). CPAP also facilitates oxygenation and avoids the desaturation that can
lead to bradycardia in case of central apneas (Di Fiore et al. 2013). It may benefit from the adjunction
of an aerosolized surfactant to prevent further respiratory distress (Jardine et al. 2022). Small studies
have tested heated humidified high flow nasal cannula use in AOP. This practice has shown
comparable effects to CPAP with no differences in rate of AOP-related symptoms and has become
more widely used (Al-Alaiyan et al. 2014). Therefore, it seems to be a viable alternative to CPAP in the

treatment of AOP, but wider studies are needed to issue clinical recommendation.

Alternatively, nasal intermittent positive pressure ventilation (NIPPV) could also be considered
to treat AOP (Lemyre et al. 2002). This method considers respiratory dynamics between inspiratory
and expiratory pressures to improve ventilation. In addition to acting on the obstructive component
of AOP, NIPPV provides a complete respiratory support and reduces central apneas (Gizzi et al. 2015).
Moreover, it can be further enhanced with neurally adjusted ventilatory assistance (NAVA) which adds
a synchronous rhythmic component to non-invasive ventilation. This combination seems to offer
interesting benefits, since it acts centrally and seems to reduce cardiovascular compensation. Indeed,
aretrospective study showed that bradycardic events were fewer and further apart when using NAVA-
synchronized NIPPV. The results show a potential for application in very low birthweight infants who

do not respond to pharmacological stimulation (Tabacaru et al. 2019).
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b. Alternative interventions

Several other non-pharmacological strategies have also shown some benefit, and since they
present no adverse effect, it has been advocated that they could be added by default to the standard

protocol.

One such therapy is sensory stimulation (tactile, proprioceptive, and kinaesthetic), which,
applied with standard respiratory care (combined nasal oxygen and caffeine citrate), was shown to
decrease the frequency of AOP (Abdel Mageed et al. 2022). Olfactory stimulation is also being studied
in a project due to end in 2023 (Duchamp-Viret et al. 2021). This project exploits the inherent
properties of several odorants to stimulate respiration. Mint and grapefruit scents trigger the main
and the trigeminal olfactory pathways, whereas vanilla stimulates the main olfactory pathway. If
successful, this non-invasive and cost effective method could become part of the standard regimen to
treat AOP (Duchamp-Viret et al. 2021). Alternatively, skin-to-skin contact such as Kangaroo mother
care has been proven effective in shortening ventilation duration, and reducing the frequency of
apneas in extremely low birthweight infants (Montealegre-Pomar et al. 2020; Xie et al. 2021). Likewise
propped/prone positioning of infants reduced apneic events and thus should be considered in the

neonatal care unit (Richmond et al. 2023).

a. Methylxanthines

Methylxanthines are a purine-derived group of molecules whose clinical properties rely on
their bronchodilatory and stimulatory effects, and have been used for over 40 years to treat AOP
(Dobson and Hunt 2018). They act both centrally and peripherally to stimulate respiration via a dual
mechanism of action: i) blockade of inhibitory A; receptors and ii) antagonism of excitatory Aja
receptors on GABAergic neurons (Mayer et al. 2006). They activate medullary respiratory centers and
thus increase CO; sensitivity, bronchial dilation, and diaphragmatic function, thereby improving

minute ventilation and respiratory rhythm (Herlenius et al. 2002; Dobson and Hunt 2018).

Two of these molecules, namely aminophylline and theophylline, have been shown to
effectively reduce the incidence of apnea (Dobson and Hunt 2018). However, based on current
evidence, caffeine is the substance of choice to treat AOP. Caffeine is a trimethylxanthine and the
major metabolite of theophylline, and it demonstrates a better benefit-risk ratio than the latter.

Indeed, it has a wider therapeutic index, lower toxicity, and a longer half-life that facilitates treatment
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administration (Henderson-Smart and Steer 2010). Caffeine reduces the need for mechanical
ventilation and duration of intubation, and facilitates extubation (Henderson-Smart and Davis 2010).
Additionally, caffeine’s safety has been demonstrated in a wide study 11 years after administration
and it was found to have beneficial effects on respiratory function, motor coordination, and
visuospatial performance with no observed long-term side effects. However, a follow up in adulthood
would be needed to draw definitive conclusions (Doyle et al. 2017; Mirner-Lavanchy et al. 2018). For
extremely low birthweight infants (<1250 g), caffeine increases long-term survival without sequelae
by reducing the incidence of bronchopulmonary dysplasia, patent ductus arteriosus, and the severity
of retinopathy of prematurity up to 21 months of age (Schmidt et al. 2007). However, survival without
disability 5 years after neonatal caffeine therapy was not found to be different compared to placebo
(Schmidt 2012). This controversial benefit could be due to a partial effect of caffeine in neuronal
damage. Indeed, it has been demonstrated in rat pups that caffeine can reverse perinatal hyperoxia-
induced cell death but fails to restore transcriptional pathways (Giszas et al. 2022), which might then

be involved in long term deficits.

Interestingly, the benefits of caffeine use for AOP are related to its administration modalities.
Several studies suggest that early (before the 3™ postnatal day) intervention is paramount to observe
improved outcomes and reduced ventilation time (Davis et al. 2010; Dobson and Hunt 2018). Caffeine
has therefore become a widely used prophylactic strategy (Abu Jawdeh et al. 2013). However, several
works highlight the presence of biases and have associated earlier initiation of caffeine therapy with
significant risks (Amaro et al. 2018; Nylander Vujovic et al. 2020). Additionally, caffeine, like all
methylxanthines, increases urine flow and urinary sodium excretion, which may need to be accounted
for in terms of fluid management (Gillot et al. 1990). So, it appears necessary to gather more evidence
about long term outcomes. Furthermore, determining the optimal duration of treatment is empirical,
and neonatologists usually decide on duration based on time elapsed since the last apneic episode
and general clinical status. After cessation of the treatment, infants remain under observation during
elimination of the molecule for up to a week, or until 34 weeks post-menstrual age (Eichenwald et al.

2016).

In terms of posology, the standard approved protocol recommends a loading dose of 20 mg/kg
followed by a daily maintenance dose of 5 mg/kg for infants between the 28" and 33 GW. Before
the 28" GW, both duration and dosing can be safely increased while providing additional benefits by
reducing apnea and preventing extubation failure (Brattstrom et al. 2019; Puia-Dumitrescu et al.
2019). Additionally, a recent retrospective study associated a higher dosage of caffeine with improved

neurodevelopmental outcomes (Ravichandran et al. 2019). Nevertheless, administration of high doses
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of caffeine in fetal sheep demonstrated that the treatment induces histocytological alterations in the
CNS and most notably in both cerebral and cerebellar cortices. Among them, a significant
disorganization of the cortical layers was observed with pyramidal, PC and glial cell injury (Atik et al.

2019), indicating that the therapeutic dose of caffeine should be finely tuned.

Likewise, since methylxanthines are nonspecific adenosine antagonists, and adenosine
receptors are ubiquitous throughout the organism, their use can also lead to secondary effects. Most
notably, findings reported transient tachycardia and delayed weight gain in the caffeine treated group,
but mortality, brain injury, and necrotizing enterocolitis were not significantly different between
groups (Schmidt et al. 2006; Schmidt et al. 2007; Schmidt 2012). Additionally, high doses of
methylxanthines (above 40pug/mL) can cause cardiac arrythmias, seizures, and cerebellar
hemorrhages (Dobson and Hunt 2018). It has also been shown that methylxanthines induce an
increase of up to 20% in metabolism and O, consumption, at a stage when this supply is already at risk

(Gauda and Martin 2012).

Finally, genetic variations such as circadian rhythm regulators or polymorphisms in
pharmacodynamics-related genes contribute to the variability in response to caffeine therapy (Long
et al. 2021; Guo et al. 2022). As such, preterm infants who do not respond to the standard protocol
may benefit from a customized regimen based on how they metabolize the molecule, but its

effectiveness or safety are not guaranteed (Long et al. 2021).

b. Prospective treatments

Given the mixed results of current treatments to treat such a prevalent pathology as AOP,
research is ongoing to identify other therapeutic alternatives. Even though the association of AOP with
gastroesophageal reflux has been called into question, gastric acid suppression is still brought forward
when discussing AOP treatment. However, based on current knowledge treatment with acid inhibitors
is not recommended in AOP unless gastroesophageal reflux has been independently diagnosed

(Quitadamo et al. 2020).

A study in rats also assessed the efficacy of the respiratory stimulant erythropoietin (EPO)
against AOP, alone or in combination with caffeine. While co-administration of both molecules did not
present additional benefits, EPO was shown to prevent the oxidative imbalance/stress caused by IH in
young mice of both sexes. Moreover, the study did find a sex-specific response to treatment, females
being seemingly less vulnerable to IH (Laouafa et al. 2019). This gender-dependent protection could

be linked to the action of progesterone, which has been studied as a treatment of AoP on rodents.
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This hormone acts directly via excitation of its receptors, and indirectly, by inhibiting GABAA receptors,
after conversion to allopregnanolone. Interestingly, the progesterone membrane receptor subtype B
regulates the breathing pattern in males, while in females, the effect is mediated by the nuclear
receptor (Bairam et al. 2019), which could explain the sex-dependent sensitivity to hypoxia. Moreover,
progesterone's action seems to be dependent on the age of administration since in rat pups, the
treatment’s efficacy is increased at P12 versus P1. Together, these data suggest that further research
is warranted to uncover the underlying mechanisms and to assess whether treatments should be

administered distinctly between males and females.

A novel molecule, ENA-001, has also shown promising first results for the treatment of AOP.
ENA-001 is a selective antagonist of large-conductance big potassium (BK) channels, which underlie
the chemoreceptor function of carotid bodies. This chemical had previously been considered for the
treatment of drug-induced respiratory depression, but one proof-of-principle study using premature
lambs showed that ENA-001 could also be considered as adjunctive therapy for AOP (Miller et al.
2022). Likewise, another molecule, ampakine CX1739, a positive allosteric modulator of AMPA
receptors present in brainstem respiratory centers was tested on rodents. Treated animals exhibit a
markedly increased respiratory drive and ventilation, as well as a more regular breathing rhythm. This
molecule is already undergoing human clinical trials and is an interesting prospect for therapeutic

management (Ren et al. 2015).

Since erythrocytes represent the O,-carrying component of the blood, blood transfusions have
been studied as a potential treatment option. Indeed, a retrospective study showed that a low
hematocrit was associated with a higher frequency of apneas, and that blood transfusions decreased
their occurrence (Zagol et al. 2012; Abu Jawdeh et al. 2013). The underlying mechanism of action
behind this line of treatment was identified as the increase in oxygen-carrying capacity (Kovatis et al.
2020). However, evidence in current literature does not account for many contributing factors of AOP,

and further studies are needed.

As knowledge in the field expands, it appears clear that safety concerns on the long-term use
on methylxanthines warrants questioning its use as a gold standard, even more so when responses
are subject to interindividual variability. Given the prevalence and severity of AOP and the low efficacy
of alternative molecules, the lack of consensus on a safe treatment is an issue that deserves research

efforts (Pergolizzi et al. 2022b).
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3. PATHOLOGICAL CONSEQUENCES OF AOP

1. Cellular effects

In cells, the balance between reactive oxygen species (ROS) production and neutralization is
essential to carry on physiological processes. ROS are oxygen-derived oxidizing molecules mainly
produced by the electron transport chain (ETC) in the internal membrane of mitochondria (Holzerova
and Prokisch 2015). They are represented by free radicals such as the superoxide anion (O,¢7), the
hydroxyl radical (HOe®), as well as hydrogen peroxide (H,0,). O,¢~is generated by O, use and represents
the precursor of H,0,. In turn, H,0 can be transformed into HOe via the Fenton reaction, which relies
directly on the availability of ferrous iron (Fe?*) ions (Figure 25). As such, it is dependent on ferritin, a
protein whose function is to maintain iron in a soluble and non-toxic state. In addition to the
production of ROS by the ETC, most cells can also synthesize O, radicals via the activation of enzymes
such as NADPH (reduced nicotinamide adenine dinucleotide phosphate) oxidase (NOX), or nitrogen

monoxide (NOe#) via nitric oxide synthases (NOS) (Ferriero 2001).

It is relevant to highlight that ROS first and foremost fulfill a physiological role. Indeed,
hydrogen peroxide functions partly as a signaling molecule thanks to its ability to move freely across
plasma membranes, and also participates in post-translational modifications of proteins by oxidizing
cysteine residues (Y. Wang et al. 2018). Moreover, free radicals are an essential component of the

innate immune response through their role in the respiratory burst of phagocytes (B. Luo et al. 2016).
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Figure 25: Reduction of O..

Oxygen undergoes four chemical reactions to be neutralized into H-20.

e™: free electron; Fe?*: iron ion (Il) or ferrous; Fe3*: iron ion (lIl) or ferric; GPX: glutathione peroxidase; H+:
hydrogen ion; H20: water; H202: hydrogen peroxide; HOe: hydroxyl radical; Oz: dioxygen; Oz2¢~: superoxide
anion; SOD: superoxide dismutase.
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However, despite their functional importance, ROS can become deleterious if accumulated in
cells. Therefore, a double-pronged defense mechanism oversees maintaining physiological levels of
ROS. The non-enzymatic component of this system includes vitamins A, C and E, among other
antioxidant molecules. The enzymatic component is comprised of antioxidant enzymes such as:
superoxide dismutase (SOD), catalase, or glutathione peroxidase (GPX). SOD converts Oy¢~ in H,0,
which is then neutralized either by catalase or GPX (Figure 27). GPX’s ability to reduce H,0, relies on
the availability of reduced glutathione (GSH), whose intracellular stores are maintained by glutathione
reductase (GSR), which in turn uses NADPH as a hydrogen donor (Figure 27). Alternatively, H,0, can
also be neutralized by peroxiredoxins (PRDX) issued from the thioredoxin (TRX) - thioredoxin

reductase (TXNRD) system (Figure 26) (Birben et al. 2012).

S-S HS SH
| |
NADPH TRX H,0,
TXNRD TXNIP
HS SH x S-S

||
NADP* TRX H,0

Figure 26: Neutralization of H,0, by peroxiredoxins.

H: hydrogen; H20: water; H202: hydrogen peroxide; NADP*: oxidized nicotinamide adenine dinucleotide
phosphate; NADPH: reduced nicotinamide adenine dinucleotide phosphate; PRDX: peroxiredoxin; TRX:
thioredoxin ; TXNIP: thioredoxin interacting protein; TXNRD: thioredoxin reductase ; S: sulfur of cysteine
residues on proteins.

In the context of hypoxia, the initial decrease in O, availability is followed by a reoxygenation
phase, which causes a sudden increase in O, that triggers a rise in ROS production. This increase is
even more marked in the case of AOP because of the succession of hypoxia and reoxygenation cycles
to which the organism is subjected. Indeed, after each cycle, ROS are generated, and their
accumulation eventually surpasses the reducing capacity of the cell antioxidant defense (Figure 27).
The resulting imbalance induces a cellular oxidative stress (OS) state and cell damage in the form of
protein misfolding and lipid peroxidation (Birben et al. 2012). The oxidation of amino acid or peptide
side chains leads to the formation of carbonylated proteins, which lose their function so are more
likely to undergo degradation by the cellular machinery. Additionally, the peroxidation of
polyunsaturated lipids, particularly those constituting cell membranes, alters their properties and
leads to organelle and cell damage (Borst et al. 2000). In response, there is an activation of autophagic
pathways, characterized by the accumulation of autophagosomes, which culminates in cell death.
Concurrently, DNA damage and mitochondrial stress converge in the activation of the apoptotic

pathway (Descloux et al. 2015).

84



INTRODUCTION

Intermittent Hypoxia

-

+

ETC Mitochendria }

@ Cytochrome c !

----------------------------

6 Catallase ROS Neutralization \
Proteins :
SH
™, TRX

ROS production
0,

Organelles

Oxidative Stress

P4

Cellular dysfunction. . }¥ -

Lipid peroxidation

Membrane darﬁ?ge v

Figure 27: Production, effects, and neutralization of ROS in the cell.

Hypoxia induces the production of ROS in the cell, especially from electrons generated by the mitochondria. ROS
accumulate when the enzymatic activity of neutralization is insufficient, this alters cell membranes and proteins,
ultimately, leading to the activation of the apoptotic and autophagic pathways. ATP: adenosine 5'-triphosphate;
Ca?*: calcium ion; DNA: deoxyribonucleic acid; e: free electron; ETC: electron transport chain; Fe?*: iron (ll) or
ferrous ion; Fe3*:iron (lIl) or ferric ion; GPX: glutathione peroxidase; GSH: reduced glutathione; GSR: glutathione
reductase; GSSG: oxidized glutathione; H*: hydrogen ion; H.0: water; H202: hydrogen peroxide; HOe": hydroxyl
radical; HO: hydroxide anion; NADP*: nicotinamide adenine dinucleotide phosphate oxidized; NADPH:
nicotinamide adenine dinucleotide phosphate reduced; NOS: nitric oxide synthase; NOX: NADPH oxidase; O2:
oxygen; Oz: superoxide anion; ROS: reactive oxygen species; SOD: superoxide dismutase; TRX: thioredoxin.
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Additionally, this OS-generating imbalance is exacerbated by hypoxia-induced Ca?" influx,
which alters the membrane permeability of mitochondria. In turn, this causes an increase in ROS
cytosolic concentration (Hansson et al. 2008). Eventually, this causes the release of various pro-
apoptotic factors, inducing programmed cell death. ROS and H,0; can also promote apoptosis through
the thioredoxin system via an increase in thioredoxin interacting protein (TXNIP; Figure 26). This
protein binds to and negatively regulates TRX and increases protein ubiquitination. Both of these
mechanisms are likely involved in TXNIP-induced increase in GC death (Zaragoza-Campillo and Moran

2017).

In the longer term, hypoxia triggers transcriptomic regulation mediated by hypoxia inducible
factor 1 (HIF-1), a heterodimeric complex composed of two helix-loop-helix transcription factors:
HIF-1B, constitutively expressed and localized within the cell nucleus, and HIF-1a, which is cytosolic.
The latter subunit has a stable mRNA expression even though the protein subunit only has a half-life
of less than 5 minutes (Huang et al. 1996). This discrepancy stems from the intervention of a
degradation system via an oxygen-dependent degradation domain (Ke and Costa 2006). Indeed, in the
presence of O,, HIF-1a is hydroxylated by O,-dependent prolyl hydroxylase domain proteins, which
allows the binding of the von Hippel-Lindau protein (VHL). This complex then activates an E3 ubiquitin
ligase, resulting in the degradation of the whole HIF-1 by the proteasome. In contrast, hypoxia inhibits
prolyl hydroxylases, thus preventing the binding of HIF-1a to the VHL protein, and consequently
increasing its half-life (Ivan et al. 2001). HIF-1a then accumulates in the cytoplasm of the cell and
translocates to the nucleus where it binds to HIF-1B and to a CREB-binding protein (CBP)/p300 co-
activator. The complex thus formed is able to recognize and bind to the hypoxia response element

(HRE) DNA sequences of certain genes to modulate their expression.

In physiological conditions, HIF activity, and thus hypoxia, are developmentally important
since a hypoxic environment is necessary for placental formation and later fetal development. Indeed,
in mice embryos, deletion of HIF-1a, HIF-2a and Hif-1f causes failure of placental formation resulting
in lethality, and loss of HIF-1a or Hif-1B leads to arrested cardiac morphogenesis and altered neural
crest cell migration. In addition, HIF-1a is also necessary for the development of bones and
chondrogenesis (Dunwoodie 2009). In hypoxia, the HIF complex is also crucial as it promotes the
expression of hypoxic response genes implicated in ATP and O, availability. Among these, are the
genes encoding EPO, the angiogenic VEGF, the vasodilator NOS2, or glycolytic enzymes and glucose

transporters (Ke and Costa 2006). However, the activation of HIF-1 relies on a functional redox system,
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and an excess of oxidant (e.g., H.0;) or antioxidant (e.g., thioredoxin) molecules may

destabilize/stabilize HIF-1a, and thus decrease its response efficiency (Huang et al. 1996).

This brings back into focus AoP, where intermittent hypoxia occurs in cells with an immature
redox system and thus compromises their antioxidant defense response. Indeed, in this case, HIF-1
reacts to ROS accumulation by inducing the expression of B-cell lymphoma 2 interacting protein 3
(BNIP3), which can lead to mitophagy. This effect aims to reduce the concentration of ROS, but it may
also result in autophagic cell death if the OS proves to be too deleterious (Azad et al. 2008; Zhang et
al. 2008). Moreover, some results suggest that IH induces the dysregulation of several HIF isoforms
thus altering the transcription of genes encoding pro- and antioxidant enzymes. In fact, it has been
demonstrated that IH prompts HIF-1 to upregulate the pro-oxidant enzyme nitric oxide synthase 2
(NOX2), and induces the degradation of HIF-2a leading to a lower expression of antioxidant enzymes,
such as superoxide dismutase 2 (SOD2) (Prabhakar et al. 2020). Furthermore, it seems that HIF-1 and
HIF-2 differ in their function depending on the brain region, cell type, cell differentiation stage, and
experimental model (Schneider Gasser et al. 2021), contributing to the complexity of the

physiolopathology of AOP.

Alternatively, the nuclear factor-kappa B (NF-kB) may be recruited during chronic IH (Ryan et
al. 2005). Under physiological conditions, this transcription factor is sequestered to the cytosol since
its nuclear localization signals are masked by the inhibitor protein nuclear factor-kappa B inhibitor
alpha (IkBa). NF-kB translocation is then controlled by the IkB kinase complex (IKK), which can
phosphorylate and degrade IkBa. In rats submitted to IH, a downregulation of both IkBa and IKK
expression was observed, indicating the recruitment of NF-kB for the response to hypoxia (Zhang et
al. 2021). Indeed, when O, decreases, IKK is stabilized via two mechanisms: i) the intracellular increase
in Ca?* activates Ca?*/calmodulin-dependent protein kinase 1l (CaMKIl) which phosphorylates TGFB-
activated kinase 1 (TAK1), which in turn stimulates IKK; ii) O, deficiency inhibits prolyl hydroxylases,
which would otherwise degrade IKK in normoxia. Nuclear localization signals are then unmasked, and
NF-kB is translocated within the nucleus where it can induce the expression of different protein-coding
genes. These include the angiogenesis-promoting interleukin (IL) 8 and the anti-apoptotic protein B-
cell ymphoma 2 (Glasgow et al. 2001; Culver et al. 2010). Finally, it has also been shown that NF-«B

can counteract the inflammation and shift in energy metabolism induced by hypoxia (Rius et al. 2008).
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One of the first consequences of the drop in O, concentration is an alteration of the oxidative
phosphorylation process within the mitochondrial respiratory chain. The inhibition of mitochondrial
electron transport causes a deficit in ATP, which the cells try to compensate by promoting anaerobic
metabolism. Neurons and glial cells in particular have developed rapid adaptation strategies to face
metabolic stress and are able to switch to an anaerobic functioning in case of nutrient scarcity, while
simultaneously reducing their energy-dependent processes. AMP-activated protein kinase (AMPK) is
a major mediator of this metabolic adaptation. Indeed, in the absence of O,, AMPK activates
phosphofructokinase-2 (PFK-2), which catalyzes the conversion of fructose-2,6-bisphosphate to
fructose-6-phosphate. The latter is an allosteric activator of phosphofructokinase-1, which is involved
in the glycolytic reaction chain that will result in the net generation of two ATP molecules. However,
anaerobic metabolism acidifies intracellular pH, ultimately inhibiting glycolysis and thus decreases the
amount of energy produced by the cell, rendering this adaption inefficient in the long term (Pefia and

Ramirez 2005).

Therefore, other energy saving mechanisms are established in parallel. The y-subunit of AMPK
senses changes in the ATP-to-AMP ratio, and the binding of AMP (or ADP) to the y-subunit stimulates
AMPK activity (Herzig and Shaw 2018). This triggers a switch from ATP-consuming anabolic processes
to ATP-generating catabolism thus decreasing several cellular processes, including cell growth and
protein translation, which are major consumers of ATP in cells (Hardie 2000; Zhang et al. 2010). To
this end, AMPK inhibits the mechanistic target of rapamycin complex 1 (mTORC1) via: i) the activation
of the negative mTORC1 regulator tuberous sclerosis complex subunit 2 (TSC2); and ii) the inhibition
of the mTORC1 subunit regulatory-associated protein of mTOR (RAPTOR). In turn, the inhibition of
MTORC1 leads to decreased cell growth and protein synthesis. In parallel, AMPK stimulates the
breakdown of macromolecules to replenish ATP stores (Herzig and Shaw 2018). Indeed, to recycle cell
components, AMPK promotes autophagy both directly (via the mTORC1 pathway, for example) and
indirectly (by regulating the expression of autophagy-related genes) (Fang et al. 2017; Herzig and Shaw
2018). AMPK can also promote mitophagy by translocating the autophagy machinery to damaged
mitochondria (Herzig and Shaw 2018; Li and Chen 2019).

Additionally, AMPK signaling in different regions of the CNS, such as the hypothalamus,
induces changes in feeding behavior and circadian rhythm in favor of long term energy management
(Hardie et al. 2012). AMPK can thus phosphorylate phospholipase D1 to increase glucose uptake and
TXNIP to increase translocation of glucose transporters GLUT1 and GLUT4 to the plasma membrane

thereby contributing to the maintenance of neuronal function in the context of nutrient depletion
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(Ashrafi et al. 2017; Muraleedharan and Dasgupta 2022). Moreover, AMPK increases glycolysis in
astrocytes by promoting transcription and translocation of GLUT1 to the membrane and may
contribute to neuronal energy metabolism by shuttling glucose- and glycogen-derived lactate from
astrocytes to neurons (Muraleedharan and Dasgupta 2022). Altogether, AMPK induces processes that
aim to preserve resources for essential functions to promote cell survival. However, these responses

are insufficient when the stressor becomes chronic as in AOP, where IH leads to cellular dysfunction.

2. Cellular dysfunction

As previously described, the shift from aerobic to anaerobic metabolism during hypoxia
eventually decreases the amount of ATP produced and consequently causes a dysfunction of the
Na*/K*-ATPase pump. As this enzyme normally maintains the electric potential of the membrane
essential to neuronal function, the ensuing depolarization leads to a deleterious increase in
intracellular sodium (Gusarova et al. 2011). The resulting influx of water to correct this osmotic

imbalance causes edema and leads to necrotic cell death (Chavez-Valdez et al. 2012).

Simultaneously, membrane depolarization causes the opening of voltage-dependent Ca?
channels, leading to an intracellular buildup of Ca?*. This cation influx triggers an increase in ROS and
changes in the ETC, creating a state of OS. Ca?*also induces the exocytosis of neurotransmitters in the
synaptic cleft, notably of glutamate, which over activates the N-methyl-D-aspartate (NMDA) receptors
on the post-synaptic membrane (Figure 28). In turn, this causes excitotoxicity characterized by ROS
overproduction and mitochondrial membrane permeabilization, which frees the cytochrome c, thus
activating the apoptotic pathway (Thornton and Hagberg 2015). To avoid this deleterious glutamate
accumulation, the brain relies on rapid uptake by glutamate transporters. However, hypoxic
conditions inhibit astrocytic expression of GLAST-1 (glutamate-aspartate transporter) and glutamate

transporter 1 (GLT-1) transporters, further enhancing glutamate accumulation (Dallas et al. 2007).

Moreover, GLT-1 is primarily expressed by astrocytes in the mature CNS but is transiently
upregulated in the immature oligodendrocytes and a few neuronal populations towards the end of
gestation (Pregnolato et al. 2019). These changes in GLT-1 expression may explain the selective
vulnerability of immature oligodendrocytes and neurons in the preterm brain. Furthermore, increased

GLT-1 levels have been reported in human infant post-mortem brains with cystic periventricular
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leukomalacia, a known sequela of AOP (Pregnolato et al. 2019), which would suggest the

establishment of a defense mechanism against excitotoxicity during IH.

In turn, the extracellular glutamate excessively stimulates NMDA receptors, which triggers a large
influx of Ca%, leading to the activation of different enzymes which degrade cellular components. The
Ca? influx also induces depolarization of the mitochondrial membrane, leading to altered energy
metabolism, which further decreases ATP production (Jia et al. 2015). A broad analysis of neuron
cultures also showed that increased extracellular Ca?* sensitized neurons to glutamate-induced
excitotoxicity, which potentiated apoptotic cell death (Anilkumar et al. 2017). In addition,
mitochondrial stress culminates in membrane rupture, releasing pro-apoptotic factors, such as
cytochrome c and apoptosis inducing factor (AIF), into the cytosol which induce programmed cell
death (Andreyev et al. 2018). The loss of integrity of the mitochondrial membrane also leads to the

release of ROS into the cytosol, contributing to the general OS (Zorov et al. 2014).

Finally, the CNS is able to somewhat counteract hypoxia-induced excitotoxicity by regulating
adenosine. This nucleoside is released mainly by neurons, but also by glial cells, either directly or after
hydrolysis of extracellular ATP (Parkinson et al. 2002). Adenosine is released into the extracellular
space by nucleoside transporters, including equilibrative nucleoside transporter 1 (ENT1 or Slc29a1),
which is a regulator of intra- and extracellular neurotransmitter concentrations. Binding of adenosine
to Al receptors stimulates the K* channels involved in stabilizing the resting potential, thus blocking

the propagation of action potentials (Lischer et al. 1997).

Despite all the evidence demonstrating the induction of excitotoxicity by hypoxia, therapeutic
strategies centered on glutamate receptor antagonism have not been effective, so far. However, the
approach consisting of using the brain-to-blood glutamate efflux across endothelial cells of brain
capillaries has been successful in some animal studies. Blood glutamate scavengers enhance the efflux
phenomenon by neutralizing glutamate in the bloodstream, thus increasing the concentration
gradient across the blood brain barrier, which further increases glutamate transport from the brain to
the circulation (Leibowitz et al. 2012). Therefore, this neuroprotective process may be added to
therapeutic options, along with the more well understood nitric oxide inhibitors and free radical
scavengers which act downstream of glutamate activation of NMDARs (Jia et al. 2015). However, this
strategy relies on a normal capillary vasculature, which may not be a given in certain cases of perinatal

hypoxia.
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Figure 28: Schematic synapse representing the main neuronal death pathways induced by hypoxia.
0: deficiency induces a decrease in ATP production which leads to dysfunction of the Na*/K*-ATPase pump.
Na* accumulation causes edema which leads to necrotic cell death and membrane depolarization and allows
glutamate exocytosis. The resulting excitotoxicity and oxidative stress cause activation of autophagic and
apoptotic pathways that converge on cell death. ATP: adenosine 5'-triphosphate; Ca?*: calcium ion; H,0: water;
K*: potassium ion; Na*: sodium ion; NMDA: N-methyl-D-aspartate; O2: dioxygen; OS: oxidative stress; ROS:
reactive oxygen species.
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As our knowledge of molecular pathways expands, so does our understanding of cell death.
This has led to considerable research in the field, and the coining of numerous new terms to
characterize cell death mechanisms (X. Liu et al. 2018). These processes are all morphologically distinct
and are characterized by specific biochemical changes. Liu et al. postulate that there are only four
types of cell death: two physiological cell death modes (apoptosis and senescent death), and two
pathological modes (necrosis and stress-induced cell death). Additionally, there are processes that, in
excess, may lead to cell death, but that have other physiological functions, such as autophagy (X. Liu
et al. 2018). Based on the causal mechanisms, cell death can be grouped as: i) programmed cell death
or apoptosis, ii) necrosis of necrosis-like cell death, jii) autophagy and response to metabolic stress,

and iv) neurodegenerative cell deaths.

Apoptosis is a form of programmed cell death that affects individual cells while leaving
neighboring cells intact. Programmed cell death is a physiological cell death that is essential to, and
tightly regulated during development. During apoptosis, the cell shrinks, and the nuclear DNA
condenses and fragments. Finally, the cell breaks down into apoptotic bodies encapsulated by a
membrane, which will then be phagocyted (ElImore 2007). Apoptosis may be initiated by the extrinsic
pathway, which is triggered by death receptors (e.g., FAS or TRAIL), or the intrinsic pathway, which
begins in the mitochondria (via the Bcl-2 family proteins) (Green and Llambi 2015). The endoplasmic
reticulum can also trigger apoptosis via molecules like IRE-1 and CHOP, as part of the stress-induced
unfolded protein response (H.-F. Wang et al. 2018; Nirmala and Lopus 2020). In fact, endoplasmic
reticulum stress has been implicated in IH-mediated cell death, and conversely, suppressing CHOP was
found to reduce IH-driven apoptosis (Chang et al. 2019; Xu et al. 2021). These pathways all converge
as the effector pathway, which is marked by the activation of caspase-3 (Elmore 2007). It was observed
that chronic exposure of mice to IH induced caspase-3 activation and increased neuronal apoptosis,

especially in the hippocampus (Xu et al. 2004; F. Liu et al. 2018).

Necrosis and necrosis-like cell deaths are not regulated and occur because of an injury or
trauma. This can be seen as a consequence of IH-induced excitotoxity and the resulting edema.
However, a cell can initiate the necrotic cascade as a way to trigger inflammatory and/or reparative
responses. Metabolic stress, such as low extracellular glucose availability, shifts cell death towards a
mostly necrotic mechanism (Anilkumar et al. 2017). Cells undergoing necrosis swell, leading to
membrane rupture, while organelles break down. The spill out of cellular contents to the extracellular
space causes local inflammation that may induce the death of adjacent cells (Zong and Thompson

2006). In fact, membrane rupture is the chief characteristic of necrosis-like deaths such as
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pyronecrosis, pyroptosis, and netosis, which are involved in the defense against infectious processes
and in inflammation. Although research is still relatively scarce on these mechanisms, one study found
elevated ROS and inflammatory markers in response to chronic IH in rats that culminated in pyroptosis
of renal cells (Bai et al. 2022). Moreover, IH was found to aggravate neuroinflammation and pyroptosis
after subarachnoid hemorrhage via HIF-1a (J. Xu et al. 2022). Both hypoxia-reoxygenation and
hypoxia-ischemia were found to induce necroptosis via the HIF-1a or NF-kB pathways (Yang et al.
2017; Zhu et al. 2018; Bertheloot et al. 2021). And finally, the less understood methuosis is usually
associated with cancer cells and seems to involve the Bcl-2 family of molecules (Li et al. 2019; Nirmala

and Lopus 2020).

Autophagy is a mechanism during which cells recycle their own organelles and
macromolecular components that are non-essential, redundant, or damaged. It is an adaptive
response to stressors, such as nutrient deficiency, which allows the cell to use its own metabolites as
nutrients (Klionsky 2007). Beclin-1 initiates the formation of a phagophore, whose expansion will give
rise to an autophagosome. This vesicle traps cytoplasmic material and fuses with a lysosome to create
an autolysosome, in which cellular elements are hydrolyzed. These phenomena can, depending on the
severity of hypoxia, induce autophagic death, or conversely contribute to cell survival by degrading
deleterious cytosolic components thus regulating the intracellular concentration of ROS. In fact, it is
postulated that autophagy is a defense mechanism against deleterious stimuli such as ROS, and may
be a key component of neuronal homeostasis by being an effective compensation mechanism against
acute stress (Fang et al. 2017). In IH, it was observed that cardiac cells induce autophagy to prevent
apoptosis (Chang et al. 2019). However, if the exposure is repeated or prolonged, autophagy may still
culminate in the activation of apoptotic pathways or in autosis. Indeed, there is a complex crosstalk
between autophagy and apoptosis which, depending on the circumstances, may promote or inhibit
cell death (Song et al. 2017). Alternatively, autophagy may culminate in autosis, which is characterized
by disfunction of the Na*/K*-ATPase pump and abundant autophagosomes (Liu et al. 2013). It is often
seen as a result of O, depletion, such as in cerebral hypoxia-ischemia. In contrast, a glucose starvation

triggers entosis, a form of cell cannibalism typically seen in cancer cells (Nirmala and Lopus 2020).

Finally, a few specific forms of cells deaths that have been reported in neurodegenerative
diseases may be relevant to IH due to the molecular pathways they involve. Among these, ferroptosis
is an iron-dependent cell death that is triggered by the presence of peroxidized lipids and is
characterized by altered mitochondria. In fact, ferroptosis markers were found to be increased and
associated with cognitive impairment in rats subjected to IH, suggesting the involvement of this

pathway in IH-mediated neuronal death (Liu et al. 2023). Likewise, organelle dysfunction may be seen
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in lysosome-dependent cell death which involving cathepsins (Ctsb), or in parthanatos which is
induced by the poly ADP-ribose polymerase (Parp) (Nirmala and Lopus 2020). Moreover, Ca** and ROS
are known initiators of lysosome-dependent and mitopore cell deaths (Fricker et al. 2018).
Interestingly, the endoplasmic reticulum was found to regulate parthanatos in response to OGD (H.-
F. Wang et al. 2018). Thus, it is possible that this mechanism may be activated in response to oxygen
deprivation alone. Due to the extensive crosstalk among all the cell death pathways discussed, it is

likely that several mechanisms are responsible for the cellular consequences of IH.

3. Neurological implications of AOP

The brain, due to its important metabolic demand, is particularly sensitive to the damaging
effects of hypoxia (Roemgens et al. 2011; Campanille et al. 2015). However, the neurological
consequences of AOP are difficult to assess clinically because defects are often masked by alterations
inherent to prematurity. Long-term sequelae are even more difficult to determine due to patient
follow up and the time needed for the deficits to become apparent. Moreover, the vulnerability of the
brain to the frequency, severity and duration of apneas is currently not well defined. Nevertheless,
several studies have demonstrated a causal relationship between all these parameters and the

development of neurological alterations in children.

A correlation has been established between the persistence of sleep apnea in infants, and the
occurrence of neurodevelopmental deficits in children until up to 3 years of corrected age (Janvier et
al. 2004). Likewise, it was found that the increased frequency and severity of apneas associated with
bradycardia leads to increased mortality in infants and greater neurodevelopmental alterations at 13
months (Pillekamp et al. 2007). A broad analysis of the Canadian Oxygen Trial data, which included
nearly 1,000 extremely premature infants, also reported an increased incidence of adverse
neurological outcomes directly proportional with the amount of time the newborn spent with a pulse
oximeter saturation (Sp0O,) <80% related to AOP and disordered breathing. Indeed, the rate of
occurrence of late death (after 36 weeks) or disability, the proportion of infants with cognitive or
language delay, and the likelihood of developing motor deficits all increased proportionally the
amount of time spent with low SpO, (Poets et al. 2015). Finally, the occurrence of five or more apneic
events during the first two and a half months of life was associated with lower scores on the Bayley-I|
mental development index (Poets 2020). In older children, associations between sleep-disordered

breathing, impaired cognition and academic achievements have been reported. The mechanism at the
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origin of these sequalae is most likely induced by IH but a probable contribution of sleep disruption
and sleep deprivation, or a cumulative effect of these three factors, should not be overlooked

(Blunden and Beebe 2006; Poets 2020).

In humans, the neonatal brain appears to be selectively vulnerable to oxidative stress, and
perinatal hypoxia causes region-specific cell death depending on developmental stage (Ferriero 2001,
Biran et al. 2011). Indeed, in preterm neonates, the periventricular WM is most affected while, at
term, the basal ganglia are the most vulnerable (Ferriero 2001). Moreover, from an experimental
standpoint, no animal model presenting with spontaneous apnea exists, and IH studies are very
variable in their parameters (%0,, frequency, duration, etc.). This makes difficult the identification of
the neurological alterations due to AOP. Nevertheless, several similarities between the findings in
humans and rodents have been highlighted, allowing for a better understanding of the mechanisms

at play during AOP.

Thus, it has been demonstrated, that much like in humans, rodents exhibit learning, behavioral
and motor deficits after IH. Indeed, a study showed that exposure to IH in rats beginning at P10
induces working memory deficits in male, associated with decreased dendritic branching in the frontal
cortex, but not the hippocampus (Decker et al. 2003; Kheirandish et al. 2005). Interestingly, female
rats, who did not present working memory deficits, had increased dopamine concentrations in the
frontal cortex after IH (Kheirandish et al. 2005). The implication of dopamine in the physiopathology
of AOP was confirmed by other findings in both rodents and humans. Thus, in rats, it has been shown
that early exposure (from P7 to P11) leads to depressed dopaminergic signaling in both sexes (Decker
et al. 2003). Likewise, in humans, a longitudinal study in a cohort of 9-year-old children indicates that
only individuals carrying the Al allele of the DRD2 TaglA polymorphism related to the dopamine D2
receptor presented increased externalizing behaviors (e.g., hyperactivity, impulsivity, aggression)
after a hypoxic exposure (White et al. 2019). This result also parallels the hyperlocomotive activity

found in rats having experienced hypoxia (Decker et al. 2003).

From a cellular perspective, several rodent protocols have succeeded in reproducing AOP
findings observed in humans (Cai et al. 2011; Cai et al. 2012). However, specific in vitro studies related
to AOP remain very sporadic, and most use different modalities of hypoxia. Nonetheless, these works
have helped us understand some cell mechanisms that could participate to the pathophysiology of

AOP in the brain and the cerebellum.
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In fact, perinatal hypoxia was shown to affect several CNS structures such as the corpus
callosum, striatum, frontal cortex, hippocampus, and cerebellum (Kheirandish et al. 2005; Cai et al.
2012; Darnall et al. 2017). More specifically, an IH protocol mimicking AOP was found to induce
hypomyelination within both the peripheral and central nervous systems, and significant defects in
oligodendrogenesis (Cai et al. 2011; Cai et al. 2012). In addition, perinatal asphyxia in rats revealed
neuronal loss in the hippocampal area CA1l, and morphological alterations in the cerebellar GL
(Kohlhauser et al. 1999). Therefore, IH seems to alter a majority of the nervous system but the causal

mechanisms are still to be determined.

In human newborns as in rat cultured GCs, NOS activation was observed after
anoxia/reoxygenation, suggesting that that mechanism is a key effector of OS-induced neuronal
damage (Ferriero 2001; Scorziello et al. 2004). Another mouse model sleep apnea study presented
evidence that OS contributed to the pathogenesis of chronic IH-mediated neuronal apoptosis. They
also demonstrated that the overexpression of SOD had neuroprotective effects in the cerebral cortex
and neurocognitive dysfunction (Xu et al. 2004). Another mechanism brought forward is the induction
of the endoplasmic reticulum stress response during IH, which was associated with cell death in the
hippocampus and prefrontal cortex (Cai et al. 2014). The associated ROS overproduction may be due

to the overactivation of NMDA receptors, which triggers the activity of oxidases (Ferriero 2001).

Regardless of the mechanism, the animal models also contributed to confirm that deficits are
proportional to the number of reoxygenation episodes and thus correlated with the duration of IH. In
fact, a hyperoxia model, akin to the reoxygenation phase of IH, has been shown to induce cerebellar
damage with decreased proliferation of GCs, and delayed and impaired branching of PCs. These cell
alterations are visible at P7 and are still present at P11 and P30, suggesting long-term damage (Scheuer
et al. 2017). In fact, a single hypoxic episode during a developmentally critical time can cause lasting
defects. Indeed, hypoxia in P2 rats caused cerebellar PC loss along with a proliferation deficit of in the

EGL (Biran et al. 2011)

Finally, in vitro studies have led to understand the involvement of excitatory amino acids in
hypoxic states. Indeed, glutamate, aspartate and glutamine were elevated in the hypothalamus of rats
having undergone an asphyxia protocol, revealing the occurrence of an excitotoxic phenomenon,
which might explain the observed behavioral deficits (Kohlhauser et al. 1999). It was also shown that
IH is correlated with a deficit in LTP, which may be linked to the behavioral deficits associated with
AOP, such as decreased motor coordination and impaired spatial learning (Goussakov et al. 2019).
However, the molecular bases for AOP-induced alterations are still insufficiently understood, even

more so when it concerns the involvement of the cerebellum.
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OBJECTIVES

Despite its high incidence, AOP’s impact on the CNS has not been fully explored. This is mostly
due to the lack of spontaneous apnea animal model or robust reproducible protocol, which renders
the comparison of the deficits observed difficult and even impossible. Indeed, the protocols found in
literature are highly variable, whether in the rate of O, adjunction, the duration of IH cycles, or the

age of the animals.

However, the protocol considered to mimic AOP the most accurately is that of Cai et al., since
it reproduces the brain and behavioral alterations of AOP in humans (Cai et al., 2012). Thanks to their
findings and observations, a hypoxia chamber mimicking AOP in mice was developed by our team and

was used to better study the neurological effects of this pathology in a rodent model.

Furthermore, the involvement of the cerebellum in perinatal hypoxia-related sequelae has
been largely overlooked. However, in humans as in rodents, cerebellar cell proliferation, migration
and differentiation take place from the embryonic period until the first postnatal year (Volpe 2009),
making it very vulnerable to perinatal incidents. Moreover, several neurological functions affected by
AOP are, at least in part, controlled by the cerebellum, such as learning or motor coordination. These
observations led us to hypothesize that perinatal IH could specifically target the immature cerebellum,

altering its development and associated functions.

The results presented in Article 1 (Leroux et al. 2022) highlight the histological and behavioral

alterations resulting from our IH protocol. The goals of this project, were to:

= Understand the cellular effects of IH by focusing on proliferation, cell death, and OS. This was
assessed via: i) BrDU injections to study the effects of IH on proliferation and migration; ii) ROS
production and caspase-3/7 activity assays; and jii) RT-gPCR analysis of OS and apoptosis related

genes at P12.

= Analyze the effects of IH general histology of the cerebellar cortex and cerebellar afferences. This

was done via IHC experiments targeting: i) DAPI and calbindin; and ii) Glu62, VGlut2 and MBP.

= Determine how these alterations might affect behavior in the short and long term via a series of

behavioral tests.
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These findings led us to design a series of experiments to better understand the molecular

basis of the changes we observed, these results are presented as Article 2 (Rodriguez-Duboc et al., in

preparation). For our purpose, we aimed to:

Pinpoint which developmental stage was most vulnerable to IH. To this end, we conducted

experiments on key timepoints, namely P4, P8, P12, P21 and P70.

Understand the molecular pathways at the base of the observed alterations. Accordingly, we
devised 2 general processes to investigate: i) considering the effects of IH on cell death and
oxidative stress observed at P12, we aimed to test a panel of genes related to OS (Lacaille et al.
2015); and ii) because of the histological delay in maturation induced by our IH protocol, we set

out on creating a new panel of genes related to cell maturation and differentiation.

Narrow down which cell types might be most impacted by IH and how. For this reason, we decided

to use laser capture microdissection and test gene expression on each cerebellar layer separately.

The final and ongoing part of the work is centered on exploring possible vascular effects of IH.

This part of the project is three-pronged:

RT-gPCR testing of vascularization-associated genes on the whole cerebellum to determine their

regulation by stage.

Immunocytochemistry experiments followed by confocal microscopy to better understand how

vasculogenesis is affected by IH in the context or cerebellar development.

Clearing followed by light sheet microscopy to observe the density and morphology of the vascular

network in situ.

This project is still underway but RT-gPCR results and preliminary imaging results are

presented in this manuscript.

98



MATERIALS AND METHODS

MATERIALS AND METHODS

ONE: ANIMALS

1. ANIMAL MODEL

We used wild type C57BL7 mice born and bred in an accredited animal facility (approval
number B.76-451-04) in accordance with the French Ministry of Agriculture and the European
Community Council Directive 2010/63/UE of September 22nd, 2010, on the protection of animals used
for scientific purposes. The integrality of animals used for this project were authorized under the

APAFiS reference number 2015120915461786.

The mice were kept under a 12-hour light/dark cycle at +/- 21°C and had free access to food
and water. Sex identification was done by both by anogenital distance measurement and pigment-
spot localization (Wolterink-Donselaar et al. 2009). Mice were weighed every morning of the IH

protocol prior to initializing the chamber.

2. HYPOXIA PROTOCOL

A hypoxia chamber was developed in the INSERM U1239 in collaboration with the Institute of
Technology of the University of Rouen Normandy (Figure 29). The device is composed of a 21L
(23x23x39 cm) Plexiglas enclosure, compliant with regulatory dimensions for rodent cages and

allowing visual monitoring of the animals.
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Figure 29: Hypoxia chamber containing a cage.

The transparent plexiglass allows for constant monitoring of the mice inside the chamber. Within the chamber
are detectors for Oz, temperature, atmospheric pressure, and hygrometry. The front panel features the USB to
connect to the controlling computer, on/off and reset button, as well as light indicators for the different gas
input/output. The right-side box contains the tubing for the gas input and two flowmeters are visible for oxygen
and nitrogen control.
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In addition, the chamber is equipped with several sensors that ensure the monitoring of
different parameters including O,, temperature, atmospheric pressure, and hygrometry. The
induction of hypoxia is achieved by the injection of nitrogen, while the return to normoxia is done by
an ambient air injection via a pump at a flow rate of 60L/min, associated with pure O.for a faster
transition. In the chamber, a fan allows to mix the gases which reach the enclosure via copper pipes

(8 mm in diameter) and PVC tubes (10 mm in diameter).
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Figure 30: Schematic representation of oxygen levels in the hypoxia chamber.

Graph showing the O2 concentration in the hypoxia chamber plotted against time during the intermittent
hypoxia (IH) protocol. The hypoxia/reoxygenation cycles last 2 minutes, including 20 seconds of hypoxia at 5%
02 and then a return to 21% O2, repeated for 6 hours, each day for 10 days, from P2 to P12. O2: oxygen. Px:
postnatal day x.

In order to reduce the sound intensity as much as possible and to maintain comfortable
warmth, 5-meter-long PVC pipes were used, with silencers installed at each gas inlet. The gas flows
entering the device are controlled upstream by pressure gauges, flowmeters, and solenoid valves. The
automatization of the IH cycles is done through an Arduino board connected to the valves and an
oxygen sensor. The board was programmed to adjust O.flow based on the measured O,levels. The
whole system is connected to a portable computer used to initiate the procedure manually. Therefore,
the opening of the solenoid valves and the starting of the pump are synchronized to the protocol. The
software also allows to track and record the data transmitted by the different sensors and to follow

in real time the environmental parameters in the chamber.

At age P2, the IH groups were placed with the dams in the hypoxia chamber, where they
experienced repeated episodes of hypoxia and reoxygenation (Figure 30). Each cycle lasts 2 minutes

and consists of: i) a 40-second nitrogen diffusion phase to decrease the ambient O; level in the
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chamber, ii) a 20-second hypoxia (= 5% O,) during which the chamber is a closed system, iii) a 20-
second reoxygenation step through an influx of both ambient air and pure O,, and finally iv) a 40-
second normoxia (= 21% O;) phase where equilibrium with ambient air is maintained. These cycles are
repeated during 6 hours throughout the sleep phase of the animals (10 am - 4 pm) for 10 days
maximum, or until the desired stage. The corresponding control group, designated normoxic (N), was
placed with their dam in an open-aired cage in contact with the hypoxia chamber. Thus, they were
simultaneously exposed to the same noise, vibrations, and stress conditions to minimize

environmental experimental bias.

3. COLLECTION OF BIOLOGICAL MATERIAL

This project relies on the use of a murine model, which presents the advantage of having
postnatal stages corresponding the human perinatal period (Figure 31). We chose the stages: P4 (peak
GC proliferation and PC monolayer), P8 (Peak GC migration and primary PC dendrite), P12 (PC dendrite
branching and CF innervation), P21 (EGL absent and mature PCs), and P70 (maturity and long-term
effects).

Birth
24 GW 26 GW 30GW 38GW 8 days

Human

Perinatal Period

Mouse ’

PO P2 P6 P10 P12
Birth

Figure 31: Correspondence of the human perinatal period to postnatal murine stages.
GW: gestational week; Px: postnatal day number “x”.

For laser-capture microdissection and real-time quantitative polymerase chain reaction
(LMD/RT-gPCR) experiments, mice were sacrificed at stages P4, P8, P12, P21, and P70 by decapitation
after being anesthetized by isoflurane inhalation (1000 mg/g iso-vet®). Whole brains were
immediately harvested, rinsed in RNase-free phosphate buffer saline (PBS), and set into pure

isopentane kept at -30°C. They were then stored in sterile containers at -80°C until further use.
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For clearing and immunohistochemistry studies, mice underwent lethal anesthesia by
intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg) and were then sacrificed by
intracardiac perfusion of NaCl 9%. followed by paraformaldehyde 4%. Brains were rapidly removed,
fixed overnight in 4 % paraformaldehyde (PFA), and stored in PBS with sodium azide until used. In the
case of bromodeoxyuridine (BrDU) testing, animals received intraperitoneal injections of BrdU (50
mg/kg) at P6 to assess the capacity of GC precursors to divide and migrate during the days following
the IH protocol, and again, 4 h before euthanasia to analyze GC precursors’ immediate ability to

proliferate at P12.

TWO: REAL-TIME Q-PCR

1. BIOINFORMATICS

The bioinformatics component of this project relied on the availability of genomic databases
and primer sets. The Oxidative Stress panel (Appendix 1) was developed in the team and was
available on the Primacen platform (Lacaille et al. 2015). The Neurodevelopment panel (Appendix 2)
was developed through my thesis work and relied on the Cerebellar Development Transcriptome
Database (Figure 32; CDT-DB http://www.cdtdb.brain.riken.jp). This annotated experimental
database includes transcriptomic data during different developmental stages on a genome-wide basis
in a layer-specific manner (Sato et al. 2008). The Vascularization panel (Appendix 3) was constituted
based on bibliographical data and enrichment. Gene annotation, pathway identification and functions

were investigated and illustrated with the Cytoscape software and stringR enrichment database.
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Figure 32: Sample of the Cerebellar Development Transcriptome Database setup.
This resource allows for the choosing of a developmental stage, cerebellar layer, and regulation.
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2. PRIMER DESIGN

For each of the chosen genes, messenger ribonucleic acid (mRNA) and exon junction
sequences were retrieved from the NCBI PubMed database using the R package {rentrez} (Winter
2017). Based on those sequences, gene primers were designed with the software Primer Express
(v3.0.1; ThermoFischer Scientific) using nucleotide sequences from the NCBI Pubmed database.
Primer pairs were chosen preferentially to be on exon joining sites, with the least possible hairpin and
dimer formation, and with similar size, GC percentage and melting temperature for the forward and
reverse primers (Figure 33). Each sequence was then blasted on Pubmed to ensure specificity. See

Appendices 1-3 for primer pair sequences and specifications.

Primer Express 3.0.1 = | =

File Edit View Toolz Window Help
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E] Fwd Start Fwd Length Fwd Tm Fwd %GC Rev Start Rev Length Rev Tm Rev %GC Probe Start
1 628 26 53 42 FZil pd b3 55 655 -
2 628 26 59 42 77 22 58 55 656 =
3 628 26 IEE 42 77 |2 EE ] |687 il
- rn o En i = B2 tn 3 Tron
1 | i | +

] Location

BN 71
BEEETS 0

[¥] -Secondary Structure

Oligo Length Hairpin | Self Dimers | Cross Dimers
@ Forward Primer 26 | Most Stable Structure Found
(C) Reverse Primer 22 Hairpinsg not found
) Probe 18
Forward Primer

CAGGATAAGAAACGCAGAGTTGTAGA
Reverse Primer

GTGACGTCGAAGACTCCTGTTG
Probe

ACAGAGAGTGGTGCTGCA

50 results found.

Figure 33: Sample of the parameters available on Primer express.
Primer pairs are chosen preferentially to be on exon joining sites, with the least possible hairpin and dimer
formation, and with similar size, GC percentage and melting temperature for the forward and reverse primers.

Validation of each primer pair was done using serial dilutions of wild-type genetic material
from whole cerebellum extract on 384 plates. A linear regression was plotted of the Cq as a function
the log of the concentration to assess the validity of the primer pair to quantify nucleic acids. A slope

between -3.2 and -3.5 and an R* > 0.98 were considered satisfactory (Figure 34).
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Figure 34: Sample of the validation process done for each primer pair for the RT-qPCR experiments.
Serial dilutions of a control cDNA are distributed on the plate along with a mix of SYBRgreen, forward primer
and reverse primer. A linear regression is plotted of the Cq as a function the log of the concentration to assess
the validity of the primer pair to quantify nucleic acids. On the right column are screenshots of the amplification
curves from the QuantStudio device.

3. LASER CAPTURE MICRODISSECTION

Frozen brains were transferred to a -20°C freezer two hours prior to use. Brains were fixed to
the refrigerated support (set to -20°C) of the Cryomicrocut (Leica 3050) with cryotomy embedding
medium (cat. 4583 Tissue-Tek® O.C.T. Compound, Sakura) by the frontal extremity. Cerebella were
then cut into 14 micrometers-thick slices with a blade kept at -18°C. Slices were immediately placed
on membrane coated slides (cat. 415190-9041-000 1.0 PEN, Carl Zeiss SAS) previously sterilized with
dry heat (3 hours at 170°C). Each slide was dipped for 5 seconds in 100% ethanol at -20°C to preserve
RNA and then stained with a 2.8% cresyl violet solution in 70% pure ethanol and progressively

dehydrated in ethanol solutions of increasing concentrations (50%, 70%, 100%).
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Figure 35: Example of a slice stained with cresyl violet.
Representation of surfaces that would be selected: internal granular layer (pink); molecular layer (yellow); white
matter (orange); Purkinje cells (green). x5 zoom top, x20 zoom bottom.

Surfaces of 700,000 um? (for the EGL, IGL, ML, and WM layers) and 130,000 um? (for
approximately 300 individual PCs) were drawn and cut with the Laser Capture Microdissection
microscope and software (Figure 35; Leica Microsystems Laser Microdissection System) and kept in

lysis buffer (from the RNA extraction kit mentioned below) on ice until RNA extraction.

4. RNA EXTRACTION

The mRNAs were purified on column using the Nucleospin RNA plus XS extraction kit by
Macherey-Nagel (cat. 740 990 250) according to manufacturer recommendations. RNA quantity and
purity are analyzed by UV spectrophotometry (Nanodrop Technologies). The optical density (OD) of
RNA is read at 230, 260, and 280 nm. The ratios OD 260 nm/OD 280 nm and OD 260 nm/DO 230 nm
are calculated as indicators of protein, and salt/ethanol contamination, respectively. These ratios

should be between 1.6 and 2.0 for the sample to be considered acceptable.

As per the MIQE guidelines (Bustin et al. 2009), mRNA quality assessment was performed by
gel electrophoresis on RNA 6000 Pico chips (cat. 5067-1513, Agilent). The analysis of the migration of

RNAs in the gel allows the calculation of the RNA integrity number (RIN). RNAs are considered to be
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of good quality when these values are homogeneous and between 7 and 10 (Figure 36). The mRNAs

were then stored at -80°C until the next step.
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rRMNA Ratio [28s [ 18s]: 1.2

FMA. Integrity Number [RIN): 7.2 (B.02.10)
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Fragment table for sample 11 : FH 5N ML/PC

Name Start Size [nt] End Size [nt] Area % of total Area

185 2,275 2672 5.3 123
285 4,876 5,400 6.3 14.5

Figure 36: Example of quality assessment of a suitable RNA sample.
Results from gel electrophoresis on RNA 6000 Pico chips. RIN values above 7 are deemed adequate.

5. RETROTRANSCRIPTION AND QPCR

Total mMRNAs were retrotranscribed to cDNA by reverse transcription using i) the Quantitect
RT Kit from Qiagen (cat. 205313) for surfaces of 700,000 um?or ii) amplified and retrotranscribed with
the SMARTer® Pico PCR cDNA Synthesis Kit and Advantage® 2 PCR Kit (cat. 634928/7 and 639207 from

Takara) for Purkinje cells.

The determination of the relative expression of genes of interest (GOls) was done by
guantitative polymerase chain reaction (qPCR) in 384-well plates (Applied Biosystems), in the
presence of Fast SYBR Green PCR Mastermix (Thermofisher, cat. 4385612) and target gene-specific
sense and antisense primers (Appendices 1-3). The distribution of cDNA samples and reaction mixes
is performed by the Bravo 1 pipetting robot available on the Primacen platform. For each gene in the
panel, the sample is measured at least in duplicate, with at least two housekeeping genes (HKGs) from

Table 1.
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Gene Name Function NCBI reference Primer pair sequence
glyceraldehyde-3-phosphate glucose Forward CATGGCCTTCCGTGTTCCTA
Gapdh . NM_001289726.1
dehydrogenase metabolism Reverse | CCTGCTTCACCACCTTCTTGA
HspQOabl heat shock protein 90 alpha signal NM 008302.3 Forward CAGAAATTGCCCAGCTCATGT
(cytosolic), class B member 1 transduction - ’ Reverse CCGTCAGGCTCTCATATCGAA
I Forward | CCACTGTCGCTTTTCGCCGC
Ppia peptidylprolyl isomerase A . NM_008907.1
folding Reverse | TGCAAACAGCTCGAAGGAGACGC
IS SOMESIFES ) | Forward  AGGACCTAAAAGGGTCGGTCA
Ywhaz tryptophan 5-monooxygenase ) NM_011740.3
activation protein zeta transduction Reverse | CGGGGTTTCCTCCAATCACT

Table 1: Housekeeping genes primer pair sequences and specifications.
At least two were present on each plate. Values were averaged prior to 20229 calculation.

The quantitative PCR reaction takes place in the QuantStudio Flex 12k thermal cycler (Applied
Biosystems). Raw data output gives quantification cycle (Cq) values. Results are then calculated via
the 2(22%) method which allows relative quantification of gene expression within an experimental

condition. This value is defined by the formula:

2—0ACq — 2(—((CqGOI,H—CqHKG,H)—(CqGOIN—CqHKGN)))

THREE: IMMUNOHISTOCHEMISTRY

1. SAMPLE PREPARATION

For this purpose, cerebella previously fixed with 4% PFA were retrieved, cut into 40 um-thick
slices with a vibratome (Leica Microsystems VT1000S), and placed in a 24-well plate. Non-specific site
blocking was first performed for one hour in the presence of normal donkey serum (NDS) diluted 1:50
in an incubation solution containing 1X PBS, Triton X-100 (0.3%) and bovine serum albumin (1%). The
slices are then incubated overnight at 4°C with specific primary antibodies (Table 2). Afterwards, the
slices are rinsed with 1X PBS, and incubated for 2 hours at room temperature with the corresponding
secondary antibodies diluted at 1:300 (Table 2). This step is followed by 3 additional PBS 1X rinses.
The slices are then incubated in the presence of 4',6'-diamidino-2-phenylindole (DAPI; 1 ug/mL) for 1

minute for nuclear labeling. After a final rinse, the sections are mounted on slides using Mowiol
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2. ANTIBODY CHOICE

Primary Ab Target Dilution Species Supplier 2" Ab
Angpt2 Secreted molecule 1:300 Rabbit Gl el el DAR 488
(#2948)
zﬂéﬁratmy/ proliferative .45 Sheep  Abcam (#ab1893) DAS 633
Calbindin Purkinje cell 1:1000 Mouse  Sigma Aldrich (#C9848) DAM 594
Cleaved . ) . Cell signaling technology
Apoptotic cell 1:400 Rabbit (#9661S) DAR 488
GFAP Q‘I?;’)“yte (Bergmann ;600 Rabbit  Dako (#20334) DAR 488
m Parallel fibers 1:500 Goat Santa Cruz (#sc26118) DAG-488
m Myelinated fibers 1:300 Rabbit Sigma-Aldrich (#M3821) DAR 488
ek iearl Endothelial cells 1:300  Rabbit ~ Coll signalingtechnology 50 408
(#4221)
Podocalyxin Capillaries 1:200 Goat R&D Systems (#AF1556) DAG 594
. . . Cell signaling technology
Endothelial cells 1:300 Mouse (#4224) DAM 594
Vegf-B Secreted molecule 1:300 Rabbit ~ Cell signaling technology DAR 488
(#2463)
VGlut Climbing and mossy 1500  GUiN€a  \riinore (#AB2251) DAGp-Cy3
fibers pig
a-SMA-Cy3 Arteries 1:500 Mouse  Sigma-Aldrich (#C6198) N/A

Table 2: Antibodies used for immunohistochemical experiments.

Ab: antibody; Angpt2: angiopoietin 2; BrdU: bromodeoxyuridine; DAG: donkey anti-goat; DAGp: donkey anti-
guinea pig; DAM: donkey anti-mouse; DAR: donkey anti-rabbit; DAS: donkey anti-sheep; GFAP : glial fibrillary
acidic protein; Glub2: glutamate receptor delta2; MBP: Myelin binding protein; a-SMA: smooth muscle actin
alpha; Tie-2: tyrosine kinase with ig and egf homology domains-2; Vglut2: vesicular glutamate transporter 2;
Vegf-B: vascular endothelial growth factor.

3. IMAGING

The study of the thickness of the cortical layers of the cerebellum was performed using an
Eclipse 600D upright microscope (Nikon). The acquisition of the cleaved caspase-3 was performed
under a widefield microscope (PRIMACEN, Thunder 3D, Leica). These data were analyzed with the
Image) software, version 1.46 (Schindelin et al. 2012). Proliferation, migration, and dendritic
arborization of PCs were observed on the TCS SP8 MP confocal microscope (Leica Microsystems).
Quantification was done using the Image) software for proliferation/migration images and with Imaris

software for VGlut, Glud2, MBP, and co-localization images (BitPlane, South Windsor, CT, USA).
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FOUR: CLEARING

1. SAMPLE PREPARATION

For this part of the project, cerebella previously fixed with 4% PFA were retrieved underwent
a clearing protocol (Table 3). The samples are dehydrated by being submerged in increasing
concentrations of methanol (MeOH; 20%, 40%, 60%, 80% and 100%). Dehydrated samples then
undergo a bleaching phase by being transferred to a solution composed of 5% H,0, (hydrogen
peroxide) and 95% MeOH for 24 hours in order to decrease tissue autofluorescence. The samples are
then rehydrated by a decreasing solution of MeOH (80%, 60%, 40% and 20%), washed in a rinsing
solution PTx.2 (Table 3), and then permeabilized for one day at 37 °C under agitation with a solution
containing 1X PBS, 0.2% TritonX-100, 20% dimethyl sulfoxide (DMSO), glycine (23 mg/mL) and
thimerosal at 0.1 g/L (antifungal). The non-specific binding sites are, subsequently, blocked with a 1X
PBS solution containing 0.2% Triton-X100, 10% DMSO, 6% NDS and thimerosal for one day at 37 °C

with agitation.

Thereafter, the brains are incubated with the desired primary antibodies (Table 4) diluted in
PTwP solution, containing 5% DMSO and 3% NDS at 37 °C under agitation for 6 days. After 6 rinses
with PTwH at room temperature, the samples are incubated for 5 days with the secondary antibodies
(Table 4) diluted in PTwH containing 3% NDS at 37°C under agitation. The brains are then rinsed several
times with PTwH at room temperature under agitation, followed by dehydration in MeOH baths of
increasing concentration (20%, 40% and concentration (20%, 40%, 60%, 80% and 100%). A delipidation
of the brains is then performed by incubation in a solution containing 66% dichloromethane (DCM)
and 33% MeOH for one night under agitation and then in DCM for 30 minutes. These last two steps
allow to homogenize the refractive indexes of the cellular structures and to induce their transparency

once placed in dibenzylether (DBE).

PTx.2 (1L) 100 mL PBS 10X + 2 mL TritonX-100 + Q.S. distilled water
100 mL PBS 10X + 200 pL Heparin (50 mg/mL) + Q.S.

PTwWH (1 1) distilled water

Permeabilization solution (500 mL) 400 mL PTx.2 + 100 mL DMSO + 11,5 g glycine
Blocking solution (50 mL) 42 mL PTx.2 + 5 mL DMSO + 3 mL NDS
Primary Ab incubation solution (50 mL) 2.5 mL DMSO + 1.5 mL NDS + Q.S. PTwH

Secondary Ab incubation solution (50 mL) = 1.5 mLNDS +Q.S. PTwH

Table 3: Composition of the solutions of the clearing protocol.
Ab: antibody; DMSO: dimethyl sulfoxide; NDS: normal donkey serum; PBS: phosphate buffer saline.

109



MATERIALS AND METHODS

2. ANTIBODY CHOICE

Purkinje cell 1:1000 Mouse Sigma Aldrich DAM 488 1:300
(#C9848)

Capillaries 1:200 Goat R&D Systems DAG 594 1:200
(#AF1556)

Arteries 1:500 Mouse  Sigma-Aldrich N/A N/A
(#C6198)

Arterioles 1:200 Rat Millipore DARt 594 1:400
(#CBL1337)

Table 4: Antibodies used for the 3D visualization of blood vessels.

Ab: antibody; DAG: donkey anti-goat; DAM: donkey anti-mouse; DARb: donkey anti-rabbit; DARt: donkey anti-
rat; GalC: galactocerebrosidase; a-SMA: smooth muscle actin alpha; PECAM1.: platelet endothelial cell adhesion
molecule 1.

3. IMAGING

The 3D acquisitions of the transparent cerebella were performed by Dr. David GODEFROY
(INSERM U1239) on the Ultramicroscope Il (LaVision BioTec, Bielefeld, Germany) using the software
ImspectorPro (LaVision BioTec, Bielefeld Germany). Quantification and image analysis was done using

the Imaris software with the help of Camille Racine, M2 student.

FIVE: BEHAVIORAL STUDIES

The behavioral studies were conducted by Dr. Sarah LEROUX and Dr Arnaud ARABO in the
animal facility, and | contributed with the statistical analysis of the results. They are featured here to

facilitate the interpretation of results.

The righting reflex test assesses the pups’ locomotor coordination by placing them in a supine
position and measuring the time needed to recover a completely prone position. Two daily

consecutive trials were performed on each pup from P2 to P11 with a 60-second cut-off period.

The grasping reflex test determines the pups’ forepaw strength and motor skills. The pups
were set hanging by their forepaws on a stretched string and the latency to fall was measured. Two

daily consecutive trials were performed on each pup from P2 to P11 with a 60-second cut-off period.
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A muscular strength test was conducted by having the mice held by the tail and allowed to
grasp a string with their forepaws. Then, they were progressively pulled backward by the tail. The
maximal force was recorded by a dynamometer linked to the grip-strength apparatus. Four trials were

performed on each mouse at P21.

The actimetry test was used to observe spontaneous behavior in P63 mice by placing them in
the middle of a 45x45x30 box and recording their spontaneous locomotor activity during 10 minutes
with the video tracking software Any-MAZE. Various parameters, such as distance traveled, mean

speed, grooming time, and the number of rearing were measured and logged.

The elevated plus maze is designed to evaluate anxiety in mice by using their innate
preference for dark and enclosed spaces. P64 mice were placed at the intersection of a maze
consisting of 2 opposed closed arms intersecting 2 opposed open arms. The movements of the animals
were tracked for 5 min with the Any-MAZE software. The time spent and the number of entries in

each arm were recorded.

The horizontal beam test was conducted to check the mice’s motor coordination. They were
placed on a wooden beam (1 m length, 0.5 cm diameter), and the time needed to cross the beam and

number of missteps were recorded. Three trials were performed on each mouse at P53.

The Morris water-maze test evaluates spatial learning and memory. It requires a round pool
of 120 cm in diameter, surrounded with visual clues and filled with water mixed with an opaque white
dye. Each mouse aged P53 was given 60 seconds to habituate to the pool. Then, a cue session was
performed at P56 and during 5 consecutive days, corresponding to the acquisition and consolidation
phases. An invisible platform was placed in the northwest quadrant and submerged approximately 1
cm below the water surface. Each animal was placed in the pool and had 60 seconds to find the
platform and to stay on it for 5 seconds. If mice did not find the platform, they were gently guided to
it and stayed there for 20 seconds. Four trials with different starting positions were performed each
day. On the last day, a probe session was conducted, referring to the retrieval phase. The platform
was removed from the pool and each mouse was placed in the center of the pool. Mice were given 60
seconds to explore the environment. Their behavior, trajectory, and different parameters such as

freezing time or distance traveled, were recorded via the video tracking software Any-MAZE.
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SIX: STATISTICAL ANALYSIS

1. CONCEPTS

Statistical analysis was performed on R version 4.2 (R Core team, 2022). All data types (RT-
gPCR, IHC and behavioral) were modeled through the generalized linear mixed model (GLMM)
framework, using the {glmmTMB} package (Brooks et al. 2017).

GLMM (also called multilevel models or hierarchical models) are a class of statistical models
extending the standard linear models (which include t-tests and ANOVA as special cases). It allows
modeling of a wider variety of phenomena by relaxing the linear models’ main assumptions, namely
the assumptions of normality of the residuals, of linearity, of homogeneity of variance (aka

homoscedasticity), and of independence of the observations.

GLMM can model non-Gaussian conditional distributions, which often arise from biological
processes. For example, strictly positive and continuous variables such as weights, areas, or lengths,
are usually best modeled with a Gamma distribution, whereas variables with a theoretical lower and
upper bound, like proportions, would be best represented by a binomial or a Beta distribution. Those
non-Gaussian distributions have the additional property of having a non-constant mean-variance
relationship, meaning that expected mean of a group will systematically affect its expected variance

or shape, which allows them to naturally account for heteroscedasticity.

The linearity assumption is relaxed by modeling an arbitrary function of the response variable
instead of the response itself. The transformed response is the one assumed to vary linearly with the
predictors, and the function used for this transformation is called the link function, while the
transformed response is said to vary on the link scale. This allows the modeling of many physical

phenomena for which the linearity assumption is unrealistic.

Finally, GLMM can model non-independent observations by including a combination of fixed
and random effects as predictors. Fixed effects are our predictors of interest (i.e. our treatments and
relevant covariates), while random effects are parameters allowing us to explicitly account for the
non-independence of samples that are temporally or hierarchically related (e.g. like pseudo-replicates
taken from the same mouse) (Harrison et al. 2018; Zimmerman et al. 2021). Random effects define
specific variance-covariance matrices that will, if they appropriately model the structure of the data,
account for the parts of the response’s variance that are not explained by the fixed effects. Random
effects can range from simple random intercepts for independent clusters containing exchangeable
measures, to more complex combinations of random intercepts and slopes for longitudinal

measurements on the same individual (e.g., evolution of a measure across time). Compared to
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ignoring or simply averaging pseudo-replicates, explicitly including the appropriate random grouping
structure helps improve power and generalizability, lower the rate of false positives, and lead to better

inferences about fixed effects (Barr et al. 2013; Aarts et al. 2015; Brauer and Curtin 2018).

The fitness of each of our models was evaluated through both visual checks (e.g., posterior
predictive checks, QQ plots, residuals vs predicted values) and quantitative indices of model fit (e.g.,
AIC: Aikake information criterion). When several competing models were possible a priori, we selected
the most plausible one primarily based on our theoretical understanding of the response properties
and its causal relationship to our predictors of interest, and, to a lesser extent, to minimize AIC and
favor model parsimony (Bates et al. 2015). For example, even if a Gaussian likelihood had the best fit
on a given sample of data, a Gamma likelihood would still be favored for a response known to be
continuous and strictly positive, in order to get better out-of-sample generalization, and thus more
valid inferences. Those checks were made using the {DHARMa} (Hartig 2022) and {performance}
(Ludecke et al. 2021) packages.

Contrasts and p-values for relevant hypotheses were obtained using the {emmeans} package
(Lenth 2022). They were computed on the link scale, using Wald t-tests, without any multiplicity

adjustments. For all analyses, p < 0.05 was considered significant.

2. SPECIFICS

1. RT-gPCR

For RT-qPCR data, a Gaussian likelihood with an identity link function was used to model the
distribution of the delta Cq (DCq) for each gene of interest. When samples for one gene were split

over multiple plates, a random intercept was added to account for intra-plate correlations.

2. IHC

Immunohistochemistry data consisted of many types of measures, which required different
likelihood families. Count data (e.g., cell counts) were modeled using Generalized Poisson likelihoods
to account for potential over or under-dispersion. Measures bound at O (e.g., cell density, areas, and
volumes) were modeled using a Gamma likelihood, and proportions (e.g., ratios of areas) with a Beta
likelihood. When multiple measures were taken from the same mouse, a mouse random intercept

was added.
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3. Behavioral experiments

Similarly, behavioral measures were varied and required the use of various types of
distributional families (i.e., Gamma likelihoods for durations and weights). When multiple measures
were taken from the same mouse in the same condition, a random intercept per mouse was added.
The temporal dependency of measures such as changes in weight over time, or the evolution of mice’s
performance in Morris water maze over developmental stages, was accounted for using an

autoregressive factor of order one.

4. Data availability

The data and R code for the analyses of the article “Intermittent hypoxia in a mouse model of
apnea of prematurity leads to a retardation of cerebellar development and long-term functional
deficits” were open-sourced on GitHub and archived through Zenodo (Riviere and Rodriguez-Duboc
2022). A website documenting those analyses was generated using the {Quarto} scientific publishing
system (Allaire 2022), to allow interested readers to explore our models’ outputs without having to

run the code themselves. It is available at https://ma-riviere.github.io/LT-AoP-22/. The same process

was followed for the second article “Apnea of Prematurity induces short and long-term development-
related transcriptional changes in the murine cerebellum” (Riviere and Rodriguez-Duboc 2023). The

documentation is available at https://ma-riviere.github.io/DE-AoP-23/. This will also be implemented

for the upcoming vascularization work.
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PART ONE: COMPLETED WORK

1. JOURNAL ARTICLE 1

1. Presentation

Intermittent hypoxia in a mouse model of apnea of prematurity
leads to a retardation of cerebellar development and long -term
functional deficits.

S. Leroux, A. Rodriguez-Duboc, A. Arabo, M. Basille-Dugay, D. Vaudry and D. Burel.

Published September 6™, 2022, in Cell and Bioscience.

My contributions to this work consisted in:
- Part of the IH protocols
- BRDU injections
- GluRbd2 image acquisition
- Vglut image acquisition
- RT-gPCR experiments
- Statistical analyses

- Part of the writing

Our main findings, as summarized in figure 37:

- P12 mice present OS and delayed maturation of the cerebellar cortex after IH.

- IH mice present with growth retardation and motor disorders at P12.

- A compensatory mechanism takes place to reestablish an unaltered organization at P21.

- Purkinje cells abnormalities such as the dendritic densification, the increase in afferent
innervation, and axon hypomyelination persist in the long term.

- Adult mice still present an impairment and significant disorders in spatial learning.
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Intermittent hypoxia in a mouse model

of apnea of prematurity leads to a retardation
of cerebellar development and long-term
functional deficits

S. Leroux', A. Rodriguez-Duboc'?, A. Arabo®, M. Basille-Dugay’, D. Vaudry'** and D. Burel"**"

Abstract

Background: Apnea of prematurity (AOP) is caused by respiratory control immaturity and affects nearly 50% of
premature newborns. This pathology induces perinatal intermittent hypoxia (IH), which leads to neurodeveloprmental
disorders. The impact on the brain has been well investigated. However, despite its functional importance and imma-
turity at birth, the involvement of the cerebellum remains poorly understood. Therefore, this study aims to identify the
effects of IH on cerebellar development using a mouse model of AOP consisting of repeated 2-min cycles of hypoxia
and reoxygenation over 6 h and for 10 days starting on postnatal day 2 (P2).

Results: At P12, IH-mice cerebella present higher oxidative stress associated with delayed maturation of the cerebel-
lar cortex and decreased dendritic arborization of Purkinje cells. Moreover, mice present with growth retardation and
motor disorders. In response to hypoxia, the developing cerebellum triggers compensatory mechanisms resulting in
the unaltered organization of the cortical layers from P21 onwards. Nevertheless, some abnormalities remain in adult
Purkinje cells, such as the dendritic densification, the increase in afferent innervation, and axon hypomyelination.
Mareover, this compensation seems insufficient to allow locomotor recovery because adult mice still show motar
impairment and significant disorders in spatial learning.

Conclusions: All these findings indicate that the cerebellum is a target of intermittent hypoxia through alterations of
developmental mechanisms leading to long-term functional deficits. Thus, the cerebellum could contribute, like oth-
ers brain structures, to explaining the pathophysiology of AOP.

Keywords: Apnea of prematurity, Intermittent hypoxia, Cerebellum, Purkinje cells

Background

Apnea of prematurity (AOP) is a developmental disorder
characterized by a sudden cessation of breathing, lasting
at least 20 s and/or associated with bradycardia or oxy-
gen desaturation [1]. This condition affects at least 50%

*Correspondence: delphine burel@univ-rouen fr

! Laboratory of Neuronal and Neuroendocrine Communication

and Differentiation, Institute for Research and Innovation in Biomedicine
(IRIB), Normandie Univ, UNIROUEN, INSERM U1239, 76000 Rouen, France
Full list of author information is available at the end of the article

B BMC

of premature infants and nearly 100% of extremely pre-
term neonates, born before 29 weeks of gestation [2].
Although it has been shown that apneas are mostly due
to a physiological immaturity of respiratory control, the
pathogenesis and neurological consequences of this dis-
ease remain unclear [3].

Nonetheless, as improvements in healthcare have
helped reduce mortality in recent years, long-term defi-
cits following AOP are now noticeable. Indeed, it has
been shown that AOP was associated with an increased
risk of periventricular leukomalacia [4, 5]. Moreover, a

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 Internaticnal License, which
permits use, sharing, adaptation, distribution and reproduction in any mediumn or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is notincluded in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder, To view a copy of this
licence, visit http/creativecommons.org/licenses/oy/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zera/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.
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correlation has been established between apnea duration
and neurodevelopmental disorders, including language,
cognitive, and motor impairments [6]. These deficits
appear to reflect the severity of the apnea, with short res-
piratory arrests being inconsequential and longer ones
deleterious [7].

Several animal models of intermittent hypoxia (IH)
have been developed to better understand the patho-
genesis and outcomes of AOP in humans [8-10]. The
repeated cycles of hypoxia and reoxygenation that char-
acterize this pathology have been shown to induce cel-
lular damage and oxidative stress, leading to central
nervous system injuries. Indeed, Cai et al. [11] demon-
strated oligodendrocyte and synaptic alterations in the
striatum and corpus callosum following perinatal IH.
Moreover, decreased long-term potentiation and mem-
ory disorders have also been observed [9, 10].

However, despite the increasing number of studies try-
ing to assess the effects of AOP on the brain, very few
investigate its impact on the rest of the nervous system,
notably the cerebellum which is particularly vulnerable.
Indeed, the cerebellar cortex is immature at birth [12]
and consists of 4 layers that undergo an important matu-
ration process from the last trimester of pregnancy and
well into the postnatal period. In humans, the granu-
lar cell precursors (GCP) first proliferate in the external
granular layer (EGL), which reaches its peak thickness
between the 20th and 30th weeks of gestation. These neu-
ron precursors then migrate through the molecular layer
(ML) thanks to the Bergmann glia, cross the Purkinje cell
layer (PL), and differentiate to form the internal granular
layer (IGL) [13]. In the meantime, Purkinje cells develop
their dendritic arborization. This allows for the establish-
ment of synaptic contacts with ascending granule cell
axons, called parallel fibers, and for the enlargement of
the ML. As a result, these neurons receive indirect infor-
mation from mossy fibers and integrate it along with data
directly supplied by the climbing fibers from the olivary
nucleus.

Thus, the cerebellum controls various motor behav-
iors such as equilibrium or motor coordination, but also
higher functions such as language, learning, or spatial
orientation [14-16]. It appears that most of these pro-
cesses are altered in children affected by AOP [6, 7]. In
fact, Sathyanesan et al. [17] demonstrated that chronic
perinatal hypoxia induces persistent motor coordination
disorders and learning deficits. These data suggest that
perinatal incidents such as apnea could affect cerebellar
development and lead to behavioral impairments. Based
on this hypothesis, it has been shown that IH in rodents
causes Purkinje cell alterations, hypomyelination, and
oxidative stress [8, 11, 18, 19].
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In this work, we decided to analyze cerebellar histol-
ogy during development, as well as the behavior of young
and adult mice in a model of AOP. We first determined
the effect of intermittent hypoxia on oxidative stress,
proliferation, apoptosis, and cortical layer organization.
On a functional level, we investigated short and long-
term motor and learning aptitudes to determine whether
cellular defects were associated with behavioral disor-
ders. Altogether, our results aim to correlate cerebellar
alterations with the long-term deleterious consequences
observed in preterm children having experienced AOP.

Results

Effects of perinatal intermittent hypoxia on cellular
mechanisms of development

In order to mimic apnea of prematurity, neonatal mice
were exposed to cycles of hypoxia and reoxygena-
tion (2 min/cycle, 6 h/day for 10 days, starting at the
postnatal day 2 (P2)). To evaluate the oxidative stress
induced by hypoxia in the cerebellum, the concen-
tration of reactive oxygen species (ROS) produced
in mice cerebella at the end of the apnea proto-
col was measured. We observed that IH induces an
increase in ROS production in the whole cerebellum
( t(17) = —2.454; p = 0.025; Ratio = 0.833; Clos = [0.713,0.975] ;
Fig. 1A). Moreover, our qPCR analysis shows that, of
the 9 genes tested from the "ROS production” panel, 6
are differentially expressed at P12 after IH. More pre-
cisely, Cox4il and Ndufv2 are slightly under-expressed,
Nosl and Fthl are more markedly under-expressed, and
Hmox1 and Idhl are over-expressed (Fig. 1B; see statis-
tics in Additional file 1: Table S1).

Concerning the "Apoptosis’ panel, the expression of
Casp3, Casp9, Hifla was up-regulated while Bcl2 and
Parpl are under-expressed after IH at P12 (Fig. 1C, see
statistics in Additional file 1: Table S1). However, this
result is not reflected in terms of the enzymatic activ-
ity of caspases-3/7 or the density of cleaved caspase-3
positive cells (Fig. 1D). Similarly, DAPI labeling in the dif-
ferent cortical layers at P12 revealed no difference con-
cerning the density of cells (spots per volume) (EGL:
£(120) = —0.076; p = 0.939; Ratio = 0.995; Clos = [0.868,1.14]; ML:
£(120) = 0.237; p = 0.813; Ratio = 1.017; Clos = [0.887,1.166]; IGL:
£(120) = 0.745; p = 0.458; Ratio = 1.053; Clos = [0.918, 1.207];
Fig. 2A) or in the average distance between cells (EGL:
£(120) = 0.775; p = 0.440; Ratio = 1.012; Clgs = [0.981,1.044]; ML:
t(120) = —0.589; p = 0.557; Ratio = 0.991; Clos = [0.961, 1.022];
IGL: £(120) = —1.364; p = 0.175; Ratio = 0.979; Clos =
[0.949,1.01]; Fig. 2A).

Additionally, the effect of IH on the expression of
genes implicated in the antioxidant response was stud-
ied. While some genes involved in redox homeostasis,
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Fig. 1 Effects of perinatal intermittent hypoxia on cellular mechanisms in P12 mice. A Quantification of ROS production in the whole cerebellum
of control (N) or hypoxic (IH) P12 mice. B Significant RT-qPCR results reflecting the regulation of the expression of genes involved in the production
of ROS in the whole cerebellum of control (N) or hypoxic (IH) P12 mice. C Significant RT-gPCR results reflecting the regulation of the expression of
genes associated to apoptosis in the whole cerebellum of control (N) or hypoxic (IH) P12 mice. D Enzymatic activity of caspase-3/7 (left) and density
of cleaved caspase 3 positive cells (right) in the whole cerebellum of control (N) or hypoxic (IH) P12 mice. For B and C, the number of animals was
15 for the N group and 10 for the IH group. For A and D, the total number of animals in each experimental group is indicated under the boxplots
and represented by diamond shapes, while the transparent dots indicate individual data points. Exact p-values are indicated above the plot. IH:
intermittent hypoxia condition; N: normoxia condition; P12: postnatal day 12; ROS: reactive oxygen species
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such as Gpx4, Gsk1, Prdx1, Sodl and Srxnl, are under-
expressed after TH, thus reflecting cellular distress, other
antioxidant genes like Sod 2, Sod 3, Txnrd3 and Gstm1
are over-expressed indicating the establishment of a
defense system (Fig. 2B; see statistics in Additional file 1:
Table S1). The impact of TH on GCP proliferation and
migration was also analyzed by counting bromodeoxyu-
ridine (BrDU)-positive cells (N group=2 males and 2
females; IH group =3 males and 2 females). P6 injection
of BrDU helped us estimate the capacity of GCP to divide
and then migrate to the IGL until P12. P12 administra-
tion revealed the immediate proliferation at the end of
the IH protocol. Our results indicate that hypoxia did
not change the number of BrDU-positive cells in the
IGL, indicating no deficit of neuronal migration (Fig. 2C),
but did increase BRDU-labeled precursors in the
EGL (£(31) = —3.295; p = 0.002; Ratio = 0.443; Clys =
[0.268,0.734]; Fig. 2C), demonstrating a higher prolifera-
tive activity.

Effects of perinatal intermittent hypoxia on the structural
organization of the developing cerebellum
Immunohistochemical studies were performed using
DAPI and calbindin labeling at the end of the proto-
col (P12; N group=3 males; IH group=3 males and
1 female) or 9 days later (P21; N group=1 male and 2
females; IH group=2 males-1 female) to analyze the
short and long-term effects of IH on cerebellar histology.
At P12, immunofluorescent imaging revealed a disorgani-
zation of the cerebellar cortex in IH-treated mice compared
to controls (Fig. 3A—C). The measurement of cerebellar cor-
tex thickness at P12 showed a global reduction in IH mice
(t[lllZ) = 4.099; p =< 0.001; Ratio = 1.503; Clys = [1.237, 1.827];
Fig. 3A, B). This alteration is associated with a
decrease in the IGL and ML thicknesses (respectively,
£(1112) = 6.06; p == 0.001; Ratio = 1.673: Clos = [1.416,1.976]; and
t(1112) = 3.789; p =< 0.001; Ratio = 1.781; Clys = [1.321,2.402];
Fig. 3A, B) and an increase in EGL thickness (¢(1112) = —2.108;
p = 0.035; Ratio = 0.816; Clgs = [0.676,0.986]; Fig. 3A,
B), which further supports the delay in development. The
immunochemical observation also revealed that the dendritic
tree of Purkinje cells is visibly affected (Fig. 3B). The quanti-
tative analysis of calbindin labeling confirmed the decrease
of dendritic arborization volume per Purkinje cell body
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(£(147) = 2.26; p = 0.025; Ratio = 1.257; Clys = [1.029, 1.535];
Fig. 3C). The difference is more pronounced in
the anterior part (Ant) of the cerebellum than in
the medium (Med) or posterior (Post) part (Ant
t(147) = 2.209; p = 0.029; Ratio = 1.382; Cly5 = [1.035, 1.847];
Med:  ¢(147) = 1.494; p — 0.137; Ratio — 1.235; Clus — [0.934,1.632]; POSt:
t(147) = 1.219; p = 0.225; Ratio = 1.164; Clgs = [0.91, 1.488];

Fig. 3C).

At P21, the thinning of the cortical layers is no longer
significant (Fig. 4A, B). Moreover, the quantitative analy-
sis of calbindin labeling demonstrated that the volume of
the dendritic tree of Purkinje cells is increased in IH ani-
mals (£(74) = —2.249; p = 0.027; Ratio = 0.832; Clos = [0.708,0.979];
Fig. 4C). 'This effect is mostly accounted for
by the posterior part of the cerebellum (Ant
t(74) = —0.787; p = 0.434; Ratio = 0.891; Clos = [0.666, 1.192];
Med:t(74) = —0.853; p = 0.396; Ratio = 0.908; Clos = [0.724,1.138];
Post: t(74) = —2.207; p = 0.030; Ratio = 0.713; Clgs = [0.525, 0.968]:
Fig. 4C). However, neither P12 nor P21 stages showed a
significant difference in Purkinje cell count (Figs. 3C, 4C).

Effects of perinatal intermittent hypoxia on physical

and behavioral development

Two different tests were performed to determine whether
perinatal IH could alter behavioral development in pups
(N group=11 males and 7 females; IH group="7 males
and 8 females). Firstly, we found that, in the righting
reflex test, hypoxic mice take longer to turn at P6 and P7
compared to the control  group  (respec-
tively+26.56 + 6.266 s and +32.79+6.45 s;
t(327) = —3.711; p =< 0.001; Estimate = —7.931; Clg;
= [—12.136, —3.727]; Fig. 5A). Our data also revealed
that, in the grasping reflex test, the hanging time of
hypoxic mice is shorter than that of the control pups
from P9 to P11 (respec-
tively—2.924+0.63 s; 6.521+0.897 5—10.29+045 s;
1(327) = 5.569; p =< 0.001; Estimate = 2.226; Clys = [1.44,3.013); Fig. 5B).
Moreover, IH induces a growth delay in IH mice, Thus,
while the mean weight of pups (nest weight/number of
pups per nest) is similar at PO
( t(3) = —0.107; p = 0.921; Estimate = —0.003; Clos = [—0.091, 0.085];
Fig. 5C, top left inset), animals display a lower daily

weight gain from P2 to the end of the protocol
#(331) = 13.971: p =< 0.001; Ratio = 2.007; Clos = [1.819,2.213];
( Fig. 5C). No significant difference was found in weight

(See figure on next page)

Fig. 2 Cellular defense against oxidative stress during perinatal intermittent hypoxia in P12 mice. A Cell density (left) and average distance between
cells (right) measured on DAPI-stained cerebellar slices of control (N) or hypoxic (IH) P12 mice. B Significant RT-qPCR results reflecting the regulation
of the expression of genes involved in the antioxidant response to oxidative stress in the whole cerebellum of control (N} or hypoxic (IH) P12 mice. €
Density of BrdU-immunoreactive cells in the EGL (left) and IGL (middle) and confocal images (right) illustrating the distribution of BrDU-positive cells
in the cerebellar cartex in cantrol (N) or hypoxic (IH) mice. For B, the number of animals was 15 for the N group and 10 for the IH group. For A and C,
the total number of animals in each experimental group is indicated under the boxplots and represented by diamond shapes, while the transparent
dots indicate individual data points. Exact p-values are indicated above the plot. BrdU: bromodeoxyuridine; EGL: external granular layer; IGL: internal
granular layer; [H: intermittent hypoxia condition; N: normoxia condition; P12: postnatal day 12; ROS: reactive oxygen species
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gain by sex (£(603) = 1.334: p = 0.183; Ratio = 1.048;
Clgs = [0.978,1.122]; data not shown). This lower weight
gain is associated with a significant effect on the muscu-
lar strength of mice at P21 (£(19) = 2.369; p = 0.029;
Ratio = 1.34; Clg5 = [1.035,1.735]; Fig. 5D). It even
seems that an overcompensation occurs after weaning,
since [H mice exhibit a significantly higher weight at P49
before stabilizing at the same level as controls at P53
(Fig. 6A).

Long term effects of perinatal intermittent hypoxia

on locomotor activity and motor coordination

To examine whether motor impairments due to
perinatal IH in young mice could lead to long-term
deficits in spontaneous locomotor activity and motor
coordination, adult mice were subjected to actimetry
and horizontal beam tests. Our results do not reveal any
effect of IH on mean speed or on distance traveled
(Fig. 6B). Similarly, IH animals spend the same time
walking through the horizontal beam as control mice
(Fig. 6C). However, hypoxic mice make more miss
teps on their path than controls at P53 (+229.17 +23.
245%; t(23) = —3.188; p = 0.004; Estimate = —2.019; Clys
= [-3.329, —0.709]; Fig. 6C).

Long term effects of perinatal intermittent hypoxia

on spatial learning

As the cerebellum is now well known to participate in cogni-
tive functions such as spatial navigation [20], we determined
the impact of perinatal IH on adult mice performances in the
Morris water maze test. We showed that IH mice are able
to learn since their results improve over the 5 cue session
days. However, they displayed an increased latency to find
the platform and a prolonged freezing time (respectively,
t(117) = =3.607; p =< 0.001; Ratio = 0.704; Cly5; = [0.581,0.854];
and £(117) = —3.331; p = 0.001; Ratio = 0.399; Clos =
10.232,0.689];Fig.7A, B),and presented an altered path efficiency
( t(117) = 2.116; p = 0.036; Odds.ratio = 1.415; Clos =
[1.023,1.959]; Fig. 7C). Moreover, in the probe test, IH-
treated mice spent less time (- 25.13+9.51%;£(23) = 2.176; p
= 0.040; Odds.ratio = 1.696; Clos = [1.026,2.801) and
traveled a shorter distance in the platform quadrant

RESULTS

Page 6 of 22

(- 23.244£8712%; £(23) = 2.359; p = 0.027; Odds.ratio = 1.655;
Clgs = [1.064,2.574]) compared to control mice (Fig. 7D,
E).

Long-term effects of perinatal intermittent hypoxia

on anxiety

The effect of perinatal IH on anxiety was investigated in
adult mice to check if the behavioral disorders observed
in adults were due to distress. As shown in Additional
file 2: Figure S1, the number of rearings and the groom-
ing time, as well as the percentage of time spent in the
center (data not shown) are similar in both groups of ani-
mals in the actimetry device. Moreover, in the elevated
plus maze test, the time and number of entries in both
closed and open arms are not significantly different for
IH-treated and control mice (see Additional file 2: Fig-
ure S1). This indicates that I[H mice do not display a more
stressed or anxious behavior than the control animals.

Long term effects of perinatal intermittent hypoxia

on the functional organization of the cerebellum

To determine if the behavioral deficits observed in IH adult
mice are due to a persistence of histological alterations in
the cerebellum, we studied the structure of the cortical lay-
ers with a focus on Purkinje cells and their afferences.

Our results showed that there was no longer a
difference in the thickness of the ML and in the
Purkinje cell count between conditions in adult-
hood (Fig. 8A, B). In contrast, like at P21, the volume
of Purkinje cell dendrites was significantly higher in
the hypoxic group compared to the control animals
¢(215) = —6.795; p == 0.001; Ratio = 0.663; Clos = [0.589,0.747];
Fig. 8B) and this can be observed in the entire cerebellum
(Ant:  £(215) = —4.498; p =< 0.001; Ratio = 0.634; Clss = [0.52,0.774];
Med:£(215) = —2.826: p = 0.005; Ratio = 0.746; Clog = [0.608,0.915];
Post:  ¢(215) = —4.438; p =< 0.001; Ratio = 0.617; Cly; = [0.498,0.764];
Fig. 8C).

In parallel, a double staining with calbindin and glu-
tamate receptor delta2 (Glud2) or vesicular glutamate
transporter 2 (Vglut2) was performed to analyze the con-
nections between the Purkinje cell dendrites and paral-
lel or climbing fibers, respectively. Although we did not
see any difference in Glud2 labeling (Fig. 9A), our results
show an increase of Vglut2-labeled fibers in IH mice

(See figure on next page.)

Fig. 3 Effects of perinatal intermittent hypoxia on the organization of the developing cerebellum in P12 mice. A Measurement of the thickness of
the cerebellar cortex and each cerebellar layer in control (N) or hypaoxic (IH) P12 mice. B Low and high magnification confocal images illustrating
the thickness of the cerebellar cortex layers in control (N} or hypoxic (IH) P12 mice. The Purkinje cells were labeled by antibodies against calbindin
(red) and nuclei were counterstained with DAPI (blue). € Measurement of the number of Purkinje cell bodies per frame of 413 x 10° um? (left) and
of the valume of the calbindin-labeled Purkinje dendrites in the molecular layer of control (N) or hypoxic (IH) P12 mice, in the whole cerebellum
(middle) and per cerebellar region (right). The total number of animals in each experimental group is indicated under the boxplots and represented
by diamond shapes, while the transparent dots indicate individual data points. Exact p-values are indicated above the plot. EGL: external granular
layer; IGL: internal granular layer; IH: intermittent hypoxia condition; N: normoxia condition; ML: molecular layer; P12: postnatal day 12; PL: Purkinje
cell layer
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#(207) = —4.507; p =< 0.001; Ratio = 0.431; Clos = [0.298, 0.623]:
Fig. 9A). Vglut2 labeling, which is specific to
mossy fibers in the adult granule cell layer, ena-
bled us to demonstrate that IH increases the
density of mossy afferences in adult animals
#(208) = —4.448: p =< 0.001; Ratio = 0.837; Clos = [0.774, 0.906]:
Fig. 9B).

Since hypomyelination is one of the major altera-
tion observable in humans, we performed a stain-
ing for MBP and analyzed labeled fibers in the
IGL. Interestingly, the difference in fiber length
was not significant (Fig. 9C) but a significantly
lower fiber volume was found in the hypoxic group
(£(238) = 2.529; p = 0.012; Ratio = 1.249; Clys = [1.05,1.485];
Fig. 9C).

Discussion

The development of the cerebellum begins during the
embryonic stage but continues well into the postnatal
period [12]. Indeed, this structure is immature at birth
and thus particularly vulnerable to several perinatal inci-
dents. As a result, it has been shown that it is affected
in premature newborns who suffer, among other things,
from cerebellar atrophy [21, 22]. However, the conse-
quences of apnea of prematurity, a common pathol-
ogy affecting over 50% of premature newborns, have
not been studied on the cerebellum, even though the
behavioral deficits observed in children suffering from
this pathology are correlated with cerebellar functions
[6, 7]. Based on these data, we undertook to investigate
the effects of IH on cerebellar development in a murine
model of AOP based on the works of Cai et al. [8]. While
our protocol does not induce any mortality, we showed
that it leads to growth retardation in mice. The effect of
IH on the body weight of pups is well known [23-25]. It
has been demonstrated that it is not due to an impact on
the mothers, since perinatal IH causes a weight decrease
in pups, regardless of the presence of hypoxic dams in
the litter [23]. Moreover, we did not observe any weight
difference, stress or behavioral changes in mothers dur-
ing our hypoxia protocol (data not shown). We cannot
exclude that IH may cause a lower quality in the dams’
milk production or coordination problems affecting pup
suckling during lactation, although no data have been
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published about this hypothesis in the literature. Moreo-
ver, the fact that the difference in weight gain tended to
decrease between IH and N animals from P16 onwards is
in favour of IH-related fatigue or general stress, inducing
a decrease in milk intake, which would then fade at the
end of the protocol.

Concerning neurodevelopment, perinatal hypoxia is
known to affect various brain regions such as the corpus
callosum, striatum, frontal cortex, hippocampus, and
cerebellum [11, 26, 27]. We confirm here that the cerebel-
lum is a major target of perinatal IH since we observed
signs of oxidative stress in this structure at P12.

Indeed, our IH protocol induces an overproduction
of ROS supported by the overexpression of the genes
Hmox1, Idh1 and Hifla, known to be sensors of oxidative
stress [28—30]. We also observed a decrease of Cox4il and
Fthl expression, which could contribute to ROS accu-
mulation [31, 32]. Similarly, several antioxidant enzymes
are less expressed at P12, such as the glutathione per-
oxidases, the superoxide dismutase 1, the peroxiredoxin
1, the sulfiredoxin 1 and the glutathione-S-transferase
kappa 1 [33-36], indicating that cerebellar cells have suf-
fered from the hypoxia. This oxidative stress is accom-
panied by an overall decrease in the thickness of the
cerebellum that affects all cortical layers. This thinning
could be due to an increase of apoptosis as qPCR experi-
ments show that the genes for numerous pro-apoptotic
enzymes, including caspases 3 and 9 are upregulated and
the anti-apoptotic factor Bcl2 is under-expressed after IH
at P12. However, we do not see any changes in cleaved
caspase-3/7 activity and in the number of cleaved cas-
pase-3 immunoreactive cells, suggesting that apoptosis is
not or no longer exacerbated at the end of the protocol.
One explanation for this discrepancy could be the estab-
lishment of a protective system against oxidative stress.
Indeed, IH decreases the expression of the pro-oxidant
genes Ndufv2 and Nosl [33, 37], while significantly
increasing the expression of antioxidant enzymes’ genes
for superoxide dismutases 2 and 3, glutathione-S-trans-
ferase mu and thioredoxin reductase 3 [36, 38, 39]. This
compensatory mechanism could balance the increased
apoptotic cell death as suggested by the decrease in Parpl
expression [19], leading to the same cell density in all cer-
ebellar layers at the end of the IH protocol. Therefore, the

(See figure on next page.)

Fig. 4 Effects of perinatal intermittent hypoxia on the organization of the developing cerebellum in P21 mice. A Measurement of the thickness of
the cerebellar cortex and each cerebellar layer in control (N) or hypoxic (IH) P21 mice. B Low and high magnification confocal images illustrating
the thickness of the cerebellar cortex layers in control (N) or hypoxic (IH) P21 mice. The Purkinje cells were labeled by antibodies against calbindin
(red) and nuclei were counterstained with DAPI (blue). € Measurement of the number of Purkinje cell bodies per frame of 413 x 10° um” (left) and
of the volume of the calbindin-labeled Purkinje dendrites in the molecular layer of control (N) or hypoxic (IH) P21 mice, in the whole cerebellum
(middle) and per cerebellar region (right). The total number of animals in each experimental group is indicated under the boxplots and represented
by diamond shapes, while the transparent dots indicate individual data points. Exact p-values are indicated above the plot. GL: granular layer; IH:
intermittent hypoxia condition; N: normoxia condition; ML: molecular layer; P21: postnatal day 21; PL: Purkinje cell layer
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thickness decrease could instead be imputable to a gen-
eral delay in cerebellar maturation consistent with the
global growth retardation. This hypothesis is supported
by our immunohistochemical analysis showing that, in
IH mice, the proportional thickness of each cortical layer
is close to that of a P6 cerebellum with a thicker EGL
and thinner ML and IGL. We also revealed that hypoxia
increases the number of BrDU-positive cells in the EGL,
indicating that IH maintains a high proliferative activity
of GCP at P12 much like that of an immature cerebel-
lum. In contrast, no difference in the number of BrDU-
positive cells was seen in the IGL. This result shows that
precursors that proliferated between P6 and P12 did not
have difficulty reaching the IGL despite of IH, suggesting
that hypoxia does not affect GCP migration. Moreover,
IH does not modify the cell density in the ML and IGL,
which respectively contain stellate and basket cells; and
granule, Golgi and Lugaro interneurons, suggesting that
these neurons are not (or no longer) significantly affected
by IH at P12. The weak impact of IH on granule cells is
confirmed by our Glud2 immunohistochemical analysis
in adult mice, which shows no difference in the parallel
fiber innervation of Purkinje cells.

However, by focusing on Purkinje cells, we determined
that, while the number of cell bodies is equivalent in both
groups, the volume of their dendritic tree is lower at P12
post IH. These data revealed that hypoxia induces a delay
in Purkinje cell differentiation that mainly occurs in the
anterior part of the cerebellum. This differential sensibil-
ity to hypoxia has already been shown in rodents as well
as in humans and demonstrates that the anterior part
of the cerebellum is usually more affected by a perina-
tal deprivation of oxygen [40, 41]. It could be explained
by the developmental timing of the cerebellum, which
begins with lobules I-III and ends with the separation of
lobules IV-V [42, 43]. Thus, the posterior regions were
already mature at P2 when we started the IH protocol,
while the foliation of the anterior part was still ongo-
ing until P5. Similarly, it has been demonstrated that
Purkinje cells located in the anterior cerebellum become
mature later than in the posterior region [43], suggesting
that this region-specific immaturity could make Purkinje
cells more sensitive to perinatal hypoxia.

Since Purkinje cells represent the cerebellum’s informa-
tion integration center, we performed behavioral tests to
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determine if IH could lead to functional deficits in addi-
tion to structural alterations. Indeed, between P2 and
P12, IH-treated pups show locomotor deficits, such as a
delayed righting reflex and diminished grasping reflex.
While these differences could be due, in part, to a gross
morphological underdevelopment and lower weight, they
are also consistent with a dysfunction of the anterior part
of the cerebellum known to be implicated in sensori-
motor control [44].

At P21, although mice still display a significantly lower
body weight and reduced muscular strength, the differ-
ence in the histological organization of the cortical lay-
ers is no longer observed, indicating that a compensatory
mechanism occurred since the end of the IH protocol.
This process was also effective on Purkinje cells since
these neurons no longer present a decrease of their den-
dritic tree volume. Indeed, they exhibit a denser arbo-
rization that mainly appears in the posterior part of the
cerebellum. This result suggests that the compensatory
mechanism takes place throughout the cerebellum and
allows the IH neurons to catch up with the cells of con-
trol animals in the anterior and medium parts. However,
this compensation induces an overdevelopment of the
Purkinje dendritic tree in the posterior region, which was
not altered by hypoxia at P12. These data led us to study
the long-term effects of perinatal IH in adulthood.

Starting at P49, the body weight of IH mice caught up
with and even transiently surpassed the controls. Like-
wise, the ML is similar in both conditions. However, we
showed that functional impairments, such as the motor
coordination deficits assessed by the horizontal beam
test, are still present in adult mice that have experienced
perinatal hypoxia. Moreover, these animals have lower
performances in both cue and probe sessions of the Mor-
ris water-maze test. The increased freezing time could
suggest a potentiated stress behavior but the results
obtained in the actimetry and elevated plus maze tests do
not reveal any anxiety in [H-treated mice (see Additional
file 2). Thus, our results indicate that perinatal IH induces
long-term motor function deficits associated with learn-
ing and/or even orientation impairments in adulthood.
Such a deficit in spatial memory after hypoxia has already
been demonstrated but it has been mainly attributed
to decreased synaptic plasticity in hippocampal neu-
rons [10]. However, the role of the interaction between

(See figure on next page.)

-~

Fig.5 Effects of perinatal intermittent hypoxia on weight and behavioral development in young mice. A, B Measurement of the latency to turnin
the righting reflex test (A) and to fall in the grasping reflex test (B) between P2 and P11 in 18 control (N) and 15 hypoxic (IH) mice. € Measurement
of the weight gain of control (N) and hypoxic (IH) mice between P2 and P21 (N=22,IH=18 from P2 to P11—N=4, IH=3 from P12 to P21). Top-left
insert: baseline control of PO weight averaged from the total litter weight. D Measurement of the muscular strength using the forelimb grip strength
test in control (N) and hypoxic (IH) P21 mice (3 technical replicates per animal). The total number of animals in each experimental group is indicated
under the boxplots and represented by diamond shapes, while the transparent dots indicate individual data points. Exact p-values are indicated
above the plot. IH: intermittent hypoxia condition; N: normoxia condition; Px: postnatal day x
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cerebellum and hippocampus in the control of spatial
navigation is now well known [45, 46], indicating that the
perinatal IH-induced alteration of the cerebellum could
also be responsible for this behavioral deficit.

Since, in the hippocampus, IH decreases synaptic plas-
ticity and long-term potentiation [10], we examined the
morphology of Purkinje cells and studied cerebellar affer-
ences. We found that, in adult IH mice, Purkinje den-
drites are denser, not only in the posterior part as in P21,
but throughout the cerebellum. Thus, the locomotor and
spatial learning deficits could be linked to the alteration
of the anterior and the posterior parts of the cerebellum,
respectively [44, 47, 48].

Concerning afferences, a high Vglut2 labeling was
detected in the ML of IH mice, suggesting that cerebellar
innervation by climbing fibers is also affected by hypoxia.
During development, Purkinje neurons receive inputs
from multiple climbing fibers, but they are progressively
eliminated during the first two postnatal weeks and only
one afference per Purkinje cell will persist in adulthood
[49]. Two selection steps occur in physiological condi-
tions: a granule cell-independent phase between P6 and
P12 and a later phase, between P12 and P17, which relies
on the activity of parallel fibers [50]. Since our IH pro-
tocol was applied before P12, we can hypothesize that
hypoxia mostly altered the early selection phase leading
to the over-innervation of Purkinje cells by climbing fib-
ers. This hypothesis is further reinforced by the Glud2
immunolabeling that showed no difference in the parallel
fiber innervation of Purkinje dendrites.

Similarly, an increase in Vglut2 labeling was seen in the
IGL, indicating that mossy fibers may also be impacted by
perinatal IH. These afferences originate from various cen-
tral nervous regions, such as the spinal cord or brainstem
nuclei, enter the cerebellum at birth and make contacts
with granule cells in the mature cerebellum. Several stud-
ies have shown that granule neuron activity is important
for an appropriate innervation during the first postnatal
week [50], and we found here that the marker of Purkinje
cell-parallel fiber synapses Glud2 reveals no difference in
adult mice. However, it is known that mossy fibers first
connect Purkinje cells before moving on to mature gran-
ule cells as the IGL appears [50, 51]. Therefore, we can
hypothesize that the delay in IGL formation after hypoxia
allows a high late mossy fiber innervation that persists in
adulthood. In fact, this differential mossy input according
to the maturation degree of granule cells has already been
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suggested [52, 53]. Alternatively, the reduction of the
Purkinje dendritic tree density at P12 in IH mice could
also increase the switch to contact with granule cells and
later could induce an over-innervation in adulthood.

Finally, we show that the volume (but not the length)
of myelin sheaths is decreased in adult mice after a peri-
natal IH, which is consistent with numerous studies [10,
11, 54]. However, although most of these works analyzed
cerebellar white matter, we focused on the granule cell
layer. Since mossy and climbing fibers mostly lose their
myelin sheaths when entering the cerebellar cortex, our
results demonstrate that the myelination defect mainly
concerned Purkinje axons.

Conclusion

We have investigated the effects of a model of apnea of
prematurity on cerebellar development in mice. Here, we
demonstrated that perinatal IH induces modifications of
cellular mechanisms such as oxidative stress, leading to a
delay in cerebellar cortex maturation. This developmen-
tal retardation seems to be compensated by mechanisms
such as an increased proliferation, allowing the cerebel-
lar cortex to achieve its development. However, some
structural modifications, including denser dendritic
arborization of Purkinje cells, over-innervation by corti-
cal afferences and axon hypomyelination, persist after IH
and induce short and long-term impairments affecting
motor coordination, learning and/or orientation. Such a
link between Purkinje cell development failure, afferent
innervation and long-term behavioral deficits has already
been proven in another pathological context [55] and
suggests that apnea of prematurity can lead to structural
and functional alterations within the cerebellum, that
may participate, at least in part, in the observed neurode-
velopmental disorders.

Methods

Animals

Animals used in this study were wild type C57/Bl6] mice
born and bred in an accredited animal facility (approval
B.76-451-04) in accordance with the French Ministry
of Agriculture and the European Community Council
Directive 2010/63/UE of September 22", 2010, on the
protection of animals used for scientific purposes. The
mice were kept under a 12-h light/dark cycle and had free
access to food and water. Due to the age of mice at the
beginning of the hypoxia protocol (P2), it was not feasible

(See figure on next page.)

Ny

Fig.6 Long-term effects of perinatal intermittent hypoxia on locomaotoer activity and motor coordination in adult mice. A Measurement of the body
weight in control (N) and hypoxic (IH) mice between P49 and P63. B Measurement of the distance travelled (left) and mean speed (right) in P63
control (N) and hypoxic (IH) mice during the actimetry test. C Measurement of the crossing time (left) and the number of missteps (right) in P53
control (N) and hypoxic (IH) mice during the horizontal beam test. The total number of animals in each experimental group is indicated under the
boxplots in B and C, and exact p-values are indicated above. IH: intermittent hypoxia condition; N: normoxia condition; Px: postnatal day x

127



RESULTS

Leroux et al. Cell & Bioscience

Fig. 6 (Seelegend on previous page)

18
16
14
P49 P51 P53 P56 P58 P60
Stage
B
0.459 0.449
—_
40
° v N
B ® ° Eoos
~ F OL
@ Py 2
g < g. 4
a0 ° (7] 2
-2 *® c hd ®
a | [ b g ..........
* @
g XL "R = . ‘ ......
1] 2004 ;s
£ @ %
£~ & P
g20 b4 E £
[T} @
- ® - 4
N=14 N=10 0.02 N=14 N=10
N IH N IH
P63 P63
c
0.759 8 0.004
25 ® @
6
> 2
& 20 * k)
2 2
= * =
= Z .
o Y
£ 15 E ¢
] ]
2 g | b
g E . s
o 3 2 T
& L
&
10 o ‘l v
K ®
L d
0 b .
5 N=14 N=10 N=14 N=10
N IH N IH
P53 P53

P63

(2022) 12:148 Page 13 of 22
A

26

24 0.003 <0.001

22
@ Condition
- —+— N
_-E,zo
; —e— |H

128



Leroux et al. Cell & Bioscience (2022) 12:148

to manage the sex ratio. However, the sex of animals was
determined at P12 at the end of the protocol. For immu-
nolabeling, enzyme activity and behavioral tests, 18 N (11
males-7 females) and 15 IH (12 males-3 females) pups
have been used at P12, 4 N (3 males-1 female) and 3 IH
(2 males-1 female) juvenile animals at P21, and 14 N (5
males-9 females) and 10 IH (6 males-4 females) mice in
adulthood. For qRT-PCR, 15 N (7 males-8 females) and
10 IH (7 males-3 females) have been used at P12. For all
experiments, no sex dimorphism was observed (data not
shown). Each animal was weighed at 9:00 each day before
the beginning of the IH protocol. To avoid handling ani-
mals individually before P2 because of the stress-induced
cannibalism of the mother, the whole nests were weighed
at PO when the pups were counted. Then, from P2, ani-
mals were identified and their weight gain was measured
individually until P12 (or P21). There was no blinding
in this study and sample size determination was done
empirically based on bibliographic data.

Intermittent hypoxia protocol

The model of IH is based on the paradigm developed by
Cai et al. [8] and consisted of 2-min cycles of hypoxia (5%
O,; 20 s/cycle) and reoxygenation for 6 h per day. The
protocol was initiated in neonatal P2 C57BI6/] pups (IH
group) and continued for 10 consecutive days. Oxygen
concentration, temperature, hygrometry, and atmos-
pheric pressure in the hypoxic chamber were continu-
ously monitored. Control normoxia pups (N group) were
placed in another chamber in the same environment
but in normoxic conditions. Upon completion of an IH
course, some mice were used for enzymatic and oxida-
tive assays. For histological studies, P12 or P21 mice
were lethally anesthetized by intraperitoneal injection
of ketamine (100 mg/kg) and xylazine (10 mg/kg) and
then sacrificed by intracardiac perfusion of NaCl 9%
and paraformaldehyde 4%. Brains were rapidly removed,
fixed overnight in 4% paraformaldehyde and then stored
in phosphate buffer saline (PBS) prior to section. The
remaining mice were raised until P64 for behavioral
assessments.
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Reactive oxygen species (ROS) production assay

100 pL of homogenized cerebellum were incubated
with 2 puL of 2,7’-dichlorofluorescein diacetate (Sigma-
Aldrich). In the presence of ROS, this probe is converted
to fluorescent 2;7'-dichlorofluorescein. The fluorescence
intensity was measured at an excitation wavelength of
485 nm and an emission wavelength of 530 nm every
15 min over 45 min with an Infinite 200 microplate
reader (Tecan). Data were standardized after protein
quantification of each sample with a Bradford assay.

Expression of genes involved in oxidative stress

and apoptosis

Sample gathering

Mice were sacrificed by decapitation after completion of
the IH protocol at P12. Cerebella were immediately har-
vested and set into isopentane kept at -30 °C. They were
then stored in sterile containers at -80 °C until further
use.

Primer design

Gene primers were designed with the software Primer
Express (v3.0.1; ThermoFischer Scientific) using nucleo-
tide sequences from the NCBI Pubmed database. They
were classified into 3 panels according to the functional
enrichment in the GO database: ROS production (9
genes), antioxidant response (23 genes) and apoptosis (6
genes). Primer pairs were ordered from Integrated DNA
Technologies and validated by linear regression of serial
dilution data. The list of primer pair sequences is avail-
able in Additional file 3: Table S2.

RNA Extraction

The mRNAs were purified on column using the Nucle-
ospin RNA extract II extraction kit by Macherey—Nagel
(cat.740955250) according to manufacturer recommen-
dations. mRNA concentration and purity were controlled
by UV spectrophotometry on the NanoDrop One (Ther-
moFisher Scientific) and quality assessment was per-
formed by gel electrophoresis on RNA 6000 Pico chips
(cat. 5067-1513, Agilent). The mRNAs were then stored
at —80 °C until the next step.

(See figure on next page)

condition; Px: postnatal day x

Fig. 7 Long-term effects of perinatal intermittent hypoxia on spatial learning in adult mice. A-C. Measurement of the latency to find the platform
(A), of the freezing time (B), and of the path efficiency (C) during the cue sessions of the Morris water-maze test performed in 14 control (N) and
10 hypoxic (IH) mice between P56 and P60. D Measurement of the time spent (left) and distance travelled (right) in the target quadrant during
the probe session of the Morris water-maze test, performed on control (N) and hypoxic (IH) P60 mice. E Representative pattern of the time spent
in the target quadrant during the probe session of the Morris water-maze test for cne control mouse (N) and one hypoxic mouse (IH) at P60. Red
and vellow regions represent areas of high occupancy; green and blue represent areas of low occupancy. The total number of animals in each
experimental group is indicated under the boxplots in D and exact p-values are indicated above. IH: intermittent hypoxia condition; N: normoxia
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qRT-PCR
The determination of the expression level of genes was
done by quantitative PCR in 384-well plates with a 5uL
reaction volume in the presence of Fast SYBR Green PCR
Mastermix (Thermofisher, cat. 4,385,612). The distribu-
tion of cDNA samples and reaction mixes was performed
by the Bravo 1 Automated Liquid Handling Platform
(Agilent). The quantitative PCR reaction took place in
the QuantStudio Flex 12 k thermal cycler (Applied Bio-
systems). Two technical replicates per animal and per
gene of interest (GOI) were averaged prior to DCq cal-
culation. The average Cq value of three housekeeping
genes (HKG) was used to calculate DCq. Efficiency for
all primer pairs was above 95% and as such, the 2(724C%
method can be applied confidently. This method provides
a relative quantification of the expression of a gene within
an experimental condition and makes it possible to to
compute fold change for the graphic representation. This
value is defined by the formula

o—AACE _ 2(*((C‘IGOHJFC‘IHKGIH)*(CLTGOJN*C‘IHKGN)))

Caspases-3/7 activity assay

The enzymatic activity of caspases-3/7 in the cerebel-
lum was evaluated with the Apo-ONE® Homogeneous
Caspase-3/7 Assay (Promega). 100 pL of homogenized
cerebellum were incubated at 37 °C with 100 pL of cas-
pase assay buffer containing the Z-DEVD-aminoluciferin
substrate. The fluorescence intensity was measured at an
excitation wavelength of 485 nm and an emission wave-
length of 530 nm every 6 min over 3 h with an Infinite
200 microplate reader. Data were standardized after pro-
tein quantification of each sample with a Bradford assay.

Bromodeoxyuridine (BrDU) injections

Animals received intraperitoneal administration of BrdU
(50 mg/kg) at P6 to assess the capacity of GCP to divide
and migrate, and then, at P12, 4 h before euthanasia, to
analyze immediate proliferation of GCP.

Immunolabeling

For immunohistochemical studies, fixed brains were
cut into frontal 80-pum thick slices with a vibratome
(VT1000S, Leica Microsystems). Slices were then
blocked 30-60 min at room temperature with normal
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donkey serum diluted at 1:50 in a buffer containing 0.3%
Triton X-100. Then, the slices were incubated at 4 °C with
primary antibodies diluted in the same buffer (Table 1).
For BrDU labeling, a step of DNA denaturation consist-
ing in a 15-min incubation in an HCl 1 N solution at
45 °C was done before adding BrDU antibodies. After
three 10-min washes in PBS, they were incubated at
room temperature for 2 h with the corresponding sec-
ondary antibodies diluted at 1:250 (Table 1). The slices
were rinsed three times for 10 min in PBS and labeled for
1 min with 4/,6-diamidino-2-phenylindole (DAPL 2 pg/
mL) for nucleus counterstaining before the last wash
in PBS. Finally, they were mounted with Mowiol before
image acquisition,

Image analysis

Frontal sections were chosen to acquire symmetric
images from as many lobules as possible on a minimum
of slices and thus obtain a large panel of data. For each
animal, 8 slices were harvested in the whole cerebel-
lum and assigned to one of three groups according to
Bregma coordinates, namely, the posterior (from —8.5 to
—7.5 mm), the medium (from —7.5 to —7.0 mm) and the
anterior parts (from —7.0 to —6.0 mm) (see Additional
file 4).

For the measurement of layer thickness, image acquisi-
tion was done with a conventional Eclipse 600D micro-
scope (Nikon) using ax 20 objective. Mosaics were
manually reconstructed prior to whole-slice measure-
ments on the Fiji software [56, 57].

For the cell density measurement and the count-
ing of BrDU and caspase-3-positive cells, images were
acquired with a confocal microscope (TCS SP8 MP, Leica
Microsystems). Each image corresponds to a 20-pm
thick section with 4-pm step z-stacks (2048 x 2048 focal
planes) acquired using ax 20 objective. Analysis was
done on the Imaris software (Bitplane, Zurich, Switzer-
land) and all three-dimensional reconstructions were
done with the same threshold.

For the study of calbindin, Glud2, Vglut2 and myelin
binding protein (MBP) immunolabeling, image acquisi-
tion was completed on a confocal microscope (TCS SP8
MP, Leica Microsystems). Each image corresponds to a
10-pm thick section with 1-pum step z-stacks (2048 x 2048
focal planes) acquired using a x40 objective. Analysis
was done using the Imaris software (Bitplane, Zurich,

(See figure on next page.)

Fig. 8 Effects of perinatal intermittent hypoxia on the structural organization of adult mouse cerebellum. A Measurement of the thickness of the
molecular layer in control (N) and hypoxic (IH) P60 mice. B, C. Measurement of the number of Purkinje cell bodies (B, left) and of the volume of

the calbindin-labeled Purkinje dendrites in the maolecular layer of control (N) and hypoxic (IH) P60 mice, in the whole cerebellum (B, right) and

per cerebellar region (C). The total number of animals in each experimental group is indicated under the boxplots and represented by diamond
shapes, while the transparent dots indicate individual data points. Exact p-values are indicated above the plot. IH: intermittent hypoxia condition; N:

normoxia condition; P60: postnatal day 60
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Switzerland) and all three-dimensional reconstructions
were done with the same threshold.

Behavioral studies

Behavioral assessments were performed in blind condi-
tion between 10:00 a.m. and 5:00 p.m. At least one hour
before the beginning of each test, animals were familiar-
ized with the testing room. The apparatus were cleaned
with an alcohol solution (10% ethanol) and dried before
testing each animal.

Righting reflex test

This test evaluates the activity of the vestibular, articular,
and muscular structures as well as movement comple-
tion. Pups were placed in a supine position and the time
needed to recover a completely prone position was meas-
ured. Two daily consecutive trials were performed on
each pup from P2 to P11 with a 60-s cut-off period.

Grasping reflex test

This experiment appraises the animal’s grasping reflex
and motor coordination. Pups were hanged by their fore-
paws on a stretched string and the latency to fall was
measured. Two daily consecutive trials were performed
for each pup from P2 to P11 with a 60-s cut-off period.

Muscular strength test

This test, which monitors the muscle strength of ani-
mals, can only be performed from P21 onwards. Mice
were held by the tail and allowed to grasp a string with
their forepaws. Then, they were progressively pulled
backward by the tail. The maximal force was recorded
by a dynamometer linked to the grip-strength apparatus.
Three trials were performed on each mouse at P21.

Actimetry test

This test evaluates the spontaneous locomotor activity of
animals in a new environment. In this session, P63 mice
were placed in the middle of a 45 x 45 x 30 cm box, and
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their spontaneous locomotor activity was recorded for
10 min with the video tracking software Any-MAZE.
Various parameters, such as the distance traveled and
mean speed were measured, and the grooming time as
well as the number of rearings were logged (see Addi-
tional file 2).

Elevated plus maze

This test estimates the anxiety state of the animals. P64
mice were placed at the intersection of a maze consisting
of 2 opposed closed arms crossing 2 opposed open arms.
The movements of the animals were tracked for 5 min
with the Any-MAZE software. The time spent and the
number of entries in each arm were recorded (see Addi-
tional file 2).

Horizontal beam test

This test assesses anxious behavior in mice. Mice were
placed on a wooden beam (1 m in length, 0.5 cm in diam-
eter), and the time needed to cross the beam was meas-
ured, as well as the number of missteps. Three trials were
performed for each mouse at P53.

Morris water-maze test

This test studies spatial learning and memory. It requires
a round pool of 120 c¢m in diameter, surrounded with
visual clues and filled with water mixed with an opaque
white dye. Each mouse aged P53 was given 60 s to habit-
uate to the pool. Then, a cue session was performed at
P56 and during 5 consecutive days, corresponding to
the acquisition and consolidation phases. An invisible
platform was placed in the northwest quadrant and sub-
merged approximately 1 ¢cm below the water surface.
Each animal was placed in the pool and had 60 s to find
the platform and to stay on it for 5 s. If mice did not find
the platform, they were gently guided to it and stayed
there for 20 s. Four trials with different starting positions
were performed each day. On the last day, a probe ses-
sion was conducted, referring to the retrieval phase. The

(See figure on next page.)

Fig.9 Long-term effects of perinatal intermittent hypoxia on the functional organization of adult mouse cerebellum. A Analysis of the
Glud2-labeled parallel fiber area (left), and of the Vglut2-labeled climbing fiber area (middle) in the molecular layer of control (N) and hypoxic

(IH} mice at P60. Measurements were done from confocal images as illustrated on the right. On Glud2 images, parallel fibers appear in green and
calbindin-labeled Purkinje dendrites in red. On Vglut2 images, climbing fibers appear in red and calbindin-labeled Purkinje dendrites in green.
The white labeling indicates the connection points between fibers and Purkinje dendrites. B Analysis of the Viglut2-labeled mossy fiber area in
the granule cell layer (left) of control (N) and hypoxic (IH) mice at P60. Measurements were done from confocal images as illustrated on the right.
Red labeling represents massy fiber rosettes in the granule layer delimited by calbindin-labeled Purkinje cell bodies in green. € Measurement of
the length (left) and the volume (right) of myelin binding protein (MBP)-labeled fibers in the granule cell layer in control (N) and hypaxic (IH) mice
at P60. Measurements were done from confocal images as illustrated on the right. MBP-labeling (green) indicates that myelin sheaths are mainly
located in the granule layer identified by a high DAPI-labeled nucleus density. Each box-plot represents the analysis of 2000 Purkinje cells from
four different animals (Calbindin), 750 Purkinje cells from three different animals (Glud2), 1230 Purkinje cells from four different animals (Vglut2)
and 120 confocal stack images of 10-um thickness and 370-um.? surface from four different animals (MBP). The total number of animals in each
experimental group is indicated under the boxplots and represented by diamond shapes, while the transparent dots indicate individual data points.
Exact p-values are indicated above the plot. IH: intermittent hypoxia condition; N: normoxia condition; P60: postnatal day 60
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Table 1 Summary table of immunohistochemical markers used in this study

Primary antibody Marker Dilution Species Provider Secondary antibody Incubation time

BrDU Proliferating cells 1/400 Sheep Abcam (#ab1893) DAS-633 O/Nat4°C

Calbindin Purkinje cells 1/1000 Mouse Sigma-Aldrich (#C9848) DAM-594 O/N (or 72 h with
Glud2 and Vglut2)
at4°C

Cleaved-caspase-3  Apoptotic cells 1/400 Rabbit Cell Signaling Technology DAR-488 O/N at4°C

(#9661S)

Glué2 Parallel fibers 1/500 Goat Santa Cruz (#sc26118) DAG-488 72hat4°C

MBP Myelinated fibers 1/300 Rabbit Sigma-Aldrich (#M3821) DAR-488 O/Nat4°C

Vglut2 Climbing fibers + Mossy 1/500 Guineapig Millipore (#AB2251) DAGp-Cy3 72hat4°C

fibers

BrdU bromodeoxyuridine, DAG donkey anti-goat, DAGp donkey anti-guinea pig, DAM donkey anti-mouse, DAR donkey anti-rabbit, DAS donkey anti-sheep, Glud2
glutamate receptor delta2, MBP Myelin binding protein, O/N overnight, Vglut2: vesicular glutamate transporter 2

platform was removed from the pool and each mouse
was placed in the center of the pool. Mice were given
60 s to explore the environment. Their behavior and dif-
ferent parameters such as the freezing time or distance
traveled were analyzed with the video tracking software
Any-MAZE.

Statistical analysis

Statistical analyses were performed within the R statisti-
cal computing environment (version 4.1.3) [58]. Model
fitting was done using the "glmmTMB" package [59],
and model diagnostics were done using the "DHARMa"
[60] & "performance” [61] packages. Expected marginal
means and contrasts were computed with the "emmeans”
package [62]. P-values for the relevant contrasts were
computed on the link scale, using Wald t-tests, without
any adjustments. For all analyses, p <0.05 was considered
significant.

Data from image acquisition following immunolabe-
ling were modeled within the Generalized Linear Mixed
Model (GLMM) framework, with a random intercept per
mouse to account for the correlation between pseudo-
replicates taken from the same mouse [63]. Temporal
data (i.e. weight changes, righting and gripping reflexes,
and Morris water maze) was analyzed within the Gener-
alized Linear Model (GLM) framework, using an autore-
gressive factor of order one (AR1) to account for the
dependencies between the repeated measures.

For RT-qPCR data model fitting and subsequent sta-
tistical testing was done on DCq values. We used a lin-
ear mixed effect model with a random effect by plate to
account for fluorescence variability between experiments.

For each response variable, the optimal likelihood fam-
ilies were selected based on our theoretical understand-
ing of each variable’s properties and based on Aikake’s
Information Criterion (AIC). Count data (e.g., cell
counts, number of maze entries, ...) were modeled using

a Generalized Poisson likelihood family, measures bound
at 0 (e.g., cell density, volumes, weights, ...) were modeled
using a Gamma likelihood, and proportions (e.g., ratios
of areas) with a Beta likelihood family. The only exception
was the righting reflex measures, which were modeled
using a Gaussian due to the censored nature of the data
resulting in unrealistic expected values with other more
theoretically appropriate distributional families.

Abbreviations

AOP: Apnea of prematurity; Ant: Anterior part of the cerebellum; BrDU:
Bromodecoxyuridine; EGL: External granular layer; GCP: Granular cell precursors;
Glud2: Glutamate receptor delta2; IGL: Internal granular layer; IH: Intermittent
hypoxia; MBP: Myelin binding protein; Med: Medium part of the cerebellum;
ML: Molecular layer; N: Normaoxia; PL: Purkinje cell layer; Px: Postnatal day x;
Post: Posterior part of the cerebellum; ROS: Reactive oxygen species; VGlut2:
Vesicular glutamate transporter 2.
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Figure 51. Long-term effects of perinatal intermittent hypoxia on anxiety in adult mice.

A. Measurement of the rearing (left) and grooming (right} times in control (N) and hypoxic (IH) P63 mice during the
actimetry test. B-C. Measurement of the time spent (B) in open (left) and closed (right) arms, as well as the number
of entries (C) in the open (bottom left) and closed (bottom right) arms of the elevated plus maze for control (N} and
hypoxic {IH) P64 mice. The total number of animals in each experimental group is indicated under the boxplots and

exact p-values are indicated above. IH: intermittent hypoxia condition; N: normoxia condition.
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Figure S2. Cerebellar frontal illustrations indicating the allocation of the slices used for immunohistochemical

analyses and their assignment to one of three groups according to Bregma coordinates.

Diagrams come from an adult mouse brain atlas [64] and the cerebellum images were acquired in a P12 mouse
following a GFAP labeling. Yellow squares indicate the regions we focused on for acquisition. The black grid on the

diagramsrepresents 1-mm squares. GFAP: glial fibrillary acidic protein; P12: postnatal day 12.
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2. Graphical summary

Concerning the cerebellar cortex, we found delayed maturation and thickness at P12 after IH
which was later compensated at P21. Purkinje cells abnormalities present initially as a less dense
dendritic tree at P12 in IH, then as a dendritic densification at P21 and in adulthood. Additionally, the
increase in afferent innervation and axon hypomyelination persist in the long term. In addition to the
observed histological deficits, our IH protocol induces short term growth delay and motor deficits as

well as significant disorders in spatial learning that persist in adulthood (Figure 37).

IH causes long-term
learning disorders.
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Figure 37: Main findings presented in article 1.
DCN: deep cerebellar nuclei; GL: granular layer; ML: molecular layer; PCL: Purkinje cell layer; Px: postnatal day
x; WM: white matter.
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2. JOURNAL ARTICLE 2

1. Presentation

Apnea of prematurity induces short and long-term
development-related transcriptional changes in the murine
cerebellum

A. Rodriguez-Duboc, M. Basille-Dugay, A. Debonne, M.-A. Riviére, D. Vaudry and D. Burel.

In press.

- IH protocols

- IHC protocols

- Primer design and validation
- Laser capture microdissection
- RT-gPCR experiments

- Statistical analyses

- Writing

- Our IH protocol causes OS as shown by the increase in ROS.

- Inresponse there was the establishment of an antioxidant defense.

- We did not find an increased marking of cleaved caspase-3 at P4 or P8.

- OS elicits cellular adaptative responses and triggers different cell death pathways.

- P4 pups having undergone IH present a delay in proliferation that is later compensated.
- Overall, P8 seems to be the stage most sensitive to IH-induced gene regulation.

- The migration of GCs is affected.

- Purkinje cells and the cerebellar circuit are impacted by IH.
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RESEARCH

Apnea of Prematurity induces short and
long-term development-related transcriptional
changes in the murine cerebellum.

Agalic Rodriguez-Duboc!, Magali Basille-Dugay?, Aurélien Debonnel!:3, Marc-Auréle Riviere*, David
Vaudry'® and Dephine Burel!3"

Abstract

Apnea of prematurity (AOP) affects more than 50% of preterm infants and leads to perinatal intermittent
hypoxia (IH) which is a major cause of morbimortality worldwide. At birth, the human cerebellar cortex is still
immature, making it vulnerable to perinatal events. Additionally, studies have shown a correlation between
cerebellar functions and the deficits observed in children who have experienced AOP. Yet, the cerebellar
alterations underpinning this link remain poorly understood. To gain insight into the involvement of the
cerebellum in perinatal hypoxia-related consequences, we developed a mouse model of AOP. Our previous
research has revealed that IH induces oxidative stress in the developing cerebellum, as evidenced by the
overexpression of genes involved in reactive oxygen species production and the under-expression of genes
encoding antioxidant enzymes. These changes suggest a failure of the defense system against oxidative stress
and could be responsible for neuronal death in the cerebellum.

Building upon these findings, we conducted a transcriptomic study of the genes involved in the processes
that occur during cerebellar development. Using real-time PCR, we analyzed the expression of these genes at
different developmental stages and in various cell types. This enabled us to pinpoint a timeframe of
vulnerability at P8, which represents the age with the highest number of downregulated genes in the
cerebellum. Furthermore, we discovered that our IH protocol affects several molecular pathways, including
proliferation, migration, and differentiation. This indicates that IH can impact the development of different cell
types, potentially contributing to the histological and behavioral deficits observed in this model.

Overall, our data strongly suggest that the cerebellum is highly sensitive to IH, and provide valuable insights
into the cellular and molecular mechanisms underlying AOP. In the long term, these findings may contribute to

pathology.

1 Introduction

Apnea of prematurity (AOP) is particularly common
in premature newborns due to their immature respi-
ratory system (Moriette et al., 2010). This condition
affects 50% of all preterm infants and nearly 100% of
very preterm infants (i.e., born before 28 gestational
weeks). AOP is characterized by breathing cessation
episodes occurring at least every 5 minutes, and lasting
over 20 seconds, which can be associated with brady-
cardia or Oy desaturation (Eichenwald et al., 2016).

-Ccrrespondence: delphine.burel@univ-rouen.fr

!Normandie Univ, UNIROUEN, INSERM, U1245, Cancer and brain
genomics, Institute for Research and Innovation in Biomedicine (IRIB),
76000, Rouen, France

Full list of author information is available at the end of the article
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the identification of novel therapeutic targets for improving the clinical management of this prevalent

Keywords: Apnea of prematurity; Intermittent hypoxia; Transcriptome; Cerebellum; Development

AQP thus induces intermittent hypoxia (IH), which
typically subsides in 98% of cases by the time the
corrected term is reached. However, numerous stud-
ies have shown a correlation between the duration of
AOP and the occurrence of developmental abnormal-
ities (Henderson-Smart, 1981; Pergolizzi et al., 2022;
Poets, 2020).

Due to its high metabolic requirements, the central
nervous system (CNS) is particularly sensitive to Oy
availability, and the consequences of AOP appear to be
essentially neurological. The impact of hypoxic brain
injuries has been well investigated, and several studies
have shown that IH affects various CNS regions such
as the periventricular white matter (WM), frontal cor-
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tex, corpus callosum, and brainstem (Cai et al., 2012;
Darnall et al., 2017; Ferriero, 2001; Kheirandish et al.,
2005). In contrast, the involvement of the cerebellum
in perinatal hypoxia-related sequelae has been largely
overlooked. However, both in rodents and humans, the
cerebellum’s immaturity at birth renders it particu-
larly vulnerable to perinatal events, and several neu-
rological functions affected by AOP, such as learning
and motor coordination, are partially controlled by the
cerebellum (Volpe, 2009).

Using a mouse model of AOP, we have recently
demonstrated that the cerebellum is indeed impacted
by IH, leading to short- and long-term behavioral
disorders, such as motor impairments and significant
deficits in spatial learning (Leroux et al., 2022). These
alterations are associated with a delay in cerebellar
cortex differentiation, a density change in Purkinje
cell arborization, a decrease of the volume of myelin
sheaths, and an increase of afferent innervations (Cai
et al., 2012; Leroux et al., 2022; Scheuer et al., 2017).
However, the molecular mechanisms underlying IH-
induced impairments have yet to be fully elucidated.

During episodes of hypoxia, O deprivation is always
followed by a reoxygenation phase (Prabhakar and Se-
menza, 2012). This causes both metabolic and oxida-
tive stresses, which results in an increase of reactive
oxygen species (ROS). Normally, cells can compensate
for this increase by adjusting their energy metabolism
and activating antioxidant mechanisms (Birben et al.,
2012; Hardie et al., 2012). However, in the case of AOP,
the chronic nature of IH leads to repeated reoxygena-
tion phases. This cycle results in an overproduction of
ROS, which ends up surpassing the reducing capacity
of antioxidant enzymes, causing oxidative stress (OS),
and leading to neuronal defects (Cai et al., 2012; Ler-
oux et al., 2022).

In this project, our aim was to determine whether
there is a specific timeframe or cell type that is more
vulnerable to TH during cerebellar development, and
to uncover the molecular bases underlying short- and
long-term deficits observed after AOP. We initially ex-
amined a specific panel of OS-related genes in the
whole cerebellum at different postnatal stages, from
P4 to adulthood. Subsequently, we performed a tran-
scriptomic analysis of genes involved in different de-
velopmental processes such as proliferation, cell dif-
ferentiation, and migration, on each cerebellar layer.
As Purkinje cells represent the cerebellum’s integra-
tion center and seem to be the most affected during
AOP (Leroux et al., 2022), we also narrowed our fo-
cus to study these neurons. Altogether, our goal is to
provide elements to correlate cerebellar transcriptomic
regulations with both existing histological findings and
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long-term impairments observed in children having ex-
perienced AOP. Through these efforts, we aim to en-
hance our understanding of the cellular and molecular
mechanisms underlying the pathophysiology of AOP.

2 Materials and methods

2.1 Animals

This study used wild-type C57BI6/J mice born and
bred in an accredited animal facility (approval number
B.76-451-04), in accordance with the French Ministry
of Agriculture and the European Community Coun-
cil Directive 2010/63/UE of September 22nd, 2010, on
the protection of animals used for scientific purposes.
The mice were kept under a 12-hour light/dark cy-
cle and had free access to food and water. Sex iden-
tification was done both by anogenital distance mea-
surement and pigment-spot localization before sacri-
fice (Wolterink-Donselaar et al., 2009). Starting at P2,
mice were assigned a unique identifier before initializ-
ing the protocol. There was no blinding in this study,
and sample size was chosen based on power determi-
nation from our preliminary studies.

2.2 Intermittent hypoxia protocol

Our TH model relies on an in-house hypoxia chamber,
which is based on the protocol developed by Cai et
al., and has been validated to mimic AOP (Cai et al.,
2012; Leroux et al., 2022). The IH sequence consisted
of 2-min cycles of hypoxia (5% Os; 20 s/cycle) and re-
oxygenation, for 6 hours per day, throughout the sleep
phase of the animals (10 am - 4 pm). The protocol was
initiated on neonatal P2 C57Bl6/J pups (IH group)
and continued for 10 consecutive days maximum, or
until the desired stage. During experiments, oxygen
concentration, hygrometry, temperature, and atmo-
spheric pressure were constantly monitored within the
chamber. The control group (N) was placed in another
chamber, which mimics the hypoxia chamber’s envi-
ronment, to control for external stressors.

2.3 Sample gathering

For real-time PCR experiments, mice were sacrificed at
stages P4, P8, P12, P21, and P70 by decapitation after
anesthesia by isoflurane inhalation (Iso-VET). Whole
brains were immediately harvested and put in pure
isopentane at -30°C. They were then stored in sterile
containers at -80°C until further use. Sample size for
real-time PCR were: 13 for P4 (TN + 61H), 16 for P8
(6N + 101H), 25 for P12 (15N + 10IH), 17 for P21 (9N
+ 8IH), and 8 for P70 (5N + 3IH).

For immunohistochemistry, P8 mice were lethally
anesthetized by intraperitoneal injection of ketamine
(100 mg/kg) and xylazine (10 mg/kg), and then sac-
rificed by intracardiac perfusion of NaCl 9%o and
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paraformaldehyde 4%, before removing the brains.
Due to their diminutive size, brains from P4 mice were
directly harvested and fixed by immersion. Brains were
then submerged overnight in 4% paraformaldehyde,
and then stored in phosphate buffer saline (PBS) prior
to slicing. Sample size for THC were: 13 for P4 (8N +
5IH), and 12 for P8 (6N + GIH).

2.4 Panels and primer design

This project relies on 2 panels of genes of inter-
est (GOI). The oxidative stress panel was devel-
oped by Lacaille et al. to specifically study OS, ROS
increase mechanisms, and the cellular response to
OS (Lacaille et al., 2015). Gene annotation, path-
way identification and functions were investigated
and illustrated with the Cytoscape software and the
stringR enrichment database (Fig. 1). The neurode-
velopment panel was built based on the cerebel-
lar development transcriptome database (CDT-DB;
http://www.cdtdb.brain.riken.jp). This annotated ex-
perimental database includes layer-specific genome-
wide transcriptomic data for different developmen-
tal stages (Sato et al., 2008). The panel was further
expanded based on bibliographical data and the Cy-
toscape software, and by enrichment with stringR and
GO.

Gene primers were designed with the Primer Express
software (v3.0.1; ThermoFischer Scientific) using nu-
cleotide sequences from the NCBI Pubmed database.
Primer pairs were supplied by Integrated DNA Tech-
nologies and validated by linear regression of serial di-
lution data. Primer pairs were chosen preferentially
to be on exon joining sites, with the least possible
hairpin and dimer formation, and with similar size,
GC percentage, and melting temperature for forward
and reverse primers. Each sequence was blasted on
Pubmed to ensure specificity. See Appendices A and
B for primer pair sequences and specifications.

2.5 Laser capture microdissection

Frozen brains were transferred to a -20°C freezer two
hours prior to use. Brains were fixed to the refrig-
erated support (set to -20°C) of the Cryomicrocut
(Leica 3050) with Tissue-Tek by the frontal extrem-
ity. Cerebella were then cut into 14 micrometers-
thick slices with a blade kept at -18°C. Slices were
immediately placed on membrane-coated slides (cat.
415190-9041-000 1.0 PEN, Carl Zeiss SAS) previously
sterilized with dry heat (3 hours at 170°C). Each
slide was stained with 2.8% cresyl violet solution and
progressively dehydrated in ethanol solutions. Sur-
faces of 700,000 pm? (for each cerebellar layer) and
130.000 pm? (for approximately 300 individual Purk-
inje cells) were drawn and cut with the LCM micro-
scope and software (Leica) and then kept in lysis buffer
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(LB1+LB2 from the Nucleospin RNA plus XS extrac-
tion kit by Macherey-Nagel) until extraction.

2.6 RNA Extraction

The samples issued from microdissection were puri-
fied on column using the Nucleospin RNA plus XS ex-
traction kit from Macherey-Nagel (cat. 740 990 250).
Samples for the whole cerebellum study were homog-
enized in 1 ml of Trizol (ThermoFisher), and mR-
NAs were further purified on column using the Nucle-
ospin RNA extract 1T from Macherey-Nagel (cat. 740
955 250) according to manufacturer recommendations.
RNA quantity and purity were analyzed by UV spec-
trophotometry (Nanodrop Technologies) and mRNA
quality assessment was performed by a bioanalyzer gel
electrophoresis on RNA 6000 Pico chips (cat. 5067-
1513, Agilent). The mRNAs were then stored at 80°C
until the next step.

2.7 Real-time qPCR

Total mRNAs were retrotranscribed to cDNA by re-
verse transcription using either i) the Quantitect RT
Kit (cat. 205313, Qiagen) for surfaces of 700,000
pum?; i) amplified and retrotranscribed with the
SMARTer® Pico PCR ¢DNA Synthesis Kit and Ad-
vantage® 2 PCR Kit (cat. 634928/7 and 639207,
Takara) for surfaces of 130,000 pmn?; or iii) retrotran-
scribed with the Prime Script RT reagent kit (cat.
RRO37A, Takara) for whole cerebella. The determi-
nation of the expression level of genes was done by
real-time PCR in 384-well plates. The reaction vol-
ume was 5 pL including: 2.5 pL 2X Fast SYBR Green
PCR Mastermix (cat. 4385612, Thermofisher), target
gene-specific sense and antisense primers (0.15 uL of
each, 100 nM final concentration), 1 pIL PCR-grade
water, and 1.2 L of sample solution. The distribution
of cDNA samples and reaction mixes was performed
by the Bravo 1 liquid handling platform (Agilent).
The real-time PCR reaction took place in a QuantStu-
dio Flex 12k thermal cycler (Applied Biosystems). For
each gene of the panel, sample measurements were con-
ducted at least in duplicate, with at least two house-
keeping genes (HKG) from Table 1. Raw data output
was calculated via the 2(-AACq) method where:

9—AACY _ o(—((C9GO01 1 —CqHKG 1)~ (CqGOIN-CqHKGN)))

2.8 Immunohistochemistry

Fixed cerebella were cut in 40 pm-thick slices with a
vibratome (Leica Microsystems VT1000S), and then
placed in a 24-well plate in 1mL 1X PBS. Non-specific
site blocking was first performed for one hour in the
presence of normal donkey serum diluted at 1:50 in
an incubation solution containing 1X PBS, Triton X-

100 (0.3%), and bovine serum albumin (1%). The slices
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were then incubated overnight at 4°C with specific pri-
mary antibodies: i) rabbit cleaved caspase-3 (Cell sig-
naling technology #9661S at a 1:400 dilution) to mark
apoptotic cells; and ii) mouse calbindin (Sigma Aldrich
#C9848 at a 1:1000 dilution) to target Purkinje cells.
Afterward, the slices were rinsed with 1X PBS and in-
cubated for 2 hours at room temperature, with donkey
anti-rabbit Alexa488 and donkey anti-rabbit Alexa594
diluted at 1:300, respectively. This step was followed
by 3 further 1X PBS rinses. The slices were then incu-
bated in the presence of 4’,6’-diamidino-2-phenylindole
(DAPI; 1 pg/mL) for 1 minute for nuclear labeling. Af-
ter a final rinse, the sections were mounted on slides
using Mowiol.

2.9 Statistical analysis

Statistical analyses were performed within the R sta-
tistical computing environment (version 4.3). Both
real-time PCR and IHC data were modeled through
the Generalized Linear Mixed Model (GLMM) frame-
work, using the {glmmTMB} package (Brooks et al.,
2017).

For real-time PCR. data, a Gaussian likelihood with
an identity link function was used to model the dis-
tribution of the DCq samples for each gene of inter-
est. When DCq samples for one gene were split over
multiple plates, a random intercept was added to ac-
count for intra-plate correlations. Immunohistochem-
istry data consisted of many types of variables, which
required different likelihood families. Count data (e.g.,
cell counts) were modeled using Generalized Poisson
likelihoods, to account for potential over or under-
dispersion. Measures bound at 0 (e.g., cell density, ar-
eas, and volumes) were modeled using a Gamma like-
lihood, and proportions (e.g., ratios of areas) with a
Beta likelihood. When multiple measures were taken
from the same mouse, a mouse random intercept was
added to account for the correlation between technical
replicates (Zimmerman et al., 2021)

Model diagnostics were done using the {DHARMa}
(Hartig, 2022) and {performance} (Lidecke et al.,
2021) packages. The fitness of each model was assessed
through both visual checks (e.g., posterior predictive
checks, QQ plots, residuals vs predicted values) and
quantitative indices of model fit (e.g., AIC: Aikake In-
formation Criterion). When several competing models
were possible a priori, we selected the most plausible
one primarily based on our theoretical understanding
of the response’s properties, and, to a lesser extent, to
minimize AIC and favor model parsimony.

Contrasts and p-values for relevant hypotheses were
obtained using the {emmeans} package (Lenth, 2022).
They were computed on the link scale, using Wald
t-tests, without any multiplicity adjustments. For all
analyses, p < 0.05 was considered significant.
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3 Results
In addition to the results mentioned below, all real-

time PCR results are featured in Appendices C, D and
E.

3.1 IH induces OS and triggers different cellular
response mechanisms
3.1.1 All stages are sensitive to IH but P8 is more
vulnerable
Among the 37 OS-related genes tested, 31 show differ-
ential expression between normoxia and IH at P4, P8,
P12, P21, and/or P70 (Fig. 2). Cerebellar cells start
responding to hypoxia at P4, with the maximum num-
ber of regulated genes observed at P12. However, this
regulation is mainly a positive defense reaction with
a high upregulation of antioxidant enzymes, such as
Txnrd3 and Sod3. In contrast, the most deleterious
regulation is found at P8, with the downregulation of
5 antioxidant enzymes (Txnrdl, Sod3, Prdx6, Prdx5
and Cat), and only a few beneficial regulations. After
the end of the protocol, some genes remain differen-
tially regulated or become so (Fig. 2). Two such genes
are Idhl and Txnrd3, which are upregulated at P12
and P21 but become downregulated at P70, or Ces
and Gpx3 whose expression is only increased in adult-
hood.

3.1.2 IH induces the regulation of various cell death
and survival pathways

Our immunohistochemical analysis indicated that the
cleaved caspase-3 positive cells are mainly localized
in the IGL and the WM (Fig. 3A). The compar-
ison of the density of these cells between hypoxic
and normoxic mice revealed a higher number of
apoptotic cells after IH at P4 (¢(32) = —2.58;p =
0.015; Ratio = 0.454; Clys = [0.243,0.847]) but no
statistically difference between both conditions at P8
(t(30) = —1.532;p = 0.136; Ratio = 0.591;Cly; =
0.293,1.192]) (Fig. 3B).

In contrast, real-time PCR results indicated that cell
death/protection pathways are activated during IH.
Indeed, after a slight regulation as early as P4, the
response to IH is most prominent at P8 and P12, with
10 and 9 regulated genes, respectively. It is interesting
to note that, at P8, there is a downregulation of genes
expected to exert a protective effect on cellular com-
ponents, such as the transcription factor Spl. Mean-
while, there is an equilibrium between pro- and anti-
apoptotic mechanisms at P8. However, the response is
shifted towards an overall upregulation of the apop-
totic pathway at P12 (Fig. 4), with the upregulation
of both caspase-3 and -9 genes and downregulation of
the anti-apoptotic gene Bel2.
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3.1.8 IH activates various cellular response pathways
during cerebellar development
OS also triggers the activation of various cellular path-
ways, such as inflammation and autophagy. Indeed, 29
genes belonging to these intracellular pathways were
tested on the whole cerebella of P4, P8, P12, P21,
and P70 mice. 19 of these are differentially regulated
by IH during cerebellar development (Fig. 4). At P4,
TH induces a moderate pro-inflammatory (3 regulated
genes) effect, while an opposite regulation is observed
at P8, with 9 anti-inflammatory regulations. These
expression modifications are somewhat maintained at
P12, while Mtl and Mt2 become markedly under-
expressed at P21. Concerning autophagy and mito-
chondrial adaptation, the effect of TH is less clear since
Kif9 and Hspab, but also Jun and Parpl are downreg-
ulated between P4 to P21. Finally, at P70, only a few
genes are still dysregulated (Fig. 4).

3.2 The effect of IH on the cerebellum varies by stage
and layer

A panel of 54 genes in total was tested in the differ-
ent cerebellar layers, microdissected at P4, P8, P12
P21, and P70. A graphical representation provides an
overview of the molecular pathways altered by IH,
grouped by developmental stage and cerebellar layer
(Fig. 5), and sorted according to the major mecha-
nisms implicated in cerebellar development i.e., prolif-
eration and repair, cellular differentiation, migration
and response, and cell communication. The impact of
IH on each of these mechanisms is described below,
but overall, the stage which presents the most tran-
scriptomic regulations is P8 (Fig. 5).

3.2.1 IH affects the EGL and cellular proliferation
By using DAPI labelling, we have demonstrated that
the area of the EGL is significantly smaller in IH mice
at P4 (¢(32) = 2.903;p = 0.007; Ratio = 1.47;Clgs =
[1.122,1.927]) but this difference is no longer present
at P8(t(30) = 0.671; p = 0.507; Ratio = 1.083; Cly; =
[0.85,1.38]) (Fig. 6A).

Of the 29 tested genes, 7 are regulated by IH at P4,
11 and 18, respectively, in the outer proliferative EGL
and the inner premigratory EGL at P8, and 11 in the
whole EGL at P12. Interestingly we mainly observed
an underexpression of these genes with the most sig-
nificant effect of IH visible in the inner EGL at P8.
Of note, cyclin Cendl is downregulated at P4 and P8
in the proliferative outer EGL of TH mice, while the
guidance-related gene Robol is downregulated in the
whole EGL. In contrast, at P12, some genes specifi-
cally implicated in synapse formation, such as Calb2
and Homer2, or in migration, such as Cdh8, are up-

regulated (Fig. 6B).
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3.2.2 IH alters neuronal migration and Purkinje cell
development
No statistically significant difference in the area of
the ML (including Purkinje cells) was found be-
tween IH and N mice at P4 (¢(32) = 0.113;p =
0.911; Ratio = 1.012;Clgs = [0.815,1.257]) nor P8
(t(30) = 0.588;p = 0.561; Ratio = 1.051;Clys =
[0.884,1.249]) (Fig. TA). At P4 and P8, the ML is too
narrow to be microdissected, but the results obtained
by testing 29 genes at P12 indicate that the IH proto-
col is associated with a downregulation of migration-
associated genes, namely Llcam and Astn2, as well as
some genes involved in cell differentiation or commu-
nication, such as Tln1 (talin 1), and Gabral or Grinl,
respectively. At P21, only Nav3 is upregulated, and no
gene expression modification is seen at P70 (Fig. 7B).
Focusing on PCs, we showed that their phenotype
is not visibly altered by our IH protocol at P8 (Fig.
8A). However, out of 33 OS-panel genes tested, 8
are downregulated at P8, notably the 6 antioxidant-
coding genes Gpx4, Gsr, and Prdx2, 3, 5, 6 (Fig.
8B). This phenomenon is accompanied by a decrease
in the expression of the cytoskeletal proteins Tlnl
and Nefl (neurofilament light polypeptide), and of the
maturation-indicating genes Calb1, Sle17a7, and Syn2,
including the Purkinje-specific gene Pcp2 (Fig. 8C).
At P12, an equilibrium in positive and negative cell
responses occurs with a downregulation of Gss and
Prdx5, balanced by Parpl and Rheb (Fig. 8B). In ad-
dition, Racl, which is not affected by IH at P8, be-
comes upregulated at P12 (Fig 8C), as well as Calb
and Slcl17a6 in the ML (Fig 7B). In the longer term
(i.e., post-IH protocol), IH seems to modify the expres-
sion of only a few genes, such as Txrnd3, Gabral, and
Synl (Fig. 8B, C).

3.2.3 IH affects major differentiation processes in the
IGL
A slight decrease in the area of IGL in TH mice was
observed at P4 (£(32) = 2.464;p = 0.019; Ratio =
1.176; Clgs = [1.029,1.345]), but this difference is
no longer significant at P8 (#(30) = —1.625;p =
0.115; Ratio = 0.915; C'ly; = [0.819, 1.023]) (Fig. 9A).
However, at P8, IH downregulates 18 genes out of the
30 tested, including 12 genes associated with synap-
togenesis and neuronal maturation (Fig. 9B). Among
them, we find Homerl/2, Syn2, and Syp. Interestingly,
the cerebellum-specific Nrxnl and/or its ligand Nxph4
are both downregulated during the whole IH protocol
period. At P21, a mild upregulation of the cytoskele-
tal gene Stmnl is observed, whereas it is previously
found downregulated at P12. In contrast, the synapse-
associated Cadps2 is downregulated at P8 and P12 but
becomes upregulated at P70 (Fig. 9B).
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3.2.4 Effect of IH on the WM

No statistically significant difference in the area of the
WM was found between IH and N mice at P4 (¢(32) =
—1.998: p = 0.054; Ratio = 0.609; C'Iy5 = [0.368,1.01])
nor P8(¢(30) = —0.853; p = 0.400; Ratio = 0.862; Clgs
[0.604,1.23]) (Fig. 10A). The expression of the 30 genes
tested is decreased in the WM of P8 and P12 IH mice,
except for Aktl and Grm3. (Fig. 10B). Interestingly,
among these genes, those implicated in the formation
of the myelin sheath are simultaneously and strongly
downregulated by IH at P12. Moreover, other genes
such as Tlnl and Stmn1 present a biphasic expression,
with an upregulation at P4 and P70, and a downreg-
ulation between P8 and P12 (Fig. 10B).

4 Discussion

In humans, the cerebellum undergoes development
from the embryonic stage to beyond the first year
of life, rendering it vulnerable to early injury (Volpe,
2009). This vulnerability is particularly pronounced in
the case of premature births, where systemic immatu-
rity compounds the risk to the nervous system. There-
fore, a participation of the cerebellum in the seque-
lae observed during AOP cannot be excluded (Eichen-
wald et al., 2016; Steggerda et al., 2009). To inves-
tigate this hypothesis, we developed a murine model
of AOP, based on the TH protocol of Cai et al. (Cai
et al., 2012). Using this protocol, we showed that IH
leads to growth retardation in mice, associated with
short and long-term behavioral, and histological al-
terations (Leroux et al., 2022). To gain a better un-
derstanding of the molecular mechanisms underlying
these findings, we analyzed the expression of a set of
genes related to oxidative stress, cell death, inflam-
mation, and differentiation pathways using real-time
PCR. Due to the exploratory nature of this work, we
chose to present and discuss all statistically significant
results, even if the associated fold changes were small.
Indeed, we aim to provide the basis for further pro-
teomic studies, and whether these changes are effec-
tively translated remains to be determined.

We initially confirmed that the cerebellum is sensi-
tive to IH during postnatal development, with evidence
of oxidative stress at P4, P8, and P12. Furthermore,
we identified P8 as a critical period of vulnerability to
TH, where the cerebellar cells’ defense against oxida-
tive stress is the most affected. Indeed, we observed
the downregulation of genes coding for major antiox-
idant enzymes, namely, Txnrdl, Sod3, Prdx6, Prdx5
and Cat, which are all involved in neutralizing ROS
(Birben et al., 2012). Cerebellar cells appear to initi-
ate compensation mechanisms, beginning at P12, by
significantly upregulating Txnrd3 and Sod3. The ex-
pression of Hmox1 (heme oxygenase 1), a stress re-
sponse protein known to respond to hypoxia and exert
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neuroprotective effects (David et al., 2006; Jazwa and
Cuadrado, 2010), was also increased by our IH pro-
tocol. However, this antioxidant process seems insuffi-
cient since an accumulation of ROS is still present in
cultured granule cells and cerebellar explants at P12
post-IH (Chiu et al., 2012; Leroux et al., 2022). The
protective mechanism appears to continue at P21, with
activation of the Txnrd and Gpx pathways, along with
increased expression of Idhl. This gene encodes the
isocitrate dehydrogenase-1 metabolic enzyme, which
produces NADPH (Itsumi et al., 2015), which in turn
participates in ROS elimination via reduction reac-
tions. In contrast, Idhl, as well as several other redox
enzymes, are downregulated at P70, indicating that
the OS state of the cerebellum persists after the end
of the protocol, and that TH could induce long-term al-
terations. Interestingly, the most marked upregulation
in adulthood is Cecs, the gene coding for the copper
chaperone of the superoxide dismutase enzyme SOD1
(Furukawa et al., 2004). Thus, a pattern emerges where
short-term regulations primarily involve immediate ac-
tors in redox reactions, while long-term regulations in-
volve upstream molecules.

Given that several studies have demonstrated that
chronic exposure of mice to IH induced caspase-3 ac-
tivation and increased neuronal apoptosis (Liu et al.,
2018; Xu et al., 2004), we analyzed caspase-dependent
cell death. At P4, the expression of caspase-3 is not in-
creased, or even detected in IH mice. However, cleaved
caspase-3 immunoreactive cells are more abundant in
the IGL and the WM of the P4 cerebellum, support-
ing numerous observations of TH-induced alterations
of myelin (Cai et al., 2012; Ferriero, 2001). At P8
and P12, there is no longer a difference in the den-
sity of apoptotic cells, despite an increased expression
of caspase-3 in IH mice at P12. This belated caspase-
3 expression has already been observed in the mouse
brain after a continuous perinatal hypoxia (Curristin
et al., 2002). However, we did not see any difference
in caspase-3 activity at P12 (Leroux et al., 2022),
suggesting that this pro-apoptotic process could be
compensated by anti-apoptotic factors. One candidate
could be Adeyapl (also known as PACAP, or pitu-
itary adenylate cyclase-activating peptide), which is
known to play a neuroprotective role in the cerebel-
lum via the inhibition of caspase-3 activity (Lacaille
et al., 2015). Nevertheless, previous works have shown
that hypoxia eventually induces a decrease in the vol-
ume of the cerebellum in mice at P12, as well as in
humans (Leroux et al., 2022; Volpe, 2009). Thus, the
loss of cells could be due to a caspase-3-independent
apoptosis. For example, the under-expression of Bel2
at P4, P8 and P12 during IH remains in favor of an
increase in apoptotic cell death, via the poly ADP-
ribose polymerase (PARP) pathway instead. Indeed,
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it has been shown that in hypoxic granule cells, DNA
damage caused by ROS accumulation induces PARP
activation, which results in the induction of caspase-
independent apoptosis (Chiu et al., 2012). As Bcl2
can inhibit PARP1, and thus cell death (Dutta et al.,
2012), its under-expression could, reciprocally, lead to
cell death. Moreover, the decrease of Parpl expression
at P8 and P12 observed in our TH condition might rep-
resent a compensatory mechanism in response to the
failure of Bcl2 to control the PARP pathway. These
results match those of Chiu et al. showing that TH-
induced cell death is caspase-independent (Chiu et al.,
2012). The decrease in the number of granule cells
could also be due to a failure in cytoprotection. In
fact, there is an overall downregulation, albeit slight,
of genes expected to exert a protective effect on cellu-
lar components in TH mice at P8. Among them, Spl
is known to be specifically activated by OS and acts
as a transcription factor to promote neuronal survival
(Ryu et al., 2003). Another example is Ercc2, which
codes for an ATP-dependent DNA helicase, to repair
OS-mediated DNA damage. Whether this is part of
the metabolic response to save energy after IH or not,
the end result is likely an accumulation of DNA dam-
age (Zhao et al., 2021). Thus, several compartments
of the cell lack protection when faced with IH-induced
0OS.

In light of our results, we also hypothesized that cell
death could be related to a necrotic phenomenon in-
duced by hypoxia. Indeed, it has been shown that the
extracellular spill out of cellular contents after necro-
sis causes a local inflammation, which could be ex-
acerbated by TH (Xu et al., 2022; Zong and Thomp-
son, 2006). In fact, we observed a strong activation of
the anti-inflammatory pathway at P8, which is mostly
maintained at P12, suggesting that the cerebellum
tries to counteract the pro-inflammatory effect initi-
ated at P4. Indeed, TH induces a downregulation of
Nfkb at P8 and a subsequent upregulation of Nfkbib
at P12, modifying the expression of two factors known
to control inflammation (Dong et al., 2022; Palazzo et
al., 2023). Most notably, we highlighted the upregula-
tion of Mt1/2 at P8 and P12, which code for metal-
lothioneins, whose potent anti-inflammatory role may
have a cytoprotective effect (Dai et al., 2021; Zhou et
al., 2017). Interestingly, the expression of these two
genes is significantly decreased at P21, indicating that
inflammatory pathways are still implicated after the
IH protocol.

A well-known parallel response to IH is a metabolic
adaptation, meant to counteract the decrease of mi-
tochondrial production of ATP due to a diminished
O availability (Herzig and Shaw, 2018; Pefia and
Ramirez, 2005). The activation of this mechanism is
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illustrated by an under-expression of several genes in-
volved in the autophagy /mitophagy pathway, in which
dynamin 2, encoded by Dnm2, plays a key role. Indeed,
this cytoskeletal protein participates in the mitochon-
drial fission machinery (Lee et al., 2016), so its down-
regulation throughout all stages could represent a dual
defense mechanism, first by limiting high energy pro-
cesses in a context of energetic scarcity, while at the
same time limiting the ROS-producing mitochondrial
pathway.

To determine if some cerebellar cells or processes
are more sensitive to IH, we further studied specific
molecular pathways, for each developmental stage and
cerebellar layer. We showed a downregulation of Zicl,
Cendl, and Pax6 in the outer EGL at P4, indicat-
ing that TH affects the proliferation of GC precursors
(Aruga and Millen, 2018; Miyashita et al., 2021; Ye-
ung et al., 2016). This defect results in a significantly
smaller EGL in IH mice at P4. Although the under-
expression of the proliferative genes is still noticeable
at P8, there were no associated histological differences
at this stage. Furthermore, our previous results re-
ported an increase in EGL thickness at P12 in IH an-
imals (Leroux et al., 2022). In this latter stage, the
proliferation-associated genes are no longer downreg-
ulated, and BrDU positive cells are more numerous
(Leroux et al., 2022), which could explain how the
EGL of IH mice caught up with that of controls at
P21. In addition, the downregulation of the guidance-
related gene Robol at P8 and the upregulation of
cadherin 8 at P12 suggest that the thickening of the
EGL could be accentuated by a delay in GC migration
(Gruner et al., 2019; Taniguchi et al., 2006). However,
the most important IH effect on the EGL is visible in
the inner premigratory EGL, with marked downregu-
lation of numerous synapse-related genes at P8, such
as Grinl, Homer1/2, Slc17a6/7 (Vglut1/2), Synl, and
Syp (Chin et al., 1995; Kao et al., 2017; Parenti et al.,
2022). We also found an under-expression of Homer2,
which is involved in GC synaptic densities (Shiraishi
et al., 2003). In contrast, at P12, some of these genes
become upregulated in IH animals, including the GC-
enriched calretinin (Calb2) and Homer2, suggesting a
delay in the maturation of GC precursors in hypoxic
mice (Bearzatto et al., 2006).

As for the molecular layer, since it was too difficult
to microdissect without risking contamination by other
cells, we did not perform real-time PCR at P4 and P8.
However, through our immunohistochemical analyses,
we found no difference in ML surface area at P4 nor
P8. In contrast, we have previously reported that the
thickness of the ML (including Purkinje cells) was sig-
nificantly lower in hypoxic mice at P12 (Leroux et al.,
2022). This decrease is associated with the downreg-
ulation of migration-associated genes such as Astn2,



Rodriguez-Duboc et al.

which should be highly expressed in migrating granule
neurons, given the role of astrotactin 2 in glial-guided
neuronal migration (Wilson et al., 2010). Likewise,
the L1 cell adhesion molecule (Llcam), important for
axonal growth and migration (Thelen et al., 2002),
is downregulated by our protocol. Similarly, talin 1,
which is responsible for neurite outgrowth (Wang et
al., 2019), was also downregulated. These dysregula-
tions could imply a deficit in neurite development of
ML interneurons and/or Purkinje cells. Interestingly,
we also observed changes in several genes implicated
in Purkinje cells connectivity, such as Camk4, Grinl,
Slel7a6 and Gabral (Arsovié et al., 2020; Kono et
al., 2019; Miyazaki et al., 2003; Nietz et al., 2020).
These data suggest that Purkinje innervation by paral-
lel fibers, climbing fibers, and GABAergic interneurons
is affected by IH as early as P12, which could explain
the locomotor deficits observed after TH during the first
postnatal weeks (Leroux et al., 2022). After the end of
the protocol, only Nav3, involved in migration, neu-
rite growth, and axon guidance (Powers et al., 2023),
is upregulated, suggesting that this molecule may have
participated in the compensatory process that allowed
the ML thickness of IH mice to catch up to that of
controls at P21(Leroux et al., 2022), and the tran-
scriptomic profile to become similar to control mice
by adulthood.

We then focused on Purkinje cells, since they are
considered as the integration center of the cerebellum.
Although no difference is observed in the phenotype
of PCs at P8, our real-time PCR results showed that
these neurons are particularly sensitive to TH at this
stage, with a downregulation of both hydrogen perox-
ide neutralizing enzymes Prdx2, 3, 5, 6, and of the
glutathione reducing enzymes, Gpx4 and Gsr (Bir-
ben et al., 2012). This defect in the defense against
0S is accompanied by a decrease in the expression of
genes implicated in the connectivity of Purkinje cells,
such as Calbl, Calb2, and Syn2. These downregula-
tions also include VGlutl (Slc17a7), which represents
the hallmark of GC-PC synapses after the first post-
natal week. Interestingly, a deficit in these synapses
has been shown to impair the correct pruning of CF-
PC synapses (van der Heijden et al., 2021). Therefore,
the downregulation of Vglutl at P8 could trigger a
compensatory Vglut2 upregulation at P12 in the ML,
which could be the premise of the over-innervation of
PCs by CF's in adulthood (Leroux et al., 2022). At P8,
PCs also show significant downregulation of the PC-
specific Pcp2, suggesting an alteration in PC differen-
tiation (Guan et al., 2005). The expression of Cadps2,
which codes for the calcium-dependent. activator pro-
tein for secretion 2, is decreased at this stage too. In-
terestingly, this factor is the only one to be still reg-
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ulated in the IGL at P70. Since Cadps2 has been re-
cently shown to participate in the physiopathology of
attention-deficit hyperactivity disorder (ADHD) and
spatial memory (Duan et al., 2023), it brings to mind
the memory deficits found in behavioral experiments
in adult mice after IH (Leroux et al., 2022). Finally,
the under-expression of TInl at P8 may be associated
with our previous finding of a lower volume of PC den-
dritic trees post-IH (Leroux et al., 2022; Wang et al.,
2019). At P12, it seems that PCs try to counteract the
deleterious effect of IH through a downregulation of
the death-promoting Parpl and Rheb genes (Chiu et
al., 2012). Despite this, several mechanisms are trig-
gered in favor of the reported histological abnormal-
ities. Indeed, we observed an increase in the expres-
sion of Racl, which is known to cause defects in cere-
bellar foliation, ectopic GCs, and altered Bergmann
glia morphology (Mulherkar et al., 2014). In addition,
the morphogenesis of PCs starts to present some de-
fects, with the upregulation of the neurofilament light
chain gene (Nefl). Neurofilaments are cytoskeletal com-
ponents enriched at PC axonal “torpedoes” or focal
swellings, and, while their function is poorly under-
stood, they seem to be a developmental characteris-
tic that peaks at P11 (Ljungberg et al., 2016). This
could signify that, during IH, PCs modify their phe-
notype, and later, their connection profile. However,
in the longer term, IH only modifies the expression
of a few genes such as Txrnd3, Gabral, and Synl in
PCs. As Synl is a crucial effector of synaptic plastic-
ity and axonal elongation, whose alteration is a hall-
mark of neurodevelopmental disorders such as autism
and epilepsy (Chin et al., 1995; Kao et al., 2017; Par-
enti et al., 2022), we can postulate that this regulation
is a compensatory mechanism to counteract the early
deficits.

Regarding the IGL, we observed a slight decrease in
the area between IH and control mice at P4, but no
difference at P8. However, at P8, we found an overall
downregulation of genes associated with critical neu-
ronal functions, such as the synaptogenic Homer1/2,
Syn2, and Syp. Notably, Nrxnl and/or its ligand
Nxph4 were consistently downregulated during the en-
tire IH protocol period. The alteration of this path-
way is associated with impaired inhibitory neurotrans-
mission, and a reduced synapse number, which is im-
plicated in motor learning and coordination deficits
(Meng et al., 2019). Thus, the dysregulation of this
pathway during the IH protocol may condition the be-
havioral deficits we evidenced in IH mice (Leroux et al.,
2022). At P12, most downregulated genes are involved
in the synaptic network such as Grinl, Cadps2, and
Syn2, indicating that mature GC functions have been
impaired by IH. Moreover, we also found a decrease
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in the expression of factors such as Stathmin (Stmnl)
and Robol, which are implicated in cell motility and
guidance (Giampietro et al., 2005; Gruner et al., 2019).
This suggests that mature GCs have difficulties find-
ing their proper localization into the IGL, and then fail
to establish synapses. The ectopic cells may eventually
be eliminated, explaining the thinner IGL observed at
P12 (Leroux et al., 2022).

Finally, despite being less studied than the neuronal
population, WM and glial cells are conclusively impli-
cated in the physiopathology of AOP. Indeed, periven-
tricular leukomalacia is a common finding in AOP,
while the demyelination of both the peripheral and
central nervous systems has been associated with TH
(Cai et al., 2012; Ferriero, 2001). Interestingly, in the
WM , the major differentiation genes implicated in the
formation of the myelin sheath, namely Mbp, Mobp,
Mog, and Plpl, are simultaneously and strongly down-
regulated by IH at P12. Although a compensatory in-
crease in the expression of some of these genes ap-
peared in adulthood (Stmnl and Plpl), the volume
of myelin sheaths of Purkinje axons was decreased in
adult mice after perinatal TH in the cerebellar cortex
(Leroux et al., 2022). Moreover, our transcriptomic re-
sults indicate that such a defect could also concern
mossy and climbing fibers. Finally, the expression of
glutamate metabotropic receptor 3 (Grm3), a hall-
mark of neuroinflammation, was upregulated in the
WM, indicating the presence of fibrous astrocytes and
suggesting a post-injury reaction after IH that persists
into adulthood and could contribute to the behavioral
and cognitive impairments observed (Egan et al., 2004;
Zinni et al., 2021).

5 Conclusion

In conclusion, our transcriptomic analysis sheds light
on the molecular effects of neonatal oxygen depriva-
tion and perinatal intermittent hypoxia on cerebellar
development in mice. The cerebellum is shown to be
sensitive to neonatal oxygen deprivation, with P8 be-
ing the most sensitive stage. The deleterious effects
of IH involve a dual mechanism of increased reactive
oxygen species production and a failure of the antioxi-
dant defense system. This culminates in the activation
of several cell death mechanisms, associated with an
alteration in cellular developmental processes, such as
proliferation, migration, neurite outgrowth, synapto-
genesis, and myelin sheath formation. These molecular
dysregulations correlate with histological and behav-
ioral defects observed in AOP, including motor coor-
dination, learning, and behavior impairments. Despite
the presence of compensatory mechanisms, the struc-
tural modifications caused by IH persist into adult-
hood, resulting in impaired cerebellar functions.
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Figure 1: Gene panel development: OS and its cellular effects. The gene set tested by RT-qPCR was
mapped with the stringR enrichment app for interactions. Based on the literature, dashed lines
represent genes with a deleterious effect if upregulated, while full lines represent genes with a
beneficial effect if upregulated. Distinct colors indicate the pathways detailed in the following
analysis.
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Figure 2: All stages are sensitive to IH but P8 is more vulnerable. Significant RT-qPCR results
reflecting the regulation of the expression of genes involved in oxidative stress after IH in the whole
cerebellum of P4, P8, P12, P21, and P70 mice. Deleterious effects (upregulation of pro-oxidative
genes or downregulation of anti-oxidative genes) are represented in pink. Positive defense
(upregulation of anti-oxidative genes or downregulation of pro-oxidative genes) are represented in
blue. IH: intermittent hypoxia; Px: postnatal day x.
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Figure 3: IH induces an increase of caspase-3 apoptotic cells at P4 but not at later stages. A. Images
illustrating the density of cleaved caspase-3 positive cells at P4 (upper image), P8 (bottom image) in
the whole cerebellum of control (N; left side of image) or hypoxic (IH; right side of image). Px:
postnatal day x. B. Density of cleaved caspase-3 positive cells at P4 (upper plot), P8 (bottom plot) in
the whole cerebellum of control (N; left side) or hypoxic (IH; right side). The total number of animals
in each experimental group is indicated under the boxplots and represented by diamond shapes,
while the transparent dots indicate individual data points.
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Figure 4: IH activates various cellular response pathways during cerebellar development. Significant
RT-gPCR results reflecting the regulation of the expression of genes involved in the cellular response
associated with oxidative stress in the whole cerebellum after IH in P4, P8, P12, P21, and P70 mice.
Deleterious effects (upregulation of pro-oxidative genes or downregulation of anti-oxidative genes)
are represented in pink. Positive defense (upregulation of anti-oxidative genes or downregulation of
pro-oxidative genes) are represented in blue. IH: intermittent hypoxia; Px: postnatal day x.
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Figure 5: Overview of the molecular pathways altered by IH grouped by stage and layer. The upper
two-thirds of the circumference represent each stage and the cerebellar layers microdissected in
each. The lower third represents main pathways attributed to the genes tested. Connecting arrows
indicate the overall regulation present in a layer by connecting it to the matching pathways. Likewise,
the colors of each pathway are mirrored underneath each layer for readability. The significant RT-
gPCR results reflecting the regulation of the expression of genes involved in differentiation in each
cerebellar layer are represented at the periphery of the circle as the fold change of hypoxic versus
control mice at P4, P8, P12, P21, and P70. Upregulations are represented in green, and
downregulations are represented in red. Results will be further detailed layer by layer in the following
figures. EGL: external granular layer; EGLi: inner EGL; EGLo: outer EGL; IGL: internal granular layer;
ML: molecular layer; PC: Purkinje cells; Px: postnatal day x; WM: white matter.
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Figure 6: Effect of IH on the EGL. A. Measurement of the area of the EGL in control (N) or hypoxic (IH)
mice at P4 (upper plot), P8 (bottom plot). The total number of animals in each experimental group is
indicated under the boxplots and represented by diamond shapes, while the transparent dots indicate
individual data points. B. Significant RT-qPCR results reflecting the IH-induced regulation of the
expression of genes involved in EGL differentiation in P4, P8 and P12 mice. Upregulations are
represented in green, and downregulations are represented in red. EGL: external granular layer; EGLi:
inner EGL; EGLo: outer EGL; IH: intermittent hypoxia; Px: postnatal day x.
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Figure 7: Effect of IH on the ML and PL. A. Measurement of the area of the ML+PL in control (N) or
hypoxic (IH) mice at P4 (upper plot), P8 (bottom plot). The total number of animals in each
experimental group is indicated under the boxplots and represented by diamond shapes, while the
transparent dots indicate individual data points. B. Significant RT-qPCR results reflecting the IH-
induced regulation of the expression of genes involved in ML differentiation in P12, P21, and P70
mice. Upregulations are represented in green, and downregulations are represented in red. IH:

intermittent hypoxia; ML: molecular layer; Px: postnatal day x.
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Figure 8: Effect of IH on the morphology and transcriptome of PCs. A. Calbindin labeling (green) of
the cerebellar cortex in normoxic (N) or hypoxic (IH) P8 mice. B. Significant RT-qPCR results reflecting
the regulation of the expression of genes involved in oxidative stress and cell response after IH in the
microdissected PCs of P8, P12, P21, and P70 mice. Deleterious effects (upregulation of pro-oxidative
genes or downregulation of anti-oxidative genes) are represented in pink. Positive defense
(upregulation of anti-oxidative genes or downregulation of pro-oxidative genes) are represented in
blue. C. Significant RT-qPCR results reflecting the IH-induced regulation of the expression of genes
involved in PC differentiation in mice at P8, P12, P21, and P70. Upregulations are represented in
green, and downregulations are represented in red. EGL: external granular layer; IGL: internal granular
layer; IH: intermittent hypoxia; ML: molecular layer; PC: Purkinje cell; Px: postnatal day x.
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Figure 9: Effect of IH on the IGL. A. Measurement of the area of the IGL in control (N) or hypoxic (IH)
mice at P4 (upper plot), P8 (bottom plot). The total number of animals in each experimental group is
indicated under the boxplots and represented by diamond shapes, while the transparent dots indicate
individual data points. B. Significant RT-qPCR results reflecting the IH-induced regulation of the
expression of genes involved in IGL differentiation in P4, P8, P12, P21, and P70 mice. Upregulations
are represented in green, and downregulations are represented in red. IGL: internal granular layer; IH:
intermittent hypoxia; Px: postnatal day x.
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Figure 10: Effect of IH on the WM. A. Measurement of the area of the WM in control (N) or hypoxic
(IH) mice at P4 (upper plot), P8 (bottom plot). The total number of animals in each experimental
group is indicated under the boxplots and represented by diamond shapes, while the transparent
dots indicate individual data points. B. Significant RT-qPCR results reflecting the regulation of the
expression of genes involved in differentiation in the IGL of control (N) or hypoxic (IH) mice at P4, P8,
P12, P21, and P70. Upregulations are represented in green, and downregulations are represented in
red. IH: intermittent hypoxia; Px: postnatal day x; WM: white matter.
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2. Graphical summary

Our IH protocol induces a general state of oxidative stress associated with transcriptomic
changes. P8 is highlighted as a critically vulnerable stage. Gene regulations suggest decreased
proliferation at P4 and P8, delayed migration at P8 and P12, which later increases at P21. In addition,
differentiation of granule and Purkinje cells is affected at P8 and P12. Markers of Purkinje connectivity
with inhibitory interneurons and climbing and parallel fibers are underexpressed at P12 while
indicators of cerebellar afferences are upregulated at P21 and P70. The myelination process is affected

at all stages (Figure 38).
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Figure 38: Main findings presented in article 2.
DCN: deep cerebellar nuclei; EGL: external granular layer; IGL: internal granular layer; ML: molecular layer; PCL:
Purkinje cell layer; Px: postnatal day x; WM: white matter.
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PART TWO: EFFECTS OF IH ON CEREBELLAR VASCULARIZATION

1. BACKGROUND

We have seen that, in early embryonic development, the establishment of the neural tube
precedes vascularization. However, the evidence shows that there is an interplay between the nervous
and the vascular systems as they develop. In fact, several neural-derived signals that initiate and

regulate CNS development may also be involved in vascularization signaling (Vogenstahl et al. 2022).

Thus, neurogenesis and angiogenesis go hand in hand during development (Carmeliet and
Tessier-Lavigne 2005). As an example, angiopoietins 1 and 2 are expressed in both cerebellar neural
and endothelial cells, and reciprocally, the receptor Tie2 is expressed in blood vessels as wells as PCs.
This pathway regulates angiogenic remodeling as well as dendritogenesis, thus indicating a connection
between neural and vascular developmental pathways in the cerebellum (Luck et al. 2021). Likewise,
metalloproteases associated with angiogenesis have also been shown to promote the migration of

neural progenitors (Wang et al. 2006).

Moreover, we have shown that the regulation of factors such as HIF-1a, which stimulates the
transcription of vascular endothelial growth factor (VEGF) to induce neovascularization (Forsythe et
al. 1996), is also associated to histological and cellular alterations in response to our IH protocol
(Leroux et al. 2022). Finally, hypoxia is a prominent driving force of angiogenesis, which affects initial

sprouting, proliferation, and maturation stages (Guan et al. 2022).

Considering these findings, we hypothesized that our IH protocol could induce vascular
changes. We therefore devised a series of experiments to explore this idea, including a transcriptomic

study and imaging techniques.

2. TRANSCRIPTOMICS

In addition to the RT-gPCR results presented in published work, an analysis of 23 genes related
to vascularization was conducted to explore the effects of IH on vascularization (Figure 39). The testing
was done on whole cerebella at different stages: 13 for P4 (7N + 6IH), 16 for P8 (6N + 10IH), 25 for P12
(15N + 10IH), 17 for P21 (9N + 8IH), and 8 for P70 (5N + 3IH). A full statistical summary is presented in

Appendix 7.

At stage P4 we found 30.4% regulation (7/23 genes), all of which were upregulated, indicating
an overall increase in transcription of angiogenic factors. Interestingly, the pro-coagulation tissue

factor (F3) and the endothelial adhesion molecule thrombospondin 1 (Thsbl) are upregulated,
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indicating a clotting susceptibility (Phelan et al. 1998; Bhagat et al. 2020). Most notably, this stage sees
the most upregulation of growth factors: transforming growth factor, beta 1 (Tgfbl), vascular

endothelial growth factor a (Vegfa), and two Vegf receptors, Flkt and Flt1.
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Figure 39: RT-qPCR results of the vascularization panel on the whole cerebellum.
Genes are grouped by stage and pathway. Red indicates a downregulation and green indicates an upregulation.

In contrast, P8 was the most regulated stage overall with 73.9% (17/23) differentially
expressed genes, but all were downregulated. This includes the previously upregulated growth factors
as well as the angiogenic receptor Tek, its ligand angiopoietinl (Angpt1) and regulator Tiel. Then, P12
had 60.9% (14/23) of regulated genes with a partial switch to upregulation of certain genes such as

the platelet growth factor (Pgf), fibroblast growth factor2 (Fgf2) and Tgfbl. Most notably, we see
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regulations suggestive of a loosening of the extracellular matrix with the downregulation of norrin
(Ndp) and the upregulation of matrix metalloprotease 2 and 9. Although the latter two can also be

involved in neuronal migration (Wang et al. 2006).

At P21 we observed a differential expression of 39.1% (9/23) genes, predominantly growth
and angiogenic factors. Indeed, Pgf, Fgf2, Tgfb1, FIk1 and FIt1 were once again downregulated. Finally,
at P70, 43.5% (10/23) were still regulated suggesting that the vascular response to hypoxia is long
lasting on a transcriptomic level. We also highlight the downregulation of SerpinE1 at P70 but also P12
and P8. Indeed, this protein’s expression has been shown to increase after hypoxia-induced ROS
accumulation. It is also involved in the HIF-1a-SERPINE1 signaling pathway, which may be deleterious

in the long term by exacerbating OS injury (Zhang et al. 2023).

Interestingly, angiopoietin 2 (Angpt2) was regulated in all stages save P8. Given our findings
on the alterations of PC morphogenesis after IH, this cements the hypothesis that there may be a
parallel alteration of neurogenesis and angiogenesis during IH (Luck et al. 2021). Thus, we aim to

continue the exploration of the vascularization pathway via imaging studies.

3. IMMUNOHISTOCHEMISTRY

Samples have been harvested and prepared: 8 for P4 (4N + 41H), 9 for P8 (4N + 5 I|H), 8 for P12
(4N + 41H), 6 for P21 (3N + 3IH), and 6 for P70 (3N + 3IH). Several IHC tests were performed to find a
suitable marker for blood vessels (Figure 40). Once tests are finalized, IHC will be performed to

correlate these data with the RT-qPCR results.

PECAM1 Podocalyxin

Figure 40: Immunohistochemistry test staining.
o-SMA: smooth muscle actin alpha; PECAM1: Platelet endothelial cell adhesion molecule 1. Slices (50 um) of a
P8 cerebellum were cut with a vibratome and incubated overnight at 4°C, x10 zoom.

For the imaging studies, we initially tested several antibodies based on our transcriptomic

findings, namely Tie2, phosphorylated Tie2, Vegf-B and Angpt2 (Table 2). We tested several
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combinations with the addition of calbindin to identify PCs, and a marker for blood vessels.
Phosphorylated Tie2 and Angpt2 shown promising results but the association of PECAM1 was
unsuccessful in marking vessels during our test. These incubations were done on 40 um slice of adult

cerebellum so new tests were later conducted to find a suitable vessel marker.

Tests at P8 on thicker slicer have been started, and the rest of this area of focus will be
continued within the team. We will then be able to correlate the findings with both our previous

histological results and the transcriptomic regulations of the vascular network.

4. CLEARING

Samples have been harvested and prepared with the clearing technique: 9 for P4 (4N + 5IH),
11 for P8 (5N + 6 IH), 8 for P12 (4N + 4IH), 8 for P21 (4N + 4lIH), and 8 for P70 (4N + 4IH). Once
acquisition is finalized, analysis will be performed on Imaris (Figure 41). Anterior (lobules I-V) and

posterior (lobules VI-X) cerebellar areas have been defined.

Figure 41: Modeling of blood vessels in the Imaris software.
Surfaces defined in a P21 whole cerebellum.

Through the IHC images, we will be able to study the cerebellar vascular network at the level
of the lobule and cell-cell interactions, but we are also interested in seeing the three-dimensional
organization of the vascular web in situ at the organ level. This will be done via the clearing technique
associated with vascular immunolabeling. The image stacks have been acquired for P4, P8, and P21 so
far with the iDISCO technology. Image analysis is underway by a new member of the team who uses
the Imaris software to mark total vascular surfaces. Thus, we will obtain data on the total volume,
density and branching parameters of the cerebellar vascular network, and be able to analyze the

influence of IH on these variables at different stages.
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DISCUSSION

The development of the cerebellum begins during the embryonic stage, but continues well
into the postnatal period, making it particularly vulnerable to perinatal incidents (Volpe 2009). AOP is
one of the most common of those pathologies, affecting over 50 % of premature newborns. It subjects
the organism to IH from premature birth until the corrected term, and has been shown to be
associated with long lasting deficits in children. The most commonly observed impairments are motor,
behavioral, or learning issues, which are commonly associated with the cerebellum. However, the
consequences of AOP on the cerebellum are still largely unknown at present (Janvier et al. 2004;
Pillekamp et al. 2007). Therefore, we aimed to investigate the effects of a perinatal IH on cerebellar

development in a murine model of AOP.

ONE: EFFECTS OF IH ON GROWTH AND BEHAVIOR

Our IH protocol, which is based onthe work of Cai et al. (Cai et al. 2012) does not induce any
mortality, but still leads to significant growth retardation in mice.This effect of hypoxia on body weight
is well known (Farahani et al. 2008; Pozo et al. 2012), but our results also showed that animals that
underwent IH present a delay in the acquisition of the righting reflex, and fail the grasping test.
Although this delay could be due, in part, to the pups’ morphological underdevelopment, it is also
consistent with a dysfunction of the anterior part of the cerebellum implicated in sensori-motor
control (Stoodley and Schmahmann 2018). This theory is further supported by the finding ofa lower
response in the grip strength test at P21 even though the difference in weight between IH and N
animals gradually decreases and disappears by adulthood. Taken together, those results suggest that
the behavioral deficits we observed cannot be fully accounted for by gross physical development

delay.

Similarly, many behavioral deficits persist in adulthood, despite that the weight difference has
been fully compensated. Our Morris pool tests revealed that the different phases of spatial learning
are impaired in hypoxic mice. Usually, spatial memory functions are attributed to the hippocampus
(Goussakov et al. 2019), but the interplay between cerebellum and hippocampus in the control of
spatial navigation is now recognized (Rochefort et al. 2013). Furthermore, during the retention phase,
mice subjected to hypoxia spent less time and covered less distance in the target quadrant where the

platform was located, indicating short-term memory deficits. Moreover, a poor performance in the
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water maze has been linked to cerebellar impairments (Lalonde and Strazielle 2003), indicating that a

cerebellar alteration could contribute to the behavioral deficit induced by our IH protocol.

In addition, adult IH mice had a higher number of stumbles in the horizontal beam test while
having a similar crossing time to control animals, indicating a motor coordination deficit unrelated to
motivation. We also controlled for a potentiated stress behavior or a locomotor disorder by
conducting the actimetry and elevated cross maze tests, which revealed no difference. Altogether,
our results indicate that our AOP-mimicking IH protocol induces long-term motor and non-motor
deficits. We therefore undertook to investigate if these deficits might be related to histological

alterations.

TWO: ANATOMICAL AND HISTOLOGICAL EFFECTS OF IH

It is known that perinatal incidents can lead to histological injury of the cerebellum since
premature newborns present, among other things, with cerebellar atrophy (Allin et al. 2001;
Srinivasan et al. 2006). Moreover, several studies conducted in mice have shown that a perinatal
hypoxia induces histological alterations in various brain regions, including the cerebellum (Kheirandish
et al. 2005; Cai et al. 2012; Darnall et al. 2017). Our findings confirm that the cerebellum is indeed a

major target of perinatal IH, and presents observable histological defects.

The immunohistological analyses revealed an alteration in the developmental timing of the
cerebellar cortex in IH mice. At P4, we observed a difference in the EGL, which is markedly decreased
in hypoxic animals, suggesting an impact of IH on the proliferation of GC precursors. In contrast, none
of the cerebellar layers showed a default at P8, which suggests that the proliferative processes were
merely delayed, and a compensatory mechanism occurred to catch up. However, at P12, the thickness
of the entire cerebellar cortex is decreased in IH mice, and resembles that of a P8 normoxic
cerebellum, with a thicker EGL, and thinner ML and IGL. Additionally, BrDU marking enabled us to
highlight that GCs i) maintain a high proliferative activity in the EGL of P12 IH mice (akin to a less
mature cerebellum, ii) are able to migrate towards the IGL from P6 to P12, despite the IH protocol.
These results suggest that the decrease of the cerebellar cortical thickness observed at P12 could be
due either to the delay in global growth, or an increase in cell death throughout the IH protocol, which
the cerebellum then tries to compensate with an increase in proliferation. This led us to study the
effect of IH on the number of caspase-3 positive cells and the pro-apoptotic activity within the

different cerebellar layers. No difference was observed in term of labelled cell density at P4, P8 and
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P12, nor in enzyme activity at P12, suggesting that no major apoptotic process occurs during the IH
protocol. The thickness decrease could thus be imputable to a caspase-independent apoptotic death
(Chiu et al. 2012), or to cell death by necrosis or autophagy (Song et al. 2017). Similarly to body weight,
we observed that histological defects in the cerebellar cortex are no longer visible at P21, suggesting

that those defects are a mere consequence of growth retardation.

Finally, given that hypoxia plays a crucial role in angiogenesis during development, we aimed
to explore the effects of our IH protocol of the development of the vascular network (Fajersztajn and
Veras 2017). Our preliminary findings revealed a decrease in blood vessel length and volume, as well
as a looser network in the cerebellar cortex in P8 IH mice. Therefore, applying IHC and clearing
techniques on different developmental stages seems like a promising avenue to further study the

impact of IH on cerebellar vascular organization.

THREE: EFFECTS OF IH ON PURKINJE CELLS AND CEREBELLAR CIRCUITRY

Our behavioral and histological results demonstrate that the motor and learning impairments
induced by our IH protocol are associated with a significant delay in cerebellar cortex maturation.
Moreover, it has been shown that IH decreases synaptic plasticity and long-term potentiation in
several CNS areas such as the hippocampus (Goussakov et al. 2019). These data suggest that Purkinje

cells, being considered as the cerebellum’s integration center, are a likely target.

To test this hypothesis, we focused on the morphology and the afferences of Purkinje cells.
We found that IH does not affect the number of PC somata, but decreases the volume of their dendritic
tree at P12, with a stronger effect in the anterior cortex. Our results highlight a regional cerebellar
sensibility to hypoxia, which is congruent with previous findings demonstrating that the anterior part
of the cerebellum is usually more affected by a perinatal O, deprivation (Connolly et al. 2007; Biran et
al. 2012). Surprisingly, at P21, Purkinje dendrites become denser in the posterior part of the
cerebellum and throughout the cerebellum in adults. This shows that PCs, after the end of the IH
protocol, try to compensate their under-arborization with an intensification of dendrite development,
which ends up exceeding the normoxic volume of the dendritic trees. These long-term cellular
alterations could explain the locomotor and spatial learning deficits observed (Yakusheva et al. 2007,
Stoodley and Schmahmann 2018). In addition, we found that the volume of myelin sheaths is
decreased in adult mice having experienced a perinatal IH. As our imaging focused on the GC layer

where MFs and CFs are unmyelinated, our results show that this myelination defect mainly concerns
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PC axons. This finding aligns with the current evidence on the effects of IH on myelination (Cai et al.

2012; Juliano et al. 2015).

As PC development conditions cerebellar afferences, we further studied Vglut2 and Glub2
immunoreactivities in adult mice to determine if mossy (MF), climbing (CF) and/or parallel (PF) fibers
are affected by our IH protocol. Our findings show a higher colocalization between Vglut2 and
calbindin in the ML of IH mice, thus confirming that perinatal hypoxia alters the early CF selection
phase and leads to the over-innervation of Purkinje cells by CFs (Park et al. 2021). Likewise, the
increase in Vglut2 labeling seen in the IGL indicates that MFs may also be impacted by IH. In contrast,
Glub2 immunolabelling showed no difference in the PF innervation of PC dendrites. Taken together,
our IHC results highlight how the cerebellar cortical network is affected by IH, and suggest that these
changes in connectivity may be at the root of the behavioral deficits. However, to go further and unveil
molecules able to counteract the deleterious effects of IH, it is necessary to understand the cellular

pathways involved in the response to hypoxia.

FOUR: MOLECULAR EFFECTS OF IH

1. IH CAUSES A STATE OF OS IN THE CEREBELLUM

1. IH increases ROS production

Since the most deleterious effect of hypoxia is the induction of a state of OS, we firstly
confirmed that our IH protocol does lead to an overproduction of ROS in the cerebellar cortex at P12.

Then, RT-gPCR results helped us determine how this ROS increase came to be.

One of the main signs of the heightened OS state in the cerebellum following our IH protocol
is the overexpression of the genes Hmox1 and Idh1, and downregulation of Fthl at P12, which are
associated to ROS production (Dunn et al. 2014; Wahl et al. 2017; Mukherjee et al. 2020). Moreover,
at P8, we observed an overexpression of Rheb, which might contribute to the overall vulnerability of
the cerebellum to hypoxia. Indeed, Rheb encodes a pentameric protein associated with membrane
lipids whose activation is associated with neuronal degeneration and sensitivity to OS (Patel and

Tamanoi 2006; Potheraveedu et al. 2017).

During OS, there are different pathways leading to ROS production (see p.78). One of them
takes place via the mitochondria by involving the cytochrome c oxidase enzyme (Holzerova and

Prokisch 2015). This enzyme is the last of the mitochondrial electron transport chain, and its subunit
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IV has 2 isoforms, respectively encoded by the genes Cox4il and Cox4i2. The ratio of isoform 1 to
isoform 2 of this oxidase has been shown to be directly correlated with ROS production in astrocytes
(Roemgens et al. 2011). Thus, the decrease in Cox4il expression observed after our IH protocol could
cause a reduction in this ratio, and generate an increase in ROS within the cerebellum (Bourens et al.
2013; Scaramuzzino et al. 2021). Another ROS production pathway is related to iron availability. At P4
and P12, we observed a decrease in the expression of Fth1, which encodes the large subunit of ferritin.
This could imply a greater availability of intracellular Fe?*, which would then contribute to an increase

in the amount of ROS produced via the Fenton reaction (Birben et al. 2012).

In parallel, the activation of mechanisms that take place to reduce ROS production can also
attest to the presence of OS. Indeed, we observed a decrease in Nosl (nitric oxide synthase 1)
expression at P8 and P12, which encodes NOS. This enzyme produces nitric oxide and reactive nitrogen
species as byproducts which, as free radicals, also contribute to OS (Spandou et al. 1999). Indeed, NOS
inhibitors have been shown to have neuroprotective effects, indicating that oxidative species
produced by NOS contribute to OS-induced alterations (Ferriero 2001). In addition, in the presence of
oxygen, such as in the reoxygenation phase of our IH protocol, NADPH oxidase is activated and
produces 0;¢”, which leads to the production of NADP*, which becomes available for NOS.
Interestingly, our IH protocol also induces the upregulation of Idh1 (isocitrate dehydrogenase-1) at P8,
which becomes even more marked at P21. Idh1 is a metabolic enzyme that produces NADPH (Itsumi
et al. 2015), which is a substrate for reduction reactions. These redox reactions enable the
replenishment of reduced glutathione (GSH), which in turn is necessary for the conversion of H,0, to
H,0 by glutathione peroxidases (Birben et al. 2012). This result indicates that the cerebellum is still

trying to counteract the ROS accumulation several days after the end of the protocol.

In conclusion, the transcriptomic landscape indicates that the cerebellum enters an OS state
after our IH protocol. We showed that ROS accumulation mainly occurs via the mitochondrial, NADPH,
and ferritin pathways, and that a contribution of nitrogen-derived free radicals should not be

excluded.

2. IH is correlated with a failure of the antioxidant system

To counter the deleterious regulations causing OS, the cell can activate several defense
mechanisms. One central effector of this defense is the system revolving around glutathione (GSH),

which we found to be regulated during our IH protocol.
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GSH serves as a substrate for glutathione S-transferases that conjugate GSH to reactive
chemical species (e.g., peroxidized lipids) to promote their removal (Birben et al. 2012). The mul
subunit of this enzyme, encoded by the Gstm1 gene, is upregulated at P4 and P12 in the cerebellum,
much like the evidence found by Curristin et al., who demonstrated significant overexpression of other
subunits in the CNS following their hypoxia protocol (Curristin et al. 2002). It thus seems that this

detoxification process via GSH is involved in the elimination of cellular components denatured by OS.

In parallel, GSH also serves as a substrate for the glutathione peroxidases (encoded by Gpx
genes) to reduce H,0; and limit the production of HO" radicals in the cell. Moreover, cellular stores of
GSH are limited and must be maintained by glutathione synthetase, encoded by the Gss gene (Birben
et al. 2012). Here, our data show that, in IH mice, the expression of Gss is specifically decreased at P8.
Meanwhile, Gpx expression varies differently depending on the isoforms and the stage, but is overall
decreased from P4 to P12, with the exception of Gpx1 at P8. Altogether, our data indicates that IH
induces a failure of this protective system. However, the significant overexpression of Gpx 1 and 7 at
P21 suggests that this component of the defense is later re-activated, despite a new downregulation

at P70.

Other possibilities to fight ROS is the reduction of O~ or H,0, by superoxide dismutases (SOD)
or peroxyredoxins (PRDX), respectively. However, once again, we found a significantly decreased
expression of several isoforms of both enzymes at P8, suggesting that this defense mechanism is also
affected by hypoxia. Additionally, PRDX activity is directly linked to the thioredoxin (TRX) antioxidant
system, which undergoes regulation during our IH protocol. Indeed, Txnip (encoding a thioredoxin
inhibitory protein) is upregulated at P4 and P8, and Txnrd1 (encoding thioredoxin reductase which

allows thioredoxin turnover) is downregulated at P8.

In contrast, at P12, a compensation seems to occur with an upregulation of Sods and Txnrd3
expression, but this compensation is only partially effective due to the downregulation of sulfiredoxin
1 (encoded by Srxn1), which results in a failure to activate PRDX and TRX (Wu et al. 2017; Li et al.
2018). Interestingly, the most marked regulation observed at P70 was the upregulation of Ccs,
encoding for a copper chaperone of SOD1 (Furukawa et al. 2004). Given the essential role of Ccs in

SOD1 functionality, this regulation might be a long-lasting adaptation to an early exposure to hypoxia.

Despite this adaptation process and attempt at compensation, the antioxidant defense
systems seem to be overwhelmed by the repeated cycles of IH and fail to neutralize OS. Eventually, it
leads to cell death, we thus tested genes associated with different cell death mechanisms to better

understand the repercussions of OS.
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3. IH regulates different cell-death and neuroprotective pathways

Since caspase-dependent apoptosis is considered the main physiological process to control
cellular population, our first focus was to assess the regulation of the pro-apoptotic enzyme caspase-
3. In our IH condition, the expression of the corresponding gene Casp3 is not increased, or even
detected at P4 and P8, which is in accordance with our immunohistochemical study. However, it is
significantly more expressed at P12 in hypoxic animals. This belated caspase-3 expression has already
been observed in the mouse brain after a continuous perinatal hypoxia (Curristin et al. 2002).
Moreover, we did not see any difference in caspase-3 activity at P12, suggesting that this pro-
apoptotic process could be compensated by the overexpression of the anti-apoptotic Adcyap1 (also
known as PACAP or pituitary adenylate cyclase-activating peptide), which is known to play a

neuroprotective role in the cerebellum via an inhibition of caspase-3 activity (Lacaille et al. 2015).

However, the underexpression of Bcl2 at P4, P8 and P12 during IH remains in favor of an
increase in apoptotic cell death, which could be due to the poly ADP-ribose polymerase (PARP)
pathway instead. Indeed, it has been shown that, in GCs under hypoxic conditions, DNA damage
caused by ROS accumulation induces PARP activation which results in the production of poly (ADP-
ribose) polymers. These polymers activate mitochondrial calpain, leading to the translocation of the
apoptosis inducing-factor (AIF) into the nucleus, which results in the induction of caspase-independent
apoptosis (Chiu et al. 2012). As Bcl2 can inhibit PARP1, and thus cell death (Dutta et al. 2012), its
underexpression could reciprocally lead to cell death. Moreover, the decrease of Parpl expression at
P8 and P12 observed in our IH condition might represent a compensatory mechanism in response to
the failure of Bcl2 to control of the PARP pathway. These results match those of Chiu et al. showing

that IH-induced cell death is caspase-independent (Chiu et al. 2012).

Finally, adenosine normally protects neurons from hypoxia by inhibiting excitatory
neurotransmission through activation of ADORA1, thus attenuating cell loss and degeneration. This
activation, during reoxygenation, is mediated by extracellular endogenous adenosine, and plays a role
in cell survival (Logan and Sweeney 1997; Duarte et al. 2016). However, in the IGL, we observed a
significant downregulation of Adoral at P8, which persisted at P12 and P21. This could predispose IH-
mice to neuronal degeneration, an effect that would be exacerbated by immaturity and lower
available adenosine concentrations. Indeed, low basal concentration of extracellular adenosine
metabolites is detected in immature cerebellar slices (Atterbury and Wall 2009). In addition, several
studies have demonstrated the neuroprotective effect of Akt and its downstream pathways in
cultured GCs in response to stressors, including hypoxia (Dudek et al. 1997; Kumari et al. 2001; Heaton

et al. 2004). However, we found that Akt was downregulated at P8 in the whole EGL, thus affecting
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both proliferating and pre-migratory GCs (Dudek et al. 1997; Kumari et al. 2001; Heaton et al. 2004).
Therefore, this could be one of the pathways that places P8 as a particularly vulnerable stage to IH

damage.

Overall, our transcriptomic data point toward a twofold sensitization of the cerebellum, as
there is both an activation of cell death pathways and a reduction of the neuroprotective environment.

We thus further investigated the effects of IH on specific pathways in different cerebellar layers.

2. CEREBELLAR LAYERS ARE DIFFERENTIALLY AFFECTED BY IH

1. IH influences the maturation rate of GCs

In the cerebellar cortex, GCs undergo sequential proliferation, migration, and synaptogenesis.
Within the EGL, we found that IH induces the downregulation of several genes related to proliferation
at P4 and P8, including Zic1, Ccnd1 and Pax6 (Yeung et al. 2016; Aruga and Millen 2018; Miyashita et
al. 2021). As an example, Zicl belongs to the zinc finger proteins (Zic) that are strongly expressed in
the cerebellum, especially in GC progenitors. Thus, this downregulation suggests that GCs may be less
responsive to SHH (sonic hedgehog) signals from the underlying PCs (Aruga and Millen 2018). We also
observed a downregulation of stathmin in P8 and P12 pups who had undergone the IH protocol. To
our knowledge, no information about this genetic regulation is available regarding granule cells in the
EGL but, in GnRH neurons, stathmin expression is directly proportional to both motility and
proliferation (Giampietro et al. 2005). Thus, this suggests that IH alters the motile/proliferative profile
of GC precursors during early postnatal development. However, at P12, the proliferation associated
genes are no longer downregulated, which could partially explain that, at the end of our IH protocol,
there is an increase of BrDU-positive cells in the EGL of IH mice, which have caught up with the

controls.

Another way our IH protocol could affect the migration of GC precursors is by the way of a
decrease in guidance, cell adhesion, or cytoskeletal molecules. Indeed, we observed a downregulation
of the guidance-related gene Robol, indicating that some trophic signals will miss their mark during
migration in the inner premigratory EGL of IH P8 mice (Gruner et al. 2019). Similarly, the genes Dclk1
(doublecortin-like kinase 1), talin 1, and cadherin 8 are dysregulated in the GC, suggesting that IH may
decrease the ability of cells to remodel their cytoskeleton in order to initiate migration (Taniguchi et
al. 2006; Shin et al. 2013; Wang et al. 2019). Moreover, we found that the cell adherence molecules

L1cam (L1 cell adhesion molecule) and astrotactin 2 are under-expressed at P12 (Thelen et al. 2002;
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Wilson et al. 2010). Thus, the late migratory process through the ML may also be impacted by IH.
Moreover, we cannot exclude that the under-expression of astrotactin could also affect the

postsynaptic activity of PCs (Behesti et al. 2018).

However, the most important overall regulation in GCs is a marked dysregulation of genes
involved in cell communication. Indeed, we found a decrease in homer 2 expression, suggesting an
impairment in GC synaptic densities (Shiraishi et al. 2003). In contrast, the expression of calretinin is
increased by IH, as it usually is in the mature cerebellum, and particularly in GCs, UBCs, mossy and
climbing fibers (Bearzatto et al. 2006). This indicates that IH induces an alteration of the maturation
of GC precursors in the ML and this defect persists in the IGL. Indeed, Nrxn1 and/or its ligand, Nxph4,
are both downregulated in the IGL during the whole IH protocol period. The alteration of this pathway
is associated with impaired inhibitory neurotransmission and a decrease in synapse number, which
are both implicated in motor learning and coordination deficits (Meng et al. 2019). Similarly,
regulation of the synapse-associated Cadps2, which persists in the long term, may contribute to the
spatial memory deficits in adult mice after IH (Duan et al. 2023). Alternatively, Calb2 upregulation at

P12 could serve as a defense against excitotoxicity by sequestering Ca%* (Bearzatto et al. 2006).

2. IH modifies Purkinje cell phenotype

Aside from GCs, we also aimed to understand the molecular basis for the morphological
changes we observed in PCs. We first focused on cytoskeleton-related genes such as TIn1, which
promotes integrin activation and is essential for neurite outgrowth (Wang et al. 2019). The
underexpression of TIn1 in PCs at P8 could likely reflect the incipient dendritic tree, while the marked
downregulation in the ML at P12 may correspond to later branching. Both findings indicate less neurite
outgrowth in the PC dendritic tree, suggesting a delay in arborization, which corroborates our
immunohistochemical finding of a lower volume of PC dendritic tree at P12 post-IH (Leroux et al.

2022).

Similarly, Nefl (neurofilament light chain gene), which was downregulated at P8, becomes
upregulated at P12. Neurofilaments are cytoskeletal components enriched at PC axonal “torpedoes”,
or focal swellings. While their function is poorly understood, they seem to be a developmental
characteristic which peaks at P11 (Ljungberg et al. 2016). This could signify that, during IH, PCs modify

their phenotype and, later, their connection profile.
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In addition, Racl becomes upregulated at P12, which may point to an abnormal
morphogenesis. Indeed, elevated Racl activity has been shown to cause defects in cerebellar foliation,
ectopic GCs, and altered Bergmann glia morphology (Mulherkar et al. 2014). In contrast, at P21, only
the migration, neurite growth, and axon guidance molecule Nav3 is upregulated (McNeill et al. 2011;
Powers et al. 2023). This could point towards the establishment of a compensation mechanism, which

would explain the observed lack of thickness difference in the molecular and Purkinje layers at P21.

3. IH alters synaptogenesis and cerebellar circuitry

Given the role of PCs as the cerebellum’s integration center, alterations in their structure
should have repercussions on the cortical circuit, and could explain behavioral deficits due to IH. Being
highly specific to PCs, the downregulation of Pcp2 (Purkinje cell protein 2) at P8 could be a good
candidate to investigate. However, it has been shown that a loss of Pcp2 in mice is associated with
only moderate cerebellar hypoplasia and increased motor learning (Guan et al. 2005; Iscru et al. 2009),
which raises questions as to its role in the cerebellar circuit. Conversely, we found a downregulation
of genes specific to synaptic function such as Cadps2, which codes for the calcium-dependent activator
protein for secretion 2. This molecule is implicated in the physiopathology of ADHD (Duan et al. 2023),

which brings to mind the memory deficits found in behavioral experiments in adult mice after IH.

IH is also accompanied by a marked downregulation in VGlutl expression (Slc17a7) in PCs at
P8. Vglutl is a hallmark of GC-PC synapses, and a deficit in these synapses has been shown to impair
the correct pruning of CF-PC synapses (van der Heijden et al. 2021). In parallel, the upregulation of
VGlut2 (Slc17a6) has been observed in the ML of P12 IH mice. Together, these findings could, at least
partly, explain the observed over-innervation of Purkinje cells by CFs in adulthood. In contrast, no
difference in the expression of Cacng?2 is observed after |H, suggesting that the connection between
GCs and ML interneurons is not affected by our protocol (Shevtsova and Leitch 2012; Rigby et al. 2015).
However, the significant under expression of Astn2 at P12 in the ML may signify that IH decreases PC

postsynaptic activity.

In the longer term, IH seems to only affect the expression of a few genes such as Gabral and
Synl. As Synl (Synapsin 1) is a crucial effector of synaptic plasticity and axonal elongation, whose
alteration is a hallmark of neurodevelopmental disorders such as autism and epilepsy (Chin et al. 1995;
Kao et al. 2017; Parenti et al. 2022), we can theorize that this regulation is a compensatory mechanism
at P21, meant to counteract the early deficits. However, GABAergic neurotransmission (tested with

Gabral) seems to stay altered even at P70.

180



DISCUSSION

4. IH affects glial cells

Finally, despite being less studied than the neuronal population, white matter and glial cells
are conclusively impacted by our IH protocol. Indeed, in the WM layer, the major differentiation genes
involved in the formation of the myelin sheath, namely Mbp, Mobp, Mog, and Plpl, are
simultaneously, and strongly, downregulated by IH at P12. A compensatory increase of the expression
of some of them occurs in adulthood, but it seems inefficient since the volume of myelin sheaths of

Purkinje axons is lower in adult mice after a perinatal IH.

Since stathmin participates in the proper myelination of neurons (Richter-Landsberg 2008), its
upregulation in the P4 and P21 WM could indicate a myelination defect, or glial immaturity.
Interestingly, the neuroprotective Aktl (Dudek et al. 1997; Kumari et al. 2001; Heaton et al. 2004) was

upregulated P4 and P12 in the WM, which could be part of a glial defense mechanism.

Finally, one long term upregulation we highlighted in the WM relates to Grm3 (glutamate
metabotropic receptor 3) at P70. This molecule is a hallmark of neuroinflammation and indicates the
presence of fibrous astrocytes (Egan et al. 2004; Zinni et al. 2021). Thus, our findings may indicate a
post-injury reaction to IH, which persists in time, and could be involved in behavioral alterations and

cognitive impairment (Egan et al. 2004).
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CONCLUSION AND PERSPECTIVES

The information obtained in the course of this project, and presented in this manuscript,
contributes to the understanding of the impact of AOP on cerebellar development. By using our in-
house hypoxia chamber, we were able to induce reproducible IH protocols mimicking the human

pathology of AOP.

Overall, our results confirm that the cerebellum is sensitive to neonatal oxygen deprivation.
The combination of experimental protocols enabled us to establish correlations between several
levels of alteration: behavioral, histological, cellular, and molecular. Moreover, our preliminary results
on the vascular impact of AOP in the cerebellum are the basis of ongoing experiments, which will
further help understand the pathology. Recent advances in image analysis software will allow us to

assess the impact of AOP on both the density of blood vessels and their branching patterns.

The most substantial part of this PhD work was an exploratory transcriptomic study. The study
of oxidative stress-related genes on the whole cerebellum revealed a dual mechanism: an increase in
genes associated with ROS production, and a failure of the antioxidant defense system, which
culminates in the activation of several cell death mechanisms. We were then able to single out P8 as

a critical timepoint in terms of OS vulnerability.

We also demonstrated that IH alters numerous cerebellar developmental processes, including
proliferation, migration, neurite growth, synaptogenesis, and myelin sheath formation, thus
explaining, at least in part, the histological and behavioral deficits observed in IH pups. Thus, our
compilation of data is instrumental in understanding and interpreting the long-term learning and
motor coordination deficits that persist through adulthood. Indeed, we showed that several genes,
mainly involved in the cerebellar circuit, are still altered at P70, and participate to hyper-dendritic and

over-innervated Purkinje cells.

Altogether, these results provide elements to better understand the diverse aspects of AOP-
induced cerebellar injury. They show that AOP can lead to lasting molecular, structural, and functional
alterations within the cerebellum, which may, at least in part, participate in the neurodevelopmental
disorders observed in affected children (Figure 42). The identification of such a wide array of
implicated genes, their window of vulnerability, as well as target cells could lead to new research

prospects, especially in terms of protein expression.
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Due to the paucity of satisfactory treatments for AOP, identifying neurotrophic factors likely

to protect the cerebellum from IH-induced damage could prove very valuable. In the long term, it

could lead to the identification of novel therapeutic targets to address this socially and economically

impactful health issue.

By using a
murine model
of AOP

>

we studied the
effect of IH on
the cerebellum

>

we found
molecular
regulations

>

and cellular

oxidative stress

>

which had
histological
effects

Figure 42: Graphical conclusion.

that led to
behavior

>

alterations

>

and give
perspectives

for new
treatments.

AOP: apnea of prematurity; IH: intermittent hypoxia; OS: oxidative stress.
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APPENDICES

Gene name

Putative
function

NCBI reference

Appendix 1: Oxidative stress panel

Forward primer

Reverse primer

Antioxidant Response

Ccs copper chaperone
for superoxide
dismutase

Fthl ferritin, heavy
polypeptide 1

Hmox1l heme oxygenase
(decycling) 1

Idhl isocitrate
dehydrogenase 1
(NADP+), soluble

Mapk14 mitogen-activated
protein kinase 14

Nfe2l2  nuclear factor,
erythroid 2-like 2

Park7 parkinson protein
7

Psmb5  proteasome
subunit, beta type,
5

Apoptotic Pathways

Adcyapl adenylate cyclase
activating
polypeptide 1
BCL2-associated X
protein

Bax

B-cell
CLL/lymphoma 2

caspase 3,
apoptosis-related
cysteine peptidase

Bcl2

Casp3

Casp9 caspase 9,
apoptosis-related
cysteine peptidase
GRB2-associated
binding protein 1

Gabl

Hifla hypoxia inducible
factor 1, alpha

subunit

solute carrier
family 41, member
3

tropomodulin 1

Slc41a3

Tmod

Autophagy and Mitophagy

Apc adenomatous
polyposis coli

Ctsb cathepsin B

Dnm2 dynamin 2

Hspa5 heat shock 70kDa
protein 5

230

Cu delivery

iron storage

heme reduction

NADPH
regeneration

cell signalling

transcription
factor

redox-sensitive
chaperone

protein
degradation

adenylate

cyclase ativation

apoptosis
apoptosis

blockage

apoptosis

apoptosis

tubulogenesis

hypoxia
response

amino acid
transporter

actin bingding

cell signalling
protein
degradation

endocytosis

ER assembly

NM_016892.3

NM_010239.2

NM_010442.2

NM_001111320

1

NM_001168508

1
NM_010902.3

NM_020569.3

NM_011186.1

NM_009625.2

NM_007527.3

NM_009741.4

NM_001284409

1

NM_001277932

1

NM_021356.2

NM_010431.2

NM_001037493

2

NM_021883.2

NM_007462.3

NM_007798.3

NM_001039520

2

NM_001163434

1

TCAAGGGTATGGGCAGTAGC

ACCGTGTCCCAGGGTGTGCTT

TCGAGCATAGCCCGGAGCCT

CATTCTGGGTGGCACTGTCTT

GTTGGAACCCCAGGGGCTGAG

TTTCGACTACGCAGTGACGG

TGGGTACACGTCGGGTGCGA

GCTCGGCAGTGTCGAATCTAT

GATGCTTCTCGGGTTGTGAT

GTGAGCGGCTGCTTGTCT

GTACCTGAACCGGCATCTG

GAGGCTGACTTCCTGTATGCTT

TGCAGTCCCTCCTTCTCAG

CACGCCACCACGGAAGCAAAAG

GTGCACCCTAACAAGCCGGGG

TGTTAAAGACCTGATGACGTTGG
T

ACAGCCTCACACAATGTCCTACAG
A

GGAGTGGCAGAAAGCAACAC

GTGTCTGCTGAAGACCTGCTT

TGGCAGCCGAGAGGAAATT

AGCGACAAGCAACCAAAGAT

CACAGCCCTCCAGAATGG

ACCGTGTCCCAGGGTGTGCTT

AATCCTGGGGCATGCTGTCGG

TATGCATGTCGGCCAATGA

GTCGACAGCCAGGGGATTGGC

GAGCGTGGAGGTGGATGATG

TTAAAGACTGCAGCCGCGCCTC

GCCCCATGCCTTTGTACTGA

GGTCATTGGTGTCTAGGAAAGG

GGTCCCGAAGTAGGAGAGGA

GGGGCCATATAGTTCCACAA

AACCACGACCCGTCCTTT

GCTTTTTCCGGAGGAAGTTAAA

CTGCCTCCCATCCGTCCAAGC

CCGTGCAGTGAAGCACCTTCCA

GTCATCGATTTGCCCAGTGTT

GCAGGGAGCAGTGCATTATCA
GGG

CCACACGTGTAGCTGGACTC

GGGATAGCCACCATTACAGC

TCAGTTGCTGGTTCAGGGTTTT

CAGCTGCTGTAGGCTCATTG



Appendix 1: Oxidative stress panel

Gene Gene name

Jun jun proto-
oncogene

Kif9 kinesin family
member 9

Mapkl0 mitogen-activated
protein kinase 10

Parpl poly (ADP-ribose)

polymerase 1
Cell Death and Protection

Adh5 alcohol

dehydrogenase 5

APEX nuclease
(multifunctional
DNA repair
enzyme) 1

Apex1

Agr aquarius intron-
binding
spliceosomal
factor

Atr ataxia
telangiectasia and

Rad3 related

EH-Domain
Containing 2

Ehd2

Ercc2 excision repair
cross-

complementing 2

Ift172 intraflagellar
transport 172

homolog

Map2kl mitogen-activated
protein kinase

kinase 1

Mapk8  mitogen-activated

protein kinase 8

Nudt1l5 nudix (nucleoside
diphosphate
linked moiety X)-

type motif 15

Ppplrl5 protein

b phosphatase 1,
regulatory subunit
15B

Ras homolog
enriched in brain

Rheb

solute carrier
family 38, member
1

specific protein 1

Slc38al

Spl
Xrccl X-ray repair
complementing
defective repair in
Chinese hamster
cells 1

Putative
function

transcription
factor

ATP binding

cell signalling

DNA damages

alcohol
metabolism

DNA base
excision repair

RNA splicing

DNA damages
repair

membrane
reorganization

nucleotide
excision repair

cell signalling

cell signalling

cell signalling

8-oxo0-dGTP
degradation

dephosphorylati
on

cell cycle

progression
amino acid
transporter

transcription
factor

DNA single break
repair

NCBI reference

NM_010591.2
NM_001163569

i

NM_001081567
1

NM_007415.2

NM_001288578
1

NM_009687.2

NM_001290788
i

NM_019864.1

NM_153068.3

NM_007949.4

NM_026298.5

NM_008927.3

NM_016700.4

NM_172527.2

NM_133819.3

NM_053075.3

NM_001166456
1

NM_013672.2

NM_009532.4

Forward primer

CCAGAAGATGGTGTGGTGTTT

GCCTCCCAGGACTTGGTTTAT

TCGCCTTCAGGTGCAGCAGTG

CTATAGTCTTCTCAGGGGTG

AATTTGTGACCGGCAATCTC

ACAGCCTATGTTCCCAATGC

ACAGAGAACGAGATGACCACGAT

GGAGAGTCACGACTTGCTGA

GAGACTTTCCTGACTGGAGA

GACCAGTTCCAGATCCGAGAGA

AGCAGTGGGCTGATGGAG

GCGCGCTCCCTGCTGAGTTG

GGCAGCCGTCTCCTTTAGCACAG

CCGAGGAATATGGAGCCTGAA

TGCTGGAGAAAGATACACCCATA

ACCTGCATATGGAAAGGGTG

GGCGTGTGAATGGGTCTCAGGC

GCTGCCACCATGAGCGACCAA

TACATCTCAGAAGGTGACAGT

APPENDICES

Reverse primer

CTGACCCTCTCCCCTTGC

TCTCCGTTGCCCCTGTCA

AACAACCCAACGGTCCCGCC

TCTCTGTCAACCACCTTAAT

CAGTTCGAATGCTGTCTCCC

CCCCACATAGCACTAGAGGC

CCACATTGGAGAGGGCAAAG

ACAATAAGCGCCTGGTGAAC

TAGCGAGTGGAACTTGGTTGA

TCAGCAAAGACCATGAGTCCAT
A

GAGGCAGGAACTTGATGGAC

AGGCCTCCAGGTTGGTCTCGG

TGACAGACGGCGAAGACGATG
GA

TGGGTCATAACCTTGCTCTTTTA
GA

AATTCTTCCCATGGTCCTTTG

AAAAAGCTGCATTCCAAGATTC

GCTCCGTTAGCTCGAGGCCACT

CACCGCCACCATTGCCGCTA

CTGATGACGTCTTGTTGATA
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Gene name

Putative
function

NCBI reference

Appendix 1: Oxidative stress panel

Forward primer

Reverse primer

Inflammation Pathways

Aldhlal aldehyde
dehydrogenase 1
family

Apoe apolipoprotein E

Agp4 aquaporin 4

Erccé excision repair
cross-
complementing 6

Jakl janus kinase 1

Map2k6 mitogen-activated
protein kinase
kinase 6

Mapkl mitogen-activated
protein kinase 1

Mapk3  mitogen-activated
protein kinase 3

Mtl metallothionein 1

Mt2 metallothionein 2

Nfkb1 nuclear factor of
kappa light
polypeptide gene
enhancer in B-cells
1)

Nfkbib  nuclear factor of
kappa light
polypeptide gene
enhancer in B-cells
inhibitor, beta

Ptgsl prostaglandin-
endoperoxide
synthase 1

Rela v-rel avian

reticuloendothelio
sis viral oncogene
homolog A

ROS Production

Cox4il  cytochrome c
oxidase subunit IV

isoform 1

Hadh hydroxyacyl-CoA

dehydrogenase
NADH
dehydrogenase
(ubiquinone)
flavoprotein 2

Ndufv2

nitric oxide
synthase 1

P450 (cytochrome)
oxidoreductase

Nosl

Por

232

alcohol
metabolism

inflammatory
process

water channel

nucleotide
excision repair

interferron
signaling

cell signalling

cell signalling

cell signalling

heavy metal
binding
heavy metal
binding
transcription
factor

transcription
factor

anti-
inflammatory
process

transcription
factor

mitochondrial
chain

beta oxydation

mitochondrial
chain

NO metabolism

NM_013467.3

NM_009696.3
NM_009700.2
NM_001081221
1

NM_146145.2

NM_011943.2

NM_001038663
i

NM_011952.2

NM_013602.3

NM_008630.2

NM_008689.2

NM_010908.4

NM_008969.4

NM_009045.4

NM_009941.2

NM_008212.4

NM_001278415

i

NM_008712.2

electron tranfert NM_008898.1

TATGATGTTGTCAGCCCAGTG

GCTCAGACCCTGGAGGCTAA

AGCAATTGGATTTTCCGTTG

ATGCCAGCCTAGAGGAGGA

GTGAGCACCTTGGCAGAGGCAC

GCTGGGACGAGGTGCGTACG

TTGGTCAGGACAAGGGCTCAGAG
GA
AGATGAGCCAGTGGCCGAGGAG
CACCTCCTGCAAGAAGAGCTGCT
G
CTGTGCCTCCGATGGATCCTGCT

GGCTACGTCACTGAGGATGGGG
A

CATCAGGCACCCCAAGTT

TGCCCTCACCAGTCAATCC

GCCAGACACAGATGATCGCC

TGTGCCTTCGAGCACATGGGAG

AGGCTACACGAGCGAGGCGA

GCTATGAACAAGGTGGCTGAA

CCTGGAAGGATGGAAGAAACG

GGCCCACAAGGTCTATGTTC

CCATGTTCACCCAGTTCTCTT

CTCGGCTAGGCATCCTGTCA

AATATATCCAGTGGTTTGCCCA

GCATGAGCATACTGCCAAGA

AGAAGGCCAGAGAGATGTCCC
GGT

GCCCGTATCCGCTTCACTGCC

GCTGAGACGGGCTGAAGACAG
G

CTGGCTGGAAGCGGGCTGTCT

CAGCACGTGCACTTGTCCGC

AGCCCTGGGAGCACTTCGCA

GCAGGGCTGTTTGGCCTAGGT

CAGCAGCATGTTGGACACA

GTAGCCCGTGCGAGTACAATC

GAGTTTCGGGTAGGCACAGC

GGCAAGGGGTAGTCACGCCG

ACGGACCCATGGGATACCCAGC

TCCCAACTGGCTTTCGATTA

CAGGCTGCTTGGAGCAAAA

TCTTTGGCCATATTTCGAGC
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Gene name

Putative
function

NCBI reference

Forward primer

APPENDICES

Reverse primer

Redox Enzymes

Cat
Gpx1

Gpx3

Gpx4

Gpx7

Gpx8

Gsr

Gss

Gstkl

Gstm1l

Ngol

Prdx1

Prdx2
Prdx3

Prdx4
Prdx5
Prdx6
Sod1

Sod2

Sod3

Srxnl

Txnip

Txnrd1

Txnrd3

catalase

glutathione
peroxidase 1

glutathione
peroxidase 3

glutathione
peroxidase 4

glutathione
peroxidase 7

glutathione
peroxidase 8

glutathione
reductase

glutathione
synthetase

glutathione S-

transferase kappa

1
glutathione S-

transferase mu 1

NAD(P)H

dehydrogenase,

quinone 1
peroxiredoxin 1
peroxiredoxin 2

peroxiredoxin 3

peroxiredoxin 4
peroxiredoxin 5
peroxiredoxin 6

superoxide
dismutase 1

superoxide
dismutase 2

superoxide
dismutase 3

sulfiredoxin 1

thioredoxin

interacting protein

thioredoxin
reductase 1

thioredoxin
reductase 3

H,0, conversion

H.0;
detoxification

H,0,detoxificati
on

H,0,detoxificati
on

DNA damage
protection

H,0,detoxificati
on

gluthation
metabolism

gluthation
metabolism

gluthation
metabolism

gluthation
metabolism

detoxification

H,0, conversion
H,0, conversion

H,0, conversion

H,0, conversion
H,0, conversion
H,0, conversion
superoxide
conversion
superoxide
conversion
superoxide
conversion

peroxiredoxin
reduction

thioredoxin
inhibition
thioredoxin
reduction

thioredoxin
reduction

NM_009804.2
NM_008160.6

NM_008161.3

NM_001037741

3
NM_024198.3

NM_027127.2

NM_010344.4

NM_001291111

i

NM_029555.2

NM_010358.5

NM_008706.5

NM_011034.4

NM_011563.5
NM_007452.2

NM_016764.4
NM_012021.2
NM_007453.3
NM_011434.1

NM_013671.3

NM_011435.3

NM_029688.5

NM_001009935

2

NM_001042513

i

NM_001178058

i

GGAGGCGGGAACCCAATA
ACACCAGGAGAATGGCAAGAA

TCAAAGAACTGAATGCACTACAA

GAA

GGGCCGTCTGAGCCGCTTAC

GCCTTCAAGTACCTAACCCAGAC

AGATATTTGCAGTTTTGCTCTCTA

TGG

GCCTTTACCCCGATGTATCA

CAGCTGTGCACCGACACGTTCT

AAGACAGCGGAAACCAACCA

GGTCAGTCCTGCTGAAGCCAGTT
T

TCCCAGGTTGCCCACATTCCCA

GTGAGACCTGTGGCTCGAC
GGCTCTTGCTCACGCAGT
CTTTAGCACCAGTTCCTCTTTCCA

GACGAGACACTGCGTTTGG
CGAGTCCTGGGCTGCAAA
CCACCACGGGCAGGAA
AAGCGGTGAACCAGTTGTGTT

GCGCTGGAGCCACACATTA

GGGGAGGCAACTCAGAGG

AGGGGCTTCTGCAAACCTA

GTGGCCGGACGGGTAATAGT

ACCGTGGGCGTGAAGATAAA

GTGAACGTAGGCTGTATTCCAAA
GA

CAAAGTGTGCCATCTCGTCAGT
AACAATGTAAAATTGGGCTCGA

A

TTCTCGCCTGGCTCCTGTT
TCGCGGGATGCACACATGGT
TGCTCTGTAATACGGGGCTT
GGTTCTCGGCTTCAGGAATTT
AATGCCAACCACCTTTTCCT

GGCCAGTCCCTTGCTGGGGT

AAGAACTGCTTCAGGAGAGGA
ATC

GGATCGGGTGTGTCAGTCCGC

TCCAGGGCAAGCGACTCATGGT
C

TGTCCATCTGGCATAACAGC
GAAGGCACCATCCACCAC

GACTCAGCTCTTTGAACTCTCCA
T

GCAGACTTCTCCATGCTTGTC
CACACTCCCAACCTGCTTCTTT
GGGAACTACCATCACGCTCTCT
CTGCACTGGTACAGCCTTGTGT

A
GGTGGCGTTGAGATTGTTCA
TGGCTGAGGTTCTCTGCAC
TGGCATAGCTACCTCACTGCT
CCTTGCATCCACAGGACCTT

GATGTCACCGATGGCGTAGAT

TTGTGCTTCACCTGCTGGTTATA
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Gene Gene name
Fate Mapping
Ascll Achaete-Scute
Family BHLH
Transcription
Factor 1
Atoh2  neurogenic
differentiation 6,
Math2
Neurod neurogenic
1 differentiation 1
Pax6 paired box gene
6, differentiation -
sensitif
Zicl zinc finger protein
of the cerebellum
1
Guidance
Cdh8 cadherin 8
Llcam L1 cell adhesion
molecule
Nav3 neuron navigator
3
Nxph4  neurexophilin 4
Robol roundabout
guidance receptor
1
Robo2 roundabout
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guidance receptor
2

Putative
function

DNA-binding
transcription
factor;
chromatin
binding; and
sequence-
specific DNA
binding activity.
DNA-binding
transcription
activator
activity, RNA
polymerase II-
specific.
DNA-binding
transcription
activator
activity, RNA
polymerase II-
specific.
Regulator of
transcription.

DNA-binding
transcription
activator
activity, RNA
polymerase II-
specific.

Mediates cell
adhesion and
regulates many
morphogenetic
events during
development.

Identical
protein; integrin
binding activity;
and sialic acid
binding activity.
Microtubule
binding activity.
Predicted to
enable signaling
receptor
binding activity.
Axon guidance
receptor
activity.
Predicted to
enable identical
protein binding
activity.

NCBI reference

NM_008553.5

NM_009717.2

NM_010894.3

NM_001244198
2

NM_001376941
1

NM_001285913

NM_008478

NM_001081035

NM_183297.2

NM_001415010
1

NM_001358490
2

Appendix 2: Neurodevelopment panel

Forward primer

GTCCCCCTTTGATCGTGCTT

GATCTGCTCACGTTCGTCCA

CGCAGAAGGCAAGGTGTC

ATGTGATCGAGAGAGGAAATTGT
G

CTACCTTTGCAAGATGTGCGATAA

CGTGCAATGTTGAAGCTTATGTC

CCTGCTGACTTTGGGATCGA

TTTCCTCCCCTCATGTTTATCTTT

CCGAGCCAAGAAGATTTTCG

TGGTCTTCAGCATCTGGCTTTAC

CAGCCATTCGCTCTGTAGTAATAG
G

Reverse primer

GAGTAGGACGAGACCGGAGA

CCAATTACGCAGCCCACAAG

TTTGGTCATGTTTCCACTTCC

AGTGCTTCTAACCGCCATTTCT

AGGACTCATGGACCTTCATGTGT

CAATGACGAGCAGCAAAATGA

GTAGCGGGTGGTAAGAAAGAGA
CcT

CCAGATCAGCGCTCCTTAATG

TCACCAACAGCGAGAACTTGA

GATAAGTTACTGTTGGCGTGAAG
GT

AACTTCGTTACGTCCCCCAATTAT



Appendix 2: Neurodevelopment panel

Gene Gene name

Semab sema domain,

a transmembrane
domain (TM), and
cytoplasmic
domain,
(semaphorin) 6A

Membrane

calcium channel,
voltage-
dependent,
gamma subunit 2

Cacng2

Gabral gamma-
aminobutyric acid
(GABA) A

receptor, subunit

alpha 1

Gabrg2 gamma-
aminobutyric acid
(GABA) A

receptor, subunit

gamma 2

Gria2 glutamate
receptor,
ionotropic,

AMPA2 (alpha 2)
glutamate
receptor,

ionotropic, delta
2

glutamate
receptor,
ionotropic, N-
methyl D-
aspartate 1 (zeta
1)

glutamate
receptor,
metabotropic 3

Grid2

Grinl

Grm3

Homer homer scaffolding
1 protein 1

Homer homer scaffolding
2 protein 2

Forward primer

APPENDICES

Reverse primer

Transmembrane NM_001311097 AGGACATTGAGCGTGGCAATACG CCATTCAGTGCCACGAAGGAATT

P (\
utat. < NCBI reference
function
signaling 1
receptor
activity.

Enables voltage-
gated calcium
channel activity.

NM_007583

Regulation of NM_001359035
postsynaptic i

membrane

potential.

GABA-A
receptor
subunit.

NM_177408

Glutamate
receptors.

NM_001357924

Enables domain NM_001370966

and scaffold 1

protein binding

activity.

Enables NM_001177656

calmodulinand .2
cation binding
activity.

Enables group Il
metabotropic
glutamate
receptor
activity.
Scaffold NM_001284189
protein; 2
transmembrane

transporter; and

type 5

metabotropic

glutamate

receptor

binding activity.

NM_181850.2

Enables actin NM_001164086
binding activity .1

and synaptic

receptor

adaptor activity.

CGGCGAGCGAGTTCTACAA

TTGGGAGAGCGTGTAACTGAAG

TGCTTGCTAATGTTTTACCTTACTT
TG

CACCAAGCTTCCCAACAGATG

TCAACCGAAGCAATGGGTCA

AAAATGTGTCCCTGTCCATACTCA

A

TTTGCTGAAAATCAACTTCACAG

GATGGAGCTGACCAGTACCC

GTTGGAGCACATTCACGGTTAC

G

ACTAAGACCTGCAGACACGAAGA
AG

ATACTCCATATCGTGGTCTGAAA

CTG

TACAAGGCGTTCACAGTCACTAG
AA

TGCGAACTTATCCCATTGGTAGT

GTCAATGTCCAGAGGGGTCA

TGATACCGAACCCATGTCTTATCC

CCCGTCTCCGTAAGTGTCA

TGGTGTCAAAGGAGACTGAAGA

GTCAGTACGCACACCCCAAA
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Gene

Slc17a6

Slc17a7

Slc32al

Synl

Syn2

Syp

Motility
Astn2

Nefl

Nrxnl

Gene name

solute carrier
family 17
(sodium-
dependent
inorganic
phosphate
cotransporter),
member 6

solute carrier
family 17
(sodium-
dependent
inorganic
phosphate
cotransporter),
member 7

solute carrier
family 32 (GABA
vesicular
transporter),
member 1

synapsin |

synapsin Il

Synaptophysin

astrotactin 2

neurofilament,
light polypeptide

neurexin |

Myelin Sheath

Cadm3

236

cell adhesion
molecule 3

Putative
function

Enables L- NM_001355150
glutamate 1
transmembrane

transporter

activity.

NCBI reference

Enables
extracellularly
glutamate-
gated chloride
channel activity.

NM_182993.2

Enables
GABA:proton
symporter and
glycine
transporter
activity.

NM_009508

Enables
identical protein
binding activity
and protein
kinase binding
activity.

NM_001110780

Enables
identical protein
binding activity.
Enables SH2
domain binding
activity and
identical protein
binding activity.

NM_001111015

NM_009305.2

Predicted to
enable calcium
ion binding
activity.

NM_019514.3

Protein-
macromolecule
adaptor.

Type |
membrane
protein that
belongs to the
neurexin family.

NM_010910

NM_020252.3

Enables protein
homodimerizati
on activity.

NM_053199

Appendix 2: Neurodevelopment panel

Forward primer

TAGCTTCCTCTGTCCGTGGT

CTTTTTGCGCAGTCGTCACA

GAGCGTATTAGTGAAGGGTATTTT
CTG

TGAGGACATCAGTGTCGGGTAA

GGTAGATGCCTGCTCTGAAATGT

CCTCTGCCCCTCCTAACTCT

CCGTGAGGATGAGTTTGGTAG

TTTGCCTATCTACAGCTCTGTTGTA
CTT

AAGGTTTTGGTCCTGGGATAGTT

CACAGTGGTTCTCAAGTGTCAAGT
AA

Reverse primer

GTCCGAGGGATTTTCCAGCA

TAGTGCACCAGGGAGGCTAT

TCGTTGACAGGAGCCAAAATT

GGCAATCTGCTCAAGCATAGC

TCCATGACCTCAAAAATGTAGTCT
T

GGCACTACCAACGTCACAGA

GCTGATTCCCCCTTTCTTCT

AAATCAACAAACCAAGCAGTTCC
T

GGATACACTTTGGAGGCAACGT

GATTATCTCGAAGGGCTCTCTTCT
C



Appendix 2: Neurodevelopment panel

Gene

Mbp

Mobp

Mog

Mytl

Plp1

Gene name

myelin basic
protein

myelin-associated

oligodendrocytic
basic protein
myelin
oligodendrocyte
glycoprotein

myelin
transcription
factor 1

proteolipid

protein (myelin) 1

Neurite Growth

Dclk1

Stmnl

Tinl

Tmod1l

Soluble
Cadps2

Calbl

Calb2

doublecortin-like
kinase 1

stathmin 1

talin 1

Tropomodulin 1

Ca2+-dependent
activator protein
for secretion 2

calbindin 1,
intracellular
calcium-binding
protein belonging
to the troponin C
superfamily

calbindin 2,
intracellular
calcium-binding
protein belonging
to the troponin C
superfamily

Putative
function

Myelin sheath
constituent of
oligodendrocyte
s and Schwann
cells.

Structural
constituent of
myelin sheath.

Predicted to
enable signaling
receptor
binding activity.
Member of the
myelin
transcription
factor 1 gene
family.
Predicted to
enable identical
protein binding
activity.

Encodes a
member of the
protein kinase
superfamily.

Predicted to
enable tubulin
binding activity.
Enables integrin
binding activity.
Enables
tropomyosin
binding activity.

Lipid binding
activity and
metal ion
binding activity.
Regulation of
postsynaptic
cytosolic
calcium ion
concentration.

Regulation of
presynaptic
cytosolic
calcium ion
concentration.

NCBI reference

NM_001025259

NM_008614

NM_010814

NM_001171616

NM_001290561

NM_001195538

NM_019641.4

NM_011602.5

NM_021883.2

NM_001252105
2

NM_009788.4

NM_001368293
1

Forward primer

ACAGAGACACGGGCATCCTT

TCCTCAACTCCAAGCGTGAGA

GCAGCTATGCAGGACAATTCAG

TTCCCTTTGGGTTCCTTTTGT

AAAAAAAGCCCCTGATCGAATT

AATAGCAACCACCGCTCTTGA

CCTTGCCAGTGGATTGTGTAGA

CGCCTGCCGCATGATT

ACAGCCTCACACAATGTCCTACAG
A

AGGACTCGGACCTAAAGATCAAA
T

TTGGCTCACGTCTTACCCAC

GAGAATGAACTGGACGCCCT

APPENDICES

Reverse primer

CACCCCTGTCACCGCTAAAG

AAGCAACCGCTCTTGCAGAT

CTCTGCTTCATCCCCAACTAAAG

GCAACATGAATCATCCATGAGAA

GAATGACAGCACAAATCTACAAT
GAA

CTTGTACCGGCTCCTCACATC

CCTGAATATCAGAAGATGCCATG
T

CCCATTTCGGAGCATGTAGTAGT

GCAGGGAGCAGTGCATTATCAG
GG

CAGGTACCCACTATGCTTCATGT
G

TACAGCTTCCCTCCATCCGA

GCAGTCACCCTCCACAGTAG
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Gene Gene name
Camk4 calcium/calmodul

Cbinl

Gas7

Survival

Adoral

Aktl

Bdnf

Ccndl

Neurog
2

Pcp2

Racl

Sst

238

in-dependent
protein kinase IV

cerebellin 1
precursor protein

growth arrest
specific 7

adenosine Al
receptor

adenylate kinase
1, thymoma viral
proto-oncogene 1

brain derived
neurotrophic
factor

Cyclin D1

Neurogenin 2

Purkinje cell
protein 2 (L7)

Rac family small
GTPase 1

somatostatin

Putative
function

Enables
calcium-
dependent
protein
serine/threonin
e kinase activity.

Enables
identical protein
binding activity.
Enables actin
filament binding
activity.

G protein-
coupled
adenosine
receptor.

Akt serine-
threonine
protein kinase.

Nerve growth
factor.

Cyclin-
dependent
protein
serine/threonin
e kinase
regulator
activity.

E-box binding
activity.
Enables guanyl-
nucleotide
exchange factor
activity.
Enables GTP
binding activity;
GTP-dependent
protein binding
activity; and
GTPase activity.
Predicted to
enable identical
protein binding
activity.

NCBI reference

NM_009793

NM_019626.3

NM_001277079

NM_001008533
3

NM_009652.3

NM_001048139
1

NM_001379248
1

NM_009718.4

NM_001129803

NM_001347530
1

NM_001417475
1

Appendix 2: Neurodevelopment panel

Forward primer

TCCGACATTTGCAGCTCACT

TGAGCCGTCCGAGATGAGTAAT

TCCTCACGAAGGGCACATTT

GTCAAGATCCCTCTCCGGTA

TCGTGTGGCAGGATGTGTAT

CGAGAGGTCTGACGACGACAT

CTGCTGCAAATGGAACTGCTT

ACGAGAACGACAACACACGA

GGAGAGGGAGGCTCAGACCTT

GGAGACGGAGCTGTTGGTAAAAC

GACCCCAGACTCCGTCAGTTT

Reverse primer

CAACACCCCCACTATCACCAA

GCTGCGTTCTGAGTCAAAGTTGT

CTACGACAGACCCTGAAGCTACT
G

CAAGGGAGAGAATCCAGCAG

ACCTGGTGTCAGTCTCAGAGG

GGTCCTCATCCAGCAGCTCTT

CATCCGCCTCTGGCATTTT

GTATGGGGACGTGGAGTTGG

GCAGGTTGAAGAAGCCTTCCT

GGATGTACTCTCCAGGAAATGCA

GGGCATCATTCTCTGTCTGGTT



Appendix 3: Vascularization panel APPENDICES

Putative
Gene Gene name NCBI reference Forward primer Reverse primer

function

Angiogenesis

Angptl angiopoietin 1 Secreted glycoprotein  NM_001286062. GCATTCTTCGCTGCCATTCT TCTCCCTCCGTTTTCTGGATT
that belongs to the 1
angiopoietin family of
vascular growth

factors.
Angpt2 angiopoietin 2 Endothelial cell- NM_007426.4 GTCCAACTACAGGATTCACCTTAC GGAACACTTGCAGATGCATTTG
derived regulator of AG

angiogenesis and
ligand for endothelial-
specific receptor
tyrosine kinase.

Anpep  alanyl Metalloaminopeptida NM_008486.3 GTCGAGAAAAACCAGAGTGCAAA GTAGCCGGTTACGTTAATGTTCAG
(membrane) se activity; peptide T
aminopeptidase  binding activity; and
zinc ion binding

activity.
Serpinf  serine (or Enables serine-type NM_011340.3 AGGACATGAAGCTACAGTCGTTGT AGCAGCCCTGTGTTCCACTT
1 cysteine) endopeptidase T
peptidase inhibitor activity.
inhibitor, clade
F, member 1
Tek endothelial- Enables protein NM_001290549. GCTTATTTCTGTGAAGGTCGAGTT GTAGCAGGTAGGAAGGATGCTTGT
specific receptor tyrosine kinase 1 C

tyrosine kinase  activity and signaling
receptor activity.

Tiel tyrosine kinase ~ Transmembrane NM_011587.2 NA NA
with receptor protein
immunoglobulin- tyrosine kinase
like and EGF-like activity.
domains 1

Cell Adhesion Molecules

Cdh5 cadherin 5 Member of the NM_009868.4 CAGCGACACTTCTACCACTTCAAG ATTCGGAAGAATTGGCCTCTGT
cadherin family of
calcium-dependent
glycoproteins that
mediate cell adhesion
and regulate many
morphogenetic events
during development.

Thbs1 thrombospondin  Subunit of a disulfide- NM_011580.4 GCTGACTCGGGACCCATCTA GCTGATGATTAGGAATCTCGACAC
1 linked homotrimeric T
adhesive glycoprotein
that mediates cell-to-
cell and cell-to-matrix
interactions.

Coagulation cascade

F3 coagulation Membrane-bound NM_010171.3 TTTACCTTACCGAGACACAAACCTT GTGAGTCTTTTACAACCACGTTCAG
factor Il glycoprotein that T
forms the primary
physiological initiator
of the blood
coagulation process
following vascular
damage.
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Gene

Serpine
1

Gene name

serine (or
cysteine)
peptidase
inhibitor, clade
E, member 1

Extracellular Matrix

Collal

Mmp2

Mmp9

Ndp

Timpl

Growth Factors & Receptors

Fgf2

Flk1
(Kdr)

Fltl

240

collagen, type |,
alpha 1

matrix
metallopeptidas
e?2

matrix
metallopeptidas
e9

Norrie disease
(pseudoglioma)
(human)

tissue inhibitor
of
metalloproteinas
el

fibroblast
growth factor 2
kinase insert
domain protein
receptor

FMS-like tyrosine

kinase 1

Putative
function

Enables serine-type
endopeptidase
inhibitor activity.

Alpha-1 subunit of the
fibril-forming type |
collagen, the most
abundant protein of
bone, skin and tendon
extracellular matrices.

Matrix
metalloproteinase
family of extracellular
matrix-degrading
enzymes that are
involved in tissue
remodeling, wound
repair, progression of
atherosclerosis and
tumor invasion.

Matrix
metalloproteinase
family of extracellular
matrix-degrading
enzymes that are
involved in tissue
remodeling, wound
repair, progression of
atherosclerosis and
tumor invasion.

Secreted protein that
acts a ligand for
multiple different
receptors and
participates in both
Whnt and Wnt-
independant
signalling.

Cytokine activity;
metalloendopeptidas
e inhibitor activity;
and zinc ion binding
activity.

Growth factor activity.

Growth factor binding NM_001363216.

activity and vascular
endothelial growth
factor-activated
receptor activity.

Identical protein
binding activity and
vascular endothelial
growth factor-
activated receptor
activity.

NCBI reference

NM_008871.2

NM_007742.3

NM_008610.3

NM_013599.4

NM_010883.3

NM_011593.2

NM_008006.2

1

NM_010228.3

Appendix 3: Vascularization panel

Forward primer

AGGATCGAGGTAAACGAGAGC

Reverse primer

GCGGGCTGAGATGACAAA

CTGACTGGAAGAGCGGAGAGTAC TCGGGCTGATGTACCAGTTCT

T

TGGGGGAGATTCTCACTTTG

CGTGTCTGGAGATTCGACTTGA

ACGCTGCATGAGACACCATTAT

GCAAAGAGCTTTCTCAAAGACC

GACCCACACGTCAAACTACAACTC

TGAATGTCCCACCCCAGATC

ATCGGCAGACCAATACAATCCTA

ACTTTACGCGGACCACTTGT

TGGTACTGGAAGATGTCGTGTGA

AGCACCATCTTTGAGCTACATTTG

AGGGATAGATAAACAGGGAAACA
CcT

TGGCACACACTCCCTTGATAGA

GCATGTCAATGTCTGCATGGT

AGGGTAATTCCAGCTCATTTGC



Appendix 3: Vascularization panel

Gene

Lectl
(Cnmd)

Nrpl

Pgf

Tgfbl

Vegfa

Gene name

chondromodulin

neuropilin 1

placental growth
factor

transforming
growth factor,
beta 1

vascular
endothelial
growth factor A

Putative

NCBI reference

function

Endothelial cell
morphogenesis; 1
negative regulation of
endothelial cell
proliferation; and
negative regulation of
vascular endothelial
growth factor

receptor signaling
pathway.

Protein kinase binding
activity;
transmembrane
signaling receptor
activity; and vascular
endothelial growth
factor binding activity.

NM_008737.2

Identical protein
binding activity;
receptor ligand
activity; and vascular
endothelial growth
factor receptor
binding activity.

NM_008827.3

Secreted ligand of the
TGF-beta
(transforming growth
factor-beta)
superfamily of
proteins.

Member of the
PDGF/VEGF growth
factor family.

NM_011577.2

NM_009505.4

NM_001310655.

Forward primer

APPENDICES

Reverse primer

GAGGAGAGAAGTGCTACATCAAA  GATCTTGCCTTCCAGTTCAGAGAT

GC

CGCAAGGCTAAGTCGTTCGA

TCTCAGGATGTGCTCTGTGAATG

TGGAGCAACATGTGGAACTC

GCAGCTTGAGTTAAACGAACG

ATCCTGATGAACCTTGTGGAGAGA

GGTTCCTCAGTCTGTGAGTTTCTAC
TC

CAGCAGCCGGTTACCAAG

GGTTCCCGAAACCCTGAG
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Stage Layer Gene

Avg DCq (N) Avg DCq (IH)

Fold Change Difference [CI95]

Appendix 4: Statistical results of the OS panel on the whole cerebellum

Hedge's g [CI95]

P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4

242

Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot

Adcyapl
Adh5
Aldhlal
Apc
Apex1
Apoe
Aqp4
Aqgr

Atr

Bax
Bcl2
Casp3
Casp9
Cat

Ccs
Cox4il
Ctsb
Dnm?2
Ehd2
Ercc2
Erccé
Fthl
Gabl
Gpx1
Gpx3
Gpx4
Gpx7
Gpx8
Gsr

Gss
Gstk1
Gstm1
Hadh
Hifla
Hmox1
Hspa5
Idh1
Ift172
Jakl
Jun
Kif9
Map2k1
Map2k6
Mapk1l
Mapk10
Mapk14

6.73
3.75
4.82
431
5.52
0.35
3.23
6.14
7.69
5.21
6.21
4.05
8.30
5.06
6.55
1.87
3.30
5.58
8.78
6.71
9.84
1.60
6.55
4.00
6.10
5.14
6.94
6.50
5.29
8.78
8.25
4.07
6.58
5.39
7.52
3.54
2.58
1.77
4.67
6.49
8.00
7.67
7.25
3.51
2.67
8.64

6.44
3.98
4.90
4.13
5.44
0.10
3.21
6.12
7.67
5.14
6.34
3.98
8.21
5.15
6.52
1.83
3.22
5.54
8.62
6.36
9.52
1.69
6.57
3.90
6.16
5.03
7.10
6.51
5.27
8.67
8.34
3.82
6.60
5.35
7.33
3.39
2.56
7.54
4.72
6.70
7.61
7.40
7.11
3.26
2.57
8.53

1.22
0.85
0.94
1.13
1.06
1.18
1.02
1.01
1.01
1.05
0.91
1.05
1.07
0.94
1.02
1.02
1.06
1.03
1.12
1.27
1.26
0.94
0.99
1.08
0.96
1.08
0.89
0.99
1.01
1.08
0.94
1.19
0.98
1.03
1.14
1.11
1.01
1.17
0.97
0.86
131
1.21
1.10
1.19
1.07
1.08

0.27 [0.04, 0.5]

-0.23 [-0.37, -0.09]

-0.08 [-0.51, 0.34]
0.18 [0.02, 0.34]
0.08 [-0.06, 0.21]
0.2 [-0.06, 0.46]
0.03 [-0.25, 0.3]
0.03 [-0.14, 0.2]
0.01 [-0.24, 0.26]
0.07 [-0.09, 0.22]
-0.14 [-0.27, 0]
0.07 [-0.04, 0.18]
0.07 [-0.14, 0.29]
-0.14 [-0.33, 0.06]
0.01[-0.19, 0.21]
0.04 [-0.12, 0.19]
0.08 [-0.07, 0.23]
0.04 [-0.17, 0.26]
0.16 [-0.01, 0.34]
0.21[0, 0.42]
0.29 [-0.05, 0.64]

-0.11 [-0.16, -0.05]

-0.04 [-0.23, 0.15]
0.02 [-0.06, 0.11]
-0.03 [-0.17, 0.1]
0.09 [-0.09, 0.26]
-0.2 [-0.31, -0.09]
-0.09 [-0.34, 0.15]
0.02 [-0.14, 0.18]
0.09 [-0.07, 0.25]
-0.1[-0.32,0.11]
0.25 [0.05, 0.45]
-0.11 [-0.28, 0.06]
0.03 [-0.09, 0.16]
0.17 [0, 0.34]
0.14 [0.02, 0.27]
0.02 [-0.13, 0.16]
0.19 [0.01, 0.38]
-0.07 [-0.18, 0.03]
-0.19 [-0.3, -0.08]
0.21[-0.05, 0.47]
0.25 [0.14, 0.36]
0.13 [0, 0.27]
0.18 [0.07, 0.3]
0.05 [-0.06, 0.17]
0.1[-0.07, 0.28]

2.56
-3.52
-0.44
2.46
1.26
1.71
0.21
0.42
0.10
0.92
-2.24
141
0.73
-1.51
0.15
0.55
1.18
0.45
2.07
2.17
1.87
-4.23
-0.45
0.57
-0.55
1.10
-4.10
-0.84
0.23
1.20
-1.09
2.78
-1.45
0.58
2.22
2.55
0.24
2.32
-1.50
-3.81
1.78
5.01
2.15
3.46
1.02
1.29

0.026 *
0.005 **
0.668
0.031 *
0.233
0.115
0.839
0.682
0.926
0.375
0.047 *
0.187
0.480
0.160
0.881
0.594
0.263
0.662
0.062
0.053
0.088
0.001 **
0.659
0.581
0.591
0.296
0.002 **
0.417
0.824
0.255
0.301
0.018 *
0.175
0.573
0.049 *
0.027 *
0.815
0.040 *
0.162
0.003 **
0.102
<0.001 ***
0.054
0.005 **
0.331
0.224

1.22 [0.15, 2.26)
1.61 [0.46, 2.71]
0.2 [0.76, 1.15]
1.13 [0.07, 2.15]
0.61[0.38, 1.58]
0.85 [0.16, 1.83]
0.09 [0.86, 1.05]
0.12 [0.81, 1.05]
0.08 [0.86, 1.01]
0.47 [0.49, 1.41]
1.02 [0.02, 2.03]
0.64 [0.34, 1.61]
0.42 [0.54, 1.37]
0.37[0.6, 1.33]
0.15 [0.8, 1.1]
0.23[0.73, 1.18]
0.54 [0.44, 1.5]
0.2 [0.72, 1.12]
0.95[0.07, 1.94]
0.72[0.3, 1.7]
0.91[0.12, 1.91]
1.26 [0.17, 2.31]
0.08 [0.87, 1.03]
0.42 [0.55, 1.37]
0.36 [0.61, 1.32]
0.58 [0.38, 1.5]
1.03 [0.01, 2.03]
0.03 [0.9, 0.96]
0.1[0.83, 1.03]
0.63 [0.36, 1.6]
0.4 [0.56, 1.35]
1.27 [0.19, 2.32]
0.08 [0.87, 1.03]
0.33 [0.64, 1.28]
1.07 [0.03, 2.08]
1.17 [0.11, 2.19]
0.12 [0.83, 1.07]
1.07 [0.02, 2.09]
0.38[0.58, 1.32]
1.52 [0.33, 2.65]
0.67 [0.33, 1.65]
2.09 [0.82, 3.32]
0.99 [0.05, 1.99]
1.06 [0.01, 2.09]
0.55 [0.44, 1.52]
0.63 [0.36, 1.61]



Appendix 4: Statistical results of the OS panel on the whole cerebellum

Stage Layer Gene

P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P8
P8
P8
P8
P8
P8
P8
P8
P8

Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot

Mapk3
Mapk8
Mtl
Mt2
Ndufv2
Nfe2l2
Nfkb1
Nfkbib
Nosl
Nqol
Nudt15
Park7
Parpl
Por
Ppplrl5b
Prdx1
Prdx2
Prdx3
Prdx4
Prdx5
Prdx6
Psmb5
Ptgsl
Rela
Rheb
Slc38al
Slc41a3
Sod1
Sod2
Sod3
Spl
Srxnl
Tmod
Txnip
Txnrd1
Txnrd3
Xrecl
Adcyapl
Adh5
Aldhlal
Apc
Apexl
Apoe
Aqgp4
Aqr
Atr

Avg DCq (N) Avg DCq (IH)

4.41
7.04
3.82
4.67
2.43
7.46
7.56
6.75
7.57
8.81
8.45
4.43
5.69
4.91
5.97
2.10
2.61
5.33
5.66
3.88
4.64
3.76
8.68
6.14
3.99
5.60
7.47
2.68
5.16
8.62
6.90
6.47
10.13
5.03
5.59
7.52
7.84
7.18
3.68
5.50
3.99
5.57
-0.02
2.49
6.48
7.95

4.22
7.20
3.67
4.42
2.57
7.57
7.53
6.64
7.41
8.89
8.35
4.25
5.53
4.90
5.95
2.30
2.55
5.34
5.73
3.81
4.59
3.95
8.32
6.06
4.10
5.53
7.43
2.76
5.04
8.57
6.78
6.50
10.02
4.63
5.48
7.50
7.60
7.24
3.94
5.42
4.57
5.74
0.01
2.73
6.79
8.27

Fold Change

1.14
0.90
1.11
1.19
0.91
0.93
1.02
1.08
1.12
0.95
1.07
1.13
1.12
1.01
1.02
0.87
1.04
0.99
0.95
1.05
1.04
0.88
1.28
1.06
0.93
1.05
1.03
0.95
1.09
1.04
1.09
0.98
1.08
1.32
1.08
1.01
1.18
0.96
0.83
1.05
0.67
0.89
0.98
0.84
0.80
0.80

Difference [CI95]
0.15 [0.05, 0.26]
-0.15 [-0.85, 0.54]
0.13 [-0.11, 0.38]
0.25 [0, 0.5]

-0.14 [-0.23, -0.05]

-0.14 [-0.35, 0.08]
0.02 [-0.12, 0.15]
0.08 [-0.04, 0.21]
0.12 [-0.01, 0.26]
-0.08 [-0.27, 0.11]
0.08 [-0.02, 0.19]
0.18 [0.06, 0.3]
0.13 [-0.02, 0.28]
0.07 [-0.02, 0.16]
0.08 [-0.05, 0.21]
-0.13 [-0.29, 0.02]
0 [-0.05, 0.05]
-0.01[-0.1, 0.07]
-0.11 [-0.27, 0.05]
0.05 [-0.03, 0.12]
0.05 [-0.15, 0.25]

-0.15 [-0.26, -0.04]

0.35 [0.12, 0.57]

0.08 [-0.06, 0.22]
-0.06 [-0.21, 0.09]
0.01[-0.13, 0.14]
0.02 [-0.15, 0.19]
-0.1[-0.2, -0.01]

0.07 [-0.03, 0.18]
0.05 [-0.23, 0.33]
0.11[-0.07, 0.28]
-0.03 [-0.11, 0.05]
0.1[-0.23, 0.43]

0.27 [0.07, 0.46]

0.1[-0.07, 0.26]

-0.01[-0.19, 0.16]
0.18 [0.02, 0.33]

-0.06 [-0.22, 0.11]
-0.08 [-0.39, 0.22]
-0.07 [-0.57, 0.43]
-0.31[-0.6, -0.03]
0.02 [-0.06, 0.09]
-0.03 [-0.18, 0.12]
-0.24 [-0.39, -0.1]

-0.19 [-0.27, -0.12]

-0.32 [-0.43, -0.2]

3.14
-0.49
1.19
2.17
-3.56
-1.39
0.25
1.46
1.96
-0.95
1.76
3.29
1.87
1.76
1.38
-1.85
0.13
-0.33
-1.55
1.27
0.52
-2.95
3.42
1.29
-0.90
0.11
0.23
-2.32
1.53
0.40
1.33
-0.79
0.68
3.03
1.24
-0.18
2.53
-0.71
-0.59
-0.30
-2.39
0.54
-0.43
-3.66
-5.44
-6.01

0.009 **
0.633
0.260
0.053
0.004 **
0.193
0.806
0.171
0.076
0.363
0.106
0.007 **
0.088
0.107
0.195
0.091
0.902
0.744
0.151
0.230
0.613
0.013 *
0.006 **
0.223
0.388
0.916
0.820
0.041 *
0.155
0.696
0.211
0.445
0.510
0.011 *
0.239
0.862
0.028 *
0.492
0.569
0.773
0.034 *
0.602
0.675
0.003 **

APPENDICES

Hedge's g [CI95]
1.25[0.16, 2.3]
0.22[0.74,1.17]
0.6 [0.38, 1.56]
0.99 [0.05, 1.99]
1.57 [0.39, 2.7]
0.43[0.51, 1.35]
0.17[0.79, 1.12]
0.74[0.27,1.72]
0.89[0.14, 1.88]
0.43[0.52, 1.37]
0.85[0.17, 1.85]
1.51[0.38, 2.59]
0.88[0.15, 1.88]
0.06 [0.88, 0.98]
0.11[0.83, 1.05]
0.76 [0.26, 1.75]
0.35[0.62, 1.31]
0.15[0.81, 1.1]
0.36 [0.61, 1.31]
0.67 [0.32, 1.62]
0.27[0.7,1.22]
1.12[0.03, 2.17]
1.63[0.48, 2.74]
0.59 [0.4, 1.55]
0.53[0.46, 1.49]
0.3[0.67, 1.26]
0.22[0.74, 1.18]
0.55 [0.43, 1.52]
0.7 [0.3, 1.66]
0.18[0.78, 1.13]
0.68[0.32, 1.65]
0.36 [0.61, 1.32]
0.36 [0.59, 1.3]
0.93[0.1, 1.93]
0.62 [0.38, 1.59]
0.1[0.85, 1.05]
0.98 [0.06, 1.99]
0.33[0.61, 1.26]
0.92[0.03, 1.84]
0.19[0.7,1.07]
1.83[0.67, 2.95]
1.03 [0.08, 1.94]
0.2[0.73,1.12]
1.52[0.29, 2.69]

<0.001 *** 2.66 [1.3,3.97]
<0.001 *** 2.88[1.46, 4.26]
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Stage Layer Gene Avg DCq (N) Avg DCq (IH) Fold Change Difference [CI95] Hedge's g [CI95]
P8 Tot  Bax 5.04 5.11 0.95 -0.04 [-0.2, 0.11] -0.62 0.549 0.61[0.36, 1.56]
P8 Tot Bcl2 6.71 6.98 0.83 -0.17 [-0.32,-0.03] -2.60 0.023 * 1.9[0.75, 3.01]
P8 Tot  Casp3 4.79 4.97 0.89 0.01[-0.1, 0.12] 0.15 0.886 1[0.04, 1.93]

P8 Tot Casp9 8.60 8.94 0.79 -0.26 [-0.49, -0.03] -2.41 0.033 * 1.61[0.42, 2.74]
P8 Tot Cat 5.20 5.62 0.75 -0.42 [-0.58,-0.26] -5.74 <0.001 *** 2.3[0.77,3.77]
P8 Tot  Ccs 6.65 7.61 0.51 0.12[-0.13,0.38] 1.05 0.315 1.06 [0.1, 1.98]
P8 Tot  Cox4il 1.32 1.04 1.21 0.17[-0.26,0.61] 0.86  0.406 0.85[0.09, 1.76]
P8 Tot Ctsb 3.42 331 1.08 0.08 [-0.1, 0.26] 0.95 0.361 0.79[0.22, 1.77]
P8 Tot Dnm2 5.21 5.63 0.75 -0.42 [-0.55,-0.29] -6.86 <0.001 *** 3.1[1.49, 4.66]
P8 Tot Ehd2 9.06 9.35 0.82 -0.21[-0.37,-0.06] -2.94 0.012 * 2.07 [0.88, 3.21]
P8 Tot  Ercc2 7.19 7.55 0.78 -0.3[-0.44,-0.15] -4.52 <0.001 *** 2.49[0.93, 3.98]
P8 Tot  Ercc6 9.80 10.42 0.65 -0.38 [-0.51,-0.25] -6.24 <0.001 *** 2.75 [1.36, 4.09]
P8 Tot  Fthl 1.56 1.38 1.13 0.02 [-0.1, 0.14] 0.39 0.706 1.09 [0.11, 2.04]
P8 Tot Gabl 5.87 6.36 0.71 -0.5[-0.59, -0.4] -11.44 <0.001 *** 4,94 [2.51, 7.32]
P8 Tot Gpx1 4.10 3.97 1.09 0.12 [0.02, 0.22] 2.53 0.026 * 1.12 [0.04, 2.15]
P8 Tot  Gpx3 6.27 6.43 0.89 -0.16 [-0.36,0.04] -1.75 0.106 0.73[0.31, 1.72]
P8 Tot Gpx4 4.47 4.30 1.13 0.02 [-0.12, 0.15] 0.27 0.792 1[0.03, 1.95]

P8 Tot  Gpx7 6.86 6.85 1.01 0.01[-0.1, 0.11] 0.17 0.865 0.07 [0.89, 1.02]
P8 Tot  Gpx8 6.81 6.64 1.12 0.06 [-0.07, 0.2] 1.03 0.324 1.17 [0.15, 2.15]
P8 Tot  Gsr 5.59 5.68 0.94 -0.09 [-0.26,0.09] -1.04 0.318 0.45 [0.54, 1.4]
P8 Tot Gss 8.48 8.81 0.80 -0.33 [-0.49, -0.17] -4.49 <0.001 *** 1.93[0.61, 3.19]
P8 Tot  Gstkl 7.88 7.91 0.98 -0.03 [-0.15, 0.1] -0.45 0.659 0.18[0.78, 1.13]
P8 Tot  Gstml 4.59 4.51 1.06 0.08 [-0.03,0.19] 1.57 0.141 0.77[0.17, 1.69]
P8 Tot Hadh 6.36 6.76 0.76 -0.2[-0.36,-0.05] -2.83 0.015* 1.81[0.61, 2.95]
P8 Tot Hifla 5.35 5.54 0.88 -0.19 [-0.29, -0.09] -4.07 0.002 ** 1.86 [0.64, 3.03]
P8 Tot  Hmox1 7.63 7.92 0.82 -0.09 [-0.29, 0.1] -1.04 0.319 1.28 [0.27, 2.26]
P8 Tot Hspa5 3.85 4.09 0.84 -0.24 [-0.34,-0.14] -5.30 <0.001 *** 2.42[1.04, 3.75]
P8 Tot Idhl 3.64 3.58 1.04 -0.02 [-0.14,0.11] -0.32 0.757 0.48 [0.46, 1.4]
P8 Tot  Ift172 7.96 8.23 0.83 -0.4[-0.48,-0.32] -10.81 <0.001 *** 2.34[1.06, 3.58]
P8 Tot  Jakl 5.35 5.28 1.05 -0.09 [-0.22,0.03] -1.59 0.137 0.43[0.43, 1.28]
P8 Tot  Jun 6.82 7.10 0.82 -0.08 [-0.2, 0.04] -1.46 0.171 1.47[0.42, 2.47]
P8 Tot  Kif9 8.56 8.79 0.85 -0.23 [-0.38,-0.08] -3.29 0.006 ** 1.63 [0.54, 2.67]
P8 Tot Map2kl 7.61 7.77 0.89 0.01[-0.19,0.21] 0.10 0.923 0.72[0.24, 1.66]
P8 Tot Map2ké 7.38 7.61 0.85 -0.23[-0.34,-0.11] -4.31 0.001 ** 2.15[0.93, 3.33]
P8 Tot Mapkl 3.78 3.91 0.92 -0.12 [-0.22,-0.02] -2.70 0.019 * 1.31[0.27, 2.31]
P8 Tot  Mapkl0 3.30 3.37 0.96 -0.06 [-0.14,0.01] -1.80 0.097 0.8[0.22,1.78]
P8 Tot Mapki4 8.51 8.90 0.76 -0.25[-0.37,-0.12] -4.28 0.001 ** 2.5[1.15, 3.81]
P8 Tot Mapk3 4.60 4.79 0.88 -0.13 [-0.24,-0.01] -2.33 0.038 * 1.62[0.45, 2.74]
P8 Tot  Mapk8 8.45 8.72 0.83 -0.02 [-0.2, 0.15] -0.30 0.770 1.09 [0.11, 2.04]
P8 Tot Mtl 3.65 3.27 1.30 0.37 [0.24, 0.51] 5.94 <0.001 *** 2.5[0.96, 3.98]
P8 Tot Mt2 4.53 3.90 1.54 0.62 [0.4, 0.85] 6.10 <0.001 *** 2.43[0.84, 3.96]
P8 Tot  Ndufv2 2.33 2.26 1.05 0.05[-0.08,0.18] 0.77 0.457 0.67 [0.33, 1.64]
P8 Tot Nfe2l2 7.33 7.70 0.77 -0.24 [-0.36,-0.12] -4.33 <0.001 *** 2.44[1.13,3.7]
P8 Tot Nfkbl 7.51 7.97 0.72 -0.41 [-0.47, -0.35] -15.43 <0.001 *** 6.79 [4.13,9.42]
P8 Tot  Nfkbib 6.71 6.75 0.98 -0.07 [-0.23,0.09] -0.98 0.345 0.26 [0.62, 1.14]
P8 Tot Nosl 7.53 8.00 0.72 -0.29 [-0.46, -0.11] -3.56 0.004 ** 2.21[0.98, 3.4]
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Stage Layer Gene

Avg DCq (N) Avg DCq (IH)

Fold Change

Difference [CI95]
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Hedge's g [CI95]

P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P12
P12
P12
P12
P12
P12
P12
P12
P12
P12
P12
P12
P12
P12
P12
P12
P12
P12

Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot
Tot

Nqol
Nudtl15
Park7
Parpl
Por
Ppplrl5b
Prdx1
Prdx2
Prdx3
Prdx4
Prdx5
Prdx6
Psmb5
Ptgsl
Rela
Rheb
Slc38a1l
Slc41a3
Sod1l
Sod2
Sod3
Spl
Srxnl
Tmod
Txnip
Txnrd1
Txnrd3
Xrccl
Adcyapl
Adh5
Aldhlal
Apc
Apexl
Apoe
Aqp4
Aqr
Atr
Bax
Bcl2
Casp3
Casp9
Cat

Ccs
Cox4il
Ctsb
Dnm2

9.17
8.26
4.24
5.62
5.47
6.18
2.12
2.68
5.44
5.58
3.55
4.36
3.79
8.35
6.30
4.35
5.65
7.61
2.63
5.02
8.11
6.93
6.39
8.40
5.90
5.62
8.57
8.00
6.85
3.62
4.40
4.33
5.91
-0.29
2.06
6.22
8.01
5.02
6.87
5.12
8.53
4.97
6.05
1.19
3.43
5.21

9.14
8.53
4.41
6.07
5.45
6.35
2.06
2.76
5.59
5.60
3.66
4.56
3.89
8.53
6.56
4.17
5.97
7.90
2.72
5.29
8.64
7.42
6.34
9.00
5.75
5.98
8.19
8.08
6.60
3.95
4.62
4.29
5.86
-0.50
1.95
6.32
8.23
4.99
7.14
4.83
8.31
5.07
5.95
131
3.17
5.53

1.02
0.83
0.89
0.73
1.02
0.89
1.04
0.95
0.90
0.99
0.93
0.87
0.93
0.88
0.83
1.13
0.80
0.82
0.94
0.83
0.69
0.72
1.03
0.66
1.11
0.78
1.30
0.95
1.18
0.80
0.86
1.02
1.04
1.16
1.08
0.93
0.86
1.02
0.83
1.23
1.17
0.93
1.07
0.91
1.20
0.80

0.12 [-0.06, 0.3]
-0.14[-0.27, 0]
-0.01[-0.26, 0.23]
-0.23 [-0.36, -0.09]
-0.12 [-0.2, -0.03]
-0.17 [-0.28, -0.07]
0.06 [-0.05, 0.17]
-0.04 [-0.13, 0.06]
0[-0.11, 0.11]
-0.02 [-0.15, 0.11]
-0.11 [-0.19, -0.02]
-0.15 [-0.27, -0.02]
0[-0.21, 0.2]

-0.19 [-0.41, 0.04]
-0.26 [-0.36, -0.17]
0.14 [0, 0.27]
-0.25 [-0.36, -0.15]
-0.21 [-0.36, -0.06]
0.12 [-0.01, 0.25]
-0.12 [-0.27, 0.03]
-0.54 [-0.67, -0.4]
-0.3 [-0.39, -0.21]
0.04 [-0.09, 0.17]
-0.6 [-0.81, -0.39]
0.36 [0.18, 0.54]
-0.31[-0.44, -0.18]
0.09 [-0.03, 0.21]
-0.29 [-0.39, -0.19]
0.24 [0.05, 0.44]
-0.41 [-0.54, -0.28]
-0.28 [-0.45, -0.1]
0.06 [-0.03, 0.15]
0.05 [-0.02, 0.13]
0.28 [0.12, 0.44]
0.11[-0.01, 0.23]
-0.1[-0.18, -0.02]
-0.19 [-0.3, -0.08]
0.1[-0.04, 0.23]
-0.29 [-0.36, -0.21]
0.3 [0.18, 0.41]
0.25 [0.13, 0.38]
-0.07 [-0.17, 0.03]
-0.04 [-0.31, 0.23]
-0.13 [-0.25, -0.01]
0.26 [0.13, 0.39]
-0.22 [-0.34, -0.11]

1.50
-2.15
-0.13
-3.69
-3.06
-3.52
1.13
-0.81
0.00
-0.30
-2.63
-2.61
-0.05
-1.80
-5.97
2.18
-5.19
-3.06
1.98
-1.72
-8.67
-7.10
0.71
-6.26
4.30
-5.39
1.68
-6.12
2.59
-6.37
-3.30
143
143
3.62
1.88
-2.74
-3.68
1.46
-8.02
5.36
4.18
-1.45
-0.32
-2.18
4.16
-3.99

0.159
0.052
0.902
0.003 **
0.010 **
0.004 **
0.281
0.436
0.997
0.769
0.022 *
0.023 *
0.963
0.097
<0.001 ***
0.050 *
<0.001 ***
0.010 **
0.072
0.111
<0.001 ***
<0.001 ***
0.494
<0.001 ***
0.001 **
<0.001 ***
0.118
<0.001 ***
0.017 *
<0.001 ***
0.003 **
0.168
0.169
0.002 **
0.074
0.012 *
0.001 **
0.160
<0.001 ***
<0.001 ***
<0.001 ***
0.161
0.754
0.041 *
<0.001 ***
<0.001 ***

0.2 [0.74, 1.13]
1.7 [0.59, 2.76]
0.73[0.17, 1.59]
2.13 [0.89, 3.32]
0.19 [0.69, 1.07]
1.56 [0.38, 2.69]
0.44 [0.56, 1.41]
0.93 [0.06, 1.89]
0.93 [0.06, 1.89]
0.13 [0.82, 1.07]
1.1[0.01, 2.16]
1.8 [0.63, 2.94]
0.57[0.39, 1.5]
0.88 [0.09, 1.82]
2.88 [1.47, 4.26)
1.6 [0.49, 2.66]
3.06 [1.58, 4.49]
2.12[0.92, 3.28]
0.45 [0.43, 1.32]
1.54 [0.48, 2.57]
3.55 [1.55, 5.51]
2.91[1.48, 4.29]
0.29 [0.68, 1.25]
3.04 [1.58, 4.45]
0.63 [0.32, 1.55]
3.1[1.49, 4.67]
1.49 [0.44, 2.5]
0.38 [0.45, 1.2]
0.92 [0.06, 1.76]
1.48 [0.61, 2.33]
0.56 [0.27, 1.37]
0.15 [0.62, 0.92]
0.5[0.31, 1.3]
0.84 [0.03, 1.63]
0.73 [0.06, 1.51]
1.02 [0.17, 1.85]
0.7 [0.14, 1.51]
0.11 [0.63, 0.86]
2.05 [1, 3.06)
1.7 [0.67, 2.69]
0.69 [0.13, 1.49]
0.69 [0.09, 1.46]
0.23 [0.52, 0.97]
0.76 [0.02, 1.52]
1.61[0.7, 2.49]
1.16 [0.31, 1.99]
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Stage Layer Gene Avg DCq (N) Avg DCq (IH) Fold Change Difference [CI95] Hedge's g [CI95]
P12 Tot Ehd2 8.94 9.01 0.95 -0.07 [-0.19, 0.05] -1.17 0.255 0.44 [0.36, 1.22]
P12 Tot Ercc2 7.22 7.05 1.12 0.17 [0.06, 0.29] 3.05 0.006 ** 1.15[0.31, 1.96]
P12 Tot  Erccé 9.67 9.82 0.90 -0.08 [-0.19,0.03] -1.55 0.135 0.84[0.04, 1.61]
P12 Tot Fthl 0.85 1.20 0.79 -0.33[-0.43,-0.23] -6.85 <0.001 *** 1.9[0.96, 2.81]
P12 Tot Gabl 5.22 5.45 0.86 -0.22 [-0.34,-0.11] -4.03 <0.001 *** 0.6[0.22,1.4]
P12 Tot Gpxl 4.20 4.29 0.94 -0.08 [-0.18,0.01] -1.85 0.078 0.61[0.15, 1.36]
P12 Tot Gpx3 6.28 6.26 1.02 0.06 [-0.06,0.18] 1.02 0.319 0.09 [0.65, 0.84]
P12 Tot Gpx4 4.24 4.35 0.93 -0.11[-0.21,-0.01] -2.22 0.037 * 0.86 [0.06, 1.65]
P12 Tot Gpx7 7.04 7.28 0.85 -0.21[-0.29,-0.14] -5.85 <0.001 *** 1.02[0.14, 1.87]
P12 Tot Gpx8 7.13 7.26 0.91 -0.09 [-0.2, 0.03] -1.62 0.120 0.56 [0.27, 1.37]
P12 Tot Gsr 4.87 4.99 0.92 -0.12[-0.26,0.03] -1.68 0.109 0.65[0.13, 1.43]
P12 Tot Gss 7.80 7.74 1.04 0.06 [-0.08,0.19] 0.87 0.394 0.26 [0.55, 1.06]
P12 Tot Gstkl 7.93 8.04 0.93 -0.09 [-0.19, 0] -2.07 0.051 0.91[0.11, 1.68]
P12 Tot Gstml 4.80 4.48 1.25 0.32[0.21, 0.44] 5.69 <0.001 *** 2.15[1.13,3.14]
P12  Tot Hadh 6.07 6.06 1.00 0.07 [-0.01, 0.15] 1.71 0.101 0.03 [0.69, 0.75]
P12 Tot Hifla 4.75 4.70 1.04 0.11[0.04, 0.18] 3.49 0.002 ** 0.36 [0.42, 1.14]
P12 Tot Hmoxl 7.83 7.30 1.45 0.53 [0.1, 0.97] 253 0.019* 0.88 [0.01, 1.73]
P12 Tot Hspa5 3.78 4.06 0.82 -0.22[-0.3,-0.14] -5.67 <0.001 *** 1.93[0.96, 2.86]
P12 Tot Idhl 3.46 3.32 1.10 0.12 [0.05, 0.2] 3.45 0.002 ** 1.37[0.49, 2.23]
P12 Tot Ift172 7.90 8.24 0.79 -0.35[-0.44,-0.25] -7.71 <0.001 *** 2,51 [1.44,3.54]
P12 Tot Jakl 4.89 4.94 0.97 -0.01 [-0.09, 0.06] -0.38 0.706 0.42[0.32, 1.15]
P12 Tot Jun 6.85 7.12 0.83 -0.27 [-0.35,-0.19] -6.84 <0.001 *** 1.48[0.55, 2.38]
P12 Tot Kif9 8.89 9.01 0.92 -0.07 [-0.2, 0.06] -1.14 0.268 0.64[0.13, 1.39]
P12 Tot Map2kl 7.14 7.11 1.02 0.3[0.1, 0.5] 3.16 0.005 ** 0.05 [0.64, 0.74]
P12 Tot Map2ké 6.92 7.12 0.87 -0.2[-0.29,-0.1] -4.46 <0.001 *** 1.64[0.69, 2.56]
P12 Tot Mapkl 3.25 3.01 1.18 0.24 [0.12, 0.36] 4.16 <0.001 *** 1.36[0.43, 2.25]
P12 Tot Mapkl0 2.97 3.07 0.94 -0.05 [-0.16,0.06] -0.99 0.332 0.46 [0.31, 1.21]
P12 Tot Mapkld 8.01 8.13 0.92 -0.03 [-0.14,0.07] -0.65 0.522 0.61[0.15, 1.37]
P12 Tot Mapk3 4.28 4.27 1.01 0.04 [-0.05,0.13] 0.86 0.397 0.09 [0.65, 0.83]
P12 Tot Mapk8 6.31 6.16 1.11 0.16 [0.03, 0.29] 247 0.022 % 0.91[0.11, 1.68]
P12 Tot Mtl 3.03 2.58 1.36 0.45 [0.24, 0.65] 455 <0.001 *** 1.69[0.73, 2.62]
P12 Tot Mt2 4.10 2.99 2.16 1.11[0.8, 1.42] 7.41 <0.001 *** 2.69[1.47, 3.88]
P12 Tot Ndufv2 1.68 1.85 0.89 -0.14 [-0.23,-0.04] -2.94 0.008 ** 1.22 [0.4, 2.03]
P12 Tot Nfe2l2 6.99 7.18 0.88 -0.13[-0.2,-0.06] -3.62 0.002 ** 0.8[0.03, 1.61]
P12 Tot  Nfkbl 7.11 7.18 0.96 -0.06 [-0.16, 0.05] -1.07 0.296 0.41[0.38, 1.19]
P12 Tot Nfkbib 6.62 6.35 1.20 0.29 [0.14, 0.43] 411  <0.001 *** 1.3[0.47,2.11]
P12 Tot Nosl 6.57 6.77 0.87 -0.2[-0.37,-0.03] -2.39 0.026 * 0.89 [0.05, 1.7]
P12 Tot Ngol 8.95 8.95 1.00 -0.04 [-0.14,0.07] -0.71 0.483 0.01[0.75, 0.77]
P12 Tot Nudtl5 8.11 7.82 1.22 0.29 [0.1, 0.48] 3.22 0.004 ** 1.2 [0.32, 2.05]
P12 Tot Park7 3.96 3.89 1.05 0.1[0.03, 0.16] 3.07 0.006 ** 0.34 [0.44, 1.11]
P12 Tot Parpl 5.75 6.04 0.82 -0.23 [-0.33,-0.12] -4.60 <0.001 *** 1.46 [0.54, 2.35]
P12 Tot Por 5.02 5.02 1.00 0.04[-0.05,0.13] 0.95 0.351 0[0.77,0.77]
P12 Tot Ppplrli5b 5.69 5.72 0.98 0.12[-0.01,0.24] 1.96 0.063 0.08 [0.69, 0.86]
P12 Tot Prdxl 1.88 2.11 0.86 -0.18 [-0.28, -0.09] -4.02 <0.001 *** 1.25 [0.4, 2.08]
P12 Tot  Prdx2 2.79 2.88 0.94 -0.06 [-0.12,0.01] -1.86 0.077 0.87[0.09, 1.64]
P12 Tot  Prdx3 5.10 5.23 0.92 -0.06 [-0.14,0.02] -1.48 0.153 0.8 [0.03, 1.56]
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Layer Gene Avg DCq (N) Avg DCq (IH) Fold Change Difference [CI95] Hedge's g [CI95]
P12 Tot Prdx4 5.51 5.43 1.06 0.1[-0.01, 0.21] 1.97 0.062 0.39[0.42, 1.19]
P12 Tot  Prdx5 3.14 331 0.89 -0.12 [-0.25, 0] -2.05 0.053 0.84 [0.07, 1.59]
P12 Tot Prdx6 4.10 4.14 0.97 0.01[-0.09,0.11] 0.23 0.824 0.22 [0.53, 0.97]
P12 Tot  Psmb5 2.89 2.67 1.16 -0.01 [-0.17,0.14] -0.18 0.860 0.18[0.6, 0.95]
P12 Tot  Ptgsl 7.60 7.48 1.09 -0.1[-0.4, 0.21] -0.64 0.529 0.14 [0.62, 0.91]
P12 Tot Rela 5.13 4.90 1.17 0.03[-0.06,0.12] 0.77 0.449 0.23 [0.55, 0.99]
P12 Tot Rheb 3.26 3.27 0.99 -0.12[-0.23,-0.01] -2.29 0.033 * 0.02 [0.76, 0.79]
P12 Tot SIc38al  4.01 3.85 1.11 -0.01 [-0.09, 0.07] -0.32 0.755 0.13[0.65, 0.9]
P12 Tot Slc4la3 6.46 6.07 1.30 0.26 [0.12, 0.41] 3.75 0.001 ** 0.43 [0.37, 1.22]
P12 Tot Sodl 1.87 1.78 1.06 -0.14[-0.23,-0.06] -3.55 0.002 ** 0.07 [0.7, 0.84]
P12 Tot Sod2 3.58 3.25 1.26 0.26 [0.04, 0.48] 246 0.023 * 0.35[0.45, 1.14]
P12 Tot Sod3 5.29 3.83 2.75 0.78 [0.25, 1.3] 3.07 0.006 ** 0.35 [0.44, 1.14]
P12 Tot Spil 5.82 5.54 1.21 0.05[-0.06,0.16] 1.02 0.320 0.21[0.57,0.98]
P12 Tot Srxnl 5.14 5.33 0.87 -0.28 [-0.38,-0.19] -6.13 <0.001 *** 0.22[0.57, 1]
P12 Tot Tmod 6.79 7.41 0.65 -0.62 [-0.77,-0.47] -8.70 <0.001 *** 3.08 [1.69, 4.43]
P12 Tot  Txnip 4.83 4.67 1.12 -0.07 [-0.4, 0.26] -0.43 0.670 0.16 [0.59, 0.91]
P12 Tot Txnrdl 4.85 4.57 1.22 0.08 [-0.01, 0.17] 1.91 0.070 0.27 [0.51, 1.03]
P12 Tot Txnrd3 7.36 6.32 2.06 0.85 [0.5, 1.19] 5.11 <0.001 *** 0.78 [0.07, 1.61]
P12 Tot Xrccl 8.04 8.13 0.94 -0.09 [-0.18, 0] -2.04 0.054 0.25[0.54, 1.03]
P21  Tot Adcyapl 7.71 7.57 1.10 0.14 [-0.09, 0.37] 1.30 0.217 0.57 [0.35, 1.46]
P21 Tot Adh5 3.87 3.93 0.96 -0.04 [-0.16,0.07] -0.83 0.422 0.57 [0.34, 1.46]
P21 Tot Aldhlal 2.64 2.61 1.03 0.15[-0.11, 0.4] 1.26  0.229 0.14 [0.73, 0.99]
P21 Tot Apc 5.42 5.42 0.99 -0.01 [-0.21,0.19] -0.13 0.895 0.04 [0.82, 0.91]
P21 Tot Apexl 6.44 6.45 0.99 -0.06 [-0.17,0.05] -1.09 0.294 0.09 [0.82, 0.99]
P21 Tot Apoe -0.03 -0.12 1.07 0.09[-0.04,0.23] 1.46 0.169 0.63[0.3, 1.55]
P21 Tot Aqp4 2.67 2.70 0.98 -0.04 [-0.22,0.13] -0.56 0.584 0.16 [0.74, 1.05]
P21 Tot Aqr 6.61 6.70 0.94 -0.06 [-0.14,0.02] -1.52 0.151 0.43[0.48, 1.32]
P21 Tot Atr 8.49 8.48 1.01 -0.02 [-0.15, 0.1] -0.42 0.684 0.06 [0.84, 0.96]
P21 Tot Bax 5.20 5.30 0.93 -0.1[-0.28, 0.07] -1.25 0.232 0.55[0.37, 1.45]
P21 Tot Bcl2 7.27 7.21 1.04 0.05[-0.05,0.15] 1.09 0.297 0.46 [0.46, 1.38]
P21 Tot Casp3 7.02 7.05 0.98 -0.02 [-0.17,0.12] -0.34 0.737 0.2[0.7,1.1]
P21 Tot Casp9 8.85 8.76 1.06 0.09[-0.39,0.56] 0.40 0.696 0.17[0.73, 1.08]
P21 Tot Cat 5.27 5.07 1.15 0.2 [-0.06, 0.46] 1.68 0.118 0.73[0.22, 1.65]
P21 Tot Ccs 6.41 6.49 0.95 0.07[-0.48,0.62] 0.29 0.776 0.16 [0.75, 1.06]
P21 Tot Cox4il 0.00 0.14 0.91 -0.21[-0.57,0.16] -1.22 0.246 0.22[0.68, 1.12]
P21 Tot Ctsb 2.62 2.64 0.99 -0.02 [-0.24, 0.2] -0.19 0.850 0.08 [0.81, 0.98]
P21 Tot Dnm2 5.27 5.37 0.93 -0.15[-0.54,0.24] -0.82 0.429 0.36 [0.56, 1.27]
P21 Tot Ehd2 9.34 9.19 1.11 -0.03[-0.19,0.12] -0.46 0.654 0.85[0.14, 1.8]
P21 Tot  Ercc2 7.11 6.98 1.10 -0.08 [-0.3, 0.15] -0.75 0.468 0.43[0.49, 1.34]
P21 Tot  Erccé 10.20 10.25 0.97 -0.13[-0.33,0.06] -1.52 0.152 0.23[0.67,1.12]
P21 Tot Fthl -0.01 0.65 0.63 -0.45[-1.08,0.18] -1.55 0.146 0.96 [0.06, 1.94]
P21 Tot Gabl 5.59 5.61 0.99 -0.07 [-0.29,0.16] -0.65 0.530 0.16 [0.75, 1.06]
P21 Tot Gpx1l 4.39 4.13 1.20 0.27 [0.08, 0.45] 3.04 0.010 ** 1.32[0.29, 2.32]
P21 Tot Gpx3 6.57 6.65 0.95 -0.05[-0.28,0.17] -0.53 0.604 0.27 [0.64, 1.16]
P21 Tot Gpx4 3.56 3.35 1.16 0.03[-0.13,0.2] 0.43 0.674 0.94 [0.07, 1.91]
P21 Tot Gpx7 8.28 7.75 1.45 0.53 [0.04, 1.02] 2.33 0.036* 0.92 [0.09, 1.89]
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Hedge's g [CI95]

P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
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Layer Gene
Tot  Gpx8
Tot  Gsr

Tot  Gss

Tot  Gstkl
Tot  Gstml
Tot Hadh
Tot  Hifla
Tot Hmox1
Tot  Hspas
Tot Idhl
Tot  Ift172
Tot  Jakl

Tot  Jun

Tot  Kif9

Tot  Map2kl
Tot  Map2k6
Tot  Mapkl
Tot  Mapkl0
Tot  Mapkl4d
Tot  Mapk3
Tot  Mapk8
Tot Mtl
Tot Mt2

Tot  Ndufv2
Tot  Nfe2l2
Tot  Nfkbl
Tot  Nfkbib
Tot Nosl
Tot Nqol
Tot  Nudtl5
Tot  Park7
Tot Parpl
Tot Por

Tot Ppplri5b
Tot  Prdxl
Tot  Prdx2
Tot  Prdx3
Tot  Prdx4
Tot  Prdx5
Tot  Prdx6
Tot  Psmb5
Tot Ptgsl
Tot Rela

Tot  Rheb
Tot  Slc38al
Tot  Slc4la3

7.76
5.46
7.05
7.13
4.32
6.38
4.92
8.25
3.30
4.42
7.84
5.39
6.44
8.76
7.05
7.37
3.80
2.64
8.18
4.46
9.02
0.95
1.53
1.85
7.01
7.36
6.84
6.54
8.50
8.18
4.14
5.98
5.39
5.80
1.83
3.18
5.21
6.26
2.82
3.24
3.48
8.23
6.30
3.69
5.31
6.38

7.42
5.57
6.99
7.04
4.70
6.16
4.92
8.17
3.62
4.00
8.00
5.49
6.61
8.46
6.94
7.56
3.78
2.84
8.55
4.65
8.33
2.25
2.01
1.99
6.84
7.55
7.15
6.53
8.69
8.24
4.05
6.00
5.72
5.97
1.90
3.11
5.21
6.20
2.77
3.23
3.70
8.19
6.24
3.79
5.22
6.45

1.27
0.93
1.04
1.07
0.77
1.16
1.00
1.05
0.80
1.34
0.89
0.94
0.89
1.23
1.08
0.88
1.01
0.87
0.77
0.88
1.61
0.41
0.72
0.91
1.13
0.88
0.81
1.01
0.88
0.96
1.07
0.98
0.80
0.89
0.95
1.05
1.00
1.05
1.03
1.01
0.86
1.03
1.05
0.93
1.07
0.95

0.35 [-0.06, 0.75]
-0.11 [-0.27, 0.04]
-0.04 [-0.32, 0.24]
0.04 [-0.15, 0.24]
-0.23 [-0.94, 0.48]
0.06 [-0.16, 0.27]
0.01 [-0.07, 0.08]
0.08 [-0.06, 0.22]

-0.33 [-0.49, -0.17]

0.42 [0.1, 0.74]
-0.17 [-0.48, 0.15]
-0.1[-0.49, 0.3]
0.12 [-0.22, 0.45]
0.01[-0.2, 0.21]
0.08 [-0.02, 0.18]
-0.19 [-0.65, 0.27]
0.02 [-0.37, 0.4]
-0.14 [-0.79, 0.51]
-0.37 [-0.84, 0.1]
-0.14 [-0.59, 0.31]
0.23 [-0.19, 0.65]

-1.01 [-1.96, -0.05]

-0.58 [-0.75, -0.4]
0.12 [-0.13, 0.36]
0.05 [-0.08, 0.19]
-0.19 [-0.64, 0.27]
-0.26 [-0.93, 0.41]
0[-0.14, 0.15]
-0.26 [-0.4, -0.13]
-0.04 [-0.15, 0.08]
0.16 [-0.06, 0.37]
-0.09 [-0.2, 0.01]
-0.32 [-0.85, 0.2]
-0.16 [-0.3, -0.03]
0[-0.2,0.19]
-0.04 [-0.13, 0.06]
0[-0.07, 0.06]
-0.01[-0.1, 0.08]
0.05 [-0.05, 0.14]
0.05 [-0.11, 0.21]
-0.09 [-0.23, 0.05]
0.05 [-0.08, 0.17]
0.07 [-0.01, 0.15]
0[-0.14, 0.15]
0[-0.11, 0.11]
-0.1[-0.23, 0.02]

1.87
-1.54
-0.29
0.47
-0.69
0.56
0.14
1.20
-4.37
2.84
-1.13
-0.53
0.76
0.08
1.74
-0.87
0.09
-0.46
-1.70
-0.66
1.19
-2.28
-7.02
1.03
0.83
-0.90
-0.84
0.05
-4.18
-0.72
1.59
-1.87
-1.32
-2.62
-0.01
-0.78
-0.10
-0.22
1.06
0.66
-1.34
0.78
1.79
0.01
0.08
-1.74

0.085
0.147
0.778
0.644
0.500
0.582
0.892
0.252

<0.001 ***

0.014
0.279
0.605
0.463
0.938
0.105
0.398
0.929
0.656
0.113
0.519
0.256
0.040

<0.001 ***

0.324
0.421
0.387
0.415
0.957
0.001
0.487
0.137
0.084
0.210
0.021
0.989
0.451
0.925
0.829
0.307
0.524
0.203
0.447
0.097
0.992
0.937
0.106

*

*

* %

0.76 [0.21, 1.69]
0.67 [0.27, 1.59]
0.26 [0.65, 1.16]
0.63[0.3, 1.54]
0.54 [0.39, 1.45]
1.1[0.07, 2.09]
0.06 [0.84, 0.96]
0.51[0.42, 1.43]
1.92 [0.77, 3.04]
1.2[0.16, 2.2]
0.48 [0.45, 1.39]
0.23 [0.68, 1.13]
0.44 [0.48, 1.34]
1.1[0.11, 2.07]
0.57 [0.36, 1.49]
0.4[0.5, 1.29]
0.04 [0.87, 0.94]
0.35 [0.56, 1.25]
0.7 [0.26, 1.63]
0.4[0.52, 1.31]
0.87[0.13, 1.82]
1.17 [0.09, 2.2]
1.91[0.74, 3.03]
0.4[0.52, 1.3]
0.99 [0.04, 1.96]
0.38[0.54, 1.28]
0.48 [0.45, 1.39]
0.04 [0.85, 0.93]
0.8 [0.15, 1.72]
0.41[0.51, 1.31]
0.43 [0.5, 1.34]
0.14 [0.75, 1.03]
0.57 [0.37, 1.48]
0.94 [0.03, 1.88]
0.42[0.47, 1.3]
0.38[0.54, 1.29]
0.04 [0.86, 0.94]
0.43 [0.49, 1.33]
0.43 [0.49, 1.33]
0.1[0.81, 1]
0.88[0.1, 1.83]
0.33[0.59, 1.24]
0.73 [0.23, 1.67]
0.48 [0.43, 1.36]
0.8[0.18, 1.74]
0.44 [0.49, 1.34]
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Layer Gene Avg DCq (N) Avg DCq (IH) Fold Change Difference [CI95] Hedge's g [CI95]
P21 Tot Sodl 2.68 2.60 1.06 0.05[-0.02,0.13] 1.53 0.150 0.99 [0.03, 1.97]
P21 Tot Sod2 4.62 4.53 1.06 0.05[-0.08,0.18] 0.91 0.381 0.74[0.22, 1.67]
P21 Tot Sod3 7.21 7.22 0.99 -0.04 [-0.16,0.09] -0.61 0.551 0.11[0.8, 1]
P21 Tot Spil 7.05 7.10 0.97 -0.05 [-0.16, 0.07] -0.88 0.394 0.36 [0.56, 1.27]
P21 Tot Srxnl 5.15 5.77 0.65 -0.48 [-1.15,0.19] -1.54 0.148 0.93[0.08, 1.89]
P21 Tot Tmod 6.02 5.92 1.07 -0.03 [-0.18,0.13] -0.35 0.731 0.5[0.43, 1.41]
P21 Tot Txnip 5.89 6.25 0.78 -0.91[-1.19,-0.63] -7.08 <0.001 *** 0.92[0.07, 1.87]
P21 Tot Txnrdl 6.15 6.04 1.08 0.07[-0.01,0.15] 1.99 0.068 0.98 [0, 1.94]
P21 Tot Txnrd3 8.90 8.68 1.17 0.23[0.11, 0.35] 4.05 0.001 ** 1.77 [0.65, 2.84]
P21 Tot Xrccl 8.27 8.03 1.18 0.07[-0.11,0.25] 0.83 0.419 110, 1.97]
P70 Tot Adcyapl 7.36 7.75 0.77 -0.39[-0.73,-0.04] -3.10 0.036 * 1.54 [0.06, 3.04]
P70 Tot Adh5 4.25 4.55 0.81 -0.3[-0.55,-0.04] -3.20 0.033 * 1.91[0.31, 3.44]
P70 Tot Aldhlal 2.55 2.19 1.28 0.35[0.09, 0.61] 3.71 0.021 % 1.2[0.26, 2.57]
P70 Tot Apc 5.46 5.31 1.11 0.15 [-0.05, 0.35] 2.04 0.111 0.97 [0.4, 2.25]
P70 Tot Apexl 6.42 6.51 0.94 -0.1[-0.31,0.12] -1.26  0.276 0.68 [0.59, 1.9]
P70 Tot Apoe 0.00 -0.29 1.22 0.29 [0.04, 0.54] 3.23 0.032 % 1.89 [0.26, 3.45]
P70 Tot Aqp4 2.73 2.94 0.87 -0.2 [-0.67, 0.26] -1.21  0.292 0.65 [0.62, 1.87]
P70 Tot Aqr 6.34 6.48 0.91 -0.14 [-0.35,0.07] -1.89 0.132 1[0.37, 2.28]
P70 Tot Atr 8.07 8.10 0.98 -0.03[-0.29,0.22] -0.34 0.751 0.17[1, 1.32]
P70 Tot Bax 5.62 5.36 1.20 0.26 [-0.17, 0.68] 1.69 0.167 1[0.33, 2.25]
P70 Tot Bcl2 6.74 6.80 0.96 -0.06 [-0.3, 0.18] -0.69 0.528 0.4 [0.65, 1.41]
P70 Tot Casp3 7.49 7.53 0.97 -0.04 [-0.37,0.28] -0.37 0.729 0.21[0.99, 1.39]
P70 Tot Casp9 8.63 8.30 1.25 0.32[-0.2, 0.85] 1.71 0.163 0.85[0.47, 2.1]
P70 Tot Cat 5.70 5.54 1.12 0.16 [-0.14,0.46] 1.50 0.209 0.79[0.52, 2.03]
P70 Tot Ccs 7.87 6.17 3.25 1.7 [0.78, 2.62] 5.15 0.007 ** 3.01[0.93, 5.02]
P70 Tot Cox4il -0.26 -0.79 1.45 0.53[-0.73, 1.8] 1.17 0.307 0.4 [0.68, 1.41]
P70 Tot Ctsb 2.17 2.18 1.00 -0.01 [-0.5, 0.49] -0.04 0.970 0.02 [1.09, 1.13]
P70 Tot Dnm2 5.37 5.93 0.68 -0.56 [-1.04,-0.07] -3.19 0.033 * 1.81[0.2, 3.34]
P70 Tot Ehd2 8.53 8.71 0.88 -0.18 [-0.48,0.11] -1.73 0.158 0.9 [0.44, 2.16]
P70 Tot  Ercc2 6.69 6.63 1.05 0.07 [-0.41,0.54] 0.38 0.724 0.2 [0.99, 1.36]
P70 Tot  Erccé 9.57 9.82 0.84 -0.25[-0.69,0.19] -1.60 0.184 0.73[0.55, 1.92]
P70 Tot Fthl -1.04 -0.65 0.76 -0.39[-0.81,0.02] -2.64 0.058 1.29 (0.2, 2.69]
P70 Tot Gabl 5.75 6.05 0.81 -0.3[-0.54,-0.06] -3.43 0.027 * 1.56 [0.08, 3.1]
P70 Tot Gpx1 3.82 4.21 0.77 -0.38 [-0.54, -0.22] -6.64 0.003 ** 3.94 [1.23, 6.62]
P70 Tot Gpx3 6.52 6.18 1.26 0.33[0.1, 0.57] 3.90 0.018* 1.83[0.07, 3.5]
P70 Tot Gpx4 3.16 3.57 0.75 -0.41 [-0.88,0.06] -2.40 0.074 1.46 [0.03, 2.8]
P70 Tot Gpx7 8.54 9.11 0.67 -0.57 [-1.05,-0.09] -3.28 0.030 * 1.95[0.32, 3.49]
P70 Tot Gpx8 7.31 8.07 0.59 -0.77 [-1.55,0.02] -2.70 0.054 1.63 [0.14, 3.04]
P70 Tot Gsr 5.34 5.73 0.76 -0.39[-0.82,0.04] -2.52 0.065 1.34[0.14, 2.74]
P70 Tot Gss 7.28 7.54 0.84 -0.26 [-0.54,0.03] -2.47 0.069 1.47 [0.02, 2.85]
P70 Tot Gstkl 6.51 6.77 0.84 -0.25[-0.62,0.11] -1.91 0.129 0.76 [0.51, 1.93]
P70 Tot Gstml 2.85 2.93 0.95 -0.08 [-0.58,0.42] -0.45 0.678 0.26 [0.94, 1.43]
P70 Tot Hadh 6.61 6.58 1.03 0.04[-0.12,0.19] 0.67 0.542 0.31[0.86, 1.45]
P70 Tot Hifla 4.53 4.73 0.87 -0.2[-0.55,0.15]  -1.60 0.185 0.77 [0.53, 1.99]
P70 Tot Hmoxl 8.06 7.88 1.13 0.17 [-0.15, 0.5] 1.51 0.206 0.59[0.6, 1.7]
P70 Tot Hspab 3.81 3.39 1.33 0.42[-0.02,0.85] 2.63  0.058 1.06 [0.34, 2.37]
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Layer Gene Avg DCq (N) Avg DCq (IH) Fold Change Difference [CI95] Hedge's g [CI95]
P70 Tot Idhl 4.53 4.91 0.77 -0.38 [-0.72,-0.05] -3.17 0.034 * 1.91 [0.31, 3.44]
P70 Tot Ift172 6.75 7.08 0.80 -0.33[-0.87,0.21] -1.69 0.166 1.01[0.25, 2.2]
P70 Tot Jakl 4.63 4.91 0.82 -0.28 [-0.73,0.16] -1.79 0.148 0.99 [0.36, 2.27]
P70 Tot Jun 6.51 6.80 0.82 -0.29 [-0.76,0.18] -1.69 0.166 0.99 [0.34, 2.25]
P70 Tot Kif9 8.33 8.03 1.23 0.3[-0.13,0.72] 1.94 0.125 1.11 [0.26, 2.41]
P70 Tot Map2kl 6.61 6.84 0.85 -0.23 [-0.51,0.05] -2.32 0.081 1.39[0.01, 2.7]
P70 Tot Map2ké 6.87 7.03 0.89 -0.16 [-0.84,0.51] -0.67 0.541 0.35[0.86, 1.52]
P70 Tot Mapkl 3.19 3.22 0.97 -0.04 [-0.62,0.54] -0.18 0.865 0.09 [1.08, 1.26]
P70 Tot Mapklo 2.12 1.99 1.10 0.14 [-0.25,0.52] 0.98 0.383 0.45[0.75, 1.59]
P70 Tot Mapkld 7.56 7.39 1.12 0.17[-0.23,0.56] 1.19 0.299 0.7 [0.43, 1.76]
P70 Tot Mapk3 4,51 4.48 1.02 0.03[-0.38,0.43] 0.19 0.861 0.11[0.97,1.19]
P70 Tot Mapk8 7.46 7.15 1.24 0.31[-0.17, 0.79] 1.80 0.146 0.59 [0.55, 1.64]
P70 Tot Mtl 1.32 1.08 1.18 0.24 [-0.1, 0.58] 194 0.124 1.14 [0.22, 2.44]
P70 Tot Mt2 2.28 1.86 1.34 0.42 [0.17, 0.67] 460 0.010* 2.62 [0.67, 4.49]
P70 Tot Ndufv2 1.79 1.79 1.00 0[-0.29, 0.29] 0.00 0.999 0[1.17,1.17]
P70 Tot Nfe2l2 6.67 6.70 0.98 -0.03 [-0.22,0.15] -0.51 0.639 0.24[0.93, 1.38]
P70 Tot Nfkb1 6.85 7.04 0.88 -0.19[-0.74,0.37] -0.92 0.408 0.34[0.75, 1.38]
P70 Tot  Nfkbib 6.38 6.50 0.92 -0.12 [-0.95,0.72] -0.39 0.720 0.22[0.98, 1.39]
P70 Tot Nosl 6.10 6.27 0.89 -0.17 [-0.71,0.37] -0.88 0.430 0.41[0.78, 1.55]
P70 Tot Nqol 8.30 8.19 1.08 0.11 [-0.69, 0.91] 0.38 0.722 0.22[0.98, 1.39]
P70 Tot Nudtl5  8.16 8.03 1.09 0.13[-0.23,0.49] 0.99 0.379 0.52[0.72,1.71]
P70 Tot  Park7 3.88 3.61 1.20 0.26 [-0.01,0.54] 2.65 0.057 1.55 [0.06, 2.97]
P70 Tot Parpl 6.02 5.83 1.15 0.2 [-0.11, 0.5] 1.79 0.148 0.99 [0.36, 2.27]
P70 Tot Por 4.34 5.02 0.63 -0.67 [-1.03,-0.32] -5.32 0.006 ** 3.04 [0.92,5.1]
P70 Tot Ppplri5b 5.62 5.72 0.93 -0.1[-0.45, 0.24] -0.82  0.457 0.35[0.8, 1.45]
P70 Tot Prdxl 1.72 1.95 0.86 -0.22 [-0.57,0.12] -1.80 0.147 0.97 [0.38, 2.25]
P70 Tot  Prdx2 3.24 3.24 1.00 -0.01 [-0.19,0.17] -0.11 0.920 0.06[1.12, 1.23]
P70 Tot  Prdx3 4.94 4.81 1.09 0.13[-0.11,0.36] 1.50 0.208 0.87[0.43, 2.11]
P70 Tot Prdx4 6.13 6.28 0.90 -0.16 [-0.39,0.07] -1.90 0.130 1.06 [0.31, 2.36]
P70 Tot  Prdx5 2.69 2.75 0.96 -0.06 [-0.31, 0.2] -0.63 0.565 0.38[0.81, 1.53]
P70 Tot Prdx6 3.31 2.70 1.52 0.61 [0.35, 0.87] 6.42  0.003 ** 3.37[0.93, 5.76]
P70 Tot  Psmb5 3.82 3.58 1.18 0.24[-0.13,0.61] 1.82 0.143 0.99 [0.37, 2.28]
P70 Tot Ptgsl 7.49 7.68 0.87 -0.19[-0.47,0.08] -1.98 0.119 1.16 [0.21, 2.46]
P70 Tot Rela 5.93 6.18 0.84 -0.25[-0.66,0.15] -1.75 0.155 0.61[0.55, 1.69]
P70 Tot Rheb 3.59 3.98 0.76 -0.39 [-0.69, -0.08] -3.53 0.024 * 2.13 [0.44, 3.76]
P70 Tot Slc38al  4.53 4.73 0.87 -0.2 [-0.45, 0.06] -2.15 0.097 1.3[0.08, 2.61]
P70 Tot Slc4la3  6.24 6.04 1.15 0.21[-0.32,0.73] 1.10 0.334 0.62 [0.64, 1.83]
P70 Tot Sodl 2.37 2.58 0.86 -0.22[-0.42,-0.01] -2.92 0.043 * 1.3[0.22,2.71]
P70 Tot Sod2 4.38 4.31 1.05 0.07[-0.18,0.32] 0.76  0.489 0.46 [0.74, 1.62]
P70 Tot Sod3 6.70 6.53 1.12 0.16[-0.34,0.66] 0.91 0.414 0.47 [0.76, 1.65]
P70 Tot Spil 6.52 6.57 0.97 -0.04 [-0.38, 0.3] -0.33 0.760 0.16[1, 1.29]
P70 Tot Srxnl 4.75 4.92 0.89 -0.17[-0.72,0.38] -0.86 0.438 0.28 [0.73, 1.23]
P70 Tot Tmod 5.50 5.91 0.76 -0.4 [-0.82, 0.02] -2.67 0.056 1.16 [0.29, 2.51]
P70 Tot  Txnip 6.55 6.69 0.90 -0.14 [-0.32,0.03] -2.28 0.084 1.36 [0.06, 2.7]
P70 Tot Txnrdl 5.79 5.78 1.00 0.01[-0.26,0.27] 0.05 0.960 0.03[1.13,1.18]
P70 Tot Txnrd3 8.17 8.55 0.77 -0.38 [-0.67,-0.09] -3.69 0.021 * 1.94[0.2, 3.59]
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Stage Layer Gene Avg DCq (N) Avg DCq (IH) Fold Change Difference [CI95] p.value Hedge's g [CI95]

P70 Tot Xrccl 7.58 8.19 0.66 -0.61[-1.2,-0.01] -2.82 0.048 * 1.7 [0.18, 3.14]

Asterisks after p.values indicate the level of statistical significance: one for p < .05, two for p < .01, and three for p < .001
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Stage Layer Gene

P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P12
P12
P12
P12
P12
P12
P12
P12
P12
P12
P12
P12
P12
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PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC

Adcyapl 15.06
Apexl 5.96
Casp3 9.14
Cox4il 0.88
Dnm2 10.04
Fthl 141
Gpx4 3.72
Gpx7 7.50
Gsr 7.30
Gss 12,95
Hadh 8.84
Hifla 12.18
Jun 10.19
Mapk1 10.47
Mapk14  13.53
Mapk3 9.35
Mt2 6.37
Nfkb1 11.22
Nfkbib 11.06
Nosl 14.77
Parpl 13.23
Por 7.32
Prdx2 1.34
Prdx3 4.79
Prdx5 1.89
Prdx6 5.03
Rheb 4.66
Slc41a3  7.51
Sod2 6.87
Srxnl 10.55
Adcyapl 11.04
Aldhlal 6.94
Apexl 6.66
Casp3 9.94
Cox4il 1.86
Dnm?2 13.39
Fthl 2.83
Gpx4 4.92
Gpx7 7.63
Gsr 9.78
Gss 9.44
Hadh 8.05
Hifla 13.27

Avg DCq (N) Avg DCq (IH)

10.12
6.13
9.77
0.97
13.19
141
4.35
8.16
10.08
9.25
8.13
13.15
9.44
9.98
14.50
8.69
5.39
15.07
8.55
19.76
8.98
6.77
2.26
5.55
2.37
5.69
4.48
7.77
6.29
8.74
11.79
8.26
6.90
10.21
1.90
13.53
2.80
4.96
8.24
9.38
10.10
8.57
13.20
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Fold Change Difference [Clss] t

30.64
0.89
0.65
0.94
0.11
1.00
0.65
0.63
0.15
12.97
1.64
0.51
1.68
141
0.51
1.59
1.98
0.07
5.71
0.03
18.97
1.46
0.53
0.59
0.72
0.63
1.13
0.83
1.50
3.53
0.59
0.40
0.84
0.83
0.98
0.90
1.02
0.98
0.65
1.32
0.63
0.70
1.05

4.94[-0.13, 10.01]
-0.17 [-0.65, 0.3]
-0.63 [-1.54, 0.28]
-0.09 [-0.34, 0.15]
-3.15 [-7.36, 1.05]
0[-0.25, 0.25]
-0.63 [-0.94, -0.32]
-0.67 [-2.14, 0.8]
-2.78[-4.56, -1]
3.7 [0.56, 6.83]
0.72 [-0.86, 2.29]
-0.97 [-5.02, 3.07]
0.75 [-0.57, 2.07]
0.49 [-2.6, 3.58]
-0.97 [-2.26, 0.33]
0.67 [-0.91, 2.24]
0.99 [0.49, 1.48]
-3.86 [-5.34, -2.38]
2.51[0.92, 4.11]
-4.99 [-7.48, -2.49]
4.25[1.91, 6.58]
0.55 [-1.47, 2.57]
-0.92 [-1.21, -0.63]
-0.76 [-1.14, -0.38]
-0.48 [-0.86, -0.11]
-0.66 [-1.01, -0.31]
0.18 [-0.46, 0.81]
-0.27 [-1.02, 0.49]
0.58 [-0.12, 1.29]
1.82 [-1.06, 4.7]
-0.75 [-2.31, 0.8]
-1.33 [-2.26, -0.39]
-0.25 [-0.74, 0.25]
-0.27 [-0.95, 0.4]
-0.04 [-0.42, 0.35]
-0.14 [-1.89, 1.61]
0.03 [-0.23, 0.3]
-0.04 [-0.35, 0.28]
-0.61 [-1.33, 0.1]
0.41[-1, 1.81]
-0.66 [-1.28, -0.03]
-0.52 [-1.79, 0.74]
0.07 [-1.54, 1.67]

2.17
-0.77
-1.51
-0.83
-1.73
-0.01
-4.35
-0.99
-3.44
2.53
0.98
-0.57
1.28
0.34
-1.61
0.91
4.30
-5.59
3.41
-4.31
3.89
0.58
-6.85
-4.25
-2.75
-4.00
0.60
-0.76
1.77
1.35
-1.04
-3.11
-1.04
-0.86
-0.19
-0.17
0.24
-0.24
-1.78
0.60
-2.19
-0.85
0.09

p.value

0.055
0.453
0.157
0.421
0.122
0.989
<0.001 ***
0.344
0.006 **
0.024 *
0.346
0.588
0.232
0.737
0.131
0.380
<0.001 ***
<0.001 ***
0.005 **
<0.001 ***
0.002 **
0.568
<0.001 ***
<0.001 ***
0.016 *
0.001 **
0.559
0.460
0.099
0.197
0.315
0.010 **
0.311
0.403
0.853
0.864
0.814
0.813
0.090
0.555
0.040 *
0.402
0.932

Hedge's g [Clss]
1.04 [0.07, 2.09]
0.32 [0.61, 1.24]
0.82[0.12, 1.73]
0.35 [0.58, 1.27]
0.67 [0.5, 1.76]
0.01 (0.9, 0.92]
1.85 [0.64, 3]
0.37 [0.66, 1.36]
1.67 [0.44, 2.84]
0.92 [0.14, 1.94]
0.36 [0.58, 1.28]
0.34[0.76, 1.42]
0.56 [0.55, 1.6]
0.13[0.79, 1.04]
0.72 [0.22, 1.64]
0.36 [0.59, 1.28]
1.81[0.6, 2.96]
2.2[0.78, 3.57]
1.24 [0.02, 2.39]
1.99 [0.78, 3.15]
1.41[0.19, 2.58]
0.22[0.71, 1.13]
2.77[1.19, 4.29]
1.92[0.78, 3.02]
1.16 [0.11, 2.17]
1.66 [0.48, 2.79]
0.26 [0.66, 1.17]
0.32[0.61, 1.24]
0.68 [0.31, 1.64]
0.5[0.47, 1.44]
0.46 [0.5, 1.4]
1.43[0.27, 2.55]
0.37[0.41, 1.13]
0.32[0.51, 1.13]
0.07 [0.69, 0.82]
0.07 [0.77,0.9]
0.09 [0.68, 0.84]
0.09 [0.68, 0.85]
0.66 [0.16, 1.47]
0.23[0.52, 0.96]
0.82[0.02, 1.61]
0.31[0.46, 1.07]
0.03 [0.79, 0.86]
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Stage Layer Gene
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PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC

Jun 10.68
Mapk1 9.73
Mapk14  14.63
Mapk3 9.13
Mt2 6.34
Nfkb1 12.28
Nfkbib 8.56
Parpl 9.18
Por 7.07
Ppplrl5bh 14.49
Prdx2 2.60
Prdx3 4.94
Prdx5 2.53
Prdx6 4.71
Rheb 3.87
Slc4la3  7.74
Sod2 5.93
Srxnl 7.60
Txnip 12.76

Txnrd3 11.64
Adcyapl 10.70

Apexl 6.39
Casp3 9.97
Cox4il 0.82
Dnm?2 12.33
Fthl 2.15
Gpx4 3.72
Gpx7 7.43
Gsr 6.80
Gss 8.02
Hadh 7.81
Hifla 11.79
Jun 9.80
Mapk1 8.14
Mapkl4 13.34
Mapk3 9.20
Mt2 2.61
Nfkb1 12.56
Nfkbib 9.52
Parpl 6.78
Por 4.97
Ppplrl5b 12.05
Prdx2 0.96

Avg DCq (N) Avg DCq (IH)

11.67
9.62
14.05
8.48
5.40
12.89
9.68
9.83
7.17
13.31
2.80
5.20
2.72
4.99
4.32
8.94
6.28
7.70
12.91
13.27
10.60
531
10.54
0.70
10.80
2.27
3.17
6.92
7.01
7.39
8.13
9.12
11.09
8.05
13.08
8.42
2.85
12.00
9.10
7.18
6.56
10.42
0.50

Fold Change Difference [Clss] t

0.51
1.08
1.50
1.58
1.93
0.66
0.46
0.64
0.93
2.26
0.87
0.84
0.88
0.82
0.73
0.43
0.78
0.93
0.90
0.32
1.07
2.12
0.68
1.08
2.88
0.92
1.47
1.42
0.87
1.55
0.80
6.37
0.41
1.07
1.20
1.71
0.84
1.48
1.34
0.75
0.33
3.10
1.38

-0.98 [-2.88, 0.91]
0.11[-0.72, 0.94]
0.59 [-0.87, 2.05]
0.66 [-0.07, 1.39]
0.95 [0.36, 1.53]
-0.6[-2.2,1]
-1.12 [-2.41, 0.17]
-0.65 [-1.3, 0]
-0.11 [-0.83, 0.61]
1.17 [-2.1, 4.45]
-0.2 [-0.57, 0.18]
-0.25 [-0.76, 0.26]
-0.19 [-0.37, 0]
-0.28 [-0.59, 0.02]
-0.46 [-0.82, -0.1]
-1.2 [-2.38,-0.02]
-0.35 [-0.75, 0.05]
-0.1[-0.57, 0.37]
-0.15 [-1.47, 1.17]
-1.63 [-4.37, 1.11]
0.09 [-3.41, 3.6]
1.09 [-0.38, 2.56]
-0.56 [-4.69, 3.57]
0.12 [-0.49, 0.72]
1.53 [-1.16, 4.22]
-0.11 [-0.75, 0.52]
0.56 [-0.23, 1.35]
0.51 [-1.15, 2.17]
-0.2 [-1.58, 1.18]
0.63 [-0.69, 1.95]
-0.32 [-2.19, 1.55]
2.67[-0.1, 5.44]
-1.29 [-3.32, 0.74]
0.1[-1.26, 1.45]
0.26 [-1.29, 1.82]
0.78 [-0.61, 2.16]
-0.25 [-1.07, 0.57]
0.57 [-1.87, 3]
0.43 [-2.95, 3.8]
-0.41 [-1.66, 0.84]
-1.59 [-4.26, 1.07]
1.63 [-1.33, 4.59]
0.46 [-0.37, 1.29]

-1.08
0.27
0.83
1.87
3.36
-0.78
-1.80
-2.09
-0.31
0.77
-1.09
-1.03
-2.10
-1.93
-2.61
-2.11
-1.82
-0.44
-0.24
-1.26
0.06
1.60
-0.33
0.41
1.34
-0.39
151
0.69
-0.32
1.07
-0.37
2.28
-1.40
0.16
0.36
1.20
-0.64
0.50
0.28
-0.74
-1.29
1.35
1.19

p.value
0.293
0.787
0.415
0.075
0.003 **
0.444
0.085
0.049 *
0.763
0.455
0.289
0.314
0.047 *
0.066
0.016 *
0.046 *
0.082
0.668
0.810
0.226
0.952
0.134
0.751
0.687
0.222
0.702
0.153
0.509
0.756
0.311
0.719
0.057
0.189
0.879
0.721
0.250
0.531
0.626
0.786
0.481
0.220
0.226
0.254
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Hedge's g [Clos)
0.4 [0.46, 1.24]
0.1[0.69, 0.89]
0.29 [0.49, 1.06]
0.66 [0.14, 1.45]
1.19 [0.32, 2.04]
0.28 [0.48, 1.04]
0.6 [0.22, 1.39]
0.75 [0.09, 1.56]
0.11 [0.63, 0.86]
0.39 [0.44, 1.2]
0.38[0.4, 1.15]
0.37[0.39, 1.13]
0.72[0.1, 1.52]
0.69 [0.11, 1.47]
0.93 [0.11, 1.74]
0.73 [0.09, 1.53]
0.66 [0.14, 1.43]
0.16 [0.6, 0.91]
0.1[0.73, 0.94]
0.52[0.4, 1.42]
0.03 [0.95, 1.01]
0.69 [0.28, 1.62]
0.14[0.91, 1.16]
0.18 [0.71, 1.07]
0.75[0.4, 1.85]
0.17[0.73, 1.07]
0.66 [0.27, 1.57]
0.32[0.7, 1.34]
0.14 0.8, 1.07]
0.51[0.53, 1.53]
0.16 [0.77, 1.09]
0.97 [0.32, 2.18]
0.64 [0.39, 1.65]
0.07 [0.84, 0.97]
0.16 [0.71, 1.02]
0.5[0.43,1.42]
0.28 [0.6, 1.15]
0.21[0.7, 1.12]
0.13[0.85, 1.11]
0.35[0.7, 1.39]
0.55 [0.39, 1.47]
0.71[0.53, 1.9]
0.51[0.42, 1.43]
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Appendix 5: Statistical results of the OS panel on Purkinje cells

Stage Layer

P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P70
P70
P70
P70
P70
P70
P70
P70
P70
P70
P70

PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC

Prdx3
Prdx5
Prdx6
Rheb
Slc41a3
Sod2
Srxnl
Tmod
Txnip
Txnrd3
Apexl
Cox4il
Fthl
Gpx4
Hadh
Hifla
Mapk14
Mapk3
Mt2
Nfkb1
Nfkbib

Avg DCq (N)
4.31
1.76
3.10
3.11
6.78
6.34
4.62
10.36
10.50
8.68
1.25
-0.18
0.50
1.65
1.02
6.58
3.95
2.12
2.04
3.14
3.70

Avg DCq (IH)

3.35
1.40
2.87
3.43
7.39
5.40
5.17
8.89
11.99
11.99
3.76
0.19
0.19
2.07
2.04
5.10
5.16
2.94
2.65
3.52
5.20

Fold Change Difference [Clos]

1.95
1.28
1.18
0.80
0.66
191
0.68
2.77
0.36
0.10
0.18
0.77
1.24
0.75
0.49
2.79
0.43
0.57
0.65
0.77
0.35

0.96 [-0.63, 2.56]
0.36 [-0.3, 1.02]
0.24 [-0.36, 0.84]
-0.32 [-0.86, 0.22]
-0.61 [-3.46, 2.23]
0.94 [-0.84, 2.71]
-0.55 [-2.42, 1.32]
1.47 [-0.92, 3.85]
-1.49 [-3.95, 0.97]
-3.31[-6, -0.62]
-2.51[-5.8,0.77]
-0.37 [-1.85, 1.1]
0.31[-1.68, 2.3]
-0.42 [-2.1, 1.25]
-1.02 [-4.15, 2.1]
1.48 [-2.78, 5.74]
-1.2[-3.25, 0.84]
-0.82 [-2.62, 0.97]
-0.62 [-1.79, 0.55]
-0.38 [-1.26, 0.49]
-1.51 [-3.11, 0.09]

t
1.29
1.16
0.85
-1.28
-0.46
1.13
-0.63
151
-1.68
-3.16
-2.44
-0.81
0.49
-0.80
-1.04
1.11
-1.87
-1.46
-1.68
-1.39
-2.99

p.value

0.217
0.265
0.411
0.222
0.652
0.278
0.538
0.182
0.168
0.025
0.093
0.477
0.658
0.482
0.374
0.350
0.158
0.242
0.192
0.260
0.058

Hedge's g [Clos)
0.56 [0.34, 1.43]
0.51 [0.41, 1.41]
0.37[0.54, 1.27]
0.55[0.35, 1.43]
0.2[0.71,1.1]
0.49 [0.4, 1.35]
0.27 [0.64, 1.18]
0.8 [0.46, 2]
0.95[0.42, 2.25]
1.88 [0.27, 3.42]
1.13 [0.35, 2.51]
0.36 [0.78, 1.44]
0.26 [1.04, 1.53]
0.4[0.87, 1.61]
0.55[0.8, 1.83]
0.58 [0.77, 1.86]
0.91[0.49, 2.22]
0.75 [0.63, 2.05]
0.84 [0.56, 2.14]
0.6 [0.6, 1.7]
1.37[0.23, 2.87]

Asterisks after p.values indicate the level of statistical significance: one for p < .05, two for p < .01, and three for p <.001
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Appendix 6: Statistical results of the neurodevelopment panel on each cerebellar layer

Stage Layer

P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4

EGL
EGL
EGL
EGL
EGL
EGL
EGL
EGL
EGL
EGL
EGL
EGL
EGL
EGL
EGL
EGL
EGL
EGL
EGL
EGL
EGL
EGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL

Gene

Aktl
Cacng2
Cadm3
Calb2
Cend1
Dclkl
Gabral
Gas7
Gria2
Grm3
Homerl
Homer2
Nrxnl
Nxph4
Pax6
Robol
Slc17a6
Slc17a7
Stmnl
Syn2
Syp
Zicl
Adoral
Cadps2
Calb2
Gabral
Gabrg2
Grinl
Grm3
Homerl
Homer2
Nrxnl
Nxph4
Pax6
Racl
Robol
Slc17a6
Slc17a7
Slc32al
Sst
Stmnl
Syn2
Syp

Avg DCq (N) Avg DCq (IH) Fold Change

3.85
5.44
6.24
5.80
3.24
8.57
8.51
9.15
5.73
8.28
7.82
6.40
8.35
8.52
2.85
6.62
7.14
9.42
0.53
6.15
6.71
2.29
7.08
4.38
5.47
6.67
5.09
5.35
3.07
6.05
5.83
4.71
5.32
2.98
3.18
5.47
5.77
6.59
3.92
6.05
1.49
3.82
4.10

3.96
5.41
6.28
6.17
3.37
8.36
8.72
9.03
5.80
8.24
8.23
6.89
8.74
8.44
2.94
6.70
7.62
9.38
0.64
6.50
7.12
2.50
6.46
4.11
5.70
6.51
4.94
5.07
3.20
5.40
5.39
4.63
6.16
2.92
3.04
5.62
5.99
6.83
4.07
6.52
1.45
3.75
4.00

0.93
1.02
0.98
0.77
0.92
1.15
0.87
1.09
0.95
1.03
0.75
0.71
0.76
1.06
0.94
0.95
0.72
1.03
0.93
0.79
0.75
0.87
1.53
1.21
0.85
1.12
1.11
1.21
0.91
1.57
1.35
1.06
0.56
1.04
1.10
0.90
0.86
0.85
0.90
0.72
1.03
1.05
1.08

Difference [Clos]

-0.11 [-0.31, 0.09]
0.04 [-0.28, 0.35]
-0.04 [-0.35, 0.28]

-0.37 [-0.67, -0.07]

-0.13 [-0.25, 0]
0.21[-0.35, 0.77]
-0.21 [-0.88, 0.47]
0.12 [-0.51, 0.75]
-0.07 [-0.47, 0.34]
0.04[-0.7, 0.78]
-0.41[-0.73, -0.1]
-0.5 [-0.91, -0.08]
-0.39 [-1.04, 0.25]
0.08 [-0.52, 0.69]

-0.09 [-0.16, -0.01]

-0.08 [-0.35, 0.2]
-0.48 [-1.07, 0.11]
0.04 [-0.46, 0.54]
-0.11 [-0.23, 0.01]
-0.35 [-0.59, -0.1]
-0.42 [-0.86, 0.02]
-0.21[-0.3, -0.12]
0.61[-0.4, 1.62]
0.27 [-0.03, 0.57]
-0.23 [-1.15, 0.69]
0.16 [-0.67, 1]
0.15[-0.33, 0.62]
0.28 [-0.2, 0.75]
-0.14 [-0.36, 0.09]
0.65 [0.23, 1.07]
0.43 [-0.02, 0.89]
0.08 [-0.29, 0.46]

-0.84 [-1.33, -0.36]

0.06 [-0.13, 0.25]
0.14 [-0.1, 0.37]

-0.15 [-0.58, 0.28]
-0.22 [-1.08, 0.63]
-0.24 [-0.95, 0.47]
-0.16 [-0.53, 0.21]
-0.47 [-1.14, 0.2]

0.04 [-0.16, 0.23]
0.07 [-0.33, 0.47]
0.11[-0.23, 0.44]

-1.22
0.25
-0.26
-2.72
-2.28
0.81
-0.68
0.41
-0.36
0.12
-2.89
-2.64
-1.34
0.31
-2.46
-0.62
-1.80
0.19
-1.97
-3.16
-2.09
-5.19
1.48
1.98
-0.56
0.47
0.69
1.29
-1.35
341
2.11
0.49
-3.84
0.72
1.27
-0.76
-0.57
-0.79
-0.94
-1.54
0.41
0.37
0.70

0.247
0.810
0.802
0.020 *
0.044 *
0.433
0.513
0.688
0.723
0.907
0.015 *
0.023 *
0.208
0.763
0.032 *
0.548
0.100
0.857
0.075
0.009 **
0.060
<0.001 ***
0.188
0.074
0.588
0.653
0.506
0.222
0.203
0.006 **
0.058
0.631
0.003 **
0.486
0.231
0.463
0.580
0.455
0.366
0.151
0.690
0.722
0.500
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Hedge's g [Clos]
0.56 [0.45, 1.55]
0.11 [0.84, 1.05]
0.12[0.86, 1.1]
1.25[0.13, 2.33]
1.05[0.03, 2.1]
0.38[0.62, 1.36]
0.31[0.67, 1.27]
0.19[0.79, 1.16]
0.17 [0.81, 1.13]
0.05 [0.91, 1.02]
1.28 [0.12, 2.39]
1.2 [0.07, 2.27]
0.62[0.4, 1.62]
0.14 [0.84, 1.12]
1.1[0.01, 2.16]
0.28 [0.69, 1.24]
0.82[0.23, 1.83]
0.09 [0.99, 1.17]
0.89[0.17, 1.91]
1.44[0.26, 2.57]
0.94[0.13, 1.96]
2.4[1.01, 3.75]
0.8 [0.44, 1.99]
0.9[0.17, 1.92]
0.25[0.76, 1.24]
0.24 [0.89, 1.35]
0.32[0.68, 1.3]
0.6 [0.42, 1.59]
0.63[0.4, 1.62]
1.58 [0.39, 2.72]
0.97[0.1, 2.01]
0.23[0.76, 1.2]
1.68 [0.37, 2.92]
0.33[0.66, 1.31]
0.59[0.43, 1.58]
0.33[0.62, 1.26]
0.26 [0.73, 1.24]
0.38[0.72, 1.46]
0.44 [0.57, 1.42]
0.7[0.32, 1.7]
0.19[0.8,1.17]
0.16 [0.78, 1.09]
0.32[0.67, 1.29]
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Stage Layer

P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P4
P8
P8
P8
P8
P8
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IGL
IGL
MLPC
MLPC
MLPC
MLPC
MLPC
MLPC
MLPC
MLPC
MLPC
MLPC
MLPC
MLPC
MLPC
MLPC
MLPC
MLPC
MLPC
MLPC
MLPC
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
EGLi
EGLi
EGLi
EGLi
EGLi

Tinl
Zicl
Astn2
Cadm3
Cadps2
Calbl
Calb2
Camk4
Cbinl
Gabral
Gria2
Grinl
Grm3
Llcam
Nefl
Neurodl
Slc32a1
Synl
Syn2
TInl
Zicl
Aktl
Ascll
Cacng2
Cadps2
Calb2
Grm3
Mbp
Mytl
Neurog2
Nrxnl
Nxph4
Plpl
Racl
Robol
Stmnl
Tinl
Zicl
Aktl
Cacng2
Cadm3
Calb2
Cdh8

Avg DCq (N) Avg DCq (IH) Fold Change

5.20
0.86
3.24
4.91
5.06
0.13
7.18
3.64
4.42
3.85
2.83
4.08
4.22
3.06
1.07
3.73
2.30
3.83
3.91
6.45
2.85
3.74
3.14
3.98
4.00
4.15
3.60
2.58
5.04
4.68
3.41
4.63
4.07
2.62
3.47
1.07
4.88
1.95
3.12
4.63
3.09
7.13
7.47

5.27
0.84
3.20
4.92
5.15
0.25
6.24
3.62
4.78
4.26
2.64
4.13
4.20
3.06
1.28
3.71
2.22
3.90
4.00
6.79
2.96
3.19
2.79
4.11
3.90
4.40
3.48
2.83
5.01
5.03
3.49
3.98
3.50
2.25
2.86
0.40
3.36
1.64
3.53
5.08
3.65
7.35
7.47

0.95
1.01
1.03
0.99
0.94
0.92
1.92
1.01
0.78
0.75
1.14
0.97
1.01
1.00
0.86
1.01
1.05
0.95
0.94
0.79
0.93
1.47
1.28
0.91
1.07
0.84
1.09
0.84
1.02
0.78
0.94
1.57
1.48
1.29
1.53
1.59
2.86
1.24
0.76
0.73
0.68
0.86
1.00

Difference [Clos]
-0.07 [-0.71, 0.57]
0.02 [-0.26, 0.3]
0.04 [-0.21, 0.3]
-0.02 [-0.51, 0.48]
-0.09 [-0.46, 0.27]
-0.13 [-0.31, 0.06]
0.94 [0.05, 1.84]
0.02 [-0.41, 0.44]
-0.35 [-0.73, 0.02]

-0.42 [-0.78, -0.05]

0.19 [-0.09, 0.48]
-0.04 [-0.42, 0.33]
0.02 [-0.19, 0.23]
0[-0.25, 0.25]
-0.21 [-0.47, 0.05]
0.02 [-0.18, 0.22]
0.08 [-0.21, 0.36]
-0.07 [-0.34, 0.2]
-0.09 [-0.34, 0.16]
-0.34 [-0.79, 0.1]
-0.11 [-0.4, 0.18]
0.56 [0.01, 1.1]
0.35 [-0.02, 0.73]
-0.13 [-0.63, 0.36]
0.1 [-0.64, 0.85]
-0.25 [-1.07, 0.56]
0.12 [-0.2, 0.45]
-0.25 [-1.15, 0.66]
0.03 [-1.09, 1.15]
-0.35 [-1.35, 0.65]
-0.08 [-0.79, 0.63]
0.65 [-0.05, 1.36]
0.57 [-0.24, 1.38]
0.37[-0.11, 0.85]
0.61 [0.06, 1.17]
0.67 [0.43, 0.9]
1.51 [0.48, 2.54]
0.31[-0.4, 1.01]
-0.4 [-0.56, -0.25]

-0.45 [-0.67, -0.23]
-0.57 [-0.71, -0.42]

-0.21 [-0.91, 0.49]
0 [-0.54, 0.54]

-0.24
0.16
0.37
-0.08
-0.56
-1.51
2.49
0.08
-2.08
-2.48
1.48
-0.25
0.22
-0.02
-1.79
0.22
0.59
-0.55
-0.77
-1.71
-0.83
2.24
2.07
-0.66
0.31
-0.70
0.84
-0.61
0.10
-0.90
-0.26
2.10
1.73
1.69
2.43
6.24
3.28
0.95
-5.56
-4.39
-8.25
-0.65
0.00

0.816
0.875
0.721
0.940
0.585
0.159
0.042 *
0.934
0.061
0.031 *
0.168
0.806
0.827
0.987
0.101
0.833
0.564
0.592
0.458
0.115
0.422
0.046 *
0.063
0.536
0.764
0.499
0.420
0.553
0.930
0.409
0.803
0.066
0.135
0.120
0.034 *
<0.001 ***
0.008 **
0.360
<0.001 ***
<0.001 ***
<0.001 ***
0.524
0.998

Appendix 6: Statistical results of the neurodevelopment panel on each cerebellar layer

Hedge's g [Clos]
0.11 [0.86, 1.08]
0.07 [0.9, 1.05]
0.17 [0.82, 1.15]
0.03[0.93, 1]
0.25[0.71, 1.2]
0.7[0.33,1.7]
1.16 [0.13, 2.38]
0.04 [0.94, 1.02]
0.97[0.1, 2]
1.13[0.03, 2.19]
0.68 [0.35, 1.67]
0.12[0.87,1.1]
0.1[0.87,1.07]
0.01[0.97, 0.99]
0.83[0.22, 1.84]
0.1[0.88, 1.07]
0.27 [0.71, 1.25]
0.25[0.73, 1.22]
0.35[0.64, 1.33]
0.78 [0.26, 1.78]
0.39[0.61, 1.37]
1.04 [0.05, 2.08]
0.95[0.12, 1.98]
0.35[0.8, 1.48]
0.14[0.83,1.1]
0.34[0.71, 1.37]
0.38 [0.61, 1.35]
0.29[0.73, 1.3]
0.05 [1.22, 1.32]
0.47 [0.76, 1.66]
0.12 [0.86, 1.09]
1.02 [0.14, 2.13]
0.89[0.31, 2.02]
0.76 [0.27, 1.77]
1.06 [0.04, 2.12]
2.86 [1.29, 4.38]
1.58 [0.35, 2.75]
0.44 [0.56, 1.41]
2.58 [1.27, 3.85]
2.04 [0.87, 3.16]
3.62[1.98, 5.23]
0.29[0.62, 1.19]
0[0.97, 0.97]
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Stage Layer

P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8

EGLi
EGLI
EGLi
EGLi
EGLI
EGLi
EGLi
EGLI
EGLi
EGLi
EGLi
EGLi
EGLi
EGLi
EGLi
EGLi
EGLi
EGLI
EGLi
EGLo
EGLo
EGLo
EGLo
EGLo
EGLo
EGLo
EGLo
EGLo
EGLo
EGLo
EGLo
EGLo
EGLo
EGLo
EGLo
EGLo
EGLo
EGLo
EGLo
IGL
IGL
IGL
IGL

Gene
Dclk1
Gabral
Gria2
Grinl
Grm3
Homerl
Homer2
Nav3
Nxph4
Pax6
Robo1l
Slc17a6
Slc17a7
Stmnl
Synl
Syn2
Syp
Tinl
Zicl
Aktl
Cacng2
Cecndl
Cdh8
Dclkl
Grm3
Homerl
Homer2
Nav3
Nrxnl
Nxph4
Pax6
Robol
Slc17a6
Slc17a7
Stmnl
Syn2
Syp
Tin1
Zicl
Adoral
Cadps2
Calb2
Gabral

Avg DCq (N) Avg DCq (IH) Fold Change

4.38
8.03
4.25
5.63
7.33
6.42
6.56
3.78
4.41
1.73
6.33
5.36
5.50
0.37
3.27
4.58
3.02
8.04
0.13
3.35
5.33
4.25
7.05
8.44
8.81
6.90
6.81
5.60
7.37
6.96
2.30
6.12
5.70
8.54
0.22
5.90
5.69
5.56
1.32
5.46
1.57
4.02
4.82

5.15
8.06
4.57
6.75
7.64
6.99
731
3.84
4.83
1.99
6.94
6.14
6.51
0.72
4.01
5.58
3.70
7.92
0.67
3.59
5.68
4.54
7.15
8.82
8.84
7.52
7.10
5.83
7.93
6.68
2.49
6.65
6.36
9.01
0.50
6.12
5.81
5.97
1.67
5.95
2.23
4.51
5.14

0.58
0.98
0.80
0.46
0.81
0.67
0.60
0.96
0.75
0.83
0.65
0.58
0.50
0.79
0.60
0.50
0.62
1.09
0.69
0.84
0.78
0.82
0.93
0.77
0.98
0.65
0.82
0.86
0.68
1.21
0.88
0.69
0.63
0.72
0.82
0.86
0.92
0.75
0.78
0.71
0.64
0.71
0.80

Difference [Clos]
-0.77 [-1.03, -0.52]
-0.03 [-0.52, 0.46]
-0.32 [-0.6, -0.04]
-1.12 [-1.46, -0.77]
-0.31 [-0.66, 0.05]
-0.57 [-0.83, -0.31]
-0.75 [-1.29, -0.2]
-0.06 [-0.41, 0.29]
-0.42 [-0.61, -0.23]
-0.27 [-0.41, -0.13]
-0.61[-0.94, -0.28]
-0.78 [-1.12, -0.44]
-1.01[-1.3, -0.73]
-0.35 [-0.47, -0.22]
-0.74[-0.93, -0.55]
-1[-1.3,-0.7]
-0.68 [-0.8, -0.57]
0.12 [-0.56, 0.8]
-0.54 [-0.64, -0.43]
-0.24 [-0.42, -0.07]
-0.35 [-0.5, -0.2]
-0.29 [-0.52, -0.05]
-0.1 [-0.52, 0.32]
-0.38 [-0.95, 0.19]
-0.03 [-0.55, 0.48]
-0.61[-0.8, -0.42]
-0.29 [-0.6, 0.01]
-0.23 [-0.71, 0.26]
-0.56 [-1.12, 0]
0.27 [-0.17, 0.71]
-0.19 [-0.31, -0.06]
-0.53 [-0.82, -0.25]
-0.66 [-1.02, -0.31]
-0.47 [-0.87, -0.06]
-0.28 [-0.41, -0.15]
-0.22 [-0.55, 0.11]
-0.13 [-0.32, 0.07]
-0.41 [-0.8, -0.02]
-0.35 [-0.46, -0.24]
-0.49 [-0.83, -0.15]
-0.65 [-0.89, -0.41]
-0.49 [-0.77, -0.21]
-0.32 [-0.7, 0.07]

-6.62
-0.15
-2.46
-6.96
-1.88
-4.74
-2.98
-0.37
-4.74
-4.22
-3.95
-4.89
-7.59
-6.07
-8.34
-7.13
-12.67
0.38
-10.88
-3.04
-4.96
-2.59
-0.52
-1.42
-0.14
-6.90
-2.06
-1.00
-2.13
1.33
-3.22
-4.02
-4.05
-2.55
-4.49
-1.42
-1.37
-2.25
-7.00
-3.11
-5.86
-3.70
-1.78

<0.001 ***
0.885
0.028 *
<0.001 ***
0.082
<0.001 ***
0.011 *
0.720
<0.001 ***
<0.001 ***
0.001 **
<0.001 ***
<0.001 ***
<0.001 ***
<0.001 ***
<0.001 ***
<0.001 ***
0.711
<0.001 ***
0.009 **
<0.001 ***
0.021 *
0.613
0.178
0.887
<0.001 ***
0.060
0.333
0.052
0.204
0.006 **
0.001 **
0.001 **
0.027 *
<0.001 ***
0.176
0.193
0.041 *
<0.001 ***
0.008 **
<0.001 ***
0.002 **
0.099
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Hedge's g [Clos]
3.08 [1.6, 4.52]
0.07 [0.88, 1.02]
1.14 [0.16, 2.08]
3.02 [1.53, 4.47]
0.86[0.12, 1.81]
2.15[0.92, 3.34]
1.34 [0.22, 2.41]
0.17 [0.71, 1.04]
2.13[0.93, 3.28]
1.96 [0.81, 3.07]
1.68 [0.52, 2.79]
2.24[1.03, 3.41]
3.53 [1.86, 5.17]
2.81[1.44, 4.15]
3.88[2.12, 5.62]
3.32[1.71, 4.88]
5.56 [3.28, 7.81]
0.17 [0.76, 1.09]
5.01[2.99, 7]
1.4 [0.38, 2.39]
2.09 [0.81, 3.32]
1.21[0.22, 2.15]
0.23[0.69, 1.13]
0.65 [0.31, 1.58]
0.07 [0.87, 1.01]
3.18 [1.63, 4.68]
0.88 [0.14, 1.87]
0.46 [0.43, 1.34]
0.99[0.04, 1.9]
0.6 [0.32,1.51]
1.5[0.45, 2.51]
1.72 [0.52, 2.87]
1.88 [0.72, 3]
1.17 [0.06, 2.24]
2.09[0.9, 3.23]
0.65 [0.26, 1.55]
0.61[0.32, 1.53]
1[0.02, 1.96]
3.19[1.74, 4.61]
1.39 [0.34, 2.4]
2.69 [1.37, 3.97]
1.52[0.37, 2.63]
0.74[0.27, 1.71]
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Stage Layer

P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
P8
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IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
WM
WM
WM
WM
WM
WM
WM

Gabrg2
Grinl
Grm3
Homerl
Homer2
Nrxnl
Nxph4
Pax6
Plp1
Racl
Robo1l
Slc17a6
Slc17a7
Slc32al
Sst
Stmnl
Syn2
Syp
Tinl
Zicl
Aktl
Cadps2
Calb1
Calb2
Cbinl
Grm3
Nefl
Pcp2
Racl
Slc17a7
Slc32a1
Stmnl
Synl
Syn2
Tinl
Zicl
Aktl
Ascll
Cacng2
Cadps2
Grm3
Mbp
Mobp

Avg DCq (N) Avg DCq (IH) Fold Change

4.52
2.97
4.99
5.78
4.02
2.87
3.99
2.64
5.60
2.63
5.04
4.34
4.12
3.89
6.80
1.66
2.33
1.82
6.10
0.05
7.43
7.98
-0.19
6.42
7.32
5.74
2.78
5.53
8.91
10.76
6.02
1.47
12.16
4.71
6.73
6.04
291
3.50
4.89
5.65
5.40
-0.80
1.90

4.55
3.64
5.11
6.20
4.80
3.31
4.73
2.79
6.32
2.88
5.60
4.69
4.54
4.13
7.09
1.99
3.11
2.46
6.58
0.41
7.46
9.68
0.72
7.83
8.11
6.87
4.21
6.61
11.28
14.79
7.59
1.71
12.86
6.96
8.32
7.17
3.19
3.55
4.80
5.26
4.75
-0.47
2.65

0.98
0.63
0.92
0.75
0.58
0.74
0.60
0.90
0.61
0.84
0.68
0.78
0.74
0.85
0.82
0.79
0.58
0.64
0.71
0.78
0.98
0.31
0.53
0.38
0.58
0.46
0.37
0.47
0.19
0.06
0.34
0.84
0.62
0.21
0.33
0.45
0.83
0.97
1.06
131
1.56
0.80
0.59

Difference [Clos]
-0.02 [-0.31, 0.27]
-0.67 [-0.86, -0.49]
-0.12 [-0.36, 0.12]
-0.42 [-0.81, -0.04]
-0.78 [-1.05, -0.51]
-0.44 [-0.78, -0.1]
-0.74 [-1.17, -0.31]
-0.15 [-0.34, 0.05]
-0.72 [-1.31, -0.13]
-0.25 [-0.41, -0.1]
-0.55 [-0.84, -0.27]
-0.36 [-0.6, -0.11]
-0.43 [-0.67, -0.18]
-0.24 [-0.52, 0.05]
-0.29 [-0.86, 0.29]
-0.33 [-0.5, -0.17]
-0.78 [-1.01, -0.54]
-0.64 [-0.93, -0.35]
-0.49 [-0.97, 0]
-0.36 [-0.52, -0.2]
-0.03 [-1.52, 1.46]
-1.7 [-2.99, -0.4]
-0.92 [-1.2,-0.63]
-1.41[-2.72, -0.1]
-0.79 [-2.9, 1.33]
-1.13 [-2.08, -0.18]
-1.43 [-2.04, -0.82]
-1.08 [-1.86, -0.3]
-2.37 [-5.96, 1.22]
-4.04 [-5.33, -2.74]
-1.57 [-2.31, -0.84]
-0.24 [-0.51, 0.02]
-0.7 [-2.69, 1.29]
-2.25[-3.17, -1.33]
-1.59 [-2.88, -0.3]
-1.14 [-1.75, -0.53]
-0.28 [-0.61, 0.06]
-0.05 [-0.44, 0.35]
0.09 [-0.52, 0.7]
0.39[-0.39, 1.17]
0.64[0.11, 1.18]
-0.33 [-0.85, 0.19]
-0.75 [-1.61, 0.11]

-0.17
-7.85
-1.11
-2.35
-6.14
-2.74
-3.72
-1.56
-2.63
-3.46
-4.20
-3.10
-3.68
-1.80
-1.09
-4.33
-7.11
-4.76
-2.15
-4.74
-0.04
-3.03
-6.85
-2.34
-0.84
-2.56
-5.02
-3.01
-1.49
-7.36
-4.60
-1.95
-0.77
-5.34
-2.85
-4.00
-1.78
-0.26
0.31

1.15

2.67

-1.36
-1.87

0.869
<0.001 ***
0.287
0.034 *
<0.001 ***
0.016 *
0.002 **
0.140
0.020 *
0.004 **
<0.001 ***
0.008 **
0.002 **
0.093
0.298
<0.001 ***
<0.001 ***
<0.001 ***
0.050 *
<0.001 ***
0.967
0.016 *
<0.001 ***
0.037 *
0.422
0.023 *
<0.001 ***
0.011 *
0.170
<0.001 ***
<0.001 ***
0.071
0.456
<0.001 ***
0.022 *
0.001 **
0.098
0.799
0.761
0.284
0.022 *
0.194
0.083

Appendix 6: Statistical results of the neurodevelopment panel on each cerebellar layer

Hedge's g [Clos]
0.07 [0.84, 0.98]
3.63 [2.03, 5.19]
0.48 [0.46, 1.4]
1.09 [0.12, 2.02]
2.86 [1.42, 4.25]
1.27 [0.27, 2.23]
1.73 [0.63, 2.79]
0.72[0.21, 1.62]
1.21[0.22, 2.17]
1.55 [0.48, 2.59]
1.71[0.49, 2.88]
1.43 [0.4, 2.42]
1.71[0.61, 2.78]
0.8 [0.16, 1.74]
0.5[0.48, 1.46]
1.96 [0.81, 3.07]
3.27[1.79, 4.71]
2.22[0.96, 3.42]
1[0.05, 1.91]
2.08 [0.86, 3.25]
0.01[0.98, 1.01]
0.87 [0.38, 2.03]
2.68 [1.07, 4.23]
0.97 [0.18, 2.06]
0.32[0.76, 1.35]
0.99 [0.08, 2]
1.96 [0.62, 3.25]
1.28 [0.06, 2.45]
0.65[0.49, 1.71]
3.57 [1.25, 5.84]
2.06 [0.88, 3.21]
0.77 [0.24, 1.74]
0.37[0.62, 1.35]
2.38[0.94, 3.77]
1.06 [0.29, 2.31]
1.56 [0.34, 2.72]
0.83[0.1,1.72]
0.11[0.81, 1.02]
0.14[0.73, 1.01]
0.5[0.59, 1.55]
1.24 0.1, 2.33]
0.62[0.3, 1.52]
0.87[0.07, 1.77]
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Stage Layer

Gene

Avg DCq (N) Avg DCq (IH) Fold Change

Difference [Clos]

Hedge's g [Clos]

P8 WM Mog 5.48 5.09 1.31 0.39[-0.13,0.91] 1.69 0.125 0.82[0.3,1.9]
P8 WM Mytl 492 5.24 0.80 -0.32[-0.65,0.01] -2.10 0.056 0.94[0.06, 1.91]
P8 WM Neurog2 4.89 5.39 0.71 -0.49 [-0.98, 0] 2.22  0.049 * 1.03 [0.05, 2.07]
P8 WM Nrxnl  4.07 4.26 0.88 -0.19[-0.73,0.35] -0.75 0.465 0.33[0.62, 1.26]
P8 WM Nxph4 433 4.54 0.86 -0.21[-0.7,0.27]  -0.95 0.361 0.43[0.53, 1.39]
P8 WM Plpl 0.56 1.23 0.63 -0.67 [-1.36,0.03] -2.06 0.059 0.96 [0.01, 1.87]
P8 WM Racl 2.06 2.17 0.93 -0.11[-0.32,0.1] -1.15 0.271 0.52[0.4, 1.42]
P8 WM Robol 3.95 4.60 0.63 -0.66 [-1.17,-0.14] -2.74 0.017 * 1.26 [0.22, 2.26]
P8 WM Stmnl 0.3 0.83 0.76 -0.4[-0.59,-0.21] -4.55 <0.001 *** 1.86 [0.6, 3.06]
P8 WM Tinl 3.67 4.12 0.73 -0.45[-0.76,-0.14] -3.11 0.008 **  1.41[0.37,2.41]
P8 WM Zicl 0.94 1.59 0.64 -0.65[-0.93,-0.37] -4.98 <0.001 *** 2.3[1.07, 3.48]
P12 EGL Aktl 4.02 3.37 1.57 0.65[-0.03,1.34] 1.97 0.061 0.74[0.03, 1.5]
P12 EGL Cacng2 4.98 5.22 0.84 -0.24[-0.53,0.05] -1.74 0.095 0.65[0.12, 1.41]
P12 EGL Cadps2 4.48 4.48 1.00 0.01[-0.77,0.78]  0.02  0.988 0.01[0.74, 0.75]
P12 EGL Calbl  10.06 9.65 1.33 0.41[-1.08,1.89] 059 0.566 0.24[0.66, 1.13]
P12 EGL Calb2 874 7.46 2.43 1.28[0.54,2.02] 3.58 0.002 **  1.3[0.41,2.16]
P12 EGL Cendl 5091 5.87 1.03 0.04[-0.14,0.22] 0.48 0.634 0.17[0.6, 0.94]
P12 EGL Cdh8  8.32 7.69 1.55 0.63[0.15,1.11] 2.74 0.012*  0.99 [0.13, 1.84]
P12 EGL Dckl  5.83 6.42 0.67 -0.58 [-0.75,-0.41] -7.01 <0.001 *** 2,59 [1.38, 3.75]
P12 EGL Gabral 8.85 8.78 1.05 0.07 [-0.56,0.69] 0.22 0.825 0.09[0.72, 0.9]
P12 EGL Gas7 8.18 8.36 0.89 -0.17 [-0.78,0.43] -0.60 0.553 0.22[0.6, 1.04]
P12 EGL Grid2  7.39 7.24 1.11 0.15[-0.5, 0.8] 0.47  0.644 0.18[0.61, 0.96]
P12 EGL Grinl  6.21 6.85 0.64 -0.65[-1,-0.29]  -3.76 0.001 **  1.38[0.51,2.22]
P12 EGL Grm3  7.89 7.73 1.12 0.17[-0.29,0.62] 0.76  0.458 0.29 [0.45, 1.03]
P12 EGL Homerl 6.72 7.20 0.72 -0.48[-0.7,-0.26] -4.59 <0.001 *** 1.64 [0.67, 2.58]
P12 EGL Homer2 6.98 6.48 1.41 0.5[0.23, 0.76] 3.92  <0.001 *** 1.48[0.61,2.34]
P12 EGL Nav3 5.3 5.16 0.92 -0.13 [-0.31,0.06] -1.40 0.177 0.48[0.32, 1.27]
P12 EGL Nxph4 4.63 4.26 1.30 0.37[0.13,0.62] 3.12 0.005**  1.2[0.39,1.99]
P12 EGL Pax6 1.85 1.84 1.00 0.01[-0.15,0.17] 0.09 0.926 0.04[0.7,0.77]
P12 EGL Racl 2.86 2.97 0.92 -0.11[-0.29,0.06] -1.32 0.201 0.5 [0.25, 1.24]
P12 EGL Robol  6.67 6.85 0.88 -0.19 [-0.56,0.19] -1.03 0.312 0.39[0.36, 1.13]
P12 EGL Robo2  6.00 5.93 1.05 0.07[-0.21,0.35] 052  0.607 0.2 [0.53, 0.92]
P12 EGL Semaba 3.11 3.10 1.01 0.01[-0.2,0.23]  0.13 0.895 0.05 [0.69, 0.79]
P12 EGL Slc17a6 5.00 4.77 1.17 0.23[0.06,0.39] 2.84 0.009 **  0.95 [0.08, 1.79]
P12 EGL Slcl7a7 6.55 7.25 0.61 -0.71[-0.97, -0.45] -5.64 <0.001 *** 2.09 [1.11, 3.04]
P12 EGL Stmnl -0.67 -0.44 0.85 -0.23[-0.43,-0.04] -2.47 0.022*  0.95[0.17,1.71]
P12 EGL Syp 3.67 3.77 0.93 -0.1[-0.27,0.07]  -1.23 0.231 0.43[0.36, 1.2]
P12 EGL Tinl 5.91 6.60 0.62 -0.69 [-1.09,-0.29] -3.57 0.002 **  1.29 [0.42, 2.13]
P12 EGL Tmod  7.97 8.37 0.76 -0.4[-0.96,0.17]  -1.48 0.156 0.56 [0.29, 1.4]
P12 EGL Zicl 0.42 0.55 0.92 -0.13 [-0.34,0.08] -1.24 0.227 0.481[0.25,1.2]
P12 IGL Adoral 4.76 5.04 0.83 -0.28 [-0.55, 0] 209 0.048*  0.75[0.07, 1.55]
P12 IGL  Aktl 3.92 3.90 1.01 0.01[-0.21,0.24] 0.13  0.898 0.05[0.71, 0.8]
P12 IGL Ascll  7.22 7.14 1.06 0.08[-0.9,1.06]  0.17 0.868 0.07 [0.81, 0.96]
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Avg DCq (N) Avg DCq (IH) Fold Change Difference [Clss] Hedge's g [Clos]
P12 IGL Cadps2 1.47 1.97 0.71 -0.5[-0.64,-0.37] -7.74 <0.001 *** 2.77[1.58, 3.92]
P12 IGL Calbl 5.39 6.05 0.63 -0.66 [-1.84,0.52] -1.17 0.255 0.46 [0.32, 1.23]
P12 IGL Calb2 2.32 2.69 0.78 -0.37 [-0.73, 0] -2.07 0.049 * 0.71[0.11, 1.51]
P12 IGL Gabral 2.82 2.83 0.99 -0.01 [-0.32, 0.3] -0.08 0.938 0.03[0.71, 0.77]
P12 IGL Gabrg2 3.76 4.04 0.82 -0.28 [-0.82,0.25] -1.08 0.290 0.41[0.32, 1.15]
P12 IGL Grid2 4.19 4.17 1.01 0.02 [-0.27, 0.31] 0.14 0.893 0.05[0.71, 0.81]
P12 IGL Grinl 291 3.29 0.77 -0.38 [-0.55, -0.22] -4.75 <0.001 *** 1.74[0.78, 2.67]
P12 IGL Grm3 6.34 6.16 1.14 0.19 [-0.29, 0.66] 0.81 0.424 0.3[0.49, 1.09]
P12 IGL Homerl 5.97 6.12 0.90 -0.15 [-0.44,0.14] -1.07 0.297 0.39[0.4, 1.16]
P12 IGL Homer2 4.33 4.21 1.09 0.12 [-0.09, 0.33] 1.19 0.246 0.45[0.29, 1.19]
P12 IGL Nrxnl 2.61 3.26 0.64 -0.65 [-0.86, -0.45] -6.52 <0.001 *** 2.49 [1.46, 3.49]
P12 IGL Nxph4 5.00 5.13 0.92 -0.13[-0.41,0.16] -0.90 0.378 0.34[0.43,1.1]
P12 IGL Pax6 2.77 2.84 0.95 -0.07 [-0.24, 0.1] -0.85 0.402 0.3[0.48, 1.07]
P12 IGL Racl 2.96 2.84 1.09 0.12 [-0.08, 0.33] 1.24 0.226 0.48 [0.24, 1.19]
P12 IGL Robol 5.60 6.00 0.76 -0.4[-0.64,-0.16] -3.49 0.002 ** 1.28 [0.4, 2.13]
P12 IGL Robo2 5.79 5.77 1.01 0.01 [-0.25, 0.28] 0.11 0.911 0.04 [0.73, 0.81]
P12 IGL Sema6a 3.69 3.54 1.11 0.15[-0.11, 0.41] 1.20 0.244 0.45[0.3,1.19]
P12 IGL Slcl7a6 4.84 4.86 0.98 -0.03 [-0.25, 0.2] -0.23 0.821 0.09 [0.67, 0.84]
P12 IGL Slc17a7 2.32 2.57 0.84 -0.25[-0.58,0.08] -1.58 0.128 0.56 [0.23, 1.34]
P12 IGL Slc32al  4.67 4.50 1.12 0.17 [-0.06, 0.39] 1.55 0.136 0.59 [0.18, 1.35]
P12 IGL Sst 6.49 6.43 1.05 0.07 [-0.26, 0.39] 043 0.672 0.16 [0.61, 0.94]
P12 IGL Stmnl 2.39 2.35 1.02 0.03 [-0.26, 0.32] 0.23 0.818 0.08 [0.69, 0.85]
P12 IGL Syn2 1.92 2.39 0.72 -0.47 [-0.66, -0.28] -5.17 <0.001 *** 1.84 [0.85, 2.79]
P12 IGL Syp 1.89 1.95 0.96 -0.05 [-0.23,0.12] -0.62 0.544 0.24 [0.5, 0.96]
P12 IGL Tinl 6.53 6.69 0.89 -0.16 [-0.54,0.22] -0.88 0.387 0.35[0.4,1.1]
P12 IGL Tmod 5.07 5.64 0.67 -0.58 [-0.83, -0.32] -4.69 <0.001 *** 1.7[0.76, 2.61]
P12 IGL Zicl 0.27 0.16 1.08 0.11 [0.03, 0.18] 2.98 0.007 ** 1.1 [0.25, 1.92]
P12 ML Adoral 5.91 6.11 0.87 -0.2 [-0.77, 0.38] -0.71 0.485 0.26 [0.52, 1.03]
P12 ML Aktl 3.11 2.99 1.09 0.12 [-0.1, 0.33] 1.14 0.264 0.44[0.3,1.17]
P12 ML Astn2 2.79 3.14 0.79 -0.35[-0.55, -0.14] -3.50 0.002 ** 1.32[0.49, 2.14]
P12 ML Cadm3 3.32 3.54 0.86 -0.22 [-0.41, -0.02] -2.29 0.032 * 0.82[0.01, 1.61]
P12 ML Cadps2 3.71 4.06 0.79 -0.34 [-0.69, 0] -2.05 0.052 0.78 [0.02, 1.54]
P12 ML Calbl 1.80 1.53 1.21 0.27 [-0.07, 0.62] 1.64 0.116 0.59[0.2, 1.36]
P12 ML Calb2 5.73 5.28 1.36 0.45 [0.08, 0.82] 253 0.019* 0.97 [0.17, 1.76]
P12 ML Camk4 3.35 3.77 0.75 -0.42 [-0.69, -0.15] -3.20 0.004 ** 1.2[0.38, 2.01]
P12 ML Gabral 2.65 293 0.82 -0.28 [-0.53,-0.03] -2.29 0.031* 0.82[0.01, 1.62]
P12 ML Grid2 2.20 2.47 0.83 -0.27 [-0.6, 0.07] -1.65 0.113 0.63[0.12, 1.37]
P12 ML Grinl 3.67 3.97 0.81 -0.31[-0.57,-0.05] -2.44 0.023 * 0.9 [0.09, 1.68]
P12 ML Grm3 4.55 481 0.83 -0.26 [-0.65,0.13] -1.39 0.177 0.53[0.21, 1.27]
P12 ML Homerl 5.87 5.87 1.00 0[-0.44, 0.45] 0.02 0.987 0.01 [0.75, 0.76]
P12 ML  Homer2 5.73 5.72 1.00 0.01[-0.46,0.47] 0.02 0.982 0.01[0.74, 0.75]
P12 ML Llcam 3.66 4.30 0.64 -0.63 [-0.86, -0.41] -5.87 <0.001 *** 2.15[1.14,3.13]
P12 ML  Neurodl 1.95 2.00 0.97 -0.05[-0.22,0.12] -0.61 0.550 0.22 [0.54, 0.98]
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Difference [Clos]
0.11[-0.22, 0.43]
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-0.07 [-0.2, 0.07]
-0.17 [-0.68, 0.33]
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-0.06 [-0.26, 0.15]
0.71[0.39, 1.03]
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0.07 [-0.19, 0.33]

-0.65 [-0.99, -0.32]

0[-0.67, 0.67]
0.02 [-0.15, 0.2]
0.82 [-0.65, 2.3]
1.22 [-0.29, 2.74]
-1.08 [-2.67, 0.51]
-0.01 [-0.54, 0.52]
-0.08 [-0.78, 0.63]
0.12 [-0.93, 1.18]
-0.17 [-0.59, 0.25]
0.32 [-0.09, 0.74]

-0.61 [-1.13, -0.08]

0.17 [-1.67, 2.01]
-0.6 [-1.42, 0.21]
-0.03 [-1.52, 1.47]
-2.46 [-6.67, 1.76]
0.6 [0.3,0.9]

0.6 [-2, 3.21]

0.21 [-0.55, 0.96]
0.07 [-0.48, 0.62]
2.241[0.29, 4.2]
-0.62 [-3.85, 2.61]
0.94 [-0.68, 2.56]
0.05 [-0.93, 1.03]
-1.13 [-2.82, 0.56]
-1.2 [-3.46, 1.06]
0.4 [-0.47, 1.27]
-0.09 [-0.68, 0.51]
-0.47 [-2.12, 1.18]
-0.24 [-0.78, 0.3]
0.63 [-1.35, 2.62]
-0.81 [-2.54, 0.93]
-0.35 [3.2, 2.51]
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0.58
-1.02
-0.72
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-0.56
4.64
-1.67
0.25
0.57
-4.04
0.01
0.28
1.17
1.68
-1.42
-0.03
-0.22
0.24
-0.85
1.61
-2.38
0.19
-1.54
-0.04
-1.43
4.17
0.51
0.56
0.26
241
-0.44
1.20
0.11
-1.44
-1.13
0.96
-0.31
-0.60
-0.91
0.69
-1.02
-0.26

0.503
0.571
0.318
0.480
0.497
0.579
<0.001 ***
0.114
0.803
0.572
<0.001 ***
0.994
0.781
0.257
0.108
0.173
0.979
0.827
0.811
0.403
0.121
0.026 *
0.851
0.138
0.967
0.204
<0.001 ***
0.620
0.578
0.794
0.027 *
0.671
0.243
0.917
0.172
0.277
0.349
0.761
0.557
0.371
0.504
0.329
0.800

Hedge's g [Clos]
0.25[0.52, 1]
0.2[0.57, 0.97]
0.37[0.39, 1.13]
0.3[0.54, 1.13]
0.25[0.52, 1.01]
0.2 [0.56, 0.96]
1.75[0.8, 2.67]
0.71[0.22, 1.61]
0.09 [0.66, 0.85]
0.2 [0.56, 0.97]
1.62 [0.69, 2.52]
0[0.89, 0.9]
0.11 [0.64, 0.85]
0.46 [0.38, 1.29]
0.65 [0.15, 1.44]
0.51[0.38, 1.38]
0.01 [0.75, 0.76]
0.08 [0.68, 0.84]
0.09 [0.66, 0.84]
0.34[0.39, 1.07]
0.6 [0.17, 1.36]
0.8 [0.04, 1.62]
0.07 [0.73, 0.87]
0.54 [0.25, 1.32]
0.02 [0.87,0.91]
0.76 [0.43, 1.89]
1.62 [0.69, 2.51]
0.22[0.8,1.22]
0.21[0.57,0.98]
0.1[0.66, 0.85]
1.08 [0.23, 1.91]
0.24[0.82, 1.29]
0.5[0.3, 1.28]
0.04 [0.74, 0.82]
0.6 [0.38, 1.56]
0.43 [0.56, 1.39]
0.32[0.46, 1.1]
0.12 [0.59, 0.83]
0.25[0.54, 1.03]
0.32[0.46, 1.09]
0.35[0.46, 1.15]
0.46 [0.6, 1.47]
0.11[0.78, 1]
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Avg DCq (N) Avg DCq (IH) Fold Change Difference [Clss] Hedge's g [Clos]
P12 WM Adoral 4.33 4.37 0.97 -0.04 [-0.51,0.43] -0.17 0.866 0.06 [0.72, 0.84]
P12 WM Aktl 3.23 3.02 1.16 0.22 [0.06, 0.37] 2.94 0.008 ** 1.19[0.38, 1.98]
P12 WM Ascll 5.18 491 1.21 0.27 [-0.57, 1.11] 0.76  0.475 0.38[0.76, 1.5]
P12 WM Cacng2 5.28 5.60 0.80 -0.32 [-0.87,0.23] -1.23 0.233 0.44[0.39, 1.25]
P12 WM Cadps2 4.31 4.79 0.72 -0.48 [-1.14,0.18] -1.52 0.145 0.56 [0.3, 1.39]
P12 WM Calbl 6.45 6.77 0.80 -0.32[-1.32,0.67] -0.84 0.439 0.4 [0.8, 1.54]
P12 WM Calb2 4.94 5.16 0.86 -0.21 [-0.88,0.45] -0.68 0.507 0.26 [0.56, 1.07]
P12 WM Gabral 5.02 5.33 0.81 -0.3[-0.9, 0.3] -1.06  0.303 0.45[0.39, 1.27]
P12 WM Grid2 3.67 3.70 0.98 -0.03 [-0.17,0.11] -0.47 0.644 0.18 [0.62, 0.97]
P12 WM Grinl 5.08 5.29 0.87 -0.21[-0.83,0.42] -0.69 0.497 0.28 [0.54, 1.1]
P12 WM Grm3 6.06 5.90 1.12 0.16 [-0.27, 0.6] 0.79 0.443 0.32[0.54, 1.16]
P12 WM Homerl 5.48 5.59 0.93 -0.11 [-0.6, 0.38] -0.47 0.644 0.18 [0.69, 1.04]
P12 WM Homer2 5.60 5.56 1.03 0.04 [-0.63, 0.7] 0.12  0.903 0.05 [0.8, 0.89]
P12 WM Mbp -3.30 -2.43 0.55 -0.86 [-1.53,-0.2] -2.68 0.013 * 0.94 [0.1, 1.76]
P12 WM Mobp -0.84 0.17 0.50 -1.01[-1.71,-0.31] -3.00 0.007 ** 1.05 [0.16, 1.92]
P12 WM Mog 2.20 3.09 0.54 -0.89 [-1.58,-0.19] -2.64 0.015* 0.92 [0.05, 1.77]
P12 WM Mytl 5.05 5.19 0.91 -0.14 [-0.62,0.33] -0.63 0.538 0.23[0.58, 1.02]
P12 WM Nxph4 4.47 4.10 1.30 0.37 [-0.3, 1.04] 1.15 0.261 0.41[0.4,1.2]
P12 WM Pax6 4.01 4.15 0.91 -0.13 [-0.62,0.35] -0.57 0.575 0.21[0.58, 0.99]
P12 WM Plpl -1.87 -0.97 0.53 -0.91[-1.63,-0.18] -2.59 0.016 * 0.92 [0.08, 1.73]
P12 WM Racl 2.10 2.24 0.91 -0.14 [-0.26, -0.02] -2.41 0.025 * 0.91 [0.09, 1.72]
P12 WM Robol 5.24 5.43 0.88 -0.19 [-0.67,0.28] -0.84 0.410 0.33[0.46, 1.1]
P12 WM Semaba 1.87 1.81 1.04 0.06 [-0.48, 0.59] 0.22 0.828 0.08 [0.63, 0.8]
P12 WM Slcl7a6 5.74 6.84 0.47 -1.1[-1.8,-0.4] -3.57 0.006 ** 1.8[0.48, 3.07]
P12 WM Slcl7a7 5.27 5.72 0.73 -0.45[-1.11,0.21] -1.43 0.170 0.57[0.29, 1.41]
P12 WM Stmnl 1.51 1.56 0.97 -0.05 [-0.37,0.27] -0.31 0.759 0.11 [0.66, 0.87]
P12 WM Syp 4.45 4.60 0.90 -0.16 [-0.6, 0.29] -0.73 0.472 0.28 [0.56, 1.1]
P12 WM Tinl 3.89 4.25 0.78 -0.36 [-0.65, -0.07] -2.57 0.017 * 0.99 [0.16, 1.79]
P12 WM Tmod 5.96 6.58 0.65 -0.62 [-1.19, -0.05] -2.34 0.034 * 0.99 [0.03, 1.93]
P12 WM Zicl 2.02 1.78 1.18 0.23 [-0.07, 0.54] 1.60 0.124 0.55[0.25, 1.33]
P21 IGL Adoral 2.42 2.55 0.91 -0.14 [-0.27,-0.01] -2.23 0.042 * 0.97 [0.01, 1.92]
P21 IGL Cadps2 1.34 1.26 1.06 0.08 [-0.07, 0.23] 1.10 0.291 0.48 [0.45, 1.39]
P21 IGL Calb2 -0.22 -0.30 1.06 0.08 [-0.05, 0.21] 1.26 0.229 0.54 [0.39, 1.46]
P21 IGL Gabral 1.45 1.42 1.02 0.03[-0.11, 0.17] 0.46 0.652 0.2[0.71,1.1]
P21 IGL Gabrg2 3.19 3.18 1.01 0.01 [-0.24, 0.25] 0.06 0.950 0.03 [0.87, 0.93]
P21 IGL Grinl 2.01 1.90 1.08 0.11 [-0.04, 0.26] 155 0.144 0.67 [0.26, 1.59]
P21 IGL Grm3 6.79 6.53 1.19 0.25 [-0.05, 0.56] 1.78 0.099 0.79[0.2, 1.74]
P21 IGL Homerl 5.84 5.82 1.01 0.01 [-0.23, 0.26] 0.11 0.917 0.05 [0.86, 0.95]
P21 IGL Homer2 5.91 6.15 0.85 -0.24 [-0.45,-0.02] -2.39 0.032 * 0.99 [0.02, 1.96]
P21 IGL Nrxnl 1.63 1.46 1.13 0.18 [-0.08, 0.44] 1.45 0.170 0.63[0.3, 1.54]
P21 IGL  Nxph4 5.79 6.06 0.83 -0.27[-0.63,0.1] -1.58 0.136 0.66 [0.29, 1.59]
P21 IGL Pax6 2.46 2.27 1.14 0.19 [0.02, 0.36] 2.38 0.032* 1.03 [0.04, 1.99]
P21 IGL  Racl 2.39 2.34 1.03 0.04[-0.11,0.2]  0.62 0.545 0.27[0.62, 1.14]
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3.25
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11.77
-0.97
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Difference [Clos]
0.28 [-0.03, 0.6]
0.05 [-0.12, 0.21]
0.13[-0.13,0.39]
0.09 [-0.42, 0.59]
0.21 [0.04, 0.38]
0.01 [-0.13, 0.16]
0[-0.12,0.12]
0.01 [-0.39, 0.4]
0.21 [-0.06, 0.48]
0.19 [0.07, 0.32]
0.1[-0.2,0.39]
-0.14 [-0.43, 0.14]
-0.47 [-1.3, 0.36]
0.01[-0.27, 0.29]
-0.28 [-0.67, 0.11]
-0.02 [-0.23, 0.19]
0.21[-0.1, 0.53]
-0.14 [-0.52, 0.25]
0.2 [-0.23, 0.63]
-0.11 [-0.61, 0.4]
0.86 [0.26, 1.46]
-0.35 [-0.8, 0.09]
-0.07 [-0.51, 0.37]
-0.35 [-0.76, 0.06]
-0.1 [-2.17, 1.96]
-2.44 [-7.36, 2.49]
0.01[-0.2, 0.22]
0.13[-0.49, 0.76]
-1.03 [-3.08, 1.02]
-0.46 [-1.17, 0.24]
0.14 [-0.76, 1.03]
0.19 [-0.94, 1.33]
1.2 [-0.97, 3.37]
0.52 [-1.3, 2.33]
-0.16 [-1.23, 0.92]
-1.38 [-3.93, 1.18]
-0.18 [-1.84, 1.49]
-0.8 [-4.09, 2.48]
0.39 [-1.84, 2.63]
0.51 [-0.07, 1.08]
2.61[1.3,3.92]
0.54 [-0.79, 1.88]
0.29 [-0.66, 1.25]

1.93
0.63
1.07
0.44
2.67
0.22
-0.05
0.04
1.64
3.29
0.71
-1.09
-1.58
0.07
-1.56
-0.20
1.45
-0.76
1.02
-0.45
3.08
-1.71
-0.34
-1.92
-0.11
-1.21
0.06
0.45
-1.11
-1.40
0.33
0.37
1.25
0.64
-0.31
-1.20
-0.23
-0.60
0.38
1.87
4.43
0.88
0.66

0.075
0.541
0.303
0.676
0.018
0.828
0.962
0.967
0.123
0.005
0.489
0.294
0.188
0.942
0.142
0.848
0.169
0.461
0.326
0.662
0.009
0.110
0.742
0.087
0.915
0.272
0.952
0.657
0.293
0.182
0.747
0.719
0.244
0.537
0.758
0.258
0.823
0.571
0.713
0.082
0.001
0.394
0.518

*

%%

* %

* %k

Hedge's g [Clos]
0.81[0.16, 1.76]
0.27 [0.65, 1.17]
0.44 [0.48, 1.34]
0.21[0.9,1.3]
1.16 [0.15, 2.13]
0.1[0.79, 0.98]
0.02 [0.88, 0.92]
0.02 [0.9, 0.94]
0.72[0.23, 1.64]
1.42[0.37, 2.44]
0.31[0.6, 1.21]
0.48 [0.47, 1.42]
0.76 [0.57, 2.01]
0.03 [0.87, 0.93]
0.68 [0.26, 1.6]
0.08 [0.82, 0.98]
0.63[0.3, 1.55]
0.32[0.59, 1.23]
0.44 [0.48, 1.35]
0.19[0.71, 1.1]
1.36 [0.28, 2.39]
0.74 [0.21, 1.67]
0.14 [0.76, 1.05]
0.85 [0.31, 1.96]
0.05 [0.94, 1.03]
0.51 [0.63, 1.58]
0.03 [0.88, 0.93]
0.19[0.71, 1.08]
0.49 [0.53, 1.49]
0.58 [0.36, 1.5]
0.14 [0.77, 1.04]
0.16 [0.75, 1.06]
0.58 [0.48, 1.61]
0.29[0.7, 1.25]
0.14[0.75, 1.02]
0.48 [0.59, 1.51]
0.1[0.84, 1.03]
0.38[0.7,1.43]
0.16 [0.75, 1.06]
0.82[0.14, 1.75]
2.06 [0.68, 3.4]
0.38 [0.55, 1.3]
0.29 [0.64, 1.21]

263



APPENDICES

Appendix 6: Statistical results of the neurodevelopment panel on each cerebellar layer

Stage Layer

P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P70
P70
P70
P70
P70
P70
P70
P70
P70
P70
P70
P70
P70
P70
P70
P70
P70
P70
P70
P70
P70
P70
P70
P70
P70
P70
P70
P70
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PC
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
IGL
ML
ML
ML
ML
ML
ML
PC

Gene
Tmod
Aktl
Cadps2
Calb2
Grm3
Mbp
Mobp
Mog
Nrxnl
Plp1
Racl
Stmnl
Tinl
Tmod
Zicl
Adoral
Cadps2
Calb2
Gabral
Gabrg2
Grinl
Grm3
Homer1l
Nrxnl
Nxph4
Pax6
Racl
Robol
Slc17a7
Slc32al
Stmnl
Syn2
Syp
Tinl
Tmod
Zicl
Astn2
Calbl
Gabral
Grid2
Grinl
Tinl
Calbl

Avg DCq (N) Avg DCq (IH) Fold Change Difference [Clss]

9.54
4.04
4.83
4.37
4.30
-5.07
-3.09
0.39
4.77
-4.14
1.60
1.06
3.08
3.62
3.75
2.33
0.74
-0.59
1.10
3.66
2.10
6.24
5.55
2.17
5.57
2.57
2.54
5.50
0.87
3.85
1.93
1.51
1.10
5.25
4.47
0.12
2.79
2.73
0.44
3.02
2.53
4.76
0.38

7.12
3.59
4.81
4.03
4.67
-5.14
-3.16
0.23
4.35
-4.26
131
1.15
3.05
3.79
3.26
2.42
-0.13
-0.87
1.27
3.06
2.21
6.14
5.23
1.82
5.29
2.30
2.28
5.36
1.00
3.73
2.03
1.24
1.07
5.64
4.92
-1.09
2.09
3.02
0.76
2.50
2.14
3.70
1.22

5.35
1.37
1.02
1.26
0.77
1.05
1.05
1.12
1.34
1.09
1.23
0.94
1.02
0.89
1.40
0.94
1.83
1.22
0.89
1.52
0.93
1.07
1.25
1.27
1.21
1.21
1.20
1.10
0.92
1.09
0.93
1.21
1.02
0.76
0.73
2.31
1.62
0.82
0.80
1.44
131
2.09
0.56

2.42 [-0.92, 5.76]
0.46 [-0.02, 0.94]
0.03 [-0.87, 0.93]
0.34 [-0.22, 0.89]
-0.37 [-0.83, 0.09]
0.07 [-0.2, 0.33]
0.08 [-0.15, 0.3]
0.16 [0, 0.33]
0.43 [-0.2, 1.05]
0.13 [-0.03, 0.29]
0.29[0.1, 0.49]
-0.09 [-0.3, 0.13]
0.03 [-0.34, 0.41]
-0.16 [-0.6, 0.27]
0.49 [0.11, 0.86]
-0.09 [-0.25, 0.08]
0.87[0.43, 1.31]
0.29 [-0.05, 0.62]
-0.16 [-0.53, 0.2]
0.61[-0.13, 1.34]
-0.11 [-0.7, 0.48]
0.1[-0.72, 0.93]
0.32 [-0.53, 1.17]
0.35 [-0.04, 0.73]
0.28 [-0.87, 1.43]
0.27[-0.17,0.71]
0.27 [-0.2, 0.74]
0.14[-0.85, 1.13]
-0.13 [-0.44, 0.19]
0.13 [-0.22, 0.48]
-0.11 [-0.49, 0.28]
0.27 [-0.12, 0.66]
0.03 [-0.22, 0.28]
-0.39 [1.15, 0.37]
-0.45 [-0.91, 0.01]
1.21[-0.28, 2.7]
0.69 [-0.13, 1.51]
-0.29 [-0.86, 0.29]
-0.32 [-0.86, 0.21]
0.52 [-0.25, 1.29]
0.39 [-0.25, 1.02]
1.06 [-0.65, 2.78]
-0.83 [-1.72, 0.06]

1.77
2.06
0.07
1.33
-1.74
0.53
0.71
2.09
1.58
1.70
3.27
-0.86
0.19
-0.81
2.80
-1.34
5.04
2.19
-1.15
2.13
-0.48
0.35
0.96
2.30
0.68
1.60
1.47
0.36
-1.05
0.93
-0.70
1.78
0.32
-1.31
-2.53
2.09
2.17
-1.29
-1.56
1.75
1.56
1.97
-2.98

p.value
0.127
0.060
0.946
0.209
0.105
0.603
0.491
0.055
0.153
0.112
0.006 **
0.406
0.853
0.432
0.014 *
0.239
0.004 **
0.080
0.303
0.086
0.651
0.747
0.382
0.070
0.534
0.171
0.201
0.732
0.343
0.396
0.514
0.135
0.763
0.246
0.052
0.091
0.082
0.254
0.180
0.141
0.180
0.143
0.059

Hedge's g [Clos]
0.95 [0.31, 2.15]
0.89[0.11, 1.86]
0.03 [0.95, 1.01]
0.61[0.38, 1.57]
0.77[0.21, 1.73]
0.23[0.68, 1.13]
0.31[0.61, 1.21]
0.91 [0.05, 1.85]
0.79[0.32, 1.85]
0.74 0.2, 1.65]
1.42 [0.37, 2.44]
0.37[0.54, 1.28]
0.08 [0.82, 0.98]
0.36 [0.58, 1.28]
1.17 [0.13, 2.17]
0.72[0.56, 1.95]
2.7[0.64, 4.7]
1.32[0.07, 2.64]
0.69 [0.53, 1.87]
1.29[0.08, 2.58]
0.27 [0.94, 1.44]
0.19[0.92, 1.27]
0.41[0.76, 1.52]
1.39[0.01, 2.71]
0.31[0.88, 1.45]
0.93 [0.28, 2.06]
0.82[0.48, 2.06]
0.14 [0.92, 1.18]
0.63[0.57, 1.78]
0.53[0.71, 1.72]
0.37[0.84, 1.55]
0.8 [0.5, 2.01]
0.14 [0.98, 1.24]
0.71[0.57, 1.93]
1.48 [0.01, 2.88]
1.22[0.17, 2.54]
0.76 [0.47, 1.9]
0.76 [0.4, 1.86]
0.65[0.58, 1.8]
0.74[0.53, 1.92]
0.67 [0.58, 1.83]
0.94 [0.46, 2.23]
1.36[0.23, 2.86]
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P70
P70
P70
P70
P70
P70
P70
P70

Layer
PC
WM
WM
WM
WM
WM
WM
WM

Gene
Gabral
Grm3
Mbp
Mobp
Mog
Plp1
Stmnl
Tinl

Avg DCq (N) Avg DCq (IH) Fold Change Difference [Clss]

0.30
3.09
-3.69
-2.34
1.11
-2.52
1.13
2.57

1.07
2.02
-4.01
-2.50
1.41
-3.04
0.21
1.45

0.59
2.10
1.25
1.12
0.81
1.44
1.89
2.18

-0.77 [-1.41, -0.12]
1.07 [0.02, 2.12]
0.32[-0.16, 0.79]
0.16 [-0.14, 0.47]
-0.3[-1.19, 0.58]
0.52 [0.05, 0.99]
0.92 [0.37, 1.47]
1.12 [0.76, 1.49]

-3.78
3.26
1.71
1.37
-0.88
2.84
4.28
7.86

0.032 *
0.047 *
0.148
0.230
0.419
0.036 *
0.008 **

Hedge's g [Clos]
1.75 [0.06, 3.48]
1.24[0.23, 2.64]
1.04 [0.26, 2.26]
0.8 [0.49, 2.02]
0.51[0.72, 1.7]
1.52 [0.02, 2.98]
1.66 [0.07, 3.31]

<0.001 *** 3.89[1.04, 6.71]
Asterisks after p.values indicate the level of statistical significance: one for p < .05, two for p <.01, and three for p < .001
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Stage Layer Avg DCq (N) Avg DCq (IH) Fold Change Difference [Clss] Hedge's g [Clos]
P4 Tot  Angptl 5.65 5.55 1.07 0.1[-0.14, 0.35] 0.92 0.380 0.44 [0.59, 1.45]
P4 Tot Angpt2 9.00 8.73 1.20 0.27 [0.07, 0.46] 3.00 0.013* 1.45 [0.25, 2.59]
P4 Tot Anpep  8.42 8.39 1.02 0.03[-0.21,0.28] 0.31 0.767 0.14 [0.87, 1.15]
P4 Tot  Cdh5 7.42 7.37 1.04 0.05 [-0.1, 0.2] 0.77  0.460 0.34[0.68, 1.33]
P4 Tot Collal 3.84 3.82 1.02 0.03[-0.18,0.24] 0.28 0.787 0.12 [0.87,1.1]
P4 Tot F3 6.43 6.21 1.16 0.22 [0.04, 0.39] 2.74 0.021 * 1.26 [0.07, 2.39]
P4 Tot  Fgf2 10.26 10.17 1.06 0.09[-0.13,0.31] 093 0.373 0.45 [0.58, 1.46]
P4 Tot Flk1 6.17 5.86 1.24 0.31[0.08, 0.54] 3.06 0.012* 1.47 [0.27, 2.62]
P4 Tot Fitl 7.71 7.39 1.25 0.33[0.14,0.51] 3.90 0.003 **  1.85[0.54,3.1]
P4 Tot  Lectl 10.37 10.29 1.06 0.08 [-0.19,0.34] 0.65 0.528 0.3[0.72,1.31]
P4 Tot Mmp2 8.15 8.17 0.99 -0.02 [-0.18,0.14] -0.30 0.769 0.13[0.87,1.13]
P4 Tot Mmp9 9.16 9.02 1.10 0.14[-0.04,0.31] 177 0.107 0.76 [0.33, 1.8]
P4 Tot Ndp 8.90 8.87 1.02 0.03 [-0.16, 0.21] 0.36 0.729 0.17 [0.81, 1.14]
P4 Tot  Nrpl 5.47 5.33 1.10 0.14[-0.08,0.35] 1.43 0.183 0.66 [0.41, 1.69]
P4 Tot  Pgf 8.36 8.35 1.00 0.01[-0.23,0.24] 0.06 0.951 0.03 [0.98, 1.04]
P4 Tot  SerpinEl 11.18 11.18 1.00 0[-0.19, 0.2] 0.04 0.969 0.02 [0.95, 0.99]
P4 Tot SerpinFl 7.06 7.20 0.91 -0.14 [-0.32,0.03] -1.81 0.100 0.86 [0.24, 1.91]
P4 Tot  Tek 8.39 8.33 1.04 0.06 [-0.07,0.19] 1.00 0.339 0.47 [0.58, 1.49]
P4 Tot Tgfbl 8.38 8.18 1.14 0.19 [0.02, 0.36] 250 0.032* 1.18 [0.03, 2.29]
P4 Tot Thbsl 6.84 6.69 1.11 0.15 [0.02, 0.27] 261 0.026 * 1.23 [0.06, 2.34]
P4 Tot Tiel 7.96 8.10 0.90 -0.14 [-0.35,0.06] -1.60 0.141 0.77 [0.3, 1.8]
P4 Tot  Timpl 10.16 10.31 0.90 -0.15[-0.38,0.08] -1.45 0.177 0.68 [0.39, 1.72]
P4 Tot Vegfa 7.01 6.38 1.54 0.63 [0.45, 0.8] 7.96 <0.001 *** 3.74[1.81,5.61]
P8 Tot Angptl 5.15 5.37 0.85 -0.23[-0.39,-0.07] -3.04 0.009 ** 1.35[0.22, 2.43]
P8 Tot  Angpt2 9.03 9.10 0.95 -0.07 [-0.28,0.13] -0.81 0.434 0.4 [0.47, 1.26]
P8 Tot Anpep 9.23 9.89 0.63 -0.66 [-0.97,-0.35] -4.66 <0.001 *** 2.05[0.73, 3.32]
P8 Tot Cdh5 7.84 8.54 0.61 -0.7 [-0.93,-0.47] -6.61 <0.001 *** 2.86[1.24, 4.42]
P8 Tot Collal 4.24 4.19 1.03 0.05[-0.21,0.31] 0.38 0.709 0.18 [0.74, 1.1]
P8 Tot F3 6.26 6.23 1.02 0.03[-0.28,0.33] 0.19 0.855 0.09 [0.84, 1.01]
P8 Tot Fgf2 10.34 10.95 0.65 -0.61[-0.77,-0.45] -8.35 <0.001 *** 3.42[1.47,5.32]
P8 Tot Flk1 6.42 6.84 0.74 -0.43 [-0.62, -0.23] -4.68 <0.001 *** 2.1[0.79, 3.36]
P8 Tot Fitl 7.69 8.59 0.54 -0.9[-1.17,-0.63] -7.17 <0.001 *** 3.25[1.6, 4.85]
P8 Tot Lectl 10.14 10.77 0.64 -0.64 [-0.86, -0.41] -6.00 <0.001 *** 2.95[1.53,4.33]
P8 Tot Mmp2 8.81 9.60 0.58 -0.79 [-0.94, -0.63] -10.84 <0.001 *** 4.9[2.66, 7.11]
P8 Tot Mmp9 9.36 9.21 1.10 0.14[-0.28,0.57] 0.73 0.478 0.37[0.49, 1.21]
P8 Tot  Ndp 8.90 8.79 1.08 0.11[-0.01,0.23] 2.02 0.064 0.95 [0.06, 1.92]
P8 Tot Nrpl 6.53 6.84 0.81 -0.31[-0.47,-0.14] -4.06 0.001 ** 1.7 [0.43, 2.92]
P8 Tot  Pgf 8.87 9.24 0.78 -0.37 [-0.67,-0.07] -2.63 0.021 * 1.32[0.3, 2.29]
P8 Tot SerpinEl 11.58 12.38 0.57 -0.8[-1.03,-0.58] -7.66 <0.001 *** 3.49[1.78,5.17]
P8 Tot SerpinFl 6.94 7.20 0.83 -0.26 [-0.34,-0.18] -6.91 <0.001 *** 3,06 [1.43, 4.65]
P8 Tot Tek 8.70 9.16 0.73 -0.45[-0.61,-0.3] -6.41 <0.001 *** 2,57[0.94, 4.16]
P8 Tot Tgfbl 8.35 8.97 0.65 -0.62 [-0.82, -0.41] -6.56 <0.001 *** 2.55[0.87,4.17]
P8 Tot Thbsl 7.52 8.25 0.60 -0.73 [-0.98, -0.48] -6.30 <0.001 *** 3,1[1.64, 4.53]
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Stage Layer Avg DCq (N) Avg DCq (IH) Fold Change Difference [Clgs] Hedge's g [Clgs]
P8 Tot Tiel 7.97 8.84 0.55 -0.88[-1.11,-0.64] -8.04 <0.001 *** 3,05[1.12, 4.94]
P8 Tot Timpl 10.24 10.44 0.87 -0.2 [-0.4, 0.01] -2.06 0.060 1.01[0.02, 1.96]
P8 Tot Vegfa 6.92 7.41 0.71 -0.5[-0.68,-0.31] -5.76 <0.001 *** 2.85[1.45, 4.2]
P12 Tot Angptl 5.29 5.36 0.95 -0.07 [-0.26,0.12] -0.77 0.451 0.26 [0.55, 1.05]
P12 Tot Angpt2 9.60 9.40 1.14 0.19 [0.05, 0.34] 276 0.011* 1.07 [0.24, 1.88]
P12 Tot Anpep 9.15 9.46 0.81 -0.31[-0.48,-0.14] -3.82 <0.001 *** 1.38[0.44, 2.28]
P12 Tot Cdh5 7.89 7.99 0.94 -0.09 [-0.29,0.11] -0.98 0.338 0.38 [0.38, 1.14]
P12 Tot Collal 4.77 461 1.12 0.16 [-0.05, 0.37] 1.61 0.122 0.64 [0.11, 1.39]
P12 Tot F3 5.66 5.84 0.88 -0.18 [-0.37,0.01] -1.97 0.061 0.71[0.12,1.52]
P12 Tot Fgf2 10.31 10.01 1.23 0.3[0.1, 0.49] 3.18 0.004 ** 1.2 [0.33, 2.04]
P12 Tot Flkl1 6.01 5.95 1.04 0.06 [-0.08, 0.2] 0.88  0.388 0.32[0.47,1.1]
P12 Tot Flt1 7.15 7.04 1.08 0.12 [-0.03, 0.26] 1.64 0.115 0.65[0.13, 1.41]
P12 Tot Lectl 9.88 10.40 0.70 -0.52[-0.79, -0.26] -4.08 <0.001 *** 1,58 [0.68, 2.45]
P12 Tot Mmp2 8.54 8.28 1.20 0.26 [0.02, 0.5] 225 0.035* 0.86 [0.05, 1.65]
P12 Tot Mmp9 9.54 9.26 1.21 0.28 [0.06, 0.49] 2.68 0.014 * 1.06 [0.25, 1.85]
P12 Tot Ndp 8.69 9.11 0.75 -0.42 [-0.51,-0.32] -9.26 <0.001 *** 3,3[1.86, 4.7]
P12 Tot Nrpl 6.42 6.49 0.96 -0.07 [-0.22,0.09] -0.85 0.406 0.29 [0.52, 1.08]
P12 Tot Pgf 9.46 9.08 1.30 0.38[0.13, 0.63] 3.12  0.005 ** 1.25[0.43, 2.05]
P12 Tot SerpinEl 11.59 11.92 0.80 -0.33[-0.56,-0.1] -2.97 0.007 ** 1.19 [0.37, 1.98]
P12 Tot SerpinFl 6.74 7.00 0.84 -0.26 [-0.43,-0.09] -3.13 0.005 ** 1.2[0.35, 2.03]
P12 Tot Tek 8.23 8.50 0.83 -0.27 [-0.45,-0.09] -3.18 0.004 ** 1.25[0.41, 2.07]
P12 Tot Tgfbl 7.96 7.74 1.17 0.22 [0.05, 0.39] 271 0.013* 0.97 [0.11, 1.81]
P12 Tot Thbsl 8.06 7.83 1.17 0.23 [0.01, 0.46] 212 0.045* 0.79 [0.04, 1.59]
P12 Tot Tiel 7.79 7.82 0.98 -0.03 [-0.27,0.22] -0.22 0.827 0.09 [0.66, 0.83]
P12 Tot Timpl 10.19 10.42 0.85 -0.23 [-0.58,0.11] -1.38 0.180 0.48 [0.34, 1.28]
P12 Tot Vegfa 6.31 6.54 0.85 -0.23[-0.36,-0.1] -3.74 0.001 ** 1.44[0.55, 2.3]
P21 Tot Angptl 5.59 6.37 0.58 -0.78 [-1, -0.56] -7.46 <0.001 *** 3,23 [1.74, 4.67]
P21 Tot Angpt2 9.68 10.21 0.69 -0.53[-0.72,-0.33] -5.84 <0.001 *** 2,53[1.24,3.78]
P21 Tot Anpep 10.00 9.98 1.02 0.02[-0.11,0.16] 0.38 0.708 0.17 [0.71, 1.04]
P21 Tot Cdh5 9.41 9.43 0.99 -0.02 [-0.14, 0.1] -0.37 0.717 0.16 [0.75, 1.06]
P21 Tot Collal 5.71 5.70 1.01 0.01[-0.31,0.33] 0.07 0.946 0.03 [0.87, 0.93]
P21 Tot F3 4.77 5.27 0.71 -0.5[-0.61,-0.39] -9.87 <0.001 *** 4.3[2.51, 6.05]
P21 Tot Fgf2 10.83 11.01 0.88 -0.19 [-0.34,-0.03] -2.54 0.024 * 1.1[0.09, 2.07]
P21 Tot Flk1 7.13 7.56 0.74 -0.43[-0.73,-0.12] -3.01 0.009 ** 1.3[0.27, 2.3]
P21 Tot Fit1 7.93 8.15 0.86 -0.22 [-0.36,-0.08] -3.33 0.005 ** 1.41[0.34, 2.45]
P21 Tot Lectl 9.21 9.32 0.93 -0.1 [-0.3, 0.09] -1.14  0.275 0.48 [0.45, 1.39]
P21 Tot Mmp2 9.83 9.91 0.95 -0.07 [-0.17,0.03] -1.58 0.136 0.69 [0.25, 1.61]
P21 Tot Mmp9  10.34 10.50 0.90 -0.16 [-0.37,0.06] -1.58 0.136 0.69 [0.26, 1.61]
P21 Tot Ndp 7.94 8.22 0.82 -0.29 [-0.58,0.01] -2.08 0.056 0.89 [0.07, 1.81]
P21 Tot Nrpl 7.90 7.95 0.97 -0.05[-0.19,0.09] -0.73 0.479 0.31[0.61, 1.21]
P21 Tot Pgf 8.94 9.15 0.86 -0.22 [-0.4,-0.03] -2.51 0.025* 1.06 [0.05, 2.04]
P21 Tot SerpinEl 12.36 12.44 0.94 -0.09 [-0.33,0.16] -0.75 0.466 0.33[0.56, 1.2]
P21 Tot SerpinFl 6.70 6.66 1.03 0.04 [-0.05,0.13] 092 0.375 0.4 [0.51, 1.3]
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Appendix 7: Statistical results of the vascularization panel on the whole cerebellum

P21
P21
P21
P21
P21
P21
P70
P70
P70
P70
P70
P70
P70
P70
P70
P70
P70
P70
P70
P70
P70
P70
P70
P70
P70
P70
P70
P70
P70

Layer Gene
Tot Tek
Tot  Tgfbl
Tot  Thbsl
Tot Tiel
Tot Timpl
Tot Vegfa
Tot  Angptl
Tot Angpt2
Tot  Anpep
Tot Cdh5
Tot  Collal
Tot F3

Tot  Fgf2
Tot Flk1
Tot Fitl
Tot  Lectl
Tot Mmp2
Tot Mmp9
Tot  Ndp
Tot Nrpl
Tot  Pgf

Tot SerpinEl
Tot  SerpinFl
Tot Tek
Tot  Tgfbl
Tot  Thbsl
Tot Tiel
Tot Timpl
Tot Vegfa

Avg DCq (N) Avg DCq (IH)

9.07
8.81
8.49
8.86
10.67
6.84
5.33
9.89
9.29
8.10
6.68
3.81
9.36
7.21
5.81
9.74
9.66
9.27
7.48
7.05
8.48
11.61
6.29
8.09
8.23
8.10
8.03
11.08
5.61

9.48
8.83
8.60
8.76
10.84
6.98
5.44
10.34
9.47
8.48
7.04
3.96
9.54
7.82
6.29
10.03
9.93
9.59
7.51
7.44
8.48
12.08
6.56
8.45
8.43
8.26
8.37
11.79
5.93

Fold Change Difference [Clss]

0.75
0.99
0.93
1.07
0.89
0.90
0.93
0.73
0.88
0.77
0.78
0.90
0.88
0.66
0.72
0.82
0.83
0.80
0.98
0.77
1.00
0.72
0.82
0.78
0.87
0.90
0.79
0.61
0.80

-0.41 [-0.56, -0.26]
-0.02 [-0.18, 0.14]
-0.11 [-0.29, 0.07]
0.1 [-0.08, 0.27]
-0.17 [-0.35, 0.01]
-0.14 [-0.22, -0.07]
-0.11 [-0.62, 0.4]
-0.45[-0.77, -0.12]
-0.18 [-0.52, 0.16]
-0.38 [-0.61, -0.15]
-0.35 [-0.83, 0.13]
-0.16 [-0.44, 0.13]
-0.18 [-0.36, 0]
-0.61 [-1.07, -0.15]
-0.48 [-0.68, -0.28]
-0.29 [-0.71, 0.12]
-0.26 [-0.79, 0.26]
-0.32 [-0.7, 0.07]
-0.03 [-0.38, 0.32]
-0.38 [-0.69, -0.07]
0[-0.17,0.16]
-0.47 [-0.85, -0.09]
-0.28 [-0.67, 0.12]
-0.36 [-0.57, -0.15]
-0.2[-0.4, 0]

-0.16 [-0.51, 0.19]
-0.35 [-0.57, -0.13]
-0.71 [-1.49, 0.08]
-0.32 [-0.6, -0.05]

-5.79
-0.25
-1.30
1.21

-2.04
-4.29
-0.55
-3.57
-1.38
-4.25
-1.89
-1.41
-2.59
-3.41
-6.22
-1.81
-1.29
212
-0.23
-3.17
-0.06
-3.16
-1.80
-4.41
-2.51
-1.18
-4.05
231
-3.06

<0.001 ***
0.809
0.213
0.246
0.061
<0.001 ***
0.605
0.016 *
0.225
0.008 **
0.118
0.218
0.049 *
0.019 *
0.002 **
0.130
0.253
0.087
0.831
0.025 *
0.956
0.025 *
0.131
0.007 **
0.054
0.292
0.010 **
0.069
0.028 *

Hedge's g [Clos)

2.34[0.92, 3.72]
0.11[0.8, 1.01]

0.56 [0.38, 1.47]
0.53 (0.4, 1.44]

0.89 [0.08, 1.83]
1.87[0.73, 2.96]
0.32[0.87, 1.49]
2.04[0.34, 3.66]
0.8 [0.48, 2.03]

2.12[0.26, 3.9]

0.71[0.52, 1.84]
0.74 [0.55, 1.97]
1.45 [0.04, 2.86]
1.11[0.3, 2.42]

2.69 [0.39, 4.96]
0.82[0.49, 2.04]
0.66 [0.61, 1.87]
1.26 [0.13, 2.58]
0.12 [1.06, 1.28]
1.47 [0.12, 2.96]
0.03[1.14,1.2]

1.09[0.31, 2.41]
1.08 [0.26, 2.34]
2.3[0.39, 4.13]

1.05 [0.35, 2.34]
0.53[0.69, 1.67]
2.45[0.62, 4.21]
0.72 [0.46, 1.81]
1.83[0.25, 3.34]

Asterisks after p.values indicate the level of statistical significance: one for p < .05, two for p <.01, and three for p < .001
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Etude des altérations moléculaires, cellulaires et vasculaires induites par I’'apnée du prématuré dans le cervelet de la souris

Le cervelet est impliqué dans diverses fonctions, du contrdle moteur jusqu’aux émotions. A la naissance, le cortex cérébelleux humain
est encore immature, ce qui le rend vulnérable aux événements périnataux tels que I'hypoxie. L'apnée du prématuré (ADP) est I'une des
principales causes d'hypoxie périnatale, puisqu'elle survient chez plus de 50 % des enfants prématurés. Or, plusieurs relations entre les fonctions
cérébelleuses et les déficits observés chez les enfants ayant souffert d'ADP ont été démontrées, mais les mécanismes physio-pathologiques par
lesquels I'ADP affecte le cervelet restent mal compris. Ce travail vise a mettre en lumiere les mécanismes sous-jacents aux lésions hypoxiques
cérébelleuses. A cette fin, nous avons développé un protocole d'hypoxie intermittente (HI), consistant en des cycles répétés de 2 minutes
d'hypoxie-réoxygénation (dont 20 secondes a 5% d'0,), entre P2 et P12, 6 heures par jour, qui constitue un modele murin valide de I'ADP. Dans
un premier temps, nous montrons que le cervelet est effectivement sensible a I'HI, et présente un retard de maturation significatif a la fin de
notre protocole. De plus, I'hypoxie semble induire une surexpression de génes impliqués dans la production d'espéces réactives de I'oxygene
(ROS), qui s'accumulent dans le cervelet. A I'inverse, les génes codant pour les enzymes antioxydantes sont sous-exprimés apres I'HI, ce qui
suggére une défaillance du systéeme de défense contre les ROS. L'HI induit également des dommages a long terme, sous la forme de déficits
d'apprentissage et de motricité, qui sont associés a la sur-innervation des cellules de Purkinje par les fibres grimpantes. Nous avons complété
ces résultats par une étude transcriptomique des génes impliqués dans la différenciation et la migration cellulaire. Nous avons analysé
I'expression de ces génes par RT-qPCR, a différents stades de développement et dans différents types de cellules, en utilisant la microdissection
par capture laser pour séparer les couches cérébelleuses. Ceci nous a permis de déterminer que la période la plus vulnérable a I'HI est le stade
P8 chez la souris, au cours duquel un nombre significatif de génes sont dérégulés dans toutes les couches corticales cérébelleuses. De plus, il
semble que les processus impliqués dans le développement du cervelet soient affectés, y compris la prolifération, la différenciation, la
connectivité synaptique et la myélinisation. Plusieurs mécanismes compensatoires et neuroprotecteurs sont mis en place pendant et apres I'HI,
mais ils ne semblent pas suffisamment efficaces compte tenu de la persistance des déficits a I'age adulte. Enfin, étant donné le lien établi entre
I'hypoxie et la vascularisation, nous avons testé un panel de génes axés sur ces processus et avons trouvé des régulations significatives des
facteurs angiogéniques et de croissance. En outre, les résultats préliminaires d'imagerie suggérent que le cervelet Hl a un réseau vasculaire plus
lache et moins volumineux, un facteur qui pourrait participer a la physiopathologie de I'ADP. Nous avons l'intention de poursuivre cet axe de
recherche avec des études immunohistochimiques et de transparisation supplémentaires. Dans I'ensemble, les données présentées ici
démontrent que le cervelet est affecté par I'HI, et qu’une lésion cérébelleuse est, au moins en partie, responsable des symptdmes observés chez
les enfants ayant subi une ADP. Ce projet fournit des éléments pour mieux comprendre I'ADP, en reliant les altérations comportementales et
histologiques & des mécanismes cellulaires et moléculaires sous-jacents plausibles. A long terme, il pourrait conduire a l'identification de
nouvelles cibles thérapeutiques afin d'améliorer la prise en charge clinique actuelle de cette pathologie trés prévalente.

Study of molecular, cellular, and vascular alterations induced by apnea of prematurity in the murine cerebellum

The cerebellum is involved in diverse functions, from motor control and equilibrium to spatial learning and emotion. At birth, the
human cerebellar cortex is still immature, making it vulnerable to perinatal events such as hypoxia. Apnea of prematurity (AOP) is a main cause
of perinatal hypoxia, as it occurs in over 50% of preterm infants. Several relationships between cerebellar functions and the deficits observed in
children having suffered from AOP have been demonstrated, but the physio-pathological mechanisms by which AoP affects the cerebellum
remain poorly understood. This work aims at shedding light on the mechanisms underlying cerebellar hypoxic injury. To this end, we developed
an intermittent hypoxia (IH) protocol, consisting of repeated 2-minute cycles of hypoxia-reoxygenation (including 20 seconds at 5% 02), applied
between P2 and P12, 6 hours per day, which constitutes a valid murine model of AOP. In a first study, we show that the cerebellum is indeed
sensitive to IH, and presents a significant delay in maturation at the end of our IH protocol. In addition, hypoxia seems to induce an
overexpression of genes involved in reactive oxygen species (ROS) production, which accumulate in the cerebellum. Conversely, genes coding
for antioxidant enzymes are underexpressed after IH, suggesting a failure of the defense system against ROS. IH also induces long-term damage,
in the form of learning and motor deficits, which are associated with the over-innervation of Purkinje cells by climbing fibers. We followed these
results with a transcriptomic study of genes involved in cell differentiation and migration. We analyzed the expression of these genes by RT-
gPCR, in different developmental stages and in different cell types, using laser capture microdissection to separate cerebellar layers. This allowed
us to determine that the period most vulnerable to IH is the P8 stage in mice, during which a significant number of genes are dysregulated in all
cerebellar cortical layers. Moreover, it seems that all processes involved in cerebellar development are impacted, including proliferation,
differentiation, synaptic connectivity, and myelination. Several compensatory and neuroprotective mechanisms are put in place during and after
IH, but they do not seem to be sufficiently effective considering the persistence of deficits through adulthood. Finally, given the established
connection between hypoxia and vascularization, we tested a gene panel focused on these processes and found significant regulations of
angiogenic and growth factors. In addition, preliminary imaging results suggest that IH cerebella have a looser and less voluminous vascular
network, a factor that could participate in the pathophysiology of AOP. We aim to pursue this line of inquiry with additional
immunohistochemical and clearing studies. Overall, the data presented here demonstrate that the cerebellum is affected by IH, and that its
injury is, at least in part, responsible for the symptoms observed in children having experienced AOP. This project provides elements to better
understand AOP, by connecting behavioral and histological alterations to plausible underlying cellular and molecular mechanisms. In the long
term, it could lead to the identification of novel therapeutic targets to improve the current clinical management of this highly prevalent
pathology.



