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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

Fézziceﬁﬁ:me functions and the deficits observed in children who have experienced AOP. Yet, the cerebellar alterations un-
Development derpinning this link remain poorly understood. To gain insight into the involvement of the cerebellum in peri-

natal 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 over-expression 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 the identification of novel therapeutic targets
for improving the clinical management of this prevalent pathology.

1. Introduction

Apnea of prematurity (AOP) is particularly common in premature
newborns due to their immature respiratory 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
min, and lasting over 20 s, which can be associated with bradycardia or
Oy desaturation (Fichenwald et al., 2016). AOP thus induces

intermittent hypoxia (IH), which typically subsides in 98% of cases by
the time the corrected term is reached. However, numerous studies have
shown a correlation between the duration of AOP or the number of
apneic events, and the occurrence of developmental abnormalities
(Henderson-Smart, 1981; Janvier et al., 2004; Pergolizzi et al., 2022).
The AOP-induced deficits include language, cognition, and motor im-
pairments which can persist in the long term, and affect academic per-
formance (Poets, 2020; Schmidt et al., 2017).

Due to its high metabolic requirements, the central nervous system
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(CNS) is particularly sensitive to Oy availability, and the neurological
consequences of a perinatal hypoxia are well documented. In humans, it
has been demonstrated that perinatal hypoxia leads to region-specific
cell death depending on the developmental stage. Specifically, in pre-
term infants, the periventricular white matter is most affected, while in
term infants, the basal ganglia are the most vulnerable (Ferriero, 2001).
Animal models have also revealed that other brain structures, such as
the frontal cortex, corpus callosum, and brainstem, are targeted by
perinatal hypoxia (Cai et al., 2012; Darnall et al., 2017; Kheirandish
et al., 2005). However, the involvement of the cerebellum in perinatal
hypoxia-related sequelae has been largely overlooked, despite the
well-known vulnerability of the immature cerebellum to perinatal
events in both humans and various animal models (Barron and Kim,
2020; Biran et al., 2011, 2012; Cai et al., 2012; Iskusnykh and Chizhi-
kov, 2022). Furthermore, considering that several neurological func-
tions known to be affected by perinatal hypoxia, such as learning and
motor coordination, are partially controlled by the cerebellum (Volpe,
2009), these observations suggest that AOP could impact the neuro-
logical development of the cerebellum.

To study the effect of AOP on cerebellar development, we are using
an animal hypoxia model, which involves exposing mice to 30 episodes
of 120-s hypoxia for 6 h per day between P2 and P10 (Cai et al., 2012). It
is now recognized that the first postnatal week in rodents (PO to P10)
corresponds, in terms of cerebellar cortical formation, to the third
trimester of pregnancy in humans (24-38 weeks gestational age), which
represents a period of infant prematurity and high vulnerability of the
cerebellum (Biran et al., 2012; Volpe, 2009). Furthermore, it has been
demonstrated that this protocol mimics the deficits caused by preterm
apnea on myelination and axonal elongation in the brain (Cai et al.,
2012). Thanks to this murine model of AOP, we have recently demon-
strated 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 al-
terations 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 in 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, Oy deprivation is always followed by a
reoxygenation phase (Prabhakar and Semenza, 2012). This causes both
metabolic and oxidative 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 reoxygenation
phases. This cycle results in an over-production 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;
Leroux 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 IH during cerebellar
development, and to uncover the molecular bases underlying short- and
long-term deficits observed after AOP. We initially examined 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 developmental pro-
cesses such as proliferation, cell differentiation, and migration, on each
cerebellar layer. As Purkinje cells represent the cerebellum’s integration
center and seem to be the most affected during AOP (Leroux et al.,
2022), we also narrowed our focus to study these neurons. Altogether,
our goal is to provide elements to correlate cerebellar transcriptomic
regulations with both existing histological findings and long-term im-
pairments observed in children having experienced AOP. Through these
efforts, we aim to enhance our understanding of the cellular and mo-
lecular mechanisms underlying the pathophysiology of AOP.
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2. Materials and methods
2.1. Animals

This study used wild type C57Bl6/J mice born and bred in an
accredited animal facility (approval number B.76-451-04), in accor-
dance with the French Ministry of Agriculture and the European Com-
munity Council Directive 2010/63/UE of September 22nd, 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. Sex
identification was done both by anogenital distance measurement and
pigment-spot localization before sacrifice (Wolterink-Donselaar et al.,
2009). Starting at P2, mice were assigned a unique identifier before
initializing the protocol. There was no blinding in this study, and sample
size was chosen based on power determination from our preliminary
studies.

2.2. Intermittent hypoxia protocol

Our IH 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
AQP (Cai et al., 2012; Leroux et al., 2022). The IH sequence consisted of
2-min cycles of hypoxia (5% 02; 20 s/cycle) and reoxygenation, for 6 h
per day, throughout the sleep phase of the animals (10 a.m. - 4 p.m.).
Since it is now accepted that the first two postnatal weeks in mice
correspond to a preterm period between 24 and 38 gestational weeks in
humans, particularly in terms of cerebellum development (Biran et al.,
2012; Haldipur et al., 2022), the protocol was initiated on neonatal P2
C57Bl16/J pups (IH group) and continued for a maximum of 10 consec-
utive days or until reaching the desired stage. During experiments, ox-
ygen concentration, hygrometry, temperature, and atmospheric
pressure were constantly monitored within the chamber. The control
group (N) was placed in another chamber, which mimics the hypoxia
chamber’s environment, 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 inha-
lation (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
(7 N + 6IH), 16 for P8 (6 N + 10IH), 25 for P12 (15 N + 10IH), 17 for
P21 (9 N + 8IH), and 8 for P70 (5 N + 3IH).

For immunohistochemistry, P8 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%, 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% para-
formaldehyde, and then stored in phosphate buffer saline (PBS) prior to
slicing. Sample size for IHC were: 13 for P4 (8 N + 5IH), and 12 for P8 (6
N + 6IH).

2.4. Panels and primer design

This project relies on 2 panels of genes of interest (GOI). The
oxidative stress panel was developed by Lacaille et al. to specifically
study OS, ROS increase mechanisms, and the cellular response to OS
(Lacaille et al., 2015). Gene annotation, pathway identification and
functions were investigated and illustrated with the Cytoscape software
(v.3.9.1 (Shannon et al., 2003)) via STRING-DB (Szklarczyk et al., 2021)
and ClueGO pathway annotations (v.2.5.9 (Bindea et al., 2009) (Fig. 1).
The neurodevelopment panel was built based on the cerebellar devel-
opment transcriptome database (CDT-DB; http://www.cdtdb.brain.
riken.jp). This annotated experimental database includes layer-specific
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Fig. 1. Gene panel development: OS and its cellular effects. The gene set tested by real-time PCR was mapped in the Cytoscape software. 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. OS: oxidative stress. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

genome-wide transcriptomic data for different developmental stages
(Sato et al., 2008). In order to build this second panel, an analysis was
conducted with the Cytoscape software (v.3.9.1 (Shannon et al., 2003))
using the expression data from the CDT-DB and protein interaction data
retrieved from STRING-DB (Szklarczyk et al., 2021). The panel was
further expanded by enrichment with the plugin stringApp (v 2.0.1;
settings: maximum additional interactors = 10, confidence cutoff = 0.40
(Doncheva et al., 2019)) and then cross referenced with ClueGO
pathway (v.2.5.9 (Bindea et al., 2009)) and functional data retrieved
from the literature.

Gene primers were designed with the Primer Express software
(v3.0.1; ThermoFischer Scientific) using nucleotide sequences from the
NCBI Pubmed database. Primer pairs were supplied by Integrated DNA
Technologies and validated by linear regression of serial dilution 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 2 h prior to use.

Brains were fixed to the refrigerated support (set to —20 °C) of the
Cryomicrocut (Leica 3050) with Tissue-Tek by the frontal extremity.
Cerebella were then cut into 14 pm-thick slices with a blade kept at
—18 °C. Slices were immediately placed on membrane coated slides (cat.
415,190-9041-000 1.0 PEN, Carl Zeiss SAS) previously sterilized with
dry heat (3 h at 170 °C). Each slide was stained with 2.8% cresyl violet
solution and progressively dehydrated in ethanol solutions. For each
cerebellar cortical layer (EGL, ML, IGL) and for the WM (excluding the
deep cerebellar nuclei), a total surface of 700,000 pm2 each was
microdissected, while Purkinje cells were microdissected individually to
amount to 130,000 pm? (for approximately 300 individual PCs). Each
sample was processed with the LCM microscope and software (Leica;
settings: zoom = x5 for layers/x20 for PCs, power = 50 for layers/30 for
PCs, aperture = 12 for layers/17 for PCs, speed = 25 for layers/10 for
PCs, specimen balance = 26, head current = 100%, pulse frequency =
120, offset = 110). The captured tissue was then kept in lysis buffer
(LB1+LB2 from the Nucleospin RNA plus XS extraction kit by Macherey-
Nagel) on ice until extraction.

2.6. RNA extraction

The samples issued from microdissection were purified on column
using the Nucleospin RNA plus XS extraction kit from Macherey-Nagel
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(cat. 740.990.250). The samples for whole cerebellum study were ho-
mogenized in 1 mL of Trizol (ThermoFisher), and mRNAs were further
purified on column using the Nucleospin RNA extract II from Macherey-
Nagel (cat. 740.955.250) according to manufacturer recommendations.
RNA quantity and purity were analyzed by UV spectrophotometry
(Nanodrop Technologies). The optical density (OD) of RNA was 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. Ratio values between 1.6 and 2.0 were
considered acceptable. As per the MIQE guidelines (Bustin et al., 2009),
mRNA quality assessment was performed by a bioanalyser gel electro-
phoresis on RNA 6000 Pico chips (cat. 5067-1513, Agilent), and sam-
ples with an RNA integrity number (RIN) between 7 and 10 were
considered qualitative enough to be analyzed. The mRNAs were then
stored at —80 °C until the next step.

2.7. Real-time PCR

Total mRNAs were retrotranscribed to cDNA by reverse transcription
using either i) the Quantitect RT Kit (cat. 205,313, Qiagen) for surfaces
of 700,000 pm?; ii) amplified and retrotranscribed with the SMARTer®
Pico PCR cDNA Synthesis Kit and Advantage® 2 PCR Kit (cat. 634.928/7
and 639.207, Takara) for surfaces of 130,000 pmz; or iii) retro-
transcribed with the Prime Script RT reagent kit (cat. RRO37A, Takara)
for whole cerebella. The determination of the expression level of genes
was done by real-time PCR in 384-well plates. The reaction volume was
5 pL including: 2.5 pL 2X Fast SYBR Green PCR Mastermix (cat.
4.385.612, Thermofisher), target gene-specific sense and antisense
primers (0.15 pl of each, 100 nM final concentration), 1 uL PCR-grade
water, and 1.2 pL of sample solution. The distribution of cDNA sam-
ples and reaction mixes was performed by the Bravo 1 liquid handling
platform (Agilent). The real-time PCR reaction took place in a Quant-
Studio Flex 12 k thermal cycler (Applied Biosystems). For each gene of
the panel, sample measurements were conducted at least in duplicate,
with at least two housekeeping genes (HKG) from Table 1. Raw data
output was calculated via the 207249 method where:

2—AACq — 2(—(((’5/60[”.1—CqHKG,H)—(CqGOIN—CqHKGN)))

2.8. Immunohistochemistry

Fixed cerebella were cut coronally in 40 pm-thick slices with a
vibratome (Leica Microsystems VT1000S), and then placed in a 24-well
plate in 1 mL 1X PBS. Non-specific site blocking was first performed for
1 h in the presence of normal donkey serum diluted at 1:50 in an in-
cubation solution containing 1X PBS, Triton X-100 (0.3%), and bovine
serum albumin (1%). The slices were then incubated overnight at 4 °C
with specific primary antibodies: i) rabbit cleaved caspase-3 (Cell
signaling technology #9661 S at a 1:400 dilution) to mark apoptotic
cells; or ii) mouse calbindin (Sigma Aldrich #C9848 at a 1:1000 dilu-
tion) to target Purkinje cells. Afterwards, the slices were rinsed with 1X
PBS and incubated for 2 h at room temperature, with donkey anti-rabbit

Table 1
Selected housekeeping genes for real-time PCR experiments.
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Alexa488 and donkey anti-mouse Alexa488 diluted at 1:300, respec-
tively. This step was followed by 3 additional 1X PBS rinses. To visualize
cerebellar layers, the slices were co-incubated with the nuclear marker
4',6'-diamidino-2-phenylindole (DAPI; 1 pg/mL) for caspase 3 experi-
ments or with donkey anti-rabbit Alexa568, which provided non-
specific labeling of blood vessels under our experimental conditions.
Following a final rinse, the sections were mounted on slides using
Mowiol.

Coronal sections were chosen to acquire symmetrical images from as
many lobules as possible. For each animal, 3 to 5 slices were selected in
the whole cerebellum. For the area measurements and the counting of
caspase-3-positive cells, images were acquired with a widefield micro-
scope to reconstruct the whole slice (Thunder 3D, Leica). These data
were analyzed with the Fiji software, version 1.53 (Schindelin et al.,
2012). Each layer’s surface area was outlined manually on Fiji based on
DAPI marking. A pipeline was established for automated counting of
cleaved caspase-3 spots by using the “analyze particles” Fiji tool (set-
tings: circularity = 1, size = 30 to 100 pm?). For each of these data, the
total area of the slice was added to the statistical analysis to account for
antero-posterior size variations. For Purkinje cell analysis at P8, image
acquisition was completed on a confocal microscope (TCS SP8 MP, Leica
Microsystems). Each image corresponds to a 10-pm thick section with
1-pm step z-stacks (2048 x 2048 focal planes) acquired using a x 40
objective. Analysis was done using the Imaris software (Andor Tech-
nology, Belfast, UK) and all three-dimensional reconstructions were
done with the same threshold. The illustration in Fig. 8 corresponds to
the optimal focus plane of the stacks.

2.9. Statistical analysis

Statistical analyses were performed within the R statistical
computing environment (version 4.3). Both real-time PCR and IHC data
were modeled through the Generalized Linear Mixed Model (GLMM)
framework, 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 distribution of the DCq samples for each
gene of interest. When DCq samples for one gene were split over mul-
tiple plates, a random intercept was added to account for intra-plate
correlations. Immunohistochemistry 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, 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 to account for the correlation between
technical replicates (Zimmerman et al., 2021). For clarity, our plots
display unit-level data (i.e., the value of a single slice from a single
mouse) as semi-transparent dots, and mouse-averages (i.e., average of
all slices’ values belonging to a mouse) as diamonds.

Model diagnostics were done using the {DHARMa} (Hartig, 2022)
and {performance} (Liidecke et al., 2021) packages. The fitness of each

Table providing, the list of housekeeping genes used, their full name and National Center for Biotechnology Information (NCBI) reference number. Primer sequences
indicated were designed on the Primer Express software and ordered from Integrated DNA Technologies. Fw: forward; Rv: reverse.

Gene Name Function NCBI reference Primer pair sequence

Gapdh glyceraldehyde-3-phosphate dehydrogenase glucose NM_001289726.1 Forward  CATGGCCTTCCGTGTTCCTA
metabolism Reverse CCTGCTTCACCACCTTCTTGA

Hsp90abl heat shock protein 90 alpha (cytosolic), class B member 1 signal NM_008302.3 Forward  CAGAAATTGCCCAGCTCATGT
transduction Reverse CCGTCAGGCTCTCATATCGAA

Ppia peptidylprolyl isomerase A protein folding NM_008907.1 Forward =~ CCACTGTCGCTTTTCGCCGC

Reverse TGCAAACAGCTCGAAGGAGACGC
Ywhaz tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation signal NM_011740.3 Forward ~ AGGACCTAAAAGGGTCGGTCA
protein zeta transduction Reverse CGGGGTTTCCTCCAATCACT
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model was assessed through both visual checks (e.g., posterior predic-
tive 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’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 < .05 was considered significant and for each figure asterisks
indicate the level of statistical significance: one for p < .05, two for p <
.01, and three for p < .001.

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

1. All stages are sensitive to IH but P8 is more vulnerable

Current Research in Neurobiology 5 (2023) 100113

Among the 37 OS-related genes tested, 31 show differential expres-
sion 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
number of regulated genes observed at P12. However, this regulation is
mainly a positive defense reaction with a high upregulation of antioxi-
dant enzymes, such as Txnrd3 and Sod3. In contrast, the most delete-
rious regulation is found at P8, with the downregulation of 5 antioxidant
enzymes (Txnrdl, Sod3, Prdx6, Prdx5 and Cat), and only a few benefi-
cial regulations. After the end of the protocol, some genes remain
differentially regulated or become so (Fig. 2). Two such genes are Idh1
and Txnrd3, which are upregulated at P12 and P21 but become down-
regulated at P70, or Ccs and Gpx 3 whose expression is only increased in
adulthood.

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 comparison of the density of these cells between hypoxic
and normoxic mice revealed a higher number of apoptotic cells after [H
at P4 (t(32) = —2.58; p = 0.015; Ratio = 0.454; Clgs = [0.243,0.847])
but no statistically significant difference between both conditions at P8

Oxidative Stress

P4 P8 P12 P21 P70
Ccs : : . 325
Fth1 0.94 *f 0.79 K : >
Hmox1 11.14+ W145* ; ; o 3
Idh1 : : 111 @134 077K Lo
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Fig. 2. All stages are sensitive to IH but P8 is more vulnerable. Significant real-time PCR 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; ROS: reactive oxygen species. Asterisks indicate the level of statistical significance: one for p < .05, two for p <
.01, and three for p < .001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 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). 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). Each slice analyzed is represented by a
transparent dot, while mouse-averages of slices are represented by diamond shapes. The number of mice (n) present in each experimental group is indicated under
each boxplot. IH: intermittent hypoxia; N: normoxia; Px: postnatal day x. Asterisks indicate the level of statistical significance: one for p < .05, two for p < .01, and

three for p < .001.

(t(30) = —1.532; p = 0.136; Ratio = 0.591; Clgs = [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 components, such as the transcription factor Spl. Meanwhile,
there is an equilibrium between pro- and anti-apoptotic mechanisms at
P8. However, the response is shifted towards an overall upregulation of
the apoptotic pathway at P12 (Fig. 4), with the upregulation of both
caspase-3 and -9 genes and downregulation of the anti-apoptotic gene
Bcl2.

3. IH activates various cellular response pathways during cerebellar
development

OS also triggers the activation of various cellular pathways, 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, IH induces a moderate pro-
inflammatory (3 regulated genes) effect, while an opposite regulation
is observed at P8, with 9 anti-inflammatory regulations. These expres-
sion modifications are somewhat maintained at P12, while Mt1 and Mt2
become markedly under-expressed at P21. Concerning autophagy and
mitochondrial adaptation, the effect of IH is less clear since Kif9 and
Hspa5, but also Jun and Parpl are downregulated 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 different cerebellar
layers, microdissected at P4, P8, P12, P21, and P70. A graphical repre-
sentation provides an overview of the molecular pathways altered by IH,
grouped by developmental stage and cerebellar layer (Fig. 5), and sorted
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one for p < .05, two for p < .01, and three for p < .001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

according to the major mechanisms implicated in cerebellar develop-
ment i.e., proliferation 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 transcriptomic regulations is P8 (Fig. 5).

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 (t(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; Clys = [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
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postnatal day x; WM: white matter. Asterisks indicate the level of statistical significance: one for p < .05, two for p < .01, and three for p < .001. (For interpretation of

the references to color in this figure legend, the reader is referred to the Web version of this article.)

observed an under-expression of these genes with the most significant
effect of IH visible in the inner EGL at P8. Of note, cyclin Ccndl is
downregulated at P4 and P8 in the proliferative outer EGL of IH mice,
while the guidance-related gene Robol is downregulated in the whole
EGL. In contrast, at P12, some genes specifically implicated in synapse
formation, such as Calb2 and Homer2, or in migration, such as Cdh8, are
upregulated (Fig. 6B).

2. IH alters neuronal migration and Purkinje cell development

No statistically significant difference in the area of the ML (including
Purkinje cells) was found between IH and N mice at P4 (¢(32) = 0.113;
p = 0.911; Ratio = 1.012; Clys = [0.815, 1.257]) nor P8 (t(30) =
0.588; p = 0.561; Ratio = 1.051; Clos = [0.884, 1.249)) (Fig. 7A). 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 protocol is
associated with a downregulation of migration-associated genes, namely
Llcam and Astn2, as well as some genes involved in cell differentiation

or communication, such as Tlnl (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). Moreover, no significative
difference has been observed in the density (t(266)=1.021; p=
0.308; Ratio = 1.049; ClIjg5y = [0.957,1.149]) or in the volume
(t(266) = —0.05; p= 0.960; Ratio = 0.994; Cl;os5), = [0.787,1.256]) of
PCs between IH and N conditions (Fig. 8B). 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. 8C). This phenome-
non is accompanied by a decrease in the expression of the cytoskeletal
proteins TInl and Nefl (neurofilament light polypeptide), and of the
maturation-indicating genes Calbl, Slc17a7, and Syn2, including the
Purkinje-specific gene Pcp2 (Fig. 8D). At P12, an equilibrium in positive
and negative cell responses occurs with a downregulation of Gss and
Prdx5, balanced by Parpl and Rheb (Fig. 8C). In addition, Racl, which is
not affected by IH at P8, becomes upregulated at P12 (Fig. 8D), as well as
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Fig. 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). Each slice analyzed
is represented by a transparent dot, while mouse-averages of slices are represented by diamond shapes. The number of mice (n) present in each experimental group is
indicated under each boxplot. B. Significant real-time PCR 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; N: normoxia; Px: postnatal day x. Asterisks indicate the level of statistical significance: one for p < .05, two for p < .01, and three for p
< .001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Calb and Slc17a6 in the ML (Fig. 7B). On the longer term (i.e., post-IH
protocol), IH seems to modify the expression of only a few genes, such
as Txrnd3, Gabral, and Synl (Fig. 8C and D).

3. IH affects major differentiation processes in the IGL

A slight decrease in the area of IGL in IH mice was observed at P4
(t(32) = 2.464; p = 0.019; Ratio = 1.176; Clss = [1.029,1.345]), but
this difference is no longer significant at P8 (¢(30) = — 1.625; p =
0.115; Ratio = 0.915; Clys = [0.819,1.023]) (Fig. 9A).

However, at P8, IH downregulates 18 genes out of the 30 tested,

including 12 genes associated with synaptogenesis and neuronal matu-
ration (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 cytoskeletal 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 upre-
gulated at P70 (Fig. 9B).

4. Effect of IH on the WM
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Fig. 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). Each slice
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mental group is indicated under each boxplot. B. Significant real-time PCR 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; N: normoxia; Px: postnatal day x. Asterisks indicate the level of statistical significance: one for p < .05, two for p < .01, and three for p < .001. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

No statistically significant difference in the area of the WM was
found between H and N mice at P4
(t(32) =—1.998; p = 0.054; Ratio = 0.609; Clys = [0.368,1.01]) nor P8
(t(30) = — 0.853; p = 0.400; Ratio = 0.862; Clps = [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 Akt 1 and Grm3. (Fig. 10B). Inter-
estingly, 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 TInl and Stmnl present a biphasic
expression, with an upregulation at P4 and P70, and a downregulation
between P8 and P12 (Fig. 10B).

10

4. Discussion

In humans, the cerebellum undergoes development from the em-
bryonic 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 immaturity compounds
the risk to the nervous system (Steggerda et al., 2009). Therefore, a
participation of the cerebellum in the sequelae observed during AOP
(Eichenwald et al., 2016) cannot be excluded. To investigate this hy-
pothesis, we developed a murine model of AOP, based on the IH protocol
of Cai et al. (2012). Using this protocol, we showed that IH leads to
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Fig. 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.
A non-specific labeling of blood vessels with DAR-Alexa568 and the background allow for visualization of the meninges and layer identification. B. Measurement of
the number of Purkinje cell bodies per frame of 250 x 10% ym® (left) and of the volume of the calbindin-labeled Purkinje cells (right). Each slice analyzed is rep-
resented by a transparent dot, while mouse-averages of slices are represented by diamond shapes. The number of mice (n) present in each experimental group is
indicated under the boxplot. C. Significant real-time PCR 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. D. Significant real-time
PCR 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. DAR: donkey anti-rabbit; EGL: external granular layer; IGL: internal granular layer; IH: inter-
mittent hypoxia; ML: molecular layer; N: normoxia; PC: Purkinje cell; PCL: Purkinje cell layer; Px: postnatal day x. Asterisks indicate the level of statistical sig-
nificance: one for p < .05, two for p < .01, and three for p < .001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
\:ersion of this article.)
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Fig. 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). Each slice analyzed is
represented by a transparent dot, while mouse-averages of slices are represented by diamond shapes. The number of mice (n) present in each experimental group is
indicated under each boxplot. B. Significant real-time PCR 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; N: normoxia; Px: postnatal day x; WM: white matter. Asterisks indicate the level of statistical significance: one for p < .05, two for p < .01, and three for p <
.001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 10. Effect of IH on the transcriptome of WM cells. A. Measurement of the area of the WM in control (N) or hypoxic (IH) mice at P4 (upper plot), P8 (bottom
plot). Each slice analyzed is represented by a transparent dot, while mouse-averages of slices are represented by diamond shapes. The number of mice (n) present in
each experimental group is indicated under each boxplot. B. Significant real-time PCR results reflecting the regulation of the expression of genes involved in dif-
ferentiation 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. N: normoxia; Px: postnatal day x; WM: white matter. Asterisks indicate the level of statistical significance: one for p < .05, two for p < .01, and three for p <
.001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

growth retardation in mice, associated with short and long-term
behavioral, and histological alterations (Leroux et al., 2022). To gain a
better understanding of the molecular mechanisms underlying these
findings, we analyzed the expression of a set of genes related to oxidative
stress, cell death, inflammation, 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 asso-
ciated fold changes were small. Indeed, we aim to provide the basis for
further proteomic studies, and whether these changes are effectively
translated remains to be determined.

We initially confirmed that the cerebellum is sensitive 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
IH, where the cerebellar cells’ defense against oxidative stress is the
most affected. Indeed, we observed the downregulation of genes coding
for major antioxidant enzymes, namely, Txnrd1, Sod3, Prdx6, Prdx5 and

Cat, which are all involved in neutralizing ROS (Birben et al., 2012).
Cerebellar cells appear to initiate compensation mechanisms, beginning
at P12, by significantly upregulating Txnrd3 and Sod3. The expression of
Hmox1 (heme oxygenase 1), a stress response protein known to respond
to hypoxia and exert neuroprotective effects (David et al., 2006; Jazwa
and Cuadrado, 2010), was also increased by our IH protocol. However,
this antioxidant process seems insufficient 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 mecha-
nism appears to continue at P21, with activation of the Txnrd and Gpx
pathways, along with increased expression of Idh1. This gene encodes
the isocitrate dehydrogenase-1 metabolic enzyme, which produces
NADPH (Itsumi et al., 2015), which in turn participates to ROS elimi-
nation via reduction reactions. In contrast, Idh1, 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 IH could
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induce long-term alterations. Interestingly, the most marked upregula-
tion in adulthood is Ccs, 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 imme-
diate actors in redox reactions, while long-term regulations involve
upstream molecules.

Given that several studies have demonstrated that chronic exposure
of mice to IH induced caspase-3 activation 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
increased, 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, supporting numerous observations of IH-induced
alterations of myelin (Cai et al., 2012; Ferriero, 2001). At P8 and P12,
there is no longer a difference in the density 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 Adcyapl (also known as
PACAP, or pituitary adenylate cyclase-activating peptide), which is
known to play a neuroprotective role in the cerebellum via the inhibition
of caspase-3 activity (Lacaille et al., 2015). Nevertheless, previous works
have shown that hypoxia eventually induces a decrease in the volume 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. Indeed, in hypoxic granule cells, DNA
damage caused by the accumulation of ROS can induce apoptosis
through the activation of poly ADP-ribose polymerase (PARP) (Chiu
et al., 2012). Moreover, it has been demonstrated that Bcl2 can inhibit
PARP1 and, as a result, cell death associated with this intracellular
pathway (Dutta et al., 2012). Thus, in our model, the under-expression
of Bcl2 at P4, P8, and P12 during IH could exacerbate PARP activity and
consequently lead to more significant apoptosis. The decrease in the
number of granule cells could also be attributed to a defect in cytopro-
tection. Indeed, we observe a global, albeit slight, decrease in genes that
exert a protective effect on cellular components in IH mice at P8. For
instance, we observe under-expression of the Spl gene, known to be
specifically activated by OS and to act as a neuronal survival factor (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 damage (Zhao et al., 2021). Thus, several
compartments of the cell lack protection when faced with IH-induced
OS.

In light of our results, we also hypothesized that cell death could be
related to a necrotic phenomenon induced by hypoxia. Indeed, it has
been shown that the extracellular spill out of cellular contents after
necrosis causes a local inflammation, which could be exacerbated by IH
(Xu et al., 2022; Zong and Thompson, 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 initiated at P4. Indeed, IH in-
duces 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 upregulation of Mt1/2 at P8 and P12, which code for
metallothioneins, 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 mitochondrial production of ATP
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due to a diminished O, availability (Herzig and Shaw, 2018; Pena and
Ramirez, 2005). The activation of this mechanism is illustrated by an
under-expression of several genes involved in the autophagy/mitophagy
pathway, in which dynamin 2, encoded by Dnm2, plays a key role.
Indeed, this cytoskeletal protein participates in the mitochondrial fission
machinery (Lee et al., 2016), so its downregulation throughout all stages
could represent a dual defense mechanism, first by limiting high energy
processes 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 devel-
opmental stage and cerebellar layer. We showed a downregulation of
Zicl, Cendl, and Pax6 in the outer EGL at P4, indicating that IH affects
the proliferation of GC precursors (Aruga and Millen, 2018; Miyashita
et al.,, 2021; Yeung 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
reported an increase in EGL thickness at P12 in IH animals (Leroux et al.,
2022). In this latter stage, the proliferation-associated genes are no
longer downregulated, 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 cad-
herin 8 at P12 suggest that the thickening of the EGL could be accen-
tuated 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 downregulation of numerous
synapse-related genes at P8, such as Grinl, Homerl/2, Slc17a6/7
(Vglutl/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).

Regarding the molecular layer, we refrained from conducting real-
time PCR at P4 and P8 due to the high risk of contamination from
other cells during microdissection. However, through our immunohis-
tochemical 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 significantly lower in hypoxic mice at P12
(Leroux et al., 2022). This decrease is associated with the down-
regulation of migration-associated genes such as Astn2, which should be
highly expressed in migrating granule neurons, given the role of astro-
tactin 2 in glial-guided neuronal migration (Wilson et al., 2010). Like-
wise, 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 dysregulations
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, Grin1, Slc17a6
and Gabral (Arsovic et al., 2020; Kono et al., 2019; Miyazaki et al.,
2003; Nietz et al., 2020). These data suggest that Purkinje innervation
by parallel fibers, climbing fibers, and GABAergic interneurons is
affected by IH as early as P12, which could explain the locomotor def-
icits observed after IH during the first postnatal weeks (Leroux et al.,
2022). After the end of the protocol, only Nav3, involved in migration,
neurite growth, and axon guidance (Powers et al., 2023), is upregulated,
suggesting that this molecule may have participated in the compensa-
tory process that allowed the ML thickness of IH mice to catch up to that
of controls at P21 (Leroux et al., 2022), and the transcriptomic 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
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these neurons are particularly sensitive to IH at this stage, with a
downregulation of both hydrogen peroxide neutralizing enzymes Prdx2,
3, 5, 6, and of the glutathione reducing enzymes, Gpx4 and Gsr (Birben
et al., 2012). This defect in the defense against OS is accompanied by a
decrease in the expression of genes implicated in the connectivity of
Purkinje cells, such as Calbl, Calb2, and Syn2. These downregulations
also include VGlut1 (Slc17a7), which represents the hallmark of GC-PC
synapses after the first postnatal week. Interestingly, a deficit in these
synapses has been shown to impair the correct pruning of CF-PC syn-
apses (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
CFs in adulthood (Leroux et al., 2022). At P8, PCs also show significant
downregulation of the PC-specific Pcp2, suggesting an alteration in PC
differentiation (Guan et al., 2005). The expression of Cadps2, which
codes for the calcium-dependent activator protein for secretion 2, is
decreased at this stage too. Interestingly, this factor is the only one to be
still regulated in the IGL at P70. Since Cadps2 has been recently 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 TIn1 at P8
may be associated with our previous finding of a lower volume of PC
dendritic 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 triggered in favor of
the reported histological abnormalities. Indeed, we observed an increase
of the expression of Racl, which is known to cause defects in cerebellar
foliation, ectopic GCs, and altered Bergmann glia morphology (Mul-
herkar et al., 2014). In addition, the morphogenesis of PCs starts to
present some defects, with the upregulation of the neurofilament light
chain gene (Nefl). Neurofilaments are cytoskeletal components enriched
at PC axonal “torpedoes” or focal swellings, and, 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. 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 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 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
neuronal functions, such as the synaptogenic Homer1/2, Syn2, and Syp.
Notably, Nrxnl and/or its ligand Nxph4 were consistently down-
regulated during the entire IH protocol period. The alteration of this
pathway is associated with impaired inhibitory neurotransmission, and
a reduced synapse number, which is implicated in motor learning and
coordination deficits (Meng et al., 2019). Thus, the dysregulation of this
pathway during the IH protocol may condition the behavioral deficits
we evidenced in IH mice (Leroux et al., 2022). At P12, most down-
regulated 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 in the expression of
factors such as Stathmin (Stmn1l) 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 finding 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 implicated in the physiopathology of
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AOP. Indeed, periventricular leukomalacia is a common finding in AOP,
while the demyelination of both the peripheral and central nervous
systems has been associated with IH (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 Plp1,
are simultaneously and strongly downregulated by IH at P12. Although
a compensatory increase in the expression of some of these genes ap-
pears in adulthood (Stmn1 and Plp1l), the volume of myelin sheaths of
Purkinje axons was decreased in adult mice after perinatal IH in the
cerebellar cortex (Leroux et al., 2022). Moreover, our transcriptomic
results indicate that such a defect could also concern mossy and climbing
fibers. Finally, the expression of glutamate metabotropic receptor 3
(Grm3), a hallmark 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 molec-
ular effects of neonatal oxygen deprivation and perinatal intermittent
hypoxia on cerebellar development in mice. The cerebellum is shown to
be sensitive to neonatal oxygen deprivation, with P8 being the most
sensitive stage. The deleterious effects of IH involve a dual mechanism of
increased reactive oxygen species production and a failure of the anti-
oxidant defense system. This culminates in the activation of several cell
death mechanisms, associated with an alteration in cellular develop-
mental processes, such as proliferation, migration, neurite outgrowth,
synaptogenesis, and myelin sheath formation. These molecular dysre-
gulations correlate with histological and behavioral defects observed in
AOP, including motor coordination, learning, and behavior impair-
ments. Despite the presence of compensatory mechanisms, the structural
modifications caused by IH persist into adulthood, resulting in impaired
cerebellar functions.
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