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Abstract

Myelin, essential for rapid nerve conduction and axonal integrity in the central and peripheral nervous systems, is com-
promised in demyelinating diseases, leading to neurological deficits and progressive neurodegeneration. Although remy-
elination can occur, regeneration in adults is often limited, resulting in incomplete repair and impaired nerve function. In
multiple sclerosis (MS), an immune-mediated demyelinating disease with diverse clinical phenotypes, progression and
disability correlate with demyelination and failed remyelination, influenced by genetic and environmental factors. A well-
established method to study MS-like demyelination and its cellular and molecular mechanisms utilizes cuprizone (CPZ),
extensively studied in adult rodents. Although early-onset demyelination often causes lifelong disability, its pathophysiol-
ogy remains poorly understood, underscoring the need for models to dissect its biological features. Here, we characterized
the effects of early-age CPZ-induced demyelination in juvenile naive mice, focusing on region-specific vulnerability and
neuroinflammatory responses. One-month-old mice were exposed to 0.2% CPZ for five weeks, followed by behavioral,
cellular, and transcriptomic analyses. Susceptibility to the early-exposure of CPZ varied between the analysed brain
regions. The midline corpus callosum and motor cortex were highly vulnerable, showing marked reductions in myelin
together with elevated microglial activation. Other regions, including the hippocampus and amygdala, showed milder
susceptibility, often restricted to changes in Mbp or Ibal transcript levels without corresponding alterations in oligodendro-
cyte or microglial cell numbers. Behaviorally, early CPZ exposure reduced locomotor activity but did not produce robust
anxiety-like or cognitive deficits. Together, these findings reveal distinct regional patterns of early-onset demyelination and
neuroinflammation and support CPZ exposure in juvenile mice as a relevant model for multifocal juvenile demyelination,
including paediatric-onset MS, and its impact on neurodevelopment.
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Introduction

Myelin, a lipid-rich sheath encasing axons in the central and
peripheral nervous systems (CNS and PNS), enables salta-
tory conduction (Frankenhaeuser, 1952), enhances signal
transmission (Seidl, 2014), and maintains axonal integrity
(Saab et al., 2013). Variations in myelin structure support
neural plasticity (Nave & Werner, 2014), whereas damage
(Touma & Muccilli, 2022) or abnormalities (Rokach et al.,
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resulting in thinner myelin sheaths and impaired nerve func-
tion (Franklin, 2002).

In the CNS, oligodendrocytes (OLs) form myelin by
extending their plasma membranes around axons (Nave
& Werner, 2014). OLs develop from OL precursor cells
(OPCs), which migrate, proliferate, and differentiate into
mature myelinating OLs (mOLs) (Bradl & Lassmann,
2010). OPCs make up 5-8% of cells in the adult human
brain (Chang et al., 2000). They maintain lifelong myelina-
tion by responding to neural activity (Noori et al., 2020),
promoting learning-dependent myelin changes (Xin &
Chan, 2020), and enabling repair after injury (Franklin &
Ffrench-Constant, 2008). Microglia, the resident immune
cells of the CNS, also support myelination by secreting
factors that drive OPC migration, proliferation (Santos &
Douglas Fields, 2021), and differentiation (Bar & Barak,
2019). During demyelination, microglia clear myelin debris
(Lampron et al., 2015), facilitating OL access to lesion sites
(Domingues et al., 2016) and promoting remyelination
(Lloyd & Miron, 2019) (Fig. 1).

Multiple sclerosis (MS), an inflammatory CNS disease,
is characterized by immune-mediated myelin damage
(Dighriri et al., 2023; Murua et al., 2021). MS lesions, visu-
alized by magnetic resonance imaging (MRI) (Filippi et al.,

-
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2019), may occur with or without clinical symptoms (Siva,
2013) and are unevenly distributed across the CNS (Cal-
abrese et al., 2010; Eden et al., 2019). The phenotype and
severity of symptoms depend on lesion location (Kincses
et al., 2011; van Munster et al., 2015), while disease pro-
gression and disability are strongly linked to failed remy-
elination (Franklin, 2002; Lubetzki et al., 2020). Although
multiple genetic (Patsopoulos, 2018) and environmental
(Ascherio, 2013) risk factors have been identified, MS has
no single etiology (Dobson & Giovannoni, 2019).

Globally, MS affects~35.9 per 100,000 individuals
(Walton et al., 2020), with a 2:1 female-to-male ratio. Most
cases are adult-onset MS (AOMS), with onset between ages
20 and 40 (Dighriri et al., 2023). Diagnosis usually occurs
1-3 years after symptom onset (Jakimovski et al., 2023;
Patti et al., 2022), though demyelination may precede diag-
nosis by years or decades (Jakimovski et al., 2023; Patti et
al., 2022; Van Der Valk & Amor, 2009). Paediatric-onset
MS (POMS), representing up to 10% of cases, is diagnosed
before age 18 (Capasso et al., 2023). Unlike AOMS, POMS
presents with a 1:1 gender ratio before puberty and often
manifests as multifocal rather than focal symptoms (Fisher
et al., 2020). POMS is associated with high inflammation
at onset, greater risk of early disability, and accelerated

Microglia promote

~

OL migration and
maturaion to damaged site

Neuron L \
&L \
» \
[
/‘) /‘\/
) —)
===
Typical Impaired Remyelinated
myelination myelin axon
OPC oL mOL Microglia Typic.al Impail:ed Remyelination
myelin myelin
Legend S\ A )
7
. 7% /‘) Sy
) —> —
Bxample:  pherpny olig2 ASPA IBA1 MBP
marker

Fig. 1 OL-microglia interactions in myelin development, damage and recovery. Platelet-derived growth factor receptor alpha (PDGFRa), asparto-
acylase (ASPA), lonized calcium-binding adapter molecule 1 (Ibal), myelin basic protein (MBP).
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cognitive decline (Ruet, 2018), with disability milestones
reached at younger ages than in AOMS (McKay et al.,
2019).

Cuprizone (CPZ), a copper-chelating toxin administered
through chow (Hochstrasser et al., 2017), is a widely used
rodent model of demyelination. CPZ exposure produces
well-characterized lesions (Kipp et al., 2009; Torkildsen et
al., 2008; Vega-Riquer et al., 2019; Zhan et al., 2020), with
reduced myelin proteins expression and increased microg-
lial activation (Praet et al., 2014; Zendedel et al., 2013)—
features that parallel MS pathology (Ponath et al., 2018;
Tepavéevi¢ & Lubetzki, 2022; Voet et al., 2019). CPZ is
favored because lesions are reversible after diet cessation
(Matsushima & Morell, 2001; Vega-Riquer et al., 2019;
Zhan et al., 2020). While its exact mechanism is not fully

understood (Zirngibl et al., 2022), CPZ likely induces mOL
apoptosis (Bénardais et al., 2013), triggering glial activation,
myelin debris clearance (Lampron et al., 2015; Skripuletz et
al., 2013) and expose axons (Zhan et al., 2020). Tradition-
ally, CPZ has been introduced in adult mice (6-8 weeks,
approximating~25 years in humans (Flurkey et al., 2007)),
to study adult-onset demyelination (Fig. 2A). However,
investigating early-onset demyelination is crucial, as juve-
nile demyelination is associated with lasting disability.
Previous studies in juvenile animals have characterized
behavioral (Wang et al., 2013) and molecular (Pfeifenbring
et al., 2015) effects of CPZ, focusing mainly on the corpus
callosum (CC) and motor cortex—regions validated in adult
CPZ models. Yet, because POMS is a multifocal disease and
CPZ acts systemically, it is essential to examine the relative
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Fig. 2 CPZ experimental design and cellular changes. (A) Suggested
timeline of cellular and myelin content changes during CPZ exposure
in mice, based on previous work (Bénardais et al., 2013; Lampron et

al., 2015; Skripuletz et al., 2013; Zhan et al., 2020; Zirngibl et al.,
2022). (B) The experimental design used in this study
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susceptibility of additional brain regions and the interplay
between neuroinflammation and mOL loss.

Here, we investigated early-age demyelination by expos-
ing one-month-old mice to 0.2% CPZ in chow for five
weeks (Fig. 2B). Behavioral, anatomical, cellular, and tran-
scriptomic analyses revealed distinct regional susceptibili-
ties to CPZ-induced demyelination and neuroinflammation.
Our findings underscore the importance of regional vulner-
ability and support the CPZ model as a tool for studying
early-onset demyelination, with direct relevance for POMS
research.

Results

Gross Anatomical Changes in Early Exposure
to Cuprizone

Because CPZ is a toxin administered systemically, the phys-
ical condition of experimental mice was carefully moni-
tored throughout the study. Both control and CPZ-exposed
groups exhibited steady weight gain over time; however, the
CPZ-treated mice maintained a significantly lower overall
body weight compared with clean-diet controls (Fig. 3A).
Brain weights did not differ significantly between groups
(Fig. 3B), and no other overt physical or clinical symptoms
were observed in either group (data not shown).

To assess the anatomical impact of early-onset demyelin-
ation, we measured the total area of the lateral ventricles
(Bermel & Bakshi, 2006; Millward, 2020). No significant
differences were detected between groups (Fig. 3C). In con-
trast, consistent with CPZ's known effects, the midline CC

(mCC)—particularly at the level of the anterior commis-
sure (bregma 0.48) (Zhan et al., 2020)—was significantly
reduced in area in CPZ-exposed mice (Fig. 3D), confirming
the mCC'’s high vulnerability to demyelination.

Brain Regions of Interest Chosen for Analysis

Regions of interest (ROIs) were chosen based on three cri-
teria: (i) brain regions implicated in prior studies of MS
patients, (ii) brain regions previously validated in adult CPZ
exposure studies, and (iii) heavily myelinated brain regions
with functional relevance for demyelination analysis. A
graphical overview and a summary of the supporting stud-
ies are presented in Table 1. Relevant abbreviations: mid-
line corpus callosum (mCC), cortex (CTX), striatum (STR),
hippocampus (Hipp), amygdala (Amyg), hypothalamus

(Hypo).

Region-Specific Susceptibility to
Demyelination

To assess demyelination, we performed immunofluores-
cence (IF) staining for myelin basic protein (Mbp; Fig. 4A)
and measured Mbp transcript levels using qPCR (Fig. 4B).
Because of variability in the mCC across animals, and its
reduction in size following CPZ exposure, IF results for the
mCC are presented as the mean Mbp intensity within the
region (Fig. 4C). For all other ROIs, Mbp levels were quan-
tified within a fixed-size box (Fig. 4D). While a significant
reduction in Mbp transcript levels was observed across all
ROIs in the CPZ group compared to Clean, Mbp protein
intensity was significantly lower only in specific regions,
namely the mCC, CTX, and Hipp. In contrast, Mbp intensity
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Fig. 3 Gross anatomical changes in early exposure to CPZ. (A) Body
weight was significantly lower in CPZ-exposed mice compared
with Clean group over time (Clean, n=12; CPZ, n=13; two-way
ANOVA: time factor, P<0.001; treatment factor, P<0.001; interac-
tion, P=0.0046). B-C unchanged neuroanatomical properties between
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Table 1 Regions of interest chosen for analysis

Functionality and relevance to MS

Relevance in the CPZ model

Corpus callo- Heavily myelinated (Degraeve et al., 2022) and periventricular areas (Tonietto

sum (mCC) et al., 2023) are particularly susceptible to demyelination lesions

Cortex (CTX) Motor dysfunction is among the most prevalent symptoms of MS (Younger,
2023) and is utilized to evaluate the disability score in MS patients (Kurtzke
Expanded Disability Status Scale - Multiple Sclerosis Centers of Excellence,
2026)

Striatum Periventricular regions generally exhibit a higher lesion load (Tonietto et al.,

(STR) 2023), and striatal damage is correlated with motor disability in long-term
patients (Cavallari et al., 2014; Kerbrat et al., 2020)

Hippocampus Damage to the Hipp in MS is a significant contributor to the cognitive deficits

(Hipp) associated with the disease (Rocca et al., 2018)

Amygdala Crucial for learning and goal directed behaviors (Averbeck & Murray, 2020)

(Amyg) but its susceptibility to MS lesions remains less well defined, although it may
partially account for the high prevalence of depression and anxiety in patients
(Peres et al., 2022)

Hypothalamus The Hypo plays a vital role in cognitive and autonomic functions (Averbeck &

(Hypo) Murray, 2020; Burdakov & Peleg-Raibstein, 2020; Caria, 2023) and is known to

The mCC is particularly vulnerable to
demyelination and serves as a key region for
assessing demyelination (Zhan et al., 2020)
The CTX of the mouse serves as a promi-
nent example of grey matter demyelination
(Lubrich et al., 2022; Zhan et al., 2020)

The susceptibility of striatal glial cells

to CPZ has been investigated previously
(Goldberg et al., 2015). In the present study,
we focused on the dorsomedial striatum,
which best represents a periventricular area
Previous studies have indicated that CPZ
exposure leads to demyelination and axonal
loss in the Hipp (Hoffmann et al., 2008)

In CPZ models, mice show reduced learned
fear conditioning, suggesting functional
involvement of amygdalar circuits (Kopa-
nitsa et al., 2021)

Limited information is available regarding
Hypo susceptibility to CPZ (Dorikhani et

be affected in MS (Anagnostouli et al., 2020; Geng et al., 2023)

al., 2024; Sen et al., 2020)

remained unchanged in the STR, Amyg, and Hypo. Because
CPZ is known to induce apoptosis in mOLs (Bénardais et
al., 2013), we also evaluated OL populations in the same
ROIs by quantifying ASPA-positive mOLs (Fig. 4E, F) and
PDGFRa-positive OPCs (Fig. 4G, H). The number of mOLs
increased in the Hypo of CPZ-exposed mice compared to
Clean group and remained unchanged in all other ROIs. The
number of OPCs did not differ between groups in any of the
analyzed ROIs. The high number of PDGFRa-positive cells
in the CTX, compared with other brain regions, is consis-
tent with previous work (Er6 et al., 2018; Oligodendrocyte
heterogeneity in the mouse juvenile & adult central nervous
system | Science, 2016; Valério-Gomes et al., 2018; Zheng
etal., 2018).

Region-Specific Susceptibility to
Neuroinflammation

As previously described, neuroinflammation is a key com-
ponent of pathology in both MS and the CPZ model of
demyelination (Luo et al., 2017; Pott et al., 2009; Skripuletz
et al., 2013; Voet et al., 2019). To assess microglial activa-
tion, we quantified Ibal-positive cells, a marker of activated
microglia (Ito et al., 1998). For the mCC, cell counts were
normalized to the mCC area (Fig. 5A), whereas in all other
ROlIs, absolute counts were obtained within a fixed-size box
(Fig. 5B). Here, we observed a significant increase in Ibal-
positive cells in the mCC of the CPZ group compared to the
Clean group, while no significant differences were detected
in the other brain regions analyzed.

In addition, tissue from the same ROIs at corresponding
bregma levels was collected for qPCR analysis of /bal tran-
script expression (Fig. 5C). A significant increase in /bal
transcript level was observed in the mCC, STR, Amyg, and
Hypo, but no significant change was observed in the CTX
or Hipp.

Behavioral Outcomes of Early-Age Demyelination

Alongside cellular and molecular parallels between demy-
elination in human disorders and CPZ-exposed mice, prior
work has shown that CPZ treatment also induces behav-
ioral abnormalities resembling myelin-related neurological
symptoms (Kopanitsa et al., 2021; Sen et al., 2019, 2020).
To evaluate the behavioral consequences of early-onset
demyelination, we employed four behavioral assays known
to be sensitive to CPZ exposure: the open field test (anxiety
and locomotor activity), the elevated zero maze (EZM; anx-
iety), the rotarod test (motor coordination), and the novel
object recognition test (short-term memory and cognition).
Each of these behaviors is linked to the functional role of
one or more of the previously analyzed ROIs.

Early CPZ exposure did not significantly alter anxiety-
like behavior in the open field test (Fig. 6A). However, loco-
motor activity, quantified as the total distance traveled over
60 min, was significantly reduced in CPZ-treated mice com-
pared to clean-diet controls (Fig. 6B). The EZM test like-
wise did not reveal any significant changes in anxiety-like
behavior (Fig. 6C), and motor performance on the rotarod
test remained unchanged between groups (Fig. 6D).
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Fig.4 Region-specific susceptibility to
demyelination in early age. (A) Repre-
sentative IF images of Mbp staining (B)
Mbp transcript levels measured by gPCR
(Clean, n=9-12; CPZ, n=8-11;). (C, D)
Quantification of Mbp intensity in IF
images (Clean, n=8-15; CPZ, n=8-12).
(E, F) Number of mOLs (Clean, n=9-
14; CPZ, n=8-13;). (G, H) Number of
OPCs (Clean, n=7-14; CPZ, n=8-12;).
Statistical significance was assessed

by two-way ANOVA: ns=nonsig-
nificant, *p<.05, **p<.01 ***p<.001,
**%%p<.0001. Scale bar: 100um.
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Fig. 5 Region-specific susceptibility to neuroinflammation in early
age. (A, B) Quantification of Ibal positive cells in IF images (Clean,
n=8-11; CPZ, n=8-10). (C) Ibal transcript levels measured by

Cognitive performance in the novel object recognition
test showed no group differences: both CPZ-exposed and
clean-diet controls were able to discriminate between famil-
iar and novel objects (Fig. 6E), and recognition indices did
not differ significantly between groups (Fig. 6F).

gPCR (Clean, n=8-11; CPZ, n=8-11).; Statistical significance was
assessed by two-way ANOVA: ns=nonsignificant, ¥*p<.05, **p<.01,
*rEEH<.0001.

Discussion

Myelin, OLs, and microglial activation are central to demy-
elination and remyelination processes in the CNS (Bar &
Barak, 2019; Franklin & Kotter, 2008; Hamilton & Rome,
1994; Nave & Werner, 2014; Santos & Douglas Fields,
2021; Xin & Chan, 2020). Disruption of their interaction
often results in scar formation and progressive neurological
disability. Demyelination has been widely studied in adult
models, where myelin volume is stable and OL turnover is
low (de Faria, et al., 2021). These studies largely address
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Fig. 6 Behavioural outcomes of early age demyelination. (A) Time
spent in the center of the open field arena was unchanged between
groups (Clean, n=15; CPZ, n=12; two-way repeated measure ANOVA:
time factor, P=0.0005; group factor, P=0.7677, interaction, P=0.8179).
(B) CPZ exposure results in lower distance traveled over 60 min in the
open field arena, compared to Clean group (Clean, n=16; CPZ, n=14;
Student’s t-test, P=0.006). (C) Time spent in open arms of the EZM
was unchanged between groups (Clean, n=12; CPZ, n=10; Student’s
t-test, P=0.735). (D) Latency to fall in the rotarod test was unchanged

adult-onset demyelination, leaving the consequences of
demyelination during earlier developmental stages less
understood.

Demyelination, however, can occur at any age. POMS
(Capasso et al., 2023) and traumatic brain injury in young
individuals (Mahoney et al., 2022) provide notable exam-
ples. POMS cases are frequently associated with greater
disability and brain atrophy, with more severe outcomes
appearing earlier in life (McKay et al., 2019; Ruet, 2018).
Furthermore, early asymptomatic lesions are often detected
in AOMS patients long before diagnosis (Jakimovski et
al., 2023; Patti et al., 2022; Van Der Valk & Amor, 2009),
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Recognition index (Clean, n=11; CPZ, n=8; Student’s t-test, P=0.709).

raising critical questions about the consequences of early-
onset demyelination.

Here, we evaluated whether the widely used CPZ model,
typically applied to study adult demyelination, can also be
used to investigate early-onset demyelination. We examined
CPZ exposure in young mice compared with age-matched
clean-diet controls, focusing on six ROIs to assess suscep-
tibility to CPZ-induced damage and associated cellular and
behavioral outcomes.

Although Mbp transcript levels were reduced in demy-
elinated regions, changes in OL populations were less
pronounced than expected. This may reflect the high rate
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of myelin turnover during the 4-8-weeks of age period in
mice, which corresponds to adolescence in humans (de
Faria et al., 2021). During this developmental stage, accel-
erated myelination occurs in regions involved in behavioral
modulation and skill acquisition, including the myelination
of previously unmyelinated axons that contribute to these
processes (Rokach et al., 2024). Moreover, in a cohort of
children with acquired white matter (WM) disorders, recur-
ring WM lesions were associated with mild deficits in
the first year and long-lasting effects over the subsequent
5-7 years (O’Mahony et al., 2015). This rapid myelin reor-
ganization and seemingly effective regeneration may mask
CPZ toxicity or reduce overall vulnerability. A longer or
more intense exposure may therefore be required to reveal
stronger effects in juvenile mice.

While /bal transcript level increased in demyelinated
regions, the density of Ibal-positive cells did not change,
suggesting activation of resident microglia rather than a
broad neuroinflammatory response involving recruitment of
additional microglia to lesion sites (Lampron et al., 2015;
Lloyd & Miron, 2019; Yang et al., 2012). Interestingly,
early-life stress has been shown to leave a lasting imprint
on maturing microglia and alter their responsiveness to
stress later in life (Catale et al., 2020). A longer-term study
of the consequences of early CPZ exposure, combined with
a more detailed analysis of microglial activation, could help
clarify the role of early-life neuroinflammation in the long-
lasting deficits observed in POMS (McKay et al., 2019;
Ruet, 2018).

Behaviorally, CPZ-exposed mice exhibited reduced
locomotion, consistent with motor deficits reported in adult
demyelination models (Franco-Pons et al., 2007; Sen et al.,
2020). However, other behavioral outcomes were minimal,
suggesting that early-onset demyelination may not produce
the same breadth of clinical symptoms observed in adult
models. While the reduced overall body weight of the CPZ-
exposed mice is consistent with studies on adult animals
(Kipp et al., 2009; Leopold et al., 2019), and could be a con-
found to the behavioral outcomes, the pronounced demye-
lination in the CTX likely contributed to locomotor deficits,
resembling early clinical signs of disability in POMS.

Interestingly, the limited behavioral changes seen in our
study may parallel the asymptomatic early lesions observed
in AOMS patients. Thus, this early-exposure model may
provide a useful approach for investigating WM lesions
that precede clinical symptoms. Expanding behavioral test-
ing beyond traditional MS-validated assays could also help
identify early biomarkers or subclinical indicators of demy-
elination, opening opportunities for earlier diagnosis and
intervention in MS and related demyelinating disorders.

Materials and Methods
Animals

C57Bl/6J male mice (Jackson Laboratory, stock no.
000664), regardless of their experimental group, were
housed in groups of 2—5 per cage at a stable temperature of
24 °C, under a 12-h light—dark cycle (lights on at 7:00 AM,
off at 7:00 PM), with unrestricted access to food and water.
On postnatal day 12 (P12), mice were tattooed using a fine
needle and biologically graded blue ink to mark a single
digit on their hind paws. Only one digit was tattooed per
animal.

All  experimental procedures received approval
from the Tel Aviv University Institutional Animal Care
and Use Committee and the Israel Ministry of Health
(TAU—LS—IL—2307—143—4).

Cuprizone Exposure

At P30 mice were assigned to either Clean diet or CPZ-
exposure groups, housed in cages containing 2—4 male lit-
termates. Fresh rodent chow was ground using a high-speed
food processor for 1 min. The chow was then weighed and
either distributed as-is into petri dishes or mixed with CPZ
powder (C9012, Merck) for a final concentration of 0.2%.
Ground chow was freshly prepared every 48 h and placed
in clean, flat petri dishes on the floor of each cage to allow
easy access. The quantity of chow was monitored regularly
to ensure ad libitum access.

Mice were maintained on either the clean or CPZ-supple-
mented chow for a duration of five weeks. Body weight was
recorded once a week, and each mouse underwent visual
assessments for fur condition, teeth length, and general
health three times a week, following the food replacement.
Wooden sticks were provided as environmental enrichment,
allowing the mice to file their teeth and prevent overgrowth.

Behavioral Assays

Behavioral tests were based on previously described assays
(Levy, et al., 2025; Ophir et al., 2023). All tests were con-
ducted during the light cycle (07:00-19:00). Mice were
acclimatized to the testing room for at least 1 h before each
session. The room temperature was maintained between 20
and 24 °C throughout all experiments, and lighting condi-
tions were verified prior to each test. All mice participated
in every test, with a minimum interval of 3 days between
tests. The experimenter remained blind to the diet the mice
were on.

@ Springer



14 Page 10 of 14

NeuroMolecular Medicine (2026) 28:14

Open Field Test

Mice were placed in a Plexiglas box (40 cm x40 cm x 30 cm)
to assess spontaneous locomotor activity, which was
recorded for 1 h. The area 10 cm from the walls was defined
as the margin. Light intensity was set to~60 lux in the cen-
ter of the arena and~ 10 lux at the margins. Mouse move-
ments were tracked using Ethovision XT14 software.

Rotarod Test

Mice were placed on a rotating rod (Catalog no. 47650, Ugo
Basile), initially spinning at 4 rpm. After ensuring proper
orientation on the rod, the rotation speed gradually increased
to 40 rpm, with a 5-min time limit. To discourage mice from
gripping the rod and hanging instead of walking, the rod
diameter was increased to 30 cm using 3D-printed adapters.
Mice that either gripped the rod for more than two full rota-
tions or fell off within 20 s of the trial start were excluded
from the analysis (Excluded Clean, n=2, CPZ, n=3). Each
mouse underwent three trials on the same day, with a 1h rest
period between trials.

Elevated Zero Maze

Mice were placed in the closed arm of an elevated zero maze
(60 cm high), and their movement was recorded for 5 min.
The light intensity in the closed arms was set to~ 10 lux and
the open arms to~60 lux. Ethovision XT14 software was
used to track the mice's movements, and the time spent in
the open arms was measured.

Novel Object Recognition Test

Adapted from Leger et al. (2013), this test involved placing
amouse in a Plexiglas box (40 cm x40 cm % 30 cm) with two
identical objects. Spontaneous locomotion was recorded for
15 min. After a 4 h interval, one object was replaced with
a novel one, and the test was repeated for another 15 min.
Light intensity was set to~40 lux across the arena, and
mouse movements and interactions with the objects were
tracked using Ethovision XT14 software.

The recognition index was calculated as the time spent
exploring the novel object divided by the total exploration
time for both objects.

Brain Tissue Extraction
Perfusions

Following behavioral experiments, mice were euthanized
using an isoflurane chamber. Mice underwent transcardial
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perfusion with 15 mL of ice-cold PBS solution and 15 mL
of ice-cold solution of 4% paraformaldehyde, pH.7.4 (PFA,
Sigma-Aldrich) diluted in PBS. Mice were decapitated
and whole brain was carefully removed from the skull and
placed in 4% PFA in 4 °C for 24 h to facilitate proper fixa-
tion. Brains were kept in PBS at 4 °C for up to two weeks
before cellular and molecular assays were performed.

Dissections

Mice were euthanized via cervical dislocation, followed
by decapitation using sharp scissors to carefully extract the
whole brain from the skull. The brains were immediately
placed in a petri dish containing cold PBS for dissection.
Using sterilized surgical instruments, the brains were cor-
onally sectioned at 1 mm intervals, and each section was
examined under a stereomicroscope (Olympus) for pre-
cise regional dissection. The following brain regions were
isolated and transferred into separate sterile 2 mL tubes:
mCC, motor cortex, striatum, hippocampus, amygdala and
hypothalamus. To preserve sample integrity, the tubes were
flash-frozen in liquid nitrogen and stored at -80 °C until
molecular analyses were conducted. To ensure sterility and
prevent contamination, all surgical tools and equipment
were sterilized with ethanol and treated with RNase inhibi-
tors (RNase-ExitusPlus, Biological Industries). All proce-
dures were performed rapidly to minimize RNA and protein
degradation.

Cellular and Molecular Assays
Immunofluorescence Staining

Fixed brains were coronally sectioned at a thickness of
50 pm using a vibratome (Leica). IF staining was done as
previously described (Fischer, et al., 2022). Briefly, slices
were washed three times with PBS for 5 min each, followed
by permeabilization with 1.2% Triton X-100 in PBS for
15 min at room temperature (RT), and another three PBS
washes (5 min each). Slices were then incubated in a block-
ing solution containing 5% normal goat serum (S1000,
Vector Laboratories), 2% bovine serum albumin (A7030,
Sigma-Aldrich), and 0.2% Triton X-100 in PBS for 1 h at
RT. Primary antibodies, diluted in the blocking solution,
were added to wells of a 96-well plate containing two brain
slices per well, and incubated overnight at 4 °C. The fol-
lowing day, after three washes in PBS (15 min each), sec-
ondary antibodies conjugated to Alexa Fluor 488, 555, or
647 (1:1,000; ab150165—ABCAM, A32932, and A21247,
Thermo Fisher Scientific) were added in blocking solution
for 1 h at RT. The slices were then washed three times in
PBS for 15 min each and mounted onto pre-coated glass
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Table 2 qPCR primers used in this study

Origin Forward Reverse

Gapdh 5’ GCCTTCCGTGTTCCTACC 3’ 5’ CCTCAGTGTAGCCCAAGATG 3’
Mbp 5’ CCTCAGTGTAGCCCAAGATG 3’ 5’ CCTCAGTGTAGCCCAAGATG 3’
Ibal 5’ TCTGCCGTCCAAACTTGAAG 3’ 5’ GTTTCTCCAGCATTCGCTTC 3’

slides (Bar-Naor) using VECTASHIELD Hardset Antifade
Mounting Medium with DAPI (Vector Laboratories).

The primary antibodies used were anti-ASPA (1:100;
sc-377308, Santa Cruz), anti-PDGFRa (CD140a, 14-1401-
82, Invitrogen), anti-MBP (1:500, MAB386, Sigma-
Aldrich), and anti-Ibal (1:500, 234,006, SYSY). For ASPA
staining, an antigen retrieval step was included prior to
permeabilization. Slices were incubated at 70 °C in sodium
citrate buffer (pH 8.5) for 30 min, then cooled to RT for
10 min. Slices were washed twice in PBS for 15 min each,
and the staining protocol was resumed as described.

Quantification of Cellular Properties

Fluorescence images were acquired using a light micro-
scope (Olympus IX83) at either 10 or 20x magnification,
depending on the specific staining and analysis require-
ments. Image analysis was conducted using Fiji-ImageJ
software. Both imaging and analysis were performed by an
experimenter blinded to treatment conditions. Cell counts,
including microglia, OPCs, and mOLs, were manually
quantified using the multipoint tool. Mbp intensity was
assessed by calculating the sum of positive pixels within the
image. Gross anatomical features were measured using the
freehand lasso tool in Fiji-Imagel.

RNA Extraction and cDNA Preparation

RNA extraction was performed as previously described
(Bar et al., 2024), with minor changes. Stainless steel beads
were placed in 2 mL tubes containing regional brain tissue
along with 500 pL of cold TRIzol reagent (Thermo Fisher
Scientific). Tissue homogenization was carried out using a
TissueLyser 2 (Qiagen) for 60 s at a frequency of 24,000 Hz.
Once homogenization was complete, an additional 500 pL
of TRIzol was added, and the samples were incubated at
RT for 5 min. Next, 200 puL of chloroform (Bio-Lab) were
added to each sample, followed by manual shaking for 15 s
and a further 3 min incubation at RT. Samples were cen-
trifuged for 20 min at 4 °C at 13,800 rpm (800 X g) using
an Eppendorf 5430R centrifuge. This process separated the
homogenate into protein, DNA, and RNA phases, with the
RNA layer positioned on top. The RNA layer was carefully
transferred to new tubes and mixed with an equal volume
of isopropanol (Bio-Lab). After manual shaking and 5 min
of RT incubation, the samples were centrifuged for 15 min

at 4 °C and 13,800 rpm (800 x g), which precipitated the
RNA. The isopropanol was then discarded, and the RNA
pellet was washed twice with 1 mL of cold 80% ethanol
(Sigma-Aldrich) diluted in DEPC-treated water (Biologi-
cal Industries), followed by 5 min centrifugation for each
wash. Following ethanol removal, the tubes were left open
for approximately 90 min to allow the remaining ethanol to
evaporate. The RNA was resuspended in 12 pL of DEPC-
treated water and heated at 60 °C for 3 min. Samples were
pipetted thoroughly to ensure even concentration, and RNA
quantity and purity were measured using a NanoDrop One
device (Thermo Fisher Scientific). The extracted RNA was
stored at -80 °C.

For reverse transcription, RNA samples were diluted
to a concentration of 0.4—10 ng/uL. cDNA synthesis was
performed using random primers and the High-Capacity
cDNA Reverse Transcription Kit (Thermo Fisher Scientific)
according to the following protocol in a C1000 Touch ther-
mal cycler: 10 min at 25 °C, 120 min at 37 °C, 5 min at
85 °C, and a final hold at 4 °C. The resulting cDNA was
stored at — 20 °C for future use.

Quantitative PCR (qPCR)

mRNA expression levels were quantified using qPCR with
the Fast SYBR Green PCR Master Mix (Thermo Fisher
Scientific) and the Bio-Rad CFX Connect quantitative PCR
Detection System. The qPCR protocol began with an initial
denaturation at 95 °C for 20 s, followed by 40 amplifica-
tion cycles. Each cycle consisted of denaturation at 95 °C
for 3 s and annealing/extension at 60 °C for 30 s. A melt
curve analysis was also performed by holding the samples
at 60 °C for 5 s, then increasing the temperature by 0.5 °C
increments every 5 s until reaching 95 °C.

mRNA levels were determined using the comparative
cycle threshold (Ct) method (Schmittgen & Livak, 2008).
Target gene expression was normalized to glyceraldehyde
3-phosphate dehydrogenase (Gapdh) as a reference gene,
and the results are presented as fold change relative to the
control group. All primers were purchased from Hy-Labo-
ratories and diluted to a concentration of 10 mM following
the manufacturer's instructions, using DEPC-treated water.
Primer sequences are provided in Table 2.
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Statistical Analysis

All data collection was conducted by an experimenter
blinded to the experimental groups. The normality of data-
sets was assessed using D'Agostino-Pearson or Shapiro—
Wilk tests. For datasets with normal distributions, statistical
analysis was performed using unpaired two-tailed Student’s
t-tests (Prism, GraphPad Software). Non-normally distrib-
uted data were analysed using the Wilcoxon signed-rank
test. Results are expressed as mean+standard error of the
mean (SEM), and statistical significance was set at p<0.05
(* p<0.05, ** p<0.01, *** p<0.001, **** p<(.0001).
Outliers were identified using the Grubbs' test at a signifi-
cance level of p<0.05.
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