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1 | INTRODUCTION

In the CNS, oligodendrocyte-generated myelin plays crucial roles in

action potential propagation and metabolic support to neurons.
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Abstract

In the adult brain, activity-dependent myelin plasticity is required for proper learning
and memory consolidation. Myelin loss, alteration, or even subtle structural modifica-
tions can therefore compromise the network activity, leading to functional impair-
ment. In multiple sclerosis, spontaneous myelin repair process is possible, but it is
heterogeneous among patients, sometimes leading to functional recovery, often
more visible at the motor level than at the cognitive level. In cuprizone-treated
mouse model, massive brain demyelination is followed by spontaneous and robust
remyelination. However, reformed myelin, although functional, may not exhibit the
same morphological characteristics as developmental myelin, which can have an
impact on the activity of neural networks. In this context, we used the cuprizone-
treated mouse model to analyze the structural, functional, and cognitive long-term
effects of transient demyelination. Our results show that an episode of demyelination
induces despite remyelination long-term cognitive impairment, such as deficits in spa-
tial working memory, social memory, cognitive flexibility, and hyperactivity. These
deficits were associated with a reduction in myelin content in the medial prefrontal
cortex (mPFC) and hippocampus (HPC), as well as structural myelin modifications,
suggesting that the remyelination process may be imperfect in these structures.
In vivo electrophysiological recordings showed that the demyelination episode
altered the synchronization of HPC-mPFC activity, which is crucial for memory pro-
cesses. Altogether, our data indicate that the myelin repair process following tran-
sient demyelination does not allow the complete recovery of the initial myelin
properties in cortical structures. These subtle modifications alter network features,

leading to prolonged cognitive deficits in mice.

KEYWORDS
Myelin regeneration, Cognition, Network activity, Mouse model of multiple sclerosis

Myelin formation, which occurs postnatally through terminal differen-
tiation of oligodendrocyte progenitor cells (OPCs), is maintained
throughout life. In adults, myelin formation and remodeling are modu-

lated by neuronal activity in response to environmental, sensorimotor,
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social, and cognitive factors (Gibson et al., 2014; Kato & Wake, 2021).
New myelin can influence action potential conduction velocity (Cullen
et al, 2021) and fine-tune neuronal network activity (Chorghay
et al., 2018). This plasticity is required for learning, memory consolida-
tion, and recall (McKenzie et al., 2014; Pan et al., 2020; Steadman
et al,, 2020).

Activity-dependent myelin plasticity occurs in various forms.
OPCs from the reservoir in the adult brain can differentiate into oligo-
dendrocytes (Dawson, 2003; Dimou et al., 2008; Rivers et al., 2008),
and preexisting mature oligodendrocytes can create new sheaths
(Bacmeister et al., 2020). The myelin structure undergoes subtle
activity-modulated modifications (Etxeberria et al, 2016; Jeffries
et al., 2016; Xin & Chan, 2020; Young et al., 2013) regarding myelin
thickness and the size and number of internodes and nodes of Ran-
vier, which are necessary for rapid and efficient action potential prop-
agation. Recent data demonstrated that learning can modulate the
length of nodes of Ranvier without affecting internode number and
size in the corpus callosum (CC) and motor cortex (Cullen et al., 2021).

Myelin loss, alteration, or even subtle structural modifications can
compromise network activity, resulting in mild impairment to pro-
found disability, such as in multiple sclerosis (MS). MS, the main demy-
elinating disorder in humans, is an autoimmune disease, in which
inflammation triggers myelin destruction and, ultimately, neuronal
degeneration, leading to sensorimotor impairment. The cognitive
impact is rarely addressed despite being present as cognitive impair-
ment altering memory, attention, or executive function in half of MS
patients (Chiaravalloti & DelLuca, 2008). In rodents, cuprizone-induced
demyelination leads to reproducible motor and coordination problems
(Sen et al., 2019), as well as deficits in memory, learning, or social
interaction (Sen et al., 2019).

Self-repair process in MS patients, potentially restoring myelin
and function, were important discoveries. Although mainly described
for motor deficits, demyelinating lesions are also found in cortical gray
matter, correlating with physical and cognitive disabilities, including
memory loss (Calabrese et al., 2013), but much less is known about
myelin repair capacity in cortical circuits as in vivo remyelination stud-
ies focused on the white matter. Although myelin repair is unpredict-
able in humans, it is robust following massive demyelination in
cuprizone-treated rodent models. This spontaneous remyelination is
supported by the mobilization of OPCs present in gray and white mat-
ter (Dimou et al., 2008; Young et al., 2013; Zawadzka et al., 2010) and
involves subventricular zone-derived progenitors contributing to mye-
lin repair in the CC (Brousse et al., 2015; El Waly et al., 2018; Xing
et al., 2014).

Although functional, morphological characteristics differ between
reformed and constitutive myelin, as exemplified by shorter and thin-
ner myelin sheaths and higher number of nodes of Ranvier in the CC
after remyelination (Pfeiffer et al., 2019; Young et al., 2013). Myelin
regeneration is slower in gray matter, and myelin patterns are altered
after cortical remyelination (Bacmeister et al, 2020; Orthmann-
Murphy et al., 2020). As small changes in myelin thickness or nodal
structures may have a major functional impact on neural network

activities (Pajevic et al., 2014), efficient remyelination not necessarily

implies efficient functional outcomes. In the cuprizone model, robust
remyelination follows extensive demyelination. Although most motor
deficits are restored once remyelination is complete, some persist
(Franco-Pons et al., 2007; Tomas-Roig et al., 2019) or even re-appear
(Manrique-Hoyos et al., 2012). The long-term evolution of cognitive
function after demyelination/remyelination episodes has not been
thoroughly investigated.

Here, we used the cuprizone model to assess behavioral out-
comes of demyelination/remyelination processes, focusing on cogni-
tive functions, and analyzed the features of newly formed myelin in
gray matter regions associated with these functions. Our results dem-
onstrated long-term impairment of specific cognitive functions
despite remyelination, including spatial working memory, short-term
social memory, cognitive flexibility, and exploratory hyperactivity.
These deficits were associated with incomplete recovery of myelin
content and structure in the medial prefrontal cortex (mPFC) and hip-
pocampus (HPC), two cortical structures involved in cognition. In vivo
electrophysiological recordings showed that HPC-mPFC synchroniza-
tion, which is crucial for memory consolidation, was altered during the
demyelination episode and not restored after remyelination. Overall,
our data revealed prolonged cognitive deficits in cuprizone-treated
mice associated with subtle myelin modifications and altered network

features in related brain areas.

2 | MATERIALS AND METHODS

21 | Animals

All animal-related procedures were performed in accordance with the
guidelines by the French Ministry of Agriculture (Animal Rights Divi-
sion) and have been approved by the “Direction Départementale des
Services Vétérinaires” and the Ethics Committee (ID numbers
F1305521 for animal house and #21963-2019091112003475 and
#32172-2021062910481440-v4 for research projects). Mice were
housed under standard conditions and maintained on a 12 h/12 h
light/dark cycle with ad libitum access to food and water. All efforts
were made to minimize the number of animals used. Male 8-week-old
C57BL/6 mice (Janvier lab) were used for all experiments after a one-
week acclimatization period except oligodendrocyte lineage tracing
where heterozygous Cre mice were crossed with homozygous mTmG
reporters (Muzumdar et al., 2007) to generate double-heterozygous
Plp-CrefR2:mTmG mice. Plp-CreFR™2:mTmG mice (males and females)
were induced with a single oral dose of 50 mg/kg tamoxifen 24 h

before sacrifice.

2.2 | Demyelination induction

Age-matched C57BL/6 mice were randomly allocated to either the
control (CTL) or cuprizone (CUP) group. To induce demyelination,
0.2% cuprizone (Sigma) was administered with food for 5 weeks and

changed every day. Mice were sacrificed at three time points: (i) at
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the demyelination peak, after 5 weeks of cuprizone treatment (W5);
(ii) after short-term remyelination, 6 weeks after cuprizone removal
(W11); and (iii) after long-term remyelination, 5 months after cupri-

zone removal (W26).

2.3 | Electrophysiological recordings

Animals (12 adult male C57BL/6 mice) were anesthetized with
ip. ketamine/xylazine (100 and 10 mg/kg, Renaudin Cip:34009
57854195 and CENTRAVET Cat#ROMO01, respectively) with additional
doses every 2 h during electrophysiological recordings. The animal was
placed in a stereotaxic frame (Kopf #962, Phymep) and received a local
subcutaneous ropivacaine injection (2 mg/kg). After exposing the skull,
two stainless-steel screws (00-90) were implanted above the cerebel-
lum as reference and ground electrodes. Two craniotomies targeted the
CA1 HPC (bregma AP —2.7 mm, ML —2.7 mm, DV —1.2 mm, 20° angle)
and the prelimbic mPFC area (bregma AP +1.7 mm, ML —0.3 mm, DV
—1.5 mm). HPC and mPFC activities were simultaneously recorded
using 64-site and 32-site E probes (Cambridge Neurotech), respectively
(Supplementary Figure S4A).

Both probes mounted on individual stereotaxic manipulators
were independently lowered using motorized descenders (IVM, Scien-
tifica). The HPC probe positioning was confirmed using the presence
of unit activity in cell body layers and ripples (120-200 Hz) in the stra-
tum pyramidale, and the mPFC probe position was adjusted according
to the presence of unit activity at 100 um of the DV coordinate.

Extracellular signals were amplified (1000x), bandpass-filtered
(1-5000 Hz), and acquired continuously at 30 kHz using an acquisi-
tion board (v2.4, Open Ephys) at 16-bit resolution. Raw data were
pre-processed using NEUROSUITE (https://neurosuite.sourceforge.
net/; RRID: SCR_008020) (Hazan et al., 2006). The signal was down-
sampled to 1250 Hz for local field potential (LFP) analysis. Slow oscil-
lation (SO) periods were identified, and visually selected epochs were
confirmed using whitened power ratios in the SO band (0.5-2 Hz) in
the mPFC and neighboring bands (1-3 and 7-14 Hz) of the CA1 pyra-
midal layer, in conjunction with visual raw trace inspection (Quilichini
et al., 2010).

After recording, the animals were injected with a lethal pentobar-
bital sodium dose (150 mg/kg, i.p.) and perfused intracardially with
4% paraformaldehyde/0.12 M PBS, pH 7.4. The brains were removed
and post-fixed at 4°C overnight. They were then rinsed in PBS, incu-
bated in a 20% sucrose/PBS for 24 h, embedded in Cryomatrix
(Shandon, ThermoFisher), and frozen at —80°C with dry ice. The fro-
zen brain was then sliced into 40-pum-thick coronal sections using a
cryostat. Electrode positions were confirmed by detecting DilC18
(3) (Interchim) applied via the electrodes and Nissl staining (Neuro-
Trace 500/5225 Green Stain;
(Supplementary Figure S4B). Only experiments with appropriate elec-

Fluorescent Nissl Invitrogen)
trode positions were used for analyses.

Spectral analyses on prewhitened LFPs used a modified multita-
per FFT MATLAB package (Ferraris et al, 2018; Mitra &
Pesaran, 1999), the Chronux toolbox (http://chronux.org/), the FMA

Toolbox (Maingret et al., 2016) and custom-written MATLAB scripts
(RRID: SCR_001622 and RRID: SCR_008020). The parameters were
an FFT window size of 4 s, 3-5 tapers, 0.15-Hz frequency bins, nono-
verlapping successive windows, and time bandwidth of 3 (Mitra &
Pesaran, 1999; Quilichini et al., 2010). SO periods had a minimum
duration of 30 min. We used the previously defined “comodugram”
analysis (Ferraris et al., 2018; Quilichini et al., 2010) to assess the
power-power correlation of HPC and mPFC LFPs for each frequency
pair between 1 and 200 Hz using the abovementioned FFT parame-
ters. The correlation coefficients between normalized spectral power
values were calculated with the “corrcoef.m” MATLAB function. The
sharp wave-ripple (SPW-R) detection in stratum pyramidale LFPs was
described previously (Ferraris et al., 2018). SPW-Rs were dete-
cted during SO periods, which were digitally band-pass-filtered
(100-250 Hz), squared, low-pass-filtered (8.8 ms running average),
and normalized, yielding a transformed signal R(t). SPW-Rs were
defined as events exceeding 5 with R(t) remaining >2 for 30-100 ms.
To compute SPW-R SO entrainment, the mPFC SO phase was deter-
mined from 0.5-2-Hz band-filtered LFPs. The instantaneous phase
was computed as the Hilbert transform angle, and the phase distribu-
tion of each session was tested for uniformity. The SO phase modula-
tion of SPW-Rs was determined using Rayleigh circular statistics
(Berens, 2009; Ferraris et al., 2018).

24 | Tissue preparation and immunochemistry
After the abovementioned post-fixation, 50-um coronal sections were
obtained from the mPFC, CC, fimbria, and HPC (approximately
bregma +1.70, +0.86, —0.82, and — 2.18 mm, respectively). Primary
motor cortex (M1) and striatum correspond to the coordinates of
CC. For node immunochemistry, slide-mounted slices were unmasked
with sodium citrate for 15 min at 90°C. For all immunochemistries,
slices were permeabilized in PBS with Triton 0.5% (T0.5%), followed
by blocking in PBST0.5% with normal donkey serum 5% (NDS5%) for
60 min. Primary anti-MBP rat (1:100, Biorad), anti-SMI-32 mouse
(1:200, Biolegend), anti-Olig2 rabbit (1:500, Merck), anti-CD140a rat
(Pdgfra) (1:250, Merck), anti-CASPR mouse (1:200, DSHB), anti-GFP
chicken (1:500, Aves Labs), and anti-Nav1.6 rabbit (1:500, Alomone
Labs), antibodies diluted in PBST0.5% + NDS5% were used for 3 days
at 4°C with agitation. Slices were washed with PBST0.1% four times
for 10 min. Donkey anti-rat Alexa 488, anti-mouse Alexa 568, anti-
rabbit Alexa 568, anti-rat Dye 647, anti-mouse Dye 647, and anti-
chicken Alexa 488 (all 1:500, Jackson ImmunoResearch) were used as
secondary antibodies. Nuclei were counterstained with Hoechst
33342 (1:1000, Sigma) diluted in PBST0.3%.

2.5 | Microscopy and image quantification
For Myelin Basic Protein (MBP) and SMI-32 fluorescence quantifica-
tion, images were collected using a Zeiss Axio Imager 2 Apotome with

20x objective. Exposure duration was fixed for each brain structure
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in order to be able to compare fluorescence intensity between ani-
mals. Mean fluorescence intensity was calculated using Image) soft-
ware (NIH). MBP fluorescence was normalized taking as reference
(100%) control values at each time point. All cuprizone-treated ani-
mals were compared to age matched controls to avoid differences
due to late-occurring adult myelination.

For Olig2+ and Pdgfra+ cell counting, images were collected
using a Zeiss Axio Imager 2 Apotome with 20x objective. Pdgfra+
cells were counted manually with Zen software and Olig2+ cells were
counted semi-automatically with ImageJ software.

Internode images were collected using a Zeiss Axio Imager 2 Apo-
tome with Zen software. High-magnification images (40x oil objec-
tive, 1-um z-spacing) were collected using standard filters for DAPI
(Hoechst), EGFP (Alexa 488), and CY5 (dye 647). To quantify internode
length, GFP™ internodes flanked by CASPR™ paranodes were measured
using ImageJ software with the “Simple Neurite Trace” script.

Node images were captured using a Zeiss LSM 780 confocal
microscope with Zen Software. High-magnification images (63x oil
objective, single z-plane) at 633-nm (dye 647) and 561-nm (Alexa
568) excitation were collected. Node lengths were quantified using
nodes flanked by CASPR paranodes staining. To quantify mPFC node
numbers and sizes, z-stacks corresponding to nine images (1-um
z-spacing) were analyzed. CC and fimbria analyses used images of a
single z-plane. We averaged the node numbers per image. To measure
node length, we used maximum intensity projection images (ImageJ
software). To determine the node number per volume (mPFC) or sur-

face (fimbria/CC), the node numbers in these images were averaged.

2.6 | Electron microscopy and g-ratio calculation
The samples were treated as described previously (Mobius
et al., 2016). Mice were perfused with 2% paraformaldehyde/2.5%
glutaraldehyde in PBS. After brain dissection, 100-um vibratome sec-
tions of the mPFC, CC, and fimbria were left overnight in fixative.
Then, 1.5-mm circular biopsy punches were high-pressure-frozen
(Leica, EMPact2) using 20% BSA as cryoprotectant. The samples were
cryosubstituted as follows: —90°C in 0.1% tannic acid in acetone for
96 h, four washes in acetone at —90°C for 2 h, post-fixation in OsO4
2%, uranyl acetate 0,1% in acetone at —90°C for 7 h. The samples
were warmed over 14 h to —20°C and maintained for 16 h. Over
2.5 h, the samples were warmed to 4°C, then washed with acetone
four times at room temperature for 1 h. Epon-embedded blocks were
polymerized for 48 h at 60°C. Ultrathin sections (80 nm, Leica UC7)
were deposited onto formvar-coated grids and counterstained using
lead citrate and uranyl acetate. Images were acquired using a Tecnai
G2 microscope at 200 keV with an Olympus Veleta camera.
Mpyelinated axon numbers and g-ratios (ratio of the axon diameter
without myelin to that with myelin) were analyzed using AxonDeep-
Seg (Zaimi et al., 2018). Axon objects with diameter smaller than
0.1 um were discarded from analysis, they did correspond to detec-
tion errors, the rest of detected axons were visually validated. At least

100 fibers per animal were analyzed using 4-5 animals per group.

2.7 | Western blotting

After brain extraction, 400-um slices (MicroM vibratome) of the CC,
mPFC, or HPC were dissected in cold HBSS (Invitrogen). Tissues were
immediately frozen on dry ice, crushed, and sonicated in lysis buffer
(1 mL/100 mg tissue; 50 mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mM
EDTA, 1 mM PMSF, anti-proteases, 1% Triton). Supernatants were
collected after centrifugation (1h, 14,000 rpm, 4°C).
(20-40 pg load, quantified using Pierce BCA protein assay kit) were
resolved by SDS/PAGE on 4-12% gels (Invitrogen) and blotted onto
PVDF membranes. Membranes were blocked in TBS-T (0.02 M Tris
pH 8, 0.5 M NaCl, 0.1% Tween-20) containing 4% dehydrated skim
milk (overnight, 4°C) and incubated for 3-4 h with rabbit anti-
GFAP (1:500, Dako), mouse anti-tau (1:1000, Millipore), rabbit
anti-phospho-tau (pTau; 1:1000, Sigma), rabbit anti-synaptophysin

Proteins

1 (1:2000, Sysy), mouse anti-amyloid precursor protein (APP;
1:200, Millipore), and rabbit anti-GAPDH (1:4000, Abcam) anti-
bodies. Then, membranes were incubated with anti-rabbit or anti-
mouse horseradish peroxidase-conjugated antibodies (1:3000;
1-2 h; Jackson ImmunoResearch) and visualized using ECL sub-
strate (Lumi-Light Western Blotting Substrate; Pierce Chemical
Company). Chemiluminescence was detected using the ECL Imager

Chemi-Smart system (Fisher Bioblock).

2.8 | Behavioral tests general information

Prior to each behavioral experiment mice were gently handled once a
day (minimum 3 min/mouse) in the behavioral room for at least 3 days
before the start of the experiment. Mice were placed in the behavior
room at least 45 min before testing. The apparatuses were cleaned
with 30% ethanol between each mouse to remove odor cues, and the
light was controlled. The order of animals was randomized for each
test. For longitudinal studies, the order of the behavioral tasks was

chosen to limit interferences between tests.

2.8.1 | Complex running wheel

Wheel cages (Lafayette Instrument Company, Inc.) that allowed for
infrared-detected wheel rotation (Scurry Activity System) were used.
Wheel speed was measured once at 1 min intervals. We calculated
instantaneous and average speeds per 24 h period, as well as the
accumulated distance run by each mouse. This complex wheel had
16 rungs removed to create a 22-rung repeat unit. The software
was set up such that one revolution of the wheel (0.389 m trav-
eled) represented 22 rungs. A 1 min interval was considered an
activity when the distance traveled during the bin was >1 m/min.
Single-caged mice ran spontaneously, without artificial rewards,
for 1-9 km each night. Before the training, we clipped the whis-
kers of the mice to prevent them from detecting oncoming rungs
in real-time. This protocol was adapted from a previous study
(McKenzie et al., 2014).
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2.8.2 | Open-field test

Mice were video-tracked in an open-field chamber (40 x 40 cm,
white, high-density, non-porous plastic) using EthoVision software XT
16 (Noldus Inc.) following calibration according to the manufacturer's
instructions. They were placed in the center to freely explore the
chamber for 8 min. For analyses, the chamber was divided into center,
border, and corner zones. We measured the total distance traveled,
locomotion speed, and time and frequency of crossings in the three

zones.

2.8.3 | Y-maze spontaneous alternation test

The Y-maze (Noldus) consisted of three white, high-density, nonpor-
ous plastic arms (each 35 cm long, 6 cm wide, 15 cm high; 120°
between arms). Mice were video-tracked using EthoVision XT 16, and
alternations were manually scored from these videos. Mice were
placed in the starting arm facing the center and allowed to freely
explore the maze for 8 min. A mouse has performed an arm entry
when it places all four paws within the boundaries of the arm. An
alternation was scored when all three arms were explored consecu-
tively. The first two arm visits were considered samples. Subse-
quently, an alternation was recorded if the chosen arm has not
been visited in the two previous choices. The percentage of alter-
nations as an index of spatial working memory was calculated as
follows: % alternation = [number of alternations/(total number of
entries — 2)] x 100. If a mouse jumps out of the maze or does not

move during the test, it is excluded from the analysis.

2.84 | Novel object recognition task

This task is based on the spontaneous preference of rodents for nov-
elty and their memory ability (Ennaceur & Delacour, 1988). The open-
field test arena was also used for the novel object recognition (NOR)
test. Mice were habituated to the arena the day before task acquisi-
tion. Two identical objects were placed at opposite corners of the
arena, 10 cm from the sidewalls. The test mouse was placed on
the opposite side of the arena and allowed to explore for 10 min.
After 1 h, one object was replaced with an object of similar size but
different shape and color. Then, the same mouse was placed in the
arena and allowed to explore the two (new and familiar) objects for
10 min. The movements were video-tracked using EthoVision XT 16.
The exploration time of both objects (nose located in a 2 cm area
around the object) was automatically measured using the software.
The preference index (%) as an indicator of object recognition was cal-
culated as follows: preference index = [exploration time of the new
object/(exploration time of the new object + exploration time of the
familiar object)] x 100. If a mouse does not reach a 20 s minimum of
exploration for both objects at 10 min, we exclude it from the analy-
sis, as it cannot be confirmed it spent enough time exploring to learn/

discriminate.

2.8.5 | Three-chamber social preference test

The test was performed as described previously (Bertoni et al., 2021).
The three-chamber apparatus consisted of a plexiglass box
(50 x 25 cm) with a removable floor and partitions dividing the
box into three chambers with 5 cm openings between chambers. The
task consisted of four trials.

In the first trial (habituation), a test mouse was placed at the cen-
ter of the apparatus, and two empty wire cages were placed in the left
and right chambers to habituate the test mouse to the arena. The
mouse was allowed to explore each chamber freely and was video-
tracked for 5 min using EthoVision software. At the end of the trial,
the animal was gently directed to the central chamber with the doors
closed. In the second trial (social exploration), a same-aged C57BL/6)
mouse (S1) was placed randomly in one of the two wire cages to avoid
place preference. The second wire cage was empty (E). Then, the
doors between the chambers were opened, and the test mouse was
allowed to freely explore the arena for 10 min. At the end of the trial,
the animal was gently directed to the central chamber with the doors
closed. For the third trial (social discrimination), another C57BL/6)
mouse of similar age (52) was placed in the second wire cage. The test
mouse had a choice between the familiar mouse (S1) and a stranger
mouse (S2) for 10 min. At the end of the trial, each mouse was
returned to its home cage for 30 min. In the fourth trial (short-term
social memory), S2 was replaced with a new stranger mouse (S3),
and the familiar mouse (S1) remained the same. The test mouse
was allowed to explore the arena freely for 10 min. The time spent
in each chamber and the time of contact with each wire cage (with
a mouse or empty) were calculated using EthoVision software. The
social interaction index was used to assess social exploration
(sniffing time with S1/total time sniffing S1 + E x 100), social dis-
crimination (sniffing time with S2/total sniffing time exploring
S1 +S2 x 100), and short-term social memory (sniffing time
S3/total time sniffing S1 + S3 x 100).

2.8.6 | Morris water maze test

We used a circular pool (120 cm diameter), in which mice were trained
to escape from water (21 £ 1°C) by swimming to a hidden platform
(1 cm beneath the surface), whose location could only be identified
using distal extra-maze cues of different shapes and dimensions
attached to the room walls. The pool was divided into four quadrants
(intercardinal points: NE, NW, SW, and SE) using EthoVision XT 14.
The platform was placed in the middle of the SW quadrant and
remained there throughout the experiment. The spatial acquisition
phase consisted of 16 training trials (4 training trials/day, 4 days,
inter-trial interval ~ 10 min). Mice were gently released with their
heads facing the pool center and allowed to search for the platform
for 60 s. The starting positions were semi-randomly changed. If the
mice could not locate the platform after 60 s, they were manually
guided to the platform and allowed to remain there for 30s.

The speed, latency, and path lengths required to reach the platform
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were recorded. Before the first training day, the mice underwent
acclimatization sessions (two trials of 60 s each) in a water maze with
an emergent platform. The probe trials with the platform removed
were performed 24 and 72 h after the acquisition phase. The mice
were released from the center of the pool and allowed to swim freely
for 60 s. The path was tracked and analyzed for the proportion of
swim time or path length spent in each quadrant of the pool, and
swim speed was recorded to assess spatial memory.

The following week, the same protocol was repeated with a novel
platform position (middle of the NE quadrant) for 3 days of training
(reversal training) and a 24-h reversal probe test to assess cognitive
flexibility.

2.9 | Statistical analysis

Statistical analyses were performed using GraphPad Prism 8.0
(GraphPad Software, Inc., La Jolla, CA, USA). Because the data were
according to the Kolmogorov-Smirnov test not normally distributed,
the nonparametric Mann-Whitney U test was used for two-group
comparisons. For multiple comparisons, a two-way ANOVA followed
by Sidak's multiple comparison test was performed. Friedman's test
was used in cases of repeated measures. To determine whether the
median of a sample was equal to chance, we used the one-sample
Wilcoxon signed-rank test. All statistical tests were two-tailed and
tested against an alpha level p < .05.

For electrophysiological data, we performed estimation statistics,
where median differences were calculated between CUP groups
against a shared CTL group, and represented as Cumming estimation
plots (lower panels in Figure 7b,c, Supplementary Figure S5). For each
group, 5000 bootstrap samples were taken; the 95% confidence inter-
val was bias-corrected and accelerated to account for the skew while
obtaining the central 95% of the distribution (Ho et al., 2019).
Reported permutation p-values are likelihoods of observing effect
sizes if the null hypothesis of zero difference were true.

For histological and biochemical analyses, investigators were
blinded to the experimental group. Because of cuprizone treatment
and that the animals were not permanently marked, blinding was
impossible for behavioral and electrophysiological experiments, but

the investigators were blinded during data analyses.

3 | RESULTS
3.1 | Cuprizone-induced demyelination leads to
short- and long-term cognitive impairment

Cuprizone intoxication is known to induce demyelination followed by
spontaneous remyelination in the central nervous system of adult
mice. First, we used the complex wheel test to monitor motor control
and overall bilateral coordination associated with CC myelination
(McKenzie et al., 2014). At W5, that is, at peak of demyelination, mice
were trained for 1week in a complex wheel. While CTL

mice increased time spent in the running wheel during the first four
nights before reaching a plateau, CUP mice decreased running time
over the week (interaction treatment x nights: p <.0001). Thus, at
night 7, CUP mice showed markedly reduced running time compared
to CTL mice (p = .0002) (Supplementary Figure S1A). Furthermore,
CUP mice also displayed a reduced progression of maximum running
speed, an indicator of motor learning performance, along the training
week as compared to CTL (interaction treatment x nights: p < .0001)
(Supplementary Figure S1A). After 4 weeks of remyelination (W9),
both maximum speed and running time normalized with no detectable
differences between CTL and CUP W9 mice after 1 week of wheel
training (CUP W9 vs CTL, night 7, maximum speed: p = .767; running
time: p > .999) (Supplementary Figure S1A). These data indicate that
remyelination leads to motor skill recovery.

We then performed longitudinal studies to evaluate the cognitive
performance of mice at the demyelination peak (W5), 6 weeks after
cuprizone removal (W11), and months after cuprizone removal
(W22-W27). We first assessed spontaneous exploratory activity and
anxiety-like behavior using the open-field test (Figure 1a,b). The total
distance traveled is an index of exploratory behavior. During demye-
lination, this distance remained normal (p = .8147), but CUP mice
exhibited exacerbated spontaneous activity after remyelination com-
pared to CTL mice at W11 (p = .0027) and W22 (p = .0295), indicat-
ing hyperactivity (Figure 1b). CUP mice spent the same amount of
time in the open-field center as CTL mice, indicating no signs of anxi-
ety during demyelination or after remyelination (data not shown).

We investigated social behavior using a three-chamber test to
assess sociability (social exploration), recognition of social novelty
(social discrimination), and short-term social memory at W5, W11,
and W22 (Figure 1c-f). The habituation phase showed no preference
for any group, indicating no initial bias. In the sociability phase, both
groups clearly preferred their congeneric over the empty cage at all
time points. In the social novelty test, both groups strongly preferred
the novel conspecific the familiar mouse at all time points, indicating
preserved novelty discrimination (Figure 1d,e). However, in contrast
to CTL mice, after a 30 min delay, CUP animals were no longer able to
differentiate between the familiar and a novel mouse (social interac-
tion index did not differ from chance, p = .092 at W5), indicating
altered short-term social memory (Figure 1e). Interestingly, short-term
social memory was still affected after remyelination (W11, p = .339;
W22, p = .147) (Figure 1e). Measures of traveled distance in this test
also indicated increased exploratory activity in CUP mice after remye-
lination at W11 (Figure 1f).

Memory modalities were further investigated using the NOR task
and Y-maze test (W5, W11, W22-27), as well as the Morris water
maze (W24-25). In the NOR task, no preference index differences
between both groups were observed at any time point (W5,
p=.6730; W11, p=.0567; W27, p=.2991) (Supplementary
Figure S1B), indicating no deficit in recognition memory. A signifi-
cantly increased total exploration time indicated hyperactivity in CUP
mice at W11 (data not shown). In the Y-maze test, the percentage of
correct alternations decreased during demyelination (W5, p =.03)

and was not restored after remyelination (W11, p =.0052; W22,
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p = .0295) (Figure 1h), indicating persistently altered spatial working
memory months after remyelination. Hyperactivity after remyelination
was also observed in the Y-maze test at W22 (p = .0186) (Figure 1i).

Finally, we used the Morris water maze test to assess spatial
learning, memory, and cognitive flexibility late after remyelination.
During the first part (spatial training), remyelinated mice showed altered
learning dynamics (time effect: p =.1993) compared to CTL (time
effect: p = .0443) (Figure 2a), but memorized the platform location after
4 days of training like CTL mice, as demonstrated in the probe test 24 h
(interaction treatment x quadrants: p = .379) (Figure 2b-d) and 72 h
(not shown) after the training. However, during reversal learning, CUP
mice failed to learn the new platform location (Figure 2e) (treatment
effect: p <.0001; interaction treatment x days: p =.033; day 1:
p =.978; day 2: p = .0003; day 3: p = .0093) and searched for the
platform equally in all quadrants (Figure 2f-h) (interaction
treatment x quadrants: p =.0006; time in target quadrant CTL
vs. CUP: p = .0239), indicating preserved spatial memory but impaired
cognitive flexibility.

Overall, our data indicate that a demyelination episode induces
long-term impairment of specific cognitive functions, including spatial
working memory, short-term social memory, and cognitive flexibility,
as well as exploratory hyperactivity in animals. Thus, remyelination
processes may be imperfect in brain areas associated with these
modalities.

3.2 | Myelin content is reduced in the mPFC and
HPC months after remyelination

Based on the above findings, we hypothesized that the number of oli-
godendrocyte lineage cells may be affected or that myelin content
might not be restored in specific brain areas. We therefore analyzed
MBP levels in different brain structures, with special focus on mPFC
and HPC, which are involved in cognitive function, in addition to CC,

which is typically analyzed in the cuprizone model.

MBP fluorescence was quantified at various time points following
cuprizone treatment: at W5 (corresponding to the peak of demyelin-
ation after 5 weeks of cuprizone treatment), at 6 weeks after cupri-
zone removal (W11), and at 21 weeks after cuprizone removal (W26),
as well as in age-matched control mice (Figure 3a and Supplementary
Figure S2). As anticipated, the results reveal a significant drop in MBP
levels at W5 in the CC, mPFC, M1,and HPC as compared to control
values. The most substantial reductions were observed in the CC and
M1, with decreases of 59% + 8% and 71% + 3%, respectively. The
striatum was not affected, nor did the fimbria, as already described in
the literature (Koutsoudaki et al., 2009). In all structures, MBP levels
had returned to control values by W11. However, notably, in the PFC
and HPC, a second phase of MBP decrease was observed at W26
(Figure 3b). In agreement with this observation, Western blot analysis
after 5 months of remyelination (W26) showed that MBP expression
in the CC was not different from control levels (p = .0823), whereas it
was significantly decreased in the mPFC (p=.0278) and HPC
(p = .0025) of CUP mice, indicating myelin deficit in these structures
(Figure 3c, d).

We then examined whether reduced oligodendrocyte numbers
may explain the reduction in myelin content after remyelination. At
W26, Olig2™ cell numbers did not differ between CUP and CTL mice
in all analyzed structures (CC: p =.1204; mPFC: p = .9974; HPC:
p =.9969) (Figure 3e). Among Olig2" cells, neither the numbers
of OPCs identified by Pdgfra expression nor the numbers of
Olig2"Pdgfra™ mature oligodendrocytes were affected (Figure 3).

These results indicate that a demyelination episode in mice leads
to myelin recovery in the CC but not in gray matter structures as the
mPFC and HPC, where myelin content is decreased despite recover-
ing numbers of oligodendrocyte lineage cells.

To investigate possible axonal damage and neuronal degenera-
tion, we assessed APP, pTau/Tau and SMI-32 as hallmarks of neuronal
stress (Figure 4). SMI-32 immunofluorescence exhibited a significant
increase in the mPFC at W5 (p = .0159), corresponding to the peak
of demyelination (Figure 4a). However, SMI-32 levels returned to

FIGURE 1

A transient episode of demyelination induces long-term hyperactivity and impairment in social memory and spatial working

memory. (a) Examples of heat maps of a CTL mouse and a CUP mouse after 5 weeks of cuprizone treatment. (b) Quantification of the total
distance traveled by mice in the open field. Compared to CTL mice, the activity of CUP mice does not show significant changes after
demyelination (W5), but it is increased after remyelination (W11 and W22). Dots represent single animal values in each group; bars represent
mean + SEM. W5: n = 18 CTL,n = 18 CUP; W11: n = 15 CTL,n = 18 CUP; W22: n = 5 CTL, n = 8 CUP. *p < .05, **p < .01. (c) Three-
chambered mouse social paradigm. (d) Social interaction indexes show that CTL mice demonstrated clear social exploration, discrimination, and
short-term memory at all time points analyzed. (e) Although CUP mice show unaffected social exploration and discrimination, their social
interaction level index does not differ from chance-level performance at all time points for the last part of the test, indicating impaired short-term
social memory. The dotted line depicts chance-level performance. Results are expressed as mean + SEM. n = 11 CTL; n = 12 CUP. *p < .05,

**p < .01, ***p < .001. (f) Average total distance traveled by CTL and CUP mice during each part of the three-chamber test at the three time
points analyzed (W5, W11, W22). CUP mice exhibit hyperactivity at the first time point of remyelination (W11). Dots represent single animal
values in each group; bars represent mean = SEM. W5 and W11: n = 11 CTL, n = 12 CUP; W22: n = 8 CTL, n = 11 CUP. *p < .05; ***p < 1073,
(g) Schematic representation of Y-maze spontaneous alternation test for assessing spatial working memory. (h) CUP mice exhibit significantly
fewer alternations (%) in the maze compared to CTL mice at all time points analyzed, indicating spatial working memory deficit after
demyelination (W5) and remyelination (W11 and W22). (i) Average total number of entries of CTL and CUP mice at the three time points
analyzed. While no differences were observed at W5 and W11, remyelinated mice exhibit hyperactivity at W22. Dotted line depicts chance level
performance. Dots represent single animal values in each group; bars represent mean + SEM. W5 and W11: n = 9 mice per group; W22:n =5

CTL,n =8 CUP. *p < .05, **p < .01.
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FIGURE 2 Cognitive flexibility is impaired 5 months after transient cuprizone-induced demyelination. (a) During the spatial learning phase,
the mean time to reach the platform during the 4-day acquisition phase is not significantly different between CTL and CUP mice long after
remyelination at W24. This time is reduced as the training progresses for CTL mice, but CUP mice show slightly altered learning dynamics with
little progress between the first and last day of the training period. (b) During the spatial probe test, CTL and CUP mice spend more time
searching for the platform in the target quadrant of the pool than in all others, indicating good spatial memory. (c) Average frequency of annuli
crossing of CTL and CUP mice during spatial probe test. The annuli crossing represents the number of crosses over the platform site in the target
quadrant and the crosses over corresponding sites in other quadrants. No difference is observed between CTL and CUP mice. (d) Representative
heat maps of CTL and CUP mice during spatial probe test. (e) During reversal learning at W25, CUP mice show altered learning compared to CTL

mice. (f) During the reversal probe test, remyelinated mice searched for the platform equally in all quadrants of the pool, indicating a deficit of
cognitive flexibility. The dotted line depicts chance-level performance. (g) Average frequency of annuli crossing of CTL and CUP mice during
reversal probe test. No difference is observed between the two groups but note that remyelinated mice seem to equally cross de four annuli,
without preferentially crossing the target. Dotted line depicts chance level performance. Dots represent single animal values in each group; bars
represent mean = SEM. n = 5 CTL; n = 8 CUP. *p < .05, **p < .01, ***p < .001, ****p < 10~*. (h) Representative heat maps of CTL and CUP mice

during reversal probe test.

control values at W11 and W26. The other examined structures
(CC and HPC) did not show any changes in SMI-32 after demyelin-
ation (not shown). No differences in APP and pTau/Tau expression
were observed between cuprizone-treated and control mice in either
structure (APP: mPFC p = .3528, HPC p = .3232; pTau /tau: mPFC
p = .3463, HPC p = .4040) (Figure 4b,c). Beside, GFAP expression, a
marker of gliosis, did not differ between the two groups in the mPFC
at W26 (p = .5581) and HPC (p = .7551) (Figure 4b,c). In summary,
these results collectively indicate no widespread neuronal degenera-
tion 5 months after cuprizone treatment.

3.3 | Muyelin structure is altered following a
demyelination/remyelination episode

Once mature, internodes and nodes of Ranvier remain relatively stable,
but remyelination changes the myelin architecture. In the adult brain,
myelin produced during adaptive myelination is thinner with shorter inter-
nodes (Young et al., 2013), and the cortical myelin pattern is profoundly
altered after remyelination (Orthmann-Murphy et al., 2020).

We performed immunostainings to determine whether the demy-
elination/remyelination episode in CUP mice induced long-term
changes in the number and size of nodes of Ranvier. At W26, the
number of Nav' nodes flanked by CASPR paranodes was identical in
the CC under both conditions (p > .999), but the nodes were shorter
in CUP than in CTL mice (p < 10™%) (Figure 5b). Conversely, the mPFC
of CUP mice exhibited fewer (p =.0345) but longer (p =.0155)
nodes (Figure 5d). The fimbria, containing HPC-mPFC projection
fibers, tended to have fewer nodes without reaching significance
(p = .0565) (Figure 5f), together with a decreased node length
(p < 107 (Figure 5f), as observed in the CC. We also examined the
characteristics of nodes of Ranvier after short-term remyelination
(W11) (Supplementary Figure S3). Consistent with our observations at
W26, the nodes of CUP mice were shorter than those of CTL mice in
the CC (p < 10™% and fimbria (p < 1074, but longer in the mPFC
(p =.0328). No significant differences in node numbers were
observed in any structure at W11 (CC: p = .3044; mPFC: p = .8580;
fimbria: p = .1903) (Supplementary Figure S3A-C).

To examine the morphology of oligodendrocytes, we labeled a

subset of mature oligodendrocytes by administering tamoxifen to
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FIGURE 3 Myelin content is reduced
in the mPFC and HPC several months
after remyelination.(a) Apotome images of
myelin (MBP, green) in medial CC, mPFC,
and CA1 HPC (SR, stratum radiatum; SLM,
stratum lacunosum-moleculare; ML,
molecular layer) of CTL and CUP W5
mice. Scale bar = 50 um. (b) Quantitative
analysis of mean MBP fluorescence in
medial CC, mPFC, CA1 HPC, M1, Striatum
and Fimbria. For each CUP group, results
are expressed as a percentage of
respective CTL group mean (CTL W5, CTL
W11, CTL W26). The CTL groups (100%
value) have been pooled for graphical
representation. Dots represent single
animal values in each CUP group; bars
represent mean + SEM.n = 3to 5 CTL
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Plp-CreER:mTmG transgenic mice 24 h before sacrifice. The length of
mGFP" internodes flanked by CASPR™ paranodes in the mPFC
(Figure 5g) was significantly increased at W26 (p = .016) (Figure 5h).
We then performed ultrastructural analyses to estimate myelin
thickness at W26. Among the examined structures, the g-ratio was

higher in CUP mice, indicating thinner regenerated myelin (CC:

p < 10~% mPFC: p = 0.0186; fimbria: p = .0002) (Figure 6b,e,h). Inter-
estingly, the myelinated axon density was decreased in the CC
(p=.0168) and fimbria (p <10~ but increased in the mPFC
(p = .0055) compared to CTL animals (Figure 6cf,i).

these data indicate structural

Taken together, long-term

modifications of newly formed myelin sheaths in the cuprizone model
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FIGURE 4 No signs of neuronal suffering
5 months after cuprizone treatment.
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of de- and remyelination. Defective myelination might prevent the
restoration of normal activity in the HPC-mPFC network, thereby
contributing to altered cognitive functions.

3.4 | HPC-mPFC network activity is altered during
demyelination and only partially restored 4 months
afterward

LFPs were recorded to assess HPC-mPFC network dynamics in CTL
and CUP mice during demyelination and after remyelination. We used
anesthesia as an “offline state” model, which displays the main hall-
marks of HPC-mPFC coupling, as assessed by the synchrony between
different LFP oscillations (Figure 7a) (Clawson et al., 2019; Ferraris
et al., 2018).

During demyelination, we observed a decorrelation between HPC
and mPFC LFPs, affecting two oscillatory couplings: within the high
gamma band (60-120 Hz) and between HPC ripples and cortical SOs,
compared to CTL mice (CUP W5 vs. CTL) (Figure 7b). SO and high
gamma oscillation powers did not change in either the mPFC or HPC
(Supplementary Figure S5, Supplementary Table 1); only their syn-
chronization was affected (ripples/SO median correlation: CTL 0.47,
CUP W5 0.09, p < 104 high gamma median correlation: CTL 0.28,
CUP W5 0.15, p < 10~%). However, the HPC ripple power (Figure 7c-

A) was decreased (median: CTL 51.96 dB, CUP W5 43.62 dB,
p = .030) without changing occurrence rate, duration, and mean fre-
quency (Figure 7c-B,C,D; Table 1). Importantly, ripple/SO coupling
was strongly impaired at W5, as measured by a drastic decrease in the
strength of ripple entrainment by SO phase (CUP W5: mean phase
222.8 £ 68.3°, R=0.14+0.06; CTL: mean phase 2314 +6.9°,
R =0.54 £ 0.16; mean phase comparison p =.875; R comparison
p = .004) (Figure 7d).

At W11 and W20, the correlation between HPC and mPFC in the
high gamma band was still decreased, although less pronounced
(median correlation CUP W11 0.18 and W20 0.19, p < 10~* and
p = .034, respectively) (Figure 7bB), and the lower gamma band
(30-60 Hz) displayed a stronger correlation at W20 (median correla-
tion CTL 0.19, CUP W20 0.33, p < 10™%) (Figure 7bC), which was not
present before (median correlation CUP W5 0.18 and CUP W11 1.19,
P =.0776 and p = .917, respectively). Again, the mean power of SO
and gamma bands was not significantly different from that of CTL
mice (Supplementary Figure S5, Supplementary Table 1), and the rip-
ple power appeared to be restored (median: CUP W11 49.51 dB, CUP
W20 51.58dB, p=.234 and p =.767, respectively) (Figure 7cA,
Table 1). The (W11:
231.2 £ 12.5°, R = 0.15 + 0.08, mean phase comparison p =.969, R
comparison p = .0058; W20: 229.1 + 109.3°, R = 0.11 £+ 0.06, mean
phase comparison p = .63, R comparison p = .0358) (Figure 7d).

ripple/SO coupling remained weakened
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DISCUSSION

Studies on demyelination/remyelination processes in cuprizone
models have focused on a limited number of behavioral outcomes,
and their histological and biochemical correlates have mostly been
investigated in the CC. As the gray matter is also affected and its
alteration may underlie various functional deficits, it seems critical to
extend behavioral analyses to other modalities and identify their sub-
strates in relevant CNS areas (Sen et al., 2019). The present study
showed that after a demyelination episode in mice, remyelination did
not restore all cognitive functions and was not identical among CNS
areas. Although efficient in the CC, repair mechanisms were defective
in the mPFC and HPC, as shown by long-term changes in myelin con-
tent and structure, which may affect neural information processing.
Accordingly, these myelin modifications were associated with altered
HPC-mPFC coupling, which may account for the observed cognitive
deficits.
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FIGURE 5 Five months after
transient demyelination,
regenerated myelin exhibits
structural modifications. (a,c,e)
Confocal images of nodes of
Ranvier (Nav1.6, red) and
paranodes (CASPR, white) and
quantitative analysis of the
number and length of nodes in
the medial CC (b), mPFC (d), and
fimbria (f) at W26. CC: n = 141
CTL nodes, n = 145 CUP nodes;
mPFC: n = 452 CTL nodes,

n = 301 CUP nodes; fimbria:

n = 195 CTL nodes, n = 159
CUP nodes; 3 mice per group.
#n < 06, *p < .05, ****p < .0001.
Scale bars = 5 um.

(g) Compressed confocal z-stacks
16 of an mGFP™ (green)
oligodendrocyte in the mPFC of
Plp-CreER:mTmG transgenic CTL
and CUP mice at W26.
Arrowheads indicate the end of
08 an internode, delimited by

06 paranodes (CASPR, red). Scale
bars = 20 um. (h) Quantitative
analysis of internode length in
the mPFC of CTL and CUP mice
at W26. Data are presented as
median * interquartile range.

n = 156 CTL internodes,

n = 120 CUP internodes; 3 mice
per group. *p < .05.
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4.1 | Long-term impairment of cognitive behavior
after a demyelination/remyelination episode in mice

Although cuprizone intoxication has been extensively used to investi-
gate behavior during demyelination and after short-term remyelina-
tion, few studies have assessed its long-term effects, particularly on
cognitive behavior (Sen et al., 2019). Here, we found that some cogni-
tive functions were not affected after demyelination and remyelination,
whereas others were impaired by demyelination and did not recover
even after a long time following remyelination in CUP mice. This con-
trasts with the full restoration of motor skills in the complex wheel test.
Likewise, recognition memory, as assessed by NOR, was preserved dur-
ing demyelination/remyelination processes (Shimizu et al., 2023). The
HPC may participate in object recognition memory, but this concept is
debated (Inostroza et al., 2013; Lissner et al., 2021).

Previous studies using the Morris water maze have reported

alterations in spatial learning and memory during demyelination
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FIGURE 6 Five months
after transient demyelination,
the density of myelinated axons
is altered, and regenerated
myelin exhibits ultrastructural
modifications. Transmission
electron microscopy images of
axons within the medial CC (a),
mPFC (d), and fimbria (g) of CTL
and CUP mice at W26.
Quantitative analysis of the g-
ratio in the CC (b), mPFC (e),
and fimbria (h) at W26. Data are
presented as median

* interquartile range. CC:

n = 3976 CTL axons, n = 3522
CUP axons; mPFC: n = 870 CTL
axons, n = 1412 CUP axons;
fimbria: n = 3318 CTL axons,

n = 2481 CUP axons; 4-5 mice
per group. *p < .05,

***p < 0.001, ***p < 107*. The
density of myelinated axons in
the CC (c), mPFC (f), and fimbria
(i). Data are presented as
median * interquartile range.
CC: n = 100 images per group;
mPFC: n = 116 CTL images,

n = 138 CUP images; fimbria:

n =116 CTLimages,n = 110
CUP images; 4-5 mice per
group. *p < .05, **p < .01,
< 1074, Scale bars = 1 pm.

(Aryanpour et al., 2017; Cui et al., 2018; Mohamed et al., 2019;
Omotoso et al., 2018). Pharmacologically enhanced remyelination,
especially in the HPC, strongly improves animal performances (Cui
et al., 2018). At W24, we observed that spatial learning and memory
were mostly normal. In contrast, CUP animals showed impaired spatial
working memory (Y-maze) and short-term social memory (three-
chamber test) during demyelination, and these behavioral deficits
remained long after remyelination. These complex behaviors are
known to depend on mPFC and HPC structures and their interactions
(Churchwell & Kesner, 2011; Deng et al., 2019; Murray et al., 2015;
Phillips et al., 2019; Spellman et al., 2015; Yoon et al., 2008). A very
recent paper showed that oligodendrocyte production in the mPFC
and HPC is required for working memory, but not for spatial or object
recognition memory (Shimizu et al., 2023).

At W25, cognitive flexibility was impaired in the Morris water
maze paradigm reflecting mPFC impairment (Guise & Shapiro, 2017;
Murray et al., 2015; Ragozzino et al., 1999; Ragozzino et al., 2003).
Interestingly, mPFC inactivation does not affect spatial learning and
memory but impairs the ability to follow changing spatial rules
(Guise & Shapiro, 2017). This is consistent with the original theory of
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Miller and Cohen and other studies, suggesting that during memory
consolidation, the HPC allows memory formation, whereas the PFC
manages flexibility between different memory traces depending on
the context, avoiding interference (Eichenbaum, 2017; Miller &
Cohen, 2001). Close interactions between these brain structures facil-
itate these complementary functions.

Finally, we demonstrated that after remyelination, CUP mice
showed hyperactivity in the open-field test, as well as in the three-
chamber test at W11 and Y-maze test at W22. Interestingly, locomo-
tor hyperactivity is a typical behavioral abnormality of
Alzheimer's disease mice, possibly linked to disinhibition (Gil-Bea
et al., 2007). It may also reflect impaired attention processing and
reaction to novelty, which may contribute to memory impairments
(Verret et al., 2013). Furthermore, this behavior may reflect anxiety,
similar to the defensive flight observed in mice exposed to environ-
ments that make them vulnerable (De Franceschi et al., 2016).

The observed cognitive alterations during demyelination are in
agreement with a report that oligodendrocyte and myelin ablation
in cortical gray matter is associated with cognitive disability in MS and

that cortical lesion loads correlate with signs of physical and cognitive
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disability, including fatigue and memory loss (Calabrese et al., 2013).
Specific deficits in attention and executive functions (including work-
ing memory and flexibility) have already been reported in MS patients
(Brochet & Ruet, 2019; Cerezo Garcia et al., 2015). Remyelination is
efficient in some MS patients (Patrikios et al., 2006) and a robust mech-
anism in rodents. Numerous mouse model studies have shown that
myelin can be restored by regenerating oligodendrocytes from resident
progenitors. OPC repopulation and differentiation are much faster in
the CC than in the cortex, suggesting delayed and incomplete remyeli-
nation in some CNS areas (Baxi et al., 2017; Gudi et al., 2009; Nyamoya
et al., 2019). Moreover, several reports have shown that myelin integ-
rity or remodeling is a key process for cognitive performance (Benamer
et al., 2020; Chen et al., 2021; Eugenin von Bernhardi & Dimou, 2022;
Pan et al., 2020; Steadman et al., 2020). Therefore, we hypothesized
that the efficacy of the repair process may differ among brain regions,

which might explain different behavioral outcomes.

4.2 | Quantitative and qualitative alterations of
myelin several months after remyelination

Our data showed that after cuprizone-induced demyelination, the
regenerative process is seemingly efficient in white matter fibers,
which might account for the recovery of motor activity and coordina-
tion to control levels in the complex wheel 4 weeks after cuprizone
removal. For instance, the myelin content in the CC of CUP mice
returned to control values after remyelination. The node length
decreases in this structure have been associated with increased con-
duction speed given constant channel numbers (Arancibia-Carcamo
et al., 2017; Lubetzki et al., 2020), which may reflect an efficient res-
toration of signal conduction. Furthermore, the number of nodes of
Ranvier returned to normal in this structure. Conversely, we provided
evidence for inadequate remyelination, both quantitatively and quali-
tatively, in the mPFC and HPC, which may explain persisting cognitive

deficits after transient cuprizone-induced demyelination.

A recent study using time-lapse in vivo two-photon imaging of
the somatosensory cortex followed the evolution of an oligodendro-
cyte subset during demyelination and remyelination. Only about half
of the oligodendrocytes were replaced after 9 weeks of recovery,
the authors estimated that approximately three additional months
were required to reach the cortical oligodendrocyte density before
cuprizone administration (Orthmann-Murphy et al.,, 2020). Our
analyses showed that 5 months after cuprizone discontinuation,
the cell density of the oligodendrocyte lineage had indeed
returned to normal in all structures examined. However, at this
time point, we observed an overall decrease in myelin content in
both the HPC and mPFC, indicating incomplete remyelination of
these gray matter structures.

Since demyelination can lead to axonal damage and neurodegen-
eration, we investigated the extent of such processes in our model.
Our results suggest transient axonal suffering, specifically in the mPFC
as revealed by significant increase in SMI-32 expression at peak of
demyelination (W5) in this structure. Yet SMI-32 expression was no
more elevated after remyelination and other markers such as pTau
and APP were not altered either. A previous study has detected
chronic axonal damage by SMI-32 staining during remyelination only
after chronic demyelination (12 weeks cuprizone exposure) (Lindner
et al., 2009). We thus believe that when behavioral experiments were
performed, axonal damage was absent or undetectable.

We also analyzed node lengths in these structures, as well as
internode lengths in the mPFC (high fiber density made this assess-
ment impossible in the CC and fimbria). After remyelination, the resto-
ration of conduction has been associated with shorter internodes
(Lubetzki et al., 2020). In the mPFC, the internode length was
increased, suggesting an imperfect restoration of signal conduction.
Likewise, the number of nodes of Ranvier is reduced in this structure,
and these nodes were longer than those in CTL animals. Increased
lengths of nodes of Ranvier have been observed in MS (Howell
et al, 2006) and aging (Hinman et al., 2006). Overall node length

increases may contribute to altered function of myelinated axons in a

FIGURE 7

mPFC/HPC network activity is altered during demyelination and is only partially restored after 4 months of remyelination. (a, A)

Representative examples of power spectra of HPC and mPFC LFPs recorded during anesthesia in CTL and CUP mice at the end of the

demyelination (W5) and after remyelination (W11 and W20). The HPC spectrum shows a decrease in the ripple band (120-180 Hz) at W5, which
tends to recover at W11 and W20. The other bands are not altered in their power. (B) Comodugrams depicting the cross-correlation of the HPC
and mPFC LFP power spectra displayed in (A). Note the decrease in correlation at W5 particularly in the high gamma band and its partial recovery
at W11 and W20. (B) Top row: distribution of the peak correlation coefficient extracted from the comodugrams in (a,B) showing the level of
synchronization in (A) the HPC ripple band (120-180 Hz) and mPFC slow oscillations (SO, 1-2 Hz), (B) the HPC and mPFC high gamma band
(60-120 Hz) that drops at W5 and tend to recover during the remyelination period, and (C) the HPC and mPFC low gamma band (30-60 Hz) that
increases at W20. Each data point corresponds to an individual animal. The bottom row displays the median differences for 3 comparisons
against the shared CTL (Cumming estimation plots), plotted as bootstrap sampling distributions. Each difference is depicted as a dot, and each
95% confidence interval is indicated by the ends of the vertical error bars (see Table 1 for corresponding statistics). Arrows indicate significant
differences. (c) Top row: distribution of the ripples (A) mean power, (B) occurrence, (C) duration, and (D) mean frequency, showing no obvious
difference between different time points in the demyelination/remyelination phases as compared to CTL animals, except for a decrease in ripple
power in demyelinated mice (W5), which recovers at W11 and W20. The bottom row displays the median differences for three comparisons
against the shared CTL. (d) Circular distributions of the entrainment of ripple occurrence by slow oscillation (SO) phase. The individual mean
values (mean phase a function of the entrainment strength) are depicted by overlaid symbols (circles and squares). Black arrows indicate the mean
phase and entrainment strength values. In demyelinated mice (W5), this ripple/SO coupling is lost as compared to CTL and tends to recover
gradually from W11 to W20.
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TABLE 1

CUP W5
CUP W11
CUP W20

CUP W5
CUP W11
CUP W20

CUP W5
CUP W11
CUP W20

CUP W5
CUP W11
CUP W20

CUP W5
CUP W11
CUP W20

CUP W5
CUP W11
CUP W20

CUP W5
CUP W11
CUP W20

CUP W5
CUP W11
CUP W20

CUP W5
CUP W11

MERCIER ET AL.

Statistic table relative to Figure 7.

Ripples/SO correlation coefficient

Unpaired median difference between CTL and 95% confidence interval p value
-0.38 (-0.46, —0.32) <.0000
-0.35 (—0.30, —0.28) <.0000
-0.27 (-0.34, -0.21) <.0000
High gamma correlation coefficient
Unpaired median difference between CTL and 95% confidence interval p value
-0.13 (-0.23, -0.07) <.0000
-0.10 (-0.16, —0.05) <.0000
—-0.09 (—0.16, —0.02) .0118
Low gamma correlation coefficient
Unpaired median difference between CTL and 95% confidence interval p value
—0.02 (—0.06, 0.01) 0776
0.00 (—0.06, 0.15) 9170
0.09 (0.02,0.17) .0580
Ripples occurrence (Hz)
Unpaired median difference between CTL and 95% confidence interval p value
—0.03 (-0.51,0.07) .0654
—0.08 (-0.21, 0.03) .0335
—-0.02 (-0.16, 0.10) .6240
Ripples mean duration (s)
Unpaired median difference between CTL and 95% confidence interval p value
—4.45 (—10.80, 0.30) 0216
-1.85 (—6.40, 2.70) .3970
-2.30 (-8.59,1.18) .0892
Ripples mean frequency (Hz)
Unpaired median difference between CTL and 95% confidence interval p value
-7.93 (-15.0,2.02) .1580
1.83 (—7.44, 11.20) .6520
-0.17 (—8.60, 8.22) .9200
Ripples mean power (dB)
Unpaired median difference between CTL and 95% confidence interval p value
—-8.35 (-13.0, —2.74) .0300
—2.45 (=5.95,0.96) .2340
-1.85 (-10.3,2.83) 4880
SO mean power (dB)
Unpaired median difference between CTL and 95% confidence interval p value
—3.86 (—17.80, 9.90) .6240
—1.50 (—11.42, 8.41) .7130
0.57 (—13.10, 11.20) .9380
SO mean frequency (Hz)
Unpaired median difference between CTL and 95% confidence interval p value
—0.03 (-0.72,0.53) .7950
0.09 (0.56, 0.76) .7290
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TABLE 1 (Continued)

SO mean frequency (Hz)

Unpaired median difference between CTL and 95% confidence interval p value
CUP W20 -0.03 (-0.72,0.53) .8030

HPC low gamma mean power (dB)

Unpaired median difference between CTL and 95% confidence interval p value
CUP W5 -1.49 (—9.65, 6.29) 0.7690
CUP W11 —1.25 (—10.80, 4.74) 0.6580
CUP W20 -2.85 (—=12.90, 8.45) 0.6250

mPFC low gamma mean power (dB)

Unpaired median difference between CTL and 95% confidence interval p value
CUP W5 441 (-2.19, 6.13) 0.0654
CUP W11 1.45 (-5.01, 6.13) 0.6010
CUP W20 1.39 (—5.20, 5.36) 0.4520

HPC high gamma mean power (dB)

Unpaired median difference between CTL and 95% confidence interval p value
CUP W5 2.73 (-5.37,8.38) 0.6130
CUP W11 0.96 (-6.21,5.4) 0.8670
CUP W20 -1.81 (—9.42,5.54) 0.6430

mPFC high gamma mean power (dB)

Unpaired median difference between CTL and 95% confidence interval p value
CUP W5 3.56 (—3.48, 7.40) 4780
CUP W11 4.72 (-2.32,7.76) 4810
CUP W20 141 (—4.36, 6.36) .5460

wide range of diseases leading to conduction disruption (Arancibia-
Carcamo & Attwell, 2014).

In the fimbria, which contain myelinated HPC-mPFC projections
(Jay & Witter, 1991), node numbers did not significantly differ from
those in the CTL group, although there was a decreasing trend in
remyelinated animals. Similar to the CC, the node length was reduced,
suggesting a better repair process in this structure; however, fimbria
is seemingly less affected by cuprizone-induced demyelination than
the HPC (Koutsoudaki et al., 2009), which might account for better
recovery.

Finally, we found that more than 5 months after cuprizone treat-
ment, regenerated myelin was thinner (higher g-ratio) in all structures
examined. In rodents, myelin synthesized in adulthood or during repair
is thinner than myelin produced during physiological development
(Lasiene et al., 2009; Young et al., 2013). We found lower myelinated
axon densities in the CC and fimbria of remyelinated animals, but
higher densities in the mPFC. Because oligodendrocyte numbers were
normal in all structures, this increase in the mPFC could be attributed
to the higher internode length, which increased the probability of
finding myelinated axons in transverse sections.

All observed changes (myelin thickness, internode and node
length) have been suggested as axon-glial parameters that strongly

influence the fine-tuning of axonal conduction speed to meet

information processing needs at the network scale (Arancibia-
Carcamo et al,, 2017; Cullen et al., 2021; Harris & Attwell, 2012;
Lubetzki et al., 2020). Based on previous data (Lubetzki et al., 2020),
the increase in node and internode lengths and decrease in myelin
thickness observed in the mPFC could lead to a decrease in action
potential conduction velocity, possibly disrupting network activity.

4.3 | A demyelination episode durably alters
HPC-mPFC synchronization despite remyelination

HPC-mPFC fine-coupling is involved in memory processing and
context-guided behavior (Eichenbaum, 2017; Peng & Burwell, 2021).
Therefore, we tested the hypothesis that in our model, the altered
myelin content and structure occurring in these areas might be associ-
ated with coupling defects. Using electrophysiological recordings in
anesthetized mice, we tested whether basic coupling was affected,
potentially a substrate for observed cognitive deficits. The demyelin-
ation episode caused lasting disruptions in two hallmarks of synchro-
nization between HPC and mPFC activity: gamma synchronization
and ripple/SO coupling.

Gamma oscillations can be observed during both sleep and wake-

fulness (Buzsaki & Wang, 2012), and their synchronization is assumed
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to promote inter-regional communication (Buzsaki & Schomburg,
2015; Ferraris et al., 2018; Fries, 2015). They are associated with differ-
ent memory processes, such as memory retrieval (Colgin et al., 2009),
spatial memory/navigation (Montgomery & Buzsaki, 2007), and working
memory (Yamamoto et al., 2014). Gamma oscillations rely on the activ-
ity of parvalbumin (PV)-containing GABAergic neurons (i.e., PV basket
cells) (Csicsvari et al., 2003; Mann et al., 2005; Wang & Buzsaki, 1996),
which form large interconnected networks both in the cortex and HPC,
and interact with excitatory principal cells (Galarreta & Hestrin, 2002;
Traub et al., 2018). Myelination of PV basket cells is required to pre-
serve the physiological dynamics of local circuit synchronization (Dubey
et al, 2022). Their deficient remyelination after demyelination may
explain the persistent gamma synchronization deficit observed in W11
and W20 mice, possibly contributing to memory-related deficits in
those mice.

Hippocampal ripples and SOs are coupled during sleep, which is
instrumental in different learning and memory processes (Battaglia
et al., 2004; Maingret et al., 2016; Todorova & Zugaro, 2018). Ripples
also depend on the activity of GABAergic neurons, including PV bas-
ket cells (Buzsaki et al., 2012), and the observed alteration in ripple
power may be caused by insufficient remyelination of these neurons.
Moreover, the HPC is connected mostly unidirectionally to the mPFC
through long-range connections, which are most likely myelinated
(Nickel & Gu, 2018), and myelin is important to maintain synchroniza-
tion through long-range axons involved in cognitive processes (Kato &
Wake, 2021). Interestingly, the fact that myelin most likely controls
the spike timing and fine-tuning of network synchronization (Bells
et al., 2017; Noori et al., 2020) is in accordance with the observed
deficits in HPC-mPFC oscillatory coupling and HPC ripple power,
which depend on fine-tuned spike timing of the hippocampal network
(Szabo et al., 2022). Therefore, the observed persistent inadequacy in
SO/ripple phase coupling in demyelinated/remyelinated animals may
also explain their long-term cognitive deficits.

In conclusion, this study shows that despite remyelination, CUP
animals retain long-term impairment of cognitive functions that
involve HPC-mPFC fine-coupling (Eichenbaum, 2017; Peng &
Burwell, 2021), including social memory, spatial working memory, and
cognitive flexibility. These mice also exhibit hyperactivity after remye-
lination not observed during demyelination. As potential substrates of
these behavioral deficits, we provide evidence for altered oscillatory
coupling between the HPC and mPFC, two structures showing persis-
tent reductions in myelin content and changes in myelin structure.
Altogether, the myelin self-repair process, although robust in rodents,
is heterogeneous among brain regions, inducing different behavioral
and functional outcomes ranging from beneficial to detrimental. Fur-
ther understanding of mechanisms underlying failures in these pro-
cesses is of major interest in the field of demyelinating diseases,
particularly for the development of treatments aimed at optimizing
remyelination processes and, thus, functional recovery.
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