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1 | INTRODUCTION

Damage to the myelin sheath is a common hallmark of demyelinating
disorders such as multiple sclerosis (ME). Loss of myelin
ultimately leads to a reduction of nerve conduction velocity, a
phenomenon that underpins the progressive neurological decline
associated with the deterioration caused by this disease (Micu
et al., 2018; Morrison et al., 2013). Throughout life, by activation,
recruitment and differentiation of adult oligodendrocyte precursor
cells, which eventually become new myelin-forming oligodendro-
cytes, demyelinated axons can be repaired, thus restoring saltatory
conduction and resolving functional deficits (Dubois-Dalcq
et al,, 2008; Franklin & Ffrench-Constant, 2008; Gibson et al., 2014;
Zhang et al., 2015). Remyelination confers not only neuroprotection,
which is crucial for limiting axon degeneration and progressive
disability, but also tissue regeneration and functional recovery
(Cunniffe & Coles, 2019; Gallo & Armstrong, 2008). However, in
demyelinating disorders and specifically in multiple sclerosis
the immune and inflammatory response to injury limits the regenera-
tive potential of oligodendrocyte precursor cells (Franklin &
Ffrench-Constant, 2017; Miron, 2017). Hence, the failure to differen-
tiate into mature myelinating oligodendrocytes ultimately limits
axon remyelination, leading to progressive  axonopathy,
neurodegeneration and disability. Therefore, the identification of
molecules able to directly target oligodendrocytes and promote their
full development into mature myelinating oligodendrocytes is
paramount to the design of therapies that induce efficient
remyelination in demyelinating disorders (Cunniffe & Coles, 2019;
Franklin & Ffrench-Constant, 2017; Gallo & Armstrong, 2008).

In the last years, the use of cannabis-derived molecules and
extracts has emerged as a promising therapeutic strategy for the
treatment of multiple sclerosis and other neuroinflammatory
disorders. Thus, several clinical trials have revealed beneficial effects
of phytocannabinoids in multiple sclerosis patients, relieving hallmark
symptoms such as spasticity, tremor, bladder dysfunction and neuro-
pathic pain (Messina et al., 2017; Russo, 2011; Wade et al., 2003).
These studies have led to the approval of the cannabinoid-based
medicine nabiximols (Sativex®), a 1:1 mixture of the two main
phytocannabinoids, A?-tetrahydrocannabinol (THC) and cannabidiol
(CBD), that nowadays is being prescribed in many countries world-
wide for the management of multiple sclerosis-associated symptoms
(Maccarrone et al., 2017). Moreover, the prescription of standardized
cannabis preparations is largely increasing worldwide among multiple
sclerosis patients, for example Canada, Israel, Uruguay and about half
of the states of the USA (Cofield et al., 2017; Hildebrand et al., 2020;
Messina et al., 2017).

Despite this widespread medicinal use, the precise mechanisms
of cannabinoid action mediating the aforementioned beneficial effects
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What is already known

o A’-Tetrahydrocannabinol (THC) confers neuroprotection

in animal models of demyelination.
What does this study add

e THC administration following cuprizone-induced demye-
lination enhanced oligodendrocyte regeneration, white

matter remyelination and motor function recovery.

What is the clinical significance

e THC administration is a promising pharmacological strat-
egy to promote functional CNS remyelination in demye-

linating disorders.

in multiple sclerosis patients are not completely understood.
Numerous studies in multiple sclerosis animal models have reported a
neuroprotective effect of phytocannabinoids (Croxford et al., 2008).
Thus, both THC and CBD, when administered either separately or in
combination, promote neuroprotection and slow down experimental
autoimmune encephalomyelitis (EAE)-associated disability in mice
(Al-Ghezi et al, 2019; Gonzalez-Garcia et al., 2017; Lyman
et al., 1989; Wirguin et al., 1994). These actions are believed to be
due to (i), CB, receptor activation on neurons and oligodendrocytes,
promoting neural cell survival in a cell-autonomous manner (Bernal-
Chico et al., 2015; Croxford et al., 2008; Maresz et al., 2007; Pryce
et al., 2003) and (ii), CB, receptor activation on brain-resident
microglia and infiltrating peripheral immune cells, promoting neural
cell survival in a non-cell-autonomous manner (Eljaschewitsch
et al., 2006; Maresz et al., 2007; Palazuelos et al., 2008). Strikingly,
although functional myelin repair conceivably should stand as a piv-
otal target of any multiple sclerosis progression-attenuating therapeu-
tic approach, the potential impact of phytocannabinoids on the
process of oligodendrocyte regeneration and CNS remyelination in
multiple sclerosis animal models has never been studied. Here, by
using oligodendroglia-specific reporter mouse lines in combination
with models of toxin-induced demyelination, we found that THC
administration following demyelination promotes oligodendrocyte
regeneration, CNS remyelination and motor function recovery in mice.
Therefore, our study unveils an unprecedented potential of
cannabinoid-based therapies for promoting oligodendrocyte regenera-
tion and myelin repair in demyelinating disorders.
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2 | METHODS

2.1 | Animal procedures

All the experimental procedures used were ethically reviewed and
approved and were performed under the guidelines and with the
approval of the Animal Welfare Committee of Universidad
Complutense de Madrid and Comunidad de Madrid, authorization
number PROEX 150/17 under the directives of the European
Commission (Directive 2010/63/EU). In addition, all experimental
procedures are also reported in compliance with the ARRIVE
guidelines (Percie du Sert et al., 2020) and with the recommendations
made by the British Journal of Pharmacology (Kilkenny et al., 2010).
All animals used were bred into C57BL/6J background. Animals
were housed, three in a cage, in temperature-controlled rooms on
an artificial 12-h light/dark cycle at 22°C-24°C and relative humidity
of 50%-60%, with water, food availability ad libitum and sterile
cardboard tubes as a housing refinement. All mice were pathogen
free. The cuprizone (Cpz) diet was changed daily and mice were
monitored daily. The mouse lines used from Jackson Laboratories
are the following:- CNP-mEGFP (Cnp-EGFP* 1Qrlu/J, RRID:
IMSR_JAX:026105) (Deng et al, 2014), Ng2-dsRed (NG2-dsRed,
Cspg4-DsRed.T1  1Akik/J Cat# RRID:IMSR_JAX:008241) (Zhu
et al., 2008), Ng2-CreER'™ (NG2-Cre, Cspg4-Cre/Esr1* BAkik/J, RRID:
IMSR_JAX:008538) (Zhu et al., 2008), and RosaAi6(B6.Cg-Gt (ROSA)
26Sormé(CAG-ZsGreenliHze/) - RRID:IMSR_JAX:007906)  (Madisen
et al., 2010). By crossing the NG2-CreER'™ with the Ai6 mouse line,
we generated the Ng2-CreER™:Rosa-Aié mouse line (referred to as
NG2-Cre:Ai6).

2.2 | Materials

The dose of 3 mg-kg™! of THC used in this study is commonly
used in preclinical and clinical settings. In preclinical models, this
dose has been shown to exert therapeutical effects in many
different settings without having undesired psychoactive effects
(Long et al., 2010; Metna-Laurent et al, 2017). THC, rimonabant
(SR141716, 2 mgkg™1), SR144528 (2 mgkg 1) or vehicle (Veh)
were dissolved in Tween-80/NaCl (1:18, v/v) and 1% (v/v) of
dimethyl sulfoxide as previously described (Huerga-Gomez
et al., 2020). The rapamycin analogue temsirolimus (5 mg-kg™1) was
dissolved in 0.9% NaCl. All drugs were administered intraperitone-
ally (i.p.) in a volume of 10 ml-kg™! and rimonabant, SR144528 or
temsirolimus were administered 30 min before THC administration,
once a day for five consecutive days. To label proliferating cells,
5-bromo-2-deoxyuridine (BrdU, 100 mg-kg™! body weight, Sigma)
was injected intraperitoneally as described previously (Palazuelos
et al, 2014). To assay for cell cycle exit (Ki67/BrdU ratios), BrdU
was injected three times a day, 2 h apart, followed by THC or Veh
administration, and the tissue was analysed 48 h later. All

experiments were performed in male adult mice (8-week-old,

20- to 25-g body weight). Mice were intracardially perfused or
decapitated under deep anaesthesia (5% isoflurane). Recombination
was induced following demyelination by three consecutive injec-
tions of tamoxifen (24 h apart; 75 mg~kg’1 i.p. dissolved in sun-
flower oil) starting the day before Cpz diet removal. Recombination
efficiency in NG2-Cre:Ai6 mouse line was quantified by immunoflu-
orescence analysis of the corpus callosum at 5 days after the first
tamoxifen administration. We found Aié expression in 83.4 + 5.1%
of Olig2™ cells.

2.3 | Cuprizone (Cpz)-induced demyelination

Six- to eight-week-old male mice were fed with a pelleted diet
containing 0.2% Cpz (Bis(cyclohexanone)oxaldihydrazone); 0.2%
TD.140804 (Envigo) (Palazuelos et al., 2015) for 6 weeks to induce
demyelination. Then, mice were returned to regular chow for allowing
remyelination. We observed similar levels of demyelination in all
mouse lines analysed.

24 | Organotypic cerebellar

Slice cultures were prepared using brain tissue isolated from P8
c57/bl6 or CNP-mEGFP animals as described previously (Zhang
et al,, 2011). Briefly, mouse pups were decapitated, and their brains
were dissected into ice-cold Hank's Balanced Salt Solution (HBSS).
Three-hundred-micrometre sagittal slices of the cerebellum were cut
with a tissue chopper. The slices were placed on Millicell culture
inserts with 0.45-pum pore size (Millipore) in a medium containing 50%
Minimal Essential Medium with Earle's salts, 25% HBSS, 25% horse
serum, 25-mM HEPES buffer, UltraGlutamine, penicillin-streptomy-
cin, amphotericin B and 5 mgml~! glucose. For remyelination
studies, at 7 days in vitro slices were treated with lysolecithin
(lysophosphatidylcholine, Sigma-Aldrich) for 15-17 h, followed by
dimethyl sulfoxide (DMSO) or THC 1-uM addition for 4 days. The
medium was changed every 2 days. Slices were fixed with 4% (wt/vol)
paraformaldehyde (PFA) for 30 min.

2.5 | Immunofluorescence

For immunohistochemistry, brain tissue was processed as previously
described (Palazuelos et al., 2015). Briefly, mice were perfused
transcardially with 4% PFA, and brains postfixed overnight in 4%
PFA and treated with 30% sucrose before freezing. Then, 30-pm-
thick coronal free-floating brain cryosections were washed in
phosphate-buffered saline (PBS), blocked with PBS 0.25% Triton-
X100, 10% goat serum, and incubated with the indicated primary
antibodies (overnight at 4°C). Antigen retrieval for oligodendrocyte
transcription factor 2 (Olig2) and Kié7 immunostainings was
performed with citric acid (10 mM, pH 6, 65°C for 30 min), and for
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BrdU immunostaining with HCI (2 N, 37°C 30 min), followed by
boric acid (0,1 M pH 8.9, 20 min). The following day, sections were
washed, and fluorescent secondary antibodies were used. Immuno-
chemistry of organotypic cerebellum slices was performed by
fixation in 4% PFA for 30 min on ice, then washed in PBS and
blocked in PBS, 0.5% Triton-X100 and 10% goat serum, and then
incubated with primary antibodies for 48 h at 4°C. Subsequently,
slices were incubated with the appropriate secondary antibodies for
4h at room temperature. To visualize cell nuclei, slices were
incubated with 4/,6-diamidino-2-phenylindole (DAPI) for 5 min,
washed with PBS and mounted with Mowiol. The primary anti-
bodies used are as follows:- anti-CC1 (1:400, Millipore, Cat#OP80,
RRID:AB_2057371), anti-oligodendrocyte transcription  factor
2 (Olig2) (1:250, Millipore Cat#AB9610, RRID:AB_570666), anti-
GSTn (1:200, MBL International Cat#312, RRID:AB_591792), anti-
myelin basic protein (1:1000, BioLegend, Cat#836504, RRID:
AB_2616694), anti-myelin oligodendrocyte glycoprotein (1:500,
Abcam Cat#ab32760, RRID:AB_2145529), anti NF-200 (1:200,
Sigma Aldrich Cat#N4142, RRID:AB_477272), anti-BrdU (1:200,
Abcam Cat#ab6326, RRID:AB_305426), anti-Ki67 (1:400, Thermo
Fisher Scientific Cat#RM-9106-SO, RRID:AB_2341197) and anti-pSé
(Ser240/244, 1:800, Cell Signaling Technology, Cat#5364, RRID:
AB_10694233). The appropriate mouse, rat and rabbit highly cross-
adsorbed Alexa Fluor 488, 547 and 647 secondary antibodies
(1:1000, Invitrogen) were used.

2.6 | Confocal microscopy

Optical sections (z = 0.5 um) of confocal epifluorescence images were
sequentially acquired using a confocal laser-scanning microscope
TCS-SP8 (20x, 40x and 63 x, Leica DMI6000 B instrument) and Leica
Application Suite X (LAS X) software. All digital images were acquired
in the corpus callosum of each animal, a minimum of six correlative
slices from a 1-in-10 series located between +0.7 and —0.5 mm from
bregma were analysed. Cell counts were performed blindly using
Image) software [National Institutes of Health (NIH), RRID:
SCR_003070] in the corpus callosum and data are presented as the
mean cell number per mm? or as a percentage of positive cells. When
counting the percentage of Olig2* cells that expressed either NG2-
dsRed or CC1, only NG2-dsRed™CC1"°® and NG2-dsRed"*8CC1™" cells
were included. Double positive NG2-dsRed™/CC1" cells were
excluded from quantifications. For quantification of organotypic
cultures, confocal microscopy was used to obtain stacks of images of
myelin basic protein and NF200 immunolabelling in white matter
areas. For analysing remyelination, Z-stack images (40x /1.3 oil objec-
tive, optical section 1.039 um) were collected from central layers
within the slice. myelin basic protein® area was quantified in single
stacks. Then, Z-stacks were projected onto a single plane via orthogo-
nal projection with maximum intensity, by using LAS X imaging
software, which is shown in the representative images. Three to five
slices per condition and two to three fields were imaged from each
slice. Three independent experiments were analysed.
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2.7 | Electron microscopy

Mice were anesthetized with tribromoethanol (Avertin, 0.2 ml per 10 g
body weight; Sigma-Aldrich) and transcardially perfused with PBS
(pH 7.4) followed by a fixative solution containing 4% PFA, 2.5%
glutaraldehyde and 0.5% NaCl in 0.1 M of PB, as described (Mobius
et al,, 2010). After extraction, brains were postfixed overnight at 4°C in
fixative solution and stored in 1% PFA until use. Vibratome sections
(100 pum thick) containing the corpus callosum were cut in the coronal
plane on a vibratome (VT1000S, Leica, Wetzlar, Germany). Sections
were incubated in 1% OsO4 for 30 min, dehydrated, embedded in
epoxy resin overnight and allowed to polymerize at 60°C for 2 days.
Selected tissue portions were trimmed and glued onto epoxy resin cap-
sules. Semi-thin sections (500 nm thick) were cut using a Power Tome
ultramicrotome (RMC Boeckeler, Tucson, AZ, USA) and stained with
1% toluidine blue. Ultra-thin (50-60 nm thick) sections were then cut
with a diamond knife (Diatome, Hatfield PA, USA), collected on nickel
mesh grids and stained with 4% uranyl acetate for 30 min and 2.5%
lead citrate for electron microscope visualization. Electron microscopy
images of the rostral corpus callosum located between +0.7 and
—0.5 mm from bregma were taken from randomly selected fields with
a Jeol JEM 1400 Plus electron microscope at the Service of Analytical
and High-Resolution Microscopy in Biomedicine of University of the
Basque Country UPV/EHU. The g-ratios were analysed in 10 non-serial
electron micrographs per animal taken systematically at a magnification
of 5000x. For g-ratio analysis, a minimum of 100 axons per mouse was
randomly selected by placing a grid onto images and measured using
Image-J software. The g-ratios were calculated as the fraction between
axon diameter and the diameter of the axon plus myelin unit. Fibres
with prominent unfoldings in the plane of the section were excluded.

2.8 | Sudan black

Floating sections were mounted on to TESPA-coated glass slides.
After air drying, sections were dehydrated in 70% ethanol and stained
with 0.5% Sudan black in 70% ethanol for 30 min. Excess staining was
removed by washing the slides in 70% ethanol and finally rinsed with
water. Samples were observed under light microscopy in a Zeiss
Axioplan2 microscope.

29 | Western blot

Corpus callosum was micro-dissected from 500-um-thick coronal
sections, and proteins were extracted using radioimmunoprecipitation
assay (RIPA) buffer (SDS 0.1%, sodium deoxycholate 0.5%, NP40 1%,
NaCl 150 mM, Tris-HCI 50 mM pH 8 in PBS) containing PMSF,
protease inhibitors, and sodium orthovanadate. Protein samples
(2-5 pg) were separated on 12% acrylamide (Bio-Rad) gels and
transferred to polyvinylidene difluoride (PVDF) membranes
(Millipore). Membranes were placed in blocking buffer (5% w/v milk in
PBS) and probed with primary antibodies overnight at 4°C. The
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primary antibodies used are as follows:- anti-myelin-associated glyco-
protein (1:2000, Abcam, Cat#ab89780, RRID:AB_2042411), anti-
myelin oligodendrocyte glycoprotein (1:2000, Abcam Cat#ab32760,
RRID:AB_2145529), anti-myelin basic protein (1:1000, BiolLegend,
Cat#836504, RRID:AB_2616694), anti-proteolipid protein (1:2,000,
Abcam, Cat#ab28486, RRID:AB_776593) and anti-a-tubulin (1:5000,
Sigma-Aldrich, Cat#T9026, RRID:AB_477593). After incubation with
corresponding HRP-conjugated secondary antibodies, proteins were
visualized using an enhanced chemiluminescence substrate mixture
(ECL Plus; GE Healthcare; Santa Cruz Biotechnology; 1:5000). Band
intensity of films was quantified using Adobe Photoshop software
(RRID:SCR_014199). Protein levels were normalized to the internal
control a-tubulin. The Immuno-related procedures used comply with
the recommendations made by the British Journal of Pharmacology
(Alexander et al., 2018).

2.10 | Behavioural assessments

All tests were conducted during the light cycle, with uniform lighting
conditions and white noise in an isolated room. Animals were
acclimated to the room for 45-60 min before testing.

2.10.1 | Rotarod

To assess motor function and gross coordination, Rotarod (LE8205,
Harvard Apparatus) test was adopted from Bolcskei et al. (2018) and
Palazuelos et al. (2009), using a 30-mm rod with an acceleration of
4 to 40 rpm over 5 min. Briefly, mice were trained three times a day
for three consecutive days, the first week after weaning, with a
30-min rest interval between trials. At adult ages, following
Cpz-induced demyelination, the rotarod test was assessed three times
on the day of analysis during remyelination. The latency to fall off the

rod was measured, with a maximum recording time of 300 s.

2.10.2 | Beam walking test

To evaluate fine motor coordination, mice were trained to cross a
narrow wood beam (100 cm length, 10 mm width) to reach a safety
box. The time to cross the beam was measured in two consecutive
tests (Skripuletz et al., 2010).

2.10.3 | Open-field test

Mice were placed in the centre of an open-field arena
(70 x 70 x 40 cm) and allowed to freely explore it for 10 min.
Their behaviour was recorded by a video camera placed above
and the video tracking software SMART 3.0 (Panlab, Spain, RRID:
SCR_002852) was used for video analysis. Total distance
travelled (cm) was used as a measure of locomotor activity,

whereas the number of entries in the central area of the arena
was used as a parameter of anxiety-linked behaviours (Prut &
Belzung, 2003).

211 | Dataand analysis

Data and statistical analysis comply with the recommendations of the
British Journal of Pharmacology on experimental design and analysis
in pharmacology (Curtis et al., 2018). The number of animals per
group or experiments per condition (n) is indicated in every case. The
declared group size is the number of independent values and that
statistical analysis was done using these independent values. Studies
were designed to generate groups of equal size, using randomization
and blinded analysis. The numbers illustrated represent the animals
used in each of the experiments, after considering any unexpected
loss of data or exclusion criterion. In some cases, experimental losses
may be determined by animals receiving the wrong treatment, infec-
tions unrelated to the experiment, sampling errors (e.g. inadequate
calibration of equipment & software error during acquisition) or
other human error (e.g. forgetting to switch on equipment). Power
analysis was conducted with IBM SPSS software (IBM France, Bois-
Colombes, France RRID:SCR_002865). Statistical analysis was under-
taken only for experiments with a sample size of at least n =5 per
group. For electron microscopy and some western blot experiments
presented with a smaller sample size n < 5, data are presented as
preliminary or exploratory observations. All variables were first tested
for both, normality (Shapiro test or D'Agostino & Pearson normality
test with P > 0.05) and homogeneity of variances (Brown-Forsythe
test with P > 0.05). When comparing two groups, we use unpaired
two-tailed t test for normal distribution (Student's unpaired t-tests
were Welch-corrected if needed) or Mann-Whitney test when they
did not distribute normally. For comparisons of more than two
groups, if data were found to be normally distributed, one-way
analysis of variance (ANOVA) followed by Tukey's post hoc test or
uncorrected Fisher's LSD when appropriate, was carried out. The post
hoc tests were conducted only if F in ANOVA achieved P < 0.05, and
there was no significant variance inhomogeneity. If data were found
to not be normally distributed, then a Kruskal-Wallis one-way
ANOVA with uncorrected Dunn's post hoc test was carried out.
Outliers were not excluded from data analysis. Differences with
P < 0.05 between group means were considered statistically signifi-
cant. All data analyses were done using GraphPad Prism 7.00 (RRID:
SCR_002798).

2.12 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in the IUPHAR/BPS Guide to PHARMACOL-
OGY http://www.guidetopharmacology.org and are permanently
archived in the Concise Guide to PHARMACOLOGY 2019/20
(Alexander et al., 2019).
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3 | RESULTS

3.1 | THC promotes CNS remyelination

To evaluate the effect of THC on myelin repair under demyelinating
conditions, we first used the Cpz animal model of demyelination.
Wild-type mice were fed with a 0.2% Cpz diet for 6 weeks to induce
global demyelination, followed by a regular diet to allow for spontane-
ous remyelination. The day after Cpz removal, THC (3 mg-kg™?, i.p.) or
Veh was administered for five consecutive days and remyelination
was analysed in the corpus callosum (Figure 1a). Western blot analysis
of dissected corpus callosum extracts revealed the nearly complete
demyelination achieved by the Cpz diet compared with the regular
chow diet. The was assessed by quantification of the levels of myelin-
related proteins, such as myelin-associated glycoprotein, myelin oligo-
dendrocyte glycoprotein and myelin basic protein (Figure 1b).
Preliminary analysis of samples obtained during the recovery phase
showed an enhancement of remyelination in THC-treated mice, with
increased levels of myelin-associated proteins compared with
Veh-treated mice (Figure 1b). Sudan black (Figure 1c) staining further
supported that THC-treated mice had increased myelin levels in the
corpus callosum when compared with Veh-treated mice during
remyelination. Exploratory ultrastructural analysis by electron micros-
copy in the corpus callosum revealed a reduced g-ratio in THC-treated
mice when compared with controls (Figure 1d), therefore indicating
an increased myelin thickness and confirming the THC-enhanced
remyelination in the corpus callosum.

To further expand the aforementioned Cpz-derived data, we used
the lysophosphatidylcholine (lysolecithin) toxin model of demyelin-
ation in organotypic cerebellar cultures from the CNP-mEGFP mice
reporter mouse line (Deng et al., 2014), in which membrane-anchored
green fluorescent protein (eGFP) expression is driven by the 2'-3'-
cyclic nucleotide 3'-phosphodiesterase (CNP) promoter and found in
the differentiated myelinating cell lineage. Demyelination was induced
by lysolecithin treatment for 16 h, and remyelination was analysed in
the presence of THC (1 pM) or Veh. Immunofluorescence analysis rev-
ealed increased myelin basic protein®™ area in the cerebellar white
matter of THC-treated slices compared with Veh-treated controls
(Figure 1e). Taken together, all these observations support that THC
exposure following demyelination enhances remyelination in the
mouse CNS.

3.2 | THC enhances functional recovery during
remyelination

The Cpz model induces nearly complete demyelination in multiple
brain regions that was accompanied by various behavioural alterations
that mirrored closely the clinical symptomatology of multiple sclerosis
(Franco-Pons et al, 2007; Serra-de-Oliveira et al, 2015; Xu
et al,, 2009). Furthermore, during the recovery period, spontaneous
remyelination is translated into functional recovery (Duncan
et al., 2009; Ishii et al., 2019), with a progressive improvement in the
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behavioural deficits, mostly observed at the motor level (Han
et al.,, 2020; Morell et al., 1998; Templeton et al., 2019). Hence, we
next analysed whether the enhancement in CNS remyelination upon
THC administration was reflected in improved functional recovery.
Behavioural tests were performed at Days 5 and 15 of the
remyelination period in mice treated with Veh or THC for five consec-
utive days (Figure 2). Cpz diet-induced demyelination was accompa-
nied by remarkable motor impairment, as evidenced by a reduced
latency to fall in the rotarod test (Figure 2a), an increased crossing
time in the beam walk test (Figure 2b) and a reduced distance travelled
in the open-field test (Figure 2c). Cpz diet also increased anxiety-like
behaviours, as evidenced by a reduced number of entries in the centre
of the arena in the open-field test (Figure 2c). Following Cpz removal,
upon remyelination, THC-treated mice showed an improved motor
function in the rotarod (Figure 2a), beam walking (Figure 2b) and
open-field tests (Figure 2c) compared with Veh-treated animals. These
data support that THC administration promotes CNS remyelination
and motor function recovery in a concerted manner.

3.3 | THC promotes oligodendrocyte progenitor
cell differentiation and oligodendrocyte regeneration

CNS remyelination relies on the differentiation of oligodendrocyte
precursor cells into premyelinating oligodendrocytes, which contact
demyelinated axons and differentiate in turn into mature, myelinating
oligodendrocytes capable of forming functional myelin sheaths that
contribute to neuronal protection and functionality (Chari, 2007;
Cunniffe & Coles, 2019; Franklin & Ffrench-Constant, 2017). To
evaluate whether the observed THC-enhanced remyelination results
from a greater generation of new oligodendrocytes, we monitored
oligodendrocyte loss and regeneration in the corpus callosum at the
demyelination and remyelination periods. Immunofluorescence
analysis revealed that the Cpz diet reduced CC17 oligodendrocytes
density, down to a 20.3 + 2.6% of the regular diet (Figure 3a,b). We
also found a higher density of CC1" oligodendrocytes in the corpus
collosum of THC-treated mice during the recovery phase compared
with controls (Figure 3a,b). Differentiation-state analysis of the oligo-
dendrocyte population revealed a higher percentage of CC1" oligo-
dendrocytes within the Olig2™ cell population in THC-treated mice
as compared with controls (Figure 3b), indicating a higher oligoden-
drocyte differentiation. No difference was observed in the total num-
ber of Olig2™ cells between THC and Veh-treated mice (Figure S1a),
suggesting that THC induces oligodendrocyte progenitor cell
differentiation during remyelination without affecting oligodendro-
cyte lineage survival.

We next analysed whether THC administration enhances the
generation of mature myelinating oligodendrocytes. Immunofluores-
cence analysis and quantification of GSTx ™ (glutathione-S-transferase
m) cells in the corpus callosum revealed a higher density of GSTxn*
mature oligodendrocytes in THC-treated mice compared with controls
during remyelination (Figure 3c). To further study oligodendrocyte
regeneration, we used the CNP-mEGFP reporter mouse line (Deng
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(a) . . FIGURE 1 A°-Tetrahydrocannabinol (THC)
Analysis Analysis ——— enhances CNS remyelination. (a) Left diagram
Veh/THC l l represents the timeline of treatments and time
Cpz 6 weeks  m— . L - .
.............. ‘ y points of analysis. Mice were fed with a cuprizone
d5 d1o cc (Cpz) diet for 6 weeks and returned to regular diet
for allowing remyelination. At 24 h after Cpz
| Demyelination i Remyelination — removal, THC (3 mg-kg 1) or vehicle (Veh) was
(b) administered for five consecutive days and mice
Day 5 Day 10 were killed at 5 and 10 days following the first
RD. 6w Cpz Veh THC Veh  THC THC administration. Some control animals were
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fed with regular diet (R.D.) or Cpz 6 weeks (6w).
Right diagram, the area of analysis within the
corpus callosum (CC) is labelled in red.

(b) Representative scans of western blot analysis
of myelin-associated proteins of corpus CC
extracts. Optical densities values are relative to
those of loading controls and expressed as
arbitrary units (a.u.). (c) Representative images of
Sudan black staining in the CC at Day 5 of
recovery. (d) Representative electron microscopy
images of axonal myelination in the CC at Day

5 of recovery. Quantitative analysis of myelin
g-ratio and scatter plots of g-ratio versus axon
diameter. (e) Slices were incubated with THC or
Veh after lysolecithin (LPC)-induced
demyelination. Representative confocal images of
Z-stack projection of CNP-mEGFP (green), myelin
basic protein (MBP; red) and NF200 (blue)
immunoreactivities in non-LPC-treated and THC
or vehicle-LPC-treated cerebellar organotypic slice
cultures. MBP™ area was quantified in single
stacks. Representative images of Z-stacks
projected onto a single plane via orthogonal
projection with maximum intensity. Data are
shown as mean + SEM; n = 6 (b, left panel),n = 8
for MAG and myelin oligodendrocyte glycoprotein
(MOG), n = 5 for MBP (b, middle panel), n = 3 (b,
right panel); n =5 (c); n = 3(d); n = 9 (e).

*P < 0.05 versus vehicle-treated groups or

#P < 0.05 versus R.D., by unpaired Student's t-test
or unpaired t-tests with Welch correction for
MAG values (central panel) (b); *P < 0.05 versus
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et al., 2014). Thus, CNP-mEGFP mice that were treated with THC
during the remyelination phase showed increased mEGFP fluores-
cence intensity in the corpus callosum compared with their
Veh-treated littermates (Figure S1b). Together, all these data indicate
that THC administration following demyelination promotes the

00 05 10 15 2
Axon diameter (uM)

vehicle-treated group or #P < 0.05 versus control
group by one-way ANOVA with Tukey's post hoc
test (e). Scale bars (c) = 70 pm, (d) = 4 pm, (e)
=50 pm

0
Ctrl VehTHC

LPC

regeneration of fully myelinating oligodendrocytes, thereby promoting
functional CNS remyelination.

To provide further support to the concept that the THC-evoked
modulation of oligodendrocyte regeneration and CNS remyelination
occurs at the expense of oligodendrocyte progenitor cell cycle arrest
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FIGURE 2

A®-Tetrahydrocannabinol (THC) enhances functional recovery during remyelination. Mice were fed with a 0.2% cuprizone (Cpz)

diet for 6 weeks, followed by a regular diet, and THC (3 mg-kg %) or vehicle (Veh) was administered for five consecutive days and a battery of
behavioural tests was performed at 5 and 15 days of recovery. Some control animals were fed with regular diet (R.D.) or cuprizone 6 weeks

(6w Cpz). (a) Animals were trained to perform the rotarod test the first week after weaning and re-evaluated during remyelination. Bar graph
shows the mean latency to fall (s) at Day 5 or 15 during remyelination. (b) Beam walk test quantified as the mean time spent to cross the beam.
(c) Representative images of trajectories in the open-field test, representation of total distance and the number of entries in the centre of the
arena. Data are shown as mean = SEM; n = 10 for R.D. and 6w Cpz, n = 8 for d5 and d15 (a); n = 15 for R.D., n = 12 for éw Cpz, n = 16 for Veh,
n = 18 for THC (d5), n = 9 for d15 (b); n = 9 for R.D., 6w Cpz and d15, n = 15 for Veh, n = 14 for THC (d5) (c, upper panel), n = 11 for R.D.,

n = 10 for 6w Cpz, n = 15 for Veh, n = 14 for THC (d5), n = 8 for d15 (c, lower panel). *P = 0.05 versus vehicle-treated group; #P = 0.05 versus
R.D, by one-way ANOVA, with uncorrected Fisher's LSD (a, c upper panel), Kruskal-Wallis one-way ANOVA with uncorrected Dunn's post hoc

test (b,c lower panel)

and differentiation, we performed several cell-tracking approaches.
First, we used the NG2 (neural/glial antigen 2)-Cre:Ai6 mouse line, in

which tamoxifen-driven recombination induces Zs&°"

expression
in oligodendrocyte precursor cells, thus allowing cell tracking along
with lineage progression during the remyelination phase. Adult
NG2-Cre:Ai6 mice were fed with Cpz diet and tamoxifen was adminis-
tered, followed by THC or Veh (Figure 3d). Oligodendrocyte regenera-
tion was analysed by immunofluorescence in the corpus callosum
during remyelination. Preliminary results showed an increased per-
centage of oligodendrocyte progenitor cell-derived Aié™ cells that co-
expressed the differentiated oligodendrocyte marker CC1 during the
recovery phase in the corpus callosum of THC treated-mice as com-
pared with the Veh-treated group (Figure 3d). We also found an
increased percentage of mature myelinating GSTx" cells among the
recombinant Aié™ oligodendrocyte population in the corpus callosum
of THC-treated mice (Figure 3d). THC-induced oligodendrocyte
progenitor cell differentiation was confirmed by using the NG2-dsRed
oligodendrocyte progenitor cell reporter mouse line (Zhu et al., 2008),
in which the fluorescent red protein is expressed under the control of
the NG2 gene promoter, thus allowing to conduct a high-resolution
characterization of NG2 expression and to track its downregulation

during cell differentiation. We found a reduced percentage of NG2-
dsRed™ oligodendrocyte precursor cells within the Olig2™ population
in the corpus callosum of THC-treated mice during the recovery phase
as compared with controls (Figure 3e).

We aimed to expand the aforementioned observations by per-
forming cell cycle exit experiments based on the administration of
BrdU after the Cpz diet, followed by THC or Veh injection. Immuno-
fluorescence analysis and quantification of cycling Ki67* cells within
the labelled BrdU*Olig2" population revealed a THC-evoked reduc-
tion of proliferating oligodendroglial cells (Figure 3f). Collectively,
these data show that THC administration following demyelination
induces oligodendrocyte progenitor cell cycle exit and differentiation,
thereby enhancing oligodendrocyte regeneration and functional CNS

remyelination.
3.4 | CB; receptor blockade prevents the THC-
enhanced functional CNS remyelination

To identify the primary target of THC-induced oligodendrocyte regen-
eration and CNS remyelination, we co-injected NG2-dsRed mice with
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FIGURE 3  A’-Tetrahydrocannabinol (THCO enhances oligodendrocyte regeneration during remyelination. Mice were fed with a 0.2%
cuprizone (Cpz) diet for 6 weeks, followed by a regular diet, and tetrahydrocannabinol (THC) (3 mg-kg™2) or vehicle (Veh) was administered for
two or five consecutive days. Oligodendrocyte regeneration was analysed by immunofluorescence analysis in the corpus callosum (CC) 2, 5 or
10 days later. Some control animals were fed with regular diet (R.D.) or cuprizone for é weeks (6w Cpz). (a) Representative images of anti-
adenomatous polyposis coli (CC1) and oligodendrocyte transcription factor 2 (Olig2) staining in the CC. (b) Quantification of CC1*"
oligodendrocyte cell densities and the percentage of CC1" oligodendrocytes among Olig2™ cells at Days 2, 5 and 10 of recovery. (c)
Quantification of glutathione-S-transferase (GSTxn ") mature oligodendrocyte cell densities at Day 10 of recovery. (d) NG2-Cre:Ai6 mice were
administered with tamoxifen starting 1 day before Cpz removal (three times, 24 h apart). THC or Veh administration was initiated the day
following Cpz withdrawal and was given for five consecutive days. Representative confocal images and quantification of the percentage of CC1"
oligodendrocytes among the recombinant Aié™ population or the percentage of GSTxt mature oligodendrocytes among the Ai6™ cells at Day 10
of recovery. (€) NG2-dsRed received THC or Veh administrations the day following Cpz withdrawal and was given for five consecutive days.
Immunofluorescence analysis and quantification of the percentage of NG2-dsRed™ among Olig2* cells. (f) Wild-type mice received BrdU
injections the day following Cpz removal. Representative confocal images and quantification of the percentage of Ki67" cells among
BrdU'Olig2" cells. Data are shown as mean + SEM; n = 5 for R.D. and 6w Cpz, n = 6 for d2 and d10 and n = 9 for d5 (b); n = 5 (c); n = 4 for d5
and n = 3 for d10 (d); n = 5 for d2 and n = 6 for d5 (e); n = 6 (f). *P < 0.05 versus vehicle-treated group, or #P < 0.05 versus R.D. group by one-
way ANOVA with Tukey's post hoc test (b,e), by unpaired Student's t-test (c) or unpaired Student's t-tests with Welch correction (f). Scale bars

(a,d & €)= 18 um, (f) = 8 um

THC and the cannabinoid CB4

rimonabant (2 mg-kg™!) or the cannabinoid CB, receptor-selective

receptor-selective antagonist

antagonist SR144528 (2 mg-kg™1). Immunofluorescence analysis of
oligodendrocyte markers in corpus callosum sections revealed that
the CB; receptor antagonist prevented the THC-enhanced oligoden-
drocyte differentiation, as revealed by quantification of CC1" cell
density and NG2-dsRed or CC1 co-expression in the Olig2™ popula-
tion (Figure 4a). In contrast, the CB, receptor antagonist failed to pre-
vent THC-induced oligodendrocyte regeneration. Comparable data

were obtained in the CNP-mEGFP reporter mouse line, in which CB4
receptor blockade prevented the THC-induced increase of CNP-
mMEGFP reactivity in the corpus callosum during the remyelination
phase (Figure 4b). Likewise, exploratory western blot analysis of cor-
pus callosum extracts obtained at the recovery phase showed that
pharmacological blockade of the CB receptor, but not CB, receptor
prevented the THC-induced increase of myelin proteins in the corpus
callosum (Figure 4c). Furthermore, the analysis of behavioural parame-
ters showed that CB4 receptor blockade prevented the THC-evoked
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FIGURE 4 CB4 receptors antagonism prevents the
A’-tetrahydrocannabinol (THC)-enhanced
oligodendrocyte regeneration and functional
remyelination. Wild-type ¢57/BL6 (c, d, & e), NG2-dsRed
(a) or CNP-mEGFP (b) mice were fed with a 0.2%
cuprizone (Cpz) diet for 6 weeks, followed by a regular
diet. At 24 h, after cuprizone removal, rimonabant (SR,
2 mg-kg™?) or SR-144528 (SR,; 2 mg-kg™1), selective CB,
or CB, respective cannabinoid receptors antagonists,
were administered 30 min before THC (3 mg-kg™?) for
five consecutive days and oligodendrocyte regeneration,
and CNS remyelination was analysed in the corpus
callosum (CC) 5 days after the first THC administration.
(a) Quantification of APC, anti-adenomatous polyposis
coli (CC1)*, oligodendrocyte cell density and the
percentage of NG2-dsRed" oligodendrocyte progenitor
cell or CC1% cells among Olig2™ cells. (b) Representative
confocal images of the CC of CNP-mEGFP mice at Day

5 of recovery. (c) Representative scans and optical
density (O.D.) values of western blot analysis of myelin-
associated protein levels of dissected CC extracts at Day
5 of recovery. O.D. values are relative to those of their
respective loading controls and expressed as arbitrary
units (a.u.). Myelin-associated glycoprotein (MAG), myelin
oligodendrocyte glycoprotein (MOG) and proteolipid
protein (PLP). (d) Representative images of trajectories in
the open-field test, quantification of total distance and
the number of entries in the centre of the arena.

(e) Representative confocal images and quantification of
microglial (Iba1) and astroglial (GFAP) markers. Data are
shown as mean + SEM; n = 9 for Veh and THC, n = 6 for
SR4, n = 7 for SR, (a, left and right panels), n = 6 for Veh
and THC, n = 5 for SR and SR, (a, middle panel);n = 5
(b), n = 4 for MAG, n = 5 for MOG, n = 3 for PLP (c);

n = 15 for Veh, n = 14 for THC, n = 8 for SR4 and SR,
(d); n =5 (e). *P < 0.05 versus vehicle-treated group or
#P < 0.05 versus THC, by one-way ANOVA with Tukey's
post hoc test (a, ¢, & e), and with uncorrected Fisher's
LSD (d). Scale bars (b,e) = 60 um
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motor function recovery during remyelination, as analysed in the
open-field test (Figure 4d).

Cannabinoid compounds have been shown to exert prominent
anti-neuroinflammatory actions in multiple sclerosis experimental
models (Al-Ghezi et al., 2019; Gonzalez-Garcia et al., 2017; Lyman

et al., 1989; Wirguin et al., 1994). Immunofluorescence analysis in the

corpus callosum revealed a reduced immunoreactivity of ionized
calcium-binding adapter molecule 1 (IBA1) and glial fibrillary acidic
protein (GFAP) in THC-treated mice compared with Veh-treated ani-
mals (Figure 4e). In addition, administration of either rimonabant or
SR144528 prevented the THC-induced attenuation of astroglial

activation during remyelination, whereas microglial activation was
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FIGURE 5 mTORC; blockade prevents the A®-tetrahydrocannabinol (THC)-enhanced oligodendrocyte regeneration and functional
remyelination. Adult NG2-dsRed or CNP-mEGFP mice were fed with a 0.2% cuprizone (Cpz) diet for 6 weeks, followed by regular diet. At 24 h,
after cuprizone removal, the mTORC; selective inhibitor temsirolimus (Tem; 5 mg-kg™?), was administered at 30 min before THC (3 mg-kg™?) for
five consecutive days, and oligodendrocyte regeneration and remyelination was analysed in corpus callosum (CC) 5 days after the first THC
administration. (a,b) Immunofluorescence analysis of mTORC, activation levels in oligodendroglial cells. Confocal representative images and
quantification of pS6*anti-adenomatous polyposis coli (CC1 and CC1* oligodendrocyte cell densities, the percentage of NG2-dsRed" or CC1"
cells among Olig2™" cells. S6, ribosomal protein; CC1, APC, anti-adenomatous polyposis coli. (c) Representative confocal images of the CC of CNP-
mEGFP mice at Day 5 of recovery. (d) Representative scans and optical density (O.D.) values of western blot analysis of myelin-associated protein
levels of CC extracts at Day 5 of recovery. O.D. values are relative to those of their respective loading controls and expressed as arbitrary units
(a.u.). Myelin-associated glycoprotein (MAG), myelin oligodendrocyte glycoprotein (MOG) and proteolipid protein (PLP). (e) Representative images
of trajectories in the open-field test. Graph representation of total distance travelled and the number of entries in the centre of the arena at Day
5 of recovery. Data are shown as mean = SEM: n = 6 (b); n = 5 (c); n = 3 for MAG and MOG, n = 4 for PLP (d); n = 15 for Veh, n = 14 for THC,
n = 10 for Tem (e). *P < 0.05 versus vehicle-treated group or #P < 0.05 versus THC-treated group, by one-way ANOVA with Tukey's post hoc
test (b,d), and with uncorrected Fisher's LSD (e). Scale bars (a) = 18 pm; (c) = 60 pm
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only prevented by SR144528 (Figure 4e). These data indicate that
THC attenuates glial activation during remyelination via CB; and CB,
receptor activation.

3.5 | mTORC;, blockade prevents the THC-
enhanced functional CNS remyelination

Mammalian target of rapamycin complex 1 (mTORC,) is an essential
modulator of oligodendrocyte differentiation during CNS myelination
and remyelination (Gaesser & Fyffe-Maricich, 2016; Ishii et al., 2019;
MclLane et al., 2017; Wood et al., 2013). Thus, mTORC; signalling
blockade has been shown to abolish spontaneous remyelination fol-
lowing Cpz-induced demyelination (Bai et al, 2016; Sachs
et al., 2014). Moreover, CB; receptors have been shown to regulate
this signalling pathway during oligodendrocyte development (Gomez
et al., 2015; Huerga-Gomez et al., 2020). Therefore, we explored the
involvement of the mTORC; signalling pathway in the observed THC
effects during remyelination. We found increased phosphorylation
levels of the mTORC; axis-readout protein S6 in CC1" oligodendro-
cytes in the corpus callosum of THC-treated mice during
remyelination (Figure 5a,b), as compared with the control group.

To evaluate the contribution of oligodendrocyte regeneration in
the THC-enhanced functional remyelination, we administered the
mTORC; inhibitor temsirolimus together with THC, for five consecu-
tive days, and oligodendrogenesis was analysed during the recovery
phase. mTORC,; pharmacological blockade prevented the THC-
induced increase of CC1" and pS67CC1" cell densities, CC1 co-
expression in the Olig2™ population and the THC-evoked reduction of
the percentage of Olig2" cells that expressed NG2-dsRed (Figure 5a,b).
Temsirolimus also prevented the THC-induced oligodendrocyte
regeneration in the corpus callosum, when quantifying CNP-mEGFP
reactivity in tissue sections (Figure 5c), and corpus callosum
remyelination, when quantifying myelin-associated protein levels in
exploratory western blot analysis of corpus callosum extracts
(Figure 5d). The analysis of behavioural parameters showed that
mTORC; pharmacological blockade also abolished the THC-enhanced
motor function recovery during remyelination in the open-field test
(Figure 5e). Altogether, these findings suggest that THC administra-
tion following demyelination induces functional oligodendrocyte
regeneration and CNS remyelination, at least in part by activating
the mTORC; signalling pathway in cells of the oligodendrocyte lineage.
Moreover, our study indicates that the observed THC-enhanced func-
tional recovery comes at the expense of enhanced oligodendrocyte
regeneration.

4 | DISCUSSION AND CONCLUSIONS

Accruing evidence supports a neuroprotective and immunomodula-
tory action of THC in multiple sclerosis animal models (Pryce
et al., 2015). Here, we identify CNS remyelination as a key mechanism
underlying THC protective actions under demyelinating conditions.
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THC-induced functional recovery in multiple sclerosis animal models
may be therefore mediated, at least in part, by oligodendrocyte
regeneration and CNS remyelination. To date, most of the preclinical
studies of THC in multiple sclerosis have shown potent immunosup-
pressive actions, which modulate disease progression and ameliorate
disability in immune-mediated animal models of demyelination
(Gonzalez-Garcia et al., 2017; Lyman et al., 1989; Pryce et al., 2003).
These studies have shown that THC administration slows down
inflammation-mediated disability during relapsing disease in mice, at
least in part by attenuating immune cell infiltration into the CNS.
However, although nonsedating doses of THC do not inhibit relapsing
autoimmunity in the experimental autoimmune encephalomyelitis
model, they dose-dependently inhibit the accumulation of disability
(Croxford et al., 2008; Pryce et al., 2015), suggesting a regenerative
action of THC in this animal model. The complex immunomodulatory
actions of THC in immune-mediated demyelination animal models can
therefore mask the regenerative capacity of the compound.

To study the regenerative capacity of THC administration, and
trying to minimize the potential immunomodulatory actions reported
in immune-mediated demyelination animal models, here, we used a
well-established toxin animal model of demyelination, with more
discrete phases of demyelination and remyelination, and in which
immune cell activity during the remyelination phase is more likely a
response to myelin damage rather than the cause of the demyelin-
ation process (Hooijmans et al., 2019; McMurran et al., 2016). Acute
THC administration following Cpz-induced demyelination enhances
oligodendrocyte progenitor cell cycle exit and differentiation, thus
suggesting that it may act cell-autonomously by activating CB4
receptors in oligodendrocyte precursor cells, thereby promoting cell
differentiation and oligodendrocyte regeneration. As CB; receptors
are abundantly expressed in various neuronal and glial cell populations
(Di Marzo et al., 2015), we cannot exclude the possibility that CB,
receptor modulation of oligodendrocyte progenitor cell differentiation
involves other non-oligodendrocyte progenitor cell populations. First,
CB, receptor-mediated neuroprotection may favour neuronal integ-
rity and functionality, thereby impacting the process of oligodendro-
cyte regeneration and efficient remyelination (Gautier et al.,, 2015;
Spitzer et al., 2016). A CB; receptor-restored glutamate neurotrans-
mission may positively influence oligodendrocyte regeneration and
CNS remyelination (Gautier et al., 2015; Spitzer et al., 2016). More-
over, a more neuroprotective environment would also conceivably
reduce toxicity and neuroinflammation, and in turn, facilitate
remyelination (Franklin & Ffrench-Constant, 2017). Second, the
observed effect of THC in attenuating glial activation may also favour
an efficient environment for brain regenerative capacity (Lloyd
et al., 2017; Molina-Gonzalez & Miron, 2019). Third, THC could mod-
ulate as well peripheral immune activation and indirectly impact the
neuroinflammatory status (Bouchard et al., 2012; Rizzo et al., 2020).
Indeed, in the Cpz model, blood brain barrier integrity is compromised
even before the demyelination process occurs (Berghoff, Duking,
et al., 2017; Berghoff, Gerndt, et al., 2017; Shelestak et al., 2020),
thereby allowing immune cell infiltration and impacting the process of
oligodendrocyte regeneration and efficient remyelination (Lloyd
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et al., 2017; McMurran et al., 2016; Molina-Gonzalez & Miron, 2019).
This possibility seems, however, unlikely if we consider that the low
THC dose tested in this study seems to be devoid of immunomodula-
tory activity at the peripheral level (Croxford et al., 2008). Thus,
elucidating the precise cellular targets of THC-enhanced
remyelination requires further studies.

Oligodendrocyte precursor cells express CB; and CB, receptors
at developmental stages and respond to selective pharmacological
modulation by synthetic or endogenous cannabinoids (Arevalo-Martin
et al., 2007; Gomez et al., 2015; Huerga-Gomez et al., 2020; Molina-
Holgado et al., 2002; Moreno-Luna et al., 2020). In addition, THC has
been shown to modulate oligodendrogenesis during postnatal
myelination through CB, and CB, receptor activation (Huerga-Gomez
et al., 2020). In the present study, we have found that CB; receptor-
mediated induction of oligodendrocyte regeneration and CNS
remyelination is indeed effective under demyelinating conditions in
adult mice. However, CB, receptor antagonism does not prevent the
regenerative capacity of THC, while efficiently preventing the
THC-mediated attenuation of glial activation. Similarly, CB4 receptors
have been pointed out as the main mediators of the Sativex-induced
disease-modifying effects in the experimental autoimmune encepha-
lomyelitis and Theiler's murine encephalomyelitis virus (TMEV) animal
models (Feliu et al, 2015; Moreno-Martet et al., 2015). Thus, the
specific contribution of both receptors in the disease-modifying
actions of THC in multiple sclerosis animal models remain to be firmly
established.

Moreover, the most common plant-derived pharmaceutical-grade
preparations or cannabis extracts used in the treatment of
multiple sclerosis patients contain THC together with CBD (Messina
et al, 2017; Russo, 2011). CBD has been shown to slow down
inflammation-mediated disability during relapsing disease in
experimental autoimmune encephalomyelitis mice, at least in part
by attenuating immune cell infiltration into the CNS (Gonzalez-
Garcia et al, 2017), inducing myeloid-derived suppressor cells
(Elliott et al., 2018), and attenuating neuronal apoptosis (Giacoppo
et al, 2015). CBD also prevents hypoxia/ischemia-induced hyp-
omyelination in newborn rats (Ceprian et al., 2019), suggesting that it
could potentially modulate CNS remyelination in multiple sclerosis
animal models. Thus, THC and CBD could synergistically modulate
remyelination and functional recovery in multiple sclerosis animal
models. Indeed, CBD has been shown to synergize with THC-
improved motor function in the TMEV model of demyelination (Feliu
et al., 2015). Thus, the potential interaction of the two main
phytocannabinoids in modulating remyelination in multiple sclerosis
animal models still need to be determined.

Our study provides a novel therapeutic advantage of THC-
based interventions in multiple sclerosis by promoting remyelination
and functional recovery. New clinical trials with improved designs
on cannabinoids in people with multiple sclerosis are needed now,
considering these compounds as potential remyelinating/disease-
modifying drugs to try to overcome previous failures (Zajicek
et al., 2013). Our work also suggests that at least part of the
neuroprotective action of phytocannabinoids in multiple sclerosis

animal models and potentially in patients as well may be due to an
enhanced CNS remyelination. Finally, this study also identifies THC
as a potent inductor of oligodendrocyte progenitor cell differentia-
tion under demyelination in mice, opening the possibility for this
molecule to become a candidate drug to promote oligodendrocyte
regeneration and remyelination in the treatment of demyelinating

disorders.
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