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Introduction

SUMMARY

Aim and methods: Different types of insults to the CNS lead to axon demyelination.
Remyelination occurs when the CNS attempts to recover from myelin loss and requires the
activation of oligodendrocyte precursor cells. With the rationale that CB1 receptor is
expressed in oligodendrocytes and marijuana consumption alters CNS myelination, we
study the effects of the cannabinoid agonist WIN55212.2 in (1) an in vitro model of oligo-
dendrocyte differentiation and (2) the cuprizone model for demyelination. Results: The
synthetic cannabinoid agonist WIN55212.2 at 1 uM increased the myelin basic protein
mRNA and protein expression iz vitro. During cuprizone-induced acute demyelination, the
administration of 0.5 mg/kg WIN55212.2 confers more myelinated axons, increased the
expression of retinoid X receptor alpha, and declined nogo receptor expression. Controver-
sially, 1 mg/kg of the drug increased the number of demyelinated axons and reduced the
expression of nerve growth factor inducible, calreticulin and myelin-related genes coupling
specifically with a decrease in 2’,3’-cyclic nucleotide 3’ phosphodiesterase expression. Con-
clusion: The cannabinoid agonist WIN55212.2 promotes oligodendrocyte differentiation
in vitro. Moreover, 0.5 mg/kg of the drug confers neuroprotection during cuprizone-
induced demyelination, while 1 mg/kg aggravates the demyelination process.

behind non-autoimmune-mediated demyelination. Matsushima
and Morell [3] determined that C57BL/6 mice fed with 0.2% CPZ-

Understanding how different populations of neurons develop,
integrate, and function as a whole has direct impact for the etiol-
ogy of neurological disorders. Neurons represent a major cell type
in the central nervous system (CNS) and are critically associated
with glial cells in the formation of effective synapses which pro-
vide communication in a timely manner [1]. Oligodendrocytes
are a type of glial cells that wrapped axons in the CNS to produce
large amounts of myelin sheath [1]. Myelin sheath isolates the
axon and promotes the action potentials propagation [2]. Some
types of injuries to the CNS drive axonal demyelination and cause
severe disorders such as multiple sclerosis, neuropathies, myelo-
pathies, and leukodystrophies. One of the most crucial steps in
remyelination is the stimulation of oligodendrocyte precursor cells
(OPCs), which progress across several stages from immature to
mature oligodendrocytes [1]. The cuprizone (CPZ) mouse model
allows the investigation of the complex molecular mechanisms
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supplemented diet for 4-6 weeks displayed acute demyelinating
lesions followed by spontaneous remyelination.

By activating cannabinoid receptors, Gomez et al. [4] reported a
markedly oligodendrocyte differentiation in vitro. The effects of
cannabinoids are classically associated with CB1 and CB2 recep-
tors. These receptors are key components of the endocannabinoid
system as well as the endogenous cannabinoids ligands, their car-
riers, and synthetic/degrading enzymes [5]. CB1 receptor is highly
expressed in the brain [6] and it is essential for several behaviors
including anxiety and fear responses (for review, see [7]). The
most important endogenous ligands for cannabinoid receptors are
N-arachidonylethanolamine (AEA) [8] and 2-arachidonoylgly-
cerol (2-AG) [9]. N-Arachidonoylphospatidylethanolamine phos-
pholipase D (Napepld) is the central enzyme responsible for the
synthesis of AEA, while 2-AG is mainly produced by diacylglyc-
erol lipase (Dagla) in the adult brain as described [10]. After the
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activation of cannabinoid receptors, AEA and 2-AG are removed
from the synaptic cleft and hydrolyzed by the action of fatty acid
amide hydrolase (Faah) and monoacylglycerol lipase (Magl),
respectively [11].

With the rationale that CB1 receptor is expressed in oligoden-
drocytes [4] and marijuana consumption alters CNS myelination
[12,13], we directed the present study to evaluate the effects of
the cannabinoid CB1/CB2 agonist WIN55212.2 in (1) an in vitro
model of oligodendrocyte differentiation and (2) the murine
model of demyelination by cuprizone.

Materials and Methods

A total of 90 C57Bl6/J male mice at the age of 7-8 weeks were
obtained from Charles River Laboratories (Germany). After arri-
val, the animals were housed 5 mice per cage and maintained
under standard conditions (12-h light/dark cycle with 6:00/18:00
lights on/off, room temperature of 21 + 2°C, and food and water
ad libitum). Procedures performed on mice were in accordance
with NIH guidelines for the use of animals in research and the
European Communities Council Directive (86/609/EEC).

HOG16 Oligodendrocyte In Vitro Model

The cell line HOG16 was obtained from Eucellbank (University of
Barcelona, Spain) in agreement with Dr. G. Dawson (University of
Chicago, USA). Oligodendrocytes were cultured in standard med-
ium containing high-glucose Dulbecco’s modified Eagle medium
(Invitrogen Ltd., Warrington, UK) complemented with 10% fetal
bovine serum (HyClone, Logan, UT, USA), the antibiotics peni-
cillin (50 U/mL) and streptomycin (50 ug/mL) (Invitrogen Ltd.,
UK) at fully humidified atmosphere incubator at 37°C and 5%
CO,. To induce differentiation, cells were exposed to differentia-
tion medium that contained 0.05% FBS, 30 nM triiodothyronine
(T3), 30 nM selenium, 0.5 pg/mL insulin (all from Sigma—Aldrich,
Munich, Germany), 50 ug/mL transferrin (US Biological, Salem,
MA, USA), and the antibiotics used above [14]. The effect of 1 uM
WIN55212.2 (WIN) (Sigma—Aldrich) was tested under both condi-
tions according to Bologov et al., [15]. Cells grew with standard
medium and when they reached 50% confluency were divided
into two groups. One of them remained with standard medium,
and in the other one, the medium was replaced by differentiation
medium. After 24 h, the cells were subjected to lysis buffer or
fixed. Quantitative RT-PCR was performed in triplicate wells and
in three independent experiments. Immunohistochemistry was
carried out in a Lab-Tek II Chamber Slide System (Nunc, Roskilde,
Denmark). Figure 1(A) shows a schematic drawing of the experi-
ment.

Immunocytochemistry on Cell Culture

The cells were washed in phosphate-buffered saline (PBS), fixed
in 2% paraformaldehyde (PFA) for 30 min, permeabilized with
0.05% Triton X-100 for 30 min, washed in PBS, and incubated
overnight at 4°C in PBS with anti-CB1 receptor antibody
(ab23703, dilution 1:300; Abcam, Bristol, UK) and anti-MBP anti-
body (250746, dilution 1:250; Abbiotec, Aachen, Germany). Next
day, after washing the cells with PBS, they were incubated for
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Figure 1 Schematic drawing of the experiment. (A) The human
oligodendroglial cell line HOG16 was cultured in standard medium, and
when they reached 50% confluency, cells were subjected to differentiation
medium according to Bologov et al., [15]. The effect of 1 uM cannabinoid
agonist WIN was tested under both conditions. (B) C57BI6/J male mice at
8 weeks of age were divided into control groups fed with a regular diet
for 0, 3, and 12 weeks (controls) or those mice that received a diet
supplemented with 0.2% CPZ for 3 and 6 weeks (treated). In parallel, mice
fed with CPZ were single daily injected with WIN (drug) or phosphate-
buffered saline (vehicle). After 0, 3, and 12 weeks, mice were evaluated
by behavioral testing, and finally, they were sacrificed as indicated vertical
arrows.

30 min with goat anti-rabbit DyLight488-labeled secondary
antibody (46402, dilution 1:300; Thermo Scientific, Karlsruhe,
Germany), and finally, the excess of secondary antibody was
eluted washing with PBS [14]. Cells were analyzed under a fluo-
rescence microscope (Olympus light microscope BX51, Hamburg,
Germany) equipped with a camera and filters that allow excitation
at 495/10 nm, and labeled structures were digitally photographed
using x 100 magnification.

The Cuprizone Murine Model

Mice received regular diet for 0, 3, and 12 weeks (controls) or
were fed with 0.2% CPZ for 3 and 6 weeks (treated). In the recov-
ery group, animals were fed with CPZ for 6 weeks, followed by a
recovery period of 6 weeks with regular diet. In parallel to CPZ
feeding, mice were intraperitoneally injected with WIN or phos-
phate-buffered saline (vehicle) once per day. WIN was dissolved
in 10% DMSO (Sigma—Aldrich), 0.1% Tween 80 (Sigma—Aldrich)
in 0.9% saline and prepared freshly every day. The same volume
of WIN (drug) or phosphate-buffered saline (vehicle) (200 uL)
was applied i.p. The drug was administered at 0.5 or 1 mg/kg. At
certain time points (at 3 and 12 weeks), mice were evaluated by
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testing the baseline startle response and prepulse inhibition (PPI).
After behavioral testing, mice were deeply anesthetized by
intraperitoneal injection of 2,2,2-tribromoethanol (Sigma-
Aldrich, Germany) and transcardially perfused with cold PBS.
From one half of the brain, the corpus callosum was dissected and
collected for RNA analysis. The other half of the brain was fixed
with 4% PFA and processed later for EPON embedding. We
selected this brain region because it is mainly affected in this
model [3]. Although this approach is not ideal for the electron
microscopy sample preparation, we have chosen this experimen-
tal design to be able to perform RNA and morphological analysis
on same brain tissue. Figure 1(B) shows a schematic drawing of
the experiment.

Startle response and Prepulse Inhibition (PPI)

An experimental session consisted of a 3-min habituation to
65 dB background white noise (continuously during the session),
followed by a baseline recording for 2 min. Startle reflexes were
resulted from an acoustic stimuli. The startle reaction to an acous-
tic stimulus evoked a movement of the platform which was
recorded during a frame time of 100 ms (the onset of the acoustic
stimulus) and stored for further analysis. For prepulse inhibition
tests, the 120-dB startle pulse of 40-ms duration was applied
either alone or preceded by a nonstartling prepulse stimulus of
70-, 75-, or 80-dB intensity and 20-ms duration. An interval of
100 ms with background white noise was used between each pre-
pulse and pulse stimulus. Ten trials of each type were displayed in
a randomly order with intertrial intervals ranging from 8 to
22 seconds. The amplitude of the startle response (AUs) during
recording frame time was determined as the maximum force dis-
played during a reaction to 120-dB acoustic stimulus. Maximum
amplitudes were averaged individually, separately for all types of
trials as described [16].

RNA Isolation

The corpus callosum from each of the CPZ-exposed and controls
was sonicated with a blender in RNase-free lysis buffer (Applied
Biosystems, Carlsbad, CA, USA). Cell cultures were stopped by
removing the medium and adding RNase-free lysis buffer (Applied
Biosystems, USA). Samples were kept for 1 h at 4°C. Total RNA
was isolated using the TRIzol protocol (Invitrogen Ltd., Darmstadt,
Germany). The RNA was digested with RNase-free DNase (Qia-
gen, Valencia, CA, USA) and checked for integrity by elec-
trophoresis (Bioanalyzer; Agilent Technologies, Santa Clara, CA,
USA). N = 5 mice/group.

Electron Microscopy

As described above, mice were deeply anesthetized and transcar-
dially perfused with PBS; half of the brain was dissected and immer-
sion-fixed in 4% PFA and stored at 4°C. Later, the brains were
postfixed with 4% formaldehyde (Serva, Heidelberg, Germany),
2.5% glutaraldehyde (Science Services, Munich, Germany), and
0.5% NaCl in phosphate buffer pH 7.4 [17]. Finally, the corpus cal-
losum was postfixed with 2% 0sO,4 (Science Services) in 0.1 M
phosphate buffer pH 7.3 and embedded in EPON (Serva) after
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dehydration with ethanol and propylene oxide. EPON blocks with
embedded tissue were then trimmed, using a Leica EM TRIM
(Leica, Vienna, Austria), to the size of the corpus callosum. In the
following, ultrathin sections were stained with an aqueous solution
of 4% uranyl acetate followed by lead citrate [18]. The pictures
were taken in an unbiased random fashion with a Zeiss EM900
electron microscope (Zeiss, Oberkochen, Germany) using a side-
mounted 2k CCD camera (TRS, Waakirchen, Germany). Counting
of myelinated and demyelinated axons was performed using NIH
ImageJ software (National Institutes of Health, Bethesda, MD,
USA); a total area of 10¥784 um? = 7840 um?® was analyzed per
mouse and every axon counted. The g ratio was calculated as the
ratio between the number of demyelinated axons and the number
of myelinated axons. Counting was performed on groups of n = 5
mice.

Focused Gene Signature Profiling

The prognostic 35-gene signature was implemented in the digital
transcript counting (nCounter) assay (NanoString) [19]. Total
RNA (200-400 ng) was assayed according to the manufacturer’s
instructions. Data were standardized by scaling with geometric
mean of built-in control gene probes after log transformation
(base 2) for each sample. Genes for testing were chosen according
to the following criteria: myelin, cannabinoid, corpus callosum
connectivity, and psychiatric disorders-related genes. Probe sets
for each gene were designed and synthesized by NanoString
nCounter™ technologies (Seattle, WA, USA) (Table S1). N=5
mice/group.

Statistical Analysis

Statistical significance was evaluated by two-way ANOVA, and a
Bonferroni post hoc test was used when appropriate. Significance
values were set to P < 0.05. In all figures and text, data are repre-
sented as mean £+ SEM. Significant effects were identified using
Statistica (StatSoft Software, Tulsa, OK, USA).

Results
HOG16 Oligodendrocyte Model

Cells were differentiated from immature oligodendrocytes into a
more mature phenotype, that is, cells that were able to synthesize
myelin proteins. These cells were grown in standard medium
(SM) and differentiation medium (DM) supplemented with 1 uM
of WIN, respectively (Figure 1A). Fluorescent immunocytochem-
istry showed a morphological change associated with differentia-
tion. Cells changed from a round shape (Figure 24, i-ii, v-vi) to a
stellated shape (Figure 2A, iii-iv, vii-viii). The drug also increased
the amount of myelin basic protein (MBP) under both SM and
DM shown by immunofluorescence staining (Figure 2A, v, vii).
The amount of CB1 receptor increased in those cells cultured with
standard medium supplemented with WIN (Figure 2A, vi). Mbp
and the cannabinoid CB1 receptor (Cnrl) gene expression were
further analyzed by quantitative RT-PCR (Figure 2B). In brief, the
cannabinoid agonist WIN promoted the expression of Mbp under
either SM or DM (P < 0.05; P < 0.001, respectively) (Figure 2B).
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Figure 2 HOG16 oligodendrocyte in vitro model. Cells were differentiated from immature oligodendrocytes to a more mature phenotype, that is, cells
that were able to synthesize myelin proteins. These cells were grown in both standard medium (SM) and differentiation medium (DM) supplemented with
1 uM of the cannabinoid CB1/CB2 agonist WIN. (A) Fluorescent immunocytochemistry showed a morphological change associated with the differentiation
process. Cells changed from a round shape (i-ii, v-vi) to a stellated shape (iii-iv, vii-viii). The cannabinoid agonist WIN increased myelin basic protein
expression under both SM and DM (v, vii). The CB1 receptor protein expression increased in those cells cultured with standard medium supplemented
with WIN (vi). (B) The cannabinoid agonist WIN promoted the expression of Mbp under both SM and DM (P < 0.05; P < 0.001, respectively). Cells cultured
in differentiation medium supplemented with WIN increased Mbp when compared with those cells grown in standard medium enriched with WIN
(P < 0.01). Finally, CB1 receptor mRNA increased in SM supplemented with WIN (P < 0.05). Data are expressed as mean + SEM. P values were set as

follows: *P < 0.05, **P < 0.01, and ***P < 0.001. N = 3. SM, standard medium; DM, differentiation medium; Mbp, myelin basic protein; Cnr1,

cannabinoid receptor 1.

Cells cultured in differentiation medium supplemented with WIN
increased Mbp expression when compared with those cells grown
in standard medium combined with WIN (P < 0.01) (Figure 2B).
Moreover, CB1 receptor mRNA expression increased under SM
with WIN (P < 0.05) as depicted in Figure 2B.

The Cuprizone Murine Model
Startle Response and Prepulse Inhibition (PPI)

Mice exposed to CPZ for 3 weeks displayed no changes in the star-
tle response (Figure 3i). However, we measured an increase in PPI
70 dB in CPZ-fed mice treated with 0.5 mg/kg of WIN when com-
pared with both control and CPZ alone (P < 0.05) (Figure 3ii). In
addition, CPZ-fed mice treated with 0.5 mg/kg of WIN displayed
higher PPI 75 dB than CPZ alone (P < 0.05) (Figure 3iii). Mice
exposed to CPZ alone shower lower score of PPI 80 dB in contrast
to control and CPZ-fed mice subjected to either 0.5 or 1 mg/kg of
WIN (P < 0.05) (Figure 3iv). In contrast, no significant differences
were found in the recovery group (data not shown).

390 CNS Neuroscience & Therapeutics 22 (2016) 387-395

Methylene Blue/Azure Il Staining and Electron
Microscopy

Ultrastructural analysis of the corpus callosum revealed a clear
demyelination after 3 weeks of CPZ alone (P < 0.001) (Figure 4A,
ii; B, ii; C), while CPZ-fed mice subjected to 0.5 mg/kg of WIN
showed a lower g ratio than those fed with CPZ and acutely trea-
ted with vehicle buffer (P < 0.001) (Figure 4B, iii; C). In contrast,
the administration of 1 mg/kg of WIN in CPZ-fed mice induced
the maximum demyelination as indicated the g ratio when com-
pared with either controls (P < 0.001), CPZ alone (P < 0.001), or
CPZ treated with 0.5 mg/kg of WIN (P < 0.001) (Figure 4B, iv; C).
However, no significant differences concerning the g ratio are
reported in the recovery group (Figure 4C).

Focused Gene Signature Profiling

The results are summarized in Table 1 according to the gene
expression profile data depicted in Figure S1 (3 weeks) and Fig-
ure S2 (12 weeks).

© 2016 The Authors. CNS Neuroscience & Therapeutics published by John Wiley & Sons Ltd.
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Figure 4 The corpus callosum cytoarchitecture. Ultrastructural analysis of the corpus callosum revealed a clear demyelination after 3 weeks of CPZ
alone (P < 0.001) (A-ii, B-ii, C), while CPZ-fed mice subjected to 0.5 mg/kg of WIN showed a lower g ratio than those fed with CPZ and acutely treated
with vehicle buffer (P < 0.001) (B-iii, C). In contrast, the administration of 1 mg/kg of WIN in CPZ-fed mice induced the maximum demyelination as
indicated the g ratio when compared with either controls (P < 0.001), CPZ alone (P < 0.001), or CPZ treated with 0.5 mg/kg of WIN (P < 0.001) (B-iv, C).
However, no significant differences concerning the g ratio are reported in the recovery group (C). Data are expressed as mean £+ SEM. An § indicates
significant differences between CPZ-fed groups and their respective control group. CPZ intragroup comparisons between vehicle and drug-treated mice
are indicated by an +. Otherwise underlined * indicated comparisons between CPZ-fed treated with 0.5 and those treated with 1 mg/kg. P values were
set at P < 0.001. N = 5. CTR, control animals fed with standard diet and treated with phosphate-buffered saline; CPZ, cuprizone-fed animals; WIN,
WIN55212.2.
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Table 1 Summary of gene expression analysis

Upregulated Downregulated
Time (weeks) Comparison Gene P value Gene P value
3 CPZ versus CTR ApoE <0.01** Mbp <0.01**
Rxra <0.05* Mog <0.05*
Mag <0.05*
Napepld <0.05*
CPZ+0.5 versus CTR ApoE <0.001*** NogoR <0.007***
Rxra <0.01** Mog <0.01**
Mbp <0.01%*
Mag <0.01**
Satb2 <0.01**
Napepld <0.01**
Dagla <0.05*
vgf <0.05%
CPZ+1 versus CTR ApoE <0.001*** NogoR <0.001***
Napepld <0.01**
Mog <0.01**
Mag <0.01%*
Mbp <0.01**
Cnp <0.05*
vgf <0.05*
Satb2 <0.05*
Calr <0.05*
CPZ+1 versus CPZ+0.5 Ski <0.01** NS
12 CPZ+0.5 versus CPZ NS Mag <0.05*
Olig2 <0.05%
CPZ+1 versus CPZ Dtnbp1 <0.05* Olig2 <0.05*
Sox10 <0.05*
Mag <0.05*
Calr <0.05*
Ddr1 <0.05*
CPZ+1 versus CPZ+0.5 Dtnbp1 <0.05* Olig2 <0.05*

Time = 3: apolipoprotein E (ApoE) expression increased following CPZ alone (P < 0.01) and in combination with either 0.5 or 1 mg/kg of WIN
(P < 0.001). Moreover, the expression of myelin oligodendrocyte glycoprotein (Mog), myelin basic protein (Mbp), and myelin-associated glycopro-
tein (Mag) declined following cuprizone alone (P < 0.05) or in combination with either 0.5 or 1 mg/kg of WIN (P < 0.01). Animals exposed to CPZ diet
and treated with either 0.5 or 1 mg/kg of WIN exhibited lower expression of Nogo receptor (Ngr1) (P < 0.001), special AT-rich sequence-binding pro-
tein 2 (Satb2) (P < 0.01; P < 0.05, respectively), and nerve growth factor inducible (Vgf) (P < 0.05). In addition, the administration of 1 mg/kg WIN in
CPZ-fed animals decreased specifically the expression of 2/,3'-cyclic nucleotide 3’ phosphodiesterase (Cnp) and also does calreticulin (Calr) (P < 0.05).
Time = 12: the expression of Mag and Olig2 decreased following CPZ feeding and 0.5 mg/kg of WIN in contrast to CPZ alone (P < 0.05). The recovery
group exposed to 1 mg/kg WIN showed lower Olig2, Sox10, Mag, Calr, and discoidin domain receptor 1 (Ddr1) expression in comparison with CPZ alone
(P < 0.05). Furthermore, the expression of Olig2 decreased in CPZ-fed mice treated with 1 mg/kg of WIN when compared with those mice treated with
0.5 mg/kg of WIN (P < 0.05). The remaining comparisons are depicted in the table. P values were set as follows: NS (P > 0.05), *P < 0.05, **P < 0.01,
and ***P < 0.001. N = 5. CTR, control animals fed with standard diet and treated with phosphate-buffered saline; CPZ, cuprizone-fed animals.

During the acute demyelination, apolipoprotein E (ApoE)
expression increased following both CPZ alone (P < 0.01) and CPZ
combined with either 0.5 or 1 mg/kg of WIN (P < 0.001) when
compared with their respective controls as depicted in Table 1.
The administration of cuprizone increased the expression of
retinoid x receptor alpha (Rxra) in mice exposed to vehicle
(CPZ alone) as well as in combination with 0.5 mg/kg of WIN
(P <0.01) (Table 1). Moreover, the expression of myelin
oligodendrocyte glycoprotein (Mog), myelin basic protein (Mbp),
myelin-associated glycoprotein (Mag), and N-acyl phos-
phatidylethanolamine phospholipase D (Napepld) declined
following cuprizone alone (P < 0.05) or in combination with
either 0.5 or 1 mg/kg of WIN (P <0.01) (Table 1). Animals

392 NS Neuroscience & Therapeutics 22 (2016) 387-395

exposed to CPZ diet and treated with either 0.5 or 1 mg/kg of WIN
exhibited lower expression of nogo receptor (Ngrl) (P < 0.001),
special AT-rich sequence-binding protein 2 (Satb2) (P < 0.01;
P < 0.05, respectively), and nerve growth factor inducible (Vgf)
(P < 0.05) than controls (Table 1). Daily injection with 0.5 mg/kg
of WIN in CPZ-fed mice decreased the expression of diacylglycerol
lipase alpha (Dagla) in contrast to controls (P < 0.05) (Table 1). In
addition, the administration of 1 mg/kg WIN in CPZ-fed animals
reduced the expression of 2/,3'-cyclic nucleotide 3’ phosphodi-
esterase (Cnp) and also does calreticulin (Calr) (P < 0.05)
(Table 1). CPZ-fed mice subjected to 1 mg/kg of WIN displayed
higher Ski protooncogene (Ski) expression than those mice trea-
ted with 0.5 mg/kg of WIN (P < 0.01) (Table 1).

© 2016 The Authors. CNS Neuroscience & Therapeutics published by John Wiley & Sons Ltd.
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After a recovery period of 6 weeks following cuprizone dietary,
dystrobrevin binding protein 1 (Dtnbpl) expression was higher in
mice treated with 1 mg/kg of WIN when compared with either CPZ
alone or CPZ combined with 0.5 mg/kg of WIN (P < 0.05)
(Table 1). Furthermore, Mag and oligodendrocyte transcription fac-
tor (Olig2) expression were downregulated following CPZ feeding
and 0.5 mg/kg of WIN in contrast to CPZ alone (P < 0.05)
(Table 1). The recovery group exposed to 1 mg/kg of WIN showed
lower Olig2, Mag, SRY-Box 10 (Sox10), Calr, and discoidin domain
receptor 1 (Ddrl) expression in comparison with CPZ alone
(P < 0.05) (Table 1). In addition, the expression of Olig2 decreased
in CPZ-fed mice treated with 1 mg/kg of WIN when compared with
those animals treated with 0.5 mg/kg of WIN (P < 0.05) (Table 1).

Discussion

After confirming the presence of CB1 receptor in a cultured oligo-
dendrocyte cell line, we also proved that the synthetic cannabi-
noid agonist WIN exerted a strong effect on immature
oligodendrocytes resulting in increased MBP levels 24 h once the
differentiation process started, in agreement with Gomez et al.
[4]. This fact encouraged us to investigate the effect of WIN in a
well-described mouse model of demyelination, the cuprizone
model [3]. Here, we focused our study on the acute demyelination
and the recovery period.

Acute Demyelination

CPZ-fed mice exhibited PPI deficits that were reversed by 0.5 mg/
kg of WIN. Despite this, Xu et al. [20] reported that mice exposed
to CPZ for 3 weeks displayed lower prepulse inhibition as well as
higher dopamine levels [20]. Overactivation of dopaminergic sys-
tem in the forebrain correlates with PPI deficits in humans [21]
and also in animals [20]. The cannabinoids are actively involved
in dopamine release in the prefrontal cortex [22]. Furthermore,
ultrastructural analysis of the corpus callosum revealed more
myelinated axons following 3 weeks of CPZ diet combined with
0.5 mg/kg, but not in those mice treated with 1 mg/kg. In fact,
many studies have demonstrated either therapeutic or deleterious
effects of cannabinoids on the viability of various cell types (for
review, see [23] that might be attributable to blockage or stimula-
tion of calcium entry into the cell, which in turn depends on
cannabinoid concentration [24].

In neurodegenerative processes, CNS cholesterol synthesis is
compromised. ApoE plays an important role in CNS cholesterol
and lipid metabolism [25]. Therefore, the dysregulation of the
endocannabinoid system has been associated with ApoE activity
[26]. Recent reports suggest that demyelination in experimental
allergic encephalomyelitis (EAE) is related to an increase in ApoE
[25], which supports the present findings. In addition, retinoid
acids (rxrs) are essential for cholesterol metabolism [27,28] and
stimulate oligodendrocyte differentiation [29]. Interestingly, we
found that 0.5 mg/kg of WIN during CPZ exposure increased the
expression of Rxra which might protect myelinated axons against
cuprizone. In contrast, the drug at 1 mg/kg aggravates CNS
demyelination as indicated ultrastructural and gene expression
analysis. Particularly, CPZ-fed animals subjected to 1 mg/kg dis-
played a decrease in the expression of myelin-related genes and
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also Cnp. Cnpase is involved in RNA trafficking, splicing, and
metabolism in the myelinating oligodendrocyte [30-33]. The
severity of demyelination in EAE model is modulated by CB1 re-
ceptor [34,35], which underpins the present findings. Further-
more, we reported lower Napepld expression in all groups fed
with CPZ and this fact might indicate less AEA content. However,
previous studies revealed decreased AEA levels [36], whereas
others observed normal [37] or higher [38] AEA levels in demyeli-
nated brains. In addition, the gene involved in 2-AG synthesis
(Dagla) was declined following CPZ diet and 0.5 mg/kg of WIN
although others have found conflicting results [39-42]. This dis-
crepancy might be attributed to the animal model (rats vs. mice),
the methods, the sampling time applied, or the target brain struc-
ture analyzed.

Administration of CPZ in combination with 0.5 mg/kg of WIN
decreased the expression of NgR1 and might confer neuroprotec-
tion against CPZ. In fact, NgR1 participates in oligodendrocyte dif-
ferentiation, myelination [43], and cell cytoskeleton reorganization
[44], while the blockade of NgR1 signaling prevents axonal degen-
eration in EAE model [44]. Accordingly, it is noteworthy to specu-
late that the loss of NgR1 might protect the axon.

Animals fed with CPZ and subjected to either 0.5 or 1 mg/kg of
WIN might suffer a dystunction in the corticocortical connectivity
resulting from a downregulation of Satb2 expression. DNA-bind-
ing protein Satb2 is essential for the normal elaboration of cortico-
cortical network [45]. During the acute demyelination, the
expression of Ski protooncogene increased following CPZ diet and
1 mg/kg of WIN when compared with those animals subjected to
0.5 mg/kg. Such increase might contribute to counteract the exac-
erbated demyelination observed after CPZ dietary combined with
1 mg/kg of WIN. In line with these findings, it is described that
neurons for Ski-deficient mice lose their identity and cannot cul-
minate to form the corpus callosum [46].

The present findings demonstrated lower Vgf expression follow-
ing the administration of CPZ combined with either 0.5 or 1 mg/
kg of WIN, but not after CPZ alone. Vgf is a component of the
chromogranin/secretogranin family [47,48] actively involved in
amyotrophic lateral sclerosis (ALS) neuroprotection [49]. Because
it is described that declined levels of this bioactive peptide (Vgf)
could promote neurodegeneration [50], further investigation of
these aspects is required.

Proteins associated with endoplasmic reticulum (ER) stress have
recently been shown in demyelinating disorders [51,52]. Among
these, the chaperone Calr has an important role in serum myelin
clearance [53]. Indeed, we assume that CPZ-fed mice treated with
1 mg/kg of WIN showed an impairment in serum myelin clear-
ance as indicated the loss of Calr expression [53].

The Recovery Period

Animals fed with normal chow for a recovery period of 6 weeks
following cuprizone diet displayed no differences regarding sen-
sory motor gaiting, while the corpus callosum was apparently nor-
mal [3]. However, certain genes persisted deregulated. Briefly,
animals exposed to CPZ and treated with either 0.5 or 1 mg/kg of
WIN declined the expression of Mag in comparison with CPZ
alone and this fact might indicate a failure in the trophic support
for oligodendrocytes [54]. After a recovery period of 6 weeks,
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once CPZ was removed from diet, 1 mg/kg of WIN declined the
expression of myelin-related genes such as Olig2, Sox10, and
Ddrl in comparison with CPZ alone. The proliferation of OPCs at
the demyelinated region is tightly coordinated by a complex inter-
play of intrinsic, extrinsic, and epigenetic mechanisms [55].
Among the intrinsic factors, Olig2 and Sox10 are critical for oligo-
dendrocytes
reported in myelinating oligodendrocytes [58], during oligoden-
drocyte differentiation as well as during CPZ-induced remyelina-
tion [14]. Accordingly, we demonstrated that myelin-related
processes are affected by 1 mg/kg WIN during both demyelination
and recovery period. Additionally, we found that Olig2 remained
downregulated in CPZ-fed animals treated with 1 mg/kg in com-
parison with those treated with 0.5 mg/kg, which in turn supports
that myelination is not fully achieved.

Following CPZ and 1 mg/kg of WIN, Dtnbpl expression
increased in comparison with the remaining CPZ-fed animals,
which could promote neurite outgrowth and cytoskeleton rear-
rangements in order to restore corpus callosum connectivity. In
fact, Dtnbpl regulates neurotransmitter release, signal transduc-
tion [59], while deficits in this protein cause shorter neurite
length and alterations in cytoskeleton rearrangements [60]. More-
over, ER homeostasis and serum myelin clearance might be at risk
following CPZ and 1 mg/kg of WIN compared with CPZ alone as

[56,57]. An overexpression of Ddrl has been

J. Tomas-Roig et al.

In conclusion, we proved that the drug WIN promotes oligoden-
drocyte differentiation in vitro. During the CPZ-induced CNS
demyelination, we assessed a neuroprotective effect of 0.5 mg/kg
of the drug as shown by (1) better sensory motor gaiting, (2) more
myelinated axons/area, and (3) overexpression of Rxra in combi-
nation with lower NgR1 expression. In contrast, CPZ-fed mice
treated with 1 mg/kg of WIN exhibited the maximum demyelina-
tion as indicated by (1) more demyelination axons/area and (2)
downregulation of Vgf, Calr, and myelin-related gene expression
coupling specifically with lower Cnp expression. However, the
detailed mechanisms of action that underlie the cannabinoid neu-
roprotection warrant further investigation.
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indicated the loss of calreticulin expression [53].
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Table S1. Nanostring nCounter codeset. Column titles from left to
right: official gene symbol; target sequence; accession.

Figure S1. Nanostring nCounter gene expression profile at the
third week. During the acute demyelination, ApoE expression
increased following CPZ alone (P < 0.01) and in combination with
either 0.5 or 1 mg/kg of WIN (P < 0.001). The administration of
cuprizone increased the expression of Rxra in mice exposed to
vehicle (CPZ alone) as well as in combination with 0.5 mg/kg of
WIN (P < 0.01). Moreover, the expression of Mog, Mbp, Mag, and
Napepld were declined following CPZ alone (P < 0.05) or in com-
bination with either 0.5 or 1 mg/kg of WIN (P < 0.01). Animals
exposed to CPZ diet and treated with either 0.5 or 1 mg/kg of WIN
exhibited lower expression of Ngrl (P < 0.001), Satb2 (P < 0.01;
P < 0.05, respectively), and Vgt (P < 0.05). Daily injection with
0.5 mg/kg of WIN in CPZ-fed mice decreased the expression of
Dagla in contrast to controls (P < 0.05). In addition, the adminis-
tration of 1 mg/kg WIN in CPZ-fed animals decreased specifically
the expression of Cnp and also does Calr (P < 0.05). CPZ-fed mice
subjected to 1 mg/kg of WIN displayed higher Ski expression than
those mice treated with 0.5 mg/kg (P < 0.01). The remaining
comparisons were statistically nonsignificant and not included in
this figure. Data were normalized by scaling with geometric mean
of built-in control gene probes after log transformation (base 2)
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for each sample. Level of significance (-loglOp) was set to
*1.30103, **2, and ***3. —~Log2FC values below 0 indicate down-
regulation, whereas upper 0 indicate upregulation. N = 5. CTR,
control animals fed with standard diet and treated with phos-
phate-buffered saline; CPZ, cuprizone-fed animals.

Figure S2. Nanostring nCounter gene expression profile at the
twelfth week. After a recovery period of 6 weeks following cupri-
zone dietary, Dtnbp1 expression increased in CPZ-fed mice treated
with 1 mg/kg of WIN when compared with either CPZ alone or in
combination with 0.5 mg/kg of WIN (P < 0.05). Furthermore,
Mag and Olig2 expression underwent a downregulation following
CPZ feeding and 0.5 mg/kg of WIN in contrast to CPZ alone
(P < 0.05). The recovery group exposed to 1 mg/kg of WIN
showed lower Olig2, Sox10, Mag, Calr, and Ddrl expression in
comparison with CPZ alone (P < 0.05). In addition, the expression
of Olig2 decreased in CPZ-fed mice treated with 1 mg/kg of WIN
when compared with those mice treated with 0.5 mg/kg of WIN
(P < 0.05). The remaining comparisons were statistically non-
significant and not included in this figure. Data were normalized
by scaling with geometric mean of built-in control gene probes
after log transformation (base 2) for each sample. Level of signifi-
cance (-log;op) was set to *1.30103, **2, and ***3. —Log,FC val-
ues below 0 indicate downregulation, whereas upper 0 indicate
upregulation. N = 5. CTR, control animals fed with standard diet
and treated with phosphate-buffered saline; CPZ, cuprizone-fed
animals.
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