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The failure to undergo remyelination is a critical impediment to recovery in multiple sclerosis. Chondroitin sulfate proteoglycans
(CSPGs) accumulate at demyelinating lesions creating a nonpermissive environment that impairs axon regeneration and remyelination.
Here, we reveal a new role for 2-arachidonoylglycerol (2-AG), the major CNS endocannabinoid, in the modulation of CSPGs deposition in
a progressive model of multiple sclerosis, the Theiler’s murine encephalomyelitis virus-induced demyelinating disease. Treatment with
a potent reversible inhibitor of the enzyme monoacylglycerol lipase, which accounts for 85% of the 2-AG degradation in the mouse CNS,
modulates neuroinflammation and reduces CSPGs accumulation and astrogliosis around demyelinated lesions in the spinal cord of
Theiler’s murine encephalomyelitis virus-infected mice. Inhibition of 2-AG hydrolysis augments the number of mature oligodendrocytes
and increases MBP, leading to remyelination and functional recovery of mice. Our findings establish a mechanism for 2-AG promotion of
remyelination with implications in axonal repair in CNS demyelinating pathologies.
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Introduction
Multiple sclerosis (MS) is a clinically heterogeneous CNS disease
(Lassmann et al., 2001) characterized by inflammation, demyeli-

nation, axonal damage, and gliosis (Compston and Coles, 2008).
Most patients with MS initially develop a relapsing-remitting dis-
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Significance Statement

The deposition of chondroitin sulfate proteoglycans contributes to the failure in remyelination associated with multiple sclerosis.
Here we unveil a new role for 2-arachidonoylglycerol, the major CNS endocannabinoid, in the modulation of chondroitin sulfate
proteoglycan accumulation in Theiler’s murine encephalomyelitis virus-induced demyelinating disease. The treatment during the
chronic phase with a potent reversible inhibitor of the enzyme monoacylglycerol lipase, which accounts for 85% of the
2-arachidonoylglycerol degradation in the mouse CNS, modulates neuroinflammation and reduces chondroitin sulfate proteogly-
can deposition around demyelinated lesions in the spinal cord of Theiler’s murine encephalomyelitis virus-infected mice. The
increased 2-arachidonoylglycerol tone promotes remyelination in a model of progressive multiple sclerosis ameliorating motor
dysfunction.
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ease followed by a secondary progressive clinical course; however,
10%–15% of MS patients develop a primary progressive course
for which there are scarce treatments available yet despite intense
research. In MS, repair and remyelination occurs spontaneously
in shadow plaques (Chang et al., 2012); but as the disease pro-
gresses, remyelination becomes less efficient (Chang et al., 2002;
Franklin, 2002; Goldschmidt et al., 2009) and the patients’ dis-
ability augments. Demyelinated areas develop reactive astroglial
scars (Frischer et al., 2015) that express and organize extracellular
matrix proteins and chondroitin sulfate proteoglycans (CSPGs)
that accumulates impeding neuronal growth and remyelination
in MS (Sobel and Ahmed, 2001; Back et al., 2005; Chang et al.,
2012). A basal level of CSPGs production is necessary to maintain
the extracellular matrix in a state that ensures synaptic stabilization
and plasticity (Carulli et al., 2006; Galtrey and Fawcett, 2007). Fol-
lowing injury, CSPGs are immediately upregulated to limit tissue
damage (Silver and Miller, 2004); however, when CSPGs accu-
mulation persists in chronic phases, the spontaneous reparative
mechanisms are inhibited (Siebert and Osterhout, 2011; Lau et al.,
2012). CSPGs clearance correlates with remyelination and axon
regeneration in different experimental conditions of demyelina-
tion and spinal cord injury (Siebert et al., 2011; Lau et al., 2012;
Bartus et al., 2014; Dyck et al., 2015; Lang et al., 2015; Keough et
al., 2016).

Theiler’s murine encephalomyelitis virus-induced demyelinat-
ing disease (TMEV-IDD) is a well-established progressive model of
MS (Lipton and Dal Canto, 1976) with limited remyelination
associated with insufficient oligodendrocytes differentiation (Ul-
rich et al., 2008). Moreover, it also has been described that the
chronic demyelination phase is accompanied by astrogliosis and
alterations of extracellular matrix composition (Haist et al., 2012;
Feliu et al., 2015), that may in turn contribute to the failure in
remyelination.

Endogenous and exogenous cannabinoids protect oligodendro-
cytes from inflammatory damage (Molina-Holgado et al., 2002;
Gómez et al., 2010; Mecha et al., 2012). The endogenous canna-
binoid 2-arachidonoylglycerol (2-AG) promotes the differentia-
tion of oligodendrocyte progenitor cells (OPCs) (Gómez et al.,
2011), increases OPC proliferation (Gómez et al., 2015), and de-
creases oligodendrocyte excitotoxicity (Bernal-Chico et al., 2015). In
the present study, we unveil a new role of 2-AG as modulator of
CSPGs production by administering UCM03025, a potent re-
versible inhibitor of monoacylglycerol lipase (MAGL), the main
enzyme responsible for 2-AG hydrolysis (Hernández-Torres et
al., 2014). In the light of our findings, suppressed CSPGs deposi-
tion, reduced inflammation, decreased axonal loss, remyelina-
tion, and functional motor rescue in TMEV-IDD, we underlie the
importance of the endocannabinoid system as a novel strategy to
enhance endogenous reparative mechanisms in demyelinating
conditions.

Materials and Methods
Animals and Theiler’s virus infection. TMEV-IDD susceptible female
SJL/J mice (Envigo) were maintained at our in-house colony (Instituto
Cajal, Madrid) under standard conditions: a 12 h light/dark cycle, a
temperature of 20°C (�2°C), 40%–50% relative humidity, ad libitum
access to food and water. Four-week-old mice were inoculated intrace-
rebrally in the right hemisphere with 2 � 10 6 plaque-forming units (pfu)
of the Daniel’s strain of TMEV diluted in 30 �l of DMEM and supple-
mented with 10% FCS (Lledó et al., 1999). Sham-operated mice received
30 �l of DMEM with 10% FCS alone. All experiments were performed in
accordance with EU (Directive 2010/63/EU) and National (Royal De-
cree53/2013 BOE No. 34 and Comunidad de Madrid: ES 280790000184)
guidelines, and the Ethics Committee on Animal Experimentation at the

Instituto Cajal approved all the procedures described in this study (pro-
tocol number 2013/03 CEEA-IC).

Pharmacological treatments. TMEV-infected mice were administered
with xyloside (4-methylumbelliferyl-�-D-xylopyranoside; Sigma-Aldrich)
an inhibitor of CSPGs synthesis at a dose of (2.4 mg/animal/d, i.p.) once
daily for 10 consecutive days as described by previous studies (Lau et al.,
2012). Another group of animals were treated with UCM03025, an in-
hibitor of 2-AG degradation (Department of Organic Chemistry, Uni-
versidad Complutense de Madrid) at a dose of 5 mg/kg intraperitoneally
on the basis of previous studies (Hernández-Torres et al., 2014) once
daily for 10 consecutive days. All treatments were administered during
the chronic phase of the disease when signs of disease were evident (from
day 75 to day 85 after infection [dpi]). The duration of treatment with
UCM03025 was chosen based on previous studies using the TMEV-IDD
model (Docagne et al., 2007). Two independent experiments were per-
formed simultaneously for UCM03025 treatment analysis, studying 5 or
6 animals per group at each time point, and the control animals received
the vehicle alone (DMSO/saline). In the case of xyloside treatment, 5 or 6
animals per group at each time point were used and control animals
received vehicle alone (DMSO in phosphate buffer). In an additional
experiment, mice were administered the CB1 receptor antagonist AM251
(2 mg/kg, i.p., Tocris Bioscience) or the CB2 receptor antagonist AM630
(2 mg/kg, i.p., Tocris Bioscience) 30 min before UCM03025 treatment.
To assess whether administration of the inhibitor of 2-AG hydrolysis may
affect remyelination other group of mice was treated with UCM03025 for
10 d (75– 85 dpi) and then killed at 105 dpi. We selected this time based
on our previous work (Areválo-Martín et al., 2003). BrdU (50 mg/kg, i.p.,
Sigma-Aldrich) was administered on a daily basis for 10 d, together with
UCM03025 or the vehicle. The animal’s spontaneous motor activity was
assessed at 85 or 105 dpi, and they were then killed with an overdose of
anesthetic for tissue collection.

Surgery, placement of ventricular catheters and miniosmotic pumps for
2-AG delivery. Alzet miniosmotic pumps (model 1002, mean pumping
rate/flow 0.26 �l/h, with a 14 day capacity and a total loaded volume of
101 �l) and brain infusion kits (polyvinylchloride tubing attached to an
infusion cannula) were obtained from Alzet. Miniosmotic pumps were
assembled for intracerebroventricular infusion according to the manu-
facturer’s instructions, and they were attached to an infusion cannula
(4 cm tubing) and a 28 gauge 5-mm-long needle. Briefly, mice were
deeply anesthetized and placed in a stereotaxic frame, and the catheter
was inserted into the ventricle (anteroposterior: �0.6; mediolateral: 1;
dorsoventral: 1.8) and secured with surgical cement. 2-AG (5 mg/kg,
Tocris Bioscience) or vehicle-loaded pumps (DMSO/ethanol/PBS) were
implanted subcutaneously into the back of sham and TMEV-infected
mice, and they were connected directly to the catheter placed appropri-
ately in the ventricle. The pumps delivered their load over 10 d, from 75
to 85 dpi; and in the case of mice maintained to 105 dpi, the pumps were
removed once the treatment had finished at 85 dpi.

Anterograde BDA tracing. Mice that were treated for 10 d with UCM03025
and maintained until 105 dpi were deeply anesthetized 15 d before
death, and placed in a stereotaxic frame to bilaterally inject the high-
resolution anterograde tracer BDA (10,000 MW lysine-fixable dextran
biotin amine, Invitrogen), administering 1.2 �l of 10% w/v BDA solu-
tion diluted in 0.01 M phosphate buffer (PB). BDA was injected into both
motor cortices through a 5 �l gauge Hamilton needle lowered through
the cortex (1 mm). Four injections were administered bilaterally (0.3 �l
per site) within a perimeter defined coronally by bregma 1.7 mm to �0.7
mm and 0.5–1.5 mm from sagittal suture. Injections were performed
over 3–5 min, and the needle was removed slowly. The mice were killed
15 d after BDA injection (Rolls et al., 2008).

Spontaneous motor activity. Mice were followed for the development
and progression of demyelinating disease by evaluation of spontaneous
motor function. The effects of xyloside and the inhibitor of MAGL were
evaluated at the end of the treatment (85 dpi) or 20 d after cessation of
treatment (105 dpi). The screening for locomotor activity was performed
using an activity cage (Activity Monitor System, Omnitech Electronics)
coupled to a Digiscan Analyzer to evaluate spontaneous motor activity.
Data for horizontal (HACTV) and vertical activity (VACTV) were ob-
tained as the total number of beam interruptions in the horizontal and
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vertical sensor in a 10 min session. The percentage of disability was
calculated by comparing motor performance before and after treatment
per animal and was analyzed in relation with the grade of motor dysfunc-
tion of TMEV mice.

Tissue processing. Mice were anesthetized with pentobarbital (Dole-
thal, 50 mg/ kg body weight, i.p.) and perfused transcardially with saline
0.9%. The spinal cord was obtained by extrusion with saline. Cervical
spinal cord was immediately frozen and kept at �80°C for Western blot-
ting and RT-PCR analysis, the remaining spinal cord was fixed overnight
in 4% PFA prepared in 0.1 M PB, and cryoprotected in a sucrose solution
prepared in 0.1 M PB (15% followed by a 30% solution). Cervical coronal
spinal cord cryostat sections (30 �m thick, Leica Microsystems CM1900
cryostat) were then processed for immunohistochemistry. For BDA trac-
ing, the cervical spinal cords were embedded in Agar (Conda) after fixa-
tion overnight in 4% PFA, and sections (50 �m thick) were obtained on
a Leica VT1000S vibratome (Leica Microsystems).

Immunohistochemistry. For immunofluorescence analysis, free-floating
cervical spinal cord cryostat sections were washed with 0.1 M PB, followed
by PB � 0.2% Triton X-100 (PBT), and they were then blocked for 1 h at
room temperature in blocking buffer (PBT and 5% normal goat serum,
Vector Laboratories). Astrocytes were stained with GFAP (1:1000;
Sigma-Aldrich, #G9269) and vimentin antibody (1:1000; Sigma-Aldrich,
#HPA001762). MBP (1:500; Millipore, #MAB382) was used to detect
myelin, Olig-2 to stain OPCs (1:250; #sc19967 Santa Cruz Biotechnol-
ogy), CC1 antibody to stain mature oligodendrocytes (1:250; #OP80
Calbiochem), Iba-1 antibody was used to detect microglia (1:1000;
#019-19741 Wako), all incubated overnight at 4°C. CSPGs were detected
with an anti-chondroitin sulfate antibody (CS-56 1:200; #C8035, Sigma-
Aldrich) that recognizes the terminal portions of the chondroitin sulfate-4
or -6 side chains; thus, it detects a variety of CSPGs (Avnur and Geiger,
1984). In this case, the antibody was incubated for 1 h at room temper-
ature and overnight at 4°C. Axon integrity was assessed by staining with
Neurofilament-H (Millipore, #ABN76). To detect the thymidine analog,
BrdU (1:250; #ab6326 Abcam), the tissue was permeabilized with HCl
2N for 45 min before antibody incubation. After incubation with the
primary antibodies, the sections were rinsed in PBT, and they were then
incubated with an AlexaFluor-488-conjugated goat anti-rabbit (for vi-
mentin), goat anti-mouse (for MBP), or goat anti-rat antibody (for
BrdU), with an AlexaFluor-594-conjugated goat anti-rabbit antibody
(for GFAP and Olig-2, Invitrogen), goat anti-mouse antibody (for CC1)
or with a Texas Red-conjugated donkey anti-mouse IgM (for CS-56,
Jackson ImmunoResearch Laboratories). For histological assessment of
the BDA tracing, an avidin HRP-conjugated antibody was used in con-
junction with the 3,3�diaminobenzidine tetrahydrochloride chromogen
(Sigma-Aldrich). In all cases, the specificity of staining was confirmed by
omitting the primary antibody.

Inflammatory infiltrates analysis. The cervical spinal cord sections were
stained with H&E to analyze the infiltrates in the parenchyma. Inflam-
matory infiltrates were evaluated by scoring the infiltrate in the spinal
cord on a scale of 0 to 4: a score of 0 reflects the absence of infiltrates; 4
reflects the maximal infiltrate; while the intermediate scores of 1, 2, and 3
define the increasing infiltrate density in the tissue (Feliu et al., 2015).

RT-PCR. Total RNA was extracted from the cervical spinal cords using
a chloroform and ethanol RNA extraction protocol and RNeasy mini
columns (QIAGEN), avoiding genomic DNA contamination by DNase I
degradation (DNase I; Sigma-Aldrich). The RNA yield was determined
using a Nanodrop spectrophotometer (Thermo Scientific), and total
RNA (1 �g in 20 �l) was reverse transcribed into cDNA using poly-dT
primers and a reverse transcription kit (Promega Biotech Ibérica). Real-
time PCR was performed with SYBR and the oligonucleotide mouse
primer sequences were as follows: brevican, forward 5�CCATCCA
GAACCCACGAGA3�, reverse 5�-ACCCACCACTCCGTAATTCC-3�;
neurocan, forward 5�-CGGATGAAGTGGACTAAGGTT-3�, reverse 5�-
’CGCACCACGTTGTCTTTGG-3�; phosphacan, forward 5�-TCCTCG
CGTGCGTTCAG-3�, reverse 5�-ATAGGACCAGCCAATCTCTTCA-3�;
Olig2, forward 5�-GACTCCCCCCTCCGTCTAAG-3�, reverse 5�-CGC
AGTAAAGCCCACGTTGT-3�; Nkx2.2, forward 5�-CGCCGACACAGG
TCAAGAT-3�, reverse 5�-CCATCCGTCGGTTTTGAAAT-3�; IL-1�,
forward 5�-TGG TGT GTG ACG TTC CCA TT-3�, reverse 5�-TCC ATT

GAG GTG GAG AGC TTT C-3�; TNF-�, forward 5�-AGA GGC ACT
CCC CCA AAA GA-3�, reverse 5�-CGA TCA CCC CGA AGT TCA GT-3�;
NOS-II, forward 5�-CCCTTCAATGGTTGGTACATG-3�, reverse 5�-ACA
TTGATCTCCGTGACAGCC-3� (Integrated DNA Technologies); Arg-1
(Mm 00475988; TaqMan, Applied Biosystems). After an initial incuba-
tion at 50°C for 2 min and 95°C for 10 min, PCR amplification was
performed over 40 cycles of 95°C for 15 s and 60°C for 1 min. The samples
were assayed in triplicate on an Applied Biosystems PRISM 7500 Sequence
detection system. To rule out genomic DNA contamination, a control sam-
ple using RNA that had not been reversely transcribed was used as the tem-
plate for each set of extractions. Gene expression was calculated using the
2 ���Ct method, and the relative expression was quantified by calculating
the ratio between the values obtained for each gene of interest and those
of the RPS29 gene (forward 5�-GCCGCGTCTGCTCCAA-3�, reverse 5�-
ACATGTTCAGCCCGTATTTGC-3�). The results are expressed as a per-
centage with respect to sham animals for each time point.

Western blotting. Cervical spinal cord from sham and TMEV-infected
animals were lysed with RIPA buffer (TBS, pH 7.6, containing 10% glyc-
erol, 1% Nonidet P-40, 1 mM EDTA, 1 mM EGTA) and complete protease
inhibitors mixture (Roche Diagnostics). The samples were sonicated and
centrifuged for 15 min at 13,500 rpm. In the case of CSPGs detection,
samples were resuspended in chondroitinase ABC buffer (50 mM Tris pH
8.0, 60 mM sodium acetate, 0.02% BSA) and treated for 3 h at 37°C with
0.1 U/ml Chondroitinase ABC from Proteus vulgaris (Sigma-Aldrich).
This reaction was stopped by adding 5� Laemmli buffer and boiled for
10 min. The proteins (15 �g of protein) were then resolved on a 6%
SDS-polyacrylamide gel and transferred at 4°C to a nitrocellulose mem-
brane (GE Healthcare). In the case of myelin MBP detection, samples
were resuspended in 5� Laemmli buffer and boiling for 10 min, 15 �g of
protein was loaded on a 12% SDS-polyacrylamide gel and transferred at
4°C to a nitrocellulose membrane. The membranes were washed with
TBS followed by further washes with TBS with 0.1% Tween 20 (TBST).
The membranes were blocked for 1 h in 5% (Nonfat dried milk, PanReac
AppliChem) in TBST, and they were probed overnight for neurocan
(1:1000; #1F6 DSHB, University of Iowa, Ames, IA), brevican (1:1000;
#610894 BD Bioscience), phosphacan (IgM 1:1000; #MAB5210 Milli-
pore), and MBP (1:500 Millipore). The membranes were then washed in
blocking solution and incubated with a secondary HRP-conjugated goat
anti-mouse IgG or goat anti-mouse IgM antibody for 1 h (1:2000; Bio-
Rad). The membranes were washed with TBST and TBS. Protein bands
were visualized by enhanced chemiluminescence detection and the amount
of protein was estimated by densitometry (GS800 calibrated densitometer;
Bio-Rad) and corrected for tubulin (anti-�-tubulin (1: 10,000; #T5168
Sigma-Aldrich) or anti-pan-actine (1:1000; #D18C11 Cell Signaling
Technology). The blots were stripped in 62.5 mM Tris-HCl, pH 6.8,
containing 2% SDS and 0.7% 2-mercaptoethanol and by each antibody.

Tissue processing for transmission electron microscopy (TEM). Mice (105 dpi)
were housed under standard conditions (food and water ad libitum; 12
h/12 h light/dark cycle). Sham, TMEV mice, and UCM03025-treated
TMEV mice (two each) were deeply anesthetized by intraperitoneal in-
jection of ketamine/xylazine (80/10 mg/kg body weight) and transcardi-
ally perfused at room temperature (20°C–25°C) with PBS (0.1 M, pH 7.4)
for 20 s, followed by the fixative solution made up of 4% formaldehyde
(freshly depolymerized from PFA), 0.2% picric acid, and 0.1% glutaral-
dehyde in phosphate buffer (0.1 M, pH 7.4) for 10 –15 min. Then, spinal
cords were removed and postfixed in the fixative solution for �1 week at
4°C and stored at 4°C in the 1:10 diluted fixative solution until use.

Cervical spinal cord sections were cut at 50 �m in a vibratome and
collected in a 0.1 M phosphate buffer at room temperature. They were
osmicated (1% osmium tetroxide, in 0.1 M phosphate buffer, pH 7.4,
20 min), dehydrated in graded alcohols to propylene oxide, and plastic-
embedded in Epon resin 812. The 50 nm ultrathin sections were collected
on mesh nickel grids, stained with 2.5% lead citrate for 20 min, and
examined in a Philips EM208S electron microscope.

Semiquantification of axons by TEM. White matter fields were pho-
tographed by using a digital Olympus SIS Morada camera coupled to
Philips EM208S electron microscope. A total of 1000 axons and axons
plus myelin from the ventral horn white matter of cervical spinal cords
were analyzed for each group (sham, TMEV mice, and UCM03025-
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treated TMEV mice). The number of myelinated and demyelinated ax-
ons was counted, and the g-ratio was calculated for myelinated axons in
each experimental group. g-ratio is defined as the ratio of the diameter of
a given axon and the diameter of the axon plus myelin unit. Axon por-
tions with well-preserved and compacted myelin were measured with the
ImageJ software (1.43u version, National Institutes of Health) by draw-
ing two perpendicular diameters from each axon and axon plus myelin.

Microscopy and image analysis. Immunofluorescence images were ac-
quired on a Leica TCS SP5 confocal microscope, and immunohisto-
chemical staining was assessed with a Zeiss Axiocam high-resolution
digital color camera. Individual optical sections were examined by ana-
lyzing ventral horn white matter of 5 or 6 cervical spinal cord sections
from at least 5 or 6 animals per group. Staining was quantified using
ImageJ software, maintaining the threshold intensity constant to com-
pare the experimental and control images obtained within the experi-
ments. The data are presented as the percentage of the total area stained
with respect to the sham animals. The quantification of labeled cells was
evaluated per square millimeter in the ventral horn white matter spinal
cord.

Data analysis. All the data are expressed as the mean � SEM and the
SPSS 22 software (IBM) was used for the statistical analysis. One-way
ANOVA followed by the Bonferroni and Tukey’s post hoc tests and un-
paired two-tailed student t test were used to determine the statistical
significance. Kruskal–Wallis test and Mann–Whitney U test were used to
determine the statistical significance in the case of nonparametric analy-
sis. The level of significance was set at p � 0.05. For TEM analysis and to
avoid bias, blind g-ratio measurements of the sham, TMEV mice, and
UCM03025-treated TMEV mice were performed. Differences between
g-ratios of the three experimental groups were analyzed using the
Kruskal–Wallis one-way ANOVA; pairwise multiple comparisons were
done using the Dunn’s method. A statistical software package (GraphPad
Prism 5; GraphPad Software; RRID: SCR_002798) was used to analyze
and display the number of axons and g-ratios.

Results
Astrogliosis is associated with accumulation of CSPGs in
demyelinated spinal cord lesions at chronic phases of
TMEV-IDD
Changes in CSPGs accumulation occur in TMEV-IDD (Haist et
al., 2012; Feliu et al., 2015), but specific CSPGs accumulation in
demyelinated lesions at the chronic phase of the disease remains
unknown. As such, we evaluated astrogliosis in the spinal cord of
infected mice at 85 (motor dysfunction evaluation) and 105 (to
study remyelination) dpi through GFAP and vimentin staining,
this last one as an indicator of reactive astrocytes (Nash et al.,
2011). CSPGs were analyzed by RT-PCR, immunohistochemis-
try using the CS-56 antibody, and by Western blot. Finally, to
determine whether CSPGs accumulation coincides with demyeli-
nated lesions, we used MBP staining. GFAP staining increased at
85 dpi (Fig. 1A, D; p 	 0.003) showing a tendency to increase at
105 dpi. Vimentin and CS-56 augmented at both 85 (vimentin,
p 	 0.010; CS-56, p 	 0.013) and 105 dpi (vimentin, p 	 0.016;
CS-56, p 	 0.048) in demyelinated areas identified by MBP stain-
ing (Fig. 1A, D, E). The cells in which CS-56 expression was
upregulated in the spinal cord of TMEV mice were identified as
astrocytes (GFAP� or vimentin�) not microglial cells (Iba-1�)
(Fig. 1B, C). The expression of the CSPGs genes brevican and
phosphacan was upregulated at 85 (brevican, p 	 0.000; phos-
phacan, p 	 0.001) and 105 dpi (brevican, p 	 0.001; phos-
phacan, p 	 0.007), whereas neurocan was only higher than sham
mice at 105 dpi (p 	 0.000) (Fig. 1F). Western blots of CSPGs
proteins showed that neurocan, brevican, and phosphacan were
not significantly upregulated when evaluated independently but
reached significance at 85 dpi when they were analyzed together
in a joint manner (Fig. 1G; p 	 0.033), as it was also seen by
immunochemistry using CS-56 antibody.

The blockade of CSPGs synthesis by xyloside treatment
improves motor function in TMEV-infected mice
Next, we studied the impact of the blockade of CSPGs synthesis
on the motor deficits of TMEV-infected mice. When administer-
ing xyloside, an inhibitor of CSPGs production (2.4 mg/animal/
day, i.p.) for 10 consecutive days once the symptomatology was
established, TMEV mice showed ameliorated both horizontal
and vertical motor deficits at 85 dpi [Figure 2A (HACTV, p 	
0.013 TMEV vs SHAM; p 	 0.000 TMEV-XIL vs TMEV; VACTV,
p 	 0.003 TMEV vs SHAM; p 	 0.007 TMEV-XIL vs TMEV)].
The improvement of motor function by xyloside matches to re-
duced astrogliosis, particularly to vimentin staining (Fig. 2B, C;
p 	 0.04), and to reduced total CSPGs as assessed by immuno-
histochemistry labeling with CS-56 antibody in the spinal cord of
infected animals (Fig. 2B, C; p 	 0.017). When we analyzed neu-
rocan, phosphacan, and brevican at protein level by Western blot,
both neurocan (p 	 0.016) and brevican (p 	 0.036) were di-
minished in xyloside-TMEV mice with no significant differences
in phosphacan. A reduced CSPGs total protein (p 	 0.013) was
also observed in TMEV-xyloside mice when analyzed in a joint
manner (Fig. 2D), confirming that xyloside reduces the CSPGs
burden in TMEV-IDD.

2-AG hydrolysis inhibition recovers motor function in TMEV
mice through CB1 and CB2 receptors and dampens
astrogliosis and CSPGs deposition
We used a potent reversible MAGL inhibitor (UCM03025) with
pronounced activity in vivo (Hernández-Torres et al., 2014) that
has been shown to increase 2-AG levels in the spinal cord and to
diminish clinical symptoms in the experimental autoimmune
encephalomyelitis (EAE) MS model. When administered for 10
consecutive days (i.p.), 5 mg/kg, once the symptomatology was
established, UCM03025 ameliorated both horizontal and vertical
motor deficits of TMEV-infected mice analyzed in the activity
cage at 85 dpi [Figure 3A (HACTV, p 	 0.000 TMEV vs SHAM;
p 	 0.001 TMEV-UCM vs TMEV; VACTV, p 	 0.000 TMEV vs
SHAM; p 	 0.000 TMEV-UCM vs TMEV)]. To determine the
receptors involved in the effects of UCM03025, we administered
selective CB1 (AM251) and CB2 (AM630) receptor antagonists.
The motor function improvement elicited by UCM03025 was
reverted significantly by the CB1 or CB2 receptor antagonists
when administered individually or together [Fig. 3A (HACTV,
AM251 p 	 0.007; AM630 p 	 0.015; AM251-AM630 p 	 0.050;
VACTV, AM251 p 	 0.016; AM630 p 	 0.014; AM251-AM630
p 	 0.004)]. In support of the results with the inhibitor of MAGL,
direct intraventricular infusion of 2-AG (5 mg/kg, 0.26 �l/h)
through the implantation of miniosmotic pumps also attenuated
the severity of the disease (Fig. 3B; HACTV, p 	 0.004; VACTV,
p 	 0.012). We next tested whether UCM03025 reduces astro-
gliosis and the content of CSPGs in the spinal cord of TMEV
mice at 85 dpi. We found a significant reduction of astrogliosis
(Fig. 3C, D; GFAP; p 	 0.025; vimentin: p 	 0.050), and of
total CSPGs assessed by immunohistochemistry (Fig. 3C, D;
CS-56 p 	 0.023). Phosphacan was diminished at mRNA ( p 	
0.000) and protein level ( p 	 0.018) (Fig. 3F, G), whereas
brevican and neurocan gene expression remained unchanged.
A statistical significant reduction was also observed when an-
alyzed CSPGs protein levels in a joint manner were compared
with TMEV mice without UCM03025 treatment (Fig. 3G;
p 	 0.009).
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Figure 1. Astrogliosis is associated with CSPGs accumulation and demyelination in the mouse spinal cord at chronic phases of TMEV infection. Representative microphotographs of spinal cord
sections stained for astrocytes (GFAP and vimentin), CSPGs (CS-56), and myelin (MBP) at 85 and 105 dpi (A). CS-56-expressing cells were astrocytes (GFAP �, vimentin �) and did not colocalize with
microglial cells (Iba-1 �) (B, C). Astrogliosis is evident in TMEV-infected mice (GFAP and vimentin staining) (D) and is accompanied by increased CS-56 staining (E), and by gene expression of
neurocan, brevican, and phosphacan (F ). CSPGs analyzed together in a joint manner by Western blot revealed an increment of these molecules at 85dpi (G). Data indicate mean � SEM. ***p �
0.001 versus sham. **p � 0.01 versus sham. *p � 0.05 versus sham. ##p � 0.01 versus TMEV 85 dpi. Red statistical significances correspond to comparisons (Figure legend continues.)
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Inhibition of 2-AG hydrolysis increases the number of mature
CC1 oligodendrocytes and myelin markers in the spinal cord
of TMEV-infected mice
To assess whether UCM03025 treatment modifies the number of
OPCs that might migrate to the lesion site in the spinal cord, we ana-
lyzed the number of oligodendrocyte progenitor cells (Olig-2�CC1�)
and mature oligodendrocytes (CC1�) and the expression of
different transcription factors expressed by OPCs (Olig-2 and
Nkx2.2). To determine OPC proliferation, BrdU (50 mg/kg) was
administered daily for 10 d together with UCM03025, or the vehicle
alone, before death at 85 dpi. The OPC number (Olig-2�CC1�) was
increased in TMEV mice that received UCM03025 (Fig. 4A, B; p 	
0.044). In addition, the BrdU� OPC number (Olig-2�BrdU� cells)
increased in UCM03025-treated TMEV mice compared with
sham mice (Fig. 4A, B; p 	 0.028 TMEV vs SHAM; p 	 0.002
TMEV UCM vs TMEV). Decreased Nkx2.2 expression in TMEV
mice at 85 dpi (p 	 0.039) was counteracted by UCM03025
treatment (p 	 0.008) that also upregulated Olig-2 mRNA ex-
pression (p 	 0.005) (Fig. 4C). Most importantly, UCM03025
augmented the number of CC1� mature oligodendrocytes (Fig.
4D; p 	 0.021) leading to restoration of MBP loss to sham levels
evaluated by Western blot (Fig. 4E; p 	 0.021 TMEV vs SHAM;
p 	 0.006 TMEV UCM vs TMEV). These results suggest that
UCM03025 could enhance the endogenous mechanism by which
proliferating OPCs migrate to the lesion site and differentiate to
mature myelinating oligodendrocytes.

Inhibition of 2-AG hydrolysis attenuates spinal cord
inflammation in TMEV-infected mice
To study whether UCM03025 is able to target neuroinflamma-
tion as it does in the experimental model of EAE (Hernández-
Torres et al., 2014), we analyzed the leukocyte infiltration, microglia
staining, and the expression of different inflammatory mediators in
the spinal cord of infected animals. TMEV mice showed infiltration
of immune cells into the spinal cord at 85 dpi that was reduced by
UCM03025 as shown by hematoxilin-eosin staining (Fig. 5A; p 	
0.000 TMEV vs SHAM; p 	 0.001 TMEV UCM vs SHAM). Be-
cause innate immune response in the CNS is important for the
maintenance of progression of TMEV-IDD and microglia pro-
vide the first line of defense against TMEV, we analyzed the effect
of UCM03025 on Iba-1 immunoreactivity. Iba-1 staining showed
a significant increase in the spinal cord of TMEV mice compared
with the control sham mice ( p 	 0.039), and this effect was
reversed following UCM03025 administration ( p 	 0.019)
(Fig. 5B).

Indeed, decreased microglia activation was accompanied by a
significant reduction of IL-1� mRNA levels (Fig. 5C; p 	 0.004
TMEV vs SHAM; p 	 0.026 TMEV UCM vs TMEV), a tendency
to reduce TNF� and NOS-II [Figure 5C (TNF� p 	 0.002 TMEV
vs SHAM; p 	 0.133 TMEV UCM vs TMEV; NOS-II p 	 0.007
TMEV vs SHAM; p 	 0.078 TMEV UCM vs TMEV)] and to
upregulate the Arg-1 mRNA expression (Fig. 5C; p 	 0.179).
These data suggest that UCM03025 could diminish neuroinflam-
mation in TMEV mice.

2-AG hydrolysis inhibition drives long-term changes in
CSPGs deposition and improves motor disability
To assess whether the increment of progenitors and mature oli-
godendrocytes observed in the demyelinated spinal cord at 85 dpi
leads to effective remyelination, we maintained TMEV mice
treated with UCM03025 until 105 dpi without further treatment.
Cessation of treatment did not modify the motor improvement
displayed by the UCM03025-treated mice at 85 dpi, as animals
still showed functional motor recovery at 105 dpi (Fig. 6A;
HACTV, p 	 0.001 TMEV vs SHAM; p 	 0.003 TMEV-UCM vs
TMEV; VACTV, p 	 0.000 TMEV vs SHAM; p 	 0.024 TMEV-UCM
vs TMEV). The diminished gene expression of phosphacan by
UCM03025 treatment also persisted at 105 dpi (p 	 0.004) to-
gether with a downregulation of neurocan (p 	 0.002) (Fig. 6B),
and no changes in brevican coupled to the overall reduced levels
of CS-56 staining in the spinal cord of TMEV mice (p 	 0.017)
(Fig. 6C). The analysis of specific CSPGs protein expression re-
vealed that phosphacan persisted diminished (p 	 0.001), brevi-
can was reduced (p 	 0.014), and neurocan did not change (Fig.
6D) at 105 dpi. The joint analysis of CSPGs indicated that
UCM03025 elicited a long-term reduced deposition in the spinal
cord of TMEV mice compared with TMEV mice that received
vehicle (p 	 0.007). The axonal integrity was preserved 20 d after
stopping UCM03025 treatment as it is showed by neurofilament-H
staining analysis (Fig. 6E; p 	 0.000 TMEV vs SHAM; p 	 0.029
TMEV UCM vs TMEV) and the anterograde BDA tracing from
the corticospinal tract in the spinal cord of TMEV mice (Fig. 6F).
Finally, when spinal cord sections were analyzed by TEM, it was
evident that UCM03025 treatment enhanced remyelination at
105 dpi (Fig. 7), as shown in the TEM images with the presence of
abundant newly formed thin myelin sheaths (Fig. 7A). In addi-
tion, an increase in myelinated axons was observed in UCM03025
(899 of 1000 axons) versus TMEV-infected mice (417 of 1000
axons) (p 	 0.000; Fig. 7B). Furthermore, the g-ratios of myelin-
ated axons were significantly higher in UCM03025-treated
TMEV mice (0.82 � 0.0018) than in sham (0.77 � 0.0024; p 	
0.000) and TMEV mice (0.79 � 0.0019; p 	 0.000) (Fig. 7C). This
suggests that axons with a g-ratio 
0.8 were likely remyelinated,
as higher g-ratio corresponds to thinner myelin sheaths (Mei et
al., 2016). Together, these results indicate the importance of an
elevated tone of 2-AG for endogenous reparative mechanisms in
a model of progressive MS.

Discussion
When the CNS is subjected to chronic demyelination, as occurs
in MS, CSPGs are strongly upregulated and they form part of the
astrogliotic scar that impairs axonal regeneration and remyelina-
tion (Siebert and Osterhout, 2011; Lau et al., 2012). CSPGs in-
hibit the differentiation of OPCs (Siebert and Osterhout, 2011;
Lau et al., 2012; Pendleton et al., 2013) and impede neuron
growth cone extension in culture (Zhou et al., 2014; Dyck et al.,
2015; Lang et al., 2015). Therefore, a reduction in CSPGs depo-
sition constitutes a rational therapeutic approach in chronic pro-
gressive demyelinating diseases. In vitro studies show that the
endocannabinoid 2-AG facilitates the survival and differentiation
of oligodendrocytes (Gómez et al., 2010, 2011) and increases
OPC proliferation (Gómez et al., 2015). Here, by using a revers-
ible inhibitor of MAGL, we reveal a novel role of 2-AG, the sup-
pression of CSPGs barrier to thereby promote remyelination and
functional motor recovery in TMEV mice. TMEV-IDD is a suit-
able model to study whether CSPGs influence remyelination as it
involves progressive axonal loss and neurological dysfunction
similar to progressive forms of MS. Spontaneous remyelination

4

(Figure legend continued.) between joint CSPGs analysis. Nonparametric Kruskal–Wallis test for
vimentin, CS-56 staining, and phosphacan RT-PCR analysis (one-way ANOVA followed by
Tukey’s and Bonferroni’s test for GFAP staining, neurocan, brevican RT-PCR analysis, and CSPGs
Western blot analysis). Five to 8 mice per group were used for histological analysis. Eight to 11
animals per group were used for mRNA expression analysis. Eight to 11 per group were used for
Western blot analysis. Scale bar, 100 �m, 50 �m, 25 �m. Dotted lines indicate spinal cord gray
matter and demyelinated areas. Arrows point to microglia and astrocytes.
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can be observed in a small fraction of lesions (Denic et al., 2014),
and recent studies have shown that CSPGs are upregulated in this
model (Haist et al., 2012; Feliu et al., 2015).

The analysis of CSPGs at chronic phases of TMEV-IDD using the
CS-56 antibody indicates that they are overexpressed in the spinal

cord of TMEV mice as it has been described in other experimental
demyelinating conditions reported previously (Lau et al., 2012; Ke-
ough et al., 2016). Indeed, the accumulation of CSPGs observed
in our study was clearly associated with demyelinated lesions.
CSPGs upregulation was accompanied by strong astrogliosis be-

Figure 2. CSPGs synthesis inhibition by xyloside treatment improves motor function in TMEV-IDD mice. Motor activity analysis at 85 dpi, showing a significant attenuation of motor deficits
following xyloside treatment (A). Xyloside decreased astrogliosis in the spinal cord of TMEV-IDD mice (GFAP and vimentin staining) and diminished CS-56 staining (B, C). CSPGs evaluation by Western
blot revealed a diminution of both neurocan and brevican and a reduction of CSPGs evaluated together in a joint manner (D). Data indicate mean � SEM. **p � 0.01 versus sham. *p � 0.05 versus
sham. ###p � 0.001 versus TMEV. ##p � 0.01 versus TMEV. #p � 0.05 versus TMEV. Red statistical significances correspond to comparisons between joint CSPGs analysis (one-way ANOVA followed
by Tukey’s and Bonferroni’s test for the motor test; unpaired two-tailed Student’s t test for GFAP, vimentin, CS-56 staining, brevican, and phosphacan Western blot analysis; nonparametric
Mann–Whitney U test for neurocan and CSPGs protein evaluated together in a joint manner). Five or 6 mice per group were used for motor activity. Five or 6 mice per group were used for histological
analysis. Five or 6 animals per group were used for mRNA expression analysis. Scale bar, 100 �m. Dotted lines indicate spinal cord gray matter.
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Figure 3. The inhibition of 2-AG hydrolysis improves motor function in TMEV-IDD mice by activating CB1 and CB2 receptors, thereby reducing astrogliosis and CSPGs deposition. A significant
attenuation of the motor deficits at 85 dpi was observed following UCM03025 treatment and reversed by CB1 and CB2 antagonists (A). Intracerebroventricular administration of 2-AG by miniosmotic
pumps slowed motor disability monitorized by the HACTV and VACTV (B). UCM03025 treatment reduced spinal cord astrogliosis (GFAP and vimentin staining) and CS-56 staining (C, E) and
phosphacan mRNA expression with no effects in neurocan and brevican (F). CSPGs evaluation by Western blot revealed a significant diminution of phosphacan with no significance in neurocan and
brevican. CSPGs reduction evaluated together in a joint manner was also seen following UCM03025 treatment (G). Data are mean � SEM. ***p � 0.001 versus sham. **p � 0.001 versus TMEV.
##p � 0.01 versus TMEV. #p � 0.05 versus TMEV. ��p � 0.01 versus TMEV UCM. �p � 0.05 versus TMEV UCM. Red statistical significances correspond to comparisons between joint CSPGs analysis
(nonparametric Kruskal–Wallis test for the motor test; unpaired two-tailed Student’s t test for GFAP, vimentin, CS-56 staining, neurocan, phosphacan RT-PCR analysis, neurocan and CSPGs, Western
blot evaluated together in a joint manner and 2-AG intracerebroventricular motor evaluation; nonparametric Mann–Whitney U test for brevican RT-PCR analysis and phosphacan Western blot
analysis). Five or 6 mice were used for motor activity analysis (two independent experiments). Five or 6 animals were used in the case of antagonist-treated animals. Five or 6 mice per group were
used for histological analysis. Five or 6 animals per group were used for mRNA expression analysis. Five or 6 animals per group were used for Western blot analysis. Scale bar, 100 �m. Dotted lines
indicate spinal cord gray matter.
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Figure 4. UCM03025 increased the expression of OPC markers, Olig-2 � proliferative cells, mature CC1 � oligodendrocytes, and myelin markers in the spinal cord of TMEV-infected
mice. Representative microphotographs of cervical spinal cord sections obtained at 85 dpi and stained for BrdU, OPCs (Olig-2), and mature oligodendrocytes (CC1) (A). UCM03025
increased the number of Olig-2 �/CC1 �-labeled cells and tended to increase their proliferation (Olig-2 �/BrdU � cells) (B). UCM03025 significantly increased gene expression of OPC
markers (Olig-2 and Nkx2.2) (C), augmented the number of CC1 � mature oligodendrocytes (D), and MBP analyzed by Western blot (E). Data are mean � SEM. *p � 0.05 versus sham;
**p � 0.01 versus sham. #p � 0.05 versus TMEV. ##p � 0.01 versus TMEV. Nonparametric Kruskal–Wallis test for BrdU �/Olig-2 � cell quantification and MBP Western blot analysis;
one-way ANOVA followed by Tukey’s and Bonferroni’s test for RT-PCR analysis, CC1-labeled cells, and Olig2 �/CC1 � quantification. Three or 4 animals per group were used for
histological analysis. Five or 6 animals per group were used for mRNA expression analysis; 5 or 6 mice per group were used for Western blot analysis. Scale bar, 100 �m, 50 �m. Dotted
lines indicate spinal cord gray matter and amplified areas. Arrows point to Olig-2 �/BrdU � cells.
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ing the cells labeled by CS-56, vimentin-positive reactive astro-
cytes, in agreement with the view that astrocytes are the principal
source of CSPGs (Hamby and Sofroniew, 2010). Consistent with
the CS-56 labeling, we found upregulated expression of specific
CSPGs, such as phosphacan, the most consistently overexpressed,
neurocan and brevican at mRNA and protein levels. For prevent-
ing axonal degeneration, it is relevant to target CSPGs deposition,
as suggested by the results of our study where CSPGs clearance by
xyloside treatment improves motor function in line with other stud-
ies in which xyloside or fluorosamine treatment has been correlated
with remyelination in conditions of experimental demyelination
and in MS models (Lau et al., 2012; Keough et al., 2016). Even the
use of the bacterial enzyme chondroitinase ABC has been very
useful in combined strategies to improve spinal cord injury, al-

though it requires local injection to the lesion site (Zhao and
Fawcett, 2013).

To assess whether the increase of endogenous 2-AG by MAGL
inhibition attenuates CSPGs deposition, we used a potent selec-
tive and reversible inhibitor, UCM03025 (IC50 	 0.18 �M), which
does not induce tolerance after its repeated administration and aug-
ments 2-AG levels in the spinal cord (Hernández-Torres et al., 2014).
MAGL inactivation diminished astrogliosis and CSPGs accumula-
tion in the spinal cord of TMEV mice, decreasing the gene expres-
sion of phosphacan. Importantly, UCM03025 alleviated the
motor deficits of diseased mice in a CB1 and CB2 receptor-
dependent manner. These findings strongly suggest that the
protective effects of MAGL inhibition are consequence of the
enhanced 2-AG tone acting on both CB1 and CB2 receptors.

Figure 5. UCM03025 treatment reduced leukocyte infiltration, microglial reactivity, and inflammatory mediators in the spinal cord of TMEV-infected animals. Spinal cord representative
microphotographs obtained at 85 dpi and its score quantification for H&E to evaluate immune infiltration (A). The increase in Iba-1 staining observed in TMEV mice was reversed by UCM03025
treatment (B). UCM03025 significantly decreased IL-1� mRNA expression and showed a tendency to reduce TNF-� and NOS-II and to increase Arg-1 (C). Data are mean � SEM. *p � 0.05 versus
sham. **p � 0.01 versus sham. ***p � 0.001 versus sham. #p � 0.05 versus TMEV-VEH animals. ###p � 0.001 versus TMEV-VEH animals. One-way ANOVA followed by Tukey’s and Bonferroni’s
test for H&E analysis; nonparametric Kruskal–Wallis test for Iba-1 analysis and RT-PCR analysis. Four mice per group were used for histological analysis. Five to 7 per group were used for mRNA
analysis. Scale bar, 100 �m. Dotted lines indicate spinal cord gray matter and amplified areas.
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The ability of UCM03025 to ameliorate disability in TMEV mice
was confirmed when the MAGL substrate, 2-AG, was directly
applied to the CNS ventricle through miniosmotic pumps. The
involvement of CB1 and CB2 receptors in the activity of 2-AG
is consistent with previous studies where both receptors need
to be activated for 2-AG-induced oligodendrocyte differenti-
ation (Gómez et al., 2010). It is likely that reduced astrogliosis
and CSPGs accumulation with the consequent diminished spinal
cord axonal degeneration underlies the improved motor perfor-
mance of TMEV mice treated with UCM03025. Nevertheless, it
must be taken into account other actions of 2-AG, such as mod-
ulation of CNS inflammation by affecting innate immune re-
sponse during the progressive phase of the disease.

2-AG administration has therapeutic effects in vivo, such as
the reduction of lesion expansion and white matter damage after
spinal cord injury (Arévalo-Martin et al., 2010). Indeed, 2-AG
ameliorates disability in both the acute and chronic EAE model
of MS (Lourbopoulos et al., 2011). The irreversible inhibitor of
MAGL, JZL184, decreases the neuroinflammatory response in
a model of Alzheimer disease, as well as in adult microglia and
astrocyte cell cultures exposed to inflammatory agents (Pihlaja
et al., 2015). It is particularly noteworthy that JZL184 sup-
presses cell death induced by AMPA in oligodendrocyte cul-
tures, reduces inflammation in the EAE model, and preserves
myelin integrity in the cuprizone model of demyelination
(Bernal-Chico et al., 2015). However, JZL184 blocks MAGL irre-

Figure 6. UCM03025 treatment has long-term effects, improving motor disability, diminishing the expression of CSPGs, and reducing axonal loss. Functional motor recovery persisted in mice
after the cessation of treatment at 105 dpi (A). CSPGs expression was diminished in mice treated with UCM03025, as evident through gene expression of phosphacan and neurocan (B), as well as
through the area occupied by CS-56 staining (C). CSPGs evaluation by Western blot showed a significant diminution of brevican and phosphacan with no significance in neurocan. CSPGs reduction
evaluated together was also seen following UCM03025 treatment (D). UCM03025-treated mice presented less axonal loss, as seen by neurofilament-H staining (E), and by the transport of the BDA
tracer in the corticospinal tract of the spinal cord (F). Data are mean � SEM. ***p � 0.001 versus sham. #p � 0.05 versus TMEV. ##p � 0.01 versus TMEV. ###p � 0.001 versus TMEV. Red statistical
significances correspond to comparisons between joint CSPGs analysis (one-way ANOVA followed by Tukey’s and Bonferroni’s test for HACTV activity cage and Neurofilament-H staining analysis;
unpaired two-tailed Student’s t test for phosphacan RT-PCR and Western blot analysis; nonparametric Mann–Whitney U test for VACTV activity test, neurocan, brevican RT-PCR analysis, and CS-56
staining). Five or 6 mice were used per group and experiment for motor activity analysis (two independent experiments). Five or 6 animals per group were used for histological analysis. Seven or 8
animals per group were used for mRNA expression analysis. Six to 8 animals per group were used for Western blot analysis. Scale bar, 100 �m, 50 �m. Dotted lines indicate spinal cord gray matter
and amplified areas.
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versibly, eliciting pharmacological tolerance when administered
chronically.

Neurodegeneration associated to axonal loss is the cause of the
progressive disability in MS with no effective therapies. The en-
hanced remyelination in the spinal cord of TMEV mice subjected
to the blockade of MAGL is consistent with increased expression
of oligodendrocyte precursor markers, increased number of mature
CC1� oligodendrocytes, and increased expression of MBP. These
above changes might be able to initiate remyelination in the ab-
sence of CSPGs and, thus, contribute to preserve axonal integrity
and neuronal function as reflected the recovery of motor func-
tion in TMEV mice. In demyelinating pathologies, most remyeli-
nating oligodendrocytes are derived from the distant parenchyma
(Polito and Reynolds, 2005), although neurogenic niches may also
contribute to remyelination (Nait-Oumesmar et al., 1999; Picard-
Riera et al., 2002; Menn et al., 2006; Mecha et al., 2013). In general, a
lack of remyelination has been attributed to insufficient OPC prolif-
eration and differentiation, whereas in TMEV-IDD a dysregulation
of OPC maturation has been proposed as the main cause for the
limited remyelination (Ulrich et al., 2008).

To clarify whether the increment in OPC markers, mature
oligodendrocytes, and MBP expression in the spinal cord of

TMEV mice could elicit functional remyelination, we analyzed
these mice at 105 dpi (20 d after withdrawing UCM03025), a
stage that is considered optimal to evaluate remyelination in-
duced by any event (Warrington et al., 2000). UCM03025 did
appear to have long-term effects on motor behavior and on
CSPGs downregulation, likely by enhancing endogenous re-
pair mechanisms as a significant remyelination reflected by
g-ratios measurement of myelinated axons in sham, TMEV,
and UCM03025 TMEV-treated mice. Elevated 2-AG tone in-
duced a higher percentage of remyelinated axons; and despite the
thin myelin as demonstrate the higher g-ratio in UCM03025
TMEV-treated mice, this process appears to be enough to preserve
axonal integrity. Neurofilament-H and BDA tracer results
showed the existence of a better functional transport in spinal
cord axons. Hence, at least partial axonal preservation does ap-
pear to occur, and the axons present are also functionally com-
petent as motor recovery was observed in UCM03025-treated
TMEV mice.

In light of the relevance of CSPGs accumulation to impaired
remyelination in MS (Siebert and Osterhout, 2011; Lau et al.,
2012), it is greatly positive to have a therapy that can promote the
proliferation and maturation of oligodendrocytes, as well as to

Figure 7. UCM03025 treatment enhances remyelination. Ultrastructural assessment of the myelin and axons by using electron microscopy at 105 dpi (A). UCM03025 treatment reduced the
number of demyelinated axons in TMEV-infected mice and promoted remyelination (asterisks) in the ventral horn white matter of cervical spinal cords. Scale bars, 1 �m. Note the loss of myelin and
unstructured myelin sheaths in TMEV (417 of 1000 axons) compared with sham and the increase in myelinated axons in UCM03025 (899 of 1000 axons) (B). ***p � 0.001 (� 2 test). ###p � 0.001
(� 2 test). The g-ratios from the axons in UCM03025 were significantly higher than in sham and TMEV (C). Data are the mean � SEM. ***p � 0.001 (Kruskal–Wallis one-way ANOVA, and pairwise
multiple comparisons were done using the Dunn’s method). ###p � 0.001 (Kruskal–Wallis one-way ANOVA, and pairwise multiple comparisons were done using the Dunn’s method).
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overcome the CSPGs barrier. Our findings support the hypothe-
sis that CB1 and CB2 receptor-mediated attenuation of TMEV-
IDD by MAGL inhibition could be due to limited CSPGs
production by astrocytes, neutralizing the inhibitory environ-
ment in demyelinated areas. This effect appears to be coupled to
increased OPC differentiation, which in turn might contribute to
remyelination and axonal protection. Additionally, we hypothe-
size that motor improvement of TMEV mice treated with
UCM03025 could also be due to the immunomodulatory prop-
erties of 2-AG as attenuated neuroinflammation occurs in TMEV
mice as it has been also reported in the experimental model of
EAE (Hernández-Torres et al., 2014). Alternatively, antiexcito-
toxic, neuroprotective, and glioprotective effects derived from
the activation of CB1 and CB2 receptors in neurons, glial cells,
and immune infiltrates may be contributing to the benefits of
UCM03025 (Arévalo-Martín et al., 2003; Croxford and Miller,
2003; Pryce et al., 2003; Fernández-Ruiz et al., 2010; Loría et al.,
2010).

It should be noted that there are still many unsolved questions
about the relationship between CSPGs and oligodendroglial cells,
as well as the contribution of other lesion’s associated factors that
inhibit remyelination, such as Notch, Wnt, Lingo-1, and sema-
phorins (Huang et al., 2011). The protective effect of UCM03025
against chronic myelin loss and its capability to enhance remyeli-
nation in a progressive model of MS open new strategies targeting
MAGL for the treatment of progressive phases of chronic demy-
elinating diseases and of other pathologies involving white matter
injury.
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Lledó A, Borrell J, Guaza C (1999) Dexamethasone regulation of interleukin-1-
receptors in the hippocampus of Theiler’s virus-infected mice: effects on
virus-mediated demyelination. Eur J Pharmacol 372:75– 83. CrossRef
Medline
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