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Galectin-3 (Gal-3) is a β-galactoside-binding lectin that plays an important role in inflammatory and neurode-
generative diseases. Cuprizone (CPZ)-induced demyelination is characterized by the loss of mature oligodendro-
cytes (OLG) by apoptosis, myelin sheath degeneration and recruitment of microglia and astrocytes to the
lesioned area. We compared CPZ-induced demyelination of 8-week-old Lgals3−/− vs WT mice. Lgals3−/− mice
displayed a similar susceptibility to CPZ-induced demyelination up to the fifthweek, as evaluated byMBP immu-
nostaining and electronicmicroscopy. However, OLG progenitors (OPC) generated in CPZ-treated Lgals3−/−mice
showed diminished arborization, suggesting decreased ability of these cells to differentiate. Surprisingly, while
WT mice experienced spontaneous remyelination in the fifth week of CPZ treatment—even though the CPZ
diet was maintained up to sixth week—Lgals3−/− mice lacked this capacity and suffered continuous demyelin-
ation up to the sixth week, accompanied by pronounced astroglial activation. Moreover, after 2 weeks of CPZ
treatment, WT and Lgals3−/− mice showed lower innate anxiety as compared with respective naive mice, but
only CPZ-treated Lgals3−/− mice showed decreased locomotor activity and exhibited spatial working memory
impairment. Expression of Gal-3 increased during CPZ-induced demyelination inmicroglia but not in astrocytes.
While CPZ-treatedWTmice displayed heightenedmicroglial activation associated with ED1 expression and pro-
nounced upregulation of the phagocytic receptor TREM-2b, this effectwas not observed in CPZ-treated Lgals3−/−

micewhich, in spite of showing an increasednumber ofmicroglia, these cells evidenced caspase-3 activation. Our
results indicate that Gal-3 is expressed in microglial cells to modulate their phenotype, facilitating the onset of
remyelination and OLG differentiation.

© 2013 Elsevier Inc. All rights reserved.
Introduction

Galectin-3 (Gal-3) belongs to an evolutionarily conserved family
composed of 15 members which recognize β-galactosidase-containing
glycans. This chimeric protein, structurally composed of unusual
tandem repeats of proline and glycine-rich short stretches fused
onto a carbohydrate-recognition domain (CRD), has multifaceted
functions in many physiologic processes, including modulation of
innate and adaptive immune responses (Rabinovich and Croci,
2012; Lalancette-Hébert et al., 2007; Nieminen et al., 2005;
Rabinovich et al., 2007; Rotshenker, 2009; Sato and Nieminen,
2004; Sato et al., 2002). However, its role in central nervous system
(CNS) immunity is poorly understood. Thus far, most in vitro and
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in vivo studies suggest that Gal-3 displays pro-inflammatory responses
through its ability to promote immune cell activation,migration and inhi-
bition of apoptosis (Rabinovich et al., 2007), although it has also been
identified as a negative regulator of lipopolysaccharide-induced inflam-
mation (Li et al., 2008). In the CNS, Gal-3 is up-regulated by inflammatory
stimuli and plays a detrimental role in prion-infected brain tissue (Mok
et al., 2006, 2007; Riemer et al., 2004). Recently, Lalancette-Hébert et al.
(2012) demonstrated that Gal-3 plays a pivotal role in mediating
injury-induced microglial activation and proliferation using a unilateral
transient focal cerebral ischemiamodel inmice. In addition, when immu-
nized with myelin oligodendrocyte (OLG) glycoprotein, Lgals3−/− mice
showed lower severity of Experimental Autoimmune Encephalomyelitis
(EAE) (Jiang et al., 2009), an animal model of CNS demyelination
characterized by the expansion of encephalitogenic Th1 and Th17
cells (Langrish et al., 2005; Park et al., 2005; Weiner, 2008).

In contrast, the addition of cuprizone (CPZ) to the diet of young adult
mice produces massive demyelination in different areas of the CNS,
particularly in the corpus callosum (CC), through mechanisms that are
independent of pathogenic T cells (Blakemore, 1973; Ludwin, 1978;
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Matsushima andMorell, 2001; Suzuki and Kikkawa, 1969). In fact, CPZ-
induced demyelination is characterized by the accumulation of resident
microglia with few peripheral macrophages (McMahon et al., 2002).
Greater myelin phagocytosis by microglial cells has been reported
during CPZ-induced demyelination, which was associated with an up-
regulation of phagocytic receptors among which TREM-2b was the
most prominent (Voß et al., 2011). In this regard, phagocytosis of mye-
lin debris by microglia and macrophages has been proposed to play an
important role in the initiation of remyelination, as differentiation of
oligodendrocyte precursor cells (OPC) can be inhibited by myelin
(Kotter et al., 2006). Our previous studies have demonstrated that
glial-derived Gal-3 promotes OLG differentiation and contributes to
myelin integrity and function (Pasquini et al., 2011).

In the present study, we compared the susceptibility of adult
Lgals3−/− and WT mice to CPZ-induced demyelination, their asso-
ciated behavior and the dynamics of different cell types during
the course of the demyelinating disease. Moreover, we analyzed the
expression of maturation and phagocytic markers, cytokine production
and microglial proliferation and death in both Lgals3−/− mice and their
WT counterparts.
Experimental procedures

Animals and induced demyelination

Lgals3−/−mice (C57BL/6 background) were generously provided by
Dr. F.-T. Liu (University of California, Davis) and generated as previously
described (Hsu et al., 2000). Animals were housed in groups of 4 in
a controlled environment (20–23 °C) with free access to food and
water, and maintained on a 12 h-day/12 h-night cycle, with light on
at 6 a.m. All animal protocolswere approved by the Institutional Review
Board of the University of Buenos Aires, and animal experimentation
was in accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals.

Experimental demyelination was induced by feeding 8-week-old
male mice with 0.2% (w/w) cuprizone (CPZ, bis-cyclohexanone
oxalhydrozone, Sigma) mixed into standard ground rodent chow
(Matsushima and Morell, 2001). Animals were sacrificed 3, 4, 5 or
6 weeks after CPZ intoxication.
Tissue preparation

Animals were anesthetized with a xilazine–ketamine mixture and
intracardially perfused with 30 ml PBS, pH 7.4, followed by 4% parafor-
maldehyde (PFA, Sigma Aldrich) in PBS, pH 7.4. Brains were carefully
dissected out and post-fixed in the same solution overnight, and then
thoroughly washed in PBS and cryoprotected in 30% sucrose in PBS.
All brain slices (25 μm width) were kept at−20 °C in a PBS:glycerol
solution (1:1) until they were selected for immunofluorescence
studies.
Brain section selection

Previous to immunostaining assays, brain slices were selected using
the AllenMouse Brain Atlas (Lein et al., 2007) as a reference. The CC and
subcallosal zone (SCZ) were studied in brain sections at the level of
coronal slices 44–52 of the Atlas. After selection, brain slices were kept
in PBS for immunohistochemical studies. For electron microscopy and
flow cytometry assays (isolation of microglia), the CC was dissected
out from brains kept in ice using a sterile razor blade. Dissection coordi-
nates were +1.32 mm to +0.74 mm from Bregma, according to The
Mouse Brain Library (online version), 2003. Immediately, the isolated
CC were subjected to the procedure required for each particular
method.
Immunohistochemistry

Cryotome sections were rinsed twice with PBS (pH 7.4) followed by
an antigen blocking reagent composed of 5% FCS and 0.1% Triton X-100
in PBS. Primary and secondary antibody dilutions were prepared in 1%
FCS and 0.1% Triton X-100 in PBS. Primary antibody incubation was
done overnight at 4 °C. The primary antibodies used were rabbit anti-
MBP (1/600), generously provided by Dr. A. Campagnoni (UCLA);
anti-GFAP (1/100, Neuromics); anti-ED1 (1/100, Abcam); anti-Gal-3
(1/100), donated by Dr. F.-T. Liu (University of California, Davis); anti-
CD11b (1/100, Abcam); anti-cleaved-caspase-3 (1/200, Neuromics);
anti-PDGFRα (1/100, Neuromics); anti-Ly6C (1/100, Abcam); anti-Iba-
1 (1/500, Abcam); and anti-CD45 (1/50, Neuromics). Incubation with
Hoechst 33342 (Sigma Aldrich) and their respective fluorescent-
conjugated antibodies (Alexa 488, Alexa 649, Cy2 and Cy3, Jackson
Immunoresearch Lab) was done for 2 h at 37 °C with agitation. Lectin
(GSA I-B4; 1/100, Vector Lab) was labeled with a Cy2-conjugated
streptavidin. Slides were mounted and covered with Mowiol. Micro-
photographs were taken with an Olympus BX50 epifluorescent micro-
scope connected to a CoolSnap digital camera. Image Pro Plus software
(version 5.5) was used for image analysis. In all cases, measurements
were carried out by experimenters whowere blind to the experimental
design. Images were identifiedwith a number and, oncemeasurements
were done, image numbers were associated with each experimental
condition. For the co-localization of a) Gal-3 with ED1 and GFAP and
b) caspase-3 and CD11b, observations were carried out using an Olym-
pus Fluorview FV1000 MPE multifoton microscope coupled to a Zeiss
LSM 510 laser scanner. Merged versions and composite images were
performed with FV10-ASW1.7 viewer software. Filament plot of
PDGFRα and GFAP+ cells was obtained from z-stack scanning of
cells at a slice distance of 0.75 μm using the IMARIS 6.3.1 program
(Bitplane Sci Software) as described by Quinta and Galigniana (2012).

Cell proliferation assays

Mice from each experimental group were intraperitoneally injected
with 5-bromo-2-deoxyuridine (BrdU; 100 mg/kg, Sigma) 24 h and
12 h before sacrifice. Cryotome sections were exposed for 30 min to a
2 N HCl solution with a rinse of 0.1 M borate buffer, pH 8.4, for
10 min. Immunohistochemical studies were performed following the
procedure described above and using anti-BrdU (1/100, Roche), anti-
Ki67 (1/100, Santa Cruz) and their respective secondary antibodies.

Western blot analyses

MBP isoforms, ED1 and GFAP were evaluated in CC cell extracts.
Samples were resuspended and lysed in RIPA 1× (NaCl 300 mM, TRIS
20 mM, pH.7.4, SDS 0.2%) extraction buffer with a complete EDTA-free
protease inhibitor cocktail (Roche). Equal amounts of protein were
separated on SDS-PAGE and transferred onto PVDF membranes for
Western blot analyses. Membranes were incubated with anti-MBP
(1/1000), anti-ED1 (1/500) and anti-GFAP (1/1000) antibodies, follow-
ed by incubation with HRP-conjugated antibodies. Quantification was
done by densitometry with the Gel Pro Analyzer 4.0 system.

Electron microscopy (EM)

Four to six animals per group were decapitated at 5 weeks of treat-
ment. CC was dissected out as described above, fixed and immediately
prepared for EM. Ultrathin cuts were examined using a Zeiss Leo 906
E electron microscope equipped with a Zeiss Megaview III digital cam-
era. Parameters assessed included: a) percentage of correctly myelinat-
ed axons perfield; b) g-ratio (the ratio between the axon's diameter and
the axon's diameter wrapped with myelin) and c) number of myelin
turns around an axon. Images were analyzed by experimenters who
were blind to the experimental design. Eight images were obtained for
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each experimental condition. The number of myelinated axons per field
was determined by counting the axons in each image (magnification
6000×), and then classifying them according to their demyelination
state and axon diameter. The g-ratio was evaluated in 12 axons per
image, by means of the Image-J software. Myelin turns were quantified
in high magnification images (magnification 85,000×).

Isolation of microglia

Anaesthetized animals were transcardially perfused with ice-cold
PBS to clear the intravascular compartments from blood cells. CC were
dissected out as previously described and transferred to Hank's solution
buffer (HBSS) without Ca+2 and Mg+2. CC plus cortex (CX) were
chopped in small pieces and centrifuged at 4 °C at 300 ×g for 2 min.
Cells were then selected using a separation column kit (Cat# 130-093-
634, MACS Miltenyi Biotec) with anti-CD11b labeled with magnetic
microbeads. The separation protocol was carried out according to the
manufacturer's instructions. After removing the column from the mag-
netic field, retained CD11b+ cells were eluted as the positively-selected
cell fraction. This fraction was separated into 7 different tubes with
an equal number of cells. Six of these tubes were incubated for
30 min at 37 °C with antibodies labeled with specific fluorosphores:
anti CD11b-PE, CD45-FITC, TNF-PE, CD200-PE, MHC II-FITC (all from
eBioscience) and anti-TREM/2-PE (R&D System), following the sup-
pliers' instructions. The seventh sample was fixed for 30 min with
4% PFA, rinsed once with PBS and treated with 2 N HCl for 30 min
and a rinse with 0.1 M borate buffer, pH 8.4. After this treatment,
samples were incubated with an anti-BrdU antibody (Roche) and
its respective secondary antibody. Finally, all samples were analyzed
with a flow cytometer (Beckmann) and results were expressed using
WinMDI 2.8 software.

Behavioral tests

At the second and fifth weeks of CPZ-induced demyelination, 12
mice per group were subjected to behavioral studies. Tests were per-
formed between 10:00 a.m and 2:00 p.m in an arrangement of 24 h
in between behavioral tests. The following studies were performed:
plus-maze, locomotor activity, hole-board, inverted screen and Y-
maze tests to measure anxiety, locomotor activity, exploration,
motor coordination and spatial working memory, respectively. In all
cases, investigators were blind to experimental conditions. After each
experiment, all devices were wiped clean to remove traces of the previ-
ous assay.

Elevated plus-maze test
The elevated plus-maze set-up consisted of a maze of two open

arms, 25 × 5 cm, crossed by two closed arms of the same dimensions,
with free access to all arms from the crossing point. The closed arms
had walls 15 cm high all around. The maze was suspended 50 cm
from the room floor. Mice were placed on the central part of the cross
facing an open arm. The number of entries and the time spent going
into open arms were counted during 5 min under red dim light. The
total exploratory activity (number of entries in both arms) was also de-
termined (Lister, 1987).

Hole-board assay
This assay was conducted in a black walled Plexiglas arena with a

floor of 60 × 60 cm and 30 cm high walls, with four centered and
equally spaced holes on the floor, with a diameter of 2 cm each, as pre-
viously described (Fernández et al., 2006), and illuminated by a dim
indirect light. Each animal was placed in the center of the holeboard
and allowed to freely explore the apparatus for 5 min; the number of
holes explored, the time spent head dipping and the number of rearings
was then measured.
Locomotor activity test
The spontaneous locomotion activity was measured in a box made

of Plexiglas, with a floor of 30 × 15 cm and 15-cm-high walls, as previ-
ously described (Fernández et al., 2006). The locomotor activity was
expressed as total light beam counts per 5 min.

Inverted screen test
The inverted screen test was used to assess motor coordination

(Coughenour et al., 1977). Mice were placed on a 13 × 13-cm wire
mesh screen elevated 40 cm above the ground. After slowly inverting
the screen through an angle of 180°, the time required for each mouse
to climb to the top was recorded, as was the number of mice that
dropped off. Mice not climbing to the top (all four paws on upper sur-
face) were counted as failures. A 150-second cut-off was imposed. The
inverted screen test is a functional test that requires coordination and
strength. Occasionally, mice need to be trained to climb over the edge
of the screen, but mice used here were not pre-tested.

Y maze test
The experimental apparatus consisted of a Y-maze made of gray

Plexiglas with three identical arms mounted at 120° to one another.
Each arm of the Y-maze was 32.5-cm long, 15-cm high and 8.5-cm
wide (labeled A, B and C). Each mouse was placed at the end of one
arm and allowed to move freely through the maze during an 8-min
test period. The sequence of arm entries was recorded manually (that
is, ABCBAC, and so on). An actual alternation was defined as entries
into all three arms on consecutive occasions. Therefore, the maximum
alternation was defined as the total number of arm entries minus
two, and the percentage of alternation was calculated as (actual
alternations / maximum alternations) / 100. The total number of
arms entered during the sessions was also determined. Continuous
spontaneous alternation behavior in the Y-maze was a measure to as-
sess short term spatial memory (Dellu et al., 2000).

Real-time quantitative RT-PCR

SYBR Green PCR Master Mix was used with an ABI PRISM 7500
Sequence Detection Software (all from Applied Biosystems). Primers
used were: mouse GAPDH, forward: CCAGAACATCATCCCTGCAT, re-
verse: GTTCAGCTCTGGGATGACCTT; mouse Ccl-2 (MCP-1), forward:
CACTCACCTGCTGCTACTCA, reverse: GCTTGGTGACAAAAACTACAGC;
mouse M-CSF, forward: AAGGCCTGTGTCCGAACTTT, reverse: TGGTC
ACCACATCTCGGCTA.

Statistical analyses

Graph-Pad Prism Software was used for data analysis. Results were
presented as mean ± SEM. Comparisons were performed using un-
paired one-tailed Student's t-test or one way analysis of variance
(ANOVA) followed by Bonferroni post-hoc tests where appropriate.
Data frombehavioral assayswere analyzed by two-way ANOVA, consid-
ering CPZ treatment and animal type as two main factors, and post-hoc
comparisonwasmade using Bonferroni post test.When a significant in-
teraction was observed, subsequent one-way ANOVA and Newman–
KeulsMultiple Comparison post-hoc testwas applied. P b 0.05was con-
sidered statistically significant.

Results

Susceptibility of Lgals3−/− mice to CPZ-induced demyelination and ability
to initiate spontaneous remyelination

Lgals3−/−mice (C57BL/6 background) were generously provided by
Dr. F.-T. Liu (University of California, Davis) and generated as described
(Hsu et al., 2000). Animals were housed in groups of 4 in a controlled
environment (20–23 °C) with free access to food and water, and



Fig. 1. CPZ-induced demyelination. A: Weight variation during treatment. Animal weight before treatment was regarded as 100%. At least 15 animals per group were measured in each
time point. B: Representative sections showing MBP expression in stained CC sections at the fifth week of treatment. C: Immunoreactive signal was measured by IOD in a grid of several
rectangles within the medial CC, as detailed in the scheme (box), using the Image Pro Plus 5.5 Software. Images (magnification 20×) were measured from 4 to 5 mice per treatment per
time point. Demyelination score measured by MBP IOD relative to WT Ctrol was assumed as 100%. WT CPZ mice experienced demyelination until the 5th week of treatment, when they
started to spontaneously remyelinate. Ctrol l-fed-Lgals3−/− mice exhibited hypomyelination and CPZ-fed-Lgals3−/− mice suffered sustained demyelination without spontaneous
remyelination. D: Demyelination rate during treatment of WT CPZ relative to WT Ctrol and Lgals3−/− CPZ relative to Lgals3−/− Ctrol. These rates revealed equal susceptibility to CPZ de-
myelination in both animal strains, although onlyWTmice were able to spontaneously remyelinate. E:Western blot analysis of MBP expression provided quantitative support for panels
B andC.Note that not allMBP isoforms are equally affected, 21.1 and17.4 kDa isoformsbeing themost affectedones.β-tubulinwas used as a loading control. Values represent themean ± SEM
of 3 independent experiments. **P b 0.01; ***P b 0.001 using one way analysis of variance (ANOVA) followed by Bonferroni post-hoc tests.
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maintained on a 12 h/12 h day/night cycle, with lights on at 6 a.m. All
animal protocols were approved by the Institutional Review Board of
the University of Buenos Aires, and animal experimentation was in ac-
cordance with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals.

In order to evaluate the course and extent of demyelination induced
by CPZ treatment during 3, 4, 5 or 6 weeks, brain coronal sections of
Lgals3−/− and WT mice were histochemically stained for the myelin
basic protein (MBP) (Fig. 1B). In WT animals, MBP immunoreactivity
decreased continuously under CPZ treatment, reaching a minimum
around the fifth week. At that time, spontaneous remyelinationwas ini-
tiated even though the CPZ diet wasmaintained up to the sixthweek. In
agreement with our previously published data (Pasquini et al., 2011),
Lgals3−/− mice showed basal hypomyelination relative to WT mice. In
contrast to WT mice, Lgals3−/− mice subjected to the CPZ diet devel-
oped continuous demyelination during the observation period (up to
the sixth week), with no signs of remyelination. Quantitative support
was obtained through Integrated Optical Density (IOD) of MBP immu-
noreactivity in the CC of the different experimental conditions relative
to control-fed WT mice (Fig. 1C). To evaluate whether mice lacking
Gal-3 were differentially susceptible to CPZ-induced demyelination,
data were expressed as an IOD ratio in CPZ-treated vs control-fed WT
mice or in CPZ-treated vs control-fed Lgals3−/− mice (Fig. 1D). Our
Fig. 2. Identification of OPC after CPZ treatment. A: OPC were identified as PDGFRα+ cells in
reconstructed to obtain a 3D figure using Image J software (z-stack). PDGFRα+ cells were qu
done using the IMARIS 6.3.1 program (Bitplane Sci Software), which determines the cell soma
Images (magnification 20× and 40×) were measured from 4 to 5 mice per treatment per tim
PDGFRα+ cells in CC in both animals fed with CPZ, although this increase was greater in Lgal
on the right bar graph. Values represent the mean ± SEM of 3 independent experiments. PDG
significant; *P b 0.05; **P b 0.01; ***P b 0.001 using oneway analysis of variance (ANOVA) foll
results showed a similar decrease in MBP myelinated tracts in the
CC following CPZ treatment in WT and Lgals3−/− mice up to the
fifth week, when the remyelination process started only in WT
mice (Fig. 1D). These data reflect a similar susceptibility to CPZ-
induced demyelination in both animal strains but a differential ca-
pacity to initiate the remyelination process. Western blot analyses
of MBP expression in the CC provided semiquantitative support to
immunohistochemical studies (Fig. 1E).

The number of OPC labeled for PDGFRα was higher in both CC
and SCZ from Lgals3−/− compared to WT mice previous to CPZ
treatment, suggesting an oligodendroglial proliferative response
to basal hypomyelination. When both animal strains were submitted
to CPZ intoxication, a significant increase was observed in the number
of PDGFRα+ cells (Fig. 2A), which was higher in Lgals3−/− mice as a
consequence of stronger demyelination. Interestingly, these cells
showed a stellate morphology with a higher number of multipolar pro-
cesses in WT mice (Fig. 2B), indicating a decreased ability of Lgals3−/−

cells to differentiate. Quantitative supportwas obtained through the as-
sessment of branches and terminal processes as well as their length
(Fig. 2B).

To assess changes inmyelination at the ultrastructural level, we used
transmission transmission electron microscopy in CC from Lgals3−/−

and WT mice subjected to 5 weeks of CPZ treatment. Lgals3−/− mice
SCZ and CC (white arrows). Images obtained by confocal microscopy in the z axis were
antified in the CC within the scheme boxes depicted in the figure. Measurements were
and its projections. The number of cell soma was taken as the number of PDGFRα+ cells.
e point. Quantification shown in the right graph revealed an increase in the number of
s3−/− mice. B: Filament plot was performed for each image and quantification is shown
FRα+ cells exhibit greater arborization in WT CPZ than in Lgals3−/− CPZ mice. ns: non-
owed by Bonferroni post-hoc tests.



Fig. 3. EM studies ofmyelin structure inWT and Lgals3−/−mice. A: Representative EMphotographs at 6000×,with a scale bar equal to 5 μm.Myelin obtained from Lgals3−/−mice is looselywrapped around the axons as compared tomyelin fromWT
mice. Morphometric analysis shows the percentage of correctlymyelinated axons, the number of myelin turns and the g-ratio. The symbols denote significance: *, relative toWT Ctrol and+, relative to Lgals3−/− Ctrol. B: Relationship between axon
caliber and state of myelination. C: G-ratio distribution plotted versus axon diameter. At least 3mice per experimental condition and 12 images for eachmouse were analyzed. Values are expressed as themean ± SEM. Comparisons were performed
using unpaired one-tailed Student's t-test (+ and *P b 0.05; **P b 0.01; ***P b 0.001).
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showed a significant decrease in the percentage of myelinated axons
and myelin turns relative to WTmice (Fig. 3A). Morphometric analyses
showed that CPZ treatment induced a significant decrease in the number
of myelinated axons per field and myelin turns (lamellae) in Lgals3−/−

mice, together with an increase in the g-ratio (Fig. 3A). When these pa-
rameterswere expressed as ratios between CPZ- and control-fed animals,
results showed similar vulnerability to CPZ treatment in both animal
strains (data not shown). These results are in agreement with immuno-
histochemical studies for MBP expression, except for the evaluation of
myelin turns, where WT seemed to be more widely affected. Thus, basal
hypomyelination in Lgals3−/−micemight allowonly for a slight loss of la-
mellae which is compatible with life. When the relationship between ax-
onal caliber and state of myelination was evaluated, results showed a
higher number of smaller axons and demyelinated axons distributed in
all ranges of diameter sizes in control-fed Lgals3−/− mice as compared
to their WT counterpart (Fig. 3B). In WT mice, CPZ treatment induced a
significant increase in the number of small axons, concomitantly with a
decrease in large ones. In contrast, in Lgals3−/− mice CPZ treatment led
to a loss of small axons, an effect probably associated with the basal
demyelinated status of these mice, which led to degeneration under in-
duced demyelination. Accordingly, when g-ratioswere plotted versus ax-
onal diameters, control-fed Lgals3−/− mice showed a larger number of
axons with small diameter and g-ratio closer to 1 relative to WT mice,
Fig. 4. The astroglial compartment in response to CPZ-induced demyelination under Gal-3 defic
treatment inWT or Lgals3−/− animals. The astroglial response was particularly increased in Lga
WT animals. B: GFAP+ cells were quantified in the CCwithin the scheme boxes depicted in the
which determines the cell soma and its projections. The number of cell soma was taken as the
mice per treatmentper time point. Quantification of GFAP+ cells evaluated in relationshipwithW
week of intoxication. The graph below showsGFAP quantification relative to GAPDH. D: Filamen
is shown on the right bar graph. Values represent themean ± SEM of 4 independent experimen
and Cingulum. ns: non significant; *P b 0.05; **P b 0.01; ***P b 0.001 using unpaired one-taile
which reflects basal hypomyelination in Gal-3-deficient mice. Moreover,
CPZ-treatedWTmice evidenced a shift of g-ratio/axon diameter parame-
ters toward smaller axons and g-ratios closer to 1, while Lgals3−/− mice
displayed a substantial overlap of both parameters (Fig. 3C). Thus,
CPZ treatment favored the loss of large axons and promoted an
increase in the number of small demyelinated axons in WT mice,
while Lgals3−/− mice were extensively affected in accordance with
their basal hypomyelination status.
Lgals3−/− mice display heightened astroglial response

Reactive astrogliosis was observed by glial acidic fibrillary pro-
tein (GFAP) staining in response to CPZ treatment. The astroglial
response was more sharply augmented in Lgals3−/− mice with demye-
lination still under way at the sixth week of CPZ treatment, when the
remyelination process started in WT animals (Fig. 4A). These data were
supported by semiquantification of GFAP+ cells in the CC and Western
blot analyses (Figs. 4B and C). GFAP staining, evaluated in the sixth
week of CPZ treatment, showed considerable changes in astroglial mor-
phology. In fact, astrocytes of Lgals3−/−mice displayed hypertrophic pro-
cesses with a sharp increase in ramification terminal points, segments
and branches (Fig. 4D).
iency. A: Astrocytes immunostained with anti-GFAP antibody in the CC in response to CPZ
ls3−/−mice in the sixthweek of CPZ treatment, when the remyelination process started in
figure. Measurements were done using the IMARIS 6.3.1 program (Bitplane Sci Software),
number of GFAP+ cells. Images (magnification 20× and 40×) were measured from 4 to 5
T Ctrl condition, assumedas 100%. C:Western blot analysis of GFAP expression at thefifth

t plotwas performed in the sixthweek of CPZ treatment for each image and quantification
ts. GFAP+ cells exhibit greater arborization in Lgals3−/− CPZ thanWT CPZmice in both CC
d Student's t-test followed by Bonferroni post-hoc tests.



Fig. 5. Co-localization of Gal-3 with ED1 (activatedmicroglia) or GFAP (astrocytes) during CPZ-induced demyelination. A and C: Confocal micrographs of CC ofWTmice during CPZ treat-
ment. In panel A, some ED1+ cells (green) co-localizedwith Gal-3+ cells (red) andmerged cells were distinguished as orange ones (white arrows). In panel C, GFAP+ cells (green) had no
co-localizationwithGal-3+ cells (red). B:Quantification of ED1+, Gal-3+ and ED1+/Gal-3+ cells during CPZ treatment inWTmice. Cell quantificationwasdetermined in the scheme boxes
within the CC. A peak in ED1+/Gal-3+ cells was observed in the fifth week of treatment. D: Co-localization was assessed using an application from Image Pro Plus 5.5 Software which cal-
culates the co-localization index. The scheme shows the co-localization index using Pearson's coefficient (referring to the measure over 0.5). ED1 and Gal-3 showed significant co-
localization but GFAP andGal-3 did not. Statistical comparisonswere performed using unpaired one-tailed Student's t-test, n ≥ 4 (ns: non-significant; *P b 0.05; **P b 0.01; ***P b 0.001).
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Gal-3 is expressed in activated microglial cells during CPZ-induced
demyelination

CPZ administration induces rapid proliferation and accumulation of
microglia and macrophages in the CC (Hiremath et al., 1998; Morell
et al., 1998), which is necessary for demyelination (Pasquini et al.,
2007). To evaluate the temporal course of Gal-3 expression and its cel-
lular localization, co-immunostainingwas carried out using an anti-Gal-
3 antibody and specific markers of activated microglia (ED1) or astro-
cytes (GFAP) during CPZ-induced demyelination. Confocal micrographs
showed that all Gal-3+ cells were positive for ED1 from the third week,
showing a peak in the fifth week of intoxication, while the presence
of ED1+/Gal-3− cells was also detected (Figs. 5A, B and D). In contrast,
no co-localization of GFAP and Gal-3 expression was observed (Figs. 5C
and D). In agreement with these results, recent studies showed that
Gal-3 expression was detectable at five weeks of CPZ diet on microglial
cells in the CC and remained elevated during remyelination (Olah et al.,
2012).

Gal-3 is required for microglial activation

To evaluate the involvement of microglial cells in Gal-3-mediated
effects, we first stained the CC of animals subjected to different experi-
mental conditions using the specific lectin Griffonia simplicifolia. In
agreement with previous studies, WT mice fed with a control diet evi-
denced a small number of microglial cells with an increase in Griffonia
IOD as from the third week of CPZ intoxication (Supplementary
Fig. 1). Remarkably, control-fed and CPZ-fed Lgals3−/− mice showed
higher levels of Griffonia IOD and a substantial increase in microglial ac-
tivation relative to control-fed WT mice (Supplementary Fig. 1).
To examine the effects of Gal-3 on microglial activation during CPZ-
induced demyelination, total and activated/phagocytic microglia were
determined as CD11b+ cells and ED1+ cells, respectively. The number
and intensity of CD11b+ cells increased substantially from the third
week of CPZ treatment in bothWT and Lgals3−/−mice, although this in-
creasewas greater in Lgals3−/− than inWTmice (Figs. 6A and B). To de-
termine the viability of CD11b+ cells, studies of co-localization of CD11b
and cleaved caspase-3 were performed in the fifth week of CPZ treat-
ment. A significant increase in the number of double positive CD11b+/
cleaved caspase-3+ cells was observed in Lgals3−/− relative to WT
mice (Figs. 6A and C). Analyses of the phagocytic capacity of microglial
cells revealed that CPZ treatment induced a robust upregulation of
ED1 only in WT mice, while ED1+ cells were absent in Lgals3−/− mice
(Fig. 6D). Quantitative supportwas obtained from immunoprecipitation
of CC total lysates using an ED1 antibody and Western blot analyses,
which enabled concentration of samples and detection of ED1 reactivity.
Quantitative results showed an increase in ED1 immunoreactivity only
in WT mice treated with CPZ during 5 weeks (Fig. 6E). Our results
suggest that Gal-3 is required for demyelination-induced microglial ac-
tivation. To expand our analysis to other areas of the brain, Iba-1 immu-
noreactivity was evaluated in the whole coronal slices, and in a specific
structure distinct from the CC, namely the CX (Fig. 7A). To this end, a
quantitative assessment of the number and length of branches and ter-
minal processes was conducted. In agreement with CD11b immunore-
activity, results showed an increase in Iba-1 immunoreactivity in CPZ-
treated Lgals3−/− mice relative to CPZ-treated WT mice. When the CX
was specifically evaluated, no changes were observed in the segments,
terminal points or branches of the Iba-1+ cells analyzed,which suggests
that the absence of Gal-3 does not affect microglial activation in areas
presenting lower quantities of myelin debris to phagocyte (Fig. 7B).



Fig. 6. Evaluation of microglial activation in the fifth week of CPZ-induced demyelination inWT and Lgals3−/− mice. A: Images of CC obtained by confocal microscopy in the fifth week of
treatment. Total microglia was determined as CD11b+ cells. Apoptotic cells were evidenced by cleaved Casp3 (caspase-3). Co-localization of CD11b and cleaved Casp3 was assessed to
determine microglial apoptosis. B: Representative flow cytometry histograms and quantitative assessment of the frequency of CD11b+ cells; on the left, Lgals3−/− CPZ (red) vs. Lgals3
−/− Ctrl (white) and, on the right, WT CPZ (red) vs. WT Ctrl (white). CD11b+ cells were isolated with magnetic microbeads conjugated with an antibody against CD11b, immunostained
with a PE-conjugated anti-CD11b-PE antibody and analyzed by flow cytometry (Beckmann). Data were processed with Winmdi 2.8 Software. C: Quantification of co-localization of
CD11b+/cleaved Casp3+ cells fromWTCPZ and Lgals3−/− CPZmice. D: Activated/phagocyticmicrogliawere determined as ED1+ cells in thefifthweek of treatment. E:Western blot anal-
ysis of immunoreactive ED1protein bands. Quantitative supportwas obtained from immunoprecipitation of CC total lysates using an anti-ED1 antibody. The graphbelow shows ED1quan-
tification relative to β-tubulin (loading control). Values represent the mean ± SEM of 3 independent experiments. *P b 0.05, **P b 0.01; ***P b 0.001 using one way analysis of variance
(ANOVA) followed by Bonferroni post-hoc tests.
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Cell proliferation was evaluated by immunofluorescence for Ki67, a
marker of proliferating cells and incorporation of BrdU in the CC of
WT and Lgals3−/− mice during CPZ-induced demyelination (Fig. 8A).
Quantitative studies of BrdU+ cells during demyelination in the CC re-
vealed amarked increase in the number of proliferating cells in both an-
imals, as compared to the weak proliferation present in control WT and
Lgals3−/−mice. However, Lgals3−/−mice reached amaximumof prolif-
eration earlier thanWTmice (Fig. 8B).When incorporation of BrdUwas
assessed in CD11b+ cells, previously selected by separation with mag-
netic microbeads, quantification showed a higher number of CD11b+/
BrdU+ cells in control-fed Lgals3−/− relative to WT mice. Moreover,
the number of CD11b+/BrdU+ cells was higher in CPZ-fed Lgals3−/−

than in WT mice in both the fourth and fifth weeks of intoxication.
Moreover, CPZ-fed Lgals3−/− mice displayed a decrease in the number
of these cells from the fourth to the fifth week while CPZ-fed WT mice
exhibited no considerable changes (Fig. 8C).

Gal-3 imprints a microglial phagocytic phenotype during CPZ-induced
demyelination

A pronounced increase in the phagocytic capacity of microglial cells
has been reported during CPZ-induced demyelination, associatedmain-
ly with an upregulation of the phagocytic receptor TREM-2b (Voß et al.,
2011). To study whether Gal-3 expression participates in the induction
of this phagocytic receptor, we used magnetic microbeads to isolate
CD11b+ cells from Lgals3−/− and WT mice in the fourth and fifth
weeks of CPZ treatment. These animals were previously perfused with
ice-cold PBS to clear the intravascular compartment from blood cells.
In agreement with previously published data, CPZ-fed WT mice
displayed upregulation of TREM-2b as from the fifth week of CPZ-
treatment. Surprisingly, Lgals3−/− mice were unable to induce TREM-
2b (Fig. 9A). Original representative FACS plots are shown in Supple-
mentary Fig. 2, in which the cut-off was determined according to pre-
incubation with pre-immune sera.

To further characterize themicroglial phenotype, we studied the ex-
pression of MHC class II, CD200R—a receptor that mediates inhibitory
signals in microglial cells—and TNF-α—a pro-inflammatory cytokine.
Our results showed unaltered MHC II expression in both Lgals3−/−

and WT mice subjected to 4 or 5 weeks of CPZ intoxication. On the
other hand, WT mice exhibited non-significant upregulation of
CD200R expression early during CPZ-induced demyelination (fourth
week), followed by a substantial downregulation of this receptor in
the fifth week. In contrast, Lgals3−/− mice were unable to upregulate
CD200R in the fourth or fifth weeks, and displayed a significant down-
regulation starting from the fourth week. Finally, we found increased
production of TNF-α in microglial cells from WT mice, although these
changes were not statistically significant. In turn, Lgals3−/− mice
showed unaltered TNF-α production during the fourth and fifth weeks
of CPZ treatment. Interestingly, TNF-α production in the fifth week of
CPZ treatment was significantly higher in WT than in Lgals3−/− mice
(Fig. 9A).

Isolated CD11b+ cells were stained for CD45 and CD11b expression
in order to differentiate betweenmicroglia andmacrophages. Microglia
typically express a CD11b+/CD45low phenotype,whilemacrophages are
typically CD11b+/CD45high (Ford et al., 1995; Sedgwick et al., 1991). A
higher number of CD11b+/CD45high cells were found in the fourth
week of CPZ treatment in both Lgals3−/− andWTmice, although this in-
crease was only statistically significant in Lgals3−/− mice (Fig. 9A).
When CD11b+/CD45high⁎ cells were selected using a cut-off demanding
higher levels of CD45 expression, the number of these cells showed a
more pronounced increase in CPZ-treated Lgals3−/− vs WT mice,
3.4 ± 1.0 vs. 1.1 ± 0.9 (Fig. 7B). CD11b+/CD45high were also positive



Fig. 7. A: Immunostaining of Iba-1 in coronal brain slices in the fifth week of CPZ-induced demyelination in WT and Lgals3−/− mice. Carefully matched adjoining photographs obtained
from a single brain sectionwere used to prepare an Iba-1 composite photograph. Iba-1 immunohistochemistry in CX.Microscopic studieswere done in the area delineated by a continuous
box (CX). Images fromCXwere obtained by confocalmicroscopy in the z axis andwere reconstructed to obtain a 3Dfigureusing Image J software (z-stack). B: Filament plotwasperformed
for each z-stack of CX and quantification is shown on the bar graph. Values represent themean ± SEMof 3 independent experiments. Iba-1+ cells exhibit similar arborization in the CX of
WT CPZ and Lgals3−/− CPZ mice. ns: non-significant; oneway analysis of variance (ANOVA) followed by Bonferroni post-hoc tests. C: Iba-1 and CD45 co-immunohistochemistry in CC.
Microscopic studies were done in the area delineated by a dotted box (CC). Images from CC were obtained by confocal microscopy in the z axis and were reconstructed to obtain a 3D
figure using Image J software (z-stack). D: Flow cytometry analysis of CD11b/CD45high cells. CD11b+ were purified by magnetic microbeads conjugated to an antibody against CD11b,
followed by immunostaining with a specific antibody against CD11-PE and CD45-FITC and evaluated by flow cytometry. Data were processed with Winmdi 2.8 Software. Pre-immune
sera were used as negative controls for polyclonal antibodies.
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for F4/80 (not shown), which is not expressed in lymphocytes. In addi-
tion,when Iba-1+/CD45high cellswere evaluated by immunohistochem-
istry, only a few were found to be positive for both markers and no
significant differences were observed between Lgals3−/− and WT mice
(Figs. 7C and D), although this analysis does allow for a distinction be-
tween CD11b+/CD45high and CD11b+/CD45high⁎. To investigate wheth-
er the increased frequency of CD11b+/CD45high cells originates from
monocytes, brain sections were stained after 5 weeks with Ly6C. No
Ly6C+ cells were detected in either Lgals3−/− orWTmice (Supplemen-
tary Fig. 3), which suggests that the macrophages observed (CD11b+/
CD45+ cells) could not have originated from monocytes and that the
migration of these cells was not induced by Gal-3 deficiency. Finally,
mRNA was analyzed by RT-PCR for inflammatory molecules such as
CCL2 and M-CSF in samples from CC and CX of WT or Lgals3−/− mice
in the fifth week of CPZ-induced demyelination. While no significant
differences were observed among the different groups analyzed for M-
CSF, a significant increase was observed for CCL2 in CC Lgals3−/− mice
(Fig. 9B).
Behavioral studies

The behavior of WT and Lgals3−/− mice after 2 and 5 weeks of CPZ
treatment in the plus-maze, locomotor activity and Y-maze tests is
shown in Fig. 8. After 2 weeks of CPZ treatment, both WT and Lgals3−/−

mice increased significantly the percentage of open arm entries
(P b 0.05 and P b 0.001, respectively); only CPZ-treated Lgals3−/−

mice showed an augmented percentage of time spent in open arms
(P b 0.001), while the number of total arm entries was not modified
in the plus maze test (Fig. 10A). These results suggest that WT and
Lgals3−/− mice have lower levels of innate anxiety than their naive
counterparts after 2 weeks of CPZ treatment. Furthermore, Lgals3−/−

mice treated with CPZ for 2 weeks also showed a significant decrease
in the counts measured in the locomotor activity test (P b 0.05,
Fig. 10B), which hints at diminished locomotor activity. Interestingly,
2-week exposure to CPZ lowered the percentage of spontaneous alter-
nation of Lgals3−/−mice in the Y-maze test (P b 0.05, Fig. 10C) but pro-
duced no significant changes in the WT group. After 5 weeks of CPZ



Fig. 8. Variations in cell proliferation and microglial phenotype during demyelination.
A: Representative immunohistochemical staining of Ki67+ (red) and BrdU+ (violet) in
CC sections at the fifth week of treatment. Nuclei were marked with Hoechst 33342.
White boxes show insets of proliferating cells in each condition. Proliferating cells are in-
dicatedwithwhite arrows. B: The graph shows the amount of BrdU+ cells in theCC inboth
WT and Lgals3−/− animals fed with CPZ at 4 and 5 weeks of treatment. BrdU+ cells were
analyzed and quantified in the area of CC depicted by the box in the scheme. Cells were
regarded as BrdU+ positive only when co-localizing with Hoechst nuclear staining. C:
Flow cytometry analysis of BrdU+ cells in pre-sorted microglial cells (CD11b+) from CC
at the fifthweek of treatment. CD11b+were purified bymagnetic microbeads conjugated
to an antibody against CD11b, followed by immunostaining with a specific anti-BrdU an-
tibody and evaluated by flow cytometry. Data were processed withWinmdi 2.8 Software.
Pre-immune sera were used as negative controls for polyclonal antibodies. Isotype con-
trols were used for specific monoclonal antibodies. At least 6 mice per experimental con-
dition in each time point were analyzed. Values are expressed as the mean ± SEM.
Comparisons were performed using the ANOVA statistical test (ns: non significant;
*P b 0.05; **P b 0.01; ***P b 0.001).
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treatment, both WT and Lgals3−/− mice significantly decreased the
number of total arm entries in the plus maze (P b 0.05; Fig. 10D) and
the Y-maze tests (P b 0.001 and P b 0.05, respectively; Fig. 10F).
There was also a remarkable reduction in locomotor activity counts in
the locomotor activity test (P b 0.001 and P b 0.01; Fig. 10E). No other
differences were found in the parameters measured either in the
hole-board or the inverted screen tests (data not shown).

Discussion

Galectins, an evolutionarily conserved family of animal lectins, dis-
playmultiple roles in diverse immune cell processes, shaping the course
of adaptive immune responses and fine-tuning the inflammatory re-
sponse (Rabinovich and Croci, 2012). In particular, Gal-3 is expressed
by a variety of immune cells at the periphery during innate and adaptive
immune response (Leffler et al., 2004; Rabinovich et al., 2007; Yang
et al., 2008). Gal-3 is expressed and secreted by peripheralmacrophages
(Sato et al., 1993; Sato and Hughes, 1994) and its binding to different
cell surface glycosylated receptors induces immune cell activation, dif-
ferentiation and survival (Rabinovich and Croci, 2012). Both adaptive
and innate immune responses are controlled by Gal-3. For example,
through the formation of supramolecular networks—called lattices—
with N-glycans on the T cell receptor (TCR), Gal-3 increases the thresh-
old of antigen-driven T cell activation (Demetriou et al., 2001). While
the role of Gal-3 is relatively well defined in peripheral immune cells,
little is known about its role in the CNS. Gal-3 is upregulated in the spi-
nal cord and optic nerves of mice with EAE (Reichert and Rotshenker,
1999), suggesting its potential role in modulating neuroimmune pro-
cesses. In addition, Gal-3 stimulates neural cell adhesion and neurite
growth (Pesheva et al., 1998), whereas it inhibits Schwann cell prolifer-
ation in cultured sciatic nerves (Gustavsson et al., 2007). Interestingly,
in previous work we demonstrated that Gal-3 promotes OLG differenti-
ation and contributes to myelin integrity and function (Pasquini et al.,
2011). Moreover, Gal-3 is also involved in the modulation of cell motil-
ity in the rostral migratory stream (Comte et al., 2011).

Microglia, the only resident hematopoietic cells in the CNS, participate
in the regulation of immune responses due to their phagocytic capacity
and their ability to present antigens and secrete immunoregulatorymedi-
ators such as cytokines, growth factors and chemokines (Perry and
Gordon, 1991). Whether microglia play a harmful or beneficial role
during CNS inflammation has been extensively debated (Block et al.,
2007; Hanisch and Kettenmann, 2007). Similar to theM1 andM2 pheno-
types of peripheral macrophages (Gordon, 2003; Martinez et al., 2008;
Mosser, 2003), microglia might fulfil both roles through different pheno-
types with distinctive functions in the control of both degenerative
and regenerative processes (Starossom et al., 2012). In this regard,
remyelination often fails in multiple sclerosis (MS), leading to long term
disability (Franklin, 2002).MS is characterized by acute demyelinating le-
sions with T cell infiltrates and activated macrophages (Adams et al.,
1989; Hickey, 1999). However, OLG apoptosis occurs in both active and
newly formed lesions even in the absence of these peripheral cells,
which results in infiltration and activation of local microglia (Barnett
and Prineas, 2004; Barnett et al., 2006; Gay, 2006; Henderson et al.,
2009). Phagocytosis of myelin debris by microglia and macrophages
plays an important role in the initiation of remyelination, as OPC differen-
tiation can be inhibited bymyelin (Kotter et al., 2006).Myelin phagocyto-
sis is mediated by CR3/MAC-1 and SRAI/II, which are regulated by Gal-3-
dependent activation of PI3K; as a consequence, myelin phagocytosis is
deficient in Lgals3−/− microglia (Rotshenker et al., 2008). Our results
show that the OPC generated in response to CPZ-induced demyelination
in Lgals3−/− mice have decreased ability to differentiate, which could be
due to the inhibitory effects exerted by impaired phagocytosis of myelin
debris in Lgals3−/− microglia. Moreover, this could also be explained by
recent findings demonstrating that conditioned media from Gal-3-
expressing—but not Lgals3−/−—microglia successfully promote OLG dif-
ferentiation (Pasquini et al., 2011).

TREM-2b has recently been described as a central mediator of
phagocytosis involved in debris clearance. The loss-of-function muta-
tion of the microglial receptor TREM-2b leads to a rare hereditary



Fig. 9. A: Flow cytometry analysis of cell surface receptors and cytokine production by pre-sortedmicroglial cells (CD11b+) from CC at the fifth week of treatment. CD11b+were purified
bymagneticmicrobeads conjugated to an antibody against CD11b, followed by immunostainingwith a specific antibody against cell surface receptors and cytokines and evaluated byflow
cytometry. Data were processedwithWinmdi 2.8 Software. Pre-immune serawere used as negative controls for polyclonal antibodies. Isotype controlswere used for specificmonoclonal
antibodies. At least 6 mice per experimental condition in each time point were analyzed. Values are expressed as the mean ± SEM. Comparisons were performed using the ANOVA sta-
tistical test (ns: non significant; *P b 0.05; **P b 0.01; ***P b 0.001). B: Results of CCL2 (a) and M-CSF (b) gene expression analysis by RT-PCR of the entire CC or CX. Data are expressed
relative to GAPDH mRNA (±SEM). Values were normalized against a housekeeping gene (GAPDH) and expressed relative to the respective control levels. Notice that only CCL2 mRNA
expression levels in CC of CPZ-treated Lgals3−/− mice were significantly increased. Comparisons were performed using one way analysis of variance (ANOVA) followed by Bonferroni
post-hoc tests (**P ≤ 0.01).
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disease named polycystic lipomembranous osteodysplasiawith scleros-
ing leukoencephalopathy (PLOSL), or Nasu–Hakola disease (Hakola,
1972; Nasu et al., 1973; Paloneva et al., 2001), which is characterized
by a combination of progressive presenile dementia and sclerosing
leukoencephalopathy with bone cysts and which is most likely caused
by an impaired phagocytic function of microglia (Paloneva et al.,
2002). Piccio et al. (2007) demonstrated that TREM-2b expression is up-
regulated in the spinal cord during the early, inflammatory and chronic
phases of EAE in microglial cells, and that its blockade during the effec-
tor phase of EAE results in disease exacerbation. Moreover, the intrave-
nous inoculation of TREM-2-transduced myeloid cells leads to the
amelioration of EAE associated with increased myelin phagocytosis
(Takahashi et al., 2007). A pronounced increase in microglial phagocy-
tosis has been reported during CPZ-induced demyelination. This in-
crease is associated with the upregulation of phagocytic receptors,
including TNF-α production and early induction of CD200R, although
TREM-2b plays themost prominent role (Voß et al., 2011). Interestingly,
our results show that Lgals3−/−mice are unable to induce TREM-2b and
increase TNF-α production. They also exhibit a significant decrease in
CD200R as a response to CPZ intoxication, indicating that the absence
of Gal-3 leads to altered microglial response to CPZ treatment.

Recently, Lalancette-Hébert et al. (2012) demonstrated that Gal-3
plays a pivotal role in mediating injury-induced microglial activation
and proliferation using a unilateral transient focal cerebral ischemia
model in mice. In accordance with these findings, our studies show
the incapacity of Gal-3-deficient microglia to induce ED1 expression.
On the other hand, in contrast with evidence provided by Lalancette-
Hébert et al. in their model, our results display a higher proliferative
response of microglia to CPZ-induced demyelination in Lgals3−/− rela-
tive toWTmice. In our experiments, although Lgals3−/−mice generated
a higher number of cells with increased surface expression of CD11b,
these cells did not express ED1 and evidenced higher caspase-3 activa-
tion. This effect could be linked to the well-established anti-apoptotic
role of Gal-3 (Yang et al., 1996).

The CPZ-induced demyelination model in TNF-α-knockout mice
showed a delay in remyelination associated with a reduction in OPC
proliferation (Arnett et al., 2001). The regenerative effect of TNF-α in
CPZ mice was mediated by the TNF receptor 2 (TNFR2) but not by
TNFR1. This suggests a dual role for TNF-α in demyelination and
remyelination, depending on the underlying signaling pathway. In
TNF-α-knockout mice, remyelination was inhibited due to a delay in
OPC differentiation into mature OLG (Mason et al., 2001b). Accordingly,
our results show that Lgals3−/− mice do not increase TNF-α production
in response to CPZ intoxication,which could also explain the decrease in
OPC differentiation and the failure of Lgals3−/− mice to initiate sponta-
neous remyelination.

Previous studies reveal that CCL2 (MCP1) might be involved in MS
pathology. Anti-CCL2 significantly reduces the severity of relapsing
EAE (Karpus and Kennedy, 1997). Also, CCL2 mRNA levels have been
observed to transiently increase in the first week of CPZ treatment and
to return to control levels as from the second week of treatment, sug-
gesting that CCL2 mediates early microglia activation. Comparative



Fig. 10. Performance ofWT and Lgals3−/− mice after 2 (A, B, C) and 5 (D, E, F) weeks of CPZ treatment in the plus-maze, locomotor activity and Y-maze tests. Results are expressed as the
mean ± SEM of (A and D) total arm entries, percentage of open arm entries and percentage of time spent in open arms measured in the plus-maze test; (B and E) locomotor activity
counts; and (C and F) total arm entries and percentage of spontaneous alternation measured in the Y-maze. *P b 0.05; **P b 0.01 and ***P b 0.001 significantly different from WT
mice; +P b 0.05 and +++P b 0.001 significantly different from Lgals3−/− mice; Newman–Keuls Multiple Comparison Test after one way ANOVA.
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analyses revealed that CCL2, at least at the mRNA level, was greater in
the CC as compared to the CX region (Buschmann et al., 2012). More-
over, the polarization of M2 macrophages was associated with a de-
crease in inflammatory cytokine IL-1β, TNF-α and CCL2 (Liu et al.,
2013). Remarkably, our results show that only CPZ-treated Lgals3−/−

mice kept CCL2 mRNA levels significantly increased in the CC until the
fifth week, suggesting that the absence of Gal-3 prevents the shift
from M1 to M2 microglia.

Jiang et al. (2009) have demonstrated that Lgals3−/− mice exhibit
sharply reduced macrophage infiltration in the CNS during EAE, which
leads to reduced severity of the disease. These results supported the
key role of Gal-3 in promoting inflammation via local recruitment of
leukocytes. The CPZ model offers the opportunity to investigate CNS
processes leading to remyelination independently of the contribution
of the peripheral immune system, as there is no breakdown of the
blood brain barrier (BBB). Distinct from EAE, CPZ-induced demyelin-
ation is characterized by the accumulation of resident microglia with
very few peripheral macrophages (McMahon et al., 2002; Yagi et al.,
2004). Moreover, CPZ-induced demyelination does not involve the ac-
cumulation of T cells, presumably because the BBB is not compromised
(Bakker and Ludwin, 1987; Kondo et al., 1987).

The 21.5 kDa MBP isoform is the first of classic isoforms to be syn-
thesized from OPC which promotes not only their proliferation but
also enhances their branching (Smith et al., 2013). Whereas these
roles are dependent on the subcellular localization of 21.5 kDa MBP to
the nucleus, other MBP isoforms including 18.2 kDa and 14.0 kDa
are localized closer to the membrane and are involved in myelin
compacting and stabilization (Chernoff, 1981). Our data (Fig. 1E)
show a dramatic decrease in 21.5 kDa MBP isoform even when Gal-3
is absent. Our results further show that these isoforms are affected by
CPZ demyelination in the absence of Gal-3, suggesting that Gal-3
mightmodulate the stabilization or expression of these isoforms during
CPZ demyelination, and might account for the lack of myelin observed
in Lgals3−/− mice. Additionally, Gal-3 seems to play a role at the early
stages of OPCmaturation, as a decrease in the branching of the arboriza-
tion processes is evident in its absence (Fig. 2). One possibility is that
Gal-3 might act intracellularly by regulating both the subcellular locali-
zation of 21.5 kDa MBP isoform and the expression and/or stabilization
of the 18.5 kDa and 14.0 kDa isoforms. On the other hand, Gal-3 could
function extracellularly by reacting to different glycosylated molecules
such as CSPG (NG2+ cells), thus inducing OPC maturation.

The analysis of axon caliber distribution has been used to describe
developmental myelination processes as well as states of active
remyelination. A significant reduction in the mean value for axonal di-
ameter has been previously described during acute demyelination
(Mason et al., 2001a). One of the possibilities could be a degeneration
process of large axons, while another explanationmight be a functional
relationship between axons andmyelinwhich alters axonal caliber. Our
results show a significant reduction in axonal caliber in Lgals3−/− mice,
reflecting their basal demyelination. CPZ demyelination in these
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animals led to a loss of small axons, an effect probably due to basal
demyelination, which promoted their degeneration under induced
demyelination.

Animal behavior, which reflects the interaction of diverse individual
factors, is often used as ameans to study the in vivo function of different
biological systems.Mice treatedwith CPZ exhibit weight loss and devel-
oped both motor and behavioral deficiencies (Franco-Pons et al., 2007;
Xu et al., 2009). In addition, behavioral changes in rodents upon long-
term CPZ exposure may be reminiscent of psychiatric disorders (Gregg
et al., 2009; Xu et al., 2009). Some of these signs and symptoms have
been successfully ameliorated by neuroleptic treatment (Xu et al.,
2010, 2011; Zhang et al., 2008), suggesting that long-term exposure to
CPZ may recapitulate psychiatric manifestations associated with MS
and related conditions involving white matter damage. In this regard,
we have previously demonstrated that Lgals3−/− mice have decreased
anxiety behavior, similar to that observed in the early demyelination
process following CPZ intoxication (Pasquini et al., 2011). Interestingly,
hypertensive rats, which serve as a spontaneousmodel of attention def-
icit hyperactivity, show behavior deficits, appearing considerably more
active and showing less anxiety-related behavior and memory impair-
ment. Surprisingly, these hypertensive rats have demonstrated a
lower expression of Gal-3 in brain prefrontal CX, andmiRNAmicroarray
screening has proven that rno-let-7d, which has a binding site at Gal-3
mRNA, was considerably upregulated (Wu et al., 2010). Accordingly,
the lack of Gal-3 and altered myelin structure in Lgals3−/− mice has
led to behavioral abnormalities including lower levels of anxiety and
impairment of the spatial working memory. CPZ effects on behavior
are observed earlier in Lgals3−/− mice, which is likely due to the early
depletion of their mature OLG pool, as CPZ treatment induces mature
OLG apoptosis as early as a few days after the initiation of the CPZ diet
and weeks before demyelination is evident (Buschmann et al., 2012;
Hesse et al., 2010).

In summary, we demonstrate here that Gal-3 is upregulated in
microglial cells during CPZ-induced demyelination and acts as an im-
portant modulator of microglial activation and phenotype, driving the
onset of remyelination. We report that Gal-3 deficiency leads to (1) a
similar susceptibility to CPZ-induced demyelination but an inability to
initiate spontaneous remyelination, (2) a decrease in the differentiation
of OPC, (3) a defective microglial activation during demyelination,
associated with a significant increase in the number of proliferating
microglial cells with higher levels of CD11b and caspase-3 activation
but without ED1 expression, (4) a failure of microglial cells to induce
TREM-2b expression or to produce TNF-α, and (5) early behavioral al-
terations including lower levels of anxiety, decreased locomotor activity
and impairment of the spatial working memory.

A recently published work has demonstrated that OLG differentia-
tion is enhanced in vitro with M2 cell conditioned media and impaired
in vivo following intra-lesional M2 cell depletion. Moreover, M2 cell
polarization is essential for efficient remyelination (Miron et al.,
2013). Therefore, Gal-3, expressed in microglial cells, could favor the
onset of remyelination through the induction of M2 cell polarization
or a direct effect on OLG differentiation, either extra or intracellularly.
Our results may have important implications in the development of fu-
ture therapies for a variety of demyelinating diseases such as MS.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.nbd.2013.10.023.
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