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Galectin-1 (Gal-1), a member of a highly conserved family of animal lectins, binds to the common disaccharide
[Galβ(1-4)-GlcNAc] on bothN- andO-glycans decorating cell surface glycoconjugates. Current evidence supports
a role for Gal-1 in the pathophysiology of multiple sclerosis (MS), one of the most prevalent chronic inflamma-
tory diseases. Previous studies showed that Gal-1 exerts neuroprotective effects by promoting microglial deacti-
vation in a model of autoimmune neuroinflammation and induces axonal regeneration in spinal cord injury.
Seeking a model that could link demyelination, oligodendrocyte (OLG) responses and microglial activation,
here we used a lysolecithin (LPC)-induced demyelination model to evaluate the ability of Gal-1 to preserve my-
elin without taking part in T-cell modulation. Gal-1 treatment after LPC-induced demyelination promoted a sig-
nificant decrease in the demyelinated area and fostered more efficient remyelination, concomitantly with an
attenuated oligodendroglial progenitor response reflecting less severe myelination damage. These results were
accompanied by a decrease in the area of microglial activation with a shift toward an M2-polarized microglial
phenotype and diminished astroglial activation. In vitro studies further showed that, mechanistically, Gal-1
targets activated microglia, promoting an increase in their myelin phagocytic capacity and their shift toward
an M2 phenotype, and leads to oligodendroglial differentiation. Therefore, this study supports the use of Gal-1
as a potential treatment for demyelinating diseases such as MS.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Galectins (Gals), an evolutionary conserved family of animal lectins,
play relevant roles in various physiologic and pathologic processes
(Hernandez and Baum, 2002; Rabinovich and Toscano, 2009). By
targeting different binding partners either by protein-glycan or pro-
tein-protein interactions, Gals are involved in cellular communication,
cell growth regulation, proliferation, migration, differentiation and apo-
ptosis, intracellular signaling and membrane trafficking (Brewer et al.,
reduced damage and enhanced
enotype, an increase in myelin
tion. These data support Gal-1
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2002; Liu et al., 2002; Hsu and Liu, 2004; Delacour et al., 2009). Changes
in their expression profiles and cellular localization have been widely
used as prognostic markers in several pathologic settings including can-
cer, inflammatory and neurodegenerative disorders (Lahm et al., 2001;
Langbein et al., 2007; Cludts et al., 2009; Cada et al., 2009; Salatino et al.,
2008; Starossom et al., 2012). In particular, Galectin-1 (Gal-1) binds to
the commondisaccharide [Galβ(1-4)-GlcNAc] on bothN- andO-glycans
decorating cell surface glycoconjugates. This lectin exists in amonomer-
ic-dimeric equilibriumdepending on its concentration, subcellular com-
partmentalization and biochemical features of different tissues (Di Lella
et al., 2011).

Multiple sclerosis (MS) is one of the most common causes of pro-
gressive disability affecting young people in their productive life stage.
The course of the disease is highly variable, although most patients ini-
tially present a relapsing-remitting course (relapsing-remitting MS;
RRMS). After 10 to 15-year evolution, this pattern becomes progressive
in up to 50% of untreated patients, with clinical symptoms slowly but
steadily deteriorating (secondary progressive MS; SPMS). In about 15%

http://crossmark.crossref.org/dialog/?doi=10.1016/j.nbd.2016.09.003&domain=pdf
http://dx.doi.org/10.1016/j.nbd.2016.09.003
mailto:laupasq@yahoo.com
Journal logo
http://dx.doi.org/10.1016/j.nbd.2016.09.003
Unlabelled image
http://www.sciencedirect.com/science/journal/09699961
www.elsevier.com/locate/ynbdi


128 M. Rinaldi et al. / Neurobiology of Disease 96 (2016) 127–143
MS patients, however, disease progression is relentless from disease
onset (primary progressiveMS; PPMS) (Antel et al., 2012). In recent de-
cades, a better understanding of RRMS disease mechanisms has led to
the development of different disease-modifying therapies, reducing
both severity and frequency of new relapses bymodulating or suppress-
ing the immune system. In contrast, therapeutic options available for
progressive disease are comparatively disappointing and remain a chal-
lenge. Although the clinical sequelae of axonal loss aremore apparent in
the later stages of MS, axonal injury occurs early in acute MS lesions
(Kuhlmann et al., 2002). The mechanisms that contribute to axonal in-
jury are likely to be complex and involve a combination of inflammatory
mediators, demyelination and loss of axonal trophic support, although it
seems that chronic inflammation is a prerequisite for neurodegenera-
tion at any stage of the disease (Frischer et al., 2009).

Compelling evidence supports a major role for Gals in the patho-
physiology and resolution of demyelinating inflammatory disorders, in-
cluding MS (Mendez-Huergo et al., 2014). Indeed, approximately one
third of MS patients generate high titres of anti-Gal-1 antibodies,
which reveals a role of this protein in disease pathogenicity (Lutomski
et al., 1997). Remarkably, administration of recombinant Gal-1 or Gal-
9 attenuates clinical and histological signs of experimental autoimmune
encephalomyelitis (EAE), an animal model of MS characterized by the
expansion of encephalitogenic Th1 and Th17 cells (Offner et al., 1990;
Toscano et al., 2007; Ilarregui et al., 2009; Zhu et al., 2005; Wang et al.,
2009). Consistently, Gal-1-deficient (Lgals1−/−)mice exhibit exacerbat-
ed susceptibility to EAE (Toscano et al., 2007). More recent studies have
shown that Gal-1 exerts neuroprotective effects by promoting
microglial de-activation during the resolution of EAE (Starossom et al.,
2012). This effect gains relevance not only in MS but also in other neu-
rodegenerative disorders as a switch from an M1- to an M2-dominant
response often occurs in microglia and peripherally derived macro-
phages at the onset of remyelination, thus enhancing oligodendroglial
differentiation (Miron et al., 2013). In addition, we have recently dem-
onstrated that, independently of the immune cell compartment, Gal-1
induces axonal regeneration by interfering with inhibitory signals trig-
gered by Semaphorin 3 A (Sema3A) binding to Neuropilin 1 (NRP-1)/
Plexin A4 complexes (Quintá et al., 2014).

Previous studies have described four different lesion subtypes inMS:
pattern-1 and−2 lesions are thought to be autoimmune response-me-
diated, while pattern-3 and −4 lesions are regarded as primary
oligodendrogliapathy (Lucchinetti et al., 2000). The first two types are
experimentally simulated by the EAE model, while the second two are
mimicked by toxic models such as cuprizone (CPZ) or lysolecithin
(LPC) administration. In contrast to EAE, LPC induces focal demyelin-
ation through mechanisms that are independent of pathogenic T cells.
Specifically, this membrane-solubilizing agent triggers demyelination
characterized by focal loss of OLG andmyelin, axon sparing and little in-
flammation, followed by remyelination (Hall, 1972). Our group has
used this demyelination model to test the ability of Gal-1 to repair my-
elin through the regulation of glial cell response. Previously published
studies have usedmodels inwhichdamage is the consequence of an im-
munological attack to myelin, but have failed in determining whether
Gal-1 effects were due to damage suppression or response modulation
against demyelination.

Although some reports using the EAEmodel have demonstrated that
Gal-1 can exert protective effects in pattern-1 and -2 lesions, it is essen-
tial to establish the role of this regulatory lectin on patterns 3 and 4, as
numerous therapeutic agents which showed beneficial effects in the
EAE model provide only little (if any) benefit for the treatment of
human MS. Analyses were thus conducted to evaluate the relevance of
Gal-1 in demyelination and remyelination processes using a focal LPC
demyelination model. Gal-1 effects were then evaluated on myelin
damage and recovery, recruitment of oligodendroglial precursor cells
(OPC) andmicroglial and astroglial activation. Furthermore, the present
study identified cellular targets of Gal-1, analyzed the role of this gly-
can-binding protein in myelin phagocytosis by microglial cells and
evaluated direct and indirect effects of Gal-1 on oligodendroglial
differentiation.

2. Materials and methods

2.1. Materials

Lysolecithin (LPC), Paraformaldehyde (PFA), Triton X-100 and
Hoechst 33,342 were obtained from Sigma (St. Louis, MO, USA). Anti-
MBP antibodywas a generous gift fromDr. AnthonyCampagnoni (Men-
tal Retardation Research Center, University of California, Los Angeles,
CA, USA). Anti-NG2, anti-Olig2 and RIP antibodies were obtained from
Millipore (Billerica, MA, USA). Anti-PDGFrα, anti-glial fibrillary acidic
protein (GFAP) and anti-Nestin antibodies were obtained from
Neuromics (Edina, MN, USA). Anti-Ed1 and anti-Iba-1 antibodies were
obtained from Abcam (Cambridge, MA, USA). Anti-iNOS antibody was
purchased from Becton Dickinson (Franklyn Lakes, NJ, USA) and bio-
tinylated Griffonia Simplicifolia was obtained from Vector Laboratories
(Burlingame, CA, USA). Secondary antibodies were obtained from Jack-
son Immuno-Research Co. Laboratories (West Grove, PA, USA). All other
chemicals used were of analytical grade of the highest available purity.
Anti-Gal-1 antibody was prepared in G.A.R's laboratory and used as de-
scribed (Dettin et al., 2003). Fluoresbrite Microparticles were obtained
from Polysciences Inc. (Warrington, PA, USA).

2.2. Animals

Adult male C57BL/6 mice were used in this study. C57BL/6 mice ex-
pressing an enhanced green fluorescence protein driven by CNPase pro-
moters (CNP::EGFP) in oligodendroglial cells were described by
Belachew et al. (2001) and Yuan et al. (2002) and kindly provided by
Vittorio Gallo. CNP::EGFP mice were identified as previously described
(Millet et al., 2012). Mice were housed in groups of four under con-
trolled temperature (22° ± 2 °C) in an artificially lit animal room
under a 12-h cycle period and fed water and food ad libitum. Housing,
handling and experimental procedures were in accordance with the
recommendations set forth by the National Institute of Health Guide
for Care and Use of Laboratory Animals (Publication No. 85-23, revised
1985) and CICUAL (Institutional Committee for the Care and Use of Lab-
oratory Animals, University of Buenos Aires, Argentina). All efforts were
made in order to minimize animal suffering and the number of animals
used was the minimum number required to obtain statistically signifi-
cant data.

2.3. Induction of focal demyelination by LPC injection and Gal-1 treatment

To examine the changes induced by Gal-1 treatment during the de-
myelination and remyelination processes, focal demyelination was in-
duced by stereotaxic injection of LPC into the corpus callosum (CC) as
described previously (Miron et al., 2013). After intracranial injection
of 1 μl of 1% LPC in PBS (LPC group) or PBS alone (control group) into
the CC at (+0.05 mm anterior, +0.10 mm lateral, −0.13 mm depth,
relative to Bregma), animalswere immediately treatedwith an intracra-
nial injection of recombinant Gal-1 (same coordinates relative to
Bregma). Taking into consideration the respective controls, four differ-
ent experimental conditions were evaluated: control (injected with
PBS/PBS), Gal-1 (injected with PBS/Gal-1), LPC (injected with LPC/
PBS) and LPC + Gal-1 (injected with LPC/Gal-1). Tissue was evaluated
at 3, 10 and 21 days post injection (dpi) (Fig. 1A), which correspond
to key time points in the kinetics of remyelination: 1) OPC recruitment,
migration and proliferation into the lesion, 2) onset of remyelination by
OPC differentiation into myelin-sheath forming OLG, and 3) completion
of remyelination, respectively, as previously described (Miron et al.,
2013). Immunohistochemical and Western blot assays were carried
out at 3 and 10 dpi in order to assess glial response to demyelination
and the onset of remyelination, while CC ultrastructural studies by



Fig. 1.Gal-1 treatment in LPC-induced focal demyelination. A: Experimental procedure followed to evaluate glial response in the corpus callosum(CC) after sequential stereotaxic injection
of lysolecithin (LPC) and Gal-1. Immunohistochemical (IHC) studies andWestern blot (WB) analysis were performed at 3 and 10 dpi, and electronic microscopy (EM) at 21 dpi. B: Areas
evaluated by IHC and quantified are indicated by solid line boxes. C: Dissected tissue forWB is indicated by a dotted line. D and E: Histological study of myelin lipids by Oil red and Sudan
black staining carried out to evaluate the effect of Gal-1 treatment on demyelination and the onset of remyelination. F: Oil red staining intensity quantified along CC. Values represent the
mean ± SD of three independent experiments. ns: non-significant *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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electronic microscopy (EM) were conducted at 21 dpi to compare the
quality and completion of remyelination. Immunohistochemical studies
focused on the injection area, Cingulum and CC (Fig. 1B). The quantita-
tive analysis was performed in the ipsilateral/contralateral injured area
and in the area delimited by the subcallosal zone and ventricular wall,
chosen as a peripheral area to determine damage extension. Immuno-
histochemical studies were also conducted in whole coronal slices,
where the total area of activation was quantified. In turn, two areas –
CC and cortex (Cx)– were dissected for Western blot analysis in both
ipsilateral and contralateral hemispheres (Fig. 1C).

2.4. Preparation of tissues for histological and immunohistochemical
observation

Animals from the different experimental groups (4–6 per group)
were anesthetized with an intraperitoneal injection of Xylazine
(10 mg/kg) and Ketamine (75 mg/kg) and perfused through the left
ventricle of the heart with PBS followed by a solution of 4% PFA in PBS.
Brains were carefully dissected out, post-fixed in the same solution
overnight and cryoprotected in 15% and 30% sucrose in PBS for 24 h
each. The resulting tissue was frozen and used to obtain 30-μm cryostat
coronal sections using a Leica CM 1850 cryotome. The floating sections
were maintained on a PBS:glycerol (1:1) solution and stored at −20 °C
until evaluation.

2.5. Oil red staining and Sudan black staining

Oil red staining procedures were adapted from those described by
Syed et al. (2011) and conducted using 0.5% Oil red (Sigma) in
isopropanol. Sections were stained for 15 min and then washed thor-
oughly. Finally, the slides were mounted using an aqueous mounting
medium. For Sudan black staining, sections were post-fixed for 5 min

Image of Fig. 1
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in 70% ethanol before immersion in a solution of Sudan black in 70% eth-
anol for 30min. Excess stainwas removed bywashingwith 70%ethanol.
Finally, preparations were mounted using an aqueous mounting
medium.
2.6. Immunohistochemistry

Floating cryostat sectionswere rinsedwith PBS (pH 7.4) followed by
permeabilization with PBS 0.1% Triton X-100 (only for cytosolic anti-
gens) and blocked 2 h with a solution containing 5% fetal calf serum
(FCS) in PBS. The sectionswere incubated overnight at 4 °Cwith the fol-
lowing primary antibodies: anti-MBP (1:500), anti-GFAP (1:1000), anti-
Ed1 (1:200), RIP (1:500), anti-Nestin (1:100), anti-Iba-1 (1:500), anti-
iNOS (1:100), anti-Arginase (1:50), anti-PDGFrα (1:100) or anti-NG2
(1:200). Sections were then rinsed and incubated with the correspond-
ing secondary antibodies for 2 h. After immunostaining, cell nuclei were
stained with Hoechst 33,342 (Oberhammer et al., 1993) and prepara-
tionsweremountedwithMowiol (Merck Chemicals).Microscopic eval-
uation was performed by epifluorescence using an Olympus BX50
microscope or confocal microscopy. Photographs were taken with a
CoolSnap digital camera and ImageJ software was used for image anal-
ysis. Confocal images were obtained capturing a stack of images placed
at regular intervals through the z axis of an area of interest. Subsequent-
ly, a 3D reconstruction was made using the IMARIS 6.3.1 program
(BitplaneSci Software). Filament plots of NG2+ cells and Nestin+ cells
were obtained from z-stack scanning of cells at a slice distance of
0.5 μm and analyzed using the IMARIS 6.3.1 program as described
(Quintá and Galigniana, 2012). The total number of PDGFrα+, NG2+,
Iba-1+ cells per field was also determined using IMARIS. ImageJ soft-
ware was also used to quantify immunoreactive areas. Briefly, a thresh-
old was determined for each photograph so that all positive cells were
included and the background excluded. The percentage of immunoreac-
tive area was then calculated taking the total photograph area as 100%.
2.7. Western blot analysis

MBP isoforms, GFAP, PDGFrα and Nestin were evaluated in total cell
extracts of CC and Cx of three different animals per group. Sampleswere
lysed in TOTEX extraction bufferwith the corresponding protease inhib-
itors. Protein concentration was determined using Bradford's assay.
Equal amounts of protein were separated on SDS-PAGE gels and trans-
ferred onto PVDF membranes for Western blot analysis. Membranes
were incubated with either anti-MBP (1:3000), anti-GFAP (1:4000),
anti-PDGFrα (1:200), anti-Nestin (1:250), anti-α-tubulin (1:5000) or
anti-GAPDH (1:10,000), followed by incubationwith the corresponding
secondary antibodies conjugated to peroxidase. The reaction was visu-
alized using ECL Plus or a colorimetric reaction for peroxidase. Quantifi-
cation was done by densitometry with the Gel Pro Analyzer 4.0 system.
2.8. Electron microscopy

For electron microscopy (EM) studies, 2–3 animals per group were
sacrificed at 21 dpi. Tissue was obtained from the area injected, 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 camera and ImageJ software was used for image
analysis. Parameters assessed included: a) number of myelinated and
demyelinated axons per field in twenty random fields (12,000× final
magnification) expressed as myelinated or demyelinated axons over
total axons; b) g-ratio (the ratio between the axon's diameter and the
axon's diameter wrapped with myelin) of 100 to 200 axons (30,000×
final magnification images); c) number of myelin turns around an
axon of approximately 50–80 axons; and d) area of 30–50mitochondria
from each experimental condition (85,000× final magnification).
2.9. Slice cultures

P6-P7wild type (WT) and CNP::EGFPmouse pupswere decapitated.
250-μm sagittal slices of cerebellum and brainstem were cut using a
Leica VT 1000 vibratome and a slice solution containing 125 mM su-
crose, 2.5 mM KCl, 1 mM MgCl2, 125 mM NaH2PO4, 26 mM NaHCO3,
25 mM D-glucose and 2 mM CaCl2 with penicillin-streptomycin antibi-
otics. Slices were then placed in organotypic culture inserts (Corning
Costar, Corning, NY, USA) in medium containing 50% MEM with Earl's
salts, 25% Earl's balanced salt solution, 25% heat inactivated horse
serum (HIHS), glutamax-II supplement, amphotericin B (all purchased
from Life Technologies, Waltham, MA, USA) and 6.5 mg/ml glucose
(Sigma).Mediumwas changed every day. After 9 days in culture, demy-
elination was induced by addition of 1% LPC (Sigma) to themedium for
18 h, after which slices were transferred back into normal medium.
100 μg Gal-1 (1 mg/ml) were labelled using the Alexa Fluor® 488 Mi-
croscale Protein Labeling Kit (Invitrogen, Eugene, OR, USA). WT slices
were treated with 3.3 μM Gal-1 labelled with Alexa 488 (488-Gal-1)
for 1 h and then fixed. CNP::EGFP sliceswere treatedwith the same con-
centration of unlabeled Gal-1 for 2 days with daily Gal-1 renewal and
then fixed. Slice fixation was done using 4% PFA for 3 h, followed by
20% methanol for 5 min at 4 °C and blocking was conducted overnight
with 1% BSA0.5% Triton X-100. Sliceswere then incubatedwith primary
antibodies including anti-NG2 (1:200), anti-Ed1 (1:200), anti-MBP
(1:400), anti-GFAP (1:500), anti-Olig2 (1:500), biotinylated Griffonia
Simplicifolia (1:200) or anti-Gal-1 (1:400) for 48 h in the same blocking
solution at 4 °C in a humidity chamber. Secondary antibody incubation
was carried out in the same solution overnight and mounted in Mowiol
solution. Confocal images were obtained capturing a stack of images
placed at regular intervals through the z axis of an area of interest. Subse-
quently, a 3D reconstruction was made using the IMARIS 6.3.1 program.

2.10. Primary microglial and oligodendroglial cell cultures

Primary cultures of glial cells were performed as described by
McCarthy and de Vellis (1980). Briefly, cerebral hemispheres were dis-
sected out fromnewborn rats,meningeswere removed and the remain-
ing tissue was dissociated by gentle repetitive pipetting in DMEM F12
containing 5 μg/ml streptomycin and 5 U/ml penicillin supplemented
with 10% fetal calf serum (FCS). Cell suspensions were seeded in poly-
L-lysine coated 75-cm2 tissue culture flasks. After 14 days in culture,mi-
crogliawas separated by shaking theflasks for 2 h in an orbital shaker at
100 rpm. Microglial cells were plated on coverslips in multiwell plates
in DMEM F12with 1% FCS for morphological and immunocytochemical
studies. Oligodendrocyte-enriched glial cultureswere obtained by shak-
ing the flasks overnight at 150 rpm and OPC were resuspended in glial-
defined medium (GDM) with 0.5% FCS and factors (PDGF 10 ng/ml and
bFGF 10 ng/ml).

2.11. Microglia phagocytic activity assessment

Microglial cells were treatedwith Gal-1 (50 μg/ml) for 1 h orwith LPS
(50 ng/ml) for 20 h. Cells were then incubated either with fluorescent
latex beads (1:100, Fluoresbrite YG carboxylate microspheres, 1-μm di-
ameter, Polysciences) or purified myelin (final concentration 1 mg/ml)
for 90 min at 37 °C, washed three times with PBS, fixed in 4% PFA and la-
belled with anti-MBP antibody (myelin marker), Griffonia or anti-Iba-1
antibody (microglial markers). Confocal images were obtained capturing
a stack of images placed at regular intervals through the z axis. Subse-
quently, a 3D reconstruction was made using IMARIS 6.3.1.

2.12. Glial proliferation assays

Cells were plated on coverslips in GDM containing 0.5% FCS and
growth factors (PDGF 10 ng/ml and bFGF 10 ng/ml) for 24 h and then
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allowed to differentiate in factor-free media for 3 days. Cells were
then treated with BrdU (final concentration 10 μM) or Gal-1 (50 or
125 μg/ml) for 48 h and then fixed for immunocytochemical analyses
(BrdU, MBP, Iba-1, NG2 or GFAP).

2.13. Conditioned media in transwell cultures

Purified microglia were plated on organotypic culture inserts
(Corning Costar, Corning; 12 mm- 0.4 um, 125,000 cells per well) with
1% FCS DMEM F12 for 48 h. Microglia were then treated with LPS
(100 ng/ml) and/or Gal-1 (125 μg/ml) for 24 h. On the other hand, pu-
rified OPC were plated on poly-L-lysine-coated coverslips (150,000
cells per well) in 0.5% FCS GDM and growth factors (PDGF 10 ng/ml
and bFGF 10ng/ml) for 48 h. Transwells containing pretreatedmicroglia
are then placed on top of coverslips containing OPC in growth factor-
free 0.5% FCS GDM for 48 h for immunocytochemical analyses of
NG2+ and RIP+ cells.

2.14. Phenotypical assays in microglial cell line BV2

BV2 cells were seeded in non-poly-L-lysine-coated coverslips (5000
cells per well) in 5% FCS DMEM and then stabilized for 24 h. Cells were
then treated with IL4 (10 ng/ml) and/or Gal-1 (50 and 125 μg/ml) for
24 h and then fixed for immunocytochemical analyses (Griffonia, iNOS
or Arginase).

2.15. Flow cytometry

BV2 cells were plated in 6-well plates (500,000 cells per well) in 1%
FCS DMEM and stabilized for 24 h. Cells were then treated with LPS
(100 ng/ml) and/or Gal-1 (125 μg/ml) for 24 h and exposed to purified
myelin (1 mg/ml) for 2 h. Finally, cells were scraped and placed in flow
cytometry tubes, fixed in 4% PFA for 1 h at room temperature and used
for immunocytochemical analyses and flow cytometry quantification
(MBP, iNOS or Arginase).

2.16. Statistical analysis

Data are presented as themean±SD andGraph-Pad PrismSoftware
was used for analysis. Comparisons were performed using unpaired
one-tailed Student's t-test or one-way analysis of variance (ANOVA)
followed by Bonferroni post-hoc tests, where appropriate. A *p b 0.05,
**p b 0.01, ***p b 0.001 was considered statistically significant.

3. Results

3.1. The impact of Gal-1 treatment on demyelination and remyelination
processes

Histological studies of myelin lipids were first carried out by Oil red
and Sudan black staining in the different experimental conditions at 3
and 10 dpi. Our results show that LPC induced significant demyelination
in the ipsilateral hemisphere (Fig. 1D and E), which decreased signifi-
cantly following Gal-1 treatment at 3 and 10 dpi (Fig. 1D, E and F).

OPC response was then evaluated by immunostaining using two
specific markers, NG2 and PDGFrα. Panoramic examination of PDGFrα
immunoreactivity in coronal slices showed a significant decrease
in the immunoreactive area induced by Gal-1 treatment in LPC-
demyelinated areas (Suppl. Fig. 1A). A higher number of OPC labelled
with NG2 or PDGFrα was detected in the CC of LPC as compared to
LPC + Gal-1 at 3 and 10 dpi, reflecting a higher oligodendroglial prolif-
erative response againstmore severemyelin damage. Of note, PDGFrα+

cells in the cingulum and NG2+ and PDGFrα+ cells in the lesion area
from LPC exhibited clearer stellate morphology and multipolar and hy-
pertrophic processes than LPC + Gal-1 (Fig. 2A). Quantitative support
for these observations was obtained from the assessment of NG2+ cell
number, length and process area and volume (Fig. 2A and B). The anal-
ysis of NG2- and PDGFrα-immunoreactivity showed an expanded area,
which reached as far as the contralateral side of CC in LPC and thus
reflected more serious myelination damage relative to LPC + Gal-1
(Suppl. Fig. 1B). Further quantitative data were obtained fromWestern
blot analysis of PDGFrα immunoreactivity in CC andCx, which rendered
significantly higher values in LPC as compared to LPC+Gal-1 in Cx sam-
ples (Fig. 2C), reflecting Gal-1 circumvention of myelin damage around
the lesion.

Markers of differentiated OLG such as 2-3-cyclic nucleotide 3-phos-
phodiesterase (CNPase, evaluated by RIP antibody) and myelin basic
protein (MBP) were immunohistochemically analyzed in the injection
area at 3 and 10 dpi. Interestingly, the LPC-induced demyelination
area (determined as the area lacking MBP immunoreactivity) was re-
duced following Gal-1 treatment at 3 dpi and became almost impercep-
tible at 10 dpi (Fig. 3A). On the other hand, CNPase immunoreactivity
sharply increased upon LPC injury at 3 dpi, with RIP+ cells showing hy-
pertrophic somas and a high number of processes. The presence of these
pre-OLG, arrested in their maturation process, is a classical feature of
white matter injury (Segovia et al., 2008). At 10 dpi, this increase was
only maintained in the LPC-treated group, while treatment with
LPC + Gal-1 exhibited only subtle differences with control and Gal-1-
treatedmice (Fig. 3B).Western blot analysis of MBP expression showed
a significant decrease in MBP isoforms in ipsilateral CC and Cx in both
LPC and LPC + Gal-1 at 3 dpi but only in LPC at 10 dpi (Fig. 3C). More-
over, axonal marker Neurofilament medium (NFM) immunoreactivity
was evaluated in the Cx next to the demyelinated area, with results
showing axons from LPC-treated mice to be more sparsely distributed
as a consequence of axonal degeneration (Fig. 3D), an effect in turn re-
versed by Gal-1 treatment. When costaining studies were conducted
between the NFM marker and MBP expression, myelin sheath/axon
contact was undetected in LPC-treated mice but restored upon Gal-1
treatment.

A different experimental procedure postponingGal-1 treatmentwas
used to determine Gal-1 impact on remyelination (Fig. 3E). Gal-1
administration at 4 dpi exerted beneficial effects on remyelination, as
evidenced by a recovery in MBP immunostaining, and a decrease in
astroglial and microglial response, reflected by GFAP, Griffonia, Iba-1
and Ed1 immunoreactivity (Fig. 3E).

CC from ipsilateral hemispheres ofWTmice in the four experimental
situationswere analyzed by EM at 21 dpi. In LPC, the remyelination pro-
cesswas incomplete, as revealed by a significantly lower number ofmy-
elinated axons over total axons, a smaller percentage of myelin turns
(lamellae) and a significantly higher g-ratio relative to control.More im-
portantly, our results revealed more efficient remyelination in Gal-1-
treated mice (LPC + Gal-1), as indicated by a significant increase in
the percentage ofmyelinated axons andmyelin turns, aswell as a signif-
icant decrease in g-ratio relative to LPC. On the other hand, Gal-1 in-
duced higher myelination in PBS-injected mice (Gal-1), as evaluated
by a significant increase inmyelin turns, aswell as a significant decrease
in g-ratio compared to the control group. Moreover, when the number
and size of mitochondria were analyzed, Gal-1-treated mice revealed a
smaller mitochondrial area in both PBS- and LPC-injected mice,
reflecting lower energy demand for axonal transport, probably due to
enhanced myelination (Fig. 4).

Next, to evaluate the relevance of Gal-1 expression in the
myelination process at an ultrastructural level, EMwas used to compare
CC samples from Lgals1−/− andWT mice (Suppl. Fig. 2). Morphometric
analyses showed a significant decrease in the number of myelinated
axons over total axons, while no significant changes were found in the
g-ratio of Lgals1−/− as compared to WT mice. Worth highlighting,
when g-ratios were plotted versus axonal diameters, a higher number
of g-ratios closer to 1 was obtained in axons of short diameter in
Lgals1−/− mice, which indicates their particular vulnerability to Gal-1
deficiency. On the other hand, myelin present in Lgals1−/− mice was
more loosely wrapped around axons and less smooth than in WT



Fig. 2. Effect of Gal-1 onOPC response against LPC-induced focal demyelination. A:Highmagnification studies carried out to evaluatemorphological changes inOPC recognized by PDGFrα
and NG2 immunostaining in the CC, cingulum, ipsilateral and contralateral area at 3 and 10 dpi. Marker+ cell quantification is shown on the right. B: Filament plot and quantification of
NG2+ cells at 3 and 10 dpi. Measurements were done using IMARIS 6.3.1 (BitplaneSci Software), which determines the cell soma and its projections. C: Western blot analysis of PDGFrα
expression in the CC and cortex (Cx) at 3 dpi. Bar graphs show PDGFrα quantification relative toα-tubulin. Values represent the mean± SD of three independent experiments. ns: non-
significant; *p b 0.05; **p b 0.01 using one way ANOVA followed by Bonferroni post-hoc tests.
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Fig. 3. Effect of Gal-1 on myelin markers in LPC-induced focal demyelination and remyelination. A: Immunohistochemical studies of MBP in the injected area at 3 and 10 dpi. B: CNPase
immunohistochemical studies in the injected area using RIP antibody at 3 and 10 dpi. C:Western blot analysis of MBP expression in the CC and Cx at 3 and 10 dpi. Values are expressed as
IOD and normalized toα-tubulin as the mean± SD of three independent experiments. D: Assessment of MBP and NFM expression and costaining in Cx next to the demyelinated area. E:
New experimental protocol used to assess Gal-1 effects on remyelination. Immunohistochemical studies of MBP, GFAP, Iba-1, Griffonia and ED1 carried out to evaluate remyelination,
astroglial and microglial activation. Comparisons were performed using one way ANOVA followed by Bonferroni post-hoc tests (*p b 0.05; **p b 0.01; ***p b 0.001).
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mice. This finding suggests altered myelin integrity and abnormal com-
paction in mice lacking Gal-1, as evidenced by the splitting of the
interperiod lines and the separation of the axolemma. The defects in
myelin compaction observed in Lgals1−/− mice could lead to errors in
the assessment of g-ratios, as the diameter of axon plus myelin might
be underestimated. Strikingly, axons in Lgals1−/−mice displayed a larger
number and size in mitochondria –indicated by solid black arrows–,
implying higher energy demand, probably related with altered
myelination. These results suggest that Gal-1 could participate in the
control of myelin integrity.

Image of Fig. 3


Fig. 4. Involvement of Gal-1 in the control of myelin integrity in CC in LPC-induced focal demyelination. Morphometric analysis conducted on EM images at different magnifications in
order to evaluate: 1) the number of myelinated and demyelinated axons over total axons, 2) myelin turns, 3) g-ratio and 4) mitochondrial area (mitochondria indicated by solid black
arrows). Values are expressed as the mean ± SD of three different animals. ns: non-significant; *p b 0.05; **p b 0.01; ***p b 0.001 using one way ANOVA followed by Bonferroni post-
hoc tests or unpaired one-tailed Student's t-test, where appropriate.
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3.2. Changes induced by Gal-1 treatment in microglial response and pheno-
type in vivo

To examine the effects of Gal-1 treatment on microglial activation
during LPC-induced demyelination, total and activated/phagocytic
microglia were determined as Iba-1+ cells at 3 and 10 dpi. While the
contralateral hemisphere of control mice exhibited a characteristic qui-
escent phenotype with a finely ramified morphology, different levels of
microglial activation were observed at sites of injection in all experi-
mental conditions. The ipsilateral CC of control and Gal-1-treated mice
exhibited Iba-1 up-regulation in microglia with typical early-activation
morphology, i.e. long cell body and long but thick processes. These
changes were observed at 3 dpi but disappeared at 10 dpi. Both LPC-
injected groups underwent deeper phenotypic transformation charac-
terized, in both ipsilateral and contralateral CC, by Iba-1 up-regulation
and morphological changes rendering ameboid microglia with round-
shaped cell bodies and few short processes at 3 dpi. Brain macrophages
were observed to occupy a larger area in LPC than in LPC+Gal-1, as re-
vealed by high magnification studies carried out in both Cx and CC at
3 dpi. While the area of microglial activation became more pronounced
in LPC at 10 dpi, LPC+ Gal-1 displayed a reduction in themicroglial ac-
tivation area (Fig. 5A andB). Quantitative supportwas obtained through
the assessment of Iba-1+ cells (Fig. 5C). A more panoramic photograph
shows a larger area of microglial activation in LPC versus LPC + Gal-1
mice, where microglia displaying high Iba-1 expression were observed
along the entire CC only in LPC mice as far as 10 dpi (Suppl. Fig. 1C).
Quantitative support for the expansion of this reactive area was obtain-
ed from the assessment of the Iba-1-immunoreactive area and the
number of Iba-1+ cells in the injection periphery (Suppl. Fig. 1D). Im-
munostaining for Ed1, a specific marker of activated and phagocytic mi-
croglia, was next evaluated in the different experimental conditions,
with panoramic photography of coronal slices depicting early and
significant microglial activation in all the conditions analyzed (Suppl.
Fig. 1E). However, quantitative studies of the Ed1-immunoreactive
area through low and high magnification rendered significantly lower
values in LPC + Gal-1-treated relative to LPC-treated mice (Suppl. Fig.
1F). In accordance with Iba-1 studies, morphological changes observed
in Ed1+ cells in LPC involved a larger area occupied by activatedmicrog-
lia with characteristic round-shaped cell bodies and few short processes
or macrophage features as compared to LPC + Gal-1 conditions
(Fig. 5D). As microglia can be polarized toward M1 andM2 phenotypes
with distinctive functions in the control of both degenerative and regen-
erative processes, M1 marker iNOS and M2marker Arginase were used
to determine the phenotype of active microglia. Interestingly, Gal-1
treatment in LPC-treated areas induced a significant decrease in iNOS
immunostaining and a significant increase in Arginase immunoreactiv-
ity, both indicating a shift toward an M2 microglia phenotype. This
switch took place 10 days after LPC injection in non-treated animals
but as early as 3 days after LPC in Gal-1-treated ones. Quantitative sup-
port was obtained by evaluating iNOS and Arginase integrated optical
density (IOD) at 3 and 10 dpi (Fig. 5E). High magnification studies
showed the same morphological changes for these iNOS+ microglia as
those obtained for Iba-1+ and Ed1+ cells (Fig. 5F).

3.3. Effects of Gal-1 treatment on astroglial and neural precursor
cell response

GFAP staining was used to evaluate reactive astrogliosis in response
to LPC-induced demyelination. As expected in a context of sharp demy-
elination, astroglial response was higher in LPC-treated than in
LPC+Gal-1-treated mice, which was reflected in a more extensive acti-
vation area. Quantitative support for these observations was obtained
from the assessment of GFAP activation area in coronal slices (Suppl.
Fig. 1G). Moreover, our studies revealed considerable changes in
astroglial morphology induced by LPC injection, including a higher
number of astrocytes with hypertrophic processes both at 3 and 10 dpi
(Fig. 6A). Supporting quantitative data were obtained from the analysis
of GFAP intensity over area (Fig. 7B) and Western blot studies in CC
and Cx at 3 and 10 dpi (Fig. 6C). Also following LPC treatment, the quan-
titative evaluation of peripheral GFAP immunoreactivity showed higher

Image of Fig. 4


Fig. 5. Impact of Gal-1 on microglial activation and phenotype in LPC-induced focal demyelination. All images were obtained by confocal microscopy in the z axis and 3D-reconstructed
using IMARIS software (z-stack). Studies were conducted in the ipsilateral and contralateral areas A: at low magnification, to evaluate damage expansion at 3 and 10 dpi and B: at high
magnification, to observe morphological changes in CC and Cx. Binary images of the areas indicated by a dotted line were obtained through ImageJ software for a clearer evaluation of
morphological changes. C: Quantitative analysis is expressed as the number of Iba-1+ cells. D: High magnification studies of Ed1+ cells carried out in the ipsilateral and contralateral
areas to evaluate morphological changes. E: Assessment and quantitation of M1 marker iNOS and M2 marker Arginase conducted to determine changes induced by Gal-1 in microglial
phenotypes in LPC-treated mice at 3 and 10 dpi. F: High magnification studies of iNOS+ cells in ipsilateral areas conducted to evaluate morphological changes induced by Gal-1 in LPC-
treated mice. Values represent the mean ± SD of three independent experiments. ns: non-significant; *p b 0.05; **p b 0.0, ***p b 0.001 using one way ANOVA followed by Bonferroni
post-hoc tests.
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GFAP activation as compared to LPC + Gal-1 at 3 dpi, together with an
expansion in GFAP immunoreactivity reaching the contralateral hemi-
sphere at 10 dpi (Suppl. Fig. 1H). Nestin immunostainingwas then eval-
uated to study neural precursor response to damage and a larger area of
Nestin activation was observed in coronal slices from LPC relative to
LPC + Gal-1 (Suppl. Fig. 1I). In turn, quantitative analyses rendered an
expansion in Nestin- immunoreactive area as a response to damage in
both LPC groups at 3 dpi, and a reduction in this area following Gal-1
treatment at 10 dpi (Suppl. Fig. 1J). High magnification immunohisto-
chemical studies revealed a higher number of Nestin+ cells with stellate

Image of Fig. 5
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Image of Fig. 6
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morphology and multipolar and hypertrophic processes in LPC-treated
as compared to LPC+Gal-1-treated animals (Fig. 6D). Quantitative anal-
yses of length, area and volume of Nestin processes rendered significant-
ly higher values in LPC relative to control and LPC + Gal-1-treated mice
(Fig. 6E), whileWestern blot analyses conducted in samples fromCC and
Cx at 3 dpi showed an amplification of Nestin responses toward the CC in
the contralateral hemisphere only in LPC. Moreover, significantly higher
Nestin levelswere observed in ipsilateral Cx of LPC relative to LPC+Gal-
1-treatedmice (Fig. 6F). As some authors have described a re-expression
of the intermediate filament Nestin in reactive astrocytes (Lin et al.,
1995), the considerable increase in Nestin+ cells could indicate the pres-
ence of both neural precursors and Nestin-re-expressing astrocytes in
response to demyelinating damage.

3.4. Gal-1 cellular targets

Slices organotypically cultured, demyelinated with LPC and treated
with Alexa 488-tagged Gal-1 (488-Gal-1) for 60 min were evaluated
by immunocytochemical studies using specific microglial (Griffonia
and Ed1), oligodendroglial (Olig2, NG2 and MBP) and astroglial
(GFAP) markers. Results show that Gal-1 bound mostly to activated
microglial cells. In control slices incubated with 488-Gal-1, Griffonia+

activated cells were observed only in the periphery but not surrounding
myelin (labelled with MBP) and resting microglia were not found to
bind 488-Gal-1. In contrast, in LPC-treated slices, considerable binding
of 488-Gal-1 to activated microglia was observed enclosing myelin de-
bris. Surprisingly, numerous Griffonia+/Gal-1+/MBP+ cells were found
in LPC + Gal-1 treated slices. These data suggest that MBP+ cells are
probably OLG dying as a consequence of LPC treatment with their cell
corpses being engulfed by microglia. Although to a lesser extent, inter-
action was also observed between 488-Gal-1 and OPC identified as
NG2+ cells. Only a weak interaction with oligodendroglial mature
markers Olig2 and MBP and no GFAP/488-Gal-1 costaining were ob-
served in our experiments. Quantitative support for these observations
was obtained by assessing the costaining of 488-Gal-1with the different
cellular markers (Fig. 7A).

In turn, slices treated with unlabeled Gal-1 during 48 h were evalu-
ated by immunocytochemical studies using microglial (Griffonia and
Ed1) and astroglial (GFAP) markers as well as a specific anti-Gal-1 anti-
body. Our results show the absence of Griffonia+ cells surrounding
EGFP::CNP+ cells in control and Gal-1-treated slices, with weak binding
of Gal-1 to non-activated microglia. In contrast, LPC treatment induced
sharp microglial activation with an endogenous increase in Gal-1 ex-
pression in the LPC-treated group. The presence of endogenous Gal-1
in activated microglial cells was significantly increased by exogenous
Gal-1 treatment. In agreement with results obtained in WT slices, nu-
merous Griffonia+/Gal-1+/MBP+ cells were found in LPC-treated slices
and no costaining was observed between EGFP::CNP or GFAP and Gal-
1 (Fig. 7B). Taken together, results shown in Fig. 7A and B suggest an
increase in myelin phagocytosis induced by Gal-1 treatment.

3.5. Direct and indirect in vitro effects of Gal-1 on purified glial cells

OLG-enriched primary glial cell cultures were used to evaluate the
direct effect of Gal-1 on the proliferation of OPC, microglia and astro-
cytes. An MTT assay on OPC and ODC at Gal-1 concentrations ranging
from 0 to 125 μg/ml showed no changes in cell viability (data not
shown). As this lectin exists in a monomeric-dimeric equilibrium
depending on its concentration (Rabinovich and Croci, 2012), two
Fig. 6. Effects of Gal-1 on astroglial and neural precursor cell activation in LPC-induced focal dem
areas. B: The percentage of GFAP-intensity areawas calculated through ImageJ in the ipsilateral
3D-reconstructed using IMARIS software (z-stack). C: Western blot analysis of GFAP expression
relative to GAPDH. D: High magnification studies of Nestin+ cells in the ipsilateral and cont
reconstructed using IMARIS software (z-stack). E: Filament plot and quantification of Nestin+

the cell soma and its projections. F: Western blot analysis of Nestin expression in the CC and
represent the mean ± SD of three independent experiments. ns: non-significant; *p b 0.05; **p
different Gal-1 concentrationswere used: 50 μg/ml (mainlymonomeric
form) and 125 μg/ml (principally dimeric form). The assessment of
NG2+ cells rendered a significant increase only at 125 μg/ml Gal-1.
This increase did not seem to correlate with an increase in cell prolifer-
ation, as the percentage of BrdU+ cells amongNG2+ cells decreased as a
consequence of treatment. This resultmay alternatively be explained by
an increase in the viability of NG2+ cells exiting the cell cycle (Fig. 8A).
The evaluation of MBP expression showed a significant increase in the
number of MBP+ cells only at 125 μg/ml Gal-1. This could be explained
by an increase in the proliferation of OPC, which rapidly differentiate
into MBP+ OLG, hinting at a role for Gal-1 in enhancing OLG differenti-
ation (Fig. 8B). Subsequently, the assessment of GFAP+ cell number and
proliferation revealed no significant changes upon Gal-1 treatment re-
gardless of concentration (Fig. 8C). Finally, although assays on Iba-1+

cells rendered no changes in number uponGal-1 treatment, a significant
increase in the proportion of proliferating Iba-1+ cells was observed at
high concentrations of Gal-1 (Fig. 8D).
3.6. Changes induced by Gal-1 treatment on microglial response and phe-
notype in vitro

Microglial incubation with fluorescent latex beads and purified my-
elin was used to assess whether Gal-1 enhanced the phagocytosis of
disrupted myelin. In these assays, Gal-1 and LPS were found to induce
a significant increase in microglial phagocytic activity, as evaluated by
both the Iba-1+/latex bead fluorescence+ area and the number of
Griffonia+/MBP+ cells (Fig. 9A).

The changes in microglial phenotype induced by 50 μg/ml or
125 μg/ml Gal-1 and 10 ng/ml IL4 were next evaluated by quantifica-
tion of iNOS+/Griffonia+ and Arginase+/Griffonia+ cells in microglial
cell line BV2. Both concentrations of Gal-1 and IL4 induced a signifi-
cant decrease in the costaining coefficient of iNOS+/Griffonia+ cells,
concomitantly with a significant increase in the costaining coeffi-
cient of Arginase+/Griffonia+ cells (Fig. 9B.1). Supporting our
microscopic results, cytometrical studies conducted on BV2 cells
demonstrated a significant decrease in the number of iNOS+/
Griffonia+ cells induced only by Gal-1 treatment and a significant in-
crease in the number of Arginase+/Griffonia+ cells produced by Gal-
1 or LPS, with an even sharper response upon Gal-1 + LPS treatment.
Furthermore, a significant increase in the number of MBP+/
Griffonia+ cells and MBP+/Arginase+/Griffonia+ cells was obtained
with Gal-1, LPS and, in particular, LPS + Gal-1 (Fig. 9B.2). Taken to-
gether, these in vitro results provide strong support for our in vivo
findings demonstrating that Gal-1 does not only induce a shift to-
ward an M2 microglial phenotype but also enhances the phagocyto-
sis of disrupted myelin.

Finally, in vitro studies designed to discriminate the direct and indi-
rect effects of Gal-1 on oligodendroglial cells showed a significantly
lower number of NG2+ cells in OLG cells incubated in the presence of
microglia previously conditioned with LPS or Gal-1, as compared to
non-conditioned microglia. However, when the ratio NG2+ immunore-
activity/number of NG2+ cells was quantified, a significant increasewas
observed in OLG incubated with LPS + Gal-1 preconditioned microglia,
which suggests an increase in NG2 processes. In addition, RIP+ cell
quantification displayed a significant decrease in OLG incubated with
LPS or LPS + Gal-1 preconditioned microglia, a decrease also observed
in the ratio of RIP+ immunoreactivity/number of RIP+ cells with all
treatments (Fig. 9C).
yelination. A: Highmagnification studies of GFAP+ cells in the ipsilateral and contralateral
and contralateral areas. All images were obtained by confocal microscopy in the z axis and
in the CC and Cx carried out at 3 and 10 dpi. The graph below shows GFAP quantification
ralateral areas. All images were obtained by confocal microscopy in the z axis and 3D-
cells at 3 and 10 dpi. Measurements were done using IMARIS 6.3.1, which determines
Cx at 3 dpi. The graph below shows Nestin quantification relative to α-tubulin. Values
b 0.01 using one way ANOVA followed by Bonferroni post-hoc tests.
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4. Discussion

The present study supports the use of Gal-1 as a potential treatment
for demyelinating diseases such as MS. Our results demonstrate that,
upon focal LPC-induced demyelination, Gal-1 treatment induces both
a significant decrease in demyelinated areas and more efficient
remyelination, concomitantly with an attenuated oligodendroglial pro-
genitor, microglial and astroglial response reflecting less severe
myelination damage. This effect was mediated by Gal-1 targeting of ac-
tivated M1microglia –inflammatory and degenerative–, which acceler-
ated the shift toward an M2 phenotype –antiinflammatory and
regenerative– and increased their myelin phagocytic capacity, which
in turn circumvented damage. This switch from M1 to M2 polarization
took place 10 days after LPC injection in non-treated animals, in agree-
ment with previous studies (Miron et al., 2013), but was accelerated to
3 days after LPC in Gal-1-treated ones. These Gal-1-induced changes are
essential to the onset of remyelination as 1) myelin debris has been
proven to inhibit OPC differentiation (Kotter et al., 2006), and 2) oligo-
dendrocyte differentiation is enhanced in vitrowithM2 cell conditioned
media and impaired in vivo following intra-lesional M2 cell depletion
(Miron et al., 2013). However, our in vitro results show that a Gal-1-in-
duced shift toward anM2microglial phenotype cannot single-handedly
produce factor release to benefit oligodendroglial maturation. Instead, a
direct effect of Gal-1 on oligodendroglial survival and/or differentiation
appears to be necessary, together withmicroglial-OLG contact allowing
the phagocytosis of myelin to favor remyelination.

Moreover, studies on the role of microglial and macrophage polari-
zation in neuronal injury have demonstrated neuroprotective proper-
ties of M2 microglia (Kigerl et al., 2009; Liao et al., 2012). These
findings are of particular interest in MS treatment, as neurodegenera-
tion and an arrest in OLG differentiation are typical features of chronic
lesions (Kuhlmann et al., 2008). Therefore, Gal-1 promoting M2 polari-
zation in the CNS may prove complementary to regenerative strategies
supporting remyelination and clinical recovery.

Previous results from EAE models have demonstrated that Gal-1 is
highly expressed in the acute phase of the disease (Ilarregui et al.,
2009) and that its deficiency leads to pronounced inflammation-in-
duced neurodegeneration (Toscano et al., 2007; Starossom et al.,
2012). Mechanistically, Gal-1 binds to core 2 O-glycans on CD45 and in-
duces its retention on the microglial surface, increasing CD45 phospha-
tase activity and inhibitory function. Starossom et al. (2012) used a
panel of plant lectins that selectively recognize specific oligosaccharide
sequences and foundM1microglia, but notM2microglia, to express the
preferred set of glycans required for Gal-1 binding and function. Adop-
tive transfer of Gal-1-secreting astrocytes or administration of recombi-
nant Gal-1 around the onset of disease –after inflammatory cells have
entered the CNS– attenuates EAE severity and decreases microglial acti-
vation (Starossom et al., 2012). Moreover, Gal-1 fine-tunesmacrophage
activation in the peripheral compartment (Barrionuevo et al., 2007) and
polarizes monocytes toward a proresolving phenotype (Rostoker et al.,
2013). However, numerous therapeutic approaches stemming from
EAE evidence have provided little (if any) benefit for the treatment of
human MS, anti-TNF-α-based therapies being the main example.
Whereas TNF-α expression correlates with MS severity, inhibition of
TNF-α signaling ameliorates the course of EAE (Klinkert et al., 1997;
Martino et al., 1997). Most strikingly, anti-TNF-α treatment has been
Fig. 7. Cellular targets of Gal-1 during acute and chronic treatment. A: Sagittal sections of cere
9 days, demyelinated with LPC for 18 h and treated with Alexa 488-tagged Gal-1 (488-Gal-1)
NG2 and MBP) and astroglial (GFAP) markers, evaluated by confocal microscopy in the z axi
indicated by solid white arrows. Higher magnification confocal images obtained by digital Zo
the different cellular markers. B: Sagittal sections of cerebellum and attached hindbrain from
with LPC for 18 h and treated with Gal-1 for 48 h. Slices immunostained with specific microg
axis and 3D-reconstructed using ImageJ software (z-stack). Griffonia+/MBP+ cells are indicate
Higher magnification confocal images obtained by digital Zoom 3×. Quantitative analysis ex
cells and costaining coefficient between Ed1+/Griffonia+. Values represent the mean ± SD of
ANOVA followed by Bonferroni post-hoc tests.
shown toworsen clinical symptoms inMSpatients. These conflicting re-
sults were later reconciled using a toxic model, which revealed an addi-
tional role for TNF-α in inducing efficient remyelination (Arnett et al.,
2001). Further examples include the administration of glucocorticoids,
simvastatin or IFN-β, which attenuate inflammation and reduce demy-
elination but exhibit side effects regarding remyelination in CPZmodels
(Clarner et al., 2011;Miron et al., 2009; Schmidt et al., 2009; Trebst et al.,
2007). Among others, these studies have failed in paying due attention
to the importance of remyelination as a therapeutic goal in MS treat-
ment. In this context, our results add up to previous studies and provide
evidence which is essential to support Gal-1 reliability as a therapeutic
target for CNS myelin regeneration by means of a focal model.

Recently, we have shown that dimeric Gal-1 interferes with
neuroregeneration-blocking signals triggered by Sema3A binding to
the NRP-1/PlexinA4 complex in spinal lesions, thus supporting the use
of this lectin for the treatment of pathologies involving neurodegenera-
tion (Quintá et al., 2014). Our current studies further show that axonal
degeneration and the loss of myelin sheath/axon contact induced by
LPC are reversed by Gal-1 treatment. This Gal-1 neuroprotective effect
is also demonstrated by our EM studies, where more efficient
myelination and remyelination were observed in the presence of Gal-
1 evaluated by a) increased levels of myelin deposition, b) increased
number of myelinated axons and myelin turns and c) a decrease in g-
ratio and axonal mitochondrial area. These findings are in line with ev-
idence showing that axons become metabolically efficient through
myelination, which enables saltatory conduction, and suffer the disrup-
tion of ion channel compartmentalization when demyelinated. The re-
distribution of electrogenic machinery is thought to increase energy
needs in demyelinated axons, which might be responsible for an in-
crease in mitochondrial density, as observed in models of
hypomyelination, dysmyelination and demyelination such as the
shiverer mouse (Andrews et al., 2006), the PLP-overexpressing mouse
(Hogan et al., 2009), Theiler's murine demyelination (Sathornsumetee
et al., 2000), and postmortem histological studies in MS patients
(Zambonin et al., 2011).

Interestingly, in vitro findings have identified Sema3A as a potent,
selective and reversible inhibitor of OPC differentiation, while in vivo
studies have shown that Sema3A administration into LPC-treated rats
induces demyelinating lesions and leads to remyelination failure. Fur-
thermore, Sema3A expression has been detected in active MS lesions,
where it has been found to block OLG differentiation (Syed et al.,
2011). Moreover, recently published work has demonstrated that
NRP-1 ablation in microglia blocks microglial signaling and polarization
to the antiinflammatory M2 phenotype (Nissen and Tsirka, 2016).
Therefore, Gal-1 could enhance remyelination through amechanism in-
volving the blocking of Sema3A binding to NRP-1/PlexinA4 in OLG cells,
or interaction with NRP-1 in microglial cells, favoring the shift toward
an M2 phenotype. These hypotheses are currently under evaluation by
our group.

In conclusion, our study provides pioneering evidence demonstrat-
ing a role for Gal-1 as a modulator of glial response using a pathogenic
T cell-independent demyelination model. Taking advantage of the LPC
model, in which damage occurs at the time of injection and after
which only the regenerative process takes place, the effects of Gal-1
on glial responses may be dissected from its possible effects on the sup-
pression of damage, highlighting the therapeutic efficacy of this lectin in
bellum and attached hindbrain from newborn WT mice organotypically cultured during
for 1 h. Slices immunostained with specific microglial (Griffonia), oligodendroglial (Olig2,
s and 3D-reconstructed using ImageJ software (z-stack). Griffonia+/488-Gal-1+ cells are
om 3×. Quantitative analysis expressed as costaining coefficient between 488-Gal-1 and
newborn EGFP::CNP mice were organotypically cultured during 9 days, demyelinated

lial (Griffonia) and astroglial (GFAP) markers, evaluated by confocal microscopy in the z
d by solid white arrows and Griffonia+/Gal-1+ cells are indicated by empty white arrows.
pressed as costaining coefficient between CNP+/Griffonia+, number of CNP+/Griffonia+

three independent experiments. ns: non-significant; *p b 0.05; **p b 0.01 using one way



Fig. 8. Gal-1 effects on OLG-enriched primary glial cultures. OLG-enriched primary glial cultures were obtained as described inMaterials andmethods. Growth factors were used to keep
OPC undifferentiated for 24 h and then removed to allow OPC differentiation for 72 h. Differentiated OLG (ODC) treated with different concentrations of Gal-1 to assess proliferating and
non-proliferating NG2+ (A), MBP+ (B), GFAP+ (C) and Iba-1+ (D) cells. Proliferation evaluated through BrdU incorporation. Images on the right show cells considered positive for each
marker. Values represent themean± SD of three independent experiments. ns: non-significant *p b 0.05; **p b 0.01; ***p b 0.001 using oneway ANOVA followed by Bonferroni post-hoc
tests. + indicates comparisons between non-proliferating or proliferating 125 μg/ml Gal-1-treated cells and their corresponding 50 μg/ml Gal-1-treated cells. # indicates comparisons
between non-proliferating or proliferating Gal-1-treated cells and their respective controls.
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the recovery of pattern-3 and -4 lesions, characterized by primary
oligodendropathy. In a broader perspective, Gal-1 is likely a gear of a
more general galectin network, including Gal-3, Gal-4 and Gal-9,
which influence the myelination process and fine-tune glial activity
(Pasquini et al., 2011; Hoyos et al., 2014; Stancic et al., 2012;
Anderson et al., 2007). Altogether, the current findings support the
use of Gal-1 for the treatment of CNS demyelinating diseases such as
MS through multiple mechanisms including the modulation of
microglial activation, polarization and phagocytosis and the preserva-
tion of myelin integrity.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.nbd.2016.09.003.
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Fig. 9.Gal-1 effects onmicroglial phenotype and phagocytic activity. A: Primarymicroglial cultures incubatedwithfluorescent latex beads or purifiedmyelin andevaluated by Iba-1+/latex
beads fluorescence orMBP+/Griffonia+ costaining, respectively. Quantitative analysis expressed as the proportion of Iba-1+/latex beads fluorescence area or MBP+/Griffonia+ costaining,
respectively. B.1: BV2 cells treated with 50 or 125 μg/ml Gal-1, 10 ng/ml IL4 or both for 24 h to evaluate iNOS+/Griffonia+ or Arginase+/Griffonia+ colocalization through Pearson's
coefficient. B.2: BV2 cells treated with Gal-1 (125 μg/ml), LPS (100 ng/ml) or both for 24 h and incubated in the presence of myelin for 2 more hours to evaluate Arginase+, iNOS+ and
MBP+ cells by flow cytometry. C: Primary purified microglia conditioned by treatment with Gal-1 (125 μg/ml) or LPS (100 ng/ml) or both during 24 h and purified oligodendrocytes
maintained as OPC through growth factor incubation (PDGF and bFGF) during 48 h. OPC on coverslips co-cultured with previously conditioned microglia on transwells for 48 h and
evaluated by NG2 and RIP immunocytochemical studies. Quantitative analysis expressed as the number of positive cells and % immunoreactive area/cell number. Values represent the
mean ± SD of three independent experiments. *p b 0.05; **p b 0.01 using one way ANOVA followed by Bonferroni post-hoc tests.
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