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Axonal growth cone collapse following spinal cord injury (SCI) is promoted by semaphorin3A (Sema3A) signal-
ing via PlexinA4 surface receptor. This interaction triggers intracellular signaling events leading to increased hy-
drogen peroxide levels which in turn promote filamentous actin (F-actin) destabilization and subsequent
inhibition of axonal re-growth. In the current study, we demonstrated that treatment with galectin-1 (Gal-1),
in its dimeric form, promotes a decrease in hydrogen peroxide (H2O2) levels and F-actin repolimerization in
the growth cone and in the filopodium of neuron surfaces. This effect was dependent on the carbohydrate recog-
nition activity of Gal-1, as it was prevented using a Gal-1 mutant lacking carbohydrate-binding activity. Further-
more, Gal-1 promoted its own active ligand-mediated endocytosis together with the PlexinA4 receptor, through
mechanisms involving complex branchedN-glycans. In summary, our results suggest that Gal-1, mainly in its di-
meric form, promotes re-activation of actin cytoskeleton dynamics via internalization of the PlexinA4/Gal-1 com-
plex. This mechanism could explain, at least in part, critical events in axonal regeneration including the full
axonal re-growth process, de novo formation of synapse clustering, axonal re-myelination and functional recov-
ery of coordinated locomotor activities in an in vivo acute and chronic SCI model.
Significance statement: Axonal regeneration is a response of injured nerve cells critical for nerve repair in human
spinal cord injury. Understanding themolecular mechanisms controlling nerve repair by Galectin-1, may be crit-
ical for therapeutic intervention. Our results show that Galectin-1; in its dimeric form, interferes with hydrogen
peroxide production triggered by Semaphorin3A. The high levels of this reactive oxygen species (ROS) seem tobe
themain factor preventing axonal regeneration due to promotion of actin depolymerization at the axonal growth
cone. Thus, Galectin-1 administration emerges as a novel therapeutic modality for promoting nerve repair and
preventing axonal loss.

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

Although underappreciated for many years, emerging observations
suggest essential roles for glycan-binding proteins and their corre-
sponding glycosylated ligands in different central nervous system
(CNS) pathologies (Rabinovich and Croci, 2012; Mendez-Huergo et al.,
2014). In previous studies, we reported the functional recovery of
mice with spinal cord injury (SCI) following local treatment with
galectin-1 (Gal-1), a highly conserved glycan-binding protein, through
mechanisms involving interruption of Semaphorin3A (Sema3A)-driven
i).
inhibitory signals (Quinta et al., 2014b). We found that Gal-1 binds to
the Neuropilin-1 (NRP-1)/PlexinA4 receptor complex on the surface of
injured neurons through a glycan-dependent mechanism, promoting
axonal regeneration. However, the molecular mechanism through
which Gal-1 association with NRP-1/PlexinA4 promotes axonal re-
growth remains uncertain.

It iswell known that Sema3A, a chemo-repulsive axonal guidancemol-
ecule, induces growth cone collapse after SCI (Takahashi et al., 1999). This
protein is secretedbymeningealfibroblasts spreadingout at the lesion site
(Pasterkampet al., 1999),where it binds toNRP-1/PlexinA4 surface recep-
tor in the injured axonal tracts (Tamagnone et al., 1999; Pasterkamp and
Verhaagen, 2001;DeWinter et al., 2002a;DeWinter et al., 2002b). This in-
teraction, leads to intracellular signaling events that raise MICAL activity,
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thus promoting an increase in intra-axonal hydrogen peroxide (H2O2)
production, which in turn oxidizes F-actin at methionine residues,
resulting in F-actin destabilization. The whole process generates growth
cone collapse (sharp decrease in F-actin length and bundling) and inhibi-
tion of axonal re-growth (Hung andTerman, 2011;Giridharan andCaplan,
2014). Moreover, neuronal H2O2 production over physiological levels is
closely associated with axonal growth failure (Hung et al., 2010; Hung et
al., 2011; Morinaka et al., 2011), supporting a link between inhibition of
axonal regeneration and production of reactive oxygen species (ROS).
Fig. 1. Real timemeasurement of H2O2 production in hippocampal pyramidal neurons. (A) H2O
neurons. The experimental conditionswere: 300 μg/ml of Sema3A (first line); 280 μg/ml ofwt-G
1 (15 min of pre-incubation) + 300 μg/ml of Sema3A (third line); 280 μg/ml of Gal-1-N46D (1
Sema3A addition. Basal H2O2 content control evaluated in HyPer transfected neurons (fift
normalized for each condition. Scale bar, 20 μm. (B) Graphical analysis shows a quantifica
indicates Sema3A addition. Values represent the mean of three independent experiments (n =
followed by Dunn's multiple comparison tests.
Fromabiochemical viewpoint, Gal-1 is an endogenous homodimeric
lectin composed of subunits of 14.5 kDa that binds to glycosylated re-
ceptors displaying multiple units of the common disaccharide (Galβ1–
4)GlcNAc; LacNac) on both N- and O-glycans (Rabinovich and Croci,
2012). Within the CNS, injection of Gal-1 following SCI, binds to the
NRP-1/PlexinA4 complex, promoting axonal regeneration and recovery
of locomotor activities (Quinta et al., 2014b). However, in spite of con-
siderable progress themolecularmechanisms underlying this neuro-re-
generative effect remain uncertain.
2 content evaluated by confocal time-lapse acquisition of representative HyPer transfected
al-1 (15min of pre-incubation)+300 μg/ml of Sema3A (second line); 280 μg/ml ofM-Gal-
5 min of pre-incubation) + 300 μg/ml of Sema3A (fourth line). The yellow line indicates
h line). In the right corner of each picture, a calibration bar is shown (0–255 colors)
tion of H2O2 content 480:405 ratio (fold over basal). The gray arrow in the bar graph
5 transfected cells analyzed per condition). ***P b 0.05, *P b 0.05 using one-way ANOVA
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Therefore, to determine whether wild-type recombinant Gal-1 in its
dimeric conformation (wt-Gal-1) could reactivate actin dynamics via N-
glycan recognition, we evaluated in real time the effect of Gals-1 vs
Sema3A on H2O2 production in pyramidal neurons using a HyPer biosen-
sor coupled to quantitative confocal video microscopy (Belousov et al.,
2006; Cheng et al., 2014). We demonstrate that interactions between di-
meric Gal-1 and NRP-1/PlexinA4 receptor leads to active internalization
of the complex through an N-glycan-dependent mechanism, leading to
decrease in H2O2 levels, even in the presence of Sema3A. The whole pro-
cess promoted the reactivation of actin cytoskeleton dynamics in the
growth cone as well as in the filopodia of neuronal surfaces. In addition,
in an in vivo SCImodel (acute and chronic),we found afterwt-Gal-1 treat-
ment, an internalization of Gal-1/PlexinA4 complex, full axonal re-
Fig. 2. Changes in H2O2 production by sequential addition of Sema3A and wt-Gal-1. (A) Dyn
transfected neurons. First, post-set H2O2 basal content, the neurons were treated with 300
280 μg/ml of wt-Gal-1 (red arrow) and final re-exposure to Sema3A. White arrows show H2O
right corner a calibration bar is shown (0–255 colors). Scale bar, 20 μm. (B) Graphical analysi
represent the mean of three independent experiments (n = 4 transfected cells analyzed).
280 μg/ml of wt-Gal-1; 300 μg/ml of Sema3A + 280 μg/ml of wt-Gal-1; 280 μg/ml of M-G
evaluated in HyPer transfected neurons. In the right corner, a Calibration bar is shown (0–255
ratio (fold over basal). Values represent the mean ± S.D. of three independent experiments
using one-way ANOVA followed by Tukey's tests.
growth, de novo formation of synapse clustering (synaptic vesicles accu-
mulation), axonal re-myelination and functional recovery of coordinated
locomotor activities. Our data unveil the molecular basis of the antagonic
effects of Gal-1 and Sema3A signaling on NRP1/PlexinA4 complex and its
functional consequences in neuro-regeneration.

2. Materials and methods

2.1. Primary culture of hippocampal pyramidal neurons

Dissociated hippocampal pyramidal neurons were isolated accord-
ing to Kaech and Banker, 2006 (Kaech and Banker, 2006) from embry-
onic day-18.5 Sprague-Dawley rat embryos (provided by the animal
amic H2O2 content evaluated by confocal time-lapse acquisition of representative HyPer
μg/ml of Sema3A (yellow arrow point added), followed by a washout and addition of
2 content at varicosities (white frames insets) pre- and post-wt-Gal-1 treatment. In the

s shows a quantification of H2O2 dynamic content 480:405 ratio (fold over basal). Values
(C) Hyper-transfected neurons were incubated over 24 h with: 300 μg/ml of Sema3A;
al-1; 300 μg/ml of Sema3A + 280 μg/ml of M-Gal-1. Basal H2O2 control content was
colors). Scale bar, 20 μm. (D) Bar graph shows a quantification of H2O2 content 480:405

(n = 10 transfected cells analyzed per condition). ***P b 0.001 and NS = not significant



Fig. 3. Internalization of wild-type Gal-1 by neurons. (A) 4D confocal representative images showing the uptake ofwt-Gal-1Alexa488 (280 μg/ml) by neurons. Scale bar, 50 μm. (B) Graphical
analysis shows a quantification of the number of wt-Gal-1Alexa488 clusters at neuronal surface each 30 s during 15 min. Inset graph shows the fluorophore lifetime control. The
representative 3D-projections were developed using Imaris 3D software, showing at time 0 s+ and time 14 min, the clustering (red dots) at the neuronal surface. Values represent the
mean ± S.D. of 8 independent neurons analyzed. ***P = 0.0003 using one-way ANOVA followed by Tukey's tests. (C) Representative tracking of wt-Gal-1Alexa488 cluster from neuronal
surface toward inside the axon. Yellow arrowhead point the localization of cluster in each time, starting at the neuronal surface (0 s picture inset) and ending inside the axon (14 min
picture inset). Nu = nucleus. In the right corner, a calibration bar is shown (0–255 colors). Scale bar, 10 μm. Right picture shows a quantification of cluster trajectory.
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facility of the Faculty of Medicine, University of Chile) and from post-
natal-day-1Mgat5−/−mice (provided by Jackson Lab). The isolated hip-
pocampal cells were transiently maintained in Hanks' balanced salt so-
lution. Briefly, hippocampal cells were digested with 0.25% trypsin-
EDTA (Gibco-25200-056) for 24 min at 37 °C, followed by exposure to
DMEM with 10% FBS and 10% F12. Dissociated neurons were plated
onto a 1 mg/ml of poly-L-lysine pre-coated coverslips of 25 mm in cul-
ture dishes of 35 mm, and incubated at 37 °C in DMEM with 10% FBS
and 10% F12 in a humidified 5% CO2 atmosphere. Cultures were
enriched for neurons by removing the platingmedium after 2 h and re-
placing it with Neurobasal medium (Gibco-21103-049) supplemented
with 2% B27 and 2mM L-glutamine. Animal care and experimental pro-
cedures were carried out according to the guidelines of the Experimen-
tal Animal Care Committee of the School of Pharmacy and Biochemistry
at the University of Buenos Aires, Argentina and by the Ethical Commit-
tee of the Faculty of Sciences, University of Chile.
Fig. 4. Ligand-mediated endocytosis triggered by Gal-1 interaction with branched complex N-g
treatedwith FR-D plus vehicle or wt-Gal-1 (280 μg/ml). The imageswere shown in spectrum gr
calibration bar is shown (0–255 colors). Inset in left panel shows the analyzed axon (black arrow
internalization of FR-D. Black arrowheads indicate FR-D in the process of internalization where
shows a quantitative analysis of FR-D internalization. Values represent themean± S.D. of three
ANOVA followed by Bonferroni's Multiple Comparison Test. (B) Lectin blot analysis of NR
immunoprecipitated NRP-1. Control of streptavidin alone ruled out non-specific lectin binding
glycosyltransferase treated with FR-D plus vehicle or wt-Gal-1 (280 μg/ml). Inset in each
performed on the same neurons that were treated with FR-D plus vehicle or wt-Gal-1, show
frame in each image, points the structural localization of PlexinA4 clusters shown with a coloc
shows the localization of PlexinA4 regarding FR-D. White arrowheads indicate the localizatio
Gal-1-treated cells. Scale bars, 10 μm, 5 μm and 3 μm, respectively. Right bar graph shows a q
three independent experiments (n = 7 cells analyzed per condition). ***P b 0.05 using one-wa
2.2. Transfection with coding biosensor vector

The pyramidal hippocampal neurons were transfected with:

- HyPer biosensor (Evrogen, Moscow, Russia), a ratiometric sensor
which detects local H2O2 production (Belousov et al., 2006).

- Lifeact-GFP or -Ruby biosensor (kindly provided by J. Bamburg),
which allows real-time visualization of actin polymerization (Riedl
et al., 2008).

Briefly, 200,000 cells/coverslip (25 mm) were transfected immedi-
ately after plating in the case of HyPer biosensor, and 18 h after plating
in the case of Lifeact-GFP or -Ruby biosensor. Transfection was carried
out using 2 μg cDNA and 5 μl Lipofectamine 2000 in Optimemmedium,
according to the manufacturer's instructions. After 2 h, Optimem
lycans. (A) Representative Z-projection of time lapse confocal images taken from neurons,
aph generatedwith the Lut function of Fiji image processing software. In the right corner, a
). Right panel magnification of segments indicated bywhite arrows (1, 2 and 3) show the

as white arrowheads indicate FR-D already internalized. Scale bar, 10 μm. Right bar graph
independent experiments (n=7 cells analyzed per condition). ***P b 0.05 using two-way
P-1 from wild type neurons. Binding of biotinylated PHA-L and biotinylated Gal-1 to
. (C) Representative Z-projection confocal images taken from neurons lacking theMgat5
panel shows the analyzed axon (black arrow). Scale bar, 10 μm. (D) Triple staining,
s the localization of PlexinA4 in the neurite process (βIII-Tub+). Magnification of white
alization mask plug-in from Fiji image software. Additionally, a double staining plus FR-D
n of PlexinA4 clusters alone in vehicle treated and localizing together with FR-D in wt-
uantitative analysis of PlexinA4 cluster localization. Values represent the mean ± S.D. of
y ANOVA followed by Bonferroni's Multiple Comparison Test.
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containing cDNA particles was discarded and replaced by Neurobasal
medium supplemented with B27, Glutamax, sodium pyruvate and a
mix of penicillin-streptomycin (Wilson et al., 2015). Experiments
were performed 36 h and 18 h after cDNA Hyper and cDNA Lifeact
transfection (days in vitro 1,5). Efficiency of transfection was ~10%. All
reagents used were purchased from Life technologies (CA, USA).
2.3. H2O2 detection using the HyPer biosensor in live cultured pyramidal
neurons

After 24 h of HyPer expression, coverslips containing neurons were
mounted in a cell thermostatic chamber (37 °C) to allow live-images
acquisition using a confocal video-microscopy. During this process,
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neurons were maintained in Hank's Balanced Salt Solution (HBSS) sup-
plementedwithHEPES buffer. Tomeasure H2O2 content in live neurons,
transfected cells were excited at 488 and 405 nm every 30 s for the in-
Fig. 5. Reactivation of actin cytoskeleton dynamics at the axonal growth cone post-
Sema3A treatment. (A), (B) and (C) Representative image of a neuron expressing
Lifeact-GFP treated with: 300 μg/ml of Sema3A; 300 μg/ml of Sema3A plus 280 μg/ml of
wt-Gal-1; 300 μg/ml of Sema3A plus 280 μg/ml of M-Gal-1. Yellow frame defines the
bleach area of the axon growth cone. The magnifications are shown below each image.
Scale bar, 10 μm. Right graphs of each images show a quantitative analysis of
fluorescence recovery post-bleaching. Black lines correspond to fluorophore lifetime
control. Red arrowhead in graphs (B) and (C) point the wt-Gal-1 and M-Gal-1 addition
respectively. Value of mobile fraction (Mf) in each condition was measured in three
independent experiments showing similar results.
dicated time in each figure. The emission was collected at 505–530 nm
in both cases. Fluorescence emission from excitation at 488 nmwas di-
vided by fluorescence emission at 405 nm excitation (488:405), as a
measure of H2O2 content (Belousov et al., 2006). To generate a H2O2

map, the ratio 488:405 was divided by the binary mask of the
transfected cell (Wilson et al., 2015). Images were acquired using a
Zeiss LSM 710 confocal microscopy using a 63× Plan-Apochromat Oil/
1.4 N.A objective, airy unit = 1 airy-disk and linear scanning mode.

2.4. Gal-1Alexa488 internalization assay in live cultured pyramidal neurons

Wild-type recombinant Gal-1 occurring in a dimerization equilibri-
um (concentration N 7 μM) was tagged with Alexa Fluor® 488 Micro-
scale Protein Labeling kit (Molecular Probes) following the
manufacturer's instructions. The degree of labeling (DOL) of Alexa
Fluor® 488 dye–labeled protein conjugate was determined obtaining
the protein concentration by absorbance at 280 nm (A280) and at
494 nm (A494) using a NanoDrop 2000 (Thermo Scientific). Then, pyra-
midal neurons treatedwith wt-Gal-1Alexa488 (280 μg/ml) weremounted
in a cell thermostatic chamber where the internalization process was
tracked through 4D confocal microscopy (XYZT). The acquisition of Z-
series optical slices (airy unit = 1 airy disk in accordance with Nyquist
theory, optimum overlapping to minimize photobleaching) (Quinta et
al., 2014b) was carried out every 30 s during 15 min, using a Zeiss LSM
710 confocal microscope, with a 60× Plan-Apochromat Oil/1.4 N.A objec-
tive. Excitation was applied at 488 nm and the signal emission was col-
lected at 505–530 nm. Neuronal surface clusters were quantified using
Measurement Point plug-in from Imaris 3D software 6.3.1 (Bitplane Sci
Software, Zürich, Switzerland). Each surface cluster in XYZ was localized
and projected for each time analyzed generating individual images. The
surface clusters were quantified in each generated image. Particle track-
ing was performed using a Manual Tracking plug-in from Fiji software
(v.1.45) (NIH; Bethesda, MA, USA). The images of each independent ex-
periment were measured four times and averaged for each condition.

To evaluate whether this process belongs to ligand-mediated endocy-
tosis, pyramidal neurons were treated for 15 min with 2 mg/ml
FluoroRuby-conjugated Dextran from Molecular Probes (Eugene, OR,
USA) plus wt-Gal-1 (280 μg/ml) or vehicle. Then, neurons weremounted
in a cell thermostatic chamber where the internalization process was
tracked through 4D confocal microscopy (XYZT) as explained above.

2.5. Measurement of actin cytoskeleton dynamics by fluorescence recovery
after photobleaching

After 18-h Lifeact-GFP biosensor transfection, neurons were
mounted in a cell thermostatic chamber on a confocal microscope
setup. The region of interest (ROI) was defined (growth cone axon)
and 5–10 images were acquired (pre-bleach) every 30 s with a rest
time of 10 s. Then, the bleach was performed using Tornado-ROI func-
tion (allows rapid bleaching and laser light stimulation of desired fields)
with a pixel time of 400 μs/pixel and 90% laser beam intensity. Post-
bleach, the complete loss of fluorescence signal was verified. ROI images
were then collected every 30 s during 9min using an OlympusFluoview
1000 Confocal Microscope (Olympus Headquarters Corporate, Philadel-
phia, PA, USA) with 60× Plan-Apochromat Oil/1.42 N.A objective. The
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mobile fraction and the percentage offluorescence recoverywere deter-
mined according to Ishikawa-Ankerhold (Ishikawa-Ankerhold et al.,
2012).

Mf ¼ I∞−Io
Ii−Io

Mf=Mobile fraction; Ii= Initial (pre-bleach) fluorescence intensity; I∞=
Maximal plateau value; Io = Low value

I=2 ¼ I∞−Io
2

I/2 = Time for the exchange of half the mobile fraction between bleached
and unbleached areas.

To rule out the possibility that changes in the fluorescence post-
bleach could be associated with different levels of Lifeact-GFP expres-
sion, signal acquisition of background andmeasurement of fluorescence
lifetime (in the non-bleached area)were analyzed in each image simul-
taneously to gain independence of the level of expression in each neu-
ron. Also, to ensure that the expression level of Lifeact-GFP did not
affect actin cytoskeleton dynamics, over-expression period did not ex-
ceed 18 h, as previously described (Wilson et al., 2015). Finally, a linear
scanning mode plus digital zoom ×2 was used to ensure homogeneous
excitation of samples, thus allowing quantitative fluorescence acquisi-
tion. The analysis was performed using integrated density plug-in
from Fiji software (v.1.45) (NIH; Bethesda, MA, USA) normalized by
area.

2.6. Real-time filopodial dynamics

After 18 h of Lifeact-GFP biosensor transfection, neurons were
mounted in a cell thermostatized chamber on a confocal microscope
setup. Time-lapse images were taken every 15 s for 15 min to visualize
filopodial dynamics using an Olympus Fluoview 1000 Confocal Micro-
scope (Olympus Headquarters Corporate, Philadelphia, PA, USA) with
a 60× Plan-Apochromat Oil/1.42 N.A objective. Later, length of filopodia
andmovementof F-actin weremeasured usingMeasurement andMan-
ual tracking plug-in from Fiji software (v.1.45) (NIH; Bethesda, MA,
USA), respectively. Protrusions shorter than 2 μm and longer than
15 μm were not considered for analysis.

2.7. In vivo surgical procedures

Male C57BL/6 Lgals1−/− mice (kindly provided by F. Poirier, Jacques
Monod Institut,

Paris, France) were used between 8 and 10 weeks of age (weight:
23–28 g). Animal care and treatment were carried out according to
the guidelines of the Experimental Animal Care Committee of the School
of Pharmacy and Biochemistry at the University of Buenos Aires, Argen-
tina. Mice were anesthetized with ketamine (65 mg per kg body
weight) and xylazine (15 mg per kg body weight) in a 600 ml solution
to allow the anesthetic effect while still preventing a possible dehydra-
tion process (Quinta et al., 2014b). The SCI model was conducted at the
Th9–Th10 lamina level as previously described (Bregman, 1987b, a;
Quinta et al., 2014b). In brief, after laminectomy, the dura was opened
and a complete transection of spinal cord was performed using a surgi-
cal blade. The severed endswere examined to check a complete transec-
tion. Then, 10 μl of wt-Gal-1 (1 μg/μl) was applied using microcapillary
calibrated pipettes perpendicularly to the epicenter of the lesion site
and in a 45° angle in both cranial and caudal orientation, as previously
described (Quinta et al., 2014b). Controlmice received the same volume
of PBS. After treatment, themuscles and skin surrounding the lesion site
were closed in layers. All the process was performed under a dissecting
microscope. In the chronic SCI model, the wt-Gal-1 treatment was ap-
plied at the epicenter of the lesion site 2 months after injury. Antero-
grade labeling of CST axons was performed using FluoroRuby tracer
(20%) from Molecular Probes (Eugene, OR, USA), eight days post wt-
Gal-1 treatments (Chen et al., 2007; Quinta et al., 2015). The FR-D tracer
was injected into themotor cortex at four different sites, 1 μl per site (AP
coordinates frombregma inmm:AP 1.5/1.5,1.0/1.5, 0.5/1.5, 0.5/1.5 all at
a depth of 0.5 mm into cortex) as previously described (Liu et al., 2010).
The process was carried out under a Leica S4E stereo microscope
(Wetzlar, Germany). After both surgeries, the mice were kept warm in
an incubator at 28 °C for 2 h. Food was provided on the cage floor and
water bottles were placed within reach.

2.8. Immunohistochemistry

Animals were transcardiacally perfused with PBS/heparin (0.05% v/
v) followed by 4% paraformaldehyde in PBS. Spinal cords were removed
and post-fixed overnight (ON) in the same fixative solution, then treat-
edwith a sucrose gradient (15 to 30%) andwashedwith PBS. Tissuewas
then frozen to obtain 30-μmcryostat longitudinal (cranial to caudal and
dorso to ventral) sections using a Leica CM 1850 cryotome (Pasquini et
al., 2011). To perform the analysis, 11 serial sections of spinal cord were
collected from each specimen (vehicle control vswt-Gal-1) and, using a
freefloating technique, the immunohistochemistrywas carried out for a
particular antigen or antigen pair as previously described by (Katherine
Zukor,1 Stephane Belin,1 ChenWang,1 Nadia Keelan,1,2 XuhuaWang,1
and Zhigang He1). Slices were first incubated with high ionic force
blocking buffer (HIFBB) for 50 min and later treated with 0.1% Triton
X-100 in PBS for 14 min for permeabilization. Solutions for all primary
antibodies were prepared in HIFBB and incubated for 3 h at room tem-
perature, while secondary antibodies were incubated ON at 4 °C. Nucle-
ar labeling was performed with 4′,6-diamidino-2-phenylindole (DAPI)
for 1 h at room temperature. Controls to determine non-specific binding
were performed using sections treated only with secondary antibodies
using different IgG isotypes. All analyseswere performed by an observer
blinded to experimental conditions.

2.9. Behavior experiments

To assess the effects of wt-Gal-1 treatment on coordinated motor
skill recovery, we used two behavioural tests:

2.9.1. Rotarod test
Treated, control and sham Lgals1−/−micewere placed in the rotarod

as previously described (Bergeron et al., 2014). The speed used was
10 rpm. Mice were tested during 1 min with a latency period of 10 s.
Three trials with 2 min of resting time were carried out per session on
three consecutive days (13, 14 and 15) for each animal condition and
the values were averaged. Trial end was considered when mice fell off
the rod or whenmice reached 1 min. Before starting the evaluation, an-
imals were acclimatized in the sound-attenuated experiment room.

2.9.2. 90° grid walking test
A straight bridge-shapedmetal gridwas placed at 90° from the floor,

as previously described (Quinta et al., 2014b) with modifications. Mice
were placed at the base and the number of foot fall errors where the
hindlimb failed to grasp a bar was recorded (0–10 scale) per climb.
Three repetitions with 2 min of resting time were done for each animal
condition in each day and the values were averaged.

Analysis for both tests was developed later by two experimenters
who were blind to the experimental design.

2.10. Statistical analysis

Graph-Pad Prism software Version 5.0 (Graph-Pad software, Inc., La
Jolla, CA, USA) was used for data analysis. Results are the mean of at
least three independent experiments (N = 3) presented as mean ±
SD. Comparisons were performed using unpaired one-tailed Student's
t-test or one-way analysis of variance (ANOVA) followed by Tukey's
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post hoc tests or Bonferroni's Multiple Comparison Test, where
appropriate.

3. Results

3.1. Treatment with wild-type recombinant Gal-1 decreases neuronal H2O2

production triggered by Sema3A

To determine whether Gal-1 may counteract H2O2 levels triggered
by Sema3A, we examined, in real time, whether H2O2 levels in pyrami-
dal neurons were modified by the pre-addition of: wt-Gal-1 (wild-type
recombinant Gal-1 form occurring in a dimer equilibrium, 280 μg/ml)
(Quinta et al., 2014b); M-Gal-1 (a stable monomeric mutant, 280 μg/
ml) and Gal-1-N46D (mutant lacking carbohydrate-binding activity,
280 μg/ml). Cultured pyramidal neurons isolated from embryonic hip-
pocampus transfected with the HyPer biosensor were treated in situ
with a Sema3A-conditioned medium (300 μg/ml, 20 nM) to promote
complete growth cone collapse (N85%) (Antipenko et al., 2003; Mire
et al., 2008). H2O2 production was measured in the same neuron
every 30 s during 15 min. Control of basal intraneuronal H2O2 produc-
tion was performed only with DMEM supplemented with 2.5% FBS (ve-
hicle of Sema3A). Whereas exposure to Sema3A promoted a rapid
increase in intraneuronal H2O2 levels together with varicosity (axonal
sprout site) collapse (Fig. 1A), pre-treatment with wt-Gal-1 before
Sema3A addition induced a significant decrease in intraneuronal H2O2

levels. However, pre-treatment with M-Gal-1 only induced slight inhi-
bition, suggesting a major role for Gal-1, in its dimeric form, in regulat-
ing H2O2. In contrast, treatment with Gal-1-N46D, not only failed to
prevent Sema3A effects, but also increased them to higher levels than
those observed with Sema3A alone (Fig. 1A and 1B), suggesting that
protein-carbohydrate interactions may play a major inhibitory role in
tuning NRP-1/Plexin4A signaling. Based on these findings, we next con-
ducted a sequential time lapse experiment where Sema3A was first
added and the increment in H2O2 levels was measured during 11 min.
Addition of wt-Gal-1 after this time period produced a significant de-
crease in high pre-existing H2O2 levels, while prevented a further in-
crease induced by second exposure to Sema3A (Fig. 2A and 2B).
Finally, pyramidal neurons expressing HyPer biosensor were incubated
with Sema3A; wt-Gal-1; M-Gal-1; wt-Gal-1 plus Sema3A and M-Gal-1
plus Sema3A, for 24 h.We found a significant decrease in H2O2 level re-
garding Sema3A control in neurons treated with wt-Gal-1 or in compe-
tition with Sema3A, showing comparable values to those observed
under basal conditions (control). Accordingly, only those neurons
showed axonal growth. In contrast, treatment with M-Gal-1, which
was unable to bind to the NRP-1/PlexinA4 receptor in its monomeric
conformation (Quinta et al., 2014a, 2014b), did not prevent H2O2 pro-
duction by Sema3A in pyramidal neurons (Fig. 2C and 2D).

3.2. Wild-type recombinant Gal-1 binds to Neuropilin on the neuronal sur-
face and is rapidly internalized

We recently demonstrated that only wt-Gal-1, when presented in
its dimeric equilibrium, binds to the NRP-1/PlexinA4 receptor on the
neuronal surface promoting axonal regeneration and preventing
Sema3A binding (Quinta et al., 2014b). Moreover, it is well known
that ligand-mediated endocytosis is actively stimulated by Sema3A,
when it binds to NRP-1/PlexinA4 receptor, triggering a retrograde
vesicular axonal transport (Goshima et al., 1997; Fournier et al.,
Fig. 6. Filopodial F-actin dynamics post-Sema3A treatment. Representative time-lapse images o
and addition of: (A) 280 μg/ml of wt-Gal-1 or (B) M-Gal-1. Yellow frame in each condition poin
Color dots point in each panel the localization of last segment of F-actin tracked. Yellow arrowhe
Scale bar, 20 μm and 2.5 μm, respectively. (C) Quantification of the movement and length of fi
experiments. ***P b 0.001, *P b 0.05 and NS = not significant using one-way ANOVA followe
shortening, after Sema3A treatment. The inset shows the growth cone, where the red arrowhe
2000). However, the signaling events associated with Gal-1 binding
remain uncertain. Our results using 4D confocal microscopy (XYZT)
show that wt-Gal-1Alexa488 added to pyramidal neurons is internal-
ized in 15 min (Fig. 3A). We found a significant drop in the number
of wt-Gal-1Alexa488 clusters on the neuronal surface, with ~63% of
the fluorescent protein being internalized (309 ± 21 clusters at
time 0 min and 117 ± 30 clusters after 15 min at neuronal surface)
(Fig. 3B). Moreover, during this period, no significant changes were
observed in the lifetime Alexa Fluor 488 fluorescence (Fig. 3B inset)
and no traces of wt-Gal-1Alexa488 were detected in the acquisition
medium during the internalization process. Additionally, a represen-
tative movement of wt-Gal-1 clusters was tracked from the neuronal
surface (Fig. 3C, 0 min) toward internal compartments of the axon
(Fig. 3C, 14 min), revealing a retrograde trajectory of 10 ± 0.8 μm
(Fig. 3C, right panel).
3.3. Gal-1, in its dimeric form, promotes ligand-mediated endocytosis of the
PlexinA4 receptor via N-glycan recognition

Endocytosis triggered by Sema3A promotes internalization of
PlexinA4 with concomitant growth cone collapse (Fournier et al.,
2000). In the case of pyramidal neurons, even thoughwt-Gal-1 prevents
growth cone collapse and stimulates axonal regeneration, it is uncertain
whether this treatment could also promote ligand-mediated internali-
zation of PlexinA4. Interestingly, axonal growth cone of pyramidal neu-
rons exposed to wt-Gal-1 in the presence of FluoroRuby-conjugated
dextran (FR-D) evidenced a significant internalization of dextran com-
pared to vehicle control. Accumulation of FR-Dwas evident not only in-
side the growth cone but also in the proximal axonal shaft within only
20 min (Fig. 4A), demonstrating that the uptake of FR-D occurred pref-
erentially in the axonal growth conewith a retrogrademovement of FR-
D to the axonal shaft (Fig. 4A (inset 1; 2; 3), right bar graph). Notably,
these effects were in line with those observed upon Sema3A treatment
as previously described (Fournier et al., 2000). Ligand-mediated endo-
cytosis was triggered only when dimeric Gal-1 bound to the NRP-1
complex through interaction with β1-6-N-acetylglucosamine (β1-
6GlcNAc)-branched complex N-glycans, as shown by binding of the
Phaseolus vulgaris leucoagglutinin (PHA-L) lectin (Fig. 4B). However,
when FR-D internalization was studied in pyramidal neurons from
mice lacking the β1,6-N-acetylglucosaminyltransferase 5 (MGAT5), an
enzyme responsible of generating β1-6GlcNAc-branched complex N-
glycans, which are central intermediates for LacNAc extension (pre-
ferred ligands for galectins) (Croci et al., 2014), treatment with wt-
Gal-1 could not trigger ligand-mediated endocytosis, suggesting depen-
dence of complex N-glycan recognition to trigger the endocytic process
(Fig. 4C). Finally, wild type pyramidal neurons treated with wt-Gal-1,
which internalized FR-D (Fig. 4A) also internalized PlexinA4 from the
axonal surface to the cytosol as compared to vehicle treatment (PBS)
(P b 0.05, Fig. 4D). Insets in Fig. 4D show a representative PlexinA4 clus-
ter (at high magnification) surrounding the axonal shaft (visualized
with a thin colocalization mask) in neurons treated with vehicle. Nota-
bly, there was a complete absence of FR-D uptake. In contrast, in neu-
rons treated with wt-Gal-1, a thick colocalization mask was visualized
inside the axon. Besides, the colocalization between FR-D and PlexinA4
inside the axon supports internalization. Of note, immunolabeling was
performed under permeabilization conditions to rule out the possibility
of false negative results regarding the presence of PlexinA4 clusters in
the axonal cytosol following vehicle treatment.
f neurons expressing Lifeact-GFP treated with 300 μg/ml of Sema3A followed by washout
t different fillopodium around the neuron. Magnification of each frame are shown below.
ad shows the presence and red arrowhead shows the absence of Lifeact in thefillopodium.
lopodia from (a) and (b) insets. Values represent the mean ± S.D. of three independent
d by Tukey's tests. (D) Control of F-actin fluorescence intensity decrease and filopodial
ad points the filopodial shortening after Sema3A treatment. Scale bar: 10 μm.
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3.4. Wild-type recombinant Gal-1 reactivates actin cytoskeleton dynamics
at the axonal growth cone following the collapse triggered by Sema3A

To determine whether the decrease in H2O2 levels induced by Gal-1
treatment favors reactivation of actin cytoskeleton dynamics, a Fluores-
cence Recovery after Photobleaching (FRAP) technique was applied in
the growth cone of pyramidal neuronsLifeact-GFP (transfectedwith genet-
ically encoded probe Lifeact, which allows real time visualization of
actin polymerization (Riedl et al., 2008)). The neurons were treated
with Sema3A and pre-bleached images were taken during 2.5 min.
Then, photobleaching was applied in the growth cone (ROI) and, post-
bleaching, the fluorescence recovery was measured in real time,
reaching only 29% of total fluorescence (control) with a mobile fraction
of 0.29 (Fig. 5A). Neurons to which wt-Gal-1 post-Sema3A treatment
was added reached post-bleach, a fluorescence recovery of 65% with a
mobile fraction of 0.65 (Fig. 5B). In contrast, neurons exposed to M-
Gal-1 post-Sema3A treatment reached similar levels of fluorescence re-
covery as those observed with Sema3A control with comparablemobile
fraction (0.29 vs 0.28, respectively) (Fig. 5C). Fluorescence lifetime in
each experiment during the time-lapse, was in turn measured. The
slope of fluorescence lifetime was ~0 in Sema3A control and M-Gal-1
treatment. In contrast, the fluorescence fluctuation was ~−0.6 upon
wt-Gal-1 treatment, suggesting that fluorescence recovery could be
even higher.

3.5. Wild-type Gal-1 reactivates movement of filopodial F-actin at the neu-
ronal surface as well as filopodial re-growth post-Sema3A treatment

Filopodial dynamics was evaluated by tracking the movement of F-
actin and measuring filopodia length in neuronsLifeact-GFP. Before treat-
ment, neurons showed strong fluorescence intensity of F-actin with
large filopodia. Addition of Sema3A promoted in every tested condition
(control, pre-wt-Gal-1 and pre-M-Gal-1) a sharp decrease in F-actin
fluorescence intensity plus a retrogrademovement andfilopodial short-
ening in the time lapse of the experiment (Fig. 6A and 6B) similarly as
previously reported (Fournier et al., 2000). However, post-washout, ad-
dition of wt-Gal-1 promoted a recovery in F-actin fluorescence intensity
together with a significant recovery in anterograde F-actin movement,
overcoming the distance reached in the retrograde motion triggered
by Sema3A. Moreover, wt-Gal-1 treatment also promoted a significant
recovery in filopodial elongation, which reached the same length ob-
served in neurons before Sema3A treatment (Fig. 6A (post-washout)
and C). Interestingly, this length was similar to that observed in normal
pyramidal neurons (DIV 1.5) as described (Wilson et al., 2015). In con-
trast, addition of M-Gal-1 could not restore F-actin fluorescence intensi-
ty, which showed punctuate aggregates, and failed to promote
anterograde movement (no significant differences regarding Sema3A
treatment). Furthermore, M-Gal-1 could not restore the length of
filopodium observed in neurons before Sema3A treatment and ren-
dered the same filopodial features observed upon Sema3A treatment
(Fig. 6B (post-washout) and C). Fig. 6D shows a control of growth
cone collapse after Sema3A treatment.
Fig. 7. Re-growth of corticospinal tract in Lgals1−/− mice with SCI treated with wild-type
recombinant Gal-1. (A) Representative double staining with Peripherin and DAPI. Inset
shows the Peripherin expression using 3D surface plot plug-in from Fiji program. White
frame in right image shows the regenerated neurons at the lesion site. Left inset shows a
render of regenerated neuron. White arrow shows the soma and black arrow shows the
non-collapsed growth cone. Right inset shows a triple staining with PlexinA4, wt-Gal-1
and βIII-Tub. Scale bar: 250 μm and 10 μm, respectively. (B) Immunohistochemical
analysis of dlCST labeling post-SCI. Scale bar, 250 μm. (C) Images of whole dCST
acquired using one-photon microscopy by clearing technique. Dotted white line delimits
the lesion area in vehicle control and white arrow point the distance of “dye back” from
the lesion site. Scale bar, 250 μm. (D) 3D-magnification of regenerated CST (wt-Gal-1
treatment) pointed in the white frame from (C). (E) Graph shows a quantitative
analysis of the number and length of axonal regeneration. Inset graph correspond to a
quantification of FR-D-positive axons at Th10. Values represent the mean ± S.D. of three
independent experiments (n = 4 mice per group). ***P b 0.0001 using unpaired t-test.
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3.6. Treatment with wild-type Gal-1 promotes re-growth of corticospinal
tract and coordinated locomotor recovery post complete transection of spi-
nal cord in Lgals1−/− mice

Recently, we have been demonstrated that Gal-1 treatment pro-
motes axonal regeneration at the lesion site in an SCI mice model
(Quinta et al., 2014b). However, there are no reports on its effects on
the injured corticospinal tract (CST), the major neural pathway for the
control of voluntary movement and the only direct pathway from the
motor cortex to the spinal cord (Liu et al., 2008; Quinta et al., 2015). In-
terestingly, whereas a sharp increase in the expression of the
chemorepulsive Sema3A protein is evident in post-SCI (Kaneko et al.,
2006), wt-Gal-1 promoted a decrease in H2O2 content and reactivation
of F-actin dynamics at the axonal growth cone. Although endogenous
Gal-1 did not promote axonal re-growth (Quinta et al., 2014b, a), we
carried out in vivo experiments using Lgals1−/− mice to evaluate the
physiological relevance of Gal-1 treatment on axonal growth. Treatment
with wt-Gal-1 (1 μg/μl) promoted axonal re-growth at the lesion site
compared with vehicle control (PBS) as visualized by immunohisto-
chemical analysis using the specific axonal regenerating marker
Peripherin (Fig. 7A). Moreover, using the Imaris 3D program 6.3.1, we
found a surface render (Quinta et al., 2010; Quinta and Galigniana,
2012) of a regenerated axon with its non-collapsed axon growth cone
at the lesion site, along with the internalization of PlexinA4 and wt-
Gal-1; these proteinswere detected at the same focal plane (Fig. 7A; in-
sets). Furthermore, assessment of re-growth of dorso-lateral CST
(dlCST) developed by classical histological sectioning (Brambilla et al.,
2009; Zukor et al., 2013) showed that treatment of Lgals1−/− mice
with wt-Gal-1 induced re-growth of dlCST, which was tagged with FR-
D (Fig. 7B). Moreover, using the three-dimensional CST reconstruction
by a clearing technique (Quinta et al., 2015), we measured the number
and length of each regenerated axonal tract post-dorso CST (dCST) dis-
ruption. Our results show that the whole cleared spinal cord from
Lgals1−/− mice treated with wt-Gal-1 presented a sharp re-growth of
damaged axons, which crossed the lesion site as compared to the effects
observed following treatment with vehicle control, where axons exhib-
ited a truncated trajectory showing a “die back” starting at 180 ± 5 μm
from the lesion site (Fig. 7C). The surpass images show the shape of re-
generated cortical axons at the lesion site as well as downstream areas
(Fig. 7D, inset 1–2 of Fig. 7C and movies S1 and S2). Finally, we found
a significant difference in the number of regenerated axons and their
length downstream of the lesion site in each experimental condition
(vehicle control vs wt-Gal-1 treatment) (P b 0.0001, Fig. 7E). In line
with these findings, Lgals1−/− mice treated with wt-Gal-1 evidenced a
significant increase in axonal tract re-growth in the junction between
white and gray matter at the lesion site, as compared to the complete
absence of axonal tracts in vehicle control-treated mice (P b 0.0001,
Fig. 8A). Moreover, this treatment promoted the neo-formation of pre-
synaptic cluster in the regenerated axons, not only in the axon terminal
(Fig. 8A, inset in Y/Z and X/Z), but also in the shaft. Interestingly, only in
mice treatedwithwt-Gal-1, downstreamareas at the lesion site showed
normal distribution of Synapsin-1, a pre-synaptic marker, over the mo-
toneurons surface (Fig. 8A, right inset and bar graph below). These re-
sults demonstrate that the re-growth of axonal tracts prevents trans-
synaptic degeneration. In addition, we quantified Synapsin-1 cluster
neo-formation at the whole lesion site by confocal Z-scanning followed
by signal conversion into a 3D-render spot (Fig. 8B). On the basis of
these findings, we evaluated whether the pre-synaptic component of
regenerated axons correlated with post-synaptic density, labeled with
PSD-95 (post synaptic density of 95 Kd), at the lesion site. A quantitative
correlation analysis using Pearson's coefficient showed 30%
colocalization between each Synapsin-1 and PSD-95 cluster in wt-Gal-
1-treated Lgals1−/− mice (Fig. 8C). The rate of overlapping between
pre- and post- synaptic markers correlated with that observed in the
formation and remodeling of postsynaptic density as previously de-
scribed (Marrs et al., 2001). To support the notion that axonal tracts
re-growth, triggered by wt-Gal-1 treatment acquires functional proper-
ties, we also evaluated their myelination state. In a chronic spinal cord
injury model, we observed that the whole cleared spinal cord from ve-
hicle-treated Lgals1−/− mice exhibited a complete absence of axonal
tracts in white matter, as well as Olig-2- (oligodendrocyte transcription
factor encode by the Olig-2 gene)-positive cells. In contrast, upon wt-
Gal-1 treatment, we found an increase in regenerated neurofilament-
positive axons in white matter together with Olig-2-positive cells (Fig.
8D). Besides, the neurofilament-positive segments exhibited oligoden-
drocytes in their vicinity, sandwiched and spaced 35 ± 6 μm from
each other (Fig. 8D, insets). Finally, we analyzed the behavior of
Lgals1−/− mice subjected to SCI and further treated with wt-Gal-1 or
with vehicle control. To assess mice voluntary coordinated locomotion
(which depends on corticospinal tract integrity (Liu et al., 2008;
Quinta et al., 2015)), we used the rotarod test and the 90° grid walking
apparatus test. All mice suffered hindlimb paralysis immediately after
transection. Whereas the vehicle-treated Lgals1−/− mice showed virtu-
ally no recovery in locomotor activities (average latency to fall in
rotarod test was ~0 s, which did not significantly change throughout
the test), Lgals1−/−mice treatedwith wt-Gal-1 showed a significant in-
crease in locomotor coordination (average latency to fall ~56 s, improv-
ing the rate of fall throughout the test) reaching the values observed in
sham mice (Fig. 8E). Furthermore, in the 90° grid walking apparatus
test, vehicle-treated Lgals1−/− mice showed a high number of foot fall
errors (9 ± 0.8), while Lgals1−/− mice treated with wt-Gal-1 showed
a significant decrease in the number of foot fall errors (2 ± 0.7)
(P b 0.001, Fig. 8F).

4. Discussion

Wehavepreviously identifiedGal-1 as a novel regulatory protein ca-
pable of interrupting the Sema3A pathway in vivo, through binding to
the NRP-1/PlexinA4 neuronal receptors and promoting full locomotor
recovery post SCI (Quinta et al., 2014b). However, the mechanisms by
which Gal-1 promotes, post NRP-1/PlexinA4 binding, axonal re-growth
remained poorly understood. In a pathological situation such as SCI
Sema3A is secreted by meningeal fibroblasts, being the first inhibitory
molecule of axonal regeneration to reach the lesion site (Kaneko et al.,
2006). Further, thismolecule binds NRP1/PlexinA4 receptor on the neu-
ronal surface, promoting a strong inhibition of CST re-growth by a dra-
matic growth cone collapse (Pasterkamp et al., 1999; Tamagnone et al.,
1999; Kaneko et al., 2006). The signaling events underlying these path-
ological effects involve molecular and biochemical pathways including
Sema3A-triggered F-actin disassembly and decreased ability to re-poly-
merize (Fan et al., 1993; Hung and Terman, 2011). F-actin depolymeri-
zation and collapse is promoted by oxidation of its methionine residues
(M44 andM47) (Giridharan and Caplan, 2014). The ROS involved in the
oxidation process is H2O2, whose production is promoted by MICAL ac-
tivation, triggered in turn by PlexinA4-cytoplasmic domain Sema3A de-
pendent-binding (Giridharan and Caplan, 2014). Nonetheless, it is
important to highlight that physiological levels of ROS are indeedneces-
sary for normal neuronal development and function (Wilson et al.,
2015). Here, using quantitative confocal video microscopy, we demon-
strate that only pre-exposure to wild-type recombinant Gal-1, which
displays full dimerization capability and intact carbohydrate binding ac-
tivity could preventH2O2 production triggered by Sema3A. Remarkably,
even though monomeric Gal-1 treatment could initially and partially
preventH2O2 production (Fig. 1), it failed to sustain this effect for longer
periods (Fig. 2D). This short-lived effect was probably due to the high
concentration of M-Gal-1 added, which forced to a minimum fraction
of monomer to retain carbohydrate-binding capacity (Cho and Cum-
mings, 1996; Barrionuevo et al., 2007) until the equilibrium was
reached. Moreover, when Gal-1-N46D (mutant lacking carbohydrate-
binding activity) was added, there was an increase in the H2O2 produc-
tion, supporting the specificity of carbohydrate recognition activity.
These data suggest that pre-treatment with wt-Gal-1 prevents
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Sema3A binding to NRP-1/PlexinA4 complex and thereby inhibits the
intracellular production of H2O2. On the other hand, when pyramidal
neurons were treated with Sema3A, the addition of wt-Gal-1 dimin-
ished the levels of H2O2 to basal. Besides, a second burst of Sema3A
could not promote H2O2 production. This result suggests that Gal-1,
mainly in its dimeric form, might have an intracellular specific function.
This might be due to the fact that wt-Gal-1 is taken up by the NRP-1/
PlexinA4 receptor at the neuronal surface (Quinta et al., 2014b) and
then internalized. This process occurred in a short period of time, mim-
icking the internalization and retrograde movement of PlexinA4 trig-
gered by Sema3A treatment (Goshima et al., 1997; Fournier et al.,
2000). In addition, Sema3A-dependent binding to NRP-1/PlexinA4 re-
ceptor promotes endocytic events which cause the internalization of
local membranes (Mann and Rougon, 2007).

The data presented in this study demonstrates that endocytosis of
Gal-1 is a ligand-mediated process, as wt-Gal-1 treatment promotes
neuronal internalization of FR-D, which only occurs in the presence of
ligand-mediated endocytosis (Fournier et al., 2000). In addition,
we show that endocytosis only takes place when wt-Gal-1 binds to
NRP-1/PlexinA4 receptor through recognition of highly branched com-
plex N-glycans. In this regard, pyramidal neurons from Mgat5−/− mice
cannot promote FR-D internalization in presence of wt-Gal-1. Interest-
ingly, most studies aimed at revealing MGAT5 function were carried
out using pheochromocytoma cells transfectedwith glycosyltransferase
iRNA (Yang et al., 2008), due to limitations in performing primary
cultures of pyramidal neurons from Mgat5−/− mice. Given that
pheochromocytome is not an appropriate neuronal model because
these cell lines are not pyramidal neurons, we performed primary neu-
ron cultures despite their low efficiency (one of the four postnatal mice
was knockout). Additionally, we noticed that these cultures had some
difficulties regarding their normal development mimicking the in-vivo
events (Lee et al., 2007).

Finally, we found that PlexinA4 also was internalized from the axo-
nal surface to the cytosol in the pyramidal neurons which showed FR-
D uptake after wt-Gal-1 treatment (Fig. 4D). This result suggests that
Gal-1, a Sema3A antagonizing protein (Quinta et al., 2014b), also pro-
motes PlexinA4 internalization despite having opposite effects. Even
though the internalization of PlexinA4 receptor complex occurs in the
same manner that observed in presence of Sema3A, the endocytosis of
wt-Gal-1 might block the cytoplasmic plexinA4 domain and, thereby,
interrupt MICAL activation, preventing H2O2 production. Supporting
this explanation, we show colocalization between wt-Gal-1 and
PlexinA4 at intra-neuronal level only in a spinal cord tissue from wt-
Gal-1-treated mice with SCI (Fig. 7A). Moreover, as our understanding
of MICAL biochemistry is relatively new, we propose that Gal-1 might
likely promote enzymatic activation, probably at the level of the gluta-
thione system as well as other enzymes required for ROS homeostasis,
in order to remove H2O2 (Limon-Pacheco and Gonsebatt, 2010).

When Sema3A binds to NRP-1/PlexinA4 receptor at the neuronal
surface, post-internalization the cytoplasmic PlexinA4 domain causes
actin cytoskeleton alterations in the growth cone (Negishi et al.,
Fig. 8.Neo-formation of pre-synaptic cluster in regenerated axons and evaluation of coordinated
(A) Double stainingwith NF-M and Synapsin-1.Magnification of insets in each condition is show
1 (X/Z and Y-Z). Motoneurons with normal synaptic contact are shown in downstream ar
motoneurons with Synapsin-1 cluster in its surface. Values represent the mean ± S.D. of area
*P b 0.05 and NS = not significant using one-way ANOVA followed by Tukey's tests. Right
mean ± S.D. of three independent experiments (n = 3 mice per group). ***P b 0.0001 and N
and 100 μm, respectively. (B) Representative 3D-images of Synapsin-1 clustering. Graph sho
three independent experiments (n = 3 mice per group). *P b 0.05 and NS = not significant us
PSD-95. Magnification shows a colocalization between PSD-95 and Synapsin (white arrowhe
Bar scale, 20 μm and 10 μm. (D) Representative double staining with NF-M and Olig-2 show
shows the lesion site in vehicle control treatment. White frame magnification in wt-Gal-1 tre
graph shows the coordinated locomotor recovery quantification. Values represent the mean ±
not significant using one-way ANOVA followed by Tukey's tests. (F) Representative pictures s
and coordinated movement in mice traded whit wt-Gal-1 (yellow arrowheads point the hin
errors. Values represent the mean ± S.D. of five independent experiments (n = 3 mice per gro
2005), which are due to increased H2O2 production. Here we demon-
strate that Gal-1-NRP-1/PlexinA4 complex not only prevents H2O2 pro-
duction but also triggers the reactivation of actin cytoskeleton
dynamics. This process is clearly observed in the axonal growth cone
post-collapse triggered by Sema3A, where new segments of F-actin
are shaped. The recovery of fluorescence intensity in the axonal growth
cone was ~65% in 400 s as compared to control (Fig. 5). In contrast,
treatment with monomeric Gal-1 did not show significant differences
regarding fluorescence recovery or F-actin neo-formation as compared
to Sema3A treatment. Additionally, only treatment with wt-Gal-1 trig-
gered a recovery in actin anterograde movement at the filopodium on
the whole neuronal surface post-Sema3A addition. Besides, filopodia
reached the same length as that observed in the pre-Sema3A treatment.
These results strongly support the relationship between the decrease in
H2O2 promoted by Gal-1-N-glycan interactions and the direct effect on
actin cytoskeleton reactivation. Finally, we analyzed the effects of Gal-
1 at N7 μM (a concentration that allows dimerization and leads to di-
minishedH2O2 production and actin cytoskeleton reactivation) on dam-
aged axons from pyramidal neurons in an in vivo SCI model. In addition,
we evaluated the possible recovery of function in these regenerated
axons, aswell as post-injury behavior.We found re-growth of previous-
ly injured pyramidal axons (which form the CST dorsal and dorso-later-
al) with regenerated axons on average almost reaching 300 μmdistal to
the lesion site within 15 days post-injury. Interestingly, the regenerated
neurons which surrounded the lesion site exhibited internalization of
PlexinA4, spread out in clusters in a similar fashion as that observed in
in vitro experiments usingwt-Gal-1. In contrast, vehicle-treated non-re-
generated neurons showed sharp NRP-1 accumulation, as previously
described (Quinta et al., 2014b).

Regarding the possible function of regenerated tracts, the localiza-
tion of Synapsin-1 clusters in the axons at the lesion site, as well as
the colocalization with PSD-95 confirmed the presence of neo-synaptic
pathways. The movement and remodeling of these structures depend
on actin-based dynamics to drive filopodial protrusion (Halpain, 2000;
Matus, 2000). Besides, we detected myelinated oligodendrocytes sur-
rounding the regenerated axons. Also, as the model used was a chronic
SCI, addition of wt-Gal-1 promoted axonal re-growth after Sema3A se-
cretion, which confirms that this treatment promotes reactivation of
the actin cytoskeleton.

Concerning behavior assays, only mice treated with wt-Gal-1
showed recovery of locomotor coordination. This effect could be ex-
plained by the arrangement of intraspinal neural circuits between re-
generated axons, most probably from interneurons at the lesion site,
which produced signal relay and synaptic connections with the regen-
erated corticospinal tract as previously described (Bareyre et al., 2004;
Kaneko et al., 2006).We also show the absence of trans-synaptic degen-
eration (Fig. 8A, right inset). In summary, the results presented here
provide a mechanistic explanation for the inhibitory role of Gal-1 on
Sema3A interactions with the NRP-1/PlexinA4 complex. Axonal tract
re-growth correlated with the decrease in H2O2 content and concomi-
tant actin cytoskeleton dynamics reactivation. This event occurred via
locomotor recovery in Lgals1−/−micewith SCI treatedwithwild-type recombinantGal-1.
n below.Mice treatedwithwt-Gal-1 showed colocalization between NF-M and Synapsin-

eas (highlighted in the right white frame). Bar graph below shows a quantification of
analyzed in each tissue slide of three independent experiments (n = 3 mice per group).
bar graph shows the quantification of regenerated axonal tracts. Values represent the
S = not significant using one-way ANOVA followed by Tukey's tests. Bar scale, 250 μm
ws a quantification of neo-cluster at the lesion site. Values represent the mean ± S.D. of
ing one-way ANOVA followed by Tukey's tests. (C) Double staining with Synapsin-1 and
ad). Colocalization mask was done using colocalization plug-in from Fiji image software.
n in 3D images acquired by clearing technique from mice with chronic SCI. Dotted line
atment shows regenerated axons with oligodendrocytes in 3D. Bar scale, 250 μm. (E) Bar

S.D. of five independent experiments (n = 3 mice per group). ***P b 0.0001 and NS =
how lack of hindlimb movement in mice treated with vehicle control and the voluntary
dlimb position in each condition). Bar graph below shows the quantification of foot fall
up). ***P b 0.0001 using one-way ANOVA followed by Tukey's tests.
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N-glycan-dependent binding of Gal-1 to NRP-1/PlexinA4, which trig-
gered ligand-mediated endocytosis, leaving the neuron surface less
sensitive to Sema3A effects. Thismechanismmight explain the regener-
ative effects of Gal-1 treatment in damaged axonal tracts leading to re-
covery of a coordinated locomotor activity in in vivo SCI models.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.expneurol.2016.06.009.
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