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Sonic Hedgehog Signaling Is a Positive Oligodendrocyte
Regulator during Demyelination
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The morphogen Sonic Hedgehog (Shh) controls the generation of oligodendrocyte (OLs) during embryonic development and regulates
OL production in adulthood in the cortex and corpus callosum. The roles of Shh in CNS repair following lesions associated with demy-
elinating diseases are still unresolved. Here, we address this issue by using a model of focal demyelination induced by lysolecithin in the
corpus callosum of adult mice. Shh transcripts and protein were not detected in control animals but were upregulated in a time-
dependent manner in the oligodendroglial lineage within the lesion. We report an increased transcription of Shh target genes suggesting
a broad reactivation of the Shh pathway. We show that the adenovirus-mediated transfer of Shh into the lesioned brain results in the
attenuation of the lesion extent with the increase of OL progenitor cells (OPCs) and mature myelinating OL numbers due to survival,
proliferation, and differentiation activities as well as the decrease of astrogliosis and macrophage infiltration. Furthermore, the blocking
of Shh signaling during the lesion, using its physiological antagonist, Hedgehog interacting protein, results in a decrease of OPC prolif-
eration and differentiation, preventing repair. Together, our findings identify Shh as a necessary factor playing a positive role during

demyelination and indicate that its signaling activation stands as a potential therapeutic approach for myelin diseases.

Introduction

Overcoming remyelination defect represents a major challenge in
the field of myelin disorders. Remyelination involves the genera-
tion of new mature oligodendrocytes (OLs) deriving from OL
progenitor cells (OPCs) (Franklin and ffrench-Constant, 2008;
Nishiyama e t al., 2009). In response to demyelination, OPCs are
recruited to the lesion site, proliferate, migrate, and rapidly fill the
demyelinated area. Promoting myelin repair could be achieved
by favoring either the recruitment of endogenous OPCs and/or
their maturation since the lack of differentiation appears as a key
element accounting for inefficient remyelination. It is thus im-
portant to uncover the molecular mechanisms regulating cell dif-
ferentiation in the lesion. The first step of remyelination involves
the reactivation of quiescent OPCs and re-expression of several
developmental genes (Franklin and ffrench-Constant, 2008),
consecutive to the acute injury-induced changes in microglia and
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astrocytes, sources of growth factors such as platelet-derived
growth factor (PDGF) and fibroblast growth factor (Williams et
al., 2007). The LINGO-1, Notch, and canonical Wnt pathways
were recently shown to negatively regulate OPC maturation and
impede repair (Fancy et al., 2010; Huang et al., 2011), whereas
retinoid X receptor gamma signaling is proposed to be a positive
regulator of endogenous OPC differentiation and remyelination
(Huang et al., 2011).

During development, the secreted molecule Sonic Hedgehog
(Shh) is required for the specification of a first wave of OPCs origi-
nating in the ventral regions of the spinal cord and forebrain through
the induction of genes encoding the basic helix-loop-helix proteins,
Oligl and Olig2 (Fuccillo et al., 2006). In the adult brain, Shh sig-
naling is still active (Pascual et al., 2005; Traiffort et al., 2010).
Shh* cells have been notably detected in GABAergic and cholin-
ergic neurons (Traiffort et al., 1999; 2001; Charytoniuk et al.,
2002a). Shh signaling is required for the establishment of the
adult stem cell niches (Charytoniuk et al., 2002b; Lai et al., 2003;
Machold et al., 2003) and migration of neuroblasts (Angot et al.,
2008). Brain delivery of Shh increases the number of OPCs and
premyelinating OLs expressing NG2 and the proteolipid protein
(PLP) isoform DM20 in the normal cerebral cortex and corpus cal-
losum (Loulier et al., 2006). Upregulation of Shh and its receptor
Patched (Ptc), promoted by the administration of interferon-f3, was
suggested to overcome the Notch signaling inhibitory effects in
models of immune and nonimmune-mediated demyelination
(Mastronardi et al., 2004). Along the same lines, the recovery from
chronic demyelination by thyroid hormone therapy was linked to a
potent induction of oligodendrogenesis suggested to be related to
the increase of Shh expression (Harsan et al., 2008).
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Here, we investigated the status and role of Shh signaling in
remyelination by using lysolecithin (LPC)-induced focal demy-
elination in wild-type or plp-GFP transgenic mice. We identify
Shh expression and the transcriptional activation of the pathway
during remyelination. We show that adenovirus-mediated trans-
fer of Shh protects from demyelination and favors the regenera-
tive process by modulating the inflammatory response and
stimulating OPC proliferation and survival and myelin forma-
tion. Finally, Shh loss of function provides evidence for consid-
ering the morphogen as a necessary positive factor during myelin
repair.

Materials and Methods

Animal. All procedures were performed according to the European
Communities Council Directive (86/806/EEC) for the care and use of
laboratory animals. Six- to eight-week-old plp-GFP (Spassky et al., 2001;
Le Bras et al., 2005) or OF1 male mice were used. Animals were housed
under standard conditions with access to water and food ad libitum on a
normal 12 h light/dark cycle.

Focal demyelination. The LPC-induced demyelination was adapted
from a described protocol (Nait-Oumesmar et al., 1999). Animals were
injected unilaterally into the right corpus callosum at the following ste-
reotaxic coordinates (to the bregma): anteroposterior (AP) +1 mm, lat-
eral +1 mm, dorsoventral (DV) —1.7 mm. Control animals received the
vehicle solution (0.9% NaCl). Mice were killed at different survival time
points: 4 or 5 (peak of OPC recruitment), 7 (intermediate state), 10
(onset of OPC differentiation), and 15 (remyelination step) days postle-
sion (dpl).

Adenoviral vector injection. Ad-huShh 8 X 10”7 and Ad-mHip 15 X 107
plaques forming units or the corresponding quantities of Ad-Control
that include GFP placed under internal ribosomal entry site (Loulier et
al., 2006; Angot et al., 2008; Horn et al., 2012) were injected into the right
lateral ventricle (LV) at the following stereotaxic coordinates (to the
bregma): AP +0.2 mm, lateral +0.8 mm, DV —2.5 mm.

BrdU treatment. For subventricular zone (SVZ)-derived cell tracing,
mice received four intraperitoneal injections of bromodeoxyuridine
(BrdU) as described previously (Charytoniuk et al., 2002a, b) 24 h before
LPC administration.

Histological procedures. Frontal sections (16 wm) from frozen brains
were processed as described previously (Loulier et al., 2006; Angot et al.,
2008). Primary antibodies were as follows: mouse Ki67 (1/300; BD Phar-
magen), rat anti-BrdU antibody (1/200, clone BU1/75, ICR1; Harlan
Sera-Lab), mouse CC1 (1/500; Calbiochem), mouse GFAP (1/400; Mil-
lipore), rabbit Oligl (gift from Drs. C.D. Stiles and J.A. Alberta), goat
Olig2 (1/100; Santa Cruz Biotechnology), rabbit Olig2 (1/1000; Milli-
pore), rabbit 167Ab Shh (1/600; Traiffort et al., 2001), rat PDGFR«
(1/400; BD Pharmagen), and chicken GFP (1/200; Aves Laboratory).
Microglia was detected using a biotinylated-isolectin B4 staining (1/100;
Sigma). The secondary antibodies were goat anti-mouse Alexa 546 (In-
vitrogen); goat anti-rabbit Alexa 555 (Life Technologies); donkey anti-
goat Alexa 546 (Life Technologies), goat anti-mouse FITC (Sigma);
donkey anti-sheep, anti-mouse, or anti-rabbit Alexa 488 (Millipore);
Cy3- or Cy5-conjugated antibodies (Jackson ImmunoResearch);
Dylight649-streptavidine (1/200; Jackson ImmunoResearch); and goat
anti-chicken Alexa 488 (1/200; Jackson ImmunoResearch). Cell nuclei
were visualized with DAPI (Vector Laboratories). Triple immunofluo-
rescence was performed as in Magalon et al. (2012). Immunofluorescent
signals were detected by a conventional epifluorescence microscope
(Leica Microsystems) or scanned for optic sections with an apotome-
equipped microscope (Zeiss). For in situ hybridization (ISH) experi-
ments, fragments corresponding to bases 3381-601 for Gli2 (Hughes et
al., 1997; GenBank accession: BC085190) and 3715—4888 for Gli3 (Thien
etal,, 1996; GenBank accession: BC145445) were amplified by PCR from
mouse brain cDNA, subcloned into pGEM-4Z, and sequenced before
riboprobes synthesis. Ptc, Smo, Glil, DM20, and MBP riboprobes were
synthesized as previously described (Traiffort etal., 1999,2001; Loulier et
al., 2006). For Luxol Fast Blue (LFB) staining, slices were stained with
0.5% LFB, cleared, dehydrated, and mounted.
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Quantification and statistical analysis. The demyelination surface in
LPC-induced demyelination of wild-type or plp-GFP mice and cell
counting were evaluated using the Image] software. Antigen colocaliza-
tions were considered within one apotome optical section. Immunoflu-
orescent or ISH-positive cells were counted on three or more
nonadjacent sections per mouse and averaged for each mouse; cell counts
are presented as the mean of at least four mice and the SE was calculated
between each mouse. Cells displaying an ISH signal within the lesions
were counted once the extent of the demyelination had been established
based on the decrease of plp-GFP fluorescence or LFB staining on adja-
cent sections. This area has been measured for each lesion on two non-
adjacent sections per mouse (1 = 5) and expressed in square millimeters.
Statistical analysis was performed using the unpaired bilateral Student’s
test. Statistical significance was considered for p < 0.05.

Results

Increased Sonic Hedgehog in remyelinating brain lesions

To visualize and characterize the brain remyelination, we in-
duced LPC-mediated focal demyelination in the corpus callosum
of adult plp-GFP transgenic C57BL/6 mice (Spassky et al., 2001;
Le Bras et al., 2005) and performed analysis at 4, 7, and 10 dpl. In
this model, most OLs degenerate in the lesion and remyelination
proceeds in a stereotypic sequence of OPC recruitment peaking
atday 5 and OPC differentiation starting around day 10 (Franklin
and ffrench-Constant, 2008). Demyelination was easily visual-
ized by the lack of GFP expression in the callosal white matter at
the lesion site 4 and 7 dpl (Fig. 1). As expected, no lesion was
observed in any other brain regions of the same animal or of
vehicle-treated animals. The LPC-induced lesions contained nu-
merous Ki67+ proliferating cells (Fig. 1A, B) reflecting the re-
cruitment of OPCs (Franklin and ffrench-Constant, 2008). We
analyzed the populations of OPCs and OLs by performing immu-
nohistochemistry experiments with the monoclonal antibody
CCl1, which is specific to mature OLs and a polyclonal antibody
directed against the transcription factor Olig2, which is expressed
by OPCs and mature OLs in LPC-demyelinated and healthy cor-
pus callosum of plp-GFP mice at 7 dpl when the repair process is
ongoing (Fig. 1C). As expected, short chains of Olig2 */CC1 "/
plp-GFP * cells were detected in the vehicle-treated corpus callo-
sum, whereas disorganized Olig2 */CC1 * (mature OLs), but also
Olig2 */CC1 ~ (OPCs) cells were observed in the demyelinated
area likely reflecting the repair process.

Cells expressing Shh transcripts were identified in an area
overlapping the LPC-induced demyelinated area of the corpus
callosum at 4 dpl (Fig. 2A, B). Shh peptides were evident in cells
localized in lesions induced in animals at 4 dpl, 7dpl, or 10 dpl
(Fig. 2D, E), but were also observed in regions neighboring the
lesion (Fig. 2F). Analysis of cell densities within the LPC-lesioned
areas indicated that the highest number of Shh-positive cells was
observed at 4 dpl (699 + 107 Shh ™ cells/mm ?), then decreased at
7 dpl (383 = 61 Shh ™ cells/mm?), and stayed at a similar level at
10 dpl (340 = 42 Shh ™ cells/mm ). Shh transcripts and peptides
were neither observed in the corpus callosum of vehicle-treated
mice (Fig. 2 B, F), nor in the contralateral callosal white matter of
LPC-treated animals. Altogether these observations demonstrate
that Shh peptides are specifically upregulated in remyelinating
brain lesions.

Shh is expressed in the OL lineage during remyelination of
adult brain

In the LPC-lesioned areas at 4 dpl, we found that 90 = 6% of cells
expressing Shh transcripts coexpressed Olig2, indicating that the
major source of Shh is the OL lineage (Fig. 2C). In contrast, we
did not detect any GFAP * astrocytes expressing Shh transcripts
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Figure1.
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LPC-induced demyelination in the plp-GFP transgenic line. 4, B, Visualization of GFP (green) in frontal brain sections of vehicle- and LPC-treated animals immunostained for Ki67 (red).

C, Tripleimmunolabeling for GFP, CC1, and Olig2 in rostral coronal brain sections of an adult mouse treated with LPC. Both the LPC-injected and the contralateral corpus callosum of the same animal
are shown. The lesion site, delineated by the weak or absent GFP expression that reflects the decrease in pjp expression and thus OL survival, displays CC1 */0lig2 * mature OLsand CC1 ~/0lig2 *
0PC, which express low levels of GFP compared with the high levels detected within the same cell populations in the contralateral corpus callosum. cc, Corpus callosum; Cx, cerebral cortex. Scale bars:

A, B, 200 j2m; €, 100 jum.

(data not shown). Using immunohistofluorescence, we observed
that Shh-immunoreactive signals were forming dense puncta
closely surrounding the cell nucleus, but also at a distance from
the nuclei suggesting that Shh peptides may have been secreted
(Fig. 2F). Interestingly, these signals were colocalized with plp-
GFP fluorescence around the cell nuclei as shown at 7 dpl (Fig.
2F) confirming that cells derived from the OL lineage constitute
a source of Shh within the lesion. Shh-immunoreactive signals
were visible in cells expressing the OPC marker PDGFRa
(Nishiyama etal., 2009; Fig. 2G). We determined that 70 = 6% of
Shh ™ cells coexpressed GFP and 36 = 5% of Shh ™ cells were
PDGFRa " (Fig. 2H). Altogether, these data demonstrate that
cells of the whole OL lineage including OPCs are the major source
of Shh transcription and production in remyelinating lesions of
the corpus callosum.

Shh signaling pathway is transcriptionally induced

during remyelination

During development or in the adult brain, Shh has been shown to
induce the upregulation of target genes encoding the Gli tran-
scription factors; the Shh receptor Ptc; and Smo, a key transducer
acting downstream of Ptc (Akazawa et al., 2004; Fuccillo et al.,
2006; Traiffort et al., 2010). Therefore, we investigated whether
these key components of the Shh pathway were upregulated
following the lesion. We performed ISH experiments in demyeli-
nated and control brains at 10 dpl, when precursor differentia-
tion is initiated (Fig. 3A,B). Ptc, Smo, Glil, and Gli2 were
upregulated in LPC-treated animals in an area overlapping the
demyelinated area visualized by the absence of GFP fluorescence
(Fig. 3C). In contrast, in sections from control animals, transcript
expression was not detected or was present at a very low level.
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Shhis expressed in the OL lineage during demyelination of adult brain. A, Endogenous GFP fluorescence (green) analyzed by confocal microscopy in frontal brain sections from p/p-GFP

mice treated 4 d earlier with vehicle or LPC. B, Fluorescent ISH experiment performed on adjacent sections (at a level corresponding to the area boxed in yellow in A). Shh * signals (red) are detected
in the demyelinated corpus callosum of the LPC-treated animal, but not in the control. Magnification of the area boxed in white is shown. C, At 4 dpl, Shh transcripts are detected within the lesion
in cells coexpressing Olig2 (white arrowhead). D, Immunofluorescent labeling of Shh protein (red) at 4 dpl in vehicle-treated and 4 dpl, 7 dpl, or 10 dpl in LPC-treated animals. £, Number of Shh
cellsin the above conditions compared with levels observed in the vehicle-treated mice. F, At 7 dpl, Shhimmunolabeling (red) is colocalized with the endogenous GFP fluorescence (green) associated
with cells in the lesion, delineated by the white dotted line. G, A population of Shh * cells also coexpresses PDGFR« (green) in the lesion. The dotted-line box shows one Shh * cell, which does not
express PDGFRe, whereas the yellow box highlights two cells expressing both Shh and PDGFRc. H, Quantification of the percentage of Shh * cells coexpressing PDGFRe, the pip-GFP reporter.
Values are the mean == SEM of three to four animals in each group. c¢, Corpus callosum; Cx, cerebral cortex; CPu, caudate-putamen. Scale bars: 4, F, 100 wm; B, D, 50 m; €, 20 pm.

Quantitative analysis indicated a significant upregulation for
Glil, Gli2, Ptc, and Smo transcripts (Fig. 3D). In contrast, Gli3
transcripts were not observed in the lesion, while Gli3 * cells were
detected in other brain areas (data not shown).

Then, we evaluated in the LPC-induced lesion the phenotype
of cells expressing Glil, considered as the main Shh target gene,
and Smo, which showed the highest induction. First, we investi-
gated if both Smo and Glil transcripts were expressed in the OL

population as we previously showed for Shh. Colocalization of
Olig2 was observed in 24 + 7% of Glil * cells at 5 dpl, demon-
strating that an Shh signaling response is triggered in OPCs at the
earliest steps of repair. Then, this colocalization increased to 66 *
10% at 10 and 15 dpl showing that a large population of differ-
entiating OLs are responding to Shh (Fig. 4A,C). We evaluated
whether Smo-expressing cells were Olig2 * as well, and found a
notable difference. Olig2 ™ cells represented 15 = 2% of the total
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Figure 3. Upregulation of the Shh signaling pathway in the model of focal demyelination. A, Right, GFP fluorescence in the
region of the corpus callosum where LPC or the vehicle was injected as indicated on the brain scheme (10 dpl). B, ISH signalsin the
callosal region shown in A were obtained using the indicated antisense (AS) or sense (S) riboprobes. The lesion extent is highlighted
by the white dotted line. ¢, Low magpnification of a coronal brain section derived from an LPC-treated mouse and hybridized using
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number of cells expressing Smo at 5 dpl
and this percentage only slightly increased
at later stages (28 = 10%) (Fig. 4D,G).
These data indicated that a rather limited
population of Smo™* cells belongs to the
OL lineage and that Smo is also expressed
by other cell populations within the
lesion.

The corpus callosum of LPC-treated
mice displayed a marked increase in the
number of GFAP * reactive astrocytes and
also in cells expressing the isolectin-B4
(IB4), a marker for both ramified (nonac-
tivated) and activated microglial cells in
the lesion and the surrounding tissues,
suggesting the presence of macrophage
and reactive glia, respectively (Ayoub and
Salm, 2003; Williams et al., 2007). We
thus investigated whether a subset of cells,
which upregulate Glil and Smo, corre-
sponded to astroglial cells. At 5, 10, and 15
dpl, only a low percentage (1-12%) of
Glil- or Smo-expressing cells was GFAP *
cells (Fig. 4B, C,E,G). These data suggest
that reactive astrocytes are not the main
target of the Shh pathway after demyelina-
tion. Remarkably, we found that 57 = 2%
of Smo ™ cells were IB4 ™ at 5 dpl, and this
percentage did not significantly change at
later stages (Fig. 4F,G). Therefore, microglial
cells represented half of the population of
Smo™ cells in the lesion demonstrating that
these cells participate in the Shh pathway
response.

Altogether, these data indicate that key
genes involved in the Shh signaling path-
way are upregulated within the lesion
upon focal demyelination in the corpus
callosum and two major components of
the Shh pathway, Glil and Smo, are
mainly regulated in OLs and microglia,
respectively.

Adenovirus-mediated transfer of Shh
attenuates LPC-induced demyelination
through OPC differentiation and OL
protection

We have previously showed that Shh
delivery in the LV through its direct injec-
tion or after administration of an adeno-

<«

the Smo AS riboprobe (right). The extent of the lesion (white
line) indicated by the ahsence of GFP fluorescence (left) over-
laps the SmoISH signal (black line) and was measured to quan-
tify the levels of transcript upregulation. D, Histogram
showing the number of cells in the lesion that express G/i7,
Gli2, Ptc, and Smo transcripts in vehicle-treated (gray bars) or
LPC-treated (black bars) animals. The values are expressed per
square millimeter of lesion and are the mean = SEM of four to
five animals (3— 6 slices per animal). cc, Corpus callosum; Cx,
cerebral cortex; St, striatum. Scale bars: 4, B, 50 m; C, 200
um (*p < 0.05;**p < 0.001).
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Identification of the phenotype of Shh-responding cells over the length of remyelination. 4, B, Gli7 transcripts are expressed in a subset of Olig2-positive cells within LPC-induced lesion.

C, Quantification of the percentage of Gli7-positive cells, which express Olig2 and GFAP in the demyelinated area by 5, 10, and 15 dpl. D-F, Expression of Smo transcripts in subsets of Olig2, GFAP,
and IB4-positive cells within remyelinating areas at the indicated time points after the LPC-induced lesion. G, Quantification of the percentage of Smo-positive cells, which express Olig2, GFAP, and
IB4 in the lesion by 5, 10, and 15 dpl. White plain arrowheads show double-positive cells, whereas white empty arrowheads show single immunopositive cells. The values are the mean = SEM of

three to four animals in each group. Scale bars: 50 um.

viral vector bearing the gene encoding Shh (Ad-huShh), induced
an increase of NG2 proliferating cells and the expression of oli-
godendrocyte markers in various brain areas including the cor-
pus callosum (Loulier et al., 2006). As the above observations
suggested that endogenous Shh signaling participates in OPC
differentiation, we assessed whether the prolonged administra-
tion of Shh could affect the demyelination/remyelination process
in vivo. Therefore, Ad-huShh or the corresponding control (Ad-
Control) adenoviral vectors were stereotaxically injected into the
right LV of OF1 mice two days after LPC injection into the right
corpus callosum to investigate the potential regenerative effects
of Shh. Animals were killed 5, 10, or 15 dpl for further analysis
(Fig. 5A).

First, we visualized the cells that were infected upon injection
of the viral vectors into the LV by using GFP as a reporter. The
viral vectors we have previously developed and used in the pres-
ent work were set up as bicistronic vectors that include GFP
placed under the internal ribosomal entry site (Loulier et al.,
2006). As expected (Yoon et al., 1996; Benraiss et al., 2001;

Loulier et al., 2006; Angot et al., 2008), at 10 dpl, GFP immuno-
staining led us to visualize a high GFP expression in cells lining
the ventricle, which reflects the infection of ependymal cells in
both Ad-huShh and Ad-Control animals (Fig. 5B). In addition,
we found a high Shh signal mostly in the ependymal cell layer
associated with GFP ™ cells of Ad-huShh but not Ad-Control
mice (Fig. 5B). In contrast, we detected almost no GFP ™ cells in
the lesion of both animal groups. A strong Shh immunoreactivity
was detected in the lesion of Ad-huShh animals compared with
Ad-Control animals (Fig. 5C). These data are consistent with the
absence or the very low number of infected SVZ cells previously
reported (Yoon et al., 1996; Benraiss et al., 2001; Loulier et al.,
2006; Angot et al., 2008). Altogether the results indicate that the
overexpression of Shh in the lesion of Ad-huShh animals is
mostly related to the secretion of the protein by ependymal cells,
suggesting a nonautonomous effect of the protein.

Then, we evaluated the number of Olig2 *-proliferating OPCs
using Ki67 as a marker of cycling cells at 5 dpl, when most pre-
cursors are dividing. We found a twofold significant increase of
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Merge

Identification of infected cells in the lesioned brain of mouse injected by Ad-Control or Ad-huShh adenoviruses. 4, Scheme of the regenerative protocol. B, ¢, Immunostaining of GFP

(green) expressed by the viral constructs is detected in the wall of the LV of Ad-Control or Ad-huShh-injected brains (B) but not in the LPC-induced lesion in the corpus callosum (cc) at 10 dpl (€). Shh
immunostaining (red) is associated mostly with the ependymal cell layer in the Ad-huShh condition and is evidenced in the lesions in both conditions, reflecting endogenous and exogenous Shh.

Nuclei are stained with DAPI (blue). The white dotted line indicates the ventricular wall. Scale bars: B, €, 30 m.

Ki67 */Olig2 * cells in Ad-huShh compared with Ad-control
mice (16.6 £ 2.6% vs 8.7 = 2.3%; p < 0.05; Fig. 6 A, B), which
demonstrated that Shh overexpression enhances OPC prolifera-
tion. Then, we investigated the dynamics of OPC differentiation
using several specific markers and staining. At 10 dpl, we ob-
served a notable increase in Olig2 ™ OLs (956 * 99 vs 503 + 83
cells/mm?; p < 0.02) and DM20 ™ differentiated OLs (720 = 69
vs 339 *+ 42 cells/mm?; p < 0.01). We have also evaluated the
fraction of differentiated DM20 ™ OLs within the whole Olig2 *
OL population in Ad-huShh-compared with Ad-Control-treated
animals at 5, 10, and 15 dpl (Fig. 6C-G). We found that at 10 dpl,
80 *+ 4% of Olig2 ™ cells coexpressed DM20 in the lesion of Ad-
huShh animals versus only 61 = 2% in Ad-Control mice at 10 dpl
(p < 0.01). These data indicated that Ad-huShh promotes the
differentiation of OPCs into differentiated OLs and that the in-
crease of mature MBP * cells is not the result of an increased
number of OPCs. In both animal groups, the demyelinated areas
were visualized by LFB staining, which specifically labels the my-
elin fibers. To look at the regenerative potential of Shh, the lesion
extent was measured in every condition, showing that even if no
difference was detectable at 5 dpl, the administration of Ad-
huShh reduced the demyelinated area at 10 dpl (0.09 = 0.01 vs
0.16 = 0.02 mm?; p < 0.05) compared with the control condition

(Fig. 6 H,]). The number of MBP™ myelinating OLs in the lesion
was also clearly increased at the same time point in the presence of
Ad-huShh compared with the control vector (1018 * 70 vs 285 =
89 cells/mm?; p < 0.001; Fig. 61, K). These data thus indicate that
Shh overexpression increases first the proliferation of a subset of
OPCs at 5 dpl and then the number of differentiated OLs at 10
dpl. These effects lead to an earlier reduction of the lesion accom-
panied by an increase in the number of myelinating cells.

To investigate the potential protective effect of Shh on the
survival of OPCs during demyelination, we set up a second pro-
tocol, which relies on the injection of the adenovirus 2 d before
LPC injection and analyzed the animals at 5, 10, and 15 dpl (Fig.
7A). Evaluation of cell apoptosis using the terminal deoxynucleo-
tidyl transferase-mediated biotinylated UTP nick end labeling
(TUNEL) assay showed a reduced density of apoptotic cells in the
lesion at 1 dpl in animals that received Ad-huShh (182 * 19 vs
387 =+ 72 cells/mm?; p < 0.05; Fig. 7B). In addition, as soon as 1
dpl, a significantly higher density of Olig2 * (538 = 98 vs 145 = 5
cells/mm?, p < 0.01) and DM20 ™ cells (275 = 59 vs 73 + 28
cells/mm?; p < 0.02) was observed in Ad-huShh versus Ad-
Control-treated animals (Fig. 7C,F). Altogether, these data sup-
port the protective effect of Shh for both OPCs and differentiated

OLs.
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Figure 6. Adenovirus-mediated transfer of Shh in vivo markedly attenuates LPC-induced myelin loss by accelerating OPC differentiation into premyelinating OLs. 4, B, Ad-huShh increases the
proliferating Olig2 ™ cells at 5 dpl as indicated by the quantification of Ki67/0lig2 * in both animal groups. (-G, A significant increase in the number of Olig2 ™ and DM20 ™ OLs as well as in the
fraction of DM20 ™ cells within the whole Olig2 * OL population is seen at 10 dplin callosal regions compared with control-treated controls. H~K, LFB staining (H) and MBP expression (/) are shown
in the demyelinated corpus callosum at 10 dpl in Ad-huShh and Ad-control mice. Smaller lesion areas and higher MBP expression are observed in Ad-huShh versus control animals. J, K,
Quantifications of demyelinated areas and MBP * cell density in Ad-huShh and Ad-control mice at 5, 10, and 15 dpl. Values are the mean == SEM of four animals in each group. cc, Corpus callosum;
(x, cerebral cortex; CPu, caudate-putamen. Scale bars: A, G, E, I, 50 um; H, 200 pm. *p << 0.05; **p << 0.001; ***p << 0.005.

Olig2 ™ cells originating in the SVZ migrate to the corpus  with Ad-Control animals (Fig. 7G). These data demonstrate that
callosum and the number of these cells increases after a demyeli-  Shh overexpression does not increase SVZ-derived neural pre-
natinglesion (Nait-Oumesmar et al., 1999; Menn etal., 2004). To  cursors in the lesion, but rather targets the resident population of
investigate whether the increased number of OLs could be partly ~ OPCs.
related to the rapid recruitment from the SVZ of neural progen- At 10 dpl, in the presence of Ad-huShh, the percentage of cells
itors specified into OPCs, BrdU pulses were performed 24 h be-  containing cytoplasmic Oligl was significantly higher compared
fore LPC injection and used to trace SVZ-cycling cells recruited ~ with Ad-Control (88 * 1% vs 54 = 8%; p < 0.01; Fig. 7D, E)
to the lesion. The density of BrdU */Olig2 * cells observed in the  indicating the Oligl population comprises a high majority of OLs
lesion at 1 or 10 dpl increased in a time-dependent manner as  (cytoplasmic Oligl) compared with OPCs (nuclear Oligl). Such
previously proposed (Nait-Oumesmar et al., 1999; Menn et al.,  a proportion of cytoplasmic Oligl * OLs is reached in Ad-
2004), but was not significantly different in Ad-huShh compared ~ Control mice only at 15 dpl suggesting that Shh overexpression



Ferent etal. » Hedgehog Signaling during Demyelination

A Protective protocol
Ad-huShh or
Ad-Control
l LPC Sacrifice
244440 1 10 15 P>
N —e- Ad-Control
B ¢ s00 - C —e- Ad-huShh
= . 2000 =
D E
g 300 . E
4 2
= 8 1000 .
o) +
= o
[e)

1dpl 10dpl 15 dpl

D Olig1 DAPI
S
=
o
o
o
<
£
L
1%}
|
L
o
<
1%}
E ‘100 % FN 17501 -
i £
) £ 42501
(e} ]
g & . 7501
€ jo) *
8 N
5 3 2501
[e]
< 0 0 T T T
& 1dpl 10dpl15 dpl 1dpl 10dpl 15 dpl
ES
G H o3
120 -
5 NE g g Kkk
& E 8 2
e Cwm
g 40 £ 50.1
o a
0
0.0 T T T
1dpl  10dpl 1dpl 10dpl 15 dpl
I o 600 . J 1000 .
£ E 750
2 400 £
§ 3 500
d 200 #
Q 250
S s
ol ¥ . : - : ' :
1dpl 10dpl 15dpl 1dpl 10dpl 15dpl
Figure7. Protective effects of Ad-huShh during demyelinationin OF1 mice. 4, Scheme of the

protective protocol. B, Transfer of Ad-huShh into the LV, 2 d before LPC injection in the corpus
callosum is accompanied by a lower density of apoptotic cells identified by the TUNEL assay at 1
dpl compared with Ad-Control. C, Significantincrease in the appearance of Olig2-expressing OLs
at 1 and 10 dpl is detected in callosal regions from Ad-huShh compared with Ad-Control
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significantly accelerates the repair process reflected by the preco-
cious change in Oligl protein subcellular localization (Arnett et
al., 2004). This observation is consistent with the higher density
of Olig2 ™ (1627 = 200 vs 723 + 93 cells/mm?, p < 0.01) and
DM20™" (1310 = 109 vs 530 * 136 cells/mm?; p < 0.01) cells
detected in Ad-huShh mice at 10 dpl (Fig. 7C,F). Moreover, at the
same time point, the density of myelinating MBP " OLs (388 =
116 vs 132 = 15 cell/mm?; p < 0.04) and the extent of the lesion
visualized by the LFB staining (0.077 % 0.020 vs 0.205 = 0.006;
p < 0.001) were found significantly higher and reduced in Ad-
huShh animals, respectively (Fig. 7H,I). Interestingly, the den-
sity of astroglial GFAP * cells was significantly decreased in the
presence of Shh at 10 dpl (Fig. 7]). Since Shh was present both
before the lesion and during the repair process, the events ob-
served here at 10 dpl likely reflect both the protective and the
regenerative effects of Shh. At 15 dpl, no difference was observed
between Ad-huShh and Ad-Control mice indicating that a simi-
lar remyelination has occurred in the control animals (Fig.
7E,F,H-]).

Shh treatment reduces inflammation and reactive astrogliosis
during remyelination of the corpus callosum

Since the density of GFAP " cells was found decreased as described pre-
viously, we explored the capacity of Shh overexpression to regulate mi-
croglia and reactive astrocytes in the LPC-mediated lesion. In OF1 mice
receiving Ad-huShh or Ad-Control, 2 d after LPC injection, the den-
sity of inflammatory cells and reactive astrocytes was evaluated
after 5,10, and 15 dpl by IB4 and GFAP staining, respectively (Fig.
8A—-D). We noticed a clear increase in the size and the number of
processes of astrocytes at 10 dpl, which is a known feature of
reactive astrogliosis (Sofroniew, 2009). The marked downregula-
tion of GFAP " astrocytes observed within the callosal white mat-
ter of animals treated with Ad-huShh (340 = 20 vs 647 * 32
cells/mm?; p < 0.001) at 10 dpl likely reflects the decrease of this
astrogliosis by Shh. At 5 dpl, the number of IB4 * microglial cells
in the lesion was significantly reduced by 2.5-fold in the animals
with overexpressed Shh (438 = 62 vs 1084 * 145 cells/mm?; p <
0.01). These data revealed that the numbers of reactive astrocytes
and microglia/macrophages are negatively regulated by the mor-
phogen in a time-dependent manner, in LPC-induced lesions.

Adenovirus-mediated transfer of the Shh physiological
antagonist, Hedgehog interacting protein, blocks the
proliferation and differentiation of OPCs and prevents

tissue repair

To investigate the effects induced by the blocking of Shh activity
in the lesion in vivo, we used the adenoviral vector (Ad-mHip)
bearing the gene encoding Hedgehog-interacting protein (Hip),
the natural negative regulator of the Hh morphogen pathway
(Chuang and McMahon, 1999; Coulombe et al., 2004). We have

<«

animals. D, Olig1 immunohistofluorescence detected in the LPC-induced lesion of Ad-control
and Ad-huShh-treated mice. Small panels beside each picture are magpnifications of a cell ex-
pressing Olig1in the nucleus (top) and in the cytoplasm (bottom), respectively. E, The percent-
age of cells expressing Olig1 in the cytoplasm is higher at 10 dpl in Ad-huShh compared with
Ad-Control mice. F, Significantincrease in the appearance DM20-expressing OLs at 1and 10 dpl
is detected in callosal regions from Ad-huShh compared with Ad-Control animals. G, The
density of SVZ-derived BrdU */0lig2 * cells is not different in Ad-huShh compared with
Ad-Control mice. H, I, An increase in myelinating OLs and a decrease in the lesion extent
are also observed. J, The density of GFAP * astrocytes is decreased in the lesion at 10 dpl.
Values are the mean = SEM of four animals in each group (*p < 0.05; **p < 0.001;
***p < 0.005). Scale bars: 100 m.
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previously shown that Ad-mHip pro- A
duced Hip soluble form that can block
Shh activity in vivo when injected in the
LV (Angot et al., 2008). Ad-mHip or the
corresponding control (Ad-Control) ad-
enoviral vectors were stereotaxically in-
jected into the right LV of OF1 mice two
days before LPC injection. Animals were
killed 5 dpl, 10 dpl, or 15 dpl for further
analysis (Fig. 9A). First, Ad-mHip did not
alter the number of apoptotic cells as
shown by the absence of modification in the
density of TUNEL™" cells compared with
Ad-Control (Fig. 9B). Thus, further
blocking Shh signaling does not result in
an increase of apoptotic cells. This might
be related to the already high number of
these cells within the lesion rather than to
a possible difference in the survival effect
exerted by endogenous or exogenous Shh.
However, we found a twofold significant
decrease in the number of proliferating
Ki67 */Olig2 * OPCs at 5 dpl in Ad-mHip
compared with Ad-control mice (5.5 =
1.5% vs 11.3 * 1.9%; p < 0.05; Fig. 9D),
which demonstrated that Hip overexpres-
sion decreases OPC proliferation. The dy-
namics of OPC differentiation was then
analyzed with the previously used specific
markers and stainings. At 10 dpl, we ob-
served a notable decrease in Olig2 ™ cells
and DM20™" differentiated OLs, which
was amplified at 15 dpl (139 £ 31 vs
1177 = 331 Olig2 * cells/mm?; p < 0.01;
73 = 20 vs 1022 = 285 DM20™ cells/
mm?; p < 0.005). The fraction of differ-
entiated DM20 " OLs within the whole Olig2 © OL population
was also significantly decreased in the presence of mHip at 15 dpl
(52 = 6 vs 87 = 1%; p < 0.001; Fig. 9C,E-H ). The lesion extent
determined by LFB staining was higher, while the number of
MBP™" myelinating OLs in the lesion was lower in Ad-mHip-
treated mice at 10 dpl. These effects were again amplified at 15 dpl
(0.30 = 0.08 vs 0.09 = 0.01 mm? of lesioned tissue; p < 0.001;
61 = 32vs 785 = 176 MBP™ cells/mm?; p < 0.002; Fig. 9I-L).
These data thus indicate that blocking of Shh activity impairs
the repair process by decreasing both OPC proliferation and
differentiation.

Figure 8.

* < 0,005,

Discussion

In this study, we have investigated the role of Shh signaling in
remyelination in vivo. First, in a commonly used model of LPC-
induced demyelination of the corpus callosum, we showed that
Shh is expressed during the onset of the demyelination process
and that Shh signaling components including Glil and Smo are
upregulated during remyelination. Second, we identified cells of
the oligodendroglial lineage as the major cellular source of Shh
within and around the lesion. Third, we demonstrated that Shh
treatment reduces inflammation and reactive astrogliosis during
remyelination of the corpus callosum and is accompanied by an
increased number of OPCs and mature myelinating OLs. This
effect does not reflect the increase of SVZ-derived neural precur-
sors, but rather the proliferation, survival, and differentiation of
the resident OPCs in the lesions. Finally, Shh loss of function in
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Shh treatment reduces inflammation and reactive astrocytosis during remyelination of the corpus callosum. 4, B,
GFAP-expressing astrocytes and quantification of their density in LPC-induced lesions of animals that have received Ad-control or
Ad-huShh vectors at 2 dpl (see regenerative protocol in Fig. 5A). A significant decrease is detected at 10 dpl in animals overex-
pressing Shh. C, D, IB4immunofluorescence (green) detected at 5 dplin animals receiving Ad-huShh or the control vectors at 2 dpl.
Magnification of an IB4 * cellis shown in the inset. The quantification of IB4 signal indicates a significant decrease of the density
of IB4 ™ cells at 5 dpl in the presence of Ad-huShh compared with the control vector, while no difference is observed at later time
points. Values are the mean = SEM (n = 4 in each group). DAPI labels the cell nuclei. Scale bars: 50 pwm. **p < 0.001;

LPC-induced demyelination identifies Shh as a necessary factor
playing a positive role during myelin repair.

Our data provide the first evidence for the dynamic expression
of Shh during remyelination and show that Shh expression
within cells of the OL lineage is specific to the lesioned, but not
normal, adult white matter. Since Shh protein reaches a high
expression level at the peak of OPC recruitment and persists dur-
ing OPC differentiation, this suggests that the endogenous acti-
vation of Shh signaling may be involved throughout both repair
steps. Interestingly, the phenotypic characterization of Shh-
expressing cells in the repairing tissue shows that both OPCs and
more mature OLs produce Shh by 7 dpl, suggesting a massive
reactivation of Shh signal. Since at this stage the differentiation of
OPCs has not yet started, GFP * cells expressing Shh could cor-
respond to mature OLs spared during the degenerative process or
to cells in transition between OPCs and differentiated OLs. Here
we demonstrate that oligodendroglial cells are the major source
of Shh transcription in the lesion since >90% of the Shh-
expressing cells coexpress Olig2 at 4 dpl, showing the unique
ability of these cells to produce and secrete the morphogen in the
lesion.

Reactive astrocytes were previously proposed to produce
Shh via an inflammation-dependent mechanism in the cere-
bral cortex in a model of acute cerebral injury (Amankulor et
al., 2009) and in a mouse model of glioblastoma (Becher et al.,
2008). Moreover, Shh was proposed to be upregulated in the
corpus callosum astroglia and in spinal cord neurons of EAE
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Figure 9.  Overexpression of Hip, the physiological antagonist of Shh, in LPC-treated animals blocks OPC proliferation and differentiation preventing tissue repair. A, Scheme of the loss-of-
function protocol. B, Transfer of Ad-mHip into the LV, 2 d before LPCinjection in the corpus callosum does not modify the density of apoptotic cells identified by the TUNEL assay at 5 dpl compared
with Ad-Control. C~E, Ad-mHip decreases the Olig2 * cells as shown on the pictures of the lesion area at 15 dpl (€) and by the quantification of Olig2 * cells compared with Ad-Control (E). It also
decreases proliferating Olig2 * cells at 5 dpl as indicated by the quantification of Ki67/0lig2 ™ in both animal groups (D). F~H, A significant decrease in the number of DM20 ™ OLs (10 and 15 dpl,
G)illustrated by the picture of the lesion at 15 dpl (F), as well as in the fraction of DM20 ™ cells within the whole Olig2 * OL population (15 dpl, H) is observed in callosal regions of Ad-mHip compared
with Ad-Control animals. I-L, LFB staining (/) and MBP expression (K) are shown in the demyelinated corpus callosum at 15 dpl in Ad-mHip and Ad-control mice. Larger lesion areas and lower MBP
expression are observed in Ad-mHip versus control animals. J, L, Quantifications of demyelinated areas and MBP ™ cell density in Ad-mHip and Ad-Control mice at 5, 10, and 15 dpl. Values are the

mean == SEM of five animals in each group. cc, Corpus callosum; Cx, cerebral cortex. Scale bars:

mice (Wang et al., 2008). Despite the presence of a high num-
ber of GFAP ™ reactive astrocytes in the lesion as expected, we
did not observe coexpression of Shh with GFAP suggesting
either the activation of different populations of reactive astro-
cytes in the gray and white matter or differences in secreted
pro-inflammatory substances according to the type of injury

1,200 wm; G, F, K, 50 um. *p < 0.05; **p < 0.01; ***p < 0.001.

or lesion site. Thus, our results clearly differ from these reports
and identify the OL lineage as the source of Shh in LPC-
demyelinating lesions.

In agreement with Shh expression starting very early during
the repair phase, the major positive mediators of Shh signaling
were also found upregulated in the lesion. Consistent with a po-
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tential effect of Shh signaling on both OPCs and mature OLs, we
clearly identified the Olig2 ™ cells as the main cell population in
which Glil, the readout of Shh signaling, is upregulated. A subset
of Olig2 ™ cells also express Smo. Therefore, these cells can be
considered as Shh-responding cells via the canonical Shh path-
way, which is based on a series of repressive interactions culmi-
nating in Gli-mediated transcriptional regulation of various
processes (Jenkins, 2009). However, >50% of Smo-expressing
cells in the lesion are microglia, clearly identifying this popula-
tion as a direct target of Shh signaling. Although Smo has notbeen
characterized as an Shh target gene, Smo is upregulated in mo-
toneurons after facial nerve axotomy and its pharmacological
blockade was shown to prevent neuronal cell death in this model
(Akazawa et al., 2004). Though we cannot exclude a direct tran-
scriptional effect of Shh on Gli2 during remyelination, other sig-
naling pathways might be involved in this effect such as TGF-f1,
which was reported to be expressed upon demyelination and to
regulate Gli2 transcription (Dennler et al., 2007; Franklin and
ffrench-Constant, 2008).

In the adult rodent brain, Shh is a mitogen for adult progen-
itors residing in the dentate gyrus (Lai et al., 2003) and in the
cerebral cortex (Loulier et al., 2006) but not for those residing in
the SVZ. Shh modulates neuroblast exit from the SVZ through its
chemoattractive activity (Angot et al., 2008). A protective effect
of Shh was also observed upon adenoviral vector-mediated deliv-
ery of Shh into the rat brain, which prevents the neurotoxic effect
induced by the neurotoxin 6-hydroxydopamine on dopaminer-
gic neurons (Dass et al., 2005). Since we took advantage of vari-
ous protocols allowing Shh overexpression before or after the
triggering of the lesion, we were able to undoubtedly relate Shh
repairing activities to either the survival or regeneration of my-
elinating OLs. Shh may increase OL proliferation and differenti-
ation steps, both part of the yet effective ongoing repair process
naturally occurring in the focal demyelination model, and/or
protect the OLs and thus increase their survival upon the LPC-
mediated insult.

In this study, we provide evidence that blocking the Shh sig-
naling pathway by Hip, its physiological antagonist, results in a
decrease of OPC proliferation and differentiation preventing tis-
sue repair. Our experiments suggest that Hip, when delivered
before the LPC-induced lesion, antagonizes Shh produced dur-
ing the acute phase of the lesion, and demonstrate that the nega-
tive regulation of the Shh signaling pathway plays a major role in
tissue repair. Thus, these data argue for an important role of the
Shh signaling pathway in myelin repair. Further work is needed
to delineate the potential roles of the various actors of the path-
way and, for example, to characterize the effects of Smo antago-
nists on lesion repair since they are widely available and already in
clinic for the treatment of various cancers (Scales and de Sauvage,
2009; Ruat et al., 2012).

Shh effects on OL differentiation might be direct or indirect
involving the regulation of pathways implicated in OPC differen-
tiation as, for instance, the inhibition of negative regulators such
as LINGO-1 (Mi et al., 2007), Notch (Zhang et al., 2009), BMP
(Cate et al., 2010), and Wnt signals (Fancy et al., 2009; Fancy et
al., 2011b; Huang and Franklin, 2011) or the modulation of pos-
itive regulators such as the retinoid X receptors (Huang et al.,
2011). It is worthwhile to note that the zebrafish Shh gene was
shown to be positively regulated by the retinoid X receptor and
retinoic acid receptor heterodimers (Chang et al., 1997) and that
deficiency of retinoic acid synthesis in retinaldehyde dehydroge-
nase 2 knock-out mouse mutant is associated with Shh down-
regulation in the forebrain (Ribes et al., 2009). If we consider the
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role established for Shh in the specification of the OL lineage
during development, our data support the recapitulation hy-
pothesis of myelin regeneration, meaning that several mecha-
nisms are common for developmental and repairing myelination
(Dubois-Dalcq et al., 2008; Franklin and ffrench-Constant, 2008;
Fancy et al., 2010, 2011a). Moreover, recent studies have shown
how Shh could enhance differentiation by decreasing histone
acetylation, which leads to chromatin condensation in cultured
OPCs (Wu etal., 2012). Overall, these results agree with the pro-
posed involvement of Shh in the beneficial effects of triiodothy-
ronine (Harsan et al., 2008) and interferon-B (Mastronardi et al.,
2004) previously reported in different demyelination models. In
addition, we have observed that Shh overexpression decreases the
astrogliosis and macrophage infiltration detected throughout the
lesion. According to the animal model and the acute or chronic
features of the demyelination, a dual role has been attributed to
reactive astrocytes and macrophages, which both participate in
degeneration/demyelination, and create a permissive environ-
ment for remyelination (Williams et al., 2007; Franklin and
ffrench-Constant, 2008). Although our data do not allow us to
definitely raise any conclusion on the beneficial or detrimental
effect of Shh overexpression on inflammation and astrogliosis,
the resulting global effect favors the repair. Shh may target the
subsets of microglial and astroglial cells, which are deleterious
and consequently counterbalance inflammatory events induced
during lesion formation. This could be related to the endogenous
immune quiescent role of the Shh pathway, which was previously
shown at the level of the blood—brain barrier by protecting the
CNS against entry of pro-inflammatory lymphocytes (Alvarez et
al., 2011). The precise identification of the Shh-responding mi-
croglia and the associated secreted cytokines would require fur-
ther investigation.

One of the strategies aimed at enhancing myelination in
multiple sclerosis is to increase the differentiation of endoge-
nous OPCs into mature OLs by acting on pathways that limit
OPC differentiation (Mi et al., 2009). More recently, a small
molecule agonist of the retinoid X receptor has been shown to
increase the remyelination of axons in demyelinated cerebellar
slice culture and aged rats (Huang et al., 2011). Chemical agonists
of Smo are available and show great promise in regenerative med-
icine (Heretsch et al., 2010; Ruat et al., 2012). Since Smo is up-
regulated in remyelinating brain lesions, it represents an
interesting target to favor the process of myelin repair.
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