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The Shh receptor Boc is important for myelin formation and repair
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ABSTRACT
Myelination leads to the formation of myelin sheaths surrounding
neuronal axons and is crucial for function, plasticity and repair of the
central nervous system (CNS). It relies on the interaction of the axons
and the oligodendrocytes: the glial cells producing CNS myelin.
Here, we have investigated the role of a crucial component of the
Sonic hedgehog (Shh) signalling pathway, the co-receptor Boc, in
developmental and repairing myelination. During development, Boc
mutant mice display a transient decrease in oligodendroglial cell
density together with delayed myelination. Despite recovery of
oligodendroglial cells at later stages, adult mutants still exhibit a
lower production of myelin basic protein correlated with a significant
decrease in the calibre of callosal axons and a reduced amount of
the neurofilament NF-M. During myelin repair, the altered OPC
differentiation observed in the mutant is reminiscent of the phenotype
observed after blockade of Shh signalling. In addition, Boc mutant
microglia/macrophages unexpectedly exhibit the apparent inability to
transition from a highly to a faintly ramified morphology in vivo.
Altogether, these results identify Boc as an important component of
myelin formation and repair.
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INTRODUCTION
Myelination in vertebrates is fundamental for the rapid conduction of
action potentials along axons, and stands as a crucial regulator of
function, plasticity and repair in the central nervous system (CNS)
(Fields, 2008; Tomassy et al., 2016). This complex process relies on
reciprocal interactions between neurons and oligodendrocytes: the
CNS myelin-forming cells. Oligodendrocytes are the progeny of
oligodendrocyte precursor cells (OPCs) and arise in multiple waves
(Kessaris et al., 2006). In the dorsal forebrain, a major wave of OPC
production arises from the germinative zone located just beneath the
developing corpus callosum at the perinatal period. This wave
coincides with the bulk of myelination occurring early after birth
(Kessaris et al., 2006; Tong et al., 2015; Azim et al., 2016; Naruse
et al., 2016). OPCs are maintained in the adult CNS, continue to
divide, and generate new myelinating oligodendrocytes that
participate in the myelin-remodelling (Young et al., 2013) and the
learning processes (Gibson et al., 2014; McKenzie et al., 2014).

Importantly, these progenitors also constitute a major reserve of cells
scattered throughout the whole CNS that are able to be recruited
towards a demyelinated area, which leads to myelin regeneration
(Lopez Juarez et al., 2016; Franklin and Ffrench-Constant, 2017).

The type l transmembrane receptor Boc (brother of Cdo) is related
to cell-adhesion molecules of the immunoglobulin superfamily and
was initially implicated in the positive regulation of myogenic
differentiation (Kang et al., 2002). Besides this role, Boc is a target
and signalling component of the sonic hedgehog (Shh) pathway
(Tenzen et al., 2006; Allen et al., 2011; Sanchez-Arrones et al., 2012;
Yam and Charron, 2013). By binding Shh with high affinity, Boc
transduces Shh signal in the guidance of commissural axons in the
embryonic spinal cord (Okada et al., 2006; Tenzen et al., 2006) and in
the segregation of ipsilateral retinal ganglion cell axons at the optic
chiasm (Fabre et al., 2010). Later during postnatal development, Boc
forms a Shh receptor complex with the main receptor patched 1 and is
required for Shh-mediated cell proliferation of cerebellar granule
neuron progenitors (Izzi et al., 2011). Finally, the strong expression of
Boc in neurons of the cerebral cortex revealed its requirement for
circuit-specific synapse formation (Harwell et al., 2012).

Recently, the Shh signalling pathway has been implicated in
oligodendrocyte and myelin production during development and
repair. A Shh-dependent domain in the germinal zone of the dorsal
forebrain was found to produce large numbers of oligodendroglial
lineage cells in the postnatal brain (Tong et al., 2015). Moreover, we
and others have shown that modulation of Shh signalling can promote
myelin repair (Ferent et al., 2013; Samanta et al., 2015; Sanchez et al.,
2018). However, the role of Boc in oligodendrogenesis and
myelination remains unexplored.

Here, we have examined the endogenous expression and function
of Boc during OPC and myelin production, and in the context of
CNS demyelination. During development, we show that, besides its
previously described expression in callosal projection neurons, Boc
can be detected in progenitors arising from the dorsal forebrain that
are fated to the glial cell lineage. The Boc-null mutant revealed a
transient oligodendroglial phenotype that delayed myelination and
was associated with a decrease in the calibre of callosal axons. In the
context of CNS demyelination, we demonstrate a high upregulation
of Boc in the lesion. Together with the impaired myelin regeneration
reminiscent of the phenotype observed when Shh signalling is
inhibited, Boc mutant mice reveal morphological differences of
microglia and/or macrophages in vivo, suggesting an inability to
switch from a highly to a faintly ramified morphology. Altogether,
this work identifies the Boc receptor as a new regulator of
developmental myelination and remyelination.

RESULTS
Boc is expressed in neurons and neural progenitors that are
fated to the glial cell lineage
The first two postnatal weeks correspond to an intense period of
production and differentiation of OPCs derived from the germinative
zone of the dorsal forebrain and leading to active myelination in theReceived 6 October 2018; Accepted 28 March 2019
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Nervous System, U1195, 80 rue du Général Leclerc, F-94276, Le Kremlin-Bicêtre,
France. 2IRCM, Molecular Biology of Neural Development, 110 Pine Avenue West,
Montreal, Quebec H2W 1R7, Canada; Department of Medicine, University of
Montreal, Montreal, Quebec, Canada; McGill University, Montreal, Quebec,
Canada. 3Institut NeuroMyoGe ̀ne CNRS UMR 5310-INSERM U1217-Université
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rodent brain (Kessaris et al., 2006). On day 8 after birth (P8), the
highest Boc expression was detected in the cerebral cortex, and in
the external granular and Purkinje cell layers of the cerebellum, as
previously described (Izzi et al., 2011; Harwell et al., 2012). In
addition, Boc could be observed in the germinative zone located just
beneath the developing subcortical white matter (Fig. 1A). This area
comprises undifferentiated progenitors, which give rise to
oligodendroglial lineage cells that notably migrate to and populate
the developing corpus callosum and the cerebral cortex during the
first postnatal weeks (Menn et al., 2006; Seri et al., 2006; Kim et al.,
2011; Azim et al., 2016; Naruse et al., 2016). At P8, in the
germinative zone, 79±3% of Boc+ cells co-expressed the proliferation
marker Ki67 (Fig. 1B,D), while 32±2% were labelled for the Olig2
marker (Fig. 1C,D), which at this developmental stage is expressed in
both oligodendrocyte and astrocyte progenitors (Naruse et al., 2017).
Remarkably, most Olig2+ cells detected at a distance from the

germinative areawere devoid of Boc expression (white arrowheads in
Fig. 1C). At P15, Boc-expressing cells were mainly observed in
layers II to V of the cerebral cortex (Fig. 1E). The majority of these
cells (97±1%) co-expressed the marker of mature neurons NeuN and
corresponded to 58.5±4.9% of the neuronal population (Fig. 1F
and data not shown). The remaining 3±1% co-expressed Olig2 and
constituted only 2±1% of all the Olig2+ oligodendroglial cells in
the cortex (Fig. 1G,H). In the corpus callosum, a faint Boc
immunofluorescence was detected in the cytoplasm of a few
scattered cells co-expressing Olig2 and the adenomatous polyposis
coli (APC/CC1) marker. Boc+ cells represented only 15±2% of the
oligodendroglial population in the corpus callosum at P15 (Fig. 1H).
Given the decrease of Boc immunostaining from P8 to P15, we
investigated Boc expression at earlier time points (Fig. 1I). In situ
hybridization led to the detection of a high level of Boc transcription
at P0 and P5 in the dorsal germinative zone. A much weaker signal

Fig. 1. Boc is expressed in neurons and neural progenitors of the dorsal forebrain germinative zone. (A) Tiled image visualizing Boc immunoreactivity in
the P8 mouse brain. The four white arrows indicate the germinative zone of the dorsal forebrain. (B,C) Double immunohistofluorescence at the level of the
germinative zone showing Boc+ cells co-expressing (white arrows) or not (white arrowheads) the proliferation and oligodendroglial markers Ki67 and Olig2,
respectively. The right panels are magnifications of the boxed areas. (D) Quantification of Boc+ Ki67+ and Boc+ Olig2+cells. (E-G) Visualization of Boc expression
in the cerebral cortex from a P15 mouse (E, cortical layers are indicated on the left) and its co-expression with markers of mature neurons (NeuN, F) and of
oligodendroglial cells (Olig2, G). Insets show boxed areas at higher magnification. (H) Triple immunostaining using Boc, Olig2 and APC antibodies visualizes a
Boc+ cell co-expressing Olig2 and APC in the corpus callosum at P15 (white arrowhead). The graph shows the quantification of the percentage of Olig2+ cells co-
expressing Boc in the cerebral cortex or corpus callosum. (I) Boc in situ hybridization of brain slices from P0, P5, P8 and adult mice at the level of the dorsal
germinative zone. The dotted lines delineate the germinal zone at P8. The boxed area in the adult shows a scattered Boc+ cell in the corpus callosum. (J) Boc
immunostaining of brain slices from P0, P5 and P8 Boc knockout mice. (K) Boc+ and PDGFRa+ immunostaining in the dorsal germinative zone and developing
corpus callosum in the P0Bocmutant. The boxed area indicates anOPC still present in the germinative zone and likely expressing Boc (yellow puncta). (L)Gli1 in
situ hybridization in the dorsal germinative zone at P0. The brackets in I,J,L indicate the position of the germinative zone and developing corpus callosum. Scale
bars: 500 µm in A; 50 µm in B,C,E,H-L; 25 µm in F,G. Data are mean±s.e.m. cc, corpus callosum; Cx, cerebral cortex; EGL, external granular cell layer;
PL, Purkinje layer; St, striatum.
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was observed at P8 and became restricted to a few scattered cells in
the corpus callosum of the adult animal (boxed area in Fig. 1I). In
contrast, Boc+ cells were clearly detected at all time points in the
cerebral cortex (Fig. 1I and data not shown). To improve the
visualization of low Boc protein levels, we took advantage of the
insertion of a gene-trap β-galactosidase cassette inside the Boc gene
of the Boc mutant mouse strain (Okada et al., 2006). A fragment of
the N-terminal extracellular domain of Boc is still expressed in these
mutants. We have shown previously that the Boc antibody reacts with
this inactive fragment, which is retained intracellularly but inactive,
and that the signal from this antibody disappears in Boc-null mutant
mice (Allen et al., 2011). Therefore, we immunostained brain slices
derived from P0, P5 and P8 mutant mice. In agreement with in situ
hybridization experiments, we detected a high Boc signal in the
dorsal germinative zone from P0 pups progressively decreasing until
P8 (Fig. 1J). Moreover, double immunostaining of mutant P0 brain
slices by using antibodies against Boc and PDGFRa, a marker of
OPCs, showed that most OPCs were devoid of Boc expression,
althoughwe could not completely exclude the possibility that a subset
may maintain Boc expression (boxed area in Fig. 1K). Remarkably,
transcripts of Gli1, the transcriptional effector of Shh signalling, were
also detected at a low level in the P0 dorsal germinative zone
(Fig. 1L). These data thus indicate that, besides its neuronal
expression during the early postnatal period, Boc is present in
proliferating progenitors of the dorsal germinative zone.

Boc regulates the perinatal production of undifferentiated
neural progenitors and OPCs
The expression of Boc in progenitors of the dorsal germinal zone
during the period of oligodendrocyte production raised the
possibility that Boc could be involved in the dorsal wave of
oligodendrogenesis. To test this hypothesis, we analysed Boc
mutant mice and immunolabelled P0 forebrain sections derived
from wild-type and Boc mutant pups for Olig2 and the neural stem
cell marker Sox2 (Ellis et al., 2004; Dai et al., 2015). In the
germinative zone of the dorsal forebrain, the neural progenitors co-
express both markers, but progressively reduce Sox2 expression
while they migrate towards the developing subcortical white matter
and commit into astro- or oligodendroglial progenitors. As
expected, immediately after birth, we observed a high number of
Sox2+ and Olig2+ cells in the developing subcortical white matter
from the wild-type animals (Fig. 2A). Olig2+ cells co-expressed
either a high or a low level of Sox2, reflecting the ongoing reduction
in Sox2 expression (Fig. 2A, top, inset). In the P0 Boc mutant
animals, we observed a significant decrease in the density of Sox2+

(132±13 versus 210±12 cells/0.1 mm2, P=0.002) and Olig2+ (92±8
versus 164±7 cells/0.1 mm2, P=0.0005) cells compared with the
wild-type animals (Fig. 2A,B). However, the proportion of Sox2+

neural progenitors upregulating Olig2 was not changed, suggesting
that the absence of Boc reduced the production of Sox2+ neural
progenitors but not their commitment into Olig2+ progenitors.
Although Boc was mostly expressed in neural progenitors and not

in OPCs, we next tested whether the absence of Boc in the former
may nevertheless alter the proliferation of OPCs. Therefore, we
immunostained P0-P1 slices with the OPC and proliferation
markers PDGFRa and Ki67, respectively. The density of
PDGFRa+ OPCs was significantly decreased in Boc mutant
compared with the wild-type pups (140±15 versus 196±18 cells/
0.1 mm2, P=0.04). The proportion of proliferating PDGFRa+ Ki67+

cells was also decreased (31±5 versus 42±2%, P=0.03) not only at
P0 (Fig. 2C,D) but also at P5 (Fig. 2E,F). In contrast, this percentage
collapsed at P8 in the wild-type animals (20±2 versus 49±3%,

P=0.0001), whereas it remained stable in the mutant (33±1 versus
29±4%) (Fig. 2E,F), suggesting a prolonged OPC proliferation in
the mutant beyond that observed in wild-type animals. To determine
whether Boc may be involved in the previously reported
Shh-mediated proliferation of OPCs, we used a mixed glial cell
culture containing astrocytes, oligodendroglial cells and microglia
derived from the dorsal forebrain of P0-P1 wild-type and Boc
mutant pups. In agreement with the reduced number of
oligodendroglial cells generated in the dorsal germinal zone of the
mutants, the percentage of Olig2+ cells was significantly reduced
(18.5±1.1 versus 28.8±3.2%, P=0.023; Fig. 2G,H). Two hours after
a short pulse of the proliferation marker BrdU, we observed a
lower percentage of Olig2+ cells able to incorporate BrdU in the
mutant than in the wild type (11.5±0.8 versus 19.3±0.7%;
P=0.0002). Moreover, supplementation of the culture medium
with recombinant Shh protein (4 nM), which is able to bind its
receptor complex (Izzi et al., 2011), significantly increased the
percentage of wild-type Olig2+ BrdU+ cells (29.1±2.4 versus 19.3±
0.7%, P=0.002). In contrast, Shh stimulation only slightly and
non-significantly increased the proliferation of OPCs derived from
Boc mutants (13.0±0.5 versus 11.5±0.8%) (Fig. 2G,H). Gli1
transcription was increased by about fourfold when Shh was
added to the wild-type cells (4.4±0.8 versus 1.2±0.5, P=0.02),
although it was not significantly upregulated when Shh was added
to the mutant cell culture (2.1±0.5 versus 1.3±0.4; Fig. 2I),
suggesting that Boc is required in neural progenitors from the dorsal
germinative zone for their progeny to respond to Shh. In a consistent
manner, Gli1 transcription level determined by quantitative RT-PCR
in the forebrain from wild-type and Boc mutant mice indicated
significant Gli1 downregulation in P8 and P15 animals (Fig. 2J).
Then, to evaluate whether mutant OPCs could be refractory to any
stimulation, the mixed glial cell cultures were treated with SAG
(3×10−7M), an agonist of the key transducer of Shh signalling
smoothened (Smo). SAG induced an increase in the percentage of
Olig2+ cells incorporating BrdU in both the wild-type (28±2 versus
18±1, P=0.003) and the mutant (18±2 versus 11±1, P=0.02; Fig. 2K,
L) cultures, in disagreement with the idea of a full refractory state of
Boc mutant progenitors. In addition, purified OPCs derived from
wild-type and mutant pups responded to Shh in a similar manner to
the mixed glial cell cultures (Fig. 2M,N), further supporting the
hypothesis that Boc inactivation affects OPC proliferation
independently of the other glial cells present in the culture.

The absence of Boc decreases MBP production in the dorsal
forebrain
The decrease in OPC production at the perinatal period suggested
that the absence of Boc may influence developmental myelination
of axons that takes place during the first three postnatal weeks in
rodents. Therefore, we performed western blot analysis using the
dorsal forebrain from P8, P15 and adult wild-type or mutant mice
(Fig. 3A,B). MBP protein was significantly decreased in Boc
mutant compared with wild-type mice at P8 (0.631±0.009 versus
1.018±0.022, P<0.0001), P15 (0.807±0.018 versus 1.036±0.017,
P=0.0001) and in adulthood (0.845±0.007 versus 1.093±0.04,
P=0.0001). In order to determine whether MBP decrease was
related to a reduced density of oligodendroglial cells throughout the
whole process of developmental myelination, we first analysed the
transcription of Olig2 using quantitative RT-PCR. In Boc mutants,
as expected, Olig2 transcription was significantly decreased at
P0-P1 (0.73±0.01 versus 1.00±0.02, P=0.005) and remained lower
compared with the wild type at P8 (Fig. 3C). To further support
this observation, we analysed the generation of OPCs
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and oligodendrocytes by immunostaining P8, P15 and adult brain
slices with markers of OPCs (PDGFRa) and mature
oligodendrocytes (APC). At P8, the density of PDGFRa+ OPCs
was slightly but significantly lower in the mutant compared with the
wild-type corpus callosum (Fig. 3D,E). Similarly, we observed a
lower density of Olig2+ and APC+ cells. However, the percentage of
APC+ cells in the Olig2 population (19±2 versus 22±2%) was

unchanged, indicating that the absence of Boc did not alter the
capacity of OPCs to differentiate into mature oligodendrocytes
(Fig. 3F,G). At P15, in agreement with the absence of regulation of
Olig2 transcription observed at this age, the populations of
Olig2+ and APC+ cells remained comparable in both genotypes
(Fig. 3H,I). Similarly, no significant modification in the ability of
OPCs to differentiate into APC+ oligodendrocytes was observed in

Fig. 2. Boc regulates the perinatal production of neural progenitors and OPCs. (A) Immunostaining of slices derived from P0-P1 wild-type or Boc−/− pups at
the level of the germinative zone (white bracket) of the dorsal forebrain identified by Sox2 expression. Cells arising from this area and co-expressing the Olig2
marker are pre-OPCs and/or OPCs. (B) Quantification of Sox2+ and Olig2+ cells, and of the percentage of Sox2+ Olig2+ cells in the Sox2+ population.
(C-F) Immunostaining and quantification of slices from P0-P1 (C,D), P5 and P8 (E,F) pups using Ki67 and PDGFRa as cell proliferation and OPC markers,
respectively. (G,H) Primarymixed glial cell cultures derived from the forebrain of P0-P1wild-type andBoc−/−mice assessed for cell proliferation after incorporation
of the proliferation marker BrdU in the presence (+Shh) or absence (+Veh) of recombinant Shh protein. (I,J) Determination of Gli1 transcription in the
indicated culture conditions (I) and in the forebrain of P8 and P15 wild-type and Boc−/−mice (J) using quantitative RT-PCR. (K,L) Primary mixed glial cell cultures
assessed for cell proliferation in the presence (+SAG) or absence (+Veh) of the Smo agonist SAG. (M,N) Purified OPCs prepared from P0-P1 wild-type and
Boc−/−mice, and assessed for cell proliferation in the presence (+Shh) or absence (+Veh) of recombinant Shh protein. The white arrows show Olig2+ BrdU+ cells
in G,K, PDGFRa+ Ki67+ in C,E andOlig2+ BrdU− cells in M. Scale bars: 50 µm in E,K,M; 100 µm in A,G; 200 µm in C. Each point in the graphs corresponds to one
animal or one culture. Statistical analysis used unpaired two-tailed t-test (B,D,H, left), two-way ANOVA and Tukey’s multiple comparisons (F,H, right; I,J,L,N).
*P<0.05; ** and ##P<0.01, ***P<0.001; n.s. not significant. Data are mean±s.e.m.
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the mutant (48±3 versus 54±1%) (Fig. 3I). A similar result was
obtained in adulthood, where 92±1 and 94±1% of Olig2+ cells co-
expressed the APC marker in the mutant and wild-type corpus
callosum, respectively (Fig. 3J,K). However, consistent with the
decrease in MBP previously observed, visualization of other
myelin proteins, including the 2′,3′-cyclic-nucleotide 3′-
phosphodiesterase (CNPase) and the proteolipid protein (PLP)
indicated a significantly lower level of these proteins in P8 and P15
Boc mutants (Fig. 3L-S) compared with wild type. Collectively,
these results indicate that the decreased production of OPCs
observed in Boc mutants at birth can still be detected at P8 but
recovers from P15 onwards, in contrast to the level of myelin
proteins, which remains persistently reduced.

Impaired upregulation of gelsolin and delayed myelination
in Boc mutant mice
To further characterize the decrease in MBP protein observed at P8
and because the heterozygous Mbp+/− mice have been shown to
display only a subtle hypomyelination phenotype (Poggi et al.,
2016), we determined whether the decrease in MBP observed in
Boc mutant mice was associated with abnormal myelination of
axons. At this age, myelination had already started in the lateral
corpus callosum of control mice, but was significantly reduced in
Boc mutant mice (Fig. 4A), as indicated by the determination of the
area occupied by MBP+ myelin sheaths in this region (25±1 versus
42±2%; P=0.0002; Fig. 4B). Consistently, the proportion of APC+

oligodendrocytes co-expressing MBP was significantly lower in

Fig. 3. Boc KO mice display a decreased production of myelin in the developing dorsal forebrain. (A) Western blot analysis of dorsal forebrain
homogenates derived from P8, P15 and adult wild-type and Boc−/− mice. (B) Densitometric analysis of MBP immunoreactive signals normalized to β-actin
expression. (C) Olig2 transcript level determined by quantitative RT-PCR in the developing dorsal forebrain from P0, P8, P15 and P30 wild-type and Boc−/−

mutant mice (n=3). Boxes and whiskers indicate minimal to maximal values and corresponding s.e.m., respectively. (D-G) PDGFRa and Olig2/APC
immunostaining and corresponding quantifications carried out in slices fromP8wild-type orBoc−/−mice. The dashed line indicates the position of the germinative
zone. (H-K) Visualization and quantification of Olig2+ cells and APC+ differentiated oligodendrocytes in the corpus callosum of P15 (H,I) and adult (J,K) wild-type
and Boc−/− mice. (L-S) Visualization and quantification of CNPase+ and PLP+ immunostaining in the developing corpus callosum at P8 (L-O) and P15 (P-S) in
wild-type and Boc−/− animals. The dashed lines in (L,N) delineate the developing corpus callosum. cc, corpus callosum; Cx, cerebral cortex. Scale bars: 50 µm in
D,F,H,J,N; 100 µm in L,P,R. Statistical analysis used unpaired two-tailed t-test (E,G,I,K,M,O,Q,S), two-way ANOVA and Sidak’s multiple comparisons (B,C).
*P<0.05; **P<0.01, ****P<0.0001. Data are mean±s.e.m.
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Boc mutants compared with controls (37±3 versus 53±3%;
P=0.006; Fig. 4C). Moreover, the release of gelsolin, one of the
proteins required for oligodendrocyte actin disassembly, which is a
step that is necessary to promote myelin wrapping around axons
(Zuchero et al., 2015), was also reduced in the mutant. Indeed,
forebrain homogenates from P8 wild-type or mutant animals
analysed by western blot revealed a slight but significant decrease
of gelsolin in the mutant (0.238±0.019 versus 0.371±0.011;
P=0.04; Fig. 4D,E). In addition, we evaluated the ability of
enriched oligodendrocyte cultures to differentiate for 5 DIV. No
major morphological differences (Fig. 4F) were observed
according to the genotype, suggesting that the absence of Boc in
the neural progenitors did not impair the ability of OPCs to
differentiate into oligodendrocytes. However, western blot analysis
of such cultures at DIV 3 and DIV 5 revealed an increase in
gelsolin signal in both genotypes from DIV 3 to DIV 5, with a
much lower upregulation of gelsolin in the mutant (0.04±0.01
versus 0.11±0.01; P=0.0001; Fig. 4G,H). Thus, in Boc mutants,
the delayed production of OPCs at birth is correlated with a
decrease in MBP production and a defective gelsolin upregulation,

both of which are consistent with the delay in developmental
myelination observed at P8.

The absence of Boc causes/is associated with a decrease
in myelinated axon calibre
Despite the recovery of regular oligodendroglial density in adult Boc
mutants, the persistent decrease in MBP production remained
intriguing. Therefore, we analysed the adult corpus callosum at the
ultrastructural level. A striking observation was that axons appeared
smaller in Boc mutants compared with wild-type corpus callosum
(Fig. 5A,B). The analysis of more than 1000 axons from the three
animals studied for each genotype indicated that the total number of
axons was not significantly different in Boc mutants compared
with wild-type animals (135±9 versus 128±11 axons per 100 µm2;
Fig. 5C). In a similar manner, no significant difference was found in
the proportion of myelinated axons (68±3 versus 62±3%; Fig. 5D).
In contrast, the mean diameter evaluated for 200 wild-type and 150
Boc mutant myelinated axons was significantly lower in the
mutants (0.574±0.033 versus 0.773±0.061; P=0.047; Fig. 5E).
Characterized as a structure containing mainly small-calibre axons

Fig. 4. The Boc mutant fails to induce actin disassembly proteins and leads to a delay of myelination. (A) Initiation of myelination detected by MBP
upregulation in APC+ oligodendrocytes and first MBP+ myelin sheaths occurring in P8 wild-type andmutant mice. White arrowheads indicate APC+ MBP+ cells in
the wild-type developing corpus callosum. (B,C) Quantification of the area occupied by MBP and the percentage of APC+ MBP+ cells in each genotype.
(D) Detection of gelsolin immunoreactivity by western blot analysis of dorsal forebrain homogenates derived fromP8wild-type andBoc−/−mice. (E) Densitometric
analysis of gelsolin signals normalized to β-actin expression. (F) Oligodendrocyte-enriched cultures prepared from the dorsal forebrain of wild-type or Boc
mutant pups immunostained with MBP after 3 DIV show nomajor morphological differences. (G)Western blot analysis evaluating gelsolin andMBPexpression in
these cultures at 3 and 5 DIV. (H) Densitometric analysis of the immunoreactive gelsolin signal normalized to β-actin expression. Scale bars: 50 µm. Statistical
analysis used unpaired two-tailed t-test (B,C,E), two-way ANOVA and Tukey’s multiple comparisons (H). *P<0.05, **P<0.01, ***P<0.001. Data are mean±s.e.m.

6

STEM CELLS AND REGENERATION Development (2019) 146, dev172502. doi:10.1242/dev.172502

D
E
V
E
LO

P
M

E
N
T



(Hildebrand et al., 1993), the corpus callosum from the wild-type
mice contained a high percentage of axons narrower than 0.8 µm.
Remarkably, this percentage was even higher in the mutant (86±2
versus 65±2%; P=0.002) at the expense of axons with a diameter in
the range 0.9-1.8 µm (14±2 versus 34±2; Fig. 5A,B,F). The g-ratio
(the ratio of the axon diameter to axon+myelin diameter) was
determined and the values were plotted against the axon diameter
from n=134 and n=119 axons derived from three animals of each
genotype (Fig. 5G,H). The equations were y=0.155x+0.651 and
y=0.109x+0.700 for Boc mutants and wild type, respectively. The
differences observed in the slopes and the intercepts did not reached
significance (P=0.06). Because of the role of the neurofilament
medium NF-M recognized in the control of axon calibre mostly in
the peripheral nervous system, we looked for a change in the
expression level of NF-M using western blot analysis. Consistent
with the globally reduced axon calibre, Boc mutants showed a
significantly reduced amount of NF-M at P15 (0.573±0.064 versus
0.927±0.077; P=0.008). In adulthood, no significant difference was
observed (0.948±0.096 versus 1.000±0.046). Taken together, these
results indicate that, in adulthood, the reduced production of MBP is
not associated with hypomyelination, but could be the indirect result
of the decreased axon diameter in Boc mutants. Moreover, the
absence of Boc is associated with a reduced amount of the
neurofilament NF-M.

The absence of Boc prevents spontaneous remyelination
in LPC-treated animals
Given the oligodendroglial phenotype of the Boc mutant during
development, we evaluated the possible consequences of

inactivating Boc in the spontaneous regeneration of myelin that
occurs upon demyelination. We used a model based on the injection
of lysolecithin (LPC) into the corpus callosum. In this model, repair
of the tissue comprises several successive and stereotyped steps,
including the recruitment and proliferation of OPCs (at 5 days post-
lesion, dpl), their differentiation into immature oligodendrocytes (at
10 dpl) and their maturation into myelinating cells (at 15 dpl). This
process finally leads to the regression of the lesion size. We
compared the main steps of the remyelination process in the corpus
callosum from wild-type and Boc mutant animals. At 5 dpl, while
Olig2+ cells have already populated the demyelinated area in the
wild-type mice, only rare Olig2+ cells could be detected in the lesion
from Boc mutants, indicating altered/delayed recruitment of new
oligodendroglial cells. In a consistent manner, at 10 dpl, the density
of differentiated APC+ oligodendrocytes was largely reduced in
the lesion from Bocmutants compared with wild type (Fig. 6A). The
quantification of Olig2+ and APC+ cells at the different steps of the
regeneration process confirmed a significantly lower density of
oligodendroglial lineage cells in the mutant lesion until 15 dpl.
However, at a later time point (21 dpl), the difference was largely
attenuated, suggesting that Boc delays rather than impedes OPC
recruitment (Fig. 6B). In contrast, the absence of Boc appeared to
prevent OPC differentiation, as APC+ immature oligodendrocytes
were detected at a much lower level in the mutant than in the wild
type at all time points. APC+ cells reached a plateau between 15 and
21 dpl, representing 60-70% of the level observed in the wild type
(Fig. 6C). In agreement with the delay for recruiting new Olig2+

cells, the number of PDGFRa+ OPCs (43±2 versus 72±5; P=0.001)
and the percentage of proliferating OPCs (13±1 versus 18±2%;

Fig. 5. The absence of Boc induces a decrease in
the diameter of axons. (A,B) Visualization of coronal
sections of the corpus callosum derived fromwild-type
(A) or Boc−/− (B) adult mice using electron
microscopy. (C,D) The total number of axons (C, n=3
mice) and the percentage of myelinated axons (D) do
not significantly differ according to the genotype.
Boxes indicate minimal to maximal values in C.
(E) The diameter of myelinated axons is decreased in
the mutant animals. (F) The mutant displays a
significantly higher proportion of myelinated axons
with a diameter in the range 0.1-0.8 µm at the expense
of larger calibre axons. (G,H) Visualization of myelin
sheaths at high magnification and linear regression of
the g-ratio (axon diameter/axon+myelin diameter).
(I) Western blot analysis of the neurofilament NF-M in
the dorsal forebrain from P15 and adult wild-type or
Boc mutant animals. (J) Densitometric analysis of
NF-M immunoreactive signals normalized to β-actin
expression. Statistical analysis used unpaired two-
tailed t-test (C-F,J). *P<0.05; **P<0.01. Data are
mean±s.e.m.
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P=0.04; Fig. 6D,E,F) were decreased in the mutant at 5 dpl.
Moreover, in a manner consistent with the impairment of
OPC differentiation, Boc mutants displayed a lower ability to
repair myelin, as indicated by the significantly lower MBP
immunolabelling in the demyelinated area at 21 dpl (38±5 versus
66±6%, P=0.02; Fig. 6G,H). The lesion size was also determined by
measuring the area in which a high cell nuclei density persists or the
area devoid of small chains of cells compared with the unlesioned
corpus callosum. Although the extent of the lesion significantly
decreased in both the wild-type and mutant animals between 5 and
30 dpl, the lesion remained significantly larger in the mutant at
21 (0.180±0.016 versus 0.121±0.007 mm2, P=0.03) and 30 dpl
(0.035±0.003 versus 0.021±0.001 mm2; P=0.001) (Fig. 6I).
Finally, we immunolabelled astrocytes and microglia and/or

macrophages using Iba1 and GFAP markers in each animal group.
Both cell types were detected in Boc mutants, as shown at 10 dpl

(Fig. 6J-L), suggesting that the absence of Boc did not prevent the
astro- and microgliosis in the lesion. However, microglia and/or
macrophages appeared to display some discrete morphological
differences, with cells apparently more ameboid in the wild type
and more multipolar in Boc mutants (Fig. 6J). In contrast, no
morphological differences could be observed for astrocytes
(Fig. 6K). Moreover, the extent of the response determined by the
measure of the area occupied by Iba1 and GFAP fluorescent signals
did not differ according to the genotype. In situ hybridization using
the Boc riboprobe showed that, as early as 2 dpl, Boc was
upregulated not only at the site of LPC injection, but also in the
ipsilateral SVZ compared with the contralateral hemisphere
(Fig. 7A,B). Co-immunolabelling of the slices with the Olig2
marker indicated that some Boc+ cells co-expressed Olig2 both in
the lesion and in the SVZ (Fig. 7C), suggesting that, besides the
reduced proliferation of OPCs shown above, OPC migration from

Fig. 6. The absence of functional Boc impedes complete remyelination. (A) Visualization of Olig2+ and APC+ cells in the lesion after the stereotaxic injection
of LPC into the corpus callosum of wild-type and Boc mutant mice. The white dotted lines delineate the lesion. (B,C) The histograms show the densities of
Olig2+ (B) and APC+ (C) cells quantified in the lesion of the wild-type and mutant mice at the indicated time points. (D-F) Double immunostaining using
PDGFRa and Ki67 in the lesion at 5 dpl (D) and quantifications of the density of OPCs and the percentage of proliferating OPCs (E,F). Arrows in D indicate
double-labelled cells. (G) Immunodetection of MBP in the lesion from the wild-type and mutant mice at 21 dpl. (H) The determination of MBP immunofluorescent
area is shown in the histogram. (I) Evaluation of the lesion size at 5, 21 and 30 dpl. (J-L) Visualization of Iba1+ microglia and GFAP+ astrocytes at
10 dpl in the lesion from the wild-type and mutant mice. (J) Microglia and/or macrophage morphology appears more ameboid in the wild type (arrowheads)
and more multipolar (arrows) in the mutant. (K) In contrast, no morphological differences are observed for astrocytes. (L) Quantification of Iba1 and GFAP
fluorescent areas indicates no significant difference according to the genotype. Scale bars: 100 µm in A; 50 µm in D,G,K; 25 µm in J. Statistical analysis used
multiple t-test (B,C) and unpaired two-tailed t-test (E,F,H,I,L). *P<0.05; **P<0.01. Data are mean±s.e.m.
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the SVZ towards the lesion might also be impaired in the mutant.
However, the hypothesis remains to be investigated. Our previous
work has shown that, in the lesion of wild-type animals, the Gli1
effector was upregulated at a much lower level than other
components of Shh signalling, such as Smo (Ferent et al., 2013).
Given the decrease of Gli1 transcription in the healthy Boc mutant
mice (present work), Gli1 upregulation was barely detectable in the
lesion of the Boc mutant (data not shown). In contrast, the
visualization of Boc transcription at 2, 5 and 10 dpl clearly indicated
that a high upregulation of Boc was maintained throughout the
repair process. The immunodetection of the oligodendroglial
(Olig2+) and astroglial (GFAP+) cells on the same section, and
microglia and/or macrophage (Ib4+) on an adjacent section showed

a notable similarity between the Boc signal and the Ib4+ microglia
and/or macrophage staining (Fig. 7D-F). The analysis of the merged
images for Boc+ and Olig2+ cells at each time point allowed the
detection of Boc+ cells co-expressing the Olig2 marker and
corresponding to a small and non-significantly different proportion
(9±3, 17±4 and 13±2% for 2, 5 and 10 dpl, respectively) of all Boc+

cells (Fig. 7G,H). The co-expression of Boc and GFAP was even
more restricted (Fig. 7G) and thus most Boc+ cells appeared to be
neither oligodendroglial nor astroglial cells. Therefore, many Boc+

cells could be microglia or macrophages. In order to check such
hypothesis, we performed triple immunolabelling of brain slices
derived from LPC-demyelinated animals at 5 dpl by using Iba1 as a
global marker of microglia and/or macrophages and Arg-1 as a

Fig. 7. Boc is highly upregulated upon focal demyelination of the corpus callosum. (A-C) In situ hybridization of slices derived fromwild-type animals 2 days
after LPC injection. Boc transcription is detected at a low level in the contralateral SVZ (A) and clearly upregulated in the ipsilateral side in the SVZ and the
corpus callosum at a level corresponding to the LPC injection site (white star, B). (C) Immunostaining using theOlig2 antibody shows that most Olig2+ cells arising
from the SVZ (white arrowheads) or already recruited into the lesion (black arrowheads) co-express Boc. (D-F) In situ hybridization and double immunolabelling
using the Olig2 and GFAP markers performed on the same slice derived from animals at 2 (D), 5 (E) and 10 (F) dpl. Ib4 staining was performed on the
consecutive slice at each time point. The highest level of Boc is observed in the centre of the lesion in which Ib4+ microglia and/or macrophages are the most
abundant. The dashed lines outline the lesion area. (G,H) At 5 dpl, the merged images indicate the presence of Boc+ cells co-expressing the Olig2 marker (white
arrows and white box in G) and the vast majority of cells co-expressing neither Olig2 nor GFAP (black arrowhead in the black inset in G). Only a tiny number of
GFAP+ cell bodies colocalize with Boc+ staining (not shown). The quantification of Boc+ Olig2+ cells is shown in H. Data are mean±s.e.m. (I) Triple
immunolabelling of a brain slice derived from an animal demyelinated via LPC injection into the corpus callosum at 5 dpl. Boc signal is observed in Iba1+ cells
(white arrowheads) as well as in Iba1+ Arg-1+ (white arrows and boxed area) cells. Bottom panels are magnifications of the boxed area. The yellow arrows indicate
Iba1+ Boc− microglia and/or macrophages. Scale bars: 100 µm in A,B,D-F; 50 µm in C,G,I.
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marker of microglia and/or macrophages displaying pro-regenerative
activity (Miron et al., 2013). The images evidenced Boc+ cells
expressing Iba1 alone or together with Arg-1 (Fig. 7I). Together,
these results indicate that the absence of Boc prevents myelin repair
by impairing OPC recruitment/differentiation, and also results in
discrete morphological differences in microglia and/or macrophages
that are consistent with Boc expression in this cell type.

Boc expression is required for microglia and/or macrophage
transition from a highly to a faintly ramified morphology
Under healthy conditions, the so-called ‘resting’ microglia and/or
macrophages display highly dynamic processes continuously
elongating and retracting to explore the tissue environment
(Nimmerjahn et al., 2005). Upon recognition of inflammatory
stimuli, microglia and/or macrophages can rapidly retract their
processes in order to become more ameboid and therefore efficient
mobile effector cells able to fulfil local immune-related functions
(Kierdorf and Prinz, 2013). The morphological differences detected
for microglia and/or macrophages in the Boc mutant upon LPC-
mediated demyelination led us to investigate whether the presence
or the absence of Boc could influence the morphological transition
between highly and faintly ramified cells. We took advantage of
live-imaging approaches (Hristovska and Pascual, 2015) to
visualize microglia and/or macrophages in the context of myelin
repair in living animals. We crossed the Boc mutant mice with a

strain expressing the YFP reporter under the promoter of the
chemokine receptor CX3CR1, prominently expressed in microglia
and/or macrophages (Wolf et al., 2013; Yona et al., 2013). Animals
received the copper chelator cuprizone in their food for 12 weeks to
induce an extensive demyelination of the cerebral cortex (Skripuletz
et al., 2008; Gudi et al., 2009), as shown in Fig. 8A-C. Transcranial
live-imaging of YFP+ microglia and/or macrophages was carried
out in the somatosensory cortex from both genotypes using two-
photon microscopy. Animals were live-imaged on day 3 (D3) and
day 8 (D8) after cuprizone removal from the diet while
remyelination was already ongoing (Skripuletz et al., 2008; Gudi
et al., 2009). On D3, microglia and/or macrophages appeared to be
more ramified in Boc mutant mice compared with wild-type mice
(Fig. 8D). Indeed, the cell processes were highly ramified in the
mutant, similar to a resting phenotype, whereas they were retracted
in the wild-type animals. In agreement with this observation, the
quantification of processes complexity indicated a significantly
higher value in Boc mutants compared with wild type (1.63±0.003
versus 1.57±0.013; P=0.05; Fig. 8E). Remarkably, the density of
microglia and/or macrophages did not significantly differ with
regards to the genotype or cuprizone treatment (Fig. 8F). Moreover,
as already shown in the context of injury (Eyo et al., 2016), we
visualized spontaneous focal events (SFE) corresponding to the
attraction of microglia and/or macrophage processes within minutes
at a focal point, followed by the subsequent invasion of the area by

Fig. 8. Microglia and/or macrophages fail to switch from a resting-like to an activated-like state in the demyelinated cerebral cortex of the Boc mutant
mice. (A) MBP immunostaining in the dorsal forebrain of a wild-type mouse (control). (B) MBP staining in wild-type and Boc mutant animals fed with cuprizone-
supplemented (Cup) chow for 12 weeks and analysed 8 days after cuprizone removal. (C) Comparable levels of MBP immunofluorescence are observed,
reflecting a similar extent of demyelination at this early time point after cuprizone removal. (D) Live images of CX3CR1-YFP microglia and/or macrophages in the
cerebral cortex of wild-type and Boc mutant mice 3 days after cuprizone removal. (E,F) Quantification of the complexity of microglia and/or macrophages shows
their inability to display the activated morphology observed for the wild-type cells 3 days after cuprizone removal (E). In contrast, the densities of cells are not
significantly different under any conditions (F). (G) Quantification of the number of spontaneous focal events shows that, in the mutant, microglia and/or
macrophage processes remain attracted towards focal events. Scale bars: 200 µm in B; 10 µm in D. Statistical analysis used Kruskal-Wallis and Dunn’s multiple
comparison test (E-G). *P<0.05; **P<0.01. Data are mean±s.e.m.
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those processes (Movie 1). As expected, SFE could be detected in
the cuprizone-treated wild-type and Boc mutant mice at D3.
However, although SFE completely disappeared in the wild-type
animals at D8, indicating a significant recovery, they were still
detected in Boc mutants at this time point (P=0.05; Fig. 8G).
Remarkably, in Bocmutant mice receiving a regular diet, some SFE
could be detected, whereas they were completely absent from their
wild-type counterparts. Together, these results indicate that, during
myelin repair, Boc inactivation is associated with morphological
differences in microglia and/or macrophages that mimic the
transition between a ‘resting-like’ and an ‘activated-like’ state. In
addition, Boc mutant mice display impaired responses in
demyelinating conditions.

DISCUSSION
The investigation of Boc mutants performed in the present work
provides evidence for the involvement of Boc in both
developmental and repairing myelination. The first phenotypic
feature observed in Boc mutants was the transient decrease in OPC
production related to a reduced number of Sox2+ neural progenitors
and the decreased capacity of OPCs to proliferate. Together with the
inability of Boc mutant glial cells to upregulate Gli1 in vitro, these
data support the hypothesis that Boc may be positively involved in
Shh-mediated dorsal oligodendrogenesis. Although questioned for
a long time (Kessaris et al., 2006), Shh involvement in this process
was recently demonstrated. Indeed, the neural progenitors located in
the dorsal germinative zone of the forebrain are Shh-responding
cells (Ahn and Joyner, 2005), which proliferate in a Shh-dependent
manner (Balordi and Fishell, 2007) and give rise to oligodendroglial
lineage cells at the neonatal period (Tong et al., 2015; Sanchez and
Armstrong, 2018). However, whereas the conditional inactivation of
the key transducer of Shh signalling, Smo, leads to a persistent
oligodendrocyte decrease (Tong et al., 2015), Boc mutant mice
display a rapid recovery of oligodendrocyte density. To account for
this discrepancy, a first hypothesis relies on the existence of partially
redundant functions of Boc with other Shh co-receptors, including
Cdo and Gas1 as previously proposed in Shh-mediated proliferation
of cerebellar progenitors (Izzi et al., 2011). This hypothesis is
nevertheless unlikely because, if Cdo and/or Gas1 had redundant
functions with Boc, the Boc-deficient glial cells should have
upregulated Gli1 in response to exogenous Shh. However, our data
indicate no Gli1 upregulation in vitro. Moreover, Gli1 transcription
is clearly downregulated in the early postnatal dorsal forebrain of
the xBoc mutant. On the other hand, the recent report that Cdo
promotes oligodendrocyte differentiation and myelination in vitro
(Wang and Almazan, 2016) is not in support of a putative role for
Cdo in oligodendroglial proliferation. A more plausible hypothesis
could be the existence of compensatory mechanisms mediated by
one of the other potent positive regulators of dorsal OPC
production, such as Wnt or FGF (Azim et al., 2012, 2014, 2016;
Ortega et al., 2013). If so, the absence of compensation observed
upon conditional inactivation of Smo could be related to the
experimental approach, based on the administration of an adenoviral
vector at birth, which probably induced a massive and abrupt drop in
oligodendrogenesis that may conceivably be more difficult to be
compensated for.
Contrasting with its limited expression in cells of the

oligodendroglial lineage, the wide expression of Boc in neurons is
in support of a major neuronal function susceptible to indirectly
influence myelination. In agreement with this hypothesis, Boc has
initially been characterized as a member of the family of membrane-
bound cell-adhesion molecules that provide axon-derived

instructive cues for myelination (Emery, 2010; Hughes and
Appel, 2016; Klingseisen and Lyons, 2018). Therefore, we tested
the Src-family tyrosine kinase (SFK) Fyn (data not shown) as the
most well-known integrator of neuronal signals during active
myelination and notably for its role in the site-specific translation of
MBP (White et al., 2008; White and Kramer-Albers, 2014).
Although we were unable to detect any modification in SFK
phosphorylation that might support the involvement of neuronal
Boc-mediated signals in the spatiotemporal regulation of MBP
production, we cannot exclude the possibility that Boc may mediate
such a signal via a signalling cascade different from Fyn. However,
our work importantly shows that the absence of functional Boc
results in a clear reduction in the calibre of callosal axons and in a
significant decrease in the neurofilament NF-M. The former
observation is able to account for the persistence of a lower
production of MBP given that small calibre axons require less MBP
for their ensheathment by myelin. The latter deserves to be
considered in the molecular mechanism possibly contributing to
the defective radial growth of callosal axons. Remarkably, the
decrease in NF-M is consistent with the role of Boc in neurite
outgrowth previously reported in cultures of cortical neural
progenitor cells. Indeed, the induction of Boc expression in those
cells was found to specifically induce a high NF-M expression
(Vuong et al., 2017). The role of NF-M in the radial growth of both
large (>2 µm) and small (<2 µm) classes of myelinated fibres has
been thoroughly investigated mainly in the peripheral nervous
system where this process is necessary for the rapid impulse
transmission in axons with a diameter over 1 µm (Eyer and Peterson,
1994; Garcia et al., 2003; Barry et al., 2012; Yuan and Nixon,
2016). Therefore, although further work is required to demonstrate a
potential link between the altered radial growth of the callosal axons
and the decreased expression of the neurofilament NF-M, both
phenotypic features are likely to impair the fine tuning of postnatal
active myelination in the absence of functional Boc.

In the context of demyelination, the Boc phenotype on cells of the
oligodendroglial lineage is reminiscent of the phenotype previously
reported when Shh signalling is inhibited (Ferent et al., 2013), as
shown by the delay of OPC recruitment into the lesion, the decrease
in the proliferation of these cells and the defect in their
differentiation into immature oligodendrocytes. In contrast, Boc
mutants do not phenocopy Shh signalling blockade at the level of
astrocytes, microglia and/or macrophages (Ferent et al., 2013)
because those cells were not increased in the Boc mutants.
Moreover, the fact that the mutant fails to reach the level of
myelin regeneration observed in the control animals was surprising
given the apparent inability of Boc to regulate OPC differentiation
during development. However, the unexpected consequences of
non-functional Boc on microglia and/or macrophages provide an
answer to these discordant observations. The high upregulation of
Boc in an area encompassing the region populated by activated
microglia and/or macrophages, most importantly the colocalization
of Boc with one of the markers of pro-regenerative microglia and/or
macrophages, as well as the inability of the mutant microglia and/or
macrophages to retract their processes both support the hypothesis
that OPC differentiation failure in the mutant may likely be related
to defective microglia and/or macrophage activation. Consistently,
during the past few years, a plethora of evidence have highlighted
the pro-remyelination roles of microglia and/or macrophages,
notably in the clearance of myelin debris, the secretion of growth
factors or the remodelling of the extracellular matrix in myelin repair
(Lloyd et al., 2017). Therefore, it is conceivable that the behavioural
anomalies of microglia and/or macrophages observed in Boc
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mutants disturb the ability of these cells to play their
pro-remyelinating role, by altering microglia and/or macrophage
reactive state (Kotter et al., 2006; Miron et al., 2013; Orihuela et al.,
2016; Ransohoff, 2016; Church et al., 2017). Moreover, the recent
observation that the dynamic state of the actin cytoskeleton
profoundly affects microglia and/or macrophage behaviour
(Uhlemann et al., 2016) might open the way to further
investigations regarding a potential relationship between Boc and
cell cytoskeletal dynamics in microglia and/or macrophages.
The recent identification of Boc variants in individuals with

holoprosencephaly and the characterization of Boc as a modifier
locus in this pathology, which is the most common malformation of
the forebrain in humans, pinpoint Boc as a new therapeutic target
(Roessler and Muenke, 2010; Hong et al., 2017). Given the accurate
tuning of CNS myelination according to a precise spatiotemporal
pattern, which coincides with the appearance of cognitive and
behavioural functions (Nagy et al., 2004; Fields, 2008; Dean et al.,
2016; Poggi et al., 2016), the delayed myelination, together with the
reduction in axon calibre, may likely be associated with potential
cortical dysfunctions in the absence of functional Boc. Moreover,
Boc variants in individuals presenting with a demyelinating disease
should be considered in the therapeutic strategy used, in particular
when the Shh pathway is known to contribute to the remyelinating
effects of the selected treatment, as recently shown for the drug
Fingolimod (Zhang et al., 2015).

MATERIALS AND METHODS
Animals
The Boc knockout mouse strain (Okada et al., 2006) was obtained and
maintained on a C57BL/6 background. The mouse strain CX3CR1tm2.1(Cre/
ERT2) (thereafter called CX3CR1CreER-YFP) expressing the YFP reporter
under the promoter of the chemokine receptor CX3CR1 (Wolf et al., 2013;
Yona et al., 2013) was provided by the Jackson Laboratory. Surgeries and
perfusions were performed under ketamine (100 mg/kg)/xylazine (10 mg/kg)-
induced anaesthesia. Two-month-old male animals were used unless otherwise
indicated. The number of animals is indicated in each graph as the data obtained
for each animal are shown. All animal studies were carried out according to the
guidelines established by the European Communities Council Directive
(86/806/EEC) for the care and use of laboratory animals. All experimental and
surgical protocols were approved by the Regional Ethics Committee CEEA26,
Minister̀e de L’Education Nationale, de l’Enseignement Supérieur et de la
Recherche. Animals were housed under standard conditions with access to
water and food ad libitum on a normal 12 h light/dark cycle.

LPC-induced focal demyelination
The lysolecithin (LPC)-induced demyelination was carried out as previously
described (Ferent et al., 2013). The injection was performed at the following
coordinates (to the bregma): anteroposterior (AP) +1 mm, lateral +1 mm,
dorsoventral (DV) −2.2 mm. Mice were sacrificed at different survival time
points: 2, 5, 10, 15, 21 and 30 days postlesion (dpl). The brain was removed,
frozen in liquid nitrogen and cryostat sections (14 µm) were cut.

Cuprizone-induced demyelination
Boc−/−;CX3CR1CreER-YFP male animals were placed on a diet containing
0.2% cuprizone (Sigma-Aldrich) mixed into powdered food. The food was
available ad libitum for 12 weeks and replaced every 2 days.

Primary glial cell cultures
Primary glial cell cultures were prepared from postnatal day (P) 1-2 mouse
dorsal forebrain derived from each genotype as previously described (Feutz
et al., 2001). Cultures containing astrocytes, oligodendrocytes and microglia
cells were then incubated in 5% CO2 and 95% air in a humidified atmosphere
(90%) at 37°C. After 5 DIV, the medium was replaced by fresh medium
supplemented or not with the recombinant Shh protein [4 nM; Shh (C24II) N-
Terminus, BioTechne; 4 nM] or SAG (DC Chemicals; 3×10−7 M) which was

renewed at 7 DIV. At 9 DIV, the cells were either collected in Trizol reagent
for RNA extraction and quantitative RT-PCR analysis or incubated for 2 h
with BrdU (3 µg/ml) before PFA 4% fixation for immunocytofluorescence.
For enriched oligodendrocyte cultures, shaking of the flasks containing the
primary mixed glial cells was carried out at 9 DIV in order to detach the
oligodendroglial cells that were further cultured for 3 or 5 additional DIV in an
oligodendrocyte medium as described previously (O’Meara et al., 2011). The
number of independent cultures is indicated in each graph in which the data
obtained from each culture is individually represented.

Histological procedures
The animals were deeply anesthetized before perfusion with 4%
paraformaldehyde (PFA). Brains were post-fixed in 4% PFA for 4 h and
incubated overnight in a 30% sucrose solution. Hemispheres were then frozen
into a Shandon Cryomatrix and stored at −80°C before performing cryostat
sections (14 µm). For immunohistochemistry the primary antibodies were as
follows: anti-Boc (goat polyclonal, R&D, AF2385, 1:100; Izzi et al., 2011),
anti-NeuN (mouse monoclonal, Millipore, MAB377, 1:500; Ferent et al.,
2014), anti-Sox2 (goat polyclonal, Santa Cruz, sc-17320, 1:500), anti-Olig2
(rabbit polyclonal, Millipore, AB9610, 1:500; mouse monoclonal, Millipore,
MABN50, 1:200; Ferent et al., 2013), anti-PDGFRa (rat; BD Pharmingen,
558774, 1:500; Ferent et al., 2013), anti-myelin basic protein (MBP) (rabbit
polyclonal, Millipore, AB980, 1:500; Ferent et al., 2013), anti-adenomatus
polyposis coli (APC/CC1) (mouse monoclonal, Calbiochem, OP80, 1:250;
Ferent et al., 2013), anti-Ki67 (mouse monoclonal; BD Pharmingen, 550609,
1:100; Ferent et al., 2013), anti-BrdU antibody (rat monoclonal, Abcam,
Ab6326, 1:250; Ferent et al., 2013), anti-glial fibrillary acidic protein (GFAP)
(rabbit polyclonal, Dako, ZO334, 1:1000; mouse monoclonal, Sigma-
Aldrich, G3893, 1:1000; Ferent et al., 2013), Iba1 (rabbit, Wako,
W1W019-19741, 1:250), isolectin GS-IB4 conjugated to Alexa Fluor 568
(Thermo Fisher Scientific, I21412, 1:250; Ferent et al., 2013), arginase 1
(goat, Santa-Cruz, sc-18355, 1:100), CNPase (mouse, Sigma-Aldrich, 11-5B,
1:500), PLP (mouse, Millipore, Mab388, 1:250). The secondary antibodies
were: donkey anti-goat Alexa 488, anti-mouse 647 and anti-rabbit 546
(Thermo Fisher Scientific, A11055, 1:250; A31571, 1:750; A10040, 1:250);
goat anti-rabbit cyanine 3 conjugated (Jackson Immunoresearch, 111-165-
003, 1:250); goat anti-mouse Alexa 488 and anti-rabbit Alexa 633 (Thermo
Fisher Scientific, A11026, 1:250 and A21070, 1:750).

In situ hybridization experiments were performed as previously described
(Ferent et al., 2013). The Boc riboprobe was kindly provided by Dr R.S.
Krauss (Mount Sinai, New York, USA).

Image acquisition and analysis
Images were taken using the microscope analysing system Axiovision 4.2
(Carl Zeiss), the confocal Zeiss LSM 510-Meta Confocor 2, Leica TCS SP8
with LAS AF software and slide scanner Model Panoramic 250 Flash II
3DHISTECH with CaseViewer software. Analyses were performed using
ImageJ software. Immunofluorescent-positive cells were counted in one
sitting for every other five sections throughout the whole demyelinated
lesion per mouse and averaged for each animal. Cell counts are the results
from at least three animals (the exact number is indicated in each graph) or
three independent cultures and are expressed per surface unit. Alternatively,
the area occupied by marker immunofluorescence is expressed as
percentage of the studied area. The lesion surface was determined by
measuring the area of the nuclear densification or the absence of small cell
chains (correlated with myelin loss visualized by MBP staining) on every
other five slices throughout the whole demyelinated lesion per mouse.

Electron microscopy
Three 12-week-old male mice per genotypewere perfused with 2% PFA and
2% glutaraldehyde. Ultrathin slices of resin-embedded osmium post-fixed
corpus callosum (related to the genu part) were examined using a
transmission electron microscope (1011 JEOL) equipped with a Gatan
digital camera. The g ratio (the ratio between the axon diameter and fibre
diameter corresponding to myelin sheath+axon diameter) was estimated by
measuring the minimum and maximum axon diameter and fibre diameter
for each axon using ImageJ software. At least 50 randomly chosen
myelinated axons were evaluated for each animal.
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RT-qPCR analysis
Three animals per group were sacrificed by decapitation. Brains were
dissected and frozen in liquid nitrogen for further processing. Total RNA
was isolated by using the Trizol Technique (Thermo Fisher Scientific) and
RNeasyMini Kit (Qiagen). For the primary glial cell cultures, the cells were
directly collected in Trizol reagent. Reverse transcription was performed
using the High Capacity cDNA Reverse Transcription kit (Applied
Biosystems). Quantitative real-time PCR was carried out by using the
Power SYBR-Green Master mix (Applied Biosystems) and gene expression
was analysed with the 7300 Systems SDS Software (Applied Biosystems)
normalized to reference genes GAPDH. The primers used were as follows:
GAPDH fwd, 5′-GTCGGTGTGAACGGATTTGG-3′; GAPDH rev, 5′-G-
ACTCCACGACATACTCAGC-3′; Olig2 fwd, 5′-GCAGCGAGCACCT-
CAAATCT-3′; Olig2 rev, 5′-GGGATGATCTAAGCTCTCGAATG-3′;
Gli1 fwd, 5′-ACAAGTGCACGTTTGAAGGCTGTC-3′; Gli rev, 5′-GC-
TGCAACCTTCTTGCTCACACAT-3′.

Western blotting
Tissues were homogenized in cold RIPA lysis buffer (Biorad) in the
presence of protease inhibitors (Sigma-Aldrich). The protein extract
concentration was measured using the BCA method (Thermo Fisher
Scientific). Proteins (30 μg) were separated using a 12% polyacrylamide
gel followed by blotting onto a PVDF membrane using the trans-blot
Turbo Transfer Pack (Biorad). Blots were incubated with the following
antibodies: anti-MBP (rabbit, Millipore, Mab386), anti-gelsolin (rabbit,
Abcam; Zuchero et al., 2015), anti-NF-M (mouse, Abcam, Ab7794) and
anti-β-actin (mouse, Sigma-Aldrich; Ferent et al., 2014). Goat anti-mouse-
and anti-rabbit Dylight-conjugated secondary antibodies were used
(Thermo Fisher Scientific) and membranes were scanned with the
Odyssey InfraRed Scanner (Li-Cor). Bands of interest were quantified
by measuring their integrated intensities using the Odyssey software V3.0.
Alternatively, goat anti-rabbit or anti-mouse horseradish peroxydase
(Biorad) were used and immunoreactivity was revealed with enhanced
chemiluminescence. The membranes were exposed to the
chemiluminescent substrate Radiance Plus (Biorad) according to the
manufacturer’s instructions and then quantified using the Bio-Rad
ChemiDoc MP Imaging System (Biorad). The densitometric values were
systematically normalized to β-actin expression.

Two-photon in vivo imaging
For transcranial imaging, we performed thin-skull window preparation
over the somatosensory cortex. Briefly, mice were deeply anesthetized
with isoflurane (3-4%, Isovet, Piramal Healthcare) and mounted in a
stereotaxic apparatus (D. Kopf Instruments). Carprofen (5 mg/kg s.c.)
was injected at the beginning of the surgery to diminish post-surgical pain
and inflammation. After the skull was exposed, a thin custom-made metal
implant was glued, allowing delimitation of the area over the
somatosensory cortex. The skull was then carefully thinned using a
high-speed dental drill. To avoid heat-induced damage, we repeatedly
interrupted drilling and applied cold sterile saline. When a 20 to 30 µm
skull thickness was reached, we applied a thin layer of cyanoacrylate glue
and placed a cover glass on top of the thinned skull. Mice were imaged on
the 2nd and 7th post-operatory days, which are respectively the 3rd and
8th day of the end of cuprizone treatment. These two time points represent
early remyelination and a more advanced remyelination. For each imaging
session, mice were anesthetized with a mixture of ketamine (100 mg/kg)
and xylazine (10 mg/kg), and their body temperature was maintained at
37°C. Imaging was performed using a two-photon microscope (Olympus)
with a Ti:Sapphire laser (Mai-Tai, Spectra-Physics) tuned to 940 nm.
We used a 20× water-immersion objective (0.95 N.A. Olympus) to
acquire images and maintained the laser power below 30 mW.
Fluorescence was detected using a 560 nm dichroic mirror coupled to a
525/50 nm emission filter and a photomultiplier tube in whole-field
detection mode. We imaged microglia and/or macrophages at a depth of
50-150 µm. Every 30 s we acquired 30-35 consecutive stack images with
a step size of 1 µm/optical section over an area of 200×200 µm and a
resolution of 521×521 pixels. Recordings generally lasted 10-15 min (20-
30 stacks).

Live imaging analysis
Image processing and analysis were performed using custom-written
program under MatLab and ImageJ software. Regions of interest containing
the totality of one microglia and/or one macrophage were delimited
manually. Brightness/contrast and drift correction in x, y and z planes of
images were adjusted by an automated post-processing. Drift correction was
performed by registering each volume to a reference volume (the first
volume) using shift estimation from the cross-correlation peak by FFT (fast
Fourier transform). After realignment, 2D time-lapse movies were generated
from standard deviation intensity projections of z-stacks. To quantitatively
measure cell complexity, the images were first converted into binary. The
cell complexity index was obtained by assessing the fractal dimension of the
cell by calculating the Hausdorff dimension using a custom-written MatLab
program. For each cell, the cell complexity index corresponded to the
complexity value obtained at the beginning of the recording (t0). We
identified spontaneous microglia and/or macrophage process convergence
as events during which processes from one or (more frequently) several cells
converged toward a focal point. All observed spontaneous microglia and/or
macrophage process convergence events, regardless of size, were manually
counted in a 200×200×30 µm visual field from all our recordings. Microglia
and/or macrophage density was manually counted by marking each cell
body in the visual field. The total number of microglia and/or macrophages
was then divided to generate a measure of cell density for 104 µm2.

Statistical analysis
Size sample was defined on the basis of our previous experiments. For cell
counts, the mean number of immunopositive cells was evaluated per image
area to determine the density of cells/surface area. Mice were allocated into
experimental groups based on their genotype. Data analysis was carried out
blind to the genotype of the mice. Data are expressed as mean±s.e.m.
Statistical analysis was performed with GraphPad Prism 7.0 software. The
significance of differences between means was evaluated using Student’s
unpaired t-test for two independent group comparisons and ANOVA
followed by ad hoc post-tests for comparisons of more than two groups and/
or several variables. In case of absence of distribution normality, non-
parametric tests (Mann–Whitney, Kruskal-Wallis) were used. Appropriate
corrections were carried out according to the determination of the variance
of each sample. Dixon’s Q test was used to identify potential outliers.
Significance of P<0.05 was used for all analyses.
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White, R. and Krämer-Albers, E. M. (2014). Axon-glia interaction and membrane
traffic in myelin formation. Front. Cell. Neurosci. 7, 1-8. doi:10.3389/fncel.2013.
00284
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Movie 1. Movie derived from live imaging of YFP+ microglia/macrophage in the cerebral 

cortex grey matter of CX3CR1/YFP WT and Boc mutant mice at D8. The arrow indicates 

a microglia/macrophage displaying one SFE in the mutant, while no SFE is detected in the WT. 

Scale bar: 10 µm. 
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