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Myelin loss occurring in demyelinating diseases, including multiple sclerosis, is the leading cause of long-lasting neurological disability
in adults. While endogenous remyelination, driven by resident oligodendrocyte precursor cells (OPCs), might partially compensate
myelin loss in the early phases of demyelinating disorders, this spontaneous reparative potential fails at later stages. To investigate the
cellular mechanisms sustaining endogenous remyelination in demyelinating disorders, we focused our attention on endogenous neural
precursor cells (eNPCs) located within the subventricular zone (SVZ) since this latter area is considered one of the primary sources of new
OPCs in the adult forebrain. First, we fate mapped SVZ-eNPCs in cuprizone-induced demyelination and found that SVZ endogenous
neural stem/precursor cells are recruited during the remyelination phase to the corpus callosum (CC) and are capable of forming new
oligodendrocytes. When we ablated SVZ-derived eNPCs during cuprizone-induced demyelination in female mice, the animals displayed
reduced numbers of oligodendrocytes within the lesioned CC. Although this reduction in oligodendrocytes did not impact the ensuing
remyelination, eNPC-ablated mice experienced increased axonal loss. Our results indicate that, in toxic models of demyelination, SVZ-
derived eNPCs contribute to support axonal survival.
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Introduction
Demyelination is the classical hallmark of multiple sclerosis
(MS), featuring the degeneration of myelin sheets as well as of

oligodendrocytes cell bodies. Demyelinated plaques define a well
demarcated hypocellular area characterized by loss of myelin,
relative preservations of axons and formation of astrocytic scars
(Noseworthy et al., 2000). A certain degree of spontaneous remy-
elination, which offers new hope for the development of innova-
tive neuroprotective strategies, accompanies the early phases of
the disease. However, this endogenous mechanism of repair
shows limited efficiency and high heterogeneity in patients. Epi-
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Significance Statement

One of the significant challenges in MS research is to understand the detrimental mechanisms leading to the failure of CNS tissue
regeneration during disease progression. One possible explanation is the inability of recruited oligodendrocyte precursor cells
(OPCs) to complete remyelination and to sustain axonal survival. The contribution of endogenous neural precursor cells (eNPCs)
located in the subventricular zone (SVZ) to generate new OPCs in the lesion site has been debated. Using transgenic mice to fate
map and to selectively kill SVZ-derived eNPCs in the cuprizone demyelination model, we observed migration of SVZ-eNPCs after
injury and their contribution to oligodendrogenesis and axonal survival. We found that eNPCs are dispensable for remyelination
but protect partially from increased axonal loss.
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sodes of spontaneous remyelination occur in MS lesions; indeed,
19% of lesions are partially remyelinated, while in 23% of cases
the remyelination is complete (Barkhof et al., 2003). Loss of oli-
godendrocyte progenitor cells (OPCs) is undoubtedly among the
leading causes for hampering endogenous remyelination, along
with the limited ability of these cells to migrate toward demyeli-
nating lesions and to differentiate into mature oligodendrocytes
(Franklin and Ffrench-Constant, 2008). Insufficient clearing of
myelin debris also affects the generation of new myelin sheaths
(Skripuletz et al., 2013).

Parenchymal OPCs naturally sustain remyelination (Gold-
man, 2005; Tripathi et al., 2010; Zawadzka et al., 2010), but ex-
perimental evidence shows that endogenous neural precursor
cells (eNPCs) of the subventricular zone (SVZ) are able to gener-
ate remyelinating cells in both physiological and injury condi-
tions (Nait-Oumesmar et al., 1999; Picard-Riera et al., 2002;
Aguirre et al., 2007; Jablonska et al., 2010; Gonzalez-Perez and
Alvarez-Buylla, 2011). Endogenous NPCs sustain remyelination
through the following: (1) proliferation and differentiation in
OPCs followed by oligodendrocyte maturation; (2) release of
neurotrophic cytokines/growth factors (e.g., leukemia inhibitory
factor, IGF-1, FGF-2) that act on the survival of local oligoden-
drocytes; or (3) in an indirect way, by modulating astrocytes and
microglia at the lesion site (Kipp et al., 2009). Indeed, fate-
mapping studies demonstrated that, beside parenchymal OPCs
(pOPCs), eNPCs are also enrolled in the remyelinating process
occurring after CNS damage. Accordingly, both pOPCs and
eNPCs contribute to remyelination in the cuprizone-mediated
demyelination model, highlighting regional differences along the
anteroposterior axis and a context-dependent contribution of
both populations (Steelman et al., 2012; Xing et al., 2014; Brousse
et al., 2015).

The specific contribution of pOPCs or eNPCs during a demy-
elination event and whether one population of cells is more im-
portant than the other one still remain unknown.

In this study, we examined the specific role of SVZ-eNPCs in a
model of demyelination induced by cuprizone, using the trans-
genic mouse line Nestin-CreER T2-YFP (Imayoshi et al., 2006),
which is suitable for fate mapping and the NestinTK (Butti et al.,
2012) in which SVZ-eNPCs can be selectively ablated upon gan-
ciclovir (GCV) treatment. The cuprizone model has been dem-
onstrated to have a high potential to study demyelination and
remyelination, although its inflammatory cellular component differs
from the one in MS (Acs et al., 2009). We here show that SVZ-eNPCs
can migrate along the corpus callosum (CC) after cuprizone-
induced injury. eNPCs contribute to the number of mature oligo-
dendrocytes but are dispensable for the remyelination process.
However, eNPC loss is accompanied by a partial increase of axonal
loss in the CC after cuprizone-induced damage.

Materials and Methods
Study approval and animals. Adult female C57BL/6 mice (6 – 8 weeks old)
and transgenic mice were purchased from Charles River (https://www.
criver.com/products-services/find-model/c57bl6-mouse?region�27)
or were generated in our animal facility in SPF conditions. Experimental
procedures, performed blindly, were approved by the Institutional Ani-
mal Care and Use Committee (no. 570 and 750) of the San Raffaele
Scientific Institute (Milan, Italy). To perform fate mapping and assess the
behavior of the eNPCs during remyelination, we used Nestin-CreER T2

line 5–1 transgenic mice provided by Dr. Ryoichiro Kageyama (Tokyo
University, Japan) (Imayoshi et al., 2006) expressing a CreER T2 fusion
protein under the control of the rat Nestin gene promoter. These mice
were crossed with a reporter mouse line, Rosa26-eYFP (Srinivas et al.,
2001), to produce the Nestin-CreER T2 line 5–1: Rosa26-eYFP transgenic

mice (from here on called Nestin:YFP). To ablate SVZ eNPCs selectively,
we used the NestinTK transgenic mouse line, in which the thymidine
kinase (tk) gene, a suicide gene, is under the control of the second intron
of Nestin rat promoter (Butti et al., 2012). Treatment of NestinTK mice
with ganciclovir for 4 weeks, by subcutaneously implanted osmotic mi-
nipump, allowed ablation of Nestin � eNPCs. To verify the ablation of
cells derived from SVZ, we used a triple transgenic mouse line, which we
obtained by crossing Nestin:YFP with NestinTK mice (from here on
called Nestin:YFP-NestinTK).

Experimental design. In the first experimental setting, to understand
the mobilization and differentiation of SVZ-eNPCs after cuprizone-
induced demyelination, animals were housed under standard laboratory
conditions with food and water available ad libitum. Recombination in
Nestin-CreER T2: Rosa26-eYFP transgenic mice (n � 6/group) was in-
duced by oral gavage of tamoxifen (TAM; catalog #T5648, Sigma-
Aldrich; https://www.sigmaaldrich.com/catalog/product/sigma/t5648?
lang�it&region�IT) delivered at a dose of 0.3 g/kg/d for 4 consecutive
days. Tamoxifen was prepared at 40 mg/ml in corn oil (Sigma-Aldrich).
Vehicle controls (n � 6/group) received corn oil without tamoxifen
(called Oil/control mice from here on). Tamoxifen-treated mice were fed
with 0.2% cuprizone (w/w; biscyclohexanoneoxaldihydrazone; https://
www.sigmaaldrich.com/catalog/product/sigma/c9012?lang�it&region�IT;
#c9012; Sigma-Aldrich) mixed in standard rodent chow for 6 consecu-
tive weeks, starting 1 week after tamoxifen administration (called TAM/
cuprizone from here on). Mice returned to a normal diet for a period of
2 more weeks, and they were killed at 4 and 8 weeks from the diet start. As
a control, we used Nestin:YFP mice treated with tamoxifen but fed nor-
mal food (called TAM/control from here on).

In the second experimental setting, to study the role of the SVZ-eNPC
population during remyelination, NestinTK � mice, with ablated cells,
and NestinTK � mice (n � 6/group), in the presence of cells, were fed
0.2% cuprizone mixed in standard rodent chow for 6 consecutive weeks.
Then they returned to a normal diet for a period of 2 more weeks. Mice
were killed afterward.

For the ganciclovir (http://www.ilprontuariofarmaceutico.it/dettagli.
php?aic�032837015GCV; Citovirax, Roche) administration, we used two
different protocols.

In the first protocol, we aimed at investigating the effect of SVZ-eNPC
ablation during cuprizone-induced demyelination; thus, mice re-
ceived 100 mg/kg/d GCV dissolved in double-distilled H2O (ddH2O)
administered by subcutaneously implanted osmotic minipumps
(ALZET model 2002, DURECT Corporation; http://www.alzet.com/
downloads/2002specs.pdf), as previously described (Garcia et al., 2004).
GCV was administered for 4 weeks, starting from the first week after the
beginning of the cuprizone diet. Implanted osmotic minipumps were
replaced with a new minipumps after 14 d for a total of 28 d of treatment.

In the second protocol, we aimed to examine the effect of SVZ-eNPC
ablation during remyelination after cuprizone-induced demyelination.
GCV was administered for 4 weeks, starting from the fourth week after
the beginning of the cuprizone diet. Implanted osmotic minipumps were
replaced as in the first protocol.

NestinTK mice fed cuprizone and treated with GCV are named
NestinTK �GCV-Cup, while NestinTK mice fed cuprizone and treated
with PBS are called NestinTK �PBS-Cup. As a control, we used C57BL/6
mice fed cuprizone and treated with GCV (called NestinTK �GCV-Cup
mice).

In the second experimental setting, to verify the ablation of cells de-
rived from SVZ after the GCV administration, we treated Nestin:YFP-
NestinTK with tamoxifen by oral gavage for 4 consecutive days. One
week after tamoxifen administration, mice were fed 0.2% cuprizone
(w/w; biscyclohexanoneoxaldihydrazone) mixed in standard rodent
chow for 6 consecutive weeks. Then they returned to a normal diet for 2
weeks. GCV was administered over a period of 4 weeks, starting from the
fourth week after the beginning of the cuprizone diet. Afterward, mice
were killed. As a control, we used Nestin:YFP-NestinTK mice treated
with tamoxifen and PBS and fed cuprizone.

Tissue pathology. Mice were deeply anesthetized by intraperitoneal
injection of Avertin (2.5 g of 2,2,2 tribromoethanol; catalog #T48402
Sigma-Aldrich), dissolved in 5 ml of 2-metil-2-butanol (Sigma-Aldrich)
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and 200 ml of ddH2O. The toe pinch response method was used to
determine the depth of anesthesia. Mice were first transcardially perfused
with a saline buffer (0.9% NaCl) plus EDTA [500 �l of EDTA 0.5 M

(Sigma-Aldrich) were added to 250 ml of saline buffer] at room temper-
ature (RT) until there was no blood visible in the liver and then with 4%
paraformaldehyde (PFA; catalog #158127, Sigma-Aldrich) in PBS 1� to
preserve tissue in a life-like state. Brains were removed and postfixed in
4% PFA overnight at �4°C. On the following day, brains were washed
in PBS 3� for 5 min and cryopreserved in 30% sucrose (Sigma-Aldrich)
in PBS 1�. After 48 h, brains were embedded in Tissue-Tek OCT Com-
pound (BioOptica) and frozen in isopentane in a liquid nitrogen bath.
Brains were stored at �80°C until sectioned. For pathology, immunohis-
tochemistry, and immunofluorescence, coronal sections with a thickness
of 14 �m were obtained using a Leica cryostat (catalog #CM1850), col-
lected onto Superfrost slide, and air dried overnight before being stored
at �80°C until staining.

To evaluate myelin, slides were stained with Luxol fast blue (LFB)
staining (catalog #S3382, Sigma-Aldrich), a well established method to
stain myelin and its phospholipids. Briefly, slides were dehydrated with
increasing concentrations of ethanol (50%, 70%, and 100%) and then
left in 0.1% LFB solution (containing LFB, ethyl alcohol 95%, and glacial
acetic acid) overnight in the oven at 56°C. The following day, slides were
first rinsed with 96% ethanol and then with ddH2O. White matter was
differentiated from gray matter in 0.1% lithium carbonate solution; fol-
lowed by 70% ethanol for 30 s, then rinsed in ddH2O. After that, slides
were treated with 0.8% of periodic acid for 10 min and with Schiff’s
reagent (catalog #3952016, Sigma-Aldrich) for 20 min. Slides were rinsed
with washing solution three times and then with ddH2O and were dehy-
drated with increasing concentrations of ethanol (50%, 70%, 100%, and
100%). Slides were put in xylene for 4 min and then mounted with
nonaqueous DPX solution (Sigma-Aldrich).

To detect axonal damage, slides were stained with Bielschowsky stain.
Slides were washed 3� for 5 min in ddH2O, then placed in 10% silver
nitrate (catalog #209139, Sigma-Aldrich) in the dark at RT for 20 min
and then washed 2� for 5 min in ddH2O. Concentrated ammonium
hydroxide was added drop by drop to the silver nitrate solution kept from
the previous step, and slides were incubated in this solution for 15 min in
the dark at RT. Next, slides were washed in ddH2O with three to five
drops of ammonium hydroxide for 2 min at RT. Developer solution (0.2
ml of 37% formaldehyde, 12 ml of ddH2O, 12.5 �l of 20% nitric acid, and
0.05 g of citric acid) was added to the silver hydroxide solution saved
from the previous step. Slides were stained in this solution for 10 min
until they turned black, then were washed in ddH2O for 2 min, fixed in
5% sodium thiosulfate for 3–5 min, washed in ddH2O, and dehydrated
with solutions with increasing concentrations of ethanol (50%, 70%,
100%, and 100%). Slides were put in xylene for 4 min and then mounted
with nonaqueous DPX solution.

For immunofluorescence, brain sections were air dried for at least 40
min and then rinsed 3� for 5 min with PBS 1�. Nonspecific binding sites
were blocked by incubation in the blocking solution (PBS 1� containing
0.1% Triton X-100, 10% FBS, 1 mg/ml BSA) for 1 h at RT. Sections were
then incubated overnight at �4°C with the appropriate primary anti-
body diluted in blocking solution in a humidity chamber. The following
primary antibodies were used: goat anti-DCX (doublecortin; 1:100; cat-
alog #sc-8066, Santa Cruz Biotechnology; RRID:AB_2088494); rat anti-
BrdU (1:100; catalog #sc-8066, Santa Cruz Biotechnology; RRID:
AB_2088494); mouse anti-Olig2 (oligodendrocyte transcription factor 2;
1:200; catalog #MABN50, Millipore; RRID:AB_10807410); mouse anti-
GFAP (glial fibrillary acidic protein; 1:300; catalog #MAB12029, Immu-
nological Sciences); rabbit anti-Iba-1 (ionized calcium binding adaptor
molecule 1; 1:400; catalog #019-19741, Wako; RRID:AB_839504); chicken
anti-YFP (1:300; catalog #ab13970, Abcam; RRID:AB_300798); rabbit anti-
ALDH1 (1:200, Abcam catalog #ab87117, RRID:AB_10712968), hamster
anti-CD11c (1:75; catalog #BNB110-97871, Novus Biologicals); mouse anti-
CD68 (1:200; catalog #ab31630, Abcam; RRID:AB_1141557); mouse
anti-LPL (1:100; catalog #ab21356, Abcam; RRID:AB_446221); rat anti-
Ly6C (1:100; catalog #ab15627, Abcam; RRID:AB_302004); and mouse
anti-APP (1:100; catalog #A8717, Sigma-Aldrich; RRID:AB_258409).
For double labeling, some primary antibodies were incubated simulta-

neously. The next day, slides were washed 3� for 5 min in PBS 1� and
then incubated for 1 h at RT in the dark with appropriate fluorophore-
conjugated secondary antibodies [Alexa Fluor 488, Alexa Fluor 546, and
Alexa Fluor 633; 1:1000; catalog #A-11006, Thermo Fisher Scientific
(RRID:AB_2534074); catalog #A-11055 (RRID:AB_2534102); catalog
#A-11001 (RRID:AB_2534069); catalog #A-11008 (RRID:AB_143165);
and catalog #A-11003 (RRID:AB_2534071)]. In all immunofluorescence
staining, nuclei were stained with DAPI (1:25,000; Roche) in PBS 1� for
1 min. Sections were mounted with Dako fluorescent mounting medium
and subjected to fluorescence and confocal microscope analysis.

For immunohistochemistry, brain sections were air dried for at least
40 min and then rinsed 3� for 5 min with PBS 1�. The slides were boiled
in a citrate buffer for 5 min (10 mM citric acid monohydrate, pH 6) and
then cooled down to RT. Slides were washed in PBS 1� for 5 min 3� and
then incubated in 0.3% H2O2 in PBS 1� for 10 min. To prevent unspe-
cific binding, sections were incubated with blocking solution for 1 h at
RT. The sections were then incubated overnight at �4°C with the pri-
mary antibody mouse anti-Olig2 (1:200; catalog #MABN50, Millipore;
RRID:AB_10807410) and mouse anti-APC (adenomatous polyposis co-
li; 1:100; catalog #OP80, Calbiochem; RRID:AB_2057371), and were di-
luted in blocking solution in a humidity chamber. The next day, the slides
were rinsed 3� for 5 min in PBS 1� and then incubated for 1 h at RT with
anti-mouse biotinylated secondary antibody (1:500; catalog #BA-9200,
Vector Laboratories; RRID:AB_2336171) diluted in blocking solution.
Sections were then rinsed and further incubated with an avidin– biotin
complex (ABC reagent; catalog #PK-6100, Vector Laboratories; RRID:
AB_2336819) for 1 h at RT. The solution was prepared 1 h before use, as
follows: 10 �l of solution A � 10 �l of solution B in 1 ml of PBS 1�. Slides
were again washed for 5 min 3� in PBS 1�, incubated in diaminoben-
zidine (DAB) solution (DAB Kit; catalog #SK-4100, Vector Laboratories;
RRID:AB_2336382) for 1 min, washed in ddH2O, and then dehydrated
with increasing concentrations of ethanol (50%, 70%, 100%, 100%).
Finally, slices were put in xylene for 4 min and then mounted with non-
aqueous DPX. Staining omitting the primary antibody was always used as
negative control.

Determination of demyelination. To determine the demyelination in
the corpus callosum, sections stained with Luxol fast blue were scored in
a blinded manner and graded on a scale from 0 (normal myelin) to 3
(complete demyelination).

Neurolucida, confocal microscopy, and image analysis. Immunohisto-
chemical staining was acquired on a Leica microscope using a 2.5� objec-
tive and were analyzed with Neurolucida software version 5.0. Three or
four coronal sections were examined for each animal, including the ros-
tral and caudal regions of the CC. Digital images (N � 3) of each coronal
section were taken; in particular, images were captured within the medial
and the lateral regions of the CC.

Images were obtained with a confocal microscope (SP5 and SP8, Leica;
equipped with 40� objective) to analyze immunofluorescence staining.
Two coronal sections were examined for each animal in rostral as well as
in caudal regions of the CC. Digital images (N � 3–9) of each coronal
section were taken; the images were captured within the medial and
lateral regions of the CC. Analyses of images were performed using Pho-
toshop CS4 software (Adobe Systems) or ImageJ software (NIH) or In-
Form Cell Analyzer (PerkinElmer) for cellular density and quantitative
analysis. Quantitative cell count analysis was performed in a blinded
manner.

In vivo magnetic resonance image. Noninvasive in vivo magnetic reso-
nance imaging (MRI) techniques with high spatial resolution are a sen-
sitive tool to monitor CC damage in mice exposed to cuprizone. For this
purpose, we have optimized the protocol on our 7 tesla BioSpec preclin-
ical scanner (Bruker BioSpin) to evaluate the extension of CC damage
with T2-weighted MRI contrast and to access the degree of demyelina-
tion and axonal loss using diffusion tensor imaging (DTI). When per-
forming in vivo MRI, animals were maintained under anesthesia, with a
mixture of fluorane and O2 gas, and were placed in a bed with an inte-
grated heating system to keep the body temperature at 37°C. A surface
coil dedicated to mouse brain imaging was used to allow high signal quality
and to acquire highly resolved images with the following sequences: turbo
spin-echo for T2-weighted images (TR � 3 s, TE � 36 ms, 86 � 85 �m2,
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Figure 1. Cuprizone-induced demyelination in the corpus callosum. A, Experimental study design indicates the administration schedule of tamoxifen/oil via gavage and cuprizone diet, MRI
analysis and tissue collection in Nestin:YFP mice. B, Analysis of CC damage by in vivo MRI. Representative sagittal T2-weighted images in mice treated either with a normal or cuprizone diet and
treated with either oil or TAM via gavage. The graphs represent the quantification of the lesion of the CC by DTI (FA, MD, and //D). Arrows indicate the hyperintense demyelinating lesions occurring
in the corpus callosum. n � 3 animals/group. C, Representative images and quantification of the mobilization of YFP � cells in Nestin:YFP mice treated with cuprizone for 4 or 8 weeks at the level
of the rostral and caudal CC considering the lateral and medial area. Shown are representative images: YFP � cells are in green and nuclei stained by DAPI are in blue. (Figure legend continues.)
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sagittal section with a thickness of 0.8 mm) and an echoplanar imaging
method for DTI with 30 diffusion-weighted directions (b-values � 0 and
950 s/mm 2, TR/TE � 3.4 s/22 ms, 133 � 113 �m 2, thickness � 0.8 mm;
Zhang et al., 2012; Tagge et al., 2016). All MRI data have been analyzed
using the Paravision software package (BioSpec, Bruker BioSpin) to ex-
tract within the manually delimitated CC region (0.31 mm 2 � thickness
of 0.8 mm) the diffusivity parameters as the fractional anisotropy (FA),
an index of fibers integrity; the axial diffusivity (//D), sensitive to axonal
injury; and the mean diffusivity (MD), an index of myelinated axons.

Electron microscopy. For electron microscopy (EM) studies, ketamine/
xylazine-anesthetized mice were perfused transcardially with 0.9% sa-
line, followed by Karnovsky’s fixative (2% PFA and 2.5% glutaraldehyde;
Sigma-Aldrich). Tissues were postfixed in osmium tetroxide for 2 h,
dehydrated in ascending alcohol concentrations, and embedded in
EPON (Fluka). Ultrathin sections were mounted onto slot grids for view-
ing using a LEO 912 Transmission Electron Microscope, as previously
described (Pluchino et al., 2003).

Statistical analysis. For statistical analyses, we used a standard software
package (Prism version 5.00, GraphPad Software). Data were evaluated
by unpaired t test (for comparisons between two groups) or by one-way
ANOVA followed by post hoc analysis (for comparisons among three
groups), as indicated in the figure legends. The significance level was
established at p � 0.05. Whenever a treatment–time interaction or treat-
ment effect was present, a post hoc analysis was performed by Bonferroni
correction. For the score of Luxol fast blue analysis, we used a nonpara-
metric statistical test, the Kruskal–Wallis test (for comparisons among
three groups).

Results
Mobilization and differentiation of SVZ-eNPCs in CC after
cuprizone-induced damage
To investigate the role of SVZ-derived eNPCs in generating new
oligodendrocytes and to evaluate their contribution to remyeli-
nation after cuprizone-induced damage, we performed fate map-
ping using the Nestin-CreER T2-Rosa26-eYFP mouse line
(Srinivas et al., 2001; Imayoshi et al., 2006). Recombination was
induced treating Nestin:YFP mice with tamoxifen for 4 consecu-
tive days, while controls received vehicle (corn oil). Seven days
after the last tamoxifen injection, mice received either the cupri-
zone or the standard diet for 6 consecutive weeks. At the end of
the cuprizone treatment, they returned to the standard diet and
were then studied by MRI at the fourth and eighth week, and by
histology at the eighth week (Fig. 1A, experimental paradigm).

MRI was performed at the fourth week when demyelination
should be at its peak, and at the eighth week during the remyeli-
nation phase (Gudi et al., 2014). At the fourth week, the T2-
weighted signal of CC was hyperintense in cuprizone-treated
mice, either treated or not treated with tamoxifen, suggesting
myelin loss, while mice receiving the standard diet were unaf-
fected. At the same time point, diffusivity parameters, such as FA,
MD, and //D were significantly decreased in cuprizone-treated

mice. At the eighth week, during remyelination, these same pa-
rameters returned almost to normal values, as observed in mice
receiving the standard diet (Fig. 1B).

Next, we fate mapped eNPCs using the Nestin:YFP mice, and
we observed that 7 d after the last tamoxifen injection a large
number of Nestin� NPCs were YFP� in the SVZ, whereas oil-
treated mice rarely displayed YFP� cells, as previously described
(Imayoshi et al., 2006). We then investigated the distribution and
the number of YFP� cells in mice at the fourth and eighth weeks,
focusing on two areas of the CC, the rostral and the caudal re-
gions, mainly affected by the cuprizone-induced demyelination
and considering the lateral and the medial areas. Oil/control and
Oil/cuprizone mice exhibited only a very small fraction of YFP�

cells due to tamoxifen-independent recombination. TAM/cupri-
zone mice showed a consistent increase in the density of YFP�

cells compared with TAM/control mice already at the fourth
week, which further significantly increased at the eighth week,
mainly in the rostral region (Fig. 1C). In detail, we found that in
the rostral region at 8 weeks, YFP� cells are more abundant in the
lateral area compared with the medial area. On the contrary, in
the caudal region, YFP� cells are more abundant in the medial
compartment compared with the lateral area (Fig. 1C).

To study the fate of eNPCs we characterized the lineage iden-
tity of YFP� cells at the eighth week. We labeled sections for YFP
from the TAM/cuprizone group with several cell type markers,
namely the following: astrocytic marker GFAP, Olig2, the mature
oligodendrocyte marker anti-APC, the neural precursor cell
marker DCX, and the mature neuronal-specific nuclear protein
(NeuN). We observed that differentiation in astrocyte-like cells
(GFAP�YFP�) was 30 –35% of the total number of YFP� cells in
both the rostral and the caudal CC (Fig. 1D). Differentiation in
oligodendroglial lineage cells, Olig2�YFP� cells, was instead
more abundant in the rostral CC than in the caudal CC (Fig. 1E),
accounting for 33.6 � 4% and 19.6 � 3% of total YFP� cells,
respectively. Mature oligodendrocytes, namely APC�YFP� cells,
were 15–20% of the total number of YFP� cells in both the rostral
and the caudal CC (Fig. 1F). Surprisingly, in the CC we did not
detect any DCX�YFP� cell (Fig. 1F) that was detectable in the
SVZ. Even differentiation to neurons NeuN�YFP� was not de-
tected (Fig. 1G). To clarify the contribution of the SVZ to oligo-
dendrogenesis occurring after injury, we calculated the
percentage of YFP� oligodendrocytes over the total number of
oligodendrocytes. We found that at 8 weeks SVZ-derived Olig2
cells (YFP�Olig2�) contribute to 15% and 10% of all Olig2�

cells, in the rostral and caudal region of CC respectively, while
SVZ-derived APC cells (APC�YFP�) contribute to 9% of all
APC� cells in both regions (Fig. 1H).

Early ablation of SVZ-eNPCs does not influence the
progression of the damage and the remyelination in the
corpus callosum
We next investigated the role of the SVZ-derived eNPCs in the
early phase of remyelination (Barkhof et al., 2003). We used mice
carrying the TK gene under the control of the Nestin regulatory
region to selectively ablate SVZ-confined eNPCs (Butti et al.,
2012). NestinTK and their wild-type littermates (NestinTK�)
were fed with cuprizone, as described above. One week after start-
ing the cuprizone diet, mice were treated either with GCV or with
vehicle (PBS) for 4 weeks to ablate eNPCs in the SVZ (Fig. 2A).
Upon GCV treatment of NestinTK mice, we obtained a signifi-
cant and robust ablation of eNPCs in the SVZ: neuroblasts la-
beled for DCX as well as transient amplifying cells, labeled by

4

(Figure legend continued.) n � 6 mice/group. D–G, Cell fate mapping of the differentiation
fate of YFP � cells during the remyelination at 8 weeks after cuprizone challenge, in the Nestin:
YFP mouse: representative coronal sections and quantification, in the rostral and caudal regions
of CC, of the differentiation of YFP � cells (in green) either in astrocyte GFAP (red; D), in oligo-
dendrocyte precursors Olig2 (red; E), in mature oligodendrocytes (APC; red; F), or in neurons
(NeuN in red; G). Nuclei stained by DAPI are in blue. Data are expressed as the percentage of
double-positive cells on the total of YFP � cells. n � 6 pictures/6 mice/area. Cells indicated by
arrows in D–F are double-positive cells and are magnified in the contoured inset; in F, the
purple arrows indicate the DCX � cells. H, Percentage of Olig2 � YFP � cells on the total of
Olig2 � and the percentage of APC �YFP � cells on the total of APC � cells in the rostral (white
bar) and caudal (black bar) regions of CC. n � 6 pictures/6 mice/area. Each bar represents the
mean � SEM. *p � 0.05; **p � 0.01; ***p � 0.001 (unpaired t test for D–F and H; one-way
ANOVA followed by Bonferroni post hoc test for B and C). Scale bars: C, 200 �m; D–G, 50 �m.
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Figure 2. Demyelination after cuprizone treatment is unaltered after ablation of eNPCs. A, Experimental design: NestinTK � mice or controls, NestinTK �, were treated with either GCV or PBS
during cuprizone-induced demyelination of the CC. MRI studies were performed at 4 and 6 weeks, and pathology was performed at 6 weeks of diet. B, C, Representative images and quantification
of the ablation of eNPC after 4 weeks of GCV treatment in NestinTK � mice at the sixth week of cuprizone treatment: neuroblasts were labeled for DCX in B, transient amplifying cells for BrdU in C.
n � 3 mice/group. D, Analysis of CC damage by in vivo MRI. Representative brain sagittal T2-weighted images acquired on NestinTK �GCV-Cup, NestinTK �PBS-Cup, and NestinTK �GCV-Cup mice
at the fourth and sixth week of the cuprizone diet. Arrows indicate the demyelinating lesion of the corpus callosum that is quantified by the analysis of DTI parameters FA, MD, and //D in the graphs.
n � 3 mice/group. E, Representative LFB-stained coronal brain sections at the level of the rostral and caudal CC of NestinTK � and NestinTK � mice treated either with PBS or GCV at the sixth week
of the cuprizone diet; the demyelination damage is quantified in the graphs on the right. Arrows indicate the demyelinating lesion of the corpus callosum. n � 8 mice/group. 0 � complete
myelination, 3 � complete demyelination. F, Representative brain sections of Bielschowsky staining are shown in the caudal region of CC in NestinTK � and NestinTK � mice treated with either PBS
or GCV 2 weeks after the end of the cuprizone diet. The entity of axonal damage was evaluated in the rostral and caudal regions by Bielschowsky staining. n � 3 mice/group. G, Representative
electron micrographs of the caudal CC of mice treated with the normal diet, of NestinTK �GCV-Cup and NestinTK �GCV-Cup mice at the sixth week of the cuprizone diet. In the graph quantification
of unmyelinated (in black) and myelinated (in white) axons in mice treated with the normal diet, NestinTK �GCV-Cup and NestinTK �GCV-Cup mice are shown. Arrows indicate the remyelinated
axons. n � 3 mice/group. H, High-magnification image of representative myelinated, unmyelinated, and remyelinated axons. Arrow indicates the demyelinated axon. ax, Axon. Each bar represents
the mean � SEM: *p � 0.05; **p � 0.01; ***p � 0.001; ****p � 0.0001. One-way ANOVA followed by Bonferroni post hoc test. Kruskal–Wallis test for nonparametric data in E. Scale bars: B, C,
50 �m; I, 100 �m; E, 200 �m; G, 2 �m; H, 1 �m.
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BrdU, were significantly reduced as previously described for this
transgenic mouse (Butti et al., 2012; Fig. 2B,C).

To follow longitudinally, in vivo, the damage of the CC, we
performed MRI at the fourth and sixth week of cuprizone diet.
On T2-weighted images, an increased signal of CC was observed
(hyperintensity of the CC) at 4 weeks of cuprizone diet in all
groups of mice when compared with mice being fed a standard
diet (Fig. 2D). Mice with ablated eNPCs did not show further
alterations of the T2 signal compared with cuprizone-treated
controls (Fig. 2D). We further considered the diffusivity mea-
sures, and, as expected in all cuprizone-fed mice, we observed a
significant decrease of fractional anisotropy, mean diffusivity,
and axial diffusivity compared with mice fed a standard diet at 4
weeks. At the sixth week of cuprizone treatment, values of frac-

tional anisotropy and axial diffusivity were still altered, while the
mean diffusivity almost returned to average values, suggesting
that demyelination was still ongoing. However, we did not iden-
tify significant changes between cuprizone-treated mice, ablated
or not (Fig. 2D).

To further analyze whether eNPC ablation could influence the
CC damage at the end of the cuprizone diet, demyelination was
assayed by Luxol fast blue staining on coronal sections from mice
killed at the sixth week (Fig. 2E). Severe myelin loss was observed
in mice receiving cuprizone, both in the caudal and the rostral
CC. However, eNPC-ablated mice (NestinTK�GCV-Cup) did
not show increased demyelination when compared with their
controls (NestinTK�GCV-Cup and NestinTK�PBS-Cup; Fig.
2E). Furthermore, we evaluated axonal damage using Biel-

Figure 3. Effect of early eNPCs ablation on astrocytes, microglia and oligodendroglia. A, Representative images and quantification of oligodendrocyte precursors (Olig2 �, in green) in the rostral
and caudal regions of CC, at lateral and medial levels in NPC-ablated mice and controls at 6 weeks after the cuprizone diet. Graphs showing the number of Olig2 � cells. n � 6 mice/group. B,
Representative images and quantification of astrocytes (GFAP, in red) and of microglia (Iba-1, in green) at the level of the rostral and caudal CC at 6 weeks after cuprizone treatment in NPC-ablated
mice and controls. Graphs show the number of GFAP � and Iba-1 � cells per area. n � 6 mice/group. Nuclei counterstained by DAPI are in blue. Each bar represents the mean � SEM. *p � 0.05;
***p � 0.001; one-way ANOVA followed by Bonferroni post hoc test. Scale bar, 50 �m.
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Figure 4. Delayed ablation of NPCs in cuprizone diet-treated mice to study remyelination. A, Experimental design to monitor the effective ablation of eNPCs using the NestinCreRT 2YFP reporter
mouse crossed with the NestinTK mouse, thus obtaining the Nestin:YFP-NestinTK mice. Mice were treated with tamoxifen by gavage for 4 d, and then the demyelination of the CC was induced by
feeding for 6 weeks of the cuprizone diet. Mice were treated with GCV or PBS from the fourth week to the eighth week to ablate SVZ-eNPCs during the remyelination phase (late phase) and histology
performed at the eighth week. B, C, Quantification of YFP � cells (in green) in the rostral (B) and caudal (C) regions of the CC. n � 4 animals/group. D, Experimental design to ablate eNPCs using the
NestinTK mouse in the remyelination phase. Mice were treated either with GCV or PBS from the fourth week to the eighth week to ablate SVZ-eNPCs during the remyelination phase (late phase). MRI
was performed at 4, 6, and 8 weeks to monitor the CC damage, and histology was performed at the eighth week. E, F, Quantification of transit amplifying cells, labeled by BrdU (in green; E) and
neuroblasts (DCX in green; F) in the SVZ of NestinTK �GCV mice and in control mice. n � 3– 6 mice/group. G, Analysis of CC damage by MRI. Representative sagittal T2-weighted images acquired
in vivo at the fourth, sixth, and eighth week. Arrows indicate the lesion of the corpus callosum and its evolution over time. Analysis of DTI parameters: (Figure legend continues.)
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schowsky staining and observed no significant difference among
the experimental groups (Fig. 2F). To morphologically validate
myelin loss, we performed ultrastructural analysis of the caudal
region of CC at the sixth week by EM. While cuprizone induced,
as expected (Schultz et al., 2017), axonal loss and demyelination
(Fig. 2G), we did not find a difference regarding the density of
myelinated and unmyelinated axons between cuprizone-treated
NPC-ablated and nonablated mice (Fig. 2G).

We next investigated the number of oligodendrocyte precur-
sors in the lesioned corpus callosum in the absence of eNPCs (Fig.
3A). Thus, we analyzed the number of OPCs at the sixth week in
the rostral region near the SVZ and the caudal region (Fig. 3A).
Interestingly, we found that eNPC-ablated mice had a decreased
number of Olig2� cells in the rostral lateral region, compared
with cuprizone-treated control mice (Fig. 3A). We further
assessed the influence of eNPC depletion on astrogliosis and mi-
crogliosis concurrently occurring with demyelination in the cu-
prizone model (Gudi et al., 2014). Therefore, we determined the
density of astrocytes by labeling brain sections either for GFAP or
ALDH1L1 (data not shown). With both types of staining, no
significant difference in terms of astrocytic reaction in the three
treatment groups was observed (Fig. 3B).

Interestingly, microgliosis, evaluated by Ionized calcium
binding adaptor molecule 1 (Iba-1) staining, was found to be
slightly, but significantly, reduced in the rostral area of eNPC-
ablated mice (Fig. 3B). We also performed staining to character-
ize microglia activation, using activation markers such as CD68
and CD11c. CD68 was significantly increased in eNPC-ablated
mice (199.7 vs 132.6 CD68�cells/mm 2, p � 0.01; in
NestinTK�GCV-Cup and NestinTK�GCV-Cup mice, respec-
tively), despite the overall reduction of Iba-1� cells observed.
Moreover, also the phagocytic marker CD11c was found to be
increased in mice devoid of eNPC (26.1% vs 19.3% of CD11c�Iba-
1�cells/ Iba-1�cells; p � 0.027; in NestinTK�GCV-Cup and
NestinTK�GCV-Cup mice, respectively). Finally, we found no
significant difference evaluating LPL� microglia cells (23.4% vs
29.8% of LPL�Iba-1�cells/Iba-1�cells; p � 0.25; in
NestinTK�GCV-Cup and NestinTK�GCV-Cup mice, respec-
tively), a marker that has been recently described to indicate a
subset of “reparative microglia” (Bruce et al., 2018). To highlight
a possible contribution from infiltrating monocytes, we also
stained for Ly6C but could only observe at 6 weeks very few
infiltrating Ly6C� cells (data not shown), which in cuprizone-

induced lesions represent a minority of inflammatory brain cells
(Lampron et al., 2015).

SVZ-eNPC ablation does not alter late-occurring
remyelination and is accompanied by increased axonal loss
Since after early eNPC ablation we did not observe a variation in
the damaged entity and the demyelination of the CC after cupri-
zone injury, we decided to investigate the role of eNPC in the late
phase of remyelination, namely at 8 weeks.

Mice were maintained on the cuprizone diet for 6 weeks and
allowed to recover for 2 weeks after the end of cuprizone diet.
eNPC ablation was induced by administering GCV at 4 weeks
after cuprizone starting and up to the eighth week (Fig. 4D, ex-
perimental scheme).

First of all, we verified the efficacy of SVZ-eNPC ablation
induced by GCV administration using triple transgenic mice
Nestin-CreER T2-YFP-NestinTK (called Nestin:YFP-NestinTK;
Fig. 4A), in which SVZ-derived eNPCs and its progeny can be
traced. Using this mouse line, we found that at 8 weeks �70% of
YFP� cells, migrated either to the rostral or caudal region of the
CC, were reduced upon GCV treatment (Fig. 4B,C). At 8 weeks,
neuroblast (DCX) and BrdU positive transient amplifying cells
are still absent and the SVZ is not repopulated (Fig. 4E, F).

Even in this experimental paradigm, we monitored the CC lesions
by MRI scans at the fourth, sixth, and eighth weeks. We observed in all
treatment groups that the lesion in the CC (at 4 weeks) steadily recovers
over time; mean and axial diffusivity returned to normal values at 8
weeks while fractional anisotropy was still reduced. This indicates that
theremyelinationhadoccurred,but that the fiberdensityremains lowif
compared with healthy mice. The ablation of eNPCs even in the late
phase of the disease apparently did not influence the CC damage, as
evaluated by MRI (Fig. 4G).

Through Luxol fast blue staining, we observed residual myelin
damage in the rostral and caudal region of CC, but no difference
between treatment groups (Fig. 4H). Examining the axonal dam-
age by Bielschowsky staining did not reveal significant differences
between groups, despite a small trend of increased damage in
eNPC-ablated mice (Fig. 4I). We also evaluated by immunoflu-
orescence the presence of amyloid precursor protein (APP) as
marker of axonal damage (Schultz et al., 2017). Cuprizone-
treated eNPC-ablated mice showed an increase of APP� com-
pared with nonablated mice, while non-cuprizone-treated mice
showed no axonal damage (Fig. 4J).

To evaluate thoroughly axonal damage and remyelination, we
next performed ultrastructural analysis by EM. This analysis
unveiled a significant fiber density reduction upon cuprizone treat-
ment in eNPC-ablated mice compared with nonablated cuprizone-
treated mice. Contrariwise, the efficacy of remyelination, quantified
by measuring the G-ratio on EM images, was found comparable
between eNPC-ablated mice and controls. (Fig. 4L).

We finally assessed quantitatively the number of oligodendro-
cytes, astrocytes, and microglia, in the rostral and caudal region
of the CC (separating lateral and medial areas; Fig. 5A,B). We
found that eNPC-ablated mice did not show any difference, com-
pared with controls, in the number of Olig2� cells (Fig. 5A).
Considering mature oligodendrocytes instead, we observed a re-
duction of APC� cells in the medial caudal region of NestinTK�

mice (Fig. 5B). Finally, we verified astrogliosis and microgliosis
but found at this stage of the disease no significant changes be-
tween the treatment groups (Fig. 5C).

4

(Figure legend continued.) fractional anisotropy, mean diffusivity, and axial diffusivity. n � 3
animals/group. H, Representative brain sections of Luxol fast blue (LFB) staining are shown in
the rostral and caudal regions of CC in NestinTK � and NestinTK � mice treated with either PBS
or GCV 2 weeks after the end of the cuprizone diet. The entity of demyelination was judged by
scoring LFB. Arrows indicate the lesion of the corpus callosum. n�8 mice/group. 0� complete
myelination, 3 � complete demyelination. I, Representative brain sections of Bielschowsky
staining are shown in the caudal region of CC in NestinTK � and NestinTK � mice treated with
either PBS or GCV at 8 weeks. The entity of axonal damage was evaluated in the rostral and
caudal regions by Bielschowsky staining. n � 3 mice/group. J, Representative brain sections of
APP staining are shown in the caudal region of CC in mice treated with normal diet, in
NestinTK � and NestinTK � mice treated with GCV for 2 weeks at 8 weeks. Graph shows the
number of APP � cells at 8 weeks in the caudal region after the cuprizone diet. n � 3 mice/
group. K, Representative electron micrographs of the caudal CC of mice treated with normal
diet, of NestinTK �GCV-Cup and NestinTK �GCV-Cup mice at the eighth week. Graphs show the
axonal density and the g-ratio of myelinated axons in mice fed with a normal diet and in
NestinTK �GCV-Cup and NestinTK �GCV-Cup mice. n � 3 mice/group. Each bar represents the
mean � SEM. *p � 0.05; **p � 0.01; ***p � 0.001; ****p � 0.0001 (unpaired t test in B, C,
E, and F; one-way ANOVA followed by Bonferroni post hoc test in G, J, and K). Kruskal–Wallis
test for nonparametric data in H. Scale bars: B, C, E, F, 50 �m; I, 100 �m; H, 200 �m; K, 2 �m.
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Discussion
Multiple sclerosis is a chronic demyelinating disease of the CNS.
Chronic demyelination leads to axonal loss that causes a progres-
sive clinical decline. In some patients with MS, remyelination
occurs early in disease development. However, remyelination
fails in many cases and the majority of chronic MS plaques re-
main demyelinated (Franklin and Ffrench-Constant, 2008). Re-
myelination is essential for the return of neuronal function and to
prevent axonal loss (Hartley et al., 2014). The poor remyelination
in MS and the derived loss of axonal integrity pose remyelination
as a critical therapeutic objective. Identifying potential targets
requires a thorough understanding of the cellular and molecular
mechanisms of remyelination. Recent studies have demonstrated
that besides the endogenous population of pOPCs, eNPCs within
the SVZ represent an alternative source of progenitors for remy-
elination (Menn et al., 2006; Nait-Oumesmar et al., 2007; Ortega
et al., 2013) that is mobilized after a demyelinated damage
(Jablonska et al., 2010; Xing et al., 2014; Brousse et al., 2015).
ENPC-induced remyelination can also be pharmacologically in-
creased as recently reported (Samanta et al., 2015).

Nonetheless, in experimental MS it is difficult to dissect the pre-
cise role of eNPCs in the remyelination process, because the autoim-
mune T cell-mediated reaction coexists within demyelinating areas
and affecting NPC functions. It has been shown that neuroinflam-
mation induces a profound dysfunction of the SVZ niche, which, in
turn, restrains eNPCs proliferation capacity (Pluchino et al., 2008;
Rasmussen et al., 2011). Therefore, to understand the precise role of
eNPCs during the remyelination process, we focused our attention
on the role of eNPCs in the cuprizone-induced toxic demyelination
model that is also accompanied by axonal loss (Schultz et al., 2017).
The cuprizone model is indeed a very reproducible and widely used
model that has resulted over the years in being an invaluable tool for
studying mechanisms of acquired demyelination and remyelination
(Kipp et al., 2009; Gudi et al., 2014). Moreover, the model precisely
distinguishes between demyelination and remyelination mecha-
nisms and dissects the specific function of eNPCs without the con-
founding presence of overt T-cell infiltrates.

In the first set of experiments, we aimed at investigating the
mobilization and the fate specification of SVZ-derived NPCs.
In agreement with Xing et al. (2014), we observed the recruit-

Figure 5. Effect of late eNPCs ablation on oligodendrocytes, astrogliosis, and microgliosis. A, Quantification of Olig2 � cells at 8 weeks in rostral and caudal region after the cuprizone diet. n �
6 mice/group. B, Graphs show the number of APC � cells at 8 weeks in rostral and caudal regions after the cuprizone diet. n�6 mice/group. C, Representative images and quantification of astrocytes
(GFAP, in red) and of microglia (Iba-1, in green) at the level of the rostral and caudal CC at 8 weeks in NPC-ablated mice and controls. Graphs show the number of GFAP � and Iba-1 � cells per area.
n � 6 mice/group. Each bar represents the mean � SEM. *p � 0.05; one-way ANOVA followed by Bonferroni post hoc test. Scale bar, 50 �m.
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ment of eNPC-derived cells in the CC with lesions induced by
cuprizone with a different regionalization. We focused our
attention on the percentage of Olig2-expressing YFP to under-
stand how many Olig2 cells derived from the SVZ-eNPC, and
in accordance with the study by Brousse et al. (2015), we
showed that only a low number of oligodendrocytes are de-
rived from eNPCs at the eighth week (2 weeks after the end of
cuprizone diet). These data indicate that eNPCs derived from
SVZ can generate new oligodendrocytes in this demyelinating
model, but also support the concept that parenchymal OPCs
are mainly involved in the remyelination process since they are
homogeneously distributed in the entire CC from the rostral
to the caudal region. Considering the SVZ position, we
thought to find a significant difference in the rostral and not in
the caudal region, since the first is close to the SVZ (Stidwor-
thy et al., 2003; Wu et al., 2008; Xie et al., 2010; Steelman et al.,
2012). We thus investigated in more detail the precise role of
eNPCs in cuprizone-induced demyelination and remyelination
process using a transgenic mouse model (NestinTK) that allows the
selective ablation of SVZ-eNPCs upon ganciclovir treatment
(Butti et al., 2012). First of all, we chose to ablate eNPCs from the
first week to the fifth week during the cuprizone diet, since during
these weeks they may exert an influence on the process of micro-
gliosis, astrogliosis, and oligodendrogenesis. Microgliosis has
been shown to initiate within the first 2 weeks of cuprizone treat-
ment. During this time, astrocytes display morphological
changes, and after 3 weeks their number significantly increases
(Gudi et al., 2014). After 3–5 weeks, parallel to the myelin clear-
ance in CC, local and migrated OPCs start to proliferate within
the lesions (Gudi et al., 2014). We assessed the mice at the sixth
week after starting of cuprizone diet, when the demyelination is
complete (Gudi et al., 2014). We evaluated the myelin damage of
CC, axonal loss, the astrogliosis, the number of microglia, and the
generation of new myelinating cells. Our results indicate that at
this time point SVZ-derived NPCs ablation influences neither the
cuprizone-mediated myelin damage, nor the number of demy-
elinated axons, nor the extent of astrogliosis. However, eNPC
ablation was associated with increased activation of Iba-1� cells,
microglia. It is known that eNPCs can regulate microglia density
and function as well as its activity by VEGF secretion (Mosher et
al., 2012). Thus, we can speculate that in this lesion model the lack
of eNPC-secreted growth factors, such as VEGF (Mosher et al.,
2012; Bacigaluppi et al., 2016) or TGF-� (De Feo et al., 2017),
might be responsible for the increased microglia activation.

To investigate the effect of eNPCs on remyelination, we
ablated eNPCs in the last phase of the cuprizone diet and up to
2 weeks after cuprizone withdrawal (from the fourth to the
eighth week). CC remyelination, astrogliosis, and microgliosis
were not diversely affected in eNPC-ablated mice. We cannot
exclude, as suggested by Xing et al. (2014), that an inverse
relationship between eNPC- and pOPC-derived oligodendro-
cytes might exist, meaning that the presence of one may have
an inhibitory effect on the other, in terms of efficacy during
the remyelination process.

Interestingly, in eNPC-ablated mice we found instead a de-
creased density of the axonal fibers located within the caudal CC,
showing that the absence of eNPCs might partially exacerbate
axonal loss after cuprizone-induced damage.

Altogether our study shows that SVZ-eNPCs mobilized after
the first demyelinating period, partially contribute to replenish
the pool of oligodendrocyte precursors and are able to reduce the
activation state of microglia. This latter effect, in turn, might
promote partial neuroprotection of corpus callosum axons at

later stages. In other diseases such as stroke, epilepsy, and glio-
mas, we and others have demonstrated that eNPCs can sense
inflammatory signals and reduce the tissue damage by releasing
neuroprotective molecules (Martino et al., 2014), thus contrib-
uting to maintenance of CNS homeostasis. We thus propose that
such an indirect repairing mechanism, instructed by eNPCs,
might also operate in the cuprizone-induced demyelination
model.
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Xing YL, Röth PT, Stratton JA, Chuang BH, Danne J, Ellis SL, Ng SW, Kilpat-
rick TJ, Merson TD (2014) Adult neural precursor cells from the sub-
ventricular zone contribute significantly to oligodendrocyte regeneration
and remyelination. J Neurosci 34:14128 –14146.

Zawadzka M, Rivers LE, Fancy SP, Zhao C, Tripathi R, Jamen F, Young K,
Goncharevich A, Pohl H, Rizzi M, Rowitch DH, Kessaris N, Suter U,
Richardson WD, Franklin RJ (2010) CNS-resident glial progenitor/
stem cells produce schwann cells as well as oligodendrocytes during repair
of CNS demyelination. Cell Stem Cell 6:578 –590.

Zhang J, Jones MV, McMahon MT, Mori S, Calabresi PA (2012) In vivo and
ex vivo diffusion tensor imaging of cuprizone-induced demyelination in
the mouse corpus callosum. Magn Reson Med 67:750 –759.

5492 • J. Neurosci., July 10, 2019 • 39(28):5481–5492 Butti et al. • Remyelination after Cuprizone Injury


	Neural Stem Cells of the Subventricular Zone Contribute to Neuroprotection of the Corpus Callosum after Cuprizone-Induced Demyelination
	Introduction
	Materials and Methods
	Results
	Discussion
	References


