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Zone after Injury

Marc-André Mouthon,1,2,* Lise Morizur,1 Léa Dutour,1 Donovan Pineau,1 Thierry Kortulewski,1

and François D. Boussin1,*

SUMMARY

The production of neurons from neural stem cells (NSCs) persists throughout life
in the mouse ventricular-subventricular zone (V-SVZ). We have previously re-
ported that NSCs from adult V-SVZ are contained in cell populations expressing
the carbohydrate SSEA-1/LeX, which exhibit either characteristics of quiescent
NSCs (qNSCs) or of actively dividing NSCs (aNSCs) based on the absence or the
presence of EGF-receptor, respectively. Using the fluorescence ubiquitination
cell cycle indicator-Cdt1 transgenic mice to mark cells in G0/G1 phase of the cell
cycle, we uncovered a subpopulation of qNSCs which were primed to enter the
cell cycle in vitro. Besides, we found that treatment with Syndecan-1, a heparan
sulfate proteoglycan involved in NSC proliferation, hastened the division of
qNSCs and increased proliferation of aNSCs shortening their G1 phase in vitro.
Furthermore, administration of Syndecan-1 ameliorated the recovery of neuro-
genic populations in the V-SVZ after radiation-induced injury providing potential
cure for neurogenesis decline during brain aging or after injury.

INTRODUCTION

The generation of neurons, astrocytes, and oligodendrocytes persists throughout life in specific regions of

the mammalian brain and contributes to neural plasticity through rewiring, refreshing of established net-

works, and maintenance of cognition (Kempermann et al., 2018). Remarkably, two main regions of the fore-

brain exhibit germinative potentials, namely the subgranular zone of the dentate gyrus in the hippocampus

and the ventricular-subventricular zone (V-SVZ) (Obernier and Alvarez-Buylla, 2019). Adult neurogenesis

within the V-SVZ is insured by neural stem cells (NSCs), or type B cells, that enter the cell cycle then succes-

sively give rise to transit amplifying cells (type C) and neuroblasts (type A) which differentiate into neurons

once they have reached the olfactory bulbs (Obernier and Alvarez-Buylla, 2019).

In the adult brain, NSCs are contained in two populations of quiescent NSCs (qNSCs) and active NSCs

(aNSCs) with different cell cycle features (Codega et al., 2014; Daynac et al., 2013). Particularly, owing to

their high proliferative capacity, proliferating aNSCs are rapidly eliminated in the V-SVZ after anti-mitotic

treatment, whereas qNSCs resist and then re-entering the cell cycle to insure progressive recovery of neu-

rogenesis (Codega et al., 2014; Daynac et al., 2013; Llorens-Bobadilla et al., 2015; Mich et al., 2014). The

majority of adult NSCs are produced during embryonic days (E13.5 - E15.5) in themouse and remain largely

quiescent until they become reactivated postnatally contributing to neurogenesis (Fuentealba et al., 2015;

Furutachi et al., 2015).

Defects of neurogenesis occur during aging and most studies agree that it is related to a progressive

reduction in the number of proliferating cells in the V-SVZ (Blackmore et al., 2009; Enwere et al., 2004; Mas-

lov et al., 2004; Tropepe et al., 1997). Cell cycle alterations of NSCs or decline in their number explained the

age-related neurogenesis decline and are already visible at 6months in the adult mouse (Bouab et al., 2011;

Daynac et al., 2014, 2016a; Luo et al., 2008). Several factors from the neurogenic niche, including inflamma-

tory factors, have been shown to reduce neurogenesis during aging by altering the cell cycle of NSCs (Day-

nac et al., 2014; Kalamakis et al., 2019; Pineda et al., 2013; Silva-Vargas et al., 2016). Quiescence of NSCs has

also been shown to be triggered by Wnt antagonist in the aging brain (Kalamakis et al., 2019).

1Université de Paris and
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Syndecan-1 (SDC1, CD138) is a cell surface heparan sulfate proteoglycan that has been reported to modu-

late neural progenitor proliferation during embryogenesis through Wnt signaling pathways (Wang et al.,

2012). Recently, we reported on a different expression pattern of SDC1 between qNSCs and aNSCs and

demonstrated its role in the proliferation of aNSCs in the postnatal V-SVZ (Morizur et al., 2018).

Here, we examined in more detail alterations during aging of NSC proliferation from postnatal V-SVZ in

mice particularly with regards to capacity of qNSCs to enter cell cycle and the effects of exogenous

SDC1 on NSC proliferation.

RESULTS

LeXbright qNSCs Are Produced during Embryogenesis

We previously reported on an FACS strategy to sort LeXbright qNSCs and LeX + EGFR + aNSCs from the

adult mouse and early postnatal V-SVZ based on the absence of CD24 expression and the differential

expression of the membrane markers EGFR and LeX (Daynac et al., 2013, 2015; Morizur et al., 2018). These

LeXbright qNSCs and LeX + EGFR + aNSCs exhibit strikingly similar molecular profiles to that obtained by

other strategies, including anti-GLAST antibody, and/or transgenic GFAP:GFP mice in adult V-SVZ (Beck-

ervordersandforth et al., 2010; Codega et al., 2014; Llorens-Bobadilla et al., 2015; Mich et al., 2014).

Adult NSCs have been reported to be produced during mid-embryonic development in the mouse and

remain largely quiescent until they become reactivated postnatally (Fuentealba et al., 2015; Furutachi et al.,

2015). Therefore, to mark qNSCs generated during embryogenesis, BrdU was administrated to pregnant

mice from E14.5 to E15.5. qNSCs that underwent rare divisions, if any, were characterized by BrdU-label reten-

tion in postnatal brains (onemonth after birth). Immunostaining of SOX2was used to confirmNSC identity and

labeling of the G1 phase cell cycle marker MCM2 was used to detect both slowly and rapidly cycling NSCs

(Maslov et al., 2004). LeXbright qNSCs and LeX + EGFR + aNSCs were sorted from V-SVZ onemonth after birth.

Although they are actively dividing cells in vivo (Morizur et al., 2018), LeX + EGFR + aNSCs were in great ma-

jority (72%) BrdU/SOX2/MCM2-triple positive and had a BrdU staining less intense in comparision to LeXbright

qNSCs, suggesting that they derived from the later with few divisions (Figures 1 and S1). On the other hand,

the majority of LeXbright cells (82%) was positive for BrdU confirming their embryonic origin (Figures 1 and S1).

Moreover, 56.8% of LeXbright cells were BrdU/SOX2/MCM2-triple positive cells, i.e. very long-term qNSCs,

whereas 25% were BrdU+/SOX2+/MCM2-negative i.e. likely differentiated astrocytes.

These data confirmed thus that the LeXbright qNSCs from the postnatal brain are produced during embryo-

genesis similarly as previously reported by others using in vivo approaches (Fuentealba et al., 2015; Furu-

tachi et al., 2015).

The Subpopulation of Primed LeXbright qNSCs Able to Enter the Cell Cycle Rapidly Decreases

with Age

Many structural and cellular modifications of the V-SVZ progressively occur during the early postnatal

development and later in the adult brain, but data on the cell cycle status of NSCs associated with these

changes are still incompletely documented. qNSCs and aNSCs identity in early postnatal V-SVZ was
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Figure 1. Young Adult LeXbright qNSCs Are

Produced during Embryogenesis

BrdU was given to pregnant mice (from E14.5 to E15.5),

and then LeX + EGFR + aNSCs and LeXbright qNSCs

were sorted using a combination of CD24/LeX/EGFR

membrane markers one month after birth and BrdU

incorporation was quantified together with SOX2 and

MCM2. Data are represented as median G

interquartile range from replicate experiments (n = 4)

with 2–4 mice per group. See also Figure S1. *P < 0.05.
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confirmed with GFAP expression, a marker of adult-type B/NSCs (Doetsch et al., 1999) and MCM2 expres-

sion. LeXbright and LeX + EGFR + cells were sorted from early postnatal V-SVZ (10 days). Both LeXbright

qNSCs and LeX + EGFR + aNSCs expressed GFAP (Figure S2). MCM2, which is expressed in actively

dividing cells and slowly cycling NSCs (Maslov et al., 2004), was detected on 65% of LeX + EGFR + aNSCs

but also 25% of LeXbright qNSCs (Figure S2C), confirming that a part of qNSCs were primed to enter cell

cycle at this developmental stage.

To further examine cell cycle alterations of NSC populations from early postnatal pups to aged mice, we

used fluorescence ubiquitination cell cycle indicator (FUCCI) Cdt1-red transgenic mice. FUCCI-Cdt1 sys-

tem allows the visualization of cells in G1 with the presence of a G1-specific red-Cdt1 reporter (FUCCIpos),

while it is absent in cells during the S/G2/M phases (FUCCIneg) (Sakaue-Sawano et al., 2008). In addition,

FUCCIhigh allows the identification of cells that have exited the cell cycle (G0 cells) (Daynac et al., 2014; Roc-

cio et al., 2013).

At each developmental stage, most LeX + EGFR + aNSCs were in G1 (FUCCIlow) and in S/G2/M

phases (FUCCIneg), and fewer had exited cell cycle (FUCCIhigh) according to their active proliferating

status (Figure 2A and Table S1). Interestingly, we found higher proportions of aNSCs in G0 (FUCCIhigh) in

the early postnatal brains than in the adult brains, which is reminiscent of an extensive differentiation associ-

ated with the brain development after birth. Moreover, the ratio of cells in G1 (FUCCIlow) over S/G2/M phases

(FUCCIneg) was higher in the early postnatal brain than in adult brain indicating a longer G1 phase.

On the contrary, a large proportion of LeXbright qNSCs had exited the cell cycle (FUCCIhigh) at all develop-

mental stages in accordance with their quiescent status (Figure 2B). Nonetheless, we found between 21.6%

and 33.2% of LeXbright qNSCs that were either in G1 (FUCCIlow) or in S/G2/M (FUCCIneg), whatever the devel-

opmental stage, highlighting that a significant and stable fraction of qNSCs are primed to enter cell cycle in

the V-SVZ from both early postnatal and adult mouse brain. Nonetheless, a significant fraction of LeXbright

qNSCs were in G1 (FUCCIlow), but few of themwere actively cycling (FUCCIneg) (Figure 2B). Markedly, the per-

centage of LeXbright qNSCs in S/G2/M (FUCCIneg) dropped in the young adult mice (Figure 2B).

We then compared the capacities of LeXbright qNSCs and LeX + EGFR + aNSCs sorted from PN10 and

young adult V-SVZ to proliferate and to form neurospheres, which are floating clones initiated by actively

dividing NSCs (Pastrana et al., 2011). LeX + EGFR + aNSCs had a similar clonogenic capacity in early post-

natal and adult brains (Figure 2C). In addition, LeX + EGFR + subpopulations were sorted according to

FUCCI (FUCCIlow: G1 and FUCCIneg: S/G2/M) but presented no difference of clonogenic capacity at

both ages (Figure S3). Besides, accordingly with their quiescent status, LeXbright qNSCs from neonatal brain

had a 15.5 times lower clonogenic capacity than their activated LeX + EGFR + aNSCs counterparts (Fig-

ure 2C). Clonogenic capacity of LeXbright qNSCs was further decreased by more than 100-fold in the adult

brain. This decrease in clonogenic capacity appeared to reflect the disappearing of clonogenic LeXbrigh

cells rather than their positioning within cell cycle since LeXbright FUCCIlow and FUCCIneg had similar clono-

genicity (Figure S3). This extremely low clonogenic capacity of LeXbright qNSCs in young adult V-SVZ con-

trasted with their MCM2 expression (Figure 1), suggesting that most primed LeXbright qNSCs are not fully

activated to generate clones.

Our data revealed an early cell cycle alteration of LeX + EGFR + aNSCs in early postnatal pups most prob-

ably coinciding with differentiation during development. Additionally, some LeXbright qNSCs entered the

cell cycle in the early postnatal, whereas they were blocked in G1 in the young adult mice.

A Subpopulation of LeXbright FUCCIneg/low qNSCs Maintains the Capacity to Enter

Proliferation in the Young Adult V-SVZ

LeXbright qNSC and LeX + EGFR + aNSC populations were sorted from the V-SVZ of young adult mice and

then plated in enriched NSC medium supplemented with BrdU (10 mM) to challenge their proliferation ca-

pacities. After 72hr, the great majority of LeX + EGFR + aNSCs (84.2 G 3.4%) had incorporated BrdU and

exhibited an active protein synthesis activity as seen with phosphorylation of S6 ribosomal protein (69.8 G

3.4%) (Figures 3A and 3B). By contrast, only 27.2G 9.8% of LeXbright qNSCs had incorporated BrdU, and few

of them (3.1 G 1.6%) were positive for phosphoS6 ribosomal protein (Figures 3A and 3B). Both BrdU incor-

poration and pS6 suggested that a subpopulation of qNSCs was primed to enter cell cycle as previously

reported (Codega et al., 2014; Llorens-Bobadilla et al., 2015).
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To further explore the capacity of these LeXbright qNSCs to re-enter into the cell cycle, we prospectively

sorted them from the young adult FUCCI V-SVZ and challenged their proliferation capacities by in vitro

time-lapse videomicroscopy.
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Figure 2. Cell Cycle Status and Clonogenic Capacities of LeXbright qNSCs and LeX + EGFR + aNSCs in the

Postnatal V-SVZ

(A and B) FUCCI fluorescence was determined by flow cytometry in V-SVZ at various postnatal ages. The percentage of

different FUCCI populations (FUCCIhigh: G0; FUCCIlow: G1 and FUCCIneg: S/G2/M) was represented among (A) LeX +

EGFR + aNSCs and (B) LeXbright qNSCs.

(C) The formation of neurospheres, i.e. clonogenic capacity, was determined 7 days after sorting LeXbright qNSCs and

LeX + EGFR + aNSCs from 10 days- to 2 months-old V-SVZ. Data were compared using non-parametric Kruskal-Wallis and

Dunn’s multicomparison tests and given in Table S1. Data are represented as median G interquartile. Each dot in C

represents individual experiment. See also Table S1 and Figure S3. **P < 0.005.
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On one hand, FUCCIhigh cells representing the majority of LeXbright population (interquartile range [67.9%–

79.2%]) had apparently exited the cell cycle and presented a bright red fluorescence in vitro, which even-

tually disappeared when cells died but they never divided (Figure 3C). On the other hand, 20% of the

FUCCIneg/low population of LeXbright qNSCs, encompassing G1 and scarce S/G2/M cells, had divided

during the first 26hr (Figure 3D). Then FUCCI fluorescence showed an increase which became high in

some LeXbright qNSCs. Thereafter, FUCCIneg/low LeXbright qNSCs very scarcely generated clones that

grew slowly and ultimately gave rise to larger clones (Figure 3E).

Altogether, these data show that some of the LeXbright qNSCs were primed to re-enter cell cycle in vitro and

were contained within the FUCCIneg/low population..

Recombinant Syndecan-1 Shortens Cell Cycle Progression In Vitro

We have shown that SDC1 is highly expressed in proliferating LeX + EGFR + aNSCs from adult mice

while it is found at low levels in LeXbright qNSCs (Morizur et al., 2018). Here, we reported that SDC1

mRNAs were expressed at a similar level in LeX + EGFR + aNSCs from neonatal and adult mice (Fig-

ure S4). Although the expression of SDC1 mRNAs was low in LeXbright qNSCs from neonates, it showed
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Figure 3. LeXbright FUCCIneg/low qNSCs Divide and Initiate Clones In Vitro but FUCCIhigh NSCs Have Definitively

Exited the Cell Cycle

(A and B) LeXbright qNSCs and LeX + EGFR + aNSCs were sorted from young adult mouse V-SVZ and then cultured in the

presence of BrdU for 72hr in vitro.

(A) Percentages of BrdU incorporation and (B) pS6-positive cells were quantified in LeXbright qNSCs and LeX + EGFR +

aNSCs from replicate experiments with a total number of 66–144 cells.

(C–E) LeXbright cells were sorted from young adult V-SVZ according to their FUCCI-Cdt1 fluorescence intensity and were

followed by time-lapse videomicroscopy. (C) LeXbright FUCCIhigh cells never divide but (D) the LeXbright FUCCIneg/low

population showed divisions. (E) Thereafter, formation of clones was rarely observed in the LeXbright FUCCIneg/low qNSCs.

Scale bars = 10mm.
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a further decline in adult mice (Figure S4) coinciding with the drop in clonogenic capacities. We have

previously reported that SDC1 knockdown reduces proliferation of LeX + EGFR + aNSCs (Morizur

et al., 2018). Likewise, addition of chondroitinase ABC (50 and 100 U/mL) which degrades chondroitin

sulfate proteoglycans, including SDC1, reduced the formation of neurospheres initiated by LeX +

EGFR + aNSCs (data not shown). Conversely, deglycanation of SDC1 with heparanase (4 ng/mL) which

transforms SDC1 into a highly selective surface-binding protein (Ma et al., 2006) increased BrdU incorpo-

ration in proliferating NSCs (data not shown).

Therefore, we tested the effects of exogenous recombinant SDC1 (recSDC1) on proliferation of NSCs

freshly sorted from young adult mice. Two days after plating, LeX + EGFR + aNSCs gave rise to small col-

onies containing 4-6 cells in control conditions and 4-8 cells in the presence of 2.5mg/ml of recSDC1. This

increase was further observed on neurosphere size at 6 days in the presence of 2.5 mg/mL of rec SDC1 (Fig-

ure 4A). This increase in neurosphere size inversely mirrored the data we previously reported after silencing

SDC1 (Morizur et al., 2018). Besides, the clonogenic efficacy of LeX + EGFR + aNSCs appeared to be almost

significantly increased in the presence of recSDC1 (Figure 4B).

We thus investigated the effects of recSDC1on cell cycle length of LeX + EGFR + aNSCs by time-lapse vid-

eomicroscopy using FUCCI mice. Interestingly, the time for the first division of LeX + EGFR + aNSCs from

neonates was significantly shortened in the presence of 2.5mg/ml of recSDC1 in comparison to control (Fig-

ure 4C). A similar shortening was observed in young adult V-SVZ (Figure S5). The length of the G1 phase was

measured for the subsequent cycle taking advantage of the FUCCI-Cdt1 fluorescence. A significant short-

ening of the G1 phase was observed in LeX + EGFR + aNSCs (Figure 4D). We then investigated the effects

of recSDC1 on LeXbright FUCCIneg/low qNSCs, i.e. primed qNSCs. The percentage of dividing LeXbright FUC-

CIneg/low appeared not significantly increased in the presence of SDC1 (Figure 4E). Strikingly, the time for

the first division of LeXbright FUCCIneg/low qNSCs was significantly shortened in the presence of 2.5mg/ml of

recSDC1 (7h36) in comparison to control (9h12) (Figure 4F). However, LeXbright FUCCIneg/low cells remained

FUCCI-Cdt1 positive at the end of the videomicroscopy (28-30hr) and did not re-enter in another division

cycle even in the presence of recSDC1. By contrast, FUCCIhigh LeXbright cells did not divide even in the pres-

ence of SDC1 (data not shown). Strikingly, 25% (first interquartile) of LeXbright FUCCIneg/low and LeX +

EGFR + NSCs exposed to SDC1 had divided before 5h and 7h for adults and neonates, respectively, sug-

gesting that numerous aNSCs and qNSCs might be blocked in G2.

Altogether, our data show that SDC1 favored cell cycle progression of primed qNSCs and aNSCs.

Recombinant Syndecan-1 Accelerates Recovery of Neurogenic Populations In Vivo

Subsequently, we addressed the capacity of recSDC1 to ameliorate V-SVZ recovery in vivo after brain

irradiation in young adult FUCCI-Cdt1 transgenic mice. After such radiation-induced injury, highly prolifer-

ating cells, including LeX + EGFR + aNSCs, are rapidly eliminated, whereas LeXbright qNSCs are radiore-

sistant and enter cell cycle 48hr after exposure, which is followed by the progressive recolonization of

the V-SVZ by LeX + EGFR + aNSCs, EGFR + progenitors and CD24 + EGFR + young neuroblasts (Daynac

et al., 2013). Collection of V-SVZ cells from young adult FUCCI-Cdt1 mice 48hr after irradiation demon-

strated the elimination of themajority of LeX + EGFR + aNSCs, EGFR+ and CD24 + EGFR + cells while leav-

ing a significant amount of LeXbright FUCCIneg/low qNSCs, i.e. progressing throughout the cell cycle (Fig-

ure 5). Recombinant SDC1 was administrated intraventricularly while mice received BrdU through

systemic route and recovery of neurogenic populations was analyzed three days later. The absolute counts

of the neurogenic populations revealed that recSDC1 favored primarily the recovery of EGFR+ and CD24 +

EGFR + cells (Figures 5 and S6A). Interestingly, the increase in these EGFR+ and CD24 + EGFR + neuro-

genic populations with recSDC1 was observed in the FUCCIlow and FUCCIneg cycling populations (Figures

5C and 5D) and was associated with BrdU incorporation, i.e. proliferation (Figure S6B). On the other hand,

the presence of recSDC1 did not significantly improve the recovery of LeXbright qNSCs and LeX + EGFR +

aNSCs (Figures 5A and 5B) while BrdU incorporation indicated their proliferation (Figure S6B). Part of the

LeX + EGFR + aNSCs had even exited cell cycle, i.e. FUCCIhigh (Figure 2B). Nevertheless, this would be ex-

pected from asymmetric division of NSCs and their subsequent loss instead of EGFR+ and CD24 + EGFR +

which undergo symmetric division.

These data show that SDC1 favored recovery of neurogenic populations in the V-SVZ after injury.

ll
OPEN ACCESS

6 iScience 23, 101784, December 18, 2020

iScience
Article



DISCUSSION

Different FACS strategies have been reported for the isolation of qNSCs and aNSCs (Beckervordersand-

forth et al., 2010; Codega et al., 2014; Daynac et al., 2013; Llorens-Bobadilla et al., 2015; Mich et al.,

2014). Briefly, anti-GLAST or anti-LeX antibodies or GFAP:GFP are used as NSC markers in combination
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Figure 4. Recombinant SDC1 Increases the Neurosphere Size of aNSCs and Hastens the Division of aNSCs and

qNSCs

(A and B) LeX + EGFR + aNSCs were sorted from young adult V-SVZ. After 6 days in culture of LeX + EGFR + aNSCs in the

absence, or the presence, of 2.5mg/ml recSDC1: (A) the neurosphere area (mm2) and (B) clonogenic capacities were

determined.

(C and D) LeX + EGFR + aNSCs were sorted from FUCCI neonates and were followed by time-lapse for 26-30hr in the

absence, or the presence, of 2.5mg/ml recSDC1, then (C) the time for the first division and (D) the length of the subsequent

G1 were recorded.

(E and F) LeXbright FUCCIneg/low qNSCs were sorted from adult FUCCI mice, then (E) the percentage of dividing cells/field

and (F) the time for the first division were recorded. Data are represented as the medianG interquartile range of replicate

experiments with 2–4 mice per group. See also Figure S5. *P < 0.05; **P < 0.005.
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with other markers. Interestingly, qNSCs and aNSCs obtained from these different methods have strikingly

similar molecular profiles. Particularly, qNSCs being characterized by the expression of several genes as

Prom1, Aldh1l1, Gjb6, CD9, Sox9, Id2 and Id3, whereas aNSCs expressing high level of Ascl1, Egr1, Fos,

Sox4, and Sox11 (Beckervordersandforth et al., 2010; Codega et al., 2014; Daynac et al., 2013; Llorens-Bo-

badilla et al., 2015; Mich et al., 2014). In addition, we have shown that LeXbright qNSCs are produced during

embryogenesis similarly as previously reported by for type B/NSCs in vivo (Fuentealba et al., 2015; Furuta-

chi et al., 2015).

A pool of NSCs remains largely dormant until qNSCs become reactivated postnatally contributing

to neurogenesis for brain homeostasis or repair after injury (Daynac et al., 2013). Using the FUCCI-Cdt1

system, we reported, here, on the prospective isolation of primed qNSC. Interestingly, we demonstrate

that the capacity of qNSCs to enter cell cycle declines as early as in the young adult mouse brain.

However, we have shown that cell cycle progression of LeXbright qNSCs is favored by addition of exogenous

SDC1.

Adult neurogenesis declines with aging due to the depletion and functional impairment of neural stem/

progenitor cells. In this context, previous reports have indicated that the number of NSCs in the mouse

V-SVZ declines by mid-age (10-12 months), with an additional reduction in older mice (22 months) reviewed

in (Lupo et al., 2019). While prior studies have demonstrated a reduction of NSC content and have noted a

paradoxical increase in the NSC division rate in old animals (Luo et al., 2008; Shook et al., 2012), we

observed a decline in cell cycle activity of aNSCs at mid-age (6-12 months) but with stable contents (Daynac

et al., 2014, 2016a). These seemingly divergent data are reconciled by the fluctuation of NSC proliferation

with a decline between 2 and 18 months, and then unexpectedly a reversal faster cell cycle at 22 months

(Apostolopoulou et al., 2017). On the other hand, increasing NSC quiescence is predicted to contribute

to the age-related decline of neurogenesis (Bast et al., 2018; Kalamakis et al., 2019). NSCs begin undergo-

ing quiescence-associated changes at mid-adulthood in the mouse V-SVZ (Bouab et al., 2011).

Using various approaches based on FUCCI-Cdt1, BrdU incorporation, clonogenicity, which showed con-

sistency, we have shown that proliferation capacities of NSCs decreased early in the postnatal V-SVZ.

Particularly, aNSCs showed a G1 lengthening in the early postnatal V-SVZ associated with cell cycle

exit which is in accordance with differentiation during brain development (Salomoni and Calegari,

2010). Grippingly, we have identified a population among LeXbright qNSCs that are characterized by a

low FUCCI-Cdt1 fluorescence which are primed to enter the cell cycle. The population of LeXbright is

able to re-entry into cell cycle after V-SVZ irradiation accordingly to what was previously reported

(Daynac et al., 2013) and similarly to what was shown for other brain injuries (Codega et al., 2014;

Llorens-Bobadilla et al., 2015; Mich et al., 2014). Noticeably, we have shown a drop of primed LeXbright

FUCCIneg qNSCs entering the cell cycle in the young adult which was associated to the decline in their

clonogenic capacities. Although expressing a significant level of SOX2 and MCM2, marking slow dividing

NSC (Maslov et al., 2004), LeXbright cells divided once, then stopped in G1 but very scarcely formed neu-

rospheres in neonates and even more rarely when isolated from young adults. This might indicate that

experimental conditions are not adequate for NSC proliferation in vitro and/or that high LeX expression

interfered with NSC proliferation as previously reported (Luque-Molina et al., 2017). These early events

are reminiscent to the human V-SVZ which shows a drop in neurogenesis several months after birth (Sanai

et al., 2011). This continuum of NSC proliferation decline starting at birth is linked to postnatal brain

development. Also, this suggests that qNSCs are recruited, through their activation, early during the

postnatal brain development. Therefore, NSC quiescence appears as a programmed developmental

process and a consequence of molecular aging processes.

Figure 5. Exogenous SDC1 Favors Recovery of Neurogenic Populations after Radiation-Induced V-SVZ Injury

For a Figure360 author presentation of this figure, see https://doi.org/10.1016/j.isci.2020.101784.

(A–D) Two-months-old adult FUCCI-Cdt1 mice were irradiated (4 Gy/head only) and received recSDC1 intraventricularly.

The absolute numbers of (A) LeXbright qNSCs, (B) LeX + EGFR + aNSCs, (C) EGFR + progenitors, and (D) CD24 + EGFR +

proliferating neuroblasts and FUCCI fluorescence were determined by flow cytometry within FUCCI subpopulations

(FUCCIhigh: G0; FUCCIlow: G1 and FUCCIneg: S/G2/M). Data are represented as median G interquartile range. Each plot

represents an individual mouse (the number of mice is indicated within bars). Data were compared using non-parametric

Kruskal-Wallis and Dunn’s multicomparison tests. Comparisons with the Ctrl group are given upper the boxes and

comparisons between PBS and recSDC1 over the brackets (� for FUCCIhigh; # for FUCCIlow and * for FUCCIneg). See also

Figure S6.
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Loss of the ability of qNSCs to activate and/or proliferation defect during aging are related to alterations of

transcriptomic or lysosomal activities (Leeman et al., 2018; Lupo et al., 2018). Raise in inflammatory factors

within the neurogenic niche has also been shown to reduce neurogenesis by altering the cell cycle or quies-

cence of NSCs during aging (Daynac et al., 2014, 2016a; Engler et al., 2018; Kalamakis et al., 2019; Pineda

et al., 2013; Silva-Vargas et al., 2016). Several signaling pathways such as WNT or Sonic Hedgehog have

been involved in the regulation of NSC quiescence and proliferation (Chavali et al., 2018; Daynac et al.,

2016b). Interestingly, activation of LeXbright qNSCs after radio-induced injury was associated with the up-

regulation of several genes belonging to WNT signaling (Table S2). Conversely, the niche-derived WNT

antagonist sFRP5 has been shown to induce quiescence in the aging brain (Kalamakis et al., 2019).

SDC1 plays a role in NSC proliferation during embryogenesis and in postnatal NSCs (Morizur et al., 2018;

Wang et al., 2012). SDC1 regulates proliferation in part by modulating the ability of neural progenitors to

respond to WNT ligands (Wang et al., 2012). Here, we have shown that addition of exogenous SDC1 favors

proliferation of aNSCs in vitro through the reduction of the G1 phase. Morever, exogenous SDC1 hastened

the time for the first division of primed qNSCs. Interestingly, numerous NSCs divided early after exogenous

SDC1 treatment suggesting that they are paused in G2, as reported in the drosophila (Otsuki and Brand,

2018). Whether these proliferation effects involved WNT signaling needs to be further investigated. Grip-

pingly, exogenous SDC1 also demonstrated in vivo activity by favoring recovery of neurogenic populations

after V-SVZ injury. Therefore, SDC1 might be used to counteract brain injury. If validated in older animals,

administration of SDC1, or of an agonist, might provide the means to control the proliferation of NSCs and

to counteract the neurogenesis decline during aging which is still a major concern.

Limitations of the Study

This study has some limitations that should be kept in mind when interpreting the relevance of the findings

to regeneration of neurons. Primed LeXbright qNSCs were able to make only a single division suggesting

that unknown factor(s) are further required to insure subsequent divisions. Nevertheless, molecular charac-

terization of this rare population might be helpful to identify such factor(s). The administration of recombi-

nant Syndecan-1 ameliorated the recovery of neurogenic populations in vivo, but the target cells have to be

further characterized. In addition, the production of neurons and their functionality remain to be analyzed.

Finally, the transfer to clinic has to take into account that Syndecan-1 might be hijacked by cancer cells to

proliferate.
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Figure S1: Young adult LeXbright qNSCs are produced during embryogenesis, Related to 
Figure1. 

(A) Representative pictures of BrdU/SOX2/MCM2 immunostaining in LeXbright and LeX+EGFR+ are 
shown. (B) Quantification of BrdU/SOX2/MCM2 immunostaining in LeXbright and LeX+EGFR+ sorted 
cells with FlowJo. Scale bars = 10 µm.  
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Figure S2: Early postnatal LeXbright qNSCs are primed to enter cell cycle, Related to Figure 1.  

(A) LeXbright qNSCs and (B) LeX+EGFR+ aNSCs were sorted from neonatal brains (10 days) and the 
expressions of GFAP (red) and MCM2 (green) were examined (Scale bars = 10 µm). (B) The 
presence of EGFR is shown at the membrane of aNSCs. (C) Quantifications of MCM2 are represented 
as median ± interquartile of replicate experiments. 
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Figure S3: Formation of neurospheres with LeXbright and LeX+EGFR+ cells sorted from V-SVZ at 
different ages according to FUCCI fluorescence, Related to Figure 2.  

The formation of neurospheres was determined for LeXbright qNSCs and LeX+EGFR+ aNSCs 
accordingly to their FUCCI fluorescence (FUCCIneg S/G2/M and FUCCIpos G1) obtained from 10 days-
neonates and 2 months-old mice. Data are represented as median ± interquartile. Each dot represents 
individual experiment with 3 to 4 mice. Consistently with their exit from the cell cycle, FUCCIbright G0 
cells did not gave rise to neurospheres (data not shown).  
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Figure S4: SDC1 mRNA expression in qNSCs and aNSCs with aging, Related to Figure 4.  

LeXbright qNSCs and LeX+EGFR+ aNSCs were sorted from neonates (PN10), young adults (2 months) 
and mid-aged (7-9 months-old) V-SVZ, then SDC1 mRNA expression level was quantified by qRT-
PCR as previously reported (Morizur et al., 2018).  
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Figure S5: Exogenous SDC1 hastens division of LeX+EGFR+ aNSCs from adult V-SVZ, Related 
to Figure 4. 

LeX+EGFR+ aNSCs were sorted from young adult V-SVZ and followed by timelapse for 26-30h in the 
absence, or the presence, of 2.5µg/ml recSDC1. The time for the first division was recorded. Each dot 
represents a single division. Data are represented as the median ± interquartile range of 4 replicate 
experiments with 3 to 4 mice per group.  
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Figure S6:  Exogenous SDC1 administration ameliorates recovery of neurogenic populations 
after V-SVZ injury, Related to Figure 5.  

Two-months-old adult FUCCI-Cdt1 mice were irradiated (4 Gy/head only) and received recSDC1 
intraventricularly. (A) The absolute numbers of LeXbright qNSCs, LeX+EGFR+ aNSCs, EGFR+ 
progenitors and CD24+EGFR+ proliferating neuroblasts were determined by flow cytometry. Each plot 
represents an individual mouse. (B) The different neurogenic populations were sorted and BrdU 
incorporation was examined by immunofluorescence. For several mice, sorted cells have been pooled 
to determine the BrdU incorporation. Data are represented as median ± interquartile range. Data 
obtained from SDC1-treated groups were compared to PBS-treated groups using non-parametric 
Mann-Whitney test. A significant difference was obtained only for the total number of EGFR and 
CD24+EGFR+ cells/mouse: P<0.05 (*) and <0.005 (**). 

  



Table S1: Kruskal-Wallis and Dunn’s multiple comparison analyses of FUCCI content in 
LeX+EGFR+ and LeXbright NSCs, Related to Figure 2A-B. 

 
LeXbright  LeX+EGFR+ 

Age PN4 PN9 PN10 2 mo 12 mo 
 

PN4 PN9 PN10 2 mo 12 mo 

PN4      * *     °* °* 

PN9     *** **     * ** 

PN10    **** **       * 

2 mo        
      

n= 3 4 20 27 6 
 

3 4 20 27 6 

°: FUCCIhigh (G0) and *: FUCCIneg (S/G2/M).  
n = indicates the number of mice per group. 

  



Table S2: List of genes from GEO Data Set GSE99777 (Morizur et al., 2018) belonging to WNT 
signaling pathway and increased in LeXbright qNSCs after V-SVZ radio-induced injury, related to 
Figure 5.  

Gene symbol Gene ID  Gene symbol Gene ID  Gene symbol Gene ID 

Apc2 23805  Nkd1 93960  Ppp3cb 19056 

Arid1a 93760  Pcdh1 75599  Smarcal1 54380 

Csnk2a2 13000  Pcdh8 18530  Tcf3 21415 

Ep300 328572  Pcdh9 211712  Wdr61 66317 

Gnaq 14682       

 

  



TRANSPARENT METHODS  

Animals and treatments 

FUCCI-Cdt1 transgenic mice (fluorescence ubiquitination-based cell cycle indicator) (Sakaue-Sawano 
et al., 2008) and C57Bl/6J mice were maintained in standard cages with access to food and water ad 
libitum in a colony room kept at a constant temperature (19-22°C) and humidity (40-50%) on a 12:12-
hour light/dark cycle. Pregnant mice and early postnatal pups were produced in our animal facility by 
programmed breeding.  

Pregnant mice were injected intraperitoneally with BrdU 100 mg/kg body mass 3 time/day for two days 
(E14.5 to E15.5).  

When indicated, young adult (2-3 months-old) mice received whole brain irradiation (4 Gy) under 
anesthesia using a 60Co medical irradiator (Alcyon) or a Small Animal Radiation Research Platform 
(SARRP; Xstrahl) as previously reported (Daynac et al., 2013). 

For in vivo SDC1 treatment, FUCCI mice received intraventricularly 5µg of recombinant murine SDC1 
(R&D) through strereotaxia (AP-0.1; ML+0.1; V-2.5) two days after brain irradiation. BrdU (100 mg/kg) 
was injected intraperitoneally 4-6h after stereotaxia then BrdU was given in the drinking water (1 
mg/ml) until sacrifice three days later.  

Animal experiments were performed in compliance with the European Communities Council Directive 
of 22th September 2010 (EC/2010/63) and were approved by our institutional committee on animal 
welfare (CEtEA-CEA DRF IdF) and registrated at the French Ministry of Education and Research 
(APAFIS#2723-2015111710123712). 

 

V-SVZ cell preparation and FACS sorting/analysis 

Mouse V-SVZs were dissected from early postnatal and adult brains then dissociated and labelled as 
previously described (Daynac et al., 2013; Daynac et al., 2015; Morizur et al., 2018). V-SVZ were 
minced then mechanichally dissociated and for adult brains after a preliminary 10-min digestion step 
with papain (1 mg/ml, Worthington). Remaining aggregates were removed with 20 µm nylon filters (BD 
Biosciences) and cells were centrifuged at 250 g for 20 min on a 22% Percoll gradient (GE 
Healthcare). Then, cells were incubated for 20 min with the following antibodies: CD24 phycoerythrin 
[PE]-conjugated (cat#561079; 1:100 BD Biosciences), or anti-CD24 PE-Cyanine7-conjugated 
(cat#A14776, 1:100 Molecular Probes), CD15/LeX fluorescein isothiocyanate [FITC]-conjugated (clone 
MMA, mouse IgM; 1:50 BD Biosciences) and Alexa647-conjugated EGF ligand (1:250 Life 
Technologies). V-SVZ cells were sorted on an INFLUX cell sorter equipped with an 86 µm nozzle at 
40 psi or on an ARIA II equipped with a 100 µm nozzle (BD Biosciences). In some experiments, the 
absolute number of cells was normalized using Trucount beads (BD Biosciences). Gates were set 
using Fluorescence Minus One (FMO) controls on V-SVZ cells. qNSCs were collected in 
CD24lowEGFRnegLeXbright (hereafter noted LeXbright) and aNSCs were collected in 
CD24lowEGFRposLeXpos (hereafter noted LeX+EGFR+). The FUCCI-Cdt1 red fluorescence was 
captured into the PE channel and three populations were collected according to red fluorescence 
intensity, i.e. FUCCIneg, FUCCIpos and FUCCIhigh (Daynac et al., 2014).  

 

Cell culture 

Sorted NSCs were grown at 37°C 5% CO2 in enriched NSC medium (Codega et al., 2014) composed 
of DMEM/F12 (Life Technologies) supplemented with 0.6% Glucose (Sigma), 2µg/mL heparin 
(STEMCELL Technologies), 1x Insulin-Selenium-Transferrin (Life Technologies), N-2 supplement (Life 
Technologies) and B-27 without Vitamin A supplement (Life Technologies), and in the presence of 20 
ng/ml EGF (Millipore) and 10 ng/ml FGF2 (Millipore). In some experiments, 2.5 µg/ml of recombinant 
mouse SDC1 (R&D Systems) was added to the medium. Sorted cells were plated at a density not 
exceeding 1.4 cells/µl in 12 or 24 well plates which were leaved untouched until neurosphere counting. 
After 6-7 days, neurospheres were counted under an inverted microscope. 

  



 

Live Cell Imaging 

Freshly sorted cells were plated in NSC medium described above on laminin (Biolaminin521-coated 
slides (Biolamina) coated glass‐bottomed culture plates (MatTek, Corp., Ashland, MA). Brightfield and 
fluorescent images for Cdt1‐red were captured through a Plan Apo VC ×20 DIC objective (NA: 0.75) 
on a Nikon A1R confocal laser scanning microscope system attached to an inverted ECLIPSE Ti 
(Nikon, Corp., Tokyo, Japan) thermostated at 37°C under 5% of CO2 and 18% of O2 atmosphere 
(Daynac et al., 2014). Live imaging started 2-3 hours after plating. Single-cell tracking was performed 
over periods of up to 24 hours with images taken at 15 minutes intervals in order to follow the fate of 
individual cells. Images and time‐lapse videos were analyzed with ImageJ and NIS‐Elements (Nikon) 
softwares. 

 

Immunofluorescence  

Sorted cells were recovered in NSC medium then plated without mitogen on Biolaminin521-coated 
slides (Biolamina) in an incubator at 37°C 5% CO2 for 4 hours and fixed in 2% paraformaldehyde. 
After 1 hour in blocking solution (PBS-0.1% Triton-X100, 0.05% Tween 20, 4% BSA) at RT, cells were 
incubated overnight at 4°C with primary antibodies: goat anti-MCM2 (1:300; Santa Cruz) or rabbit anti-
MCM2 (1:400; Novus), goat anti-SOX2 (1:20; R&D), rabbit anti-phospho-S6 ribosomal protein 
(Ser240/244) 1:1000; CellSignaling). For BrdU detection, mild DNA digestion was performed for 30 
min at 37°C in DNase (10 µg/mL DNase I, 0.5x PBS, 30 mM Tris-HCl pH 8, 0.3 mM MgCl2, 0.5 mM 2-
mercaptoethanol, 0.5% BSA) then incubated with anti-BrdU antibody at 1:300 (GE Healthcare).  After 
overnight incubation with primary antibodies at 4°C, three washes in PBS, cells were incubated with 
AlexaFluor 488/594/647 goat/donkey cross-species absorbed secondary antibodies at 1:800 
(Invitrogen). 

 

Immunofluorescence analyses 

Immunostaining in 96-well plates were imaged using a Nikon A1R confocal microscope. Image 
analyses were performed using ImageJ. Region Of Interest were drawn on DAPI staining and multiple 
immunoflorescences were measured within the nuclus masks. CSV files were converted into FCS 
format then analysed with FlowJo v10.7.1.  

 

Statistical analyses 

The data are expressed as the median with interquartile range. Non-parametric two-tailed Mann-
Whitney, Kruskal-Wallis and Dunn’s multiple comparison tests were conducted to compare data using 
GraphPad PRISM software (GraphPad, San Diego, CA). P-value levels were set at  <0.05 (*), <0.005 
(**), <0.0005 (***) and <0.00005 (****).  
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