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SUMMARY
Little is known about the intrinsic specification of postnatal cerebellar neural stem cells (NSCs) and to what extent they depend on in-

formation from their local niche. Here, we have used an adapted cell preparation of isolated postnatal NSCs and live imaging to demon-

strate that cerebellar progenitors maintain their neurogenic nature by displaying hallmarks of NSCs. Furthermore, by using this prepa-

ration, all the cell types produced postnatally in the cerebellum, in similar relative proportions to those observed in vivo, can be

monitored. The fact that neurogenesis occurs in such organized manner in the absence of signals from the local environment, suggests

that cerebellar lineage progression is to an important extent governed by cell-intrinsic or pre-programmed events. Finally, we took advan-

tage of the absence of the niche to assay the influence of the vesicular nucleotide transporter inhibition, which dramatically reduced the

number of NSCs in vitro by promoting their progression toward neurogenesis.
INTRODUCTION

Among the central nervous system structures, the devel-

opment of the cerebellum is probably the best studied

(Hatten and Heintz, 1995; Leto et al., 2016).The structure

of the cerebellum is not finalized until postnatal stages.

Postnatal cerebellar neural progenitors reside in three spe-

cific proliferative niches: the external granular layer

(EGL), known to produce granule cells (Alvarez Otero

et al., 1993; Hallonet et al., 1990); the Purkinje cell layer

(PCL) that produces the astroglial and Bergmann glial

progenitors (Buffo and Rossi, 2013); and the prospective

white matter (PWM) that contains GABAergic inter-

neuron progenitors as well as astroglial and oligodendrog-

lial populations (Leto et al., 2012; Parmigiani et al.,

2015).

Despite the considerable efforts to decipher cerebellar

development, major questions remain unanswered

regarding the biology of the postnatal NSCs allocated to

this area: (1) To what extent are cerebellar NSCs depen-

dent on their local niche at the onset of their lineage pro-

gression? (2) How is this process modulated? Homotypic

and heterotypic transplantation of postnatally derived

cerebellar neurospheres revealed that they retain an

intrinsically regional character, although they do seem

to be influenced by local environmental cues (Klein

et al., 2005). Moreover, several studies highlighted the

importance of local signals in the generation of distinct
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cerebellar populations, such as that of Sonic hedgehog

(SHH), fibroblast growth factor (FGF), or the Notch

signaling pathway (Fleming et al., 2013; Green et al.,

2014; Solecki et al., 2001). Thus, isolation from their

niche would be an ideal strategy to disentangle the cell-

intrinsic contribution to NSC regulation from that of

environmental cues.

The cell-intrinsic mode of cell division is another

important issue to be considered, i.e., whether cerebellar

NSCs are capable of undergoing self-renewal divisions

and, if so, are they symmetric or asymmetric? Asymmetric

divisions involve the acquisition of different cell fates by

the two daughter cells and as such NSCs might self-renew

asymmetrically by generating one cell that remains as a

progenitor while the other cell progresses toward a neural

cell fate. Alternatively, NSCs might self-renew symmetri-

cally and give rise to two cells that retain their stem cell

identity (Schroeder, 2008). In addition, the potential cell

fate of cerebellar NSCs remains to be defined. Progenitors

from the EGL have been thought to produce cerebellar

granule neurons mainly by symmetric terminal divisions

(Nakashima et al., 2015; Yang et al., 2015). However,

granule precursor cells (GPCs) can be induced in vitro to

differentiate into astroglial cells (Okano-Uchida et al.,

2004), and a resident population of astroglial progenitors

of granule neurons has also been reported (Silbereis et al.,

2010). Hence, bipotent progenitors may exist in the EGL.

In the PCL, Bergmann glia express NSC markers and they
The Author(s).
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may be expanded in vitro as multipotent neurospheres (Al-

cock et al., 2007; Alcock and Sottile, 2009). A population

of bipotent progenitors resides also in the PWM, giving

rise to both astrocytes and GABAergic interneurons (Par-

migiani et al., 2015). Nevertheless, while all these studies

provide valuable information, they rely on either popula-

tion analyses performed in vivo or on the study of isolated

cells cultured in the presence of crucial niche-derived sig-

nals (e.g., SHH, FGF), or as neurospheres. Therefore, the

intrinsic behavior, self-renewal capacities and cell fate po-

tential of cerebellar neural progenitors outside their niche

remain unclear.

A promising approach to address these relevant ques-

tions is the continuous live imaging of single cells isolated

from the postnatal cerebellum (PC). Live imaging allows

heterogeneous cell behaviors, cell fate decisions or cell

death within a clone to be studied (Ortega and Costa,

2016). Thus, we have successfully adapted this technique

to study preparations of the PC previously exploited to

monitor the lineage progression of adult SEZ-derived

NSCs (Costa et al., 2011; Ortega et al., 2011, 2013a). In

this model, cerebellar NSCs are cultured at low density un-

der adherent conditions in the absence of growth factors,

in isolation from their niche.

As isolated NSCs maintain their neurogenic potential

despite the absence of signals from their niche, this model

constitutes a unique tool to assay the effects of each of

these factors individually. Accordingly, we investigated

the role of the vesicular nucleotide transporter (VNUT)

in the PC. VNUT allows nucleotides to be stored in secre-

tory vesicles, the first step in purinergic neurotransmis-

sion (Sawada et al., 2008). Interestingly, VNUT is ex-

pressed strongly in the adult cerebellar cortex (Larsson

et al., 2012), and it has been involved in neuritogenesis

and neuronal differentiation (Menendez-Mendez et al.,

2015, 2017). Our results highlight its influence in setting

the balance between quiescent and activated of cerebellar

NSCs.
Figure 1. Cell Dynamics of Cerebellar Neural Progenitors Isolated
(A) Quantification of the cell populations isolated 12 h after cultur
termediate progenitors by GFAP/SOX2 or SOX2 labeling, and parenchy
(B) Relative proportions of the number of rounds of cell division und
(C and D) (C) Relative contribution of cell lineage at the end of live
neurons, GFAP/SOX2 refers to those containing neurons and NSCs or
neurons or only SOX2 cells. (D) Average cell-cycle length according t
(E) Neurogenic lineages tracked. Values below round numbers indicat
(F) Symmetric lineage trees generating neuronal progeny (N, neuron;
obtained by time-lapse video microscopy at different time points (d
(white), and bIII-tubulin (green). Arrowheads point to the different
(G) Asymmetric lineage generating neuronal and NSC progeny (N, neu
values represent the mean ± SEM (n = 5 independent experiments);
comparison test.
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RESULTS

Cerebellar NSCs Isolated in the Absence of Growth

Factors Maintain Their Neurogenic Nature, Dividing

Symmetrically to Generate Neurons or

Asymmetrically to Undergo Self-Renewal

We first explored the possibility of adapting the prepara-

tion from the adult SEZ to obtain NSCs from the PC (Ortega

et al., 2011, 2013a). As such, cerebellar progenitors isolated

from postnatal day 0 (P0) cerebella were submitted to live

imaging by time-lapse videomicroscopy (Gomez-Villa-

fuertes et al., 2017; Ortega et al., 2013a). To assess the initial

proportions of the cell types isolated in the culture, immu-

nofluorescence was performed 12 h after plating when the

majority of cells belonged to the neuronal lineage, i.e., bIII-

tubulin+ (65.4% ± 0.69%). In addition, we found popula-

tions of SOX2+ intermediate progenitors (17.72% ±

1.81%), GFAP+ astroglial cells (1.88% ± 0.4%), and

GFAP+/SOX2+ NSCs (13.30% ± 2.47%; Figure 1A). The re-

maining cells presumably belonged to oligodendroglial

progeny or were cells negative for any of these markers

(<2%). Importantly, the percentage of bIII-tubulin+ cells

was consistent with a neurogenic environment, such as

the P0 cerebellum, whereas the SOX2 labeling was consis-

tent with the presence of NSCs and intermediate progeni-

tors (Ming and Song, 2011; Zhao et al., 2008).

Single-cell tracking revealed that, under mitogen-free

conditions, cerebellar neural progenitors continued prolif-

erating, predominantly producing neurons by symmetric

neurogenic divisions (Figures 1B–1F). Neurogenic progeni-

tors underwent rounds of divisions before generating neu-

roblasts, as defined by the expression of bIII-tubulin and

by the formation of neurites (Figure 1F; Video S1). Neuro-

genic trees involved one to five rounds of symmetric prolif-

erative divisions, presumably reflecting the presence of

progenitors at different stages in their lineage progression.

Of a total of 816 clones tracked, there were significantly

more trees comprising one or two rounds of division
on Postnatal Day 0
e, identifying the neuronal cells by bIII-tubulin labeling, NSC in-
mal astrocytes by GFAP labeling.
ergone by the cells during live imaging experiments.
imaging experiments. bIII-tubulin refers to lines containing only
only NSCs, and SOX2 refers to the lines containing both SOX2 and
o the round of division.
e the relative proportions.
X, cell death). Phase contrast images depicting lineage progression
ay-h:min), the last image corresponds to ICC for SOX2 (red), GFAP
cells comprised within the lineage tree. Scale bar, 30 mm.
ron; G, GFAP/SOX2+ astroglia; X, cell death) described as in (F). The
*p < 0.05, **p < 0.01, ***p < 0.001, ANOVA with Tukey’s multiple



(63.78 ± 2.86 and 27.02 ± 2.74, respectively). Conversely,

the frequency of clones undergoing three to five rounds

of division diminished exponentially (Figures 1B, 1E,

and S1).

Symmetric neurogenic clones were characterized by a

relatively fast cell cycle in all rounds of division (20.70 ±

0.91 h), except for the initial round that was significantly

shorter (9.91 ± 2.25 h; Figure 1D). Remarkably, this culture

preparation allowed to directly visualize an asymmetric di-

vision, with a progenitor giving rise to daughter cells that

acquired distinct cell fates: one line that symmetrically pro-

duced neurons, whereas the other produced astroglial

GFAP+ cells that were not parenchymal astrocytes, but

rather NSCs, given their co-labeling for SOX2 (Figure 1G;

Video S2). As in other neurogenic niches (Costa et al.,

2011), the founder of the asymmetric clone exhibited

enhanced cell growth, with the rest of the neurogenic prog-

eny exhibiting a progressive reduction of cell size until neu-

roblasts were generated. Conversely, GFAP/+SOX2+ cells

displayed higher rates of cell growth, in accordance with

their status of self-renewing NSCs (Figure S2A). Finally,

post-imaging immunocytochemistry confirmed that the

majority of the clones contained exclusively bIII-tubulin+

neurons (89.59% ± 3.00%), with an additional 4.53% ±

2.03% containing GFAP+/SOX2+ cells and neurons or

just GFAP+/SOX2+ cells, and the remainder 5.87% ±

2.69% formed by SOX2+ cells and neurons or SOX2+

only cells (Figure 1C). Importantly, although Bergman

glia expresses GFAP and SOX2 (Mercurio et al., 2019), its

contribution to these percentages could be restricted to

symmetric GFAP/SOX2 or SOX2 only clones, being the

asymmetric clones reported consistent with the presence

of NSCs. By comparing imaging immunocytochemistry

(ICC) performed after 12 h and at the end of live imaging,

it was clear that the number of GFAP/SOX2 and SOX2

clones decreased significantly as the number of neurons

increased (Figure S2B). Hence, these progenitors would

appear to be activated and exit the cell cycle, progressing

toward a neuronal fate in culture.

The Neurogenic Potential of Isolated Cerebellar

Progenitors Declines over Time

The cerebellum undergoes molecular and morphological

changes after birth, a period in which resident neural pro-

genitors give rise to postnatal cell populations (Leto et al.,

2016). Thus, we wanted to assess whether the neurogenic

potential of P0-derived progenitors was maintained as the

cerebellum develops. When we analyzed P5 cerebellum

cell cultures, the majority of the cells were also of the

neuronal lineage (96.74% ± 1.83%), with only a small pro-

portion expressing either GFAP/SOX2 (2.25% ± 0.99%) or

just SOX2 (1.00% ± 1.00%; Figure 2A). Single-cell tracking

revealed that P5 neural progenitors maintain their neuro-
genic nature and their capacity to proliferate, although

their potential for expansion was severely reduced (Figures

2B–2F). Unlike P0 cultures, neural P5 progenitors under-

went a maximum of four rounds of symmetric division

before exiting the cell cycle. Of a total of 760 clones tracked,

the vast majority displayed a single round of division

(89.02% ± 3.11%), with significantly fewer clones undergo-

ing two, three, or four rounds of division (Figures 2B, 2E,

and S3). Despite their reduced proliferative capacities, a

similar cell-cycle length was maintained relative to the

clones isolated at P0 (23± 0.81h), the first roundof division

also exhibiting a shorter cell cycle (9.61±2.51h; Figure 2D).

Remarkably, every lineage analyzed in P5 cultures exclu-

sively underwent symmetric divisions, with no asymmetric

divisionsobserved (Figure2F;VideoS3).Accordingly, ICC re-

vealed that almost every line was composed exclusively of

bIII-tubulin+ cells at the end of the live imaging (96.75% ±

1.67%), with a small percentage of clones composed of

GFAP+/SOX2+ or SOX2+ only cells (Figure 2C). This was

consistent with the small population of GFAP+/SOX2+ cells

isolated at the beginning of the culture (12 h), which did not

change significantly during the live imaging experiment,

suggestingamorequiescentbehavior (FigureS2C).However,

by the endof the experiment therewereno significant differ-

ences between P0 and P5 cultures regarding the three popu-

lations studied (Figures S4A–S4D).Conversely,we found that

lineages of the P0 clones were more complex, undergoing

more rounds of division as they progressed along their line-

age (Figures S4E and S4F; Video S4).

Isolated Cerebellar NSCs/Progenitors Give Rise to all

the Cell Populations Generated during Postnatal

Cerebellar Development

Once confirmed that the neurogenic potential of the P0

cultures was preserved in the absence of mitogens, we

assess whether the distinct cerebellar postnatal cell popula-

tions were generated. Glutamatergic neurons expressing

the vesicular glutamate transporter 1 (VGlut1) was the

main population observed, reaching an 89.3% ± 0.92% of

all the neurogenic lineages traced (410 trees), strongly

resembling the actual numbers in the cerebellum (White

and Sillitoe, 2013). Glutamatergic neurons were mainly

produced in symmetric neuronal lines that underwent a

maximum of four to five rounds of division before gener-

ating VGlut1+ neurons (Figures 3A, 3D, and 3E; Video

S5). We also observed asymmetric divisions within this

lineage, detecting progenitors that gave rise to both

VGlut1+ neurons and astroglial GFAP+ cells (Figure 3B).

Conversely, the production of GABAergic interneurons,

identified by the expression of the vesicular GABA trans-

porter (VGAT), was much less frequent, assuming 5.6% ±

0.73% of the total neurogenic lineages. GABAergic neurons

were produced exclusively in symmetric neurogenic
Stem Cell Reports j Vol. 15 j 1080–1094 j November 10, 2020 1083
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Figure 2. Cell Dynamics of Cerebellar Neural Progenitors Isolated on Postnatal Day 5
(A) Quantification of the proportions of the cell populations isolated after 12 h in culture. Neuronal cells were identified by bIII-tubulin
labeling, NSC intermediate progenitors by GFAP/SOX2 or SOX2 labeling.
(B) Relative proportions of the rounds of cell division undergone by cells monitored by live imaging.
(C) Relative contribution of cell lineages at the end of live imaging experiments. The bIII-tubulin lines contain only neurons, the GFAP/
SOX2 lines only NSCs, and the SOX2 lines only SOX2-labeled cells as asymmetric cell divisions were not observed at P5.
(D) Average cell-cycle length for each round of division.
(E) Example of neurogenic lines traced during the experiment with their relative contribution.
(F) Symmetric lineage tree generating neuronal progeny (N, neuron). Phase contrast images showing lineage progression obtained by
time-lapse video microscopy at different time points (day-h:min). The last image corresponds to post-imaging ICC for SOX2 (red), GFAP
(white), and bIII-tubulin (green). Arrowheads point to the different cells comprised within the lineage tree. Scale bar, 30 mm. The values
represent the mean ± SEM (n = 5 independent experiments); *p < 0.05, **p < 0.01, ***p < 0.001, ANOVA with Tukey’s multiple comparison
test.
lineages, undergoing a maximum of only two or three

rounds of division. No asymmetric division was observed

within this lineage (Figures 3C–3E; Video S5).
1084 Stem Cell Reports j Vol. 15 j 1080–1094 j November 10, 2020
To further confirm the existence of these cell populations

on the culture, whole-cell patch-clamp recordings were

performed in 7-day-old P0 cell cultures. All recordings
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Figure 3. P0 Cell Preparation Generates
both Glutamatergic and GABAergic Neu-
rons
(A) Symmetric lineage generating gluta-
matergic neuronal progeny (N, neuron; X,
cell death).
(B) Asymmetric lineage generating both
glutamatergic neuronal and astroglial
progeny (N, neuron; G, GFAP astroglia).
(C) Symmetric lineage generating GABAergic
neuronal progeny (N, neuron). All the line-
age trees are described as follows: phase
contrast images obtained by time-lapse
video microscopy at different time points
(day-h:min), the last image corresponds to
ICC for VGlut1 (green), GFAP (white), or VGAT
(red).
(D) Relative proportions of glutamatergic
(VGlut1) and GABAergic (VGAT) neurons
obtained after live imaging experiments.
(E)Maximumnumber of rounds of amplifying
divisions of either the glutamatergic or
GABAergic lineages. The values represent the
mean ± SEM (n = 8 independent experi-
ments); *p < 0.05, ****p < 0.0001, t test.
Scale bar, 30 mm.
were conducted in cells selected by morphological

criteria (small ovoid soma and bipolar processes [glutama-

tergic] or polygonal soma and multipolar cytoplasmic

processes [GABAergic]) (Figures 4A–4C). Voltage-gated
(100 ms; +10 mV) inwardly directed fast inactivating cur-

rents were registered in both bipolar (351.7 ± 63.9 pA; n =

19) and multipolar (717.3 ± 230.0 pA; n = 10) cells. Inward

currents were followed by sustained outward currents
Stem Cell Reports j Vol. 15 j 1080–1094 j November 10, 2020 1085
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Figure 4. Electrophysiological Characterization of 7-Day-Old P0 Cerebellar Cultures
(A) Left panel: bright-field image of a bipolar cell. A patch-clamp recording pipette placed onto the cell soma is shown. The two other glass
pipettes are used for drug (GABA and glutamate) application. Scale bar, 20 mm. Middle panel: voltage- and current-clamp recordings from
the imaged cell. Traces to the left represent inward and outward currents activated by a 100-ms voltage pulse to +10 mV from a Vh of
�80 mV; traces to the right represent action potential-like voltage changes evoked by a 75-pA current injection from a Vcomm of �60 mV.
Recordings are representative of those obtained in five cells from two cultures. Right panel: traces to the left depict current responses to
GABA (100 mM) and glutamate (1 mM). Traces to the right represent current (above) and voltage (below) responses to serotonin (5-HT,
100 mM) application in the same cell. Black lines above current traces show time of drug application. Results are representative of those
obtained in 15, 9, and 10 cells for glutamate, GABA, and 5-HT, respectively.
(B) Upper panel: bright-field image of a multipolar cell. Other elements are like those shown in (A). Scale bar 20 mm. Lower panel: current
responses to GABA, glutamat, and 5-HT in the imaged cell. The horizontal bar shows the application of the drugs at the indicated con-
centration. Notice that 5-HT was not able to activate any current. Results are representative of those obtained in 11 and 8 cells for
glutamate and GABA, respectively.
(C) Left panel: bright-field image of a bipolar and a multipolar cell. The location of a patch pipette and of two (5-HT and MK-801) drug
application pipettes is indicated. Scale bar, 20 mm. Right panel: application of 5-HT (100 mM; see arrows) onto the bipolar unclamped cell
evoked synaptic-like currents in the neighboring patch-clamped multipolar cell. Current activity was sensitive to superfusion of MK-801
(1 mM), an NMDA antagonist (n = 4).
(59.9 ± 7.4 and 51.72 ± 6.1 pC for bipolar [n = 23] and

multipolar [n = 15] cells, respectively), hence allowing cells

to fire small amplitude action potentials in response to de-

polarizing current injections from amembrane potential of

�60mV (n = 5) (Figure 4A). All cells responded to the appli-
1086 Stem Cell Reports j Vol. 15 j 1080–1094 j November 10, 2020
cation of glutamate (1 mM) and GABA (100 mM), albeit

mean amplitudes and relative current sizes differed de-

pending on the cellular morphology (Figures 4A and 4B).

Currents elicited by glutamate and GABA in bipolar neu-

rons showed amplitudes of 178.1 ± 52.2 pA (n = 15) and



922.2 ± 210.3 pA (n = 9), respectively. In turn, multipolar

neurons displayed currents of 218.6 ± 65.2 pA (n = 11)

and 391.9 ± 79.6 pA (n = 8) in response to glutamate and

GABA, respectively.

Since functional 5-HT3 ionotropic receptors are ex-

pressed only in glutamatergic cerebellar neurons in the

early postnatal life (Oostland et al., 2011), we set out to

apply serotonin (5-HT, 100 mM) to the cultured neurons.

Interestingly, none of the multipolar neurons tested (n =

7) showed 5-HT-induced currents, but 83% of the bipolar

neurons showed small 5-HT-induced inward currents

(16.8 ± 3.3 pA; n = 10) capable of generating an action po-

tential-like voltage change in current-clamp recordings

(Figures 4A and 4B). Furthermore, local application of

5-HT to an unclamped bipolar in the neighboring of

patch-clamped multipolar cell where it was evoked current

activity appeared as a series of brief and small amplitude

currents, much like as if they were synaptically generated.

The amplitude of these currents was strongly reduced by

MK-801 (1 mM), an NMDA receptor antagonist, suggesting

that they are mediated by glutamate probably released

from the cell stimulated with 5-HT (n = 4; Figure 4C).

The generation of astroglial GFAP+ cells was also detected

(Figure S5A). Noteworthy, symmetric astroglial clones were

mostly negative for SOX2, suggesting the presence of two

different GFAP-expressing populations: GFAP+/SOX2�
parenchymal astrocytes, and the previously described

GFAP+/SOX2+ cerebellar NSCs. Finally, we also observed

the generation of oligodendrocyte-like cells through sym-

metric terminal divisions (Figure S5B).

VNUT Is Expressed Strongly in the PC and It Co-

localizes with Cerebellar NSCs

Isolation from extrinsic molecular cues in the developing

cerebellum constitutes an ideal scenario to assay how

each of these individual factors might modify the behavior

of the NSCs. Indeed, activity-dependent control of NSC

quiescence exerted by niche neurotransmitters represents

a promising means to modulate neurogenesis (Berg et al.,

2013). Our experience in the field of purinergic neurotrans-

mission lead us to investigate the role of the VNUT. West-

ern blot and immunohistochemistry revealed that

maximal expression of VNUT in the PC occurred on day

P0. Thereafter, its expression decreased until P15, when

most cerebellar neurogenesis had already happened (Leto

et al., 2016), remaining stable until adulthood (Figures

5A, 5B, and S5C). As expected (Menendez-Mendez et al.,

2017; Shin et al., 2012), VNUTco-localized with exocytotic

vesicular (SYNAPTOPHYSIN and SYNAPTOBREVIN) and

lysosomal (LAMP-1) markers (Figure 5C). Remarkably,

western blot analysis showed that VNUTexpression peaked

earlier than other vesicular neurotransmitter transporters,

such as VGlut1 (Figures S5C and S5D), suggesting that pu-
rinergic signaling plays an important role in the initial

steps of postnatal cerebellar development. This was sup-

ported by NESTIN immnostaining, an NSC marker (Krieg-

stein and Alvarez-Buylla, 2009), co-localizing with VNUT

during this period (Figures 5D, S5C, and S5F).

To confirm the presence of VNUT in cerebellar NSCs, we

evaluated its co-expression with another NSC marker,

SOX2 (Suh et al., 2009). Significantly, VNUT was present

in SOX2+ cells at all stages (P0 to adult) and in the three

neurogenic niches (Figures 6A and S6). Furthermore, we de-

tected similar numbers of NESTIN+/VNUT+/SOX2+ NSCs

and of GFAP+/SOX2+ cells isolated at P0 in culture prepara-

tions (Fig S6A).

Nevertheless, it is important to state that VNUT expres-

sion was not specifically restricted to NSCs as its labeling

was widely distributed on PC (Figure 6A). In fact, we

confirmed in cell cultures that VNUT expression goes

beyond NSCs as it was also detected in additional neural

populations, including neurons, astrocytes and oligoden-

drocytes (Figure 6B).

Inhibition of VNUT Promotes NSCs to Re-enter the

Cell Cycle and Progress towardNeurogenesis at P0, but

Not at P5

The expression of VNUT within the NSC population and

the correlation of its expression levels with the peak of

postnatal neurogenesis begs the question as to whether

VNUT activity modulates the behavior of NSCs. Thus, P0

cell cultures were followed by live imaging in the absence

or presence of clodronate (100 nM), a selective VNUT in-

hibitor (Moriyama and Nomura, 2018). Single-cell tracking

revealed that clodronate significantly increased the num-

ber of neurogenic clones (Figures 7A and 7E–7G; Video

S6) and, notably, this effect was not due to increased global

cell viability or to enhanced cell survival (Figures 7H and

7I). Likewise, clodronate did not affect the proliferation

of neural progenitors (Figures 7B and 7E–7G), the cell-cycle

lengthwithin the lineages, or themigratory behavior of the

cells in the culture (Figures 7J–7L). Conversely, exposure to

clodronate significantly decreased the number of GFAP+/

SOX2+ cells in the lineages (Figure 7C). Hence, VNUT inhi-

bition appears to drive cerebellar NSCs to exit quiescence

and re-enter the cell cycle, progressing toward neurogene-

sis. Moreover, we never found asymmetric divisions in

the presence of clodronate, further suggesting that VNUT

inhibition instructs neurogenic cell-cycle exit, thereby di-

minishing self-renewal capacities of NSCs. The promotion

of cell-cycle exit of NSCs toward a neurogenic fate was

further supported by the increase in mRNA levels of genes

associated with neuronal differentiation. So, clodronate

significantly increased the expression of Atoh1, involved

in the differentiation and commitment of GPCs. In addi-

tion, the levels of Neurod1, a downstream target of Atoh1,
Stem Cell Reports j Vol. 15 j 1080–1094 j November 10, 2020 1087
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Figure 5. VNUT Expression during Postnatal Cerebellar Development and Co-localization with Vesicular/Lysosomal Markers and
NESTIN
(A) VNUT protein expression during cerebellar development normalized to the constitutive GAPDH expression.
(B) Immunofluorescence showing the expression of VNUT at different stages of cerebellar development. VNUT is expressed in all the
neurogenic areas in the developing cerebellum but seems to be especially prominent in the EGL and PCL. Scale bar, 50 mm.
(C) Co-localization of VNUT (red) with SYNAPTOPHYSIN and SYNAPTOBREVIN or LAMP-1 (green) in P0 cerebellum. Scale bar, 50 mm.
(D) Immunofluorescence of the initial stages (P0, P3, and P7) of PC development showing a high degree of co-localization between VNUT
(red) and the stem cell marker, NESTIN (green). Scale bar, 100 mm. The right-hand panels show higher magnifications focusing on the EGL
and PCL. Scale bar, 15 mm. Arrowheads highlight the co-localization between VNUT and NESTIN+ cells. Values represent the mean ± SEM
(n = 5 independent experiments); *p < 0.05, ANOVA with Tukey’s multiple comparison test.
and of Cntn2, expressed by post-mitotic GPCs, also ex-

hibited an increasing tendency. Finally, the expression of

Ptfa1, involved in the specification of GABAergic pheno-

types, as well as its downstream target Neurog1 (revised in

Leto et al., 2016), were increased after VNUT inhibition

(Figure 7D).

As described previously, the P5 cell preparations had a

weaker neurogenic potential, mainly due to fewer GFAP/

SOX2 NSCs in the culture. Moreover, as VNUT expression

decreases after P0, we reasoned that the regulation of

VNUT at P5 may have a weaker impact on these cultures.

In P5 cell cultures we did not find significant differences
1088 Stem Cell Reports j Vol. 15 j 1080–1094 j November 10, 2020
in the number of clones, in the number of GFAP+/SOX2+

NSCs or in any other aspect previously analyzed at P0, irre-

spective of the presence or absence of clodronate (Figures

S7A–S7K; Video S7). Therefore, the effect of VNUT on neu-

rogenesis seems to be restricted to a limited time window

when NSCs are isolated from the cerebellar niche.
DISCUSSION

Here, we describe an adapted cell culture that allows the

behavior of neural progenitors from the PC to be examined



A

B

Figure 6. VNUT Expressed by SOX2+ Cells in the Developing and Adult Cerebellum
(A) Immunofluorescence images of the co-localization of VNUT (red) with SOX2 (green) in cells of the developing (P0 and P7) and adult
cerebellum. Scale bar, 50 mm. The panels on the right are higher magnification images of the SOX2+/VNUT+ cells, indicated by arrowheads.
Scale bar, 15 mm.

(legend continued on next page)
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in isolation from their niche. To our knowledge, this is the

only preparation that allows single cells of all cell popula-

tions from the three neurogenic niches in the PC to be

tracked together. Accordingly, we were able to monitor lin-

eages generating glutamatergic neurons, the main popula-

tion produced from the EGL (Alvarez Otero et al., 1993;

Hallonet et al., 1990), as well as GABAergic interneurons,

parenchymal astrocytes and oligodendrocytes, cell popula-

tions produced in the PWM (Leto et al., 2012; Parmigiani

et al., 2015). In addition, astroglial progenitors have also

been characterized by live imaging, a population known

to be generated in the PCL (Buffo and Rossi, 2013). Signif-

icantly, we found that the neural progenitors in these cul-

tures maintain their neurogenic potential, giving rise pre-

dominantly to neurons. Moreover, we were able to

characterize their defining hallmarks in vitro.

Importantly, when isolated from their niche, progenitors

generate glutamatergic/GABAergic neurons in a proportion

thatmatches what happens in vivo, with 90%of all neurons

produced belonging to the glutamatergic lineage (White

and Sillitoe, 2013). In this regard, cells exhibiting

neuronal-like morphology also showed functional proper-

ties characteristic of neurons. Moreover, two distinct cell

morphologies were associated with distinct ICC labeling

and to different patterns of ionic current responses to exog-

enous application of glutamate and GABA.

These facts are consistent with a considerable part of the

lineage progression of cerebellar NSCs and progenitors be-

ing reproducible in the absence of their niche, as previously

demonstrated for other neurogenic niches like the devel-

oping cerebral cortex (Temple, 1989) or the adult SEZ

(Costa et al., 2011; Ortega et al., 2011).

Many studies have been set out to elucidate how cere-

bellar NSCs and progenitors achieve their lineage progres-

sion postnatally. However, the vast majority of these

studies have focused only on individual neurogenic niches

(EGL, PCL, PWM) and with the continued presence of

extrinsic signals, such as SHH, BMP, or FGF, known to deter-

mine progenitor behavior (Leto et al., 2016; Nakashima

et al., 2015; Okano-Uchida et al., 2004; Parmigiani et al.,

2015; Yang et al., 2015). We believe that the data presented

heremay help shape the global concept of the cell-intrinsic

program that leads to the generation of cerebellar popula-

tions. Indeed, we found that glutamatergic neurons are

generated mainly by symmetric neurogenic divisions,

with precursor cells undergoing a maximum of five rounds

of amplifying divisions. This behavior is consistent with

previous observations in vitro (Nakashima et al., 2015). In

our cultures we were also able to describe the dynamics of
(B). Immunofluorescence analysis of the VNUT expression in cell cultu
cell culture. VNUT co-localizes with neurons (bIII-tubulin+), astrocy
oligodendrocytes (O4+). Scale bar, 50 mm.
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interneuron progenitors. So, in the absence of the niche,

neuronal progenitors can generate GABAergic interneu-

rons by symmetric divisions, undergoing a maximum of

two to three rounds of divisions. In addition, wemonitored

the production of parenchymal astrocytes, and that of

oligodendrocyte-like cells, both populations being pro-

duced symmetrically after one or two rounds of division.

Importantly, these three types of neural cells are those pre-

viously shown to be generated in the postnatal PWM (Leto

et al., 2012).

The most interesting cell population that we have de-

tected, is the one formed by GFAP+/SOX2+ NSCs. We

believe that this cell population is capable of producing

asymmetric lineages, with one branch of the tree giving

rise to neurons while the other undergoes self-renewal to

generate new GFAP/SOX2 cells. Moreover, this NSC popu-

lation is present in the three neurogenic niches in vivo,

especially around the PCL, already at P0, and it persists in

adulthood. This population probably correlates with the

previously described NSC population (Alcock et al., 2007;

Alcock and Sottile, 2009), and it may explain the reports

of astroglial cells that generate cerebellar granule neurons

(Silbereis et al., 2010) and of GPCs that produce astroglial

cells (Okano-Uchida et al., 2004). Indeed, we observed

asymmetric divisions producing both glutamatergic neu-

rons and GFAP+ cells. Likewise, GFAP/SOX2 population

most likely represents the NSCs isolated as neurospheres

from the whole cerebellum (Klein et al., 2005; Lee et al.,

2005). Of note, although GFAP/SOX2 expression has also

been reported in Bergmann glia (Mercurio et al., 2019),

the capability to develop asymmetric lineage trees gener-

ating both neurons and new GFAP/SOX2 cells confirms

the NSC nature of these cells.

The asymmetric behavior of this population of NSCs and

its presence in the PWMmay also be related to the bipotent

progenitors described previously in this area (Fleming et al.,

2013; Parmigiani et al., 2015). However, we did not observe

asymmetric divisions that produced both GABAergic neu-

rons and GFAP cells, although this could be due to the scar-

city of the GFAP/SOX2 cells present in the PWMand/or the

absence of a required extrinsic signal from the niche.

There are several lines of evidence to support the notion

that this cell population represents bona fide cerebellar

NSCs. First, they exhibit a radial morphology, and they

express both astroglial (GFAP) and stem cell markers

(SOX2 and NESTIN) (Kriegstein and Alvarez-Buylla,

2009). Second, they undergo asymmetric divisions that

imply self-renewal, a stereotypic behavior of NSCs (Krieg-

stein and Alvarez-Buylla, 2009; Temple, 1989). Finally,
re. The upper left panel represents a general view of the cerebellar
tes (GFAP+), NSCs (NESTIN+, GFAP+/SOX2+, NESTIN+/SOX2+), and
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Figure 7. Effect of VNUT Inhibition on the Cerebellar NSC Population
(A) Number of clones giving rise to symmetric neurogenic trees in the absence (Control) or the presence of clodronate (100 nM). Values
represent the mean ± SEM (n = 5 independent experiments); *p < 0.05, unpaired t test.
(B) Percentage of neurogenic lineages undergoing one to five rounds of amplifying divisions in the presence or absence of clodronate.
(C) Proportion of cell types in the lineages when the preparations were maintained in the presence or absence of clodronate. Values
represent the mean ± SEM (n = 5 independent experiments); *p < 0.05, ANOVA with Tukey’s multiple comparison test.
(D) Histograms depicting the level of expression of genes associated with the specification of the glutamatergic lineage (Atoh1, Neurod1,
and Cntn2) and GABAergic lineage (Ptfa1 and Neurog1) after 20 h in the presence or absence of clodronate. Values represent the mean ±
SEM (n = 3 independent experiments); *p < 0.05, ***p < 0.001, ANOVA with Tukey’s multiple comparison test.
(E) Cells undergoing neurogenic progression in the presence or absence of clodronate from a representative field of a live imaging
experiment. Phase contrast images of time-lapse video microscopy showing the lineages obtained at different time points (day-h:min).
Arrowheads indicate cells within the clone. Scale bar, 30 mm.
(F) The lineage trees traced in Control conditions in (E).
(G) The lineage trees traced in the presence of clodronate in (E).
(H) Cells surviving at the end of the experiment.
(I) Cells surviving within the lineage trees.
(J) Overall cell-cycle length of tracked cells.
(K) Cell-cycle length as a function of the round.
(L) Migratory behavior of the cells (H–L) for all conditions in the presence or absence of clodronate, respectively.
Values represent the mean ± SEM (n = 5 independent experiments), t test for (H, I, J, and L) and ANOVA followed by Tukeys post-test
for (K).
when undergoing asymmetric divisions, NSCs exhibit

greater cell growth before the first cell division, with the

neurogenic branch becomes progressively smaller whereas
the cells in the line that promotes self-renewal remaining

larger. This behavior is a characteristic of NSCs in the adult

murine SEZ and also in Drosophila (Costa et al., 2011;
Stem Cell Reports j Vol. 15 j 1080–1094 j November 10, 2020 1091



Neumuller et al., 2008; Ortega and Costa, 2016; Ortega

et al., 2013b). Interestingly, the GFAP+/SOX2+ NSCs were

notably smaller when the cells were prepared from the

older cerebellum (P5). Moreover, this population remained

stable throughout the live imaging, which given the

absence of asymmetric divisions would suggest the acquisi-

tion of a quiescent behavior. Indeed, this population per-

sists in vivo throughout murine life and it has been shown

to induce neurogenesis in the adult cerebellar cortex (Ahl-

feld et al., 2017). Altogether, these evidences suggest that at

least part of the cerebellar NSC population may become

quiescent, re-entering the cell cyclewhen required in adult-

hood, mimicking stem cells in the embryonic SVZ (Fuen-

tealba et al., 2015; Furutachi et al., 2015).

In sum, we believe that the cell preparation we have used

represents a useful tool to monitor how different extrinsic

factors present in the distinct cerebellar neurogenic niches

modulate the behavior of NSCs/progenitor cells. We tested

this belief with regard to a key element of purinergic neuro-

transmission, namely VNUT (Miras-Portugal et al., 2019;

Sawada et al., 2008). VNUT reached maximal expression

within the developing cerebellum earlier that other vesicu-

lar neurotransmitter transporters (VGlut1), while co-local-

izing with the NSC population. This potentially allows

the purinergic systems to fulfill a relevant role in the initial

stages of cerebellar development and, in this respect, it is

noteworthy that inhibiting VNUT affected the behavior

of NSCs. VNUT inhibition decreased the size of the

GFAP+/SOX2+ population, increasing the number of

symmetric neurogenic lineage trees without promoting

additional self-renewal. Moreover, the inhibition of

VNUT resulted in an upregulation of genes involved in

the differentiation of both cerebellar glutamatergic and

GABAergic lineages (Leto et al., 2016). VNUT may thus in-

fluence the balance between quiescence/cell-cycle exit, as

well as self-renewal of cerebellar NSCs. However, themech-

anisms by which VNUT modulates this behavior remains

yet unknown. A potential explanation may derive from

the observed expression of VNUT in both exocytotic vesi-

cles and lysosomes at PC (P0). We previously showed that

VNUT actively participates in ATP storage and release

from cerebellar granule neurons (Menendez-Mendez

et al., 2017) and it has been described that purinergic trans-

mitters modulate NSC lineage progression and quiescence

(Song et al., 2012; Weissman et al., 2004). Likewise, lyso-

somal activity has been shown tomodulate the balance be-

tween NSCs quiescence and activation during aging (Lee-

man et al., 2018). Thus, VNUT may act via modulation of

purinergic neurotransmission and/or of lysosomal activity.

Further research will certainly be needed to clarify this

issue.

In summary, live imaging of isolated cells from PC pro-

vides a global model to study the molecular and cellular
1092 Stem Cell Reports j Vol. 15 j 1080–1094 j November 10, 2020
mechanisms governing generation of the different cere-

bellar cell populations in vitro. In fact, this model system al-

lowed us to test how VNUT modulates these events.
EXPERIMENTAL PROCEDURES

Ethics Statement
All animal procedures were carried out at the UCM in accordance

with European and Spanish regulations (2010/63/EU; RD1201/

2005; RD 53/2013), and following the guidelines of the Interna-

tional Council for the Laboratory Animal Science. The experi-

mental protocols were approved by both the Committee for Ani-

mal Experimentation of UCM and the Regional Government of

Madrid.

Cell Culture
Primary cultures of cerebellar neural progenitors were established

using a modified version of the procedure described earlier (Pons

et al., 2001; Costa et al., 2011; Ortega et al., 2011, 2013a). See Sup-

plemental Information for details.

Time-Lapse Videomicroscopy and Single-Cell

Tracking
Time-lapse videomicroscopy followed by single-cell tracking

of isolated cerebellar neural progenitors was performed as

described (Gomez-Villafuertes et al., 2017; Paniagua-Herranz

et al., 2019). For technical details please see the Supplemental

Information.

Western Blotting
Cerebellar tissue from different developmental stages (P0, P3, P7,

P15, and adult) was processed as indicated in the Supplemental

Information.

Immunocytochemistry and Immunohistochemistry
Cultured cells were fixed for 10 min in 4% paraformaldehyde and

then washed three times with PBS. For ICC of the cerebellum, the

brains were extracted and processed as described (Menendez-Men-

dez et al., 2017) For extended details see Supplemental

Information.

Patch-Clamp Recordings
Patch-clamp recordings were performed in the whole-cell configu-

ration of the patch-clamp technique with an EPC10 amplifier us-

ing PatchMaster software (HEKA Electronic, Lambrecht, Ger-

many). Patch pipettes were pulled from borosilicate glass to have

final resistances of 5.5–8.5 MU when filled with internal solu-

tionmM: 145 mM KCl, 2 mM MgCl2, 0.3 mM EGTA, 0.3 mM

GTP.Li3, 2 mM ATP.Na2, 10 mM HEPES (pH 7.2; z280 mOsm).

Cells were maintained in a solution containing: 145 mM NaCl,

2.8 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, and

10 mM glucose (pH 7.4; z300 mOsm) that was constantly super-

fused at a rate of approximately 2 mL/min in the stage of a

BX51W1Olympusmicroscope. See the Supplemental Information

for additional details.



RT-PCR and Quantitative Real-Time PCR
Total RNA was extracted, retrotranscribed, and amplified as

described (Menendez-Mendez et al., 2015, 2017). See the Supple-

mental Information for additional details.
Statistical Analysis
The data are presented as the mean ± standard error of the mean

(SEM) and each independent experiment shown was reproduced

three to eight times. The statistical analyses were performed using

GraphPad Prism 8 (GraphPad software), and an unpaired Student’s

t test or ANOVA followed by Dunnet’s or Tukey’s multiple compar-

isons tests were used to analyze the results. A p value % 0.05 was

considered statistically significant.
SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/

10.1016/j.stemcr.2020.09.007.
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