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Cerebellar GABAergic interneurons and glia originate from progenitors that delaminate from the ventricular
neuroepithelium and proliferate in the prospective white matter. Even though this population of progenitor
cells is multipotent as a whole, clonal analysis indicates that different lineages are already separated during
postnatal development and little is known about the mechanisms that regulate the specification and
differentiation of these cerebellar types at earlier stages. Here, we investigate the role of Ascll in the
development of inhibitory interneurons and glial cells in the cerebellum. This gene is expressed by maturing
oligodendrocytes and GABAergic interneurons and is required for the production of appropriate quantities of
these cells, which are severely reduced in Ascl1~/ ~ mouse cerebella. Nevertheless, the two lineages are not
Oligodendrocyte related and the majority of oligodendrocytes populating the developing cerebellum actually derive from
Astrocyte extracerebellar sources. Targeted electroporation of Ascl1-expression vectors to ventricular neuroepithelium
Ascll progenitors enhances the production of interneurons and completely suppresses astrocytic differentiation,
Differentiation whereas loss of Ascl1 function has opposite effects on both cell types. Our results indicate that Ascl1 directs
Specification ventricular neuroepithelium progenitors towards inhibitory interneuron fate and restricts their ability to
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differentiate along the astroglial lineage.

© 2009 Elsevier Inc. All rights reserved.

Introduction

In several CNS regions, proper development of glial and inhibitory
interneuron lineages depends upon the action of the bHLH transcrip-
tion factor Ascl1 (also called Mash1). Loss of Ascl1 function provokes a
drastic reduction of GABAergic interneurons and oligodendrocytes
(Battiste et al., 2007; Casarosa et al., 1999; Fode et al., 2000; Miyoshi et
al., 2004; Mizuguchi et al., 2006; Parras et al., 2007; Wildner et al.,
2006), and an excessive production of astrocytes (Nieto and
Guillemot, 2001), but the underlying mechanism of action in not
well understood. Ascll can regulate proliferation and cell cycle exit
(Casarosa et al., 1999; Lo et al., 1997), but can also bias the phenotypic
choices of progenitor cells (Fode et al., 2000; Lo et al., 2002; Parras et
al., 2002; Sugimori et al., 2007). At a later stage, in the telencephalic
subventricular zone it is supposed to shift the fate of multipotent
progenitors from interneuron to oligodendroglial identities in a cell
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non-autonomous way, through repression of the DIx1/2 genes
mediated by notch signalling (Petryniak et al., 2007), whereas in the
dorsal telencephalon it can promote neurogenesis at the expenses of
astrocyte generation (Nieto and Guillemot, 2001).

Here, we investigate the role of Ascll in the differentiation of
GABAergic interneurons and glia of the cerebellum. These lineages
originate from progenitors that proliferate in the prospective white
matter (WM, Milosevic and Goldman, 2004; Zhang and Goldman,
1996a). Although these cells have wide developmental potentialities
(Carletti et al., 2002, 2008; Jankovski et al., 1996; Leto et al., 2006;
Zhang and Goldman, 19964, 1996b), clonal analysis in vitro suggests
that the majority of them are restricted to neuronal or glial
phenotypes (Milosevic and Goldman, 2002, 2004). On the other
hand, a multipotent stem cell that could give rise to different
cerebellar types other than glutamatergic neurons has been isolated
from Math1-negative progenitors in the postnatal cerebellar par-
enchyma (Lee et al., 2005). While distinct lineages appear to be
present in the WM, little is known about earlier phases of develop-
ment in the ventricular zone (VZ), the presumptive site of origin of
these precursors (Hoshino et al, 2005). In particular, it remains
uncertain whether they derive from distinct progenitor pools or
germinal sites and what the role of proneural genes is in the
specification of these cerebellar phenotypes.
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We show here that Ascll ablation causes a severe reduction of
inhibitory interneurons and oligodendrocytes and increases the
generation of astrocytes. Fate mapping of cerebellar VZ progenitors
reveals that while astrocytes and GABAergic interneurons originate
from this germinal layer, the majority of oligodendrocytes derive from
extracerebellar territories. Ascll overexpression in the VZ promotes
the differentiation of progenitors to interneuron fate and suppresses
the astrocytic one. Together, these data demonstrate that in the
cerebellum Ascl1 is not implicated in the switch between oligoden-
drocytes and interneurons, but in the fate choice along the
interneuron and astrocytic lineages.

Materials and methods
Animals and surgical procedures

The care and use of experimental animals followed the French and
Italian laws on the care and use of experimental animals, in
accordance with the ECC directive (86/609/EEC). Ascll ™/~ mutant
mice were described previously (Fode et al., 2000). The Pax2¢™"
transgenic mouse line was a gift from M. Busslinger (Vienna Biocentre,
Vienna, Austria; Pfeffer et al., 2002). Ascll ™/~ animals were
genotyped by PCR as described (Parras et al., 2002). Ascl1::GFP from
Gensat (Gong et al., 2003), Bactin-GFP transgenic mice (GFPU line,
Hadjantonakis et al., 1998) and Pax2°" transgenic animals were typed
by UV illumination. Midday of vaginal plug detection was considered
as embryonic day 0.5 (E0.5). Surgical procedures were performed
under deep general anaesthesia obtained by intraperitoneal injection
of a mixture of ketamine (100 mg/kg; Ketavet; Bayer) and xylazine
(5 mg/kg; Rompun; Bayer) or by ice-chilling for new-born postnatal
(P) mice. Pregnant mice were killed with CO, before embryo
extraction.

The grafts of embryonic cerebella to postnatal recipient mice
were performed as described in Cohen-Tannoudji et al. (1994). Since
Ascl1™/~ mice are not viable after birth, to study their mature
cerebellar phenotype, cerebellar primordia from E15.5 Ascl1 ~/~ and
wild type animals (N=14 for each group) of the same litter were
dissected in phosphate-buffered saline (PBS, with 0.6% glucose and
0.2% penicillin-streptomycin) and grafted to the telencephalon of P2
Swiss mice, which were allowed to survive for 1 month after surgery.
To assess the origin of cerebellar oligodendrocytes and interneurons,
different rostro-caudal fragments were isolated from E12.5 cerebella
of GFPU mice (Fig. 6A) and grafted to the telencephalon of P2 Swiss
mice (Fig. 6B). Recipient animals were allowed to survive for 12 days
(origin of oligodendrocytes, N of grafts=>5 per group) or 1 month
(origin of interneurons, N of grafts =7 per group). To determine the
proportion of extracerebellar oligodendrocytes in cerebellar grafts,
E12.5 primordia from wild type mice were implanted to the
cerebellum of P2 Bactin-GFP mice (5 animals per group). To study
proliferation, embryos were fixed 2 h after intraperitoneal injection
of BrdU (50 mg/kg in saline) to pregnant mice.

Ex-utero electroporation

biCS2 Ascl1/EGFP (gift from L. Turner, University of Michigan, Ann
Arbor, MI) pEGFP-N1 (Clontech, Mountain view, CA, USA) expression
vectors were electroporated into E14.5 CD-1 embryos ex-utero. The
pregnant mouse was killed with CO, and the embryos were collected
in PBS (with glucose and penicillin-streptomycin as above). The
vectors were diluted at 1 pg/ul in PBS with 2.5 mg/ml fast green
(Sigma, St Louis, MO, USA). To express Ascl1-GFP and pEGFP-N1 in
ventricular progenitors, the plasmids were injected in the lumen of
the diencephalic ventricle (Fig. 5C), so to prevent accidental puncture
of the cerebellar tissue. As a control, the pEGFP-N1 was injected in the
cerebellar parenchyma (Fig. 5M). Electroporation was performed with
a BTX electroporator (Holliston, MA, USA) with the following

parameters: 5 pulses, intensity =70 V, pulse length=50 ms, inter-
pulse interval =450 ms. At the end of the procedure, the brainstem
and cerebellum were dissected and cultured for 6 days in vitro as
described in Carletti et al. (2002). To evaluate the proliferation of
electroporated cells, slices were kept in vitro for 24 h, exposed to BrdU
for 30 min (3 mg/ml in the culture medium at 37 °C) and finally fixed
2 h later.

Immunohistochemistry and in situ hybridization

For immunohistochemical staining, embryos up to E16.5 were
immersion-fixed in 4% paraformaldehyde (PFA) in 0.12 M phosphate
buffer pH 7.2 (PB) for 2 h at 4 °C, and rinsed in PBS for 2 h. Embryos
older than E16.5 and postnatal mice were perfused transcardially with
the same fixative and postfixed overnight at 4 °C. The brains were
cryoprotected with 30% sucrose in PBS until they sank and embedded
in 0.C.T. compound. The brains were cut in several series using a Leica
cryostat (Wetzlar, Germany). Up to P7, 20 um thick sections of the
cerebellum were collected on Superfrost® Plus slides. Sections from
older cerebella were 30 um thick and processed free-floating. Primary
antibodies for immunofluorescence were anti-Calbindin D28k (CaBP;
mouse, monoclonal, 1:3000; Swant, Bellinzona, Switzerland); anti-
Parvalbumin (PV; mouse, monoclonal, 1: 2000; Sigma), anti-Pax2
(rabbit polyclonal, 1: 200; Invitrogen), anti-RoRat (goat polyclonal, 1:
500; Santa Cruz Biotechnology, CA, USA), anti-Olig2 (rabbit poly-
clonal, 1:1000, Millipore USA), anti-NG2 (rabbit polyclonal, 1:500,
Millipore), anti-GFP (chicken polyclonal, 1:2000, Aves Labs, Tigard,
OR, USA), anti-BrdU (rat monoclonal, 1:500, Abcam,), anti-neuronal
nuclei antigen (NeuN; mouse monoclonal, 1:1000; Millipore), anti
glutamate astrocytic specific transporter (Glast, guinea pig, polyclonal,
1:1000, Millipore), anti-glial fibrillary acidic protein (GFAP, rabbit
polyclonal, 1:1000; Dako-Cytomation, Glostrup, DK), Calretinin
(mouse monoclonal, 1:100, Swant), anti-Sox9 (rabbit polyclonal,
1:2000, gift of R. Wegner, University of Erlangen, Erlangen, Germany).
For BrdU immunohistochemistry, the slices were preincubated in HCl
2 N for 20 min at 37 °C, then washed in PBS and incubated in borate
buffer (0.5 M, pH 8.5) for 10 min at room temperature. In all instances,
the sections were incubated overnight at 4 °C in the different primary
antibodies, diluted in PBS containing 0.25% Triton X-100 and 0.2%
gelatin. Finally, the sections were washed in PBS and revealed for 1 h
in secondary antibodies conjugated to Alexa fluor 488 (1:1000;
Invitrogen) or cyan3 (Cy3, 1:1000, Jackson Immunolabs), and cover-
slipped using Mowiol (Calbiochem). Finally, in some cases, cell nuclei
were stained with 4’-6-diamidino-2-phenylindole (DAPI, Fluka).

For Ascll in-situ hybridization, after perfusion, the brains were
collected in PFA, then washed in PBS and cut with a Leica (Wetzlar,
Germany) vibratome, in 200 pum thick slices. We used an Ascl1 antisense
probe, following a previously established protocol (Wilkinson, 1992)
with an ON incubation at 70 °C.

Data analysis

The histological preparations were examined by means of a Zeiss
Axiophot light microscope (Karl Zeiss, Oberkochen, Germany) or a
Leica DMRXA2 microscope. Micrographs were taken by means of a
Leica DC 300F camera and Leica QFluoro software attached on the
Leica microscope. The material was also examined with a Fluoview
300 confocal microscope (Olympus Optical, Hamburg, Germany) or
with a Leica TCS SP2 confocal microscope. Digital images were
processed with Adobe Photoshop 6.0 to adjust contrast and assemble
the final plates.

Pax2 was used as a marker of cerebellar inhibitory interneuron
progenitors (Maricich and Herrup, 1999; Weisheit et al., 2006) and
Olig2 as a marker for OPC (Zhou and Anderson, 2002). In the
cerebellum, Olig2 is also expressed in the deep cerebellar nuclei (DCN,
Figs. 6H, H’, I-1”; Figs. 1A-C in Supplementary data). These neurons
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were however readily distinguishable from the Olig2 ™ OPCs, based on
their clustering, position and morphology. In addition, the majority of
them failed to incorporate BrdU pulsed at E15.5 (Fig. 1B, inset, in
supplementary data). They could be easily excluded from all the
quantitative estimations of Olig2* cells. Glast (Storck et al., 1992) and
Sox9 (Stolt et al., 2003) were used to identify astrocyte progenitors.

Analysis of the E18.5 Ascll '~ mouse

To estimate interneuron, oligodendrocyte or astrocyte progenitor
numbers, we assessed the density of Pax2™, Olig2* and Sox9™ cells in
E18.5 Ascll '~ and wild-type embryos from the same litter. The
number of the progenitors stained with these markers was counted on
every fourth section over the whole cerebellum (20 pm parasagittal
slices) and divided for the area of the section, calculated by NIH Image]
software. The density of interneuron progenitors was estimated on
6 Ascll™’~ and 6 wild-type animals. OPCs were quantified on 5
Ascl1™'~ and 5 wild-type animals. To rule out the possibility that
the differences of cell densities were secondary to a variation of the
cerebellar size in Ascl1 ™/~ mice, we made a 3D reconstruction of 3
knock-out and 3 wild type cerebella by means of the Amira software
(Visage Imaging GmbH, Berlin, Germany). These cerebella were cut
in 20 pm-thick transversal slices, stained with DAPI and anti-
Calbindin antibodies to visualize the boundaries of the cerebellum.

Analysis of the grafted minicerebella

To quantify the number of interneurons in the Ascl1~/ ~ and GFP™
cerebellar transplants, we counted the number of PV interneurons.
In addition, the number of Calbindin™ Purkinje cells was determined
as an index of the graft size. The results were also expressed as the
ratio Int/PC. Twelve grafts from Ascl1 '~ and 13 from their matched
controls were analysed (Fig. 4D). In addition, 7 grafts of rostral
cerebellum and 7 from the caudal part were examined (Fig. 6C). The
density of OPCs was estimated on single E12.5 grafts implanted to P4
host cerebella; the area of the relevant slice was measured with NIH
software Image]. To determine whether OPC originating from
extracerebellar territories populate the cerebellar anlage, we
implanted solid grafts of E12.5 cerebella to the cerebella of P2
Pactin-GFP mice. In these grafts we estimated the frequency of host-
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derived OPCs by counting Olig2TGFP* cells on single confocal
sections (N of grafts =4 in each case; a minimum of 100 cells were
counted in each graft), and divided their number for the surface area
of the graft (estimated by Image] as above). In addition, to estimate
the relative frequency of endogenous and immigrating OPCs in the
cerebellar transplants, we calculated the ratio of Olig2 "GFP™ cells on
the total of Olig2™ cells in the graft area.

Analysis of Ascll and GFP electroporation

The percentage of the electroporated cells positive for the different
markers (Pax2, Olig2, Glast, and BrdU) was estimated as the frequency
of double labelled cells over the whole population of GFP* elements.
The density of electroporated cells was calculated by dividing the
number of GFP* cells for the size of the microscopic field at 20x
magnification (area of the field=0.48 mm?), in single confocal
sections. In all instances, the statistical significance of was calculated
by means of the Student's T test. All the data are given as mean =+ s.d.

Results

Ascll is expressed by the progenitors of interneurons and
oligodendrocytes

To clarify the role of Ascll in the development of OPCs and
GABAergic interneurons in the cerebellum, we first studied its
expression pattern during embryonic and postnatal development,
when these cells are generated. Consistent with previous reports
(Zordan et al., 2008), Ascll mRNA is already detectable in the
cerebellar primordium at E12.5 (not shown). By E16.5 (Fig. 1A) it is
expressed in the VZ, but not in the rhombic lip, with sparse Ascl1™
cells in the subventricular zone (arrows in Fig. 1A). By E18.5, the
expression in the VZ fades out and numerous Ascll™ cells are
scattered throughout the prospective WM (Fig. 1B). This distribution
persists after birth, when numerous labelled cells are also present
in the nascent cortical layers (Figs. 1C, D). Thus, the distribution of
Ascl1™ during the examined period is suggestive of VZ progenitors
that progressively delaminate into the prospective WM and even-
tually colonize the cortex.
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Fig. 1. Time course of Ascl1 expression in the developing cerebellum. Transverse (A, B) and sagittal (C, D) sections of E16.5 (A), E18.5 (B) P2 (C) and P10 (D) cerebella treated for the
detection of Ascl1 transcripts by in situ hybridization. The orientation of the sections in each row is schematized on the left. At E15.5 (A), Ascl1 is mainly expressed in the ventricular
zone (VZ), some Ascl1™ cells start to colonize the cerebellar parenchyma (arrows). By E18.5 (B), Ascl1-expressing progenitors lie in the white matter. In the P2 (C) and P10 (D)
cerebellum, Ascl1-expressing lay in the white matter (dotted line) and in the nascent cortical layers. Mb: midbrain, Cb: cerebellum, Hb: hindbrain). Calibration bar: 100 um in A, B, D,

50 um in C.
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To define the fate of Ascl1-expressing cells, we took advantage of and found to be a reliable tracer for short term lineage studies in
Ascl1::GFP transgenic mice, in which the reporter persists longer embryos and in adult neurogenesis. Purkinje cells (Fig. 2A) were GFP™
than Ascl1. The Ascl1::GFP transgenic line has been extensively studied and exhibited regional variations in the intensity of expression of the
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Fig. 2. Characterization of the Ascl1 lineage in Ascl1::GFP (A-E, G-L) and Pax2°" (F) mice. Sagittal sections. In the Ascl1::GFP mouse, all GABAergic neurons are labelled by GFP (A-D,
G-L). (A) Low magnification of the P4 cerebellum. Purkinje cells (arrows) and white matter progenitors are labelled by GFP. (B) Golgi cells (arrows) are faintly labelled by GFP in the
P8 cortex of the Ascl1::GFP mouse. C shows Pax2™ interneuron progenitors migrating in the cortical layers and differentiating in the upper ML beneath the EGL. (D, E) In contrast to
GABAergic neurons, glutamatergic interneurons are GFP negative: granule cells (blue labelled by DAPI in D) and Calretinin™ unipolar brush cells (red, arrow in E) are not labelled by
the GFP (green). (F) Olig2 (red) and GFP (green) do not colocalize in the cerebellar white matter of a P4 Pax2®" transgenic mouse, indicating that the interneuron and
oligodendrocyte lineages are segregated. (G-L) In the cerebellar white matter at P4 the Ascl1::GFP transgene is co-expressed either with Pax2 (red G, I) or with Olig2™ (red in J, L).
IGL: internal granular layer, PCL: Purkinje cell layer, ML: molecular layer, EGL: external granular layer, WM: white matter. Calibration bars: 20 um in A, B, D, F-L, 10 um in C, E.
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Table 1

Density of progenitor and proliferating cells in the E18.5 Ascl1 / ~ and WT mouse
Ascll =/~ WT P

Pax2 cells/mm? 212.06 4+ 101.49 836.97 +276.56 P=0.003

Olig2 cells/mm? 183.59 £ 56.91 515.88 +136.35 P=0.001

Sox9 cells/mm? 1935.55 + 96.48 1631.09 4 150.36 P=0.042

PH3 cells/mm? 46.56 4+ 6.91 70.90 + 17.06 P=0.038

Ascl1::GFP transgene. At different ages from P4 to P14, we consistently
found Pax2 and Olig2 expression in GFP™ cells (Figs. 2B, C, G-L). This
suggests that both oligodendrocyte progenitors and GABAergic
neuron progenitors express Ascll. On the contrary, deep nuclei
neurons and glutamatergic interneurons, such as granule cells (blue
labelled by DAPI in Fig. 2D) or unipolar brush cells (Fig. 2E), as well as
astrocytes and Bergmann glia never displayed GFP fluorescence. Pax2 ™
and Olig2™ GFP™ cells were found in the prospective WM and in the
cortical layers (Figs. 2B, C, G-L). The results of in situ hybridization
experiments shown in figure A, in keeping with previously published
studies, indicate that Ascll is expressed starting early in GABA
progenitor development. In addition, the localization of GFP™* cells in
the cortex (Figs. 2B, D) is consistent with the spreading of maturing
oligodendrocytes and interneurons. Thus, this expression pattern
indicates that both these lineages express Ascl1 during their develop-
ment. However, the absence of cells coexpressing Pax2 and Olig2 (by
double-immunolabelling or Olig2 staining in Pax2-GFP mice, Fig. 2F)
indicates that, at least from the stage when these markers are
upregulated, Ascl1™ cells comprise two distinct populations.

Ascl1 =/~ loss of function alters the development of interneurons,
oligodendrocytes and astrocytes

In order to assess the role of Ascl1 in the development of cerebellar
inhibitory interneurons, oligodendrocytes, and astrocytes, we ana-
lysed the phenotype of the Ascl1~/~ mutant mouse. Since Ascll
mutation is lethal soon after birth, we first analysed the E18.5 embryo
(summarized in Table 1). We used Pax2 as a marker of interneuron
progenitors (Maricich and Herrup, 1999; Weisheit et al., 2006) and
Olig2 as a marker for OPCs (Zhou and Anderson, 2002). Sox9 has been
recognized as a marker of several neural crest derivatives (Spokony et
al., 2002, Cheung and Briscoe, 2003) as well as a marker of astrocyte
precursors (Stolt et al., 2003). The number of proliferating cells was
evaluated by counting the phospho-histone H3 labelled mitotic cells. In
the mutant animals, Pax2* and Olig2 " cells were dramatically reduced
(Pax2*t cells/mm?: 212.06+101.49; in Ascll~/~ mice, 836.97+
276.56 in WT controls, N=5 for both groups, tot cells counted:
27.277; P=0.003, (Figs. 3A, A’, B); Olig2™ cells/mm? in Ascl1~/~
mice=183.59+ 56.91, in WT controls=515.88 +-136.35, N=5 for
both groups, tot cells counted =25,831; P=0.001, Figs. 3C, C’, D),
whereas Sox9™ progenitors were moderately increased (Sox9* cells/
mm?: 1935.55496.48; in Ascll ™/~ mice, 1631.09 +150.36 in WT
controls, N=3 for both groups, tot cells counted: 30148; P=0.042,
Figs. 3E, E/, F). PH3 immunolabelling revealed a moderate but
significant reduction of the amount of dividing cells in the Ascl1 ~/~
cerebellum (PH3™ cells/mm? in the Ascll ~/~: 46.5646.91; PH3"
cells/mm? in the WT: 70.91 & 17.06, N=4 in both groups, tot cells
counted =2898; P=0.038, Figs. 3G, G/, H). Olig2 based OPC counts
had to avoid a deep nuclear subdivision containing Olig2™ neurons
(Supplementary Fig. 1). We confirmed that the reduction in Olig2™
cells in E18.5 Ascl1 ~/ ~ faithfully reflected a decrease in the number of
cerebellar OPC by using two additional OPC markers, PDGFRa (Figs. 31,1")
and NG2 (Figs. 3], J’). As the mutant vermis often appeared slightly

smaller compared to wild type, to ascertain that the differences
observed in the above estimates were not a consequence of an altered
size of the mutant cerebella, we reconstructed the volume of three WT
and three Ascl1 ~/~ cerebella. The slight volumetric decrease observed
in mutant animals was not statistically significant (mean volume:
Ascl1™'~=1.49 mm>+ 0.01; WT=1.75 mm3 + 0.16, P=0.078 Figs.
4A-B’), and cannot account for the different cell densities observed.

To further define the effect of Ascll loss of function at more
advanced developmental stages, we took advantage of the known
property of embryonic cerebellar tissue to develop minicerebella
after heterotopic transplantation. Thus, we implanted solid pieces of
E15.5 cerebella from wild-type and mutant mice into the telence-
phalon of newborn recipients. One month later, we estimated the
numbers of Purkinje cells and of PV immunopositive interneurons
(Celio, 1990) of the molecular layer. The average number of Purkinje
cells was 823.5 (445213, Fig. 4C) in Ascll '~ grafts and 646.8
(£434.92 Fig. 4C’) in their wild-type counterparts. The values were
not statistically different (P=0.31). In contrast, interneurons were
significantly reduced from 931 (4-676.34, Fig. 4C) in wild-type to
361.3 (= 142.76, Fig. 4C') in Ascll =/~ grafts (P=0.02), and the ratio
ML int/PC changed from 1.440.35 in control to 0.51+0.23 in
Ascll =/~ grafts (Figs. 4C, C’, D; P<0.001). Purkinje cells are
subdivided into subtypes characterized by their distinct levels of
expression of various markers including Calbindin and EphA4. In
Purkinje cells, subtype identity is correlated to birthday (Hashimoto
and Mikoshiba, 2004; Wassef et al., 1985). We wondered if Ascl1
could be involved in Purkinje cell differentiation or subtype choice.
The patterns of expression of Rora (Supplementary Figs. 2A-D)
Calbindin (Supplementary Figs. 2E, F) or EphA4 (Supplementary Fig.
2G) were not modified in E18.5 Ascl1 '~ embryos compared to wild
type. Therefore, the loss of Ascll function in mutant mice has no
major effect on Purkinje cell development, but severely impairs the
development of GABAergic interneurons, and this defect is not
compensated even at long survival times.

Prospective analysis of VZ progenitors and effect of Ascl1 overexpression

The observations reported in the previous sections, in line with
previous data in the developing olfactory bulb (Parras et al., 2004),
show that, in the cerebellum, oligodendrocyte and interneuron
progenitors express Ascll, and that the lack of this gene results in a
reduction of both cell types. In order to start investigating whether the
two cell types are lineally related in the cerebellum, we studied
whether they originate from a common region in the VZ or from
distinct territories. For this purpose, we labelled the VZ by electro-
poration with a GFP-expressing vector, injected into the lumen of the
fourth ventricle at E14.5 (Fig. 5A), when the first interstitial
progenitors are labelled with BrdU (Leto et al., 2006 and personal
observation). After electroporation, the cerebella were dissected and
cultured for 6 days before histological examination (Fig. 5C). Out of a
total of 1342 GFP™ cells from 5 electroporated cerebella, 20.7% (+ 14.1,
Figs. 5B, C, F) were Pax2™ interneuron progenitors. Quite surprisingly,
only 2.4% (= 1.5, tot cell number = 794 Figs. 5B, G) were Olig2™" cells,
while a consistent fraction of GFP™ cells were colabelled with
astrocytic markers Glast (9.5%+0.3 tot cell number=1930, N=4
Figs. 5B, E) as well as GFAP (not shown) and S100b (Fig. 5I).

To validate the technique and show that oligodendrocytes can
develop in our culture paradigm, we repeated the electroporation after
injection of the GFP plasmid into the parenchyma instead of the
ventricle (Fig. 5M). Intraparenchymal electroporations labelled a
higher number of Olig2* cells (13.5% =+ 6.6; Figs. 5N-P) the proportion

Fig. 3. Ascl1 loss of function affects several cerebellar cell types. Representative sagittal sections of wild type (A’, C’,E/, G',I,]’) and Ascl1 '~ mutant (A, C, E, G, 1, ]) cerebella at E18.5.
Comparison of the density of interneurons (A, A’, B; stained for Pax2 in green), oligodendrocytes (C, C’, D, stained for Olig2 in green, I, I stained for PDGFR« in purple, ], ]’ stained for
NG2 in purple ), astrocytes (E, E', F, stained for Sox9 in green) and mitotic cells (G, G’ H stained for phosphohistone H3, PH3 in red). The surface densities (cells/mm?) of the different
cell types are compared between wild type and mutants in Charts B (Pax2™), D (Olig2*), F (Sox9™) and H (PH3). Calibration bar: 200 pm in A-H, 100 pm in I-J".
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Fig. 4. Comparison of the volume of the Ascl1 ~/ ~ and WT cerebellum at E18.5 and grafts of Ascl1 ~/ ~ cerebella. External aspect (A, B) and 3D reconstruction (A’, B') of the cerebella of
E18.5 Ascl1 =/~ (A, A’) and WT (B, B) littermates. (C-C’). Transplants of E14.5 Ascl1 ~/~ (C) and WT (C’) cerebellar fragments grown in vivo and stained with Parvalbumin for the
detection of mature molecular layer GABAergic interneurons (arrowheads). The proportion of GABAergic interneurons/Purkinje cells is illustrated on Chart D. Calibration bar: 500 pm

in A, B; 20 pm in C.

of GFP* elements expressing Olig2 was statistically different from that
observed after intraventricular plasmid injection (tot cells
counted = 1645, N=4 in both cases, P=0.029). These experiments
show that at E14.5, progenitors in the VZ give origin to interneurons
and astrocytes, but rare oligodendrocytes. By this time, however,
precursors of the latter cell type are present within the cerebellar
parenchyma.

Since the loss-of-function experiments show that Ascl1 is required
for the generation of both oligodendrocytes and interneurons and
previous gain-of-function experiments suggested that Ascll can
promote either oligodendrocyte or interneuron fate depending on
the cellular context (Mizuguchi et al., 2006; Jessberger et al., 2008), we
decided to check whether Ascl1 overexpression could bias the fate of
cerebellar VZ progenitors towards the oligodendroglial and/or inter-
neuronal lineage. Therefore, we induced Ascll overexpression by
electroporation of an Ascl1-GFP construct, injected into the ventricular
lumen to selectively target superficial cells (Fig. 5D). Six days later, the
great majority of GFP™ cells expressed Pax2 (81.50% + 6.34, N=5, tot
cell number =2181, against 20.68% + 14.13 after GFP electroporation,
P<0.001, Figs. 5B, H-H"), whereas Olig2™ OPCs were even fewer
than in GFP-electroporated controls (1.31%+ 1.42, tot cell num-
ber =858, N=4), and Glast*GFP™* cells were completely absent (Fig.
5B). As shown by BrdU-incorporation experiments (Fig. 5K), Pax2™
cells likely represent postmitotic interneuron progenitors (Weisheit et
al., 2006). Therefore, in the developing VZ, Ascl1 forced expression
induces the differentiation of progenitors into interneurons and not
oligodendrocytes. Together with this, Ascll overexpression seems to
repress astrocytic differentiation.

To determine whether Ascll directs the fate choice of uncom-
mitted VZ progenitors towards the interneuron lineage or favours
the survival of Pax2-expressing cells, we quantified the density of
electroporated cells (Fig. 5]). If Ascll acts by selecting progenitors
restricted to a GABAergic fate, one would expect a lower amount of
GFP" cells in Ascl1-GFP-electroporated explants than in GFP-
electroporated ones and a comparable number of GABAergic
interneurons. On the other hand, if Ascll biases uncomitted

progenitors to the interneuron phenotype, the density of Pax2"/
GFP™ cells should increase in the Ascll-electroporated explants.
Indeed, we found similar numbers of GFP-expressing cells in
explants electroporated with GFP (159.31 4+ 58.73 GFP™ cells/mm?)
and with Ascl1-GFP (196.44+72.36 GFP™ cells/mm? N=35, in
both cases, P=0.391, Fig. 5]). On the other hand, Pax2"GFP* cells
were substantially increased after Ascl1-GFP electroporation (31.86 +
18.05 GFP* cells/mm? after GFP electroporation, 164.46 + 31.45 GFP™
cells/mm? after Ascl1 electroporation, N=5, P<0.001, Fig. 5]).

To further rule out a selective effect of Ascl1, we stained the explants
with anti-caspase 3 antibody, 2 days after electroporation. We observed
no significant co-localization of GFP and caspase 3 staining in GFP-
electroporated, or in Ascl1-electroporated explants (data not shown).

To exclude the possibility that Ascl1 overexpression modifies the
proliferation dynamics of transfected cells, we made a pulse of BrdU
1 day after electroporation. With both vectors, we found similar
numbers of electroporated cells that incorporated BrdU (10.31 £+ 4.67%
BrdUYGFP*/GFP* cells after GFP electroporation, 12.91 + 7.84%
BrdUTGFP*/GFP™ cells after Ascll electroporation, N=4. P=0.55
Figs. 5K, L). Together, these results indicate that Ascl1 overexpression
biases the phenotypic choice of VZ progenitors towards a GABAergic
interneuron identity and suppresses the astrocytic fate.

Separate origins for cerebellar interneurons and oligodendrocytes

Since GFP electroporations of the cerebellar VZ at E14.5 failed to label
oligodendrocytes while GABAergic interneurons were transfected, we
asked whether these lineages derived from distinct germinal sites or
shared a common origin at earlier ontogenetic stages. We compared the
cellular composition of solid grafts dissected from the rostro-medial or
caudo-lateral portions of the E12.5 cerebellar anlage (Figs. 6A-C). As for
Ascll ™/~ grafts, fragments from donor Pactin-GFP mouse were
implanted in the telencephalon of P2 wild-type mice and examined
30 days later. To compare the density of interneurons in the different
transplants, the number of PV* molecular layer interneurons was
normalized on that of Purkinje cells present in the same section. As
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mouse embryo as schematized in (A) and electroporated in the cerebellar neuroepithelium (green). The cerebellar slices were fixed after 6 days in culture. (C, D) Low magnification
of slices immunostained for GFP (green) and Pax2 (red). Whereas after GFP control electroporation there is a great variability of cell morphologies (A), Ascl1-GFP electroporated
slices virtually show only one morphological type of GFP-labelled cells (D). The percentages of cells positive for the different markers tested after are illustrated in Chart B for control
GFP and Ascl1-GFP electroporations. The main GFP™ cell types identified in GFP-electroporated embryos were interneurons and astrocytes, the majority expressed none of the
markers tested. In contrast, most Ascl1-GFP electroporated cells were Pax2* interneuron progenitors. Panels E-G and I detail the cell types identified in GFP-electroporated slices:
Glast (E) and S100b (I) immunoreactivities identify astrocyte precursors, Pax2 marks GABAergic interneurons (F), Olig2 labels oligodendrocytes (G). After Ascll electroporation,
virtually all GFP-expressing cells had an interneuron morphology, and about 80% cells expressed Pax2 (H). (J) densities of GFP* and of GFP™/Pax2™ cells after electroporation of
control GFP or Ascl1-GFP. I, L) analysis of proliferation after electroporation of control GFP or Ascl1-GFP. The percentage of BrdU™ cells is not significantly altered after electroporation
of Ascl1-GFP (K). (L) Illustrates a GFP™ cell that incorporated BrdU after pEGFP-N1 electroporation. (M-P) GFP electroporation in the cerebellar parenchyma the site of plasmid
injection is schematized in (M). (N) Percentage of Olig2™/GFP™ after electroporation of GFP in the ventricular zone and in the parenchyma. (0) Olig2 " (red) OPCs in electroporated
slices. (P) Shows a Olig2-expressing DCN. Calibration bar: 20 ym in A, D, 10 pm in E-H, O, P, 5 um in J, L.

shown in Chart C, rostro-medial grafts were highly enriched with (PV™T interneurons/PV*CaBP* cells=0.35+ 0.46, Fig. 6C), showing
interneurons (PV* interneurons/PV*CaBP™ cells=2.22+ 130, N=7), that the rostro-medial part of the cerebellar anlage provides a major
whereas their caudo-lateral counterparts appeared severely depleted source of GABAergic interneurons.



430 P. Grimaldi et al. / Developmental Biology 328 (2009) 422-433

A grafts of grafts of C
GFP crb WT crb
g 4
w
S 3
5
2.2
g
£1
E125 .
o +
RM graft CL graft

RM graft CLgraft P4 crbin situ

Fig. 6. Grafts of partitioned embryonic cerebella. (A-H) E12.5 grafts of partitioned cerebella from EGFP transgenic mice to the newborn mouse forebrain. (A) Schematic
representation of the sites of origin of the transplanted fragments on a posterior view of the E12.5 cerebellum (RM = rostro-medial cerebellum, CL = caudo-lateral cerebellum). (B)
Schematic representation of the site of implantation in the postnatal recipient mouse. Cerebellar fragments from GFP* mice were grafted to the telencephalon of P2 WT mice, while
cerebella from WT mice were grafted to the cerebellum of GGFP™ P2 mice. (C) Comparison of the ratio of PV interneurons/PC in cerebellar transplants originating from the rostro-
medial or caudo-lateral domains of E12.5 GFP* mice. The ratio is higher in rostral than in caudal grafts (C). (D) A GFP" minicerebellum fixed 12 days after transplantation contains
few Olig2™ OPC. (E) Sagittal section of an age-matched cerebellum illustrating the density of Olig2™ OPCs by P4. (F) Higher magnification illustrating that the majority of
oligodendrocytes do not express GFP in the grafts (F, arrowheads). (G) Density of Olig2 " cells in E12.5 cerebellar grafts and in the age-matched cerebellum. (H, H’) Graft of a WT

E12.5 cerebellum to a GFP™ P2 cerebellum sacrificed 12 days after grafting. (H) shows Olig2™ DCN and oligodendrocytes. (H

") illustrates the GFP labelled cells and processes

originating from the GFP™ host. Higher magnification (I) shows that the majority of Olig2 * cells are GFP™ (1", arrowheads). The inset in (H) shows the percentage of Olig2 *GFP~ and
Olig2*GFP™ cells on the total amount of Olig2* cells in the grafts. Calibration bar: 50 um in D, 5 um in F, J, 20 pum in H.

The same approach was used to assess the distribution of the
oligodendrocyte progenitors, made by quantifying Olig2 " cells 12 days
post transplantation. Both rostro-medial and caudo-lateral grafts
contained fairly similar amounts of Olig2™ cells (241.84 4 149.54
cells/mm? in rostral grafts, 324.69 + 57.24 cells/mm? in caudal grafts,
N=3in both cases, P=0.25, Figs. 6D, G), suggesting that this lineage
does not derive from a restricted site within the anlage. However,
the amount of these cells, was about 10-fold lower than that present
in non manipulated aged-matched cerebella in situ (2041.144
114.29 cells/mm?, N= 3, P with the mean value of rostro-medial and
caudo-lateral grafts, 283.01 4 111.25<0.001, Figs. 6E-G). In addition,
many Olig2* cells were not GFP™ (Fig. 6F), indicating that a fraction of
the oligodendrocytes that populate the transplant were actually
derived from the host. Together with the results of electroporation
experiments showing that the Olig2™ cells in the E14.5 cerebellum
cannot be labelled by vectors targeted to the VZ, these observations
raised the possibility that the donor cerebellar tissue has limited

endogenous oligodendrogenic capabilities. This implies that at least
part of the cerebellar oligodendrocytes immigrate from an external
germinal site and populate the cerebellum secondarily.

To test this hypothesis, we first studied the distribution pattern of
Olig2™ cells in the developing cerebellum. Olig2 starts to be expressed
at E11.5 in the ventricular region and in the nuclear transitory zone
(data not shown), its expression is maintained at E13.5 in both regions
(Fig. 1A in Supplementary data). Olig2 expression in the ventricular
layer is reduced from E15.5 on (Fig. 1B in Supplementary data) but
maintained in the cerebellar parenchyma where it is detectable in
clustered cells in the DCN region and in scattered presumptive OPC.
The scattered population of Olig2-expressing cells, first appears at
E15.5 (Fig. 1B in Supplementary data) and become numerous at E18.5
(Fig. 1C in supplementary data). Several features distinguish the
Olig2™ DCN neurons from OPC: their characteristic clustering, their size
(not shown), their absence of labeling after a BrdU pulse at E15.5 (inset
in Fig. 1B Supplementary data), and their expression of the neuronal
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marquer NeuN (Figs. 1D-F in Supplementary data). A few Olig2™" cells
also appear at the tip of the RLat E15.5 (Fig. 1G in Supplementary data).
To quantitatively estimate the contribution of foreign OPCs to the
contingent of cerebellar oligodendrocytes, we implanted E12.5 solid
cerebellar wild type grafts into the cerebella of P2 Pactin-GFP mice
(Figs. 6H, H’, I-1"). These transplants contained 492.17 4 171.74 Olig2*
cells/mm? (N =4, tot cells counted = 582), of which 69% (339 + 102,
tot cells counted = 1302, inset in H) were also labelled by GFP. This
result supports the conclusion that the E12.5 cerebellar anlage contains
a minor fraction of OPCs, and that the majority of cerebellar
oligodendrocytes actually derive from extracerebellar sites.

Discussion

To elucidate the molecular determinants that regulate the
generation of different cerebellar phenotypes, we investigated the
role of Ascll. We show that this gene is expressed in maturing
oligodendrocytes and GABAergic interneurons and is required to
produce appropriate amounts of both cell types. These two lineages,
however, are not related: GABAergic interneurons originate from the
rostro-medial region of the cerebellar primordium (see also Maricich
and Herrup, 1999), whereas the majority of oligodendrocytes
immigrate from an extracerebellar germinal site. Our observations
also show that Ascl1 enhances the generation of interneurons from VZ
progenitors, and hampers the acquisition of astroglial identities,
suggesting that these two lineages may be related and that Ascl1
biases the choices of VZ progenitors towards interneuron fates.

Role of Ascll in the differentiation of cerebellar inhibitory interneurons
and glia

Our study shows that Ascl1 is required for the differentiation of the
proper amounts of cerebellar inhibitory interneurons, oligodendro-

cytes and astrocytes. The present results extend previous reports
accounting for a reduction of these cell types in the cerebral cortex
(Casarosa et al., 1999; Fode et al., 2000; Nieto and Guillemot, 2001;
Parras et al., 2007), spinal cord (Battiste et al., 2007; Sugimori et al.,
2007, 2008), diencephalon (Miyoshi et al., 2004) and olfactory bulb
(Parras et al., 2004). The low numbers of interneurons and
oligodendrocytes observed after ablation of Ascl1 is consistent with
a regulatory function on the balance between proliferation and
differentiation of cerebellar progenitors in the prospective WM as
proposed by Casarosa et al. (1999) and Lo et al. (1997). A defect in the
terminal differentiation may also contribute to this effect, since Ascl1
induces panneuronal and neuronal subtype differentiation programs
(Castro et al., 2006; Fode et al., 2000; Parras et al., 2002). However,
this is not likely to be a major pitfall, because Ascl1~/~ cerebellar
transplants contained fully mature basket and stellate cells (Parval-
bumin is expressed in these interneurons only at the end of their
maturation; Solbach and Celio, 1991). In addition to these effects,
overexpression experiments point to an active role in driving VZ
progenitors towards the GABAergic interneuron lineage.

Cerebellar interneurons and oligodendrocytes arise from Ascll
expressing progenitors that proliferate in the postnatal WM, raising
the question as to whether this gene is expressed by a common
progenitor and whether it promotes both neural subtypes (Parras et
al., 2004, 2007) or influences the choice between the two fates, as
proposed by Petryniak et al. (2007). At birth, the oligodendrocyte
and interneuron lineages are separated both in the white matter
and the ventricular region of the cerebellum (Milosevic and
Goldman, 2004; Zhang, and Goldman 1996a). However, it is still
possible that a common ancestor is present in the VZ of the
embryonic cerebellar primordium, the presumptive origin of these
WM progenitors (Carletti et al., 2008; Hoshino et al., 2005). To
elucidate this point, we electroporated the GFP-reporter vector to
the embryonic VZ at E14.5, the time when the first proliferating
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interstitial progenitors can be detected by BrdU staining (data not
shown). Consistent with a previous report (Hoshino et al., 2005),
we found that interneurons, as well as astrocytes, can be tracked
back to the VZ, while oligodendrocytes could only be labelled when
the expression vector was applied intraparenchymally, suggesting
that cerebellar interneurons and oligodendrocytes have distinct
origins. This conclusion was further corroborated by Ascll over-
expression in VZ precursors, which produced negligible effects on
cerebellar oligodendrocytes.

Interestingly, both Ascl1 overexpression at E14.5 and Ascl1 loss of
function induced significant changes in the number of cerebellar
astrocytes. It is unlikely that astrocyte progenitors express Ascll, since
this cell type was not detected neither in a recent lineage study using a
tamoxifen-inducible Cre recombination line (Kim et al., 2008) nor in
our analysis of the Ascl1::GFP mouse. Together, these results suggest
that Ascll, besides inducing interneuron differentiation, inhibits
astrocytic differentiation.

Ascll has been supposed to promote interneuron (Parras et al.,
2004; 2007; Mizuguchi et al., 2006) Sugimori et al., 2007) or
oligodendrocyte fate (Parras et al., 2004; 2007; Petryniak et al.,
2007; Sugimori et al., 2007; 2008; Jessberger et al., 2008). Our finding
of two distinct sources for oligodendrocytes and interneurons help to
clarify the role of Ascl1 in the specification of these two lineages. We
show that Ascl1 is required for the correct differentiation of both cell
types, and clearly rule out a function in the differential choice between
the two. On the other hand Ascll strongly promotes GABAergic
differentiation and suppresses astrocyte generation, suggesting a
possible relation between the two latter lineages. The lack of
competence of VZ progenitors to originate oligodendrocytes even
after Ascl1 overexpression is probably due to the poor expression of
OPC-specifying factors such as Olig2 (Parras et al., 2007; Sugimori et
al., 2007, 2008) by the time of electroporation.

Extracerebellar origin of cerebellar oligodendrocytes

Our experiments show that oligodendrocytes are already present
in the cerebellar parenchyma at E14.5 but they cannot be tracked by
electroporation targeted to the cerebellar VZ, at the same stage,
suggesting that they derive from an alternative source. The analysis of
the distribution of Olig2 ™ cells as well as the results of transplantation
experiments corroborate this conclusion indicating that the majority
of cerebellar oligodendrocytes descend from foreign OPCs which
colonize the cerebellar primordium during embryonic life (Fig. 7). Our
study does not directly address the ventricular origin of these extrinsic
oligodendrocytes. Once specified, the OPCs effectively colonize
adjacent brain territories migrating through a PDGF-based expansion
(van Heyningen et al., 2001). It is likely that the early cerebellar OPC
derives from the closest ventricular sources in the dorsal medulla
(Vallstedt et al., 2005).

Although our results point to an extracerebellar origin for most
cerebellar oligodendrocytes, the analysis of E12.5 transplants shows
that a small fraction of these cells also originates from the donor
cerebellar tissue. It is unlikely that immigrant OPCs could reach the
cerebellum earlier than E12.5. Thus, endogenous OPC progenitors
may be the Olig2™ cells that are transiently observed in the VZ
around E13.5 (Supplementary Fig. 1A). Reynolds and colleagues
(Reynolds and Wilkin, 1988) had already proposed that cerebellar
OPCs derive perinatally from the superior medullary velum (SMV),
an extracerebellar source at the time of their analysis. At the age of
our grafts (E12.5), however, the SMV is comprised into the cerebellar
territory. The anterior medial part of the cerebellar primordium
which gives rise to the SMV is characterized by expression of
members of the FGF8 family which locally lower BMP signalling
activity (Alexandre et al., 2006; Basson et al., 2008; Louvi et al.,
2003). OPCs proliferation in the dorsal neural tube is known to
require lower concentrations of BMPs (Vallstedt et al., 2005). Hence,

our observations suggest that reduction of BMP signalling in the SMV
and anterior cerebellum may allow it to become a late source of
OPCs or, more likely, a niche where the immigrating OPCs proliferate
and differentiate.

In conclusion, our work outlines a new model of neuron/glia
specification in the cerebellum. We show that Ascl1 is required for the
formation of the correct amount of GABAergic interneurons and
oligodendrocytes and suppresses the development of astrocytes.
Whereas astrocytes and interneurons both originate from the VZ,
most oligodendrocytes originate from extracerebellar territories,
possibly the ventral hindbrain and secondarily populate the cerebel-
lum. Ascll expression in the VZ shifts progenitor fate towards the
GABAergic lineage and completely suppresses that of astrocytes. We
conclude that in the cerebellum GABAergic interneurons and
oligodendrocytes are not lineally related and that Ascl1 has no role
in the differential choice between these two cells types. On the other
hand, it promotes the generation of GABAergic interneurons at the
expenses of astrocytes (Fig. 7).
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