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Cerebellar GABAergic interneurons in mouse comprise multiple subsets of morphologically and neurochemically distinct phenotypes
located at strategic nodes of cerebellar local circuits. These cells are produced by common progenitors deriving from the ventricular
epithelium during embryogenesis and from the prospective white matter (PWM) during postnatal development. However, it is not clear
whether these progenitors are also shared by other cerebellar lineages and whether germinative sites different from the PWM originate
inhibitory interneurons. Indeed, the postnatal cerebellum hosts another germinal site along the Purkinje cell layer (PCL), in which
Bergmann glia are generated up to first the postnatal weeks, which was proposed to be neurogenic. Both PCL and PWM comprise
precursors displaying traits of juvenile astroglia and neural stem cell markers. First, we examine the proliferative and fate potential of
these niches, showing that different proliferative dynamics regulate progenitor amplification at these sites. In addition, PCL and PWM
differ in the generated progeny. GABAergic interneurons are produced exclusively by PWM astroglial-like progenitors, whereas PCL
precursors produce only astrocytes. Finally, through in vitro, ex vivo, and in vivo clonal analyses we provide evidence that the postnatal
PWM hosts a bipotent progenitor that gives rise to both interneurons and white matter astrocytes.
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Introduction
The anatomic complexity of the cerebellum originates embryon-
ically from the epithelium of the fourth ventricle [ventricular
zone (VZ)] and the anterior rhombic lip (RL). In these germinal
niches, progenitors with astroglial features [bona fide radial glia
(RG); Mori et al., 2006] give rise to all the glutamatergic and
GABAergic cerebellar neurons, respectively (Carletti and Rossi,
2008). Interestingly, cerebellar development continues after
birth, when secondary proliferative sites replace the embryonic
niches. Postnatally, proliferative progenitors reside in the exter-

nal granular layer (EGL), in the prospective white matter
(PWM), and along the Purkinje cell layer (PCL; Altman and
Bayer, 1997). Although the EGL exclusively produces granule
neurons (Hallonet et al., 1990; Alvarez-Otero et al., 1993), the
PWM comprises cells belonging to the interneuronal, astroglial,
and oligodendroglial lineages (Leto et al., 2012). The PCL instead
hosts a subset of postmitotic Bergmann glia (BG) and precursors
for this astroglial type (Yamada and Watanabe, 2002; Sudarov et
al., 2011; Buffo and Rossi, 2013). However, a neurogenic poten-
tial has also been hypothesized for PCL-residing progenitors (Al-
cock et al., 2007; Alcock and Sottile 2009).

Notably, progenitors in both PCL and PWM display similar
traits of immature astroglia and prospective neural stem cell
(NSC) markers (Yamada and Watanabe, 2002; Anthony et al.,
2004; Lee et al., 2005; Alcock et al., 2007; Alcock and Sottile, 2009;
Silbereis et al., 2009; Fleming et al., 2013). Beside these similari-
ties, the specific features and progenies of PCL and PWM pro-
genitors are not well known. For instance, despite evidence that
the PWM is the main source of cerebellar interneurons (Leto et
al., 2009; Silbereis et al., 2009; Fleming et al., 2013), a direct proof
excluding other sources including the PCL is still missing.

Moreover, it is still unclear whether a lineage relationship ex-
ists between interneurons and astrocytes, as suggested by previ-
ous studies (Leto et al., 2012). Mice lacking the transcription
factor Achaete-scute homolog-1 show increased astrocyte pro-
duction at the expense of interneurons, suggesting that these lin-
eages might originate from the same progenitor (Grimaldi et al.,
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2009; Sudarov et al., 2011). Consistent with this view, a common
origin of cerebellar interneurons and astrocytes has been sug-
gested by previous fate-mapping studies (Mori et al., 2006; Sil-
bereis et al., 2009; Sudarov et al., 2011; Fleming et al., 2013).
However, it remained unsolved whether cerebellar interneurons
and astrocytes derive from a single population of multipotent
progenitors or from distinct pools of fate-restricted precursors.
More recently, it has been proposed that a population of NSC-
like progenitors generate both intermediate astrocyte precursors
and transient amplifying progenitors for interneurons (Fleming
et al., 2013). Nonetheless, the existence of such multipotent pro-
genitors still awaits a full demonstration in vivo.

Here we addressed the phenotype and location of cerebellar pro-
genitors producing interneurons. Our data show that postnatal
astroglial-like PCL and PWM precursors possess different prolifera-
tive dynamics, exclude a contribution of the PCL to postnatal cere-
bellar neurogenesis, and demonstrate that astroglial-like progenitors
of interneurons reside exclusively in the PWM. Finally, in vitro and in
vivo clonal analyses indicate that these progenitors are bipotent and
produce both interneurons and WM astrocytes.

Materials and Methods
Animals and surgical procedures. Experiments were performed on differ-
ent mouse lines, including C57BL/6, GLAST::CreER T2 (Mori et al., 2006)
crossed with R26R LacZ/LacZ (R26R LacZ; Soriano, 1999) or R26R EYFP/EYFP

(R26R YFP; Srinivas et al., 2001), R26R Confetti/� (R26R Confetti; Snippert et
al., 2010), Pax2– green fluorescent protein (GFP; Pfeffer et al., 2002),
�-actin–GFP (Okabe et al., 1997), and Ccnd2 (cD2 KO; Sicinski et al.,
1996) of either sex. Day of vaginal plug detection was defined as embry-
onic day 0 (E0), and the day of birth was considered as postnatal day 0
(P0). All the surgical procedures were performed under deep anesthesia.
Pups up to P5 were anesthetized by hypothermia, and pregnant mice
were anesthetized by inhalation of isoflurane administered in conjunc-
tion with a mixture of 30% O2/70% N2O. After in utero electroporations,
an analgesic (Rimadyl) was administered to pregnant mice to reduce
postsurgical pain. All procedures were in accordance with the European
Communities Council Directive European Communities Council (2010/
63/EU), the National Institutes of Health guidelines, and the Italian Law
for Care and Use of Experimental Animals (DL26/14) and were approved
by the Italian Ministry of Health and the Bioethical Committee of the
University of Turin.

Systemic and local administration of tamoxifen. To induce Cre recom-
bination in GLAST::CreER T2�R26R YFP or R26R LacZ mice, we adminis-
tered tamoxifen (Tx; 20 mg/ml solution dissolved in corn oil) via
subcutaneous injection for pups (600 �g/pup) or via oral gavage for
pregnant mice (5 mg/40 g body weight). Clonal analyses in R26R Confetti

mice were performed by administering low Tx doses (1.2 �g/pup). To
allow Cre recombination exclusively in PCL BG progenitors, we topically
administered Tx citrate (Sigma-Aldrich) as described previously (Bi et
al., 2011) with some modifications. We opened the skin and made a small
incision on the skull that left intact the pial surface. We then placed Tx
crystals on the pial surface. Finally, we carefully wiped the wound and
closed it.

Thymidine analogs. Bromodeoxyuridine (BrdU; Sigma-Aldrich) and
5-ethynyl-2�-deoxyuridine (EdU; Invitrogen) were dissolved at 10
mg/ml in sterile saline and administered via intraperitoneal injection.
The same dose of 100 �g/kg body weight was used for both analogs. EdU
was injected 30 min before the animals were killed. For BrdU labeling,
samples were incubated in 2N HCl for 20 min at 37°C, washed with
borate buffer, pH 8.5, for 10 min, and processed for anti-BrdU antibody
staining. EdU was detected using a commercial kit (Life Technologies)
after the immunohistochemical reactions.

Lymphocytic choriomeningitis virus injection into the fourth ventricle
and in the postnatal cerebellum. To permanently infect cells with an
astroglial phenotype, we used an HIV-based lentiviral eGFP vector pseu-
dotyped with the lymphocytic choriomeningitis virus (LCMV) glycopro-
tein generated according to the study by Buffo et al. (2008). After a deep

anesthesia, P1–P5 pups were placed in a stereotaxic apparatus, and 0.3–
0.5 �l of viral particle suspension (2.9 � 10 7 TU/ml) was injected in the
cerebellar parenchyma with a picopump (WPI). Mice were then allowed
to recover and killed after a defined time.

For in utero transduction, pregnant mice at 15 d of gestation were
anesthetized deeply, and the uterine horns were exposed out of the ab-
dominal wall moistened constantly with sterile PBS. Then, embryos were
transilluminated by a cold light source to identify both the fourth ventri-
cle and the cerebellum. One microliter of virus suspension mixed with
fast green (2.5 mg/ml; Sigma-Aldrich) was injected in the ventricle cavity
with a picopump. At the end of the procedure, the uterus was returned
into the abdomen, the wound was sutured, and the pregnant mice recov-
ered under a heating lamp. Injected embryos were allowed to develop
normally and were analyzed at selected adult ages.

Histological and immunohistochemical procedures. Under anesthesia,
animals were perfused transcardially with an appropriate volume of 4%
paraformaldehyde (PFA) in 0.12 M phosphate buffer (PB), pH 7.2–7.4.
Brains were removed, stored overnight in the same fixative at 4°C,
washed in PBS, and finally cryoprotected in 30% sucrose in 0.12 M PB.
The cerebella were then embedded and frozen over dry ice in OCT
(Tissue-Tek), sectioned in the parasagittal plane at 30 �m using a cryo-
stat, and collected in PBS (juvenile cerebella) or placed directly onto glass
slides (P1–P15 cerebella). For immunolabeling, sections were incubated
overnight at room temperature with the appropriated primary anti-
bodies dissolved in PBS with 1.5% donkey or goat serum (Jackson
ImmunoResearch) and 0.25% Triton X-100 (Sigma-Aldrich): anti-
parvalbumin (PV; 1:1500, mouse monoclonal; Swant), anti-neurogranin
(NG; 1:500, rabbit polyclonal; Millipore Bioscience Research Reagents);
anti-Pax2 (1:200, rabbit polyclonal; Zymed), anti-NG2 (1:200; rabbit
polyclonal; Millipore Bioscience Research Reagents), anti-�-gala-
ctosidase (�-gal; 1:20,000; rabbit polyclonal: Cappel); anti-S100� (1:
1000, mouse monoclonal; Sigma), anti-Olig2 (1:500; rabbit polyclonal;
Millipore Bioscience Research Reagents), anti-GFP (1:700, rabbit poly-
clonal; Invitrogen), anti-GFP (1:700, chicken polyclonal; Aves Labs),
anti-BrdU (1:500, rat monoclonal; Abcam), anti-glial fibrillary acidic
protein (GFAP; 1:1000, rabbit polyclonal; Dako), anti-�III-tubulin
(Tuj1; 1:200; mouse monoclonal; Sigma), anti-brain lipid binding pro-
tein (BLBP; 1:500; rabbit polyclonal; Abcam), anti-Ki67 (1:500; rabbit
polyclonal; Novacastra); and anti-Sox9 (1:2000; rabbit polyclonal; gen-
erous gift from M. Wegner, University of Erlangen-Nüremberg, Erlan-
gen, Germany). Sections were then exposed for 2 h at room temperature
to secondary species-specific antibodies conjugated with Alexa Fluor
488, Alexa Fluor 555, or Alexa Fluor 647 (1:500; Invitrogen) or Cy3
(1:500; Jackson ImmunoResearch). Cell nuclei were visualized using
4�,6-diamidino-2-phenylindole (DAPI; Fluka). After processing, sec-
tions were mounted on microscope slides with Tris– glycerol supple-
mented with 10% Mowiol (Calbiochem).

For detection of �-gal, the high-sensitivity tyramide amplification kit
(PerkinElmer Life and Analytical Sciences) was used (Buffo et al., 2008).
For R26R Confetti stainings, 50 �m serial sections obtained with a vibrat-
ing microtome (Leica) were incubated for 48 h at 4°C in primary anti-
body solution containing 1.5% donkey serum and 2% Triton X-100.
Secondary antibody incubation was performed overnight in PBS with
1.5% donkey serum and 0.5% Triton X-100.

For immunohistochemical labeling of cyclins, fixed cerebella were em-
bedded in paraffin wax and cut in 5 �m sections, which were treated with
3% H2O2 for 10 min and incubated overnight at 4°C with anti-cyclin D1
(cD1; 1:500; LabVision; or 1:100; Abcam) or anti-cD2 (1:500; LabVision)
antibodies. The sections were incubated with secondary antibodies, fol-
lowed by the Vectastain Elite kit (Vector Laboratories) for 30 min each,
and finally revealed by reaction with 3,3�-diaminobenzidine. The sec-
tions were dehydrated and coverslipped.

Cell cultures of cerebellar progenitors. Postnatal cultures were per-
formed by dissecting the PWM of cerebellar parasagittal slices obtained
by means of a tissue chopper (McIlwain). Tissues were incubated 5 min at
37°C in 0.05% trypsin EDTA (Gibco), and then the trypsin inhibitor
(Gibco) was added. Samples were triturated and centrifuged to obtain a
cell suspension. For clonal analyses, cells were plated on 12 mm glass
coverslips coated with poly-D-lysine at a density of 1000 cells/coverslip.
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Cells were maintained in Neurobasal medium supplemented with 1�
B27 and N2, 2 mM glutamine, 100 U/ml penicillin/streptomycin (Gibco),
0.6% glucose (Sigma-Aldrich), 20 ng/ml epidermal growth factor (Milte-
nyi Biotech), and 10 ng/ml basic fibroblast growth factor (Miltenyi Bio-
tech; Qian et al., 2000; Milosevic and Goldman, 2004). Clonal
development was monitored by daily microscope inspection. In clonal
cocultures, wild-type and �-actin–GFP-expressing cells were mixed in a
1:1 ratio.

Ex vivo electroporations and organotypic slice cultures. Clonal analysis
was performed by a modification of the StarTrack approach (García-
Marqués and López-Mascaraque, 2013) by using a ubiquitous promoter
[UbiquitinC (UbC)]. Briefly, StarTrack is based on the genomic incor-
poration of 12 plasmids in which expression of six different fluorescent
proteins, localized in either the cytoplasm or the nucleus, is now driven
by the UbC promoter to replace the original GFAP one. Each construct
incorporates inverted terminal repeat sequences recognized by the pig-
gyBac transposase introduced in another plasmid to allow the genomic
integration of these constructs. This results in a unique color combina-
tion code identifying both neuronal and glial clones derived from single
progenitors. Coelectroporations of these 13 constructs were performed
ex vivo on P0 –P2 cerebella. Briefly, brains were dissected out and main-
tained in sterile ice-cold PBS supplemented with 0.6% of glucose. After
careful removal of the meninges, 0.5 �l of plasmid mixed with fast green
(2–5 mg/ml) was injected with a glass capillary into the cerebellar paren-
chyma. To enhance nuclear membrane permeability, we added 0.5 �l of
trans-cyclohexane-1,2-diol (100 mg/ml; Sigma-Aldrich) to the plasmid
solution, as indicated by De la Rossa et al. (2013). Two minutes after
plasmid mixture injection, we delivered one train of 10 square pulses (50
V, 50 ms at 950 ms intervals), using a BTX electroporator (Holliston).
After electroporation, the cerebellum was isolated and sliced parasagit-
tally at 300 �m using a tissue chopper. Slices were collected in ice-cold
PBS with 0.6% of glucose. Ex vivo electroporated slices labeled by fast
green were selected and placed rapidly on a Millicell culture insert (BD
Biosciences). Organotypic slices were maintained at 37°C in 5% CO2 in
Eagle medium (Invitrogen) supplemented with 2 mM glutamine, 32 mM

glucose, 20 U/ml penicillin/streptomycin, 10 mg/ml bovine serum albu-
min (Sigma), and 1� B27 supplement (Gibco) as described previously
(De Luca et al., 2015). Seven days later, slices were fixed for 30 min in 4%
PFA and processed as described above.

Image processing, clone evaluation, and data analysis. Histological spec-
imens were examined using an E-800 Nikon microscope connected to a
color CCD camera and a Leica TCS SP5 confocal microscope. Adobe
Photoshop 6.0 (Adobe Systems) was used to adjust image contrast and
assemble the final plates. Quantifications were performed on confocal
images by NIH ImageJ software (http://rsb.info.nih.gov/ij/), as described
previously (Leto et al., 2011). In some instances, we applied the colocal-
ization analysis provided by the LAS AF software (Leica) to display in
white marker coexpression at the pixel level.

Measurements were derived from at least three sections per animal.
Two to five animals were analyzed for each time point or experimen-
tal condition. For in vitro experiments, data were derived from three
coverslips of three different experiments. Evaluations of the modified
ubiquitous StarTrack construct expression and R26R Confetti mice
were performed by confocal analysis using acquisition parameters
described previously (Snippert et al., 2010; García-Marqués and
López-Mascaraque, 2013).

Analyses of GLAST::CreER T2 and LCMV experiments included only
VZ derivatives and did not consider occasional granule cells found up to
perinatal ages, because these derive from the distinct germinal site of the
RL/EGL.

In vitro single clones were identified as composed by (1) juxtaposed
elements derived by an isolated cell (as confirmed by microscope inspec-
tion after plating) and (2) nearby cells if placed within 20 �m from the
clone core.

Cells with the same fluorescent marks, as detected by confocal inspec-
tion, were considered as clones in StarTrack-labeled organotypic cul-
tures. For in vivo clonal analysis of R26R Confetti mice, the whole
cerebellum was analyzed using a fluorescence microscope to identify red
fluorescent protein (RFP)-, yellow fluorescent protein (YFP)-, and GFP-

expressing cells. Labeled cells were mapped and classified using morpho-
logical criteria for astrocytes and interneurons. Cells identity was
confirmed by PV or GFAP immunohistochemistry. Clones were defined
according to (1) expression of the same fluorescent color code and (2)
lobular localization. Because Tx was administered at P3, when lobular
organization is already established (Sudarov and Joyner, 2007), we con-
sidered that PWM progenitors would likely produce cells only within the
very same lobule when already placed intralobularly, or in adjacent lob-
ules, in the case of progenitors positioned in the PWM at the basis of two
contiguous lobules. Thus, we defined a clone composed of cells within
the same lobule. However, we interpreted color-matched interneurons
in adjacent lobules as part of the same clone with astrocytes found in the
WM shared by the adjacent lobuli.

Statistical significance was assessed by GraphPad Prism software
(GraphPad Software) by applying unpaired Student’s t test or one-way
ANOVA with Bonferroni’s multiple comparisons test; p � 0.05 was con-
sidered to be statistically significant. Data are expressed as averages �
SEMs.

Results
PCL and PWM progenitors are different in their
proliferative activities
To highlight similarities or differences in PCL and PWM progen-
itors, we examined the expression of cyclins and cell proliferation
at these germinal sites. Cyclins are regulators of the cell cycle
G1/S-phase transition through the activation of cyclin-dependent
kinases (Sherr, 1995; Sherr and Roberts, 1999) and comprise iso-
forms that are expressed differentially in progenitors with distinct
proliferative and differentiation potentials (Glickstein et al.,
2007). In the cerebellum of wild-type mice at P4, cD2-positive
(cD2�) cells were located mostly in the PWM (Fig. 1A), whereas
cD1� nuclei were for the vast majority confined along a thin row
below the Purkinje cell perikarya (Fig. 1B). Here, the 95.7 � 0.8%
of cD1� nuclei displayed astroglial/NSC traits, as detected by
positivity for BLBP (Anthony et al., 2004, 2005; Fig. 1C). The
same pattern of cD1 expression was retained in age-matched cD2
KO mice (Fig. 1D).

Cell proliferation analysis in wild-type and cD2 KO mice re-
vealed that BrdU� cells decrease strongly in the PWM of mutant
mice, but no changes occur in actively proliferating cells within
the PCL region (Fig. 1E). Similar results were obtained by the
analysis of the S-phase index (namely BrdU � nuclei/total
number of DAPI-stained nuclei; Fig. 1F ), showing that cD2
does not participate in the regulation of the cell cycle dynamics
of PCL progenitor cells, whereas it supports cell division in the
PWM.

We further focused on the proliferation of PCL and PWM
progenitors with astroglial/NSC traits that were tagged in
GLAST::CreER T2�R26R YFP mice (Mori et al., 2006). In this line,
the inducible form of Cre is expressed in the locus of the
astrocyte-specific glutamate/aspartate transporter (GLAST),
thereby targeting progenitors producing cerebellar neurons and
glia during recombination at early embryonic stages (E12, E14;
Mori et al., 2006). Postnatal (P3) Tx administration induced re-
porter gene expression in bona fide astroglial-like progenitors
clustered in both the PCL and PWM (see below; Fig. 1J), as well as
in early postmitotic astrocytes. To examine the proliferation rate
of both astroglial-like progenitors and their early progeny, we
performed a BrdU pulse-chase experiment, followed by EdU in-
jection before the animals were killed. In this way, a first DNA
duplication phase (first S-phase) was marked attributable to the
incorporation of BrdU, whereas a possible reentry in the cell cycle
of the formerly BrdU-labeled progenitors could be tagged by the
integration of EdU in the DNA duplicated during the second
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S-phase (see experimental scheme in Fig. 1G). At 24 h, cell pro-
liferation, as revealed by BrdU labeling in YFP� cells, was three-
fold higher in the PCL compared with the PWM (BrdU�YFP�

cells among total YFP� cells: 22.10 � 3.6% in the PCL and 8.9 �
0.3% in the PWM, unpaired t test, p � 0.036; Fig. 1H and arrow-
heads in J, J�). Additionally, a large fraction of PCL progenitors
reentered the cell cycle at 24 h, whereas a significant fraction of
PWM progenitors started a second S-phase only after 48 h (PCL:
one-way ANOVA, F(2,4) � 8.555, p � 0.03, n � 2–3, main effect of
time; PWM: one-way ANOVA, F(2,4) � 6.957, p � 0.04, n � 2–3,
main effect of time; Fig. 1I–L). Collectively, these data suggest a
faster proliferation in the PCL and show distinct proliferative
activities in PCL and PWM.

Cerebellar interneurons and glial cells derive from
GLAST � progenitors
As a next step, we addressed the fate of cerebellar GLAST� cells at
late embryonic (E17; Fig. 2A–E) and postnatal (Fig. 2, P1 in F–H and
P6 in I–K) stages by following the GLAST::CreER T2-mediated
recombination of the Rosa26 –YFP or Rosa26 –LacZ alleles (here-
after referred to as YFP or �-gal, respectively) after Tx adminis-
tration. Phenotypes of reporter-expressing cells were analyzed at
P30 and identified by double immunohistochemistry with cell
type-specific markers (Fig. 2A–D,F,G, I, J).

When Tx was administered at E17, �-gal� cells included all
the different classes of GABAergic interneurons of the cortex:
PV� interneurons in the molecular layer (ML; Fig. 2A; Bas-
tianelli, 2003), NG� Golgi cells (Fig. 2B; Simat et al., 2007), and
Lugaro cells in the granular layer (GL; Fig. 2C) and deep nuclei
interneurons. In addition, S100�� BGs and astrocytes were also
labeled throughout the cerebellar parenchyma (Fig. 2D,E). Sim-
ilarly, P1 induction resulted in �-gal� inhibitory interneurons
mostly located in the ML (Fig. 2F,H), BGs, and parenchymal
astrocytes (Fig. 2G,H). Interestingly, when Tx was administered
at P6, �-gal� interneurons were infrequent and correspond ex-
clusively to PV� stellate cells (Fig. 2I–I�,K), whereas the majority
of �-gal� cells were astrocytes (Fig. 2 J,K). Up to perinatal ages, a
small proportion of �-gal� cells were immunopositive for the
marker Olig2 (Fig. 2E,H,K) and exhibited typical morphological
features of cerebellar oligodendrocytes (OLs; data not shown).
Thus, within GLAST-expressing cells, proliferative progenitors
produce distinct types of GABAergic interneurons and glial cells
at perinatal ages, whereas their neurogenic activity declines with
time.

To better understand the differentiation potential of GLAST�

progenitors and interneurogenesis, we focused on postnatal ages
and analyzed reporter-expressing cells shortly after Tx adminis-
tration. Tx was administered at P3, a time point of intense in-
terneuron production (Fig. 3A). After a 1 d chase period, the
majority of YFP� cells expressed the astroglial marker Sox9 and
localized in the PCL and PWM (Fig. 3B,E,F,F�), confirming that
recombined cells initially display astroglial traits. Conversely,
YFP� cells expressing the immature interneuronal marker
Pax2� were very rare and localized in the PWM (Fig.
3B,G,H,H�). Moreover, between 1 and 7 d after Tx, the fraction
of YFP�Pax2� cells in the PWM increased over time, implying a
progressive acquisition of the interneuron fate (Fig. 3C). Con-
versely, high percentages of YFP� cells in the PWM colocalized
with the astrocytic marker Sox9 at all time points without signif-
icant variations (Fig. 3C). To strengthen evidence for cell neogen-
eration, we pulsed mice with BrdU immediately after Tx
administration (Fig. 3A). At all examined stages, we found a frac-
tion of YFP� cells double labeled for both Pax2 and BrdU, or
Sox9 and BrdU (Fig. 3E–M�, arrowheads). Importantly,
Pax2�BrdU�YFP� cells were enriched in the PWM compared
with the cerebellar cortex (data not shown) and peaked at 3 d
chase (Fig. 3D). Subsequently, YFP� newly generated interneu-
rons progressively left the PWM, moved to the cortical districts,
and settled in the ML (Fig. 3D,M–M�). In summary, BrdU label-
ing and GLAST::CreER T2 lineage tracing indicate that prolifera-
tive astroglial-like precursors generate both Sox9� astrocytes and
Pax2� GABAergic interneurons up to the first postnatal week of
cerebellar development.

Progenitors in the PCL do not generate GABAergic
interneurons
Short-term fate-mapping analysis (see above) and previous
BrdU-based birthdating and lineage studies (Leto et al., 2009;
Silbereis et al., 2009; Fleming et al., 2013) provide evidence that
the PWM is the main source of cerebellar interneurons. However,
direct evidence of the exclusive localization of primary progeni-
tors originating interneurons in the PWM is still missing. The
PCL might also host such precursors.

To examine whether GLAST� PCL progenitors produce in-
terneurons, we developed a method to selectively label PCL as-
troglial precursors excluding those in the PWM. We reasoned
that PCL progenitors exclusively possess end feet contacting the
pial surface being derived by delaminating RGs that maintained
the basal process (Yamada and Watanabe, 2002). Thus, we ap-
plied small quantities of Tx on the surface of postnatal (P3)
GLAST::CreER T2�R26R YFP cerebella and analyzed the fate of
reporter-expressing cells 20 d later (Fig. 4A). Shortly after Tx
administration, virtually all YFP� cells were in the PCL (79 �
3.3% of total YFP� cells; Fig. 4B,B�), and many were labeled by
the proliferative marker Ki67 (Fig. 4C, arrow and arrowheads).
The remaining tagged cells were found in the GL (16 � 3.1% of
YFP� cells) or rarely in the PWM (3.6 � 1.1% of YFP� cells; Fig.
4B). After 20 d, the vast majority of YFP� cells were mature
GFAP� BG cells (73 � 2.6% of YFP� cells; Fig. 4D,E,E�),
whereas only few astrocytes were found in the GL (20.3 � 2.8% of
YFP� cells) or in the WM (6.7 � 0.2% of YFP� cells). Impor-
tantly, we never observed YFP� interneurons derived from PCL
precursors (Fig. 4F). On the whole, these experiments demon-
strate that, in physiological conditions, PCL progenitors are not
able to generate interneurons.

4

Figure 1. Postnatal progenitors in PCL and PWM niches express diverse cyclins and possess
different proliferative dynamics. Different D-type cyclins are expressed preferentially in PCL and
PWM of P4 mice (A–D). In wild-type animals, cD2 � cells are mostly located in the PWM (A),
whereas cD1 � nuclei are primarily segregated along the PCL (B). Here, cD1 is expressed in the
vast majority of cells expressing the astroglial/NSC marker BLBP (C). D, Age-matched cD2 KO
mice maintain the same pattern of cD1 distribution. E, Histograms indicate that dividing cells,
tagged by BrdU 2 h before the animals were killed, are significantly decreased in the PWM of cD2
KO mice (unpaired t test, p � 0.0010, n � 3– 4), whereas no changes are detected in the PCL
region. F, Analysis of the S-phase index provides similar results (unpaired t test, p � 0.0025,
n � 3– 4). G, Experimental scheme. Tx is administered at P3, to tag PCL and PWM GLAST � cells
and their derivatives. A pulse of BrdU at P3 is followed by a pulse of EdU 30 min before the
animals are killed. H–L, Proliferative dynamics of PCL and PWM progenitors are examined in
GLAST::CreER T2�R26R YFP mice through the double-analog technique. Active proliferating
tagged cells (YFP �BrdU �, arrowheads in J–J�) are more abundant in the PCL compared with
the PWM. YFP � cells incorporating both thymidine analogs (arrows in J–L) are located prefer-
entially in the PCL at 24 h intervals from the first S-phase (I, arrows in J-J�) or in the PWM at
longer intervals (I, arrows in K–L�). Errors bars indicate SEM. Scale bars: C, 20 �m; A, B, D, 40
�m; J–J�, L-L�, 50 �m; K–K�, 100 �m .
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Astroglial-like neurogenic progenitors localize in the
postnatal PWM
Based on the above results, we exclude that the PCL is a neuro-
genic niche and predict that PWM exclusively hosts primary pro-
genitors generating interneurons in the postnatal cerebellum. To
test this hypothesis, we performed a viral-based fate mapping.
We targeted the PWM at P3/P5 (Fig. 5A) with an LCMV-
pseudotyped lentiviral vector encoding for an enhanced GFP that
displays a particular tropism for astroglial cells (Stein et al., 2005;
Buffo et al., 2008).

At 2 d post-infection (dpi), the majority of GFP� cells that
remained in the PWM expressed the astrocytic markers BLBP
and Sox9 (Fig. 5B, arrows in C,D). Interestingly, a fraction of
PWM GFP� cells expressed also the proliferative marker Ki67
(Fig. 5E, arrows) and markers for neurogenic progenitors, such as
Sox2 and Nestin (Pevny and Nicolis, 2010; Bonaguidi et al., 2011;
data not shown). No interneurons were observed at 2 dpi (Fig.
5B,F). At 4 dpi, the majority of infected cells still expressed as-
troglial markers (Fig. 5B, arrows in G), but few Pax2�GFP� cells

appeared in the PWM (Fig. 5B, arrows in H). In line with an ex
novo generation of interneurons from GFP� cells, 12 � 4% of
GFP� cells with a neuronal morphology showed BrdU incorpo-
ration 4 d after a single thymidine analog pulse at the moment of
virus injection (Fig. 5I). Similarly, 12.7 � 5.1% of astroglial cells
at this time were positive for BrdU (Fig. 5J, arrows), revealing that
at least part of the astrocytes were produced by tagged progeni-
tors and not just directly infected. One week after LCMV infec-
tion, the total number of GFP� interneurons had significantly
expanded within the whole GFP� population (Fig. 5B). Of note,
at 7 dpi, the majority of tagged interneurons (69 � 4% of total
GFP� interneurons) had already reached the ML and positioned
themselves just below the EGL, in which they continued to ex-
press Pax2 and displayed an immature morphology (Fig. 5K,
arrow). Scattered interneurons also appeared in transit to exit the
PWM (Fig. 5L, arrow) or had already approached the ML and
acquired a more mature morphology (extended multipolar pro-
cesses, Pax2 negativity; Fig. 5M, arrow). At this stage, 	20%
among GFP� interneurons were still found in the PWM (Fig. 5N,

Figure 2. Fate mapping of GLAST � progenitors. Characterization of reporter-tagged cells at P30 after recombination at E17 (A–E), P1 (F–H), or P6 (I–K) in GLAST::CreER T2�R26R lacZ mice.
When Tx is administered at E17, �-gal � cells generate all the different classes of inhibitory interneurons of the cortex and deep nuclei (E): PV � basket and stellate cells of the ML (A), NG � Golgi
cells (B), and Lugaro cells of the GL (arrows in C). In addition, both S100� � BG cells in the PCL and parenchymal astrocytes are produced (D, E). �-gal � cells tagged at P1 still produce GABAergic
interneurons (F, H), parenchymal astrocytes, and BG cells (G, H). At later postnatal stages, �-gal � cells rarely differentiate in ML interneurons (arrow in I and insets I�, I�), whereas astroglial
phenotypes prevail (J, K). Data are expressed as averages � SEMs. n � 2–3. Scale bars: B, C, I�, I�, 10 �m; A, F, I, 20 �m; D, J, 30 �m; G, 40 �m.
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Figure 3. Short-term analysis of GLAST � progenitors. Analysis of recombined progenitors shortly after Tx injection at P3 (A). The majority of recombined cells expresses the astroglial marker
Sox9 and is distributed in all the cortical layers and PWM (B, E, arrows in F–F�). Conversely, only in the PWM does a small fraction of YFP � cells colocalize with the interneuron marker Pax2 (B, G,
arrow in H–H�). C, In the PWM, YFP �Pax2 � cells increase progressively from 48 h to 7 d after Tx treatment (C; one-way ANOVA, F(2,4) � 42, p � 0.02, n � 2–3, main effect of time), whereas
YFP �Sox9 � astrocytes remain constant (one-way ANOVA, F(2,4) � 0.061, p � 0.9783, n � 2–3, main effect of time). D, Newly generated YFP � cells tagged by BrdU immediately after Tx
administration are found at all time points (arrowheads in F–F�, H–H�, J–J�, M–M�). Seven days after Tx treatment, YFP � cells generate Sox9 � BG cells in the PCL and parenchymal astrocytes of
the GL and WM (I, J). In addition, a fraction of GLAST-derived Pax2 � interneurons has already reached their final cortical position (K–M). Boxes in E, G, I, and K are magnified and shown as
single-channel images. Scale bars: E–H�, L, M, 10 �m; J–J�, 15 �m; I, K, 30 �m.
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arrow). Starting from 7 dpi, PWM GFP� astrocytes expressed the
mature markers GFAP (Fig. 5O, arrows) and S100� (data not
shown). At later time points (15 dpi), the absolute number of
both interneurons and astrocytes increased progressively, further
demonstrating ex novo generation (total GFP� interneurons: 4
dpi, 11 � 4 cells; 7 dpi, 18.25 � 3.4 cells; 15 dpi, 92.3 � 16 cells;
one-way ANOVA, F(3,10) � 31.71, p � 0.0001, n � 3– 4, post hoc
Bonferroni’s test showed significant differences for 2, 4, and 7 dpi
vs 15 dpi; total GFP� astrocytes: 2 dpi, 52.5 � 10.2 cells; 4 dpi,

65 � 8.19 cells; 7 dpi, 45.8 � 4.9 cells; 15 dpi, 139.3 � 33.7 cells;
one-way ANOVA, F(3,10) � 6.851, p � 0.0087, n � 3– 4, post hoc
Bonferroni’s test showed significant differences for 2 and 7 dpi vs
15 dpi). Notably, virtually all GFP� astrocytes were found in the
WM, showing that these cells did not migrate away from their site
of generation and differentiated there as WM fibrous astrocytes.
Thus, selective labeling of PWM postnatal astroglial progenitors
confirms that this site hosts primary interneuron progenitors and
specifically generates WM astrocytes.

Figure 4. Selective labeling and fate mapping of PCL precursors. A, Schematic representation of the experimental procedure. B, B�, The majority of YFP � cells analyzed 4 d after superficial Tx
administration is located in the PCL and rarely found in the PWM. C, YFP � cells in the PCL express the proliferative marker Ki67 (arrows). Duplets of dividing Ki67 �YFP � cells are also found
(arrowheads). D, Whole section of a cerebellum superficially induced 20 d earlier showing almost exclusive recombination in BG within the PCL and lack of YFP � cells in the WM. The progeny of
tagged cells consists of GFAP � BG and some astrocytes in the GL (E). Pixels decorated by positivity for both YFP and GFAP are represented in white in E�. No YFP �PV � interneurons are found (F).
Scale bars: B�, C, E, F, 20 �m; B, D, 500 �m.
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Neurogenic and gliogenic potential of PWM and VZ
astroglial-like progenitors
PWM astroglial-like progenitors generate both interneurons and WM
astrocytes. We next asked whether this lineage is maintained at other
developmental stages. To this aim, we infected PWM cells at P1 and P5
withtheLCMVandkilledthemiceatP30. Inaddition,weextendedthis

analysis to an embryonic stage (E15) when we selectively transduced
ventricular RG (Fig. 6B, arrow), from which PWM progenitors are pos-
tulated to delaminate during embryogenesis (Altman and Bayer, 1997;
Mathis and Nicolas, 2003).

The differentiation potential of the infected progenitor cells
varied during cerebellar development (Fig. 6A). Notably, the pro-

Figure 5. Phenotype and lineage of postnatally LCMV-infected cells. A, Experimental procedure and timeline of the experiment. B, Quantification of the percentage of Pax2 � interneurons or
Sox9 � astrocytes in the GFP � population at different time points after lentiviral injection (astrocytes: one-way ANOVA, F(3,10) � 56.33, p � 0.0001, n � 3– 4, post hoc Bonferroni’s test shows
statistically significant differences for all the compared time points; interneurons: one-way ANOVA, F(3,10) � 56.33, p � 0.0001, n � 3– 4, post hoc Bonferroni’s test shows statistically significant
differences for all the compared time points). Shortly after LCMV injection, only astrocytes are infected, as demonstrated by the expression of BLBP (C) and Sox-9 (D) in GFP � cells (arrows). Labeled
cells in the postnatal cerebellum mainly reside in the PWM (arrows in C–F). Some of them proliferate actively (arrows in E). No Pax2 � immature interneurons express the reporter protein (F). At 4
dpi, the majority of GFP � cells continue to display astroglial features (arrows in G). However, some GFP � cells expressing Pax2 start to be observed (H, arrows). Newly generated cells with either
a neuronal (I) or astroglial (J) morphology are positive for BrdU (arrows). One week after injection, Pax2 � interneurons derived from LCMV-infected cells are migrating through the cortex (K–M,
arrows). The majority of them has already reached the ML and is located at the border of the EGL (K, arrows), whereas some are entering the ML from the GL (L, arrows). Interneurons positioned in
the ML downregulate Pax2 expression and display a more branched morphology resembling that of mature interneurons (M, arrows). However, few interneurons are still located in the PWM (arrows
in N). Newly generated astrocytes reside in the WM and express mature markers, such as GFAP (O, arrows). Errors bars indicate SEM. Scale bars, 20 �m.
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portion of interneurons (defined by means of morphological cri-
teria and marker expression; Fig. 6) among GFP� cells decreased
over time, in line with data obtained in GLAST::CreER T2�R26R
transgenic mice. Infected embryonic progenitors gave rise to all
the variety of cerebellar interneurons, including Pax2� Golgi
cells (Fig. 6C, arrow), Lugaro cells of the GL (data not shown; Fig.
6A), NeuN� deep cerebellar nuclei interneurons (data not
shown; Fig. 6A), and PV� interneurons in the ML (Fig. 6A,D,E).
Interneurons of the GL and those close to the PCL were still
generated by LCMV-injected P1 progenitors (Fig. 6A, I, arrow-
heads in J), whereas they were virtually absent in the progeny of
cells infected at P5 (Fig. 6A). At this latter stage, almost all GFP�

interneurons resided in the most superficial part of the ML (Fig.
6M, arrows). These results recapitulate the physiological spatio-
temporal pattern of interneuron specification (Leto et al., 2006,
2009).

Intriguingly, also the phenotypic repertoire of glial types pro-
duced at distinct time points differed during development. After
LCMV infection in the embryo, we found a fraction of OL cells
(identified as NG2�/Olig2�) in the cortical layers (Fig. 6F, ar-
rows) or in the WM (Fig. 6G, arrows). However, after birth, the
number of GFP� OLs dropped drastically (Fig. 6A,O). Con-
versely, the generation of parenchymal astrocytes (defined by
means of morphological criteria and marker expression) in-

Figure 6. Fate analysis of LCMV-infected cells at different developmental stages. A, Proportions (indicated as averages � SEMs) of mature phenotypes generated at P30 by LCMV-infected
progenitors at different stages during the embryonic (E15), early (P1), and later (P5) postnatal development. B, LCMV injected in the fourth ventricle transduces RG cells lining the ventricular surface
(arrow). Both interneurons (arrows and arrowhead in C–E, I, J, M) and glial cells (arrows in F–H, K, L, N) derive from LCMV-infected cells but to various extents during development. Different
categories of interneurons are recognized by their morphology, location in the cerebellar cortex, and expression of typical markers (C–E, I, J, M). C, I, Pax2 � Golgi cells in the GL originate from early
progenitors (E15, P1). D, E, J, M, Postnatally infected progenitors mainly generate interneurons of the most superficial layers (arrows). PV � basket cells settle close to Purkinje cell somata that they
contact by means of specialized axonal terminals (i.e., the pinceau; see arrowheads in E, J). OLs in the ML (F, arrows) and the WM (G, arrows) are found exclusively after early infections, in addition
to parenchymal astrocytes (H, arrows) and BG (H, arrowhead). Postnatal injections give rise to GFAP � astrocytes of the WM (arrows in K, N) and more rarely to BGs (L, arrows). Pixels decorated by
positivity for both GFP and GFAP are represented in white in L. O, No Olig2 � OLs are observed after P5 infections. Results in A are indicated as averages of proportions � SEMs (E15, P5 n � 3; P1
n � 5). DCN, Deep cerebellar nuclei. Scale bars, 20 �m.
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creased significantly over time and, when the PWM was targeted,
for the most part included WM astrocytes (Fig. 6A, cfr with H, K,
N). However, contrary to the other astrocytes, GFP-expressing
BG derived primarily from embryonic and very early postnatal
progenitors (P1) and not from PWM precursors at later develop-
mental stages (Fig. 6A, arrowheads in H, L). Of note, in P5 in-
jected animals, we found exclusively GFP� BG in proximity of
the injection site, suggesting a direct infection of these cells rather
than an origin from PWM progenitors. This pattern of BG gen-
eration is different from that of GLAST::CreER T2�R26R mice in
which BG cells accounted for a vast proportion of reporter-
expressing cells after postnatal Tx administration (see above).
This is arguably explained by direct recombination of immature
BGs in the PCL.

On the whole, fate-mapping analyses demonstrated that
LCMV-infected progenitors are able to generate astrocytes and
interneurons during embryonic and early postnatal develop-
ment, although to different extents.

In vitro and in vivo clonal analyses of PWM postnatal
progenitors reveal their bipotency
Our data show that, at both embryonic and postnatal ages, in-
terneurons are generated by primary precursors with astroglial
traits. The same type of precursors also gives rise to mature pa-
renchymal astrocytes. Nevertheless, it remains to be clarified
whether a single progenitor is actually bipotent and produces
both astrocytes and interneurons. To clarify this point, we fo-
cused on postnatal stages when the bulk of interneurogenesis
occurs (Weisheit et al., 2006) and first performed in vitro clonal
analyses. Cells isolated from the cerebellar PWM of P3 wild-type
mice were plated at clonal density and cultured in serum-free
condition with growth factors, as described previously (Qian et
al., 2000; Kusek et al., 2012). After 4 d, we fixed the cells and
evaluated the composition of the clones by colabeling for differ-
ent lineage markers (BLBP for astroglial cells, Tuj1 for neurons;
Fig. 7A–E). The majority of clones were composed of astrocytes
(Fig. 7A–F). Furthermore, we found neuronal clones, and, inter-
estingly, a consistent proportion of mixed clones, including both
astrocytes and neurons (Fig. 7C–F). Neurons in the mixed clones
belonged to the GFP� interneurons in Pax2–GFP-derived cultures
(Fig. 7D). These mixed clones did not include OLs, despite the fact
that isolated OLs or OL duplets were found in the cultures (data not
shown). To further ensure that clones were originated from a single
precursor, we mixed cells derived from P3 wild-type and �-actin–
GFP PWM (Fig. 7F). We never observed clones composed of GFP-
negative and GFP� cells, in agreement with their derivation from
isolated single elements (data not shown). Moreover, we performed
the same in vitro experiments by dissociating PWM cells from
GLAST::CreERT2�R26RYFP mice that were induced in vivo with Tx
12 h before dissection. As above, plated cells included both reporter-
positive and -negative elements. Also, this approach confirmed clon-
ality and bipotency of PWM precursors (Fig. 7E,F). These in vitro
data (listed in Fig. 7F) indicate that cerebellar progenitors can pro-
duce neurons and astrocytes in defined conditions and that these
two lineages are strictly linked.

However, in vitro conditions may modify the in vivo differen-
tiation potential of cells. Thus, we moved to the more physiolog-
ical setting of organotypic cultures (DuPont et al., 2006; De Luca
et al., 2015) and exploited the modified ubiquitous StarTrack
(García-Marqués and López-Mascaraque, 2013) that (1) drives
genomic integration of transgenes and (2) provides a unique
combinatorial expression of different fluorescent proteins, allow-
ing in vivo tracing of single cells and their progeny so to identify

clones. To achieve this goal, we coelectroporated the ubiquitous
StarTrack plasmid mix, encoding different fluorescent reporters
along with the transposase plasmid. We performed ex vivo elec-
troporation of P0 –P2 cerebella and cultured organotypic slices
for 7 d (Fig. 7G). We found a total of 35 different fluorescent
combinations, and most of them (24) occurred only once with a
frequency of 0.0179 (calculated as indicated by García-Marqués
and López-Mascaraque, 2013). The complex range of color com-
position and the frequency of accuracy of each fluorescent mark
confirmed the low probability for two different cells to acquire
the same color code, corroborating the strength of this tool in our
system. In five experiments, we analyzed 56 different clones. We
found a vast predominance of astroglial clones, in line with the
astroglial reactivity elicited by this culturing method (Dusart et
al., 1997). However, four clones were identified as mixed clones,
including interneurons and astrocytes. Figure 7H shows an ex-
ample of a mixed clone composed by one immature interneuron
identified by Pax2 expression (Fig. 7H) and cells with an imma-
ture astroglial phenotype.

As a third independent approach to address multipotency of
PWM progenitors, we used the recently developed Confetti re-
porter mice (R26R Confetti; Snippert et al., 2010) that enables us to
distinguish clones derived from different single progenitor by
means of the stochastic and exclusive expression of one of four
fluorescent proteins (cytoplasmic yellow YFP or red RFP, mem-
brane blue cyan fluorescent protein, and nuclear green GFP). We
crossed R26R Confetti with GLAST::CreER T2 and induced them at
P3 with a low dose of Tx to induce recombination in only few and
sparse astroglial-like progenitors. We first confirmed that 2 dpi
recombined cells displayed an astroglial-like morphology and did
not express the interneuron marker Pax2 (data not shown). We
then analyzed at P30 the entire cerebella and mapped single cells,
independently considering each color. This strategy yielded a
small number of labeled cells per cerebellum (from 	10 to 	160
cells per fluorophore). The majority of labeled cells were BG and
GL astrocytes that were excluded from this analysis because, at
the examined time points, they predominantly derive from
sources different from the neurogenic PWM, as demonstrated
above. Accordingly, in cerebella containing only BG and GL as-
trocytes, no labeled interneurons were observed (two of seven
cerebella), whereas the presence of tagged interneurons was al-
ways accompanied by color-matched WM astrocytes. In these
cases, astrocytes were found either within the WM of a single
lobule (intralobular WM; Fig. 7I) or in the WM at the bases of
two adjacent lobules (Fig. 7J). In most cases, in the same section,
a color-matched interneuron was observed in the ML of the same
lobule or in that of one of the two abutting lobules in accordance
with distinct astrocyte locations (Fig. 7I). Analysis of serial sec-
tions further revealed the presence of additional sister interneu-
rons. Isolated color-matched interneurons in lobules unrelated
to that containing WM astrocytes were never found. On these
bases, we detected 15 mixed clones containing for the 73% at least
two interneurons (3.7 � 2.5 interneurons per clone), consistent
with an intermediate amplification phase. Ninety-three percent
of the same clones included one or two astrocytes (Fig. 7I, cells 1
and 2 of RFP clone), suggesting a very limited expansion along
this lineage. The mean distance along the laterolateral axis of cells
belonging to the same mixed clone was rather variable and had a
median value of 550 �m, in line with the prominent migratory
activity of interneurons along the cerebellar folia (Zhang and
Goldman, 1996). In addition, in these animals, we found one and
seven single clones composed exclusively of interneurons or WM
astrocytes, respectively. No OLs or granule cells were targeted.
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On the whole, these data are consistent with the existence in
the postnatal cerebellum of a bipotent progenitor with astroglial
features generating both interneurons and WM astrocytes.

Discussion
Proliferation and differentiation analyses of the PCL and PWM
revealed that progenitors populating both niches display similar
astroglial-like neurochemical profiles and exhibit different pro-
liferative rates and progenies. Furthermore, PCL progenitors are
highly proliferative, and they exclusively generate astroglia, mostly
comprising BG cells. Conversely, PWM progenitors proliferate less
frequently and produce both GABAergic interneurons and WM as-
trocytes. In addition, clonal analyses demonstrate the existence of
bipotent PWM progenitors originating both inhibitory interneu-
rons and astroglia of the WM.

Distinct proliferative activities of PCL and PWM niches
We show that different G1-phase cyclin D proteins, known to
positively regulate the cell cycle progression, are expressed in the
PCL and PWM niches. Diverse cyclins are found in distinct neu-
ral progenitor populations in the developing telencephalon
(Glickstein et al., 2007) and spinal cord (Lukaszewicz and Ander-
son, 2011), as well as in the adult hippocampus (Matsumoto et
al., 2011). At these sites, they diversely regulate proliferation rates
or neurogenesis of progenitor subsets, yet the specific effect of
each isoform is not univocal but rather appears cell context de-
pendent. In the cerebellum, while PCL progenitors express cD1,
cD2 is found in the PWM. This differential expression is associ-
ated with a higher proliferative activity and a faster cell cycle
reentry of PCL progenitors compared with PWM precursors.
Consistent with a specific role in cell proliferation in the PWM,
loss of cD2 dampens proliferation at this site but leaves that of the
PCL unaffected. This suggests that these diverse cyclins may ac-
count specifically for the distinct proliferative rates of the PCL
and PWM. In turn, diverse proliferation rhythms may also influ-
ence the differentiation properties of progenitors at these sites.
Indeed, according to the “cell cycle length hypothesis,” fast pro-
liferation correlates with self-renewing divisions, whereas longer
cell cycles favor neurogenic differentiation (Salomoni and Cale-
gari, 2010). This could fit with what we observed in the postnatal
cerebellum, in which fast divisions amplify self-renewing progen-
itors, ultimately producing BG in the PCL, whereas longer cell
cycles associate with the production of interneurons by PWM
cells (see also below). Moreover and in line with this view, loss of
cD2 affects the proliferative rate of PWM cells and results in a

reduction of the final number of cerebellar interneurons (Leto et
al., 2011).

More active proliferation at the PCL compared with the PWM
could also reflect the diverse expansion needs of progenitor cells
in different cerebellar territories. Intense proliferation at the PCL
leading to tangential amplification of prospective BG may be
required to cope with the expansion of the cerebellar surface
during postnatal foliation (Sudarov et al., 2007; Li et al., 2014),
whereas more sporadic cell divisions may be sufficient to supply
the adequate amount of interneurons.

Lineage of astroglial-like precursors and distinct progenies of
PCL and PWM niches
Fate mapping in GLAST::CreER T2 mice and lentiviral-mediated
analyses show that astroglial-like progenitors generate glial cells
and interneurons in the embryonic and postnatal cerebellum. At
earlier developmental ages, the full repertoire of interneurons
and glial cells, including parenchymal astrocytes, BG, and OLs, is
produced. Conversely, after P1, OLs disappear from the progeny
of astroglial-like progenitors, as confirmed by the absence of
GLAST-tagged mixed clones, including OLs both in vitro and in
vivo. These data may suggest the existence of a multipotent pro-
genitor that disappears as development proceeds. Nevertheless,
previous studies pointed to an extracerebellar source for cerebel-
lar OLs (Grimaldi et al., 2009; Mecklenburg et al., 2011). Previous
data can be reconciled with the present results by the existence of
an extracerebellar OL progenitor with astroglial traits that likely
localize periventricularly, as required to be infected by intraven-
tricular viral injections. However, after birth, astroglial-like OL
progenitors appear exhausted, indicating a clear divergence of
the OL lineage from that of postnatal cerebellar astroglial-like
progenitors.

Notably, interneuron generation from fate-mapped progeni-
tors occurs according to the formerly established sequence of
interneuron specification, with earliest-born interneurons lo-
cated deeper and later-born elements in more superficial posi-
tions (Leto et al., 2006, 2009). Thus, throughout cerebellar
development, the capability to produce GABAergic neurons is
maintained in a lineage of progenitors displaying features of pri-
mary astroglial-like precursors. These data confirm and extend
previous results obtained in other mouse mutants in which pro-
genitors of interneurons were shown to display astroglial traits,
such as activity of the hGFAP promoter (Silbereis et al., 2009) and
some degree of TenascinC expression (Fleming et al., 2013). Pro-
duction of neurons from astroglial-like progenitors appears to
decrease at the end of the first postnatal week, in line with previ-
ous studies (Silbereis et al., 2009). So far, reactivation of neuro-
genesis in vivo after this stage has not been reported (Grimaldi
and Rossi, 2006; Su et al., 2014), despite successful isolation of
adult cerebellar cells with NSC features and in vitro multipotency
(Klein et al., 2005; Lee et al., 2005).

Lineage-tracing studies including ours fate mapped a popula-
tion of cells without discriminating the exact spatial location of
the neurogenic source. By in vivo selective genetic or viral-
mediated targeting of either PCL or PWM progenitors, we fully
clarify that only those in the PWM are neurogenic. Thus, the
PWM hosts primary astroglial-like progenitors of GABAergic in-
terneurons. Conversely, PCL progenitors exclusively generate
other astrocytes. Of note, a distinct differentiation potential for
PCL and PWM cells also emerges over time in regard to the
astroglial progeny. Indeed, whereas PCL cells predominantly
generate BG, PWM progenitors contribute to WM astrocytes.

4

Figure 7. Clonal analyses of postnatal cerebellar progenitors. A–F, In vitro clonal analysis
of cells isolated from the postnatal PWM of wild-type (A–C), Pax2–GFP (D), or
GLAST::CreER T2�R26R YFP (E) mice. A, BLBP � astroglial clone. B, Tuj1 � neuronal clone. C–E,
Mixed clones composed of astrocytes and neuron(s) (arrows in E). F, Summary of the in vitro
experiments highlighting the total amount of analyzed clones. G, Experimental procedure of ex
vivo electroporations with a ubiquitous StarTrack. Representative example of mixed clones (H)
with schematic representation of distinct color-coded clones (H�) and corresponding single
channels (H�). Box in H shows a magnified Pax2 � interneuron. Purple circles in the scheme and
arrowheads in the single-channel pictures point to the identified mixed clone. I, J, In vivo clonal
analysis of GLAST::CreER T2�R26R Confetti mice induced with a low dose of Tx and analyzed at
P30. Representative two mixed clones composed of both WM astrocytes (A1, A2) and ML in-
terneuron(s) (IN1–IN7; YFP and RFP) and their localization in serial parasagittal sections. The
YFP � clone (I) comprises one WM astrocyte and two interneurons located in the same lobule of
contiguous sections, whereas the RFP � clone (J) is composed of two astrocytes (arrowheads) in
the WM and seven sister interneurons in the above lobules. Insets show GFAP or PV expression
of the fluorescent cells. Scale bars: A–E, 10 �m; H–J, 20 �m.
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These data implicate diverse functions for NSC-related genes
found in both PCL and PWM (Alcock et al., 2009; Silbereis et al.,
2009; Fleming et al., 2013). This may be attributable to the coop-
eration with other undefined intrinsic factors and/or to the influ-
ence of environmental cues. Moreover, they underline a
functional divergence of the PCL/PWM progenitor pools that fits
well the classical view of a distinct ontogenesis. Indeed, whereas
PCL progenitors are posited to derive directly from RG through
the retraction of apical processes, PWM progenitors are instead
postulated to emigrate from the VZ apparently without any basal
or apical anchor (Buffo and Rossi, 2013 and references therein).
Of note, the occurrence of these processes still awaits a direct
demonstration.

Bipotent progenitors in the PWM produce both interneurons
and WM astrocytes
The consistent and parallel production of both interneurons and
astroglia from astroglial-like progenitors raises the issue of the
existence of bipotent progenitors. Previous studies suggested a
lineage relationship between astrocytes and GABAergic interneu-
rons (Silbereis et al., 2009; Sudarov et al., 2011). More recently, it
was proposed that postnatal CD15�-intermediate progenitors
for astrocytes and Ptf1a�-intermediate progenitors for interneu-
rons derive from common CD133� precursors, thus implicating
a lineage relationship between these two cell populations (Flem-
ing et al., 2013). Our clonal analyses provide the first in vitro and
in vivo evidence for the existence of bipotent astroglial-like PWM
progenitors producing both interneurons and WM astrocytes. In
vitro analyses show a small but consistent fraction (	7%) of
clones composed of both astrocytes and interneurons. More im-
portantly, our in vitro data are corroborated by evidence of mixed
clones in vivo. Targeting single progenitors by low Tx doses in
GLAST::CreER T2�R26R Confetti mice produces a progeny formed
by color-matched WM astrocytes and ML interneurons that we
define as clones based on the following observations: (1) shortly
after low-dose Tx treatment, no recombination in Pax2� in-
terneurons was found, thereby excluding the possibility of a di-
rect targeting of these cells; (2) animals in which no WM
astrocytes are tagged lacked interneurons; (3) in most cases, in-
terneurons and astrocytes displayed clear spatial association be-
ing found in the same lobule; and (4) interneuron clones without
WM astrocytes were extremely rare. Cerebellar interneuron clus-
ters produced postnatally are dispersed broadly laterolaterally
(from 	100 to 	750 �m) and from the sister astrocytes (from
	0 to 	200 �m) but consistently found in the same lobules,
according with the striking migratory capability of interneurons
in the ML (Zhang and Goldman, 1996; Cameron et al., 2009) and
with the neuroanatomical organization of the cerebellum (Silli-
toe and Joyner, 2007).

At difference with the well defined clonal relationships be-
tween RG-derived astrocytes and glutamatergic neurons in the
neocortex (Magavi et al., 2012; Guo et al., 2013; Gao et al., 2014),
few studies addressed the lineage link between interneurons and
astrocytes in the nervous system. However, a common derivation
of astrocytes and subpallium-derived neocortical interneurons
has been suggested recently (Magavi et al., 2012). Similar to our
findings, this study shows that, although interneurons migrate far
away from their site of origin, sister astrocytes remain nearby and
colonize the striatum during both the embryonic and early post-
natal cortical development (Magavi et al., 2012; Tsai et al., 2012).
Thus, broad displacement of sister cells may be a common feature
of interneuron–astroglial clones. On the whole, these clonal anal-
yses point to the existence of bipotent progenitors in the postna-

tal cerebellum. Examining whether such progenitors also exist at
earlier developmental ages and, if so, what neuron and compan-
ion astroglia populations they might contribute will be of partic-
ular interest in the future.
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