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In most CNS regions, the variety of inhibitory interneurons originates from separate pools of progenitors residing in discrete germinal
domains, where they become committed to specific phenotypes and positions during their last mitosis. We show here that GABAergic
interneurons of the rodent cerebellum are generated through a different mechanism. Progenitors for these interneurons delaminate from
the ventricular neuroepithelium of the embryonic cerebellar primordium and continue to proliferate in the prospective white matter
during late embryonic and postnatal development. Young postmitotic interneurons do not migrate immediately to their final destina-
tion, but remain in the prospective white matter for several days. The different interneuron categories are produced according to a
continuousinside-out positional sequence, and cell identity and laminar placement in the cerebellar cortex are temporally related to birth
date. However, terminal commitment does not occur while precursors are still proliferating, and postmitotic cells heterochronically
transplanted to developing cerebella consistently adopt host-specific phenotypes and positions. However, solid grafts of prospective
white matter implanted into the adult cerebellum, when interneuron genesis has ceased, produce interneuron types characteristic of the
donor age. Therefore, specification of cerebellar GABAergic interneurons occurs through a hitherto unknown process, in which postmi-
totic neurons maintain broad developmental potentialities and their phenotypic choices are dictated by instructive cues provided by the
microenvironment of the prospective white matter. Whereas in most CNS regions the repertoire of inhibitory interneurons is produced
by recruiting precursors from different origins, in the cerebellum it is achieved by creating phenotypic diversity from a single source.

Introduction

Inhibitory interneurons comprise wide varieties of phenotypes,
characterized by distinctive morphological, neurochemical, and
functional properties, with specific connectivities and positions.
Integration of inhibitory components into maturing circuitries
requires that different categories of interneurons are produced
according to precise spatiotemporal patterns. Interneuron pro-
genitors are usually committed to specific identities and locations
during their last mitosis, when they still reside in germinal neu-
roepithelia (McConnell and Kaznowski, 1991; Valcanis and Tan,
2003; Lledo et al., 2008). Furthermore, in different CNS regions,
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including spinal cord (Lee and Jessell, 1999), cerebral cortex
(Wonders and Anderson, 2006; Fogarty et al., 2007), or olfactory
system (De Marchis et al., 2007; Lledo et al., 2008), the arrays of
local interneurons are generated from separate pools of fate-
restricted progenitors following strict ontogenetic schedules. Al-
though these studies suggest a common strategy to regulate the
genesis of interneurons along the neuraxis, recent observations
concerning cerebellar development seem not readily reconcilable
with this concept.

All cerebellar GABAergic neurons originate from Ptfl-a-
expressing cells located in the ventricular neuroepithelium (VN)
(Hoshino et al., 2005). Projection neurons (Purkinje cells and
nucleo-olivary neurons) are specified within this primary germi-
nal site at the onset of cerebellar neurogenesis (Miale and Sid-
man, 1961; Altman and Bayer, 1997). In contrast, inhibitory in-
terneurons derive from progenitors that delaminate from the VN
during embryonic life and continue to divide in the prospective
white matter (PWM) up to postnatal development (Zhang and
Goldman, 1996). These cells, distinguished by transient expres-
sion of Pax-2 (Maricich and Herrup, 1999; Weisheit et al., 2006),
generate the entire repertoire of cerebellar inhibitory interneu-
rons, characterized by distinctive phenotypes and positions in the
deep nuclei and cortical layers, according to a precise ontogenetic
sequence (Altman and Bayer, 1997; Yamanaka et al., 2004; Schill-
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ing et al,, 2008). The progenitors that proliferate in the PWM
might have been committed to specific interneuron identities
before their emigration from the VN, or could become progres-
sively fate-restricted as development advances. Heterotopic/het-
erochronic transplantation experiments show that these cells re-
tain broad developmental potentialities throughout cerebellar
ontogenesis (Leto et al., 2006). Nevertheless, it is still unknown
how cerebellar inhibitory interneurons adopt specific identities
and laminar fates and whether their phenotypic choices are re-
lated to the mitotic activity of the progenitors in the PWM.

Here, we tested the hypothesis that interneuron phenotypes
and positions are specified by instructive mechanisms that oper-
ate on multipotent cells in the PWM. By fate mapping analysis
and heterochronic transplantation, we found that the phenotype
and laminar placement of cerebellar interneurons are temporally
related to their birth date. However, postmitotic interneurons
exposed to a heterochronic milieu remain fully able to switch
their fate, showing that they are still uncommitted. Analysis of
grafted cells or maturing interneurons in situ indicates that fate
choices are taken in the PWM, where neonate interneurons so-
journ before moving to their final destination. Therefore, con-
trary to other CNS regions, the variety of cerebellar GABAergic
interneurons derives from a single population of multipotent
cells that become specified after their last division in the PWM,
away from their primary germinal site.

Materials and Methods
Animals and surgical procedures
All experiments were performed on wild-type Wistar rats and C57BL/6
mice (Harlan). In addition, several lines of transgenic animals were used:
B-actin-green fluorescent protein (GFP) rats and mice (Okabe et al.,
1997), Pax-2-GFP mice [a generous gift from Dr. M. Busslinger, Vienna
Biocenter, Vienna, Austria (Pfeffer et al., 2002)], and glutamate decar-
boxylase (Gad) 67-GFP (Aneo) (Gad67-GFP) mice (Tamamaki et al.,
2003; Yamanaka et al., 2004). For some transplantation experiments we
used double transgenic mice obtained by cross-breeding Pax-2-GFP and
B-actin-red fluorescent protein (RFP) mice [a generous gift from Dr A.
Vercelli, University of Turin, Turin, Italy (Long et al., 2005)]. In Pax-2-
GFP mice, GFP is selectively expressed in all types of immature and
mature interneurons (Weisheit et al., 2006) (supplemental Fig. 1a—d,
available at www.jneurosci.org as supplemental material). GFP expres-
sion intensity correlates with anti-Pax-2 immunolabeling (Weisheit et
al., 2006) but persists after the downregulation of Pax-2 protein that
occurs in mature basket and stellate cells (Maricich and Herrup, 1999). In
Gad67-GFP mice, GFP is consistently expressed in all GABAergic neu-
rons of the cerebellum, including Purkinje cells and inhibitory interneu-
rons (Tamamaki et al., 2003; Yamanaka et al., 2004; Simat et al., 2007a).
All surgical procedures were performed under deep general anesthesia
obtained by intraperitoneal administration of ketamine (100 mg/kg)
(Ketavet; Bayer) supplemented by xylazine (5 mg/kg) (Rompun; Bayer)
or diazepam (2.5 mg/kg) (Roche). The experimental plan was designed
according to the European Communities Council Directive of 1986 (86/
609/EEC), National Institutes of Health guidelines, and the Italian law
for care and use of experimental animals (DL116/92), and was approved
by the Italian Ministry of Health.

Transplantation experiments

Donor cells for transplantation experiments were isolated from rat or
mouse donors of different embryonic and postnatal ages and grafted to
syngenic hosts, according to previously established procedures for trans-
plantation in utero or in vivo (Jankovski et al., 1996; Carletti et al., 2002).
Solid grafts of PWM were prepared by carefully dissecting small tissue
blocks from the periventricular region of the donor cerebellum (Leto et
al., 2006). One or two of these blocks were pressure injected in each
recipient cerebellum via a glass capillary, according to previously estab-
lished procedures (Rossi et al., 1992). Single-cell suspensions were ob-
tained by mechanical dissociation of embryonic cerebellar primordia or
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of tissue blocks from postnatal cerebella. One microliter of the obtained
suspension (final concentration 5*10* cells/jl) was injected through a
glass capillary to postnatal cerebella or in the fourth ventricle of embry-
onic hosts. Reaggregates of dissociated cells were obtained by gently
shaking the cell suspension in a 0.5 ml Eppendorf vial for ~30 min at
room temperature. The obtained cell aggregates were carefully collected
by a glass capillary and immediately transplanted. Recipient animals were
killed at different survival times post-transplantation, as detailed in
Results.

Fluorescence-activated cell sorting of donor cells

Cerebella of postnatal day 7 (P7) Gad67-GFP mice were dissected and
dissociated as above. The cell suspension was filtered through cell strain-
ers (70 um, BD Biosciences) to remove cellular aggregates and resus-
pended in sorting buffer (PBS 1X, EDTA 5 mm, HEPES 25 mum, pH 7.0,
HBS 1%) at a concentration of 1*10° to 10*107 cells/ml. The cell suspen-
sion was fluorescence-activated cell sorted using a Dako Cytomation
MoFlo cell sorter. The purity of sorted cells was checked microscopically.
The sorted cells were transplanted to P1 recipients (as above), which were
examined 1 month later (58 GFP-positive interneurons/4 cases).

Histological procedures

Under deep general anesthesia, experimental animals were transcardially
perfused with 4% paraformaldehyde in 0.12 M phosphate buffer, pH
7.2-7.4 (500 ml for rats, 250 ml for mice). The brains were immediately
dissected, stored overnight in the same fixative at 4°C, and finally trans-
ferred in 30% sucrose in 0.12 M phosphate buffer. The cerebella were cut
with a cryostat in 30-um-thick parasagittal slices collected in PBS. Slices
obtained from different experimental sets were processed for immuno-
fluorescent labeling with different primary antibodies (all dissolved in
PBS with 1.5% normal serum and 0.25% Triton X-100): anti-
parvalbumin (1:1500, monoclonal; Swant), Pax-2 (1:200, polyclonal;
Zymed), anti-phospho-histone H3 (1:100, polyclonal, Upstate Biotech-
nology), anti-neurogranin (1:250; polyclonal; Millipore Bioscience Re-
search Reagents), anti-Ng2 (1:200; polyclonal; Millipore Bioscience Re-
search Reagents), anti-S100 (1:1000, monoclonal, Sigma), anti-Olig2 (1:
500; polyclonal; Millipore Bioscience Research Reagents), anti-GFP (1:
700, polyclonal or monoclonal; Invitrogen), anti-RFP (1:500, Abcam),
anti-BrdU (1:500, monoclonal, Sigma) (see Leto et al., 2006 for technical
details).

Microscopy and image processing. Histological specimens were exam-
ined using a Zeiss Axiophot light microscope equipped with a Nikon
DS-5M digital camera, or a Fluoview 300 microscope confocal micro-
scope (Olympus). Adobe Photoshop 6.0 (Adobe Systems) was used to
adjust image contrast and assemble the final plates. Some quantitative
and morphometric evaluations were made using ImageJ (Research Ser-
vice Branch, National Institutes of Health, Bethesda, MD;
http://rsb.info.nih.gov/ij/).

Birth-dating analysis of interneuron progenitors in situ. BrdU (5 mg/ml
in 0.007N NaOH in saline) was intraperitoneally injected (50 ug/g body
weight) to pregnant dams or postnatal pups with different administra-
tion schedules and survival times, depending on the specific experiment.
To determine the birth date of cerebellar interneurons, BrdU was pulsed
twice within 8 h to embryonic day 15 (E15) (259 cells/2 cases), P1(444
cells/4 cases), P7 (524 cells/3 cases) wild-type rats, and to E12, PO, P5, and
P10 Pax-2-GFP and Gad67-GFP transgenic mice (at least 80 cells/case, 3
cases/age group). The treated animals were killed at P30, and separate
series of cerebellar sections were double stained for BrdU and cell type-
specific markers to identify their phenotype (see Fig. 2a—c). Laminar
position was recorded as the distance from the Purkinje cell layer (posi-
tive for the molecular layer, and negative for the granule cell layer). Raw
measurements were normalized relative to layer thickness, and are rep-
resented as scatter diagrams that combine measures obtained from dif-
ferent animals of the same set (see Fig. 2e, supplemental Fig. 1, available
at www.jneurosci.org as supplemental material).

To determine the site of proliferation of cerebellar interneuron pro-
genitors, single BrdU pulses were injected to P1, P6, or P9 wild-type mice
(n = 14), Pax-2-GFP mice (n = 14), and Gad67-GFP mice (n = 6), which
were killed 2 h, 24 h, or 4 d later. Vermal sections from these cerebella
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Figure 1.

O Pax-2 immunofluorescence
70+ intensity

Proliferation and initial differentiation of interneuron precursors in the PWM. a— , Distribution of dividing interneuron precursors in Pax-2-GFP transgenic mice at three different

postnatal ages (P2, P6, P9). a, b, Graphsillustrate the frequency of GFP/BrdU double-labeled cellsin PWMand cortical layers, 2 h (a) or 24 h (b) after BrdU administration (n = 2— 4 cases/time point).
¢—e, The majority of dividing cells are located in the PWM (arrows in ¢). This distribution is confirmed by immunostaining for phospho-histone Ph3 (d, e). f, Laminar position of GFP/BrdU-double-
labeled cells at increasing times after BrdU injection: 4 d after nucleotide analog administration, many cells are still in the PWM. g—n shows Pax-2 immunolabeling (g—j) or Pax-2/GFP expression
(k=n) ininterneuron precursors labeled by BrdU 2 h (g, h, k, I) or 24 h (i, j, m, n) before animals were killed. o, p, Double-labeled cells (arrows) consistently show a weaker Pax-2 expression at 2 h
than at 24 h, as confirmed by the quantitative estimation of Pax-2 immunofluorescence intensity (o, Student’s t test, p << 0.001). p shows the PWM of a P5 Gad67-GFP mouse: double
immunostaining for GFP (green) and Pax-2 (red) reveals numerous cells positive for Pax-2 (arrowheads) but negative for GFP. g, r display double immunolabeling for GFP (green) and BrdU (red) in
P5 Gad67-GFP mice. Double-labeled cells are not present 2 h after injection (q), whereas they are evident at 24 h (arrows in r). EGL, External granular layer; ML, molecular layer; GL, granular layer.

Scale bars: (¢, e, p-r), 20 jum; (g-n), 10 wm.

were double-labeled for BrdU and Pax-2 (wild-type animals) or GFP
(transgenic animals). On these sections we estimated the total number
and the position of BrdU-positive cells and of double-labeled cells in the
PWM or in the cortical layers of lobule IV/V (Fig. 1a,b,f, 2—4 cases/time
point). The same procedure was applied to assess the distribution of cells
double-labeled for phospho-histone H3 and GFP in P2, P6, and P9 cer-
ebella (Fig. 1d, 2-3 cases/age group).

To check the matching between GFP and Pax-2 expression in the
Pax-2-GFP transgenic mice, we immunolabeled cerebellar sections from
P2, P6, and P9 transgenic mice with anti-Pax-2 antibodies (supplemental
Fig. 1a—d, available at www.jneurosci.org as supplemental material). On
such sections, we sampled several hundred cells (500-700/age group, 2-3
cases/age group) positive for either GFP or Pax-2 and checked whether
they were also positive for the other. To assess the level of Pax-2 expres-
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sion in proliferating interneuron progenitors, we measured the intensity
of anti-Pax-2 immunostaining in wild-type mice or of GFP expression in
transgenic animals, which survived 2 or 24 h after a BrdU pulse. Staining
intensity was measured by means of the Neurolucida system on single
confocal sections of Pax-2/BrdU double-labeled cells (50 cells/7 animals
at 2 h, 286 cells/7 animals at 24 h).

Analysis of transplanted interneurons. Donor cells in the host tissue
were recognized by the intrinsic GFP expression. The phenotypes were
identified according to morphological features and expression of several
type-specific markers. Cerebellar inhibitory interneurons comprise in-
terneurons of the deep nuclei, Golgi and Lugaro cells in the granular
layer, basket and stellate cells in the molecular layer. A host of recent
neuroanatomical studies has revealed an unexpected heterogeneity in the
repertoire of granular layer interneurons, describing different subtypes,
distinguished by morphological (Lainé and Axelrad, 1994, 2002) or neu-
rochemical traits (Geurts et al., 2003; Simat et al., 2007b; Leto et al.,
2008). Nonetheless, considering the complexity of the interneuron vari-
ety and the low frequency of some of these subtypes, we decided to
restrict our classification to major morphological phenotypes and type-
specific markers: NeuN and calretinin for deep nuclei interneurons (Leto
et al., 2006), calretinin and neurogranin for granular layer interneurons
(Lainé and Axelrad, 2002; Simat et al., 2007b), and parvalbumin for
molecular layer interneurons (Celio, 1990; Bastianelli, 2003).

The same procedures described above were applied to record the po-
sitions of donor interneurons in the different transplantation experi-
ments, including dissociated, reaggregated, and solid grafts, as well as
analyses of donor cell proliferation. Because of the variable amounts of
donor cells that engrafted in different cases, results obtained from differ-
ent cases belonging to the same experimental set were usually pooled
together. The number of cells considered to determine the position of
donor interneurons in grafts of dissociated cells are reported in Figure 2f.
The position of donor cells from reaggregated grafts to P1 recipients was
determined on a sample of 78 cells/5 cases (see Fig. 5b). The position of
donor cells from solid grafts to P1 recipients was determined on a sample
of 376 cells/4 cases (see Fig. 5¢). Transplants of dissociated cells to adult
recipients included P1 (86 cells/2 cases) and P7 donors (332 cells/4 cases).
Solid transplants to adult recipients included P1 (333/3 cases) and P7
donors (311/3 cases).

To analyze the mitotic activity of donor cells after transplantation,
recipient animals (1 = 8) received two injections of BrdU during the first
24 h post-transplantation. To visualize transplanted cells that completed
their last division in the donor cerebellum, single BrdU pulses were ad-
ministered to donor animals 8 h (61 cells/8 cases) or 24 h (64 cells/6 cases)
before dissection. Recipient cerebella were processed for BrdU immuno-
reactivity and type-specific labeling 1 month post-transplantation. Phe-
notypes and positions were determined as described above. To determine
the site in the host cerebellum where transplanted cells proliferate, we
made two BrdU injections (within a 3 h period) to recipient pups at 1, 2,
or 4 d post-transplantation (100-250 cells/age, 3 cases/age). These ani-
mals were killed 2 h after the last injection and the position of BrdU-
labeled donor cells was recorded as above. Finally, six transplants of
Pax-2-GFP/B-actin-RFP donor were examined to investigate the differ-
entiation of donor interneurons (150—250 cells/age, 2 cases/age).

Statistical analysis

Statistical significance was assessed by a one-way ANOVA with Bonfer-
roni’s multiple comparison post-test to analyze whether differences be-
tween data sets were significant. An unpaired Student’s f test was used in
which only two groups were analyzed. In all instances, p < 0.05 was
considered as statistically significant.

Results

Progenitors of cerebellar inhibitory interneurons proliferate
and initiate GABAergic differentiation in the PWM

Although the main phases of interneuron genesis and develop-
ment are well established (Zhang and Goldman, 1996; Altman
and Bayer, 1997; Maricich and Herrup, 1999; Yamanaka et al.,
2004; Weisheit et al., 2006; Simat et al., 2007a; Schilling et al.,
2008), details of progenitor proliferation and initial differentia-
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tion are still unresolved. To investigate the early phases of inter-
neuron development, we examined Pax-2 expression in wild-
type mice or GFP fluorescence in Pax-2-GFP mice. According to
previous studies, in the cerebellum anti-Pax-2 immunostaining
identifies a population of neuronally restricted GABAergic cells
(Maricich and Herrup, 1999), corresponding to the entire reper-
toire of cerebellar inhibitory interneurons (Maricich and Herrup,
1999; Simat et al., 2007a). In addition, in Pax-2-GFP mice, the
Pax-2 protein and GFP are faithfully colocalized (Weisheit et al.,
2006). To further confirm these findings, we examined samples
of 500-700 cells from P2, P6, or P9 Pax-2-GFP mouse cerebella
stained with anti-Pax-2 antibodies and consistently found >98%
correspondence (supplemental Fig. la—d, available at www.
jneurosci.org as supplemental material). In all instances, Pax-2-
expressing cells displayed morphological and neurochemical fea-
tures of cerebellar interneurons (see below) (Weisheit et al., 2006;
Simat et al., 2007a). On the contrary, immunolabeling of the
same cerebella with antibodies that recognize glial lineages never
colocalized with GFP (supplemental Fig. le—g, available at
www.jneurosci.org as supplemental material). Therefore, we
considered Pax-2 as a selective and specific marker for maturing
cerebellar interneurons.

To define the sites where GABAergic interneuron progenitors
proliferate, we injected BrdU to P1, P6 or P9 wild-type mice or
Pax-2-GFP transgenic mice, which were killed 2 h, 24 h, or 4 d
later. At these ages, dividing cells in the cerebellar parenchyma
comprise progenitors for inhibitory interneurons and glial cells
(Milosevich and Goldman, 2002, 2004; Grimaldi et al., 2009)
(supplemental Fig. 1h—j, available at www.jneurosci.org as sup-
plemental material). As a consequence, only a fraction of the
BrdU incorporating cells also expressed Pax-2 (5.2% at 2 h, 8.4%
at 24 h, 8% at 4 d). At all examined ages, 2 h after injection cells
double-labeled for BrdU and Pax-2 or GFP were located in the
PWM and, less frequently, in the adjacent cortex (Fig. 1a). A
similar distribution was found 24 h after BrdU administration
(Fig. 1b,c) and also in age-matched animals immunostained for
phospho-histone H3 to visualize cells in late G, or M phases (Fig.
1d,e). Thus, the vast majority of Pax-2-positive interneuron pro-
genitors that proliferate do so in the PWM (Maricich and Her-
rup, 1999).

It is unclear whether Pax-2 expression occurs in actively di-
viding progenitors (Maricich and Herrup, 1999) or begins coin-
cident with terminal mitosis (Weisheit et al., 2006). To elucidate
this point, we compared levels of Pax-2 expression in BrdU-
labeled cells at 2 or 24 h survival. If Pax-2 is expressed in actively
dividing cells, the level of expression should not be related to the
duration of the survival period after BrdU administration. On the
contrary, if Pax-2 is upregulated near the last mitosis, one would
predict that cells that survive for 2 h show weaker staining inten-
sity than cells that are fixed 24 h later. This is indeed what we
found. Both immunostaining for Pax-2 in wild-type animals (Fig.
1g—j) and assessment of Pax-2-GFP in transgenic animals (Fig.
1k—n) showed that levels of Pax-2 expression were consistently
lower in cells analyzed 2 h after BrdU administration, compared
with cells that survived for 24 h (Fig. 1o, Student’s ¢ test, p <
0.001) (comparable results were obtained from the analysis of
Pax-2-GFP mice; data not shown). Therefore, interneuron pro-
genitors start Pax-2 expression at about the time of the S-phase of
their last mitosis.

Four days after application of the BrdU pulse, Pax-2-
expressing cells that had retained the nucleotide analog were
found distributed throughout all cortical layers (Fig. 1f). Never-
theless, many of them (41, 7%) were still in the PWM, indicating
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that Pax-2-positive postmitotic cells do not migrate immediately
to their final destinations. During this protracted period of transit
through the PWM, young interneurons progress in their matu-
ration. For instance, expression of the GABA-synthesizing en-
zyme, Gad67, occurs subsequent to that of Pax-2, as verified by
the observation that, in Gad67-GFP mice, many Pax-2-positive
cells in the PWM are not yet green-fluorescent (Fig. 1p). Consis-
tently, we found that Gad67-GFP/BrdU double-labeled cells can-
not be detected earlier than 24 h after administration of the nu-
cleotide analog (Fig. 1g,r). Therefore, GABAergic interneuron
progenitors preferentially proliferate in the PWM and upregulate
Pax-2 only at the time of their last division. Young postmitotic
interneurons sojourn for a rather long period in the PWM, where
they initiate their GABAergic differentiation.

All types of cerebellar GABAergic interneurons are generated
according to a common ontogenetic sequence

The different categories of cerebellar GABAergic interneurons
are generated during largely overlapping time windows between
E13 and P15, starting with cells destined for deep nuclei and
progressing to those eventually located in the granular and mo-
lecular layers of the cortex (Miale and Sidman, 1961; Rakic, 1973;
Altman and Bayer, 1997). This pattern of generation may result
from parallel neurogenic processes, in which different categories
of interneurons are produced by distinct progenitors through
independent mechanisms. Alternatively, all cerebellar interneu-
rons could derive from a common precursor pool, from which
newborn cells are progressively assigned to specific laminar posi-
tions and mature identities.

To clarify this point, we pulsed BrdU to wild-type rats, Pax-2-
GFP mice, and Gad67-GFP mice throughout the period of inter-
neuron genesis (E15, P1, P7 rats, Fig. 2a—c,e; E12, PO, P5, P10
mice, supplemental Fig. 2, available at www.jneurosci.org as sup-
plemental material), and determined the position and phenotype
of BrdU-retaining interneurons at P30. As shown in Figure 2e,
cells labeled with BrdU at different ages eventually came to reside
in distinct cortical positions, such that the earliest-born cells were
preferentially located deeper, whereas later-born elements occu-
pied progressively more superficial placements ( p < 0.0001; one-
way ANOVA for age at labeling vs position at P30). The relation-
ship linking birth date and laminar fate was further corroborated
by the observation that, after a single BrdU pulse, heavily stained
cells, which stopped dividing just after labeling, were located in
deeper positions than lightly labeled cells, whose BrdU content
had been diluted because of continued proliferation (Fig. 2d,
supplemental Fig. 3, available at www.jneurosci.org as supple-
mental material). Cohorts of cells that shared the same birth date
were consistently located in restricted laminar positions, regard-
less of whether they were of the same phenotype or belonged to
distinct classes (e.g., the Golgi, Lugaro and basket neurons la-
beled by BrdU injections at P1). The continuous inside-out pro-
gression of interneuron genesis, together with the observation
that cells of different categories that share the same laminar fate
are born at the same time, are consistent with the view that the
different classes of interneurons originate by a common develop-
mental process.

Transplanted GABAergic interneurons differentiate
according to local ontogenetic schedules

BrdU labeling experiments show that laminar position and phe-
notype of cerebellar GABAergic interneurons are related to cell
birth date. However, it is unclear whether these two features are
definitively established at the time of the last mitosis, and whether
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they are determined by a common mechanism or separate mech-
anisms. To address these points we used heterochronic trans-
plantation to assess how laminar fate and neurochemical pheno-
type of donor cells are influenced by their previous history or by
the recipient environment.

We first transplanted cell suspensions obtained from E14, P1,
or P7 B-actin-GFP rats to E15, P1, or P7 wild-type recipients (Fig.
2f). In line with our previous findings (Leto et al., 2006), hetero-
chronically transplanted cells always acquired mature pheno-
types typical of the recipient’s age (Fig. 2j-I). The GFP-tagged
donor cells always displayed type-specific morphological and
neurochemical traits (Fig. 2j-I; supplemental Fig. 1k—o, available
at www.jneurosci.org as supplemental material) that were con-
sistent with their placement in the recipient cortex. For instance,
out of a sample of 988 parvalbumin-immunopositive neurons
(from 5 transplants), only 8 were not located in the molecular
layer. Similarly, calretinin-positive cells were exclusively found in
the granular layer (n = 22; supplemental Fig. 1m, available at
www.jneurosci.org as supplemental material) or in the deep nu-
clei (n = 10; supplemental Fig. 1/, available at www.jneurosci.org
as supplemental material), and NeuN-positive cells were all in the
deep nuclei (n = 14; supplemental Fig. 1k, available at www.
jneurosci.org as supplemental material).

Regardless of donor age, the precise positions occupied by
grafted cells were strictly dependent on the host developmental
stage. In progressively older cerebella, the final placement of do-
nor interneurons shifted according to a clear inside-out posi-
tional gradient (Fig. 2¢g—i). Most strikingly, the laminar fate of the
grafted cells was identical to that of the host interneurons born on
the day of transplantation (compare Fig. 2¢g—i to Fig. 2¢; one-way
ANOVA with Bonferroni’s multiple comparisons, all p > 0.05:
no significant differences were found between the positions even-
tually taken by endogenous cells born at E14, P1, and P7 and cells
transplanted to recipients of these ages). Therefore, regardless of
their age, donor interneurons promptly adapt to heterochronic
conditions and acquire identities and laminar positions dictated
by the host ontogenetic stage.

These results suggest that donor cells acquire host-specific
positions and phenotypes because they entrain into local ontoge-
netic processes and develop according to the same mechanisms as
endogenous interneurons. Alternatively, grafted cells may colo-
nize the recipient cerebellum following noncanonical routes
(Carletti et al., 2008; Williams et al., 2008), and adopt mature
phenotypes under the influence of local cues provided by the
microenvironment at their final destination. Hence, we exam-
ined short-term transplants to elucidate the modes of prolifera-
tion, engraftment, and differentiation of donor interneurons.

To establish where donor interneuron progenitors proliferate,
we transplanted P7 cells from B-actin-GFP rats or mice to P1
syngenic hosts. Pax-2-GFP or Gad67-GFP mice could not be used
for these experiments because, as shown above, these reporters
are not expressed by actively proliferating interneuron progeni-
tors. Recipient animals, which were killed 1, 2, or 4 d post-
transplantation, received a BrdU injection 6 h before perfusion to
label dividing cells. Excluding grafted granule cell progenitors in
the external granular layer (Williams et al., 2008), virtually all
BrdU-labeled GFP-positive cells were located in the PWM (Fig.
3a,b). Although we could not distinguish cell types within this
mixed population of dividing elements, it is clear that if donor
interneuron progenitors proliferate in the recipient cerebellum
(see below), they preferentially do so in the PWM, just like en-
dogenous interneuron precursors (Fig. la—c).

To investigate the engraftment, migration, and differentiation
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Figure 2.  Birth-dating and laminar distribution of endogenous and transplanted GABAergic interneurons. a— ¢, BrdU-positive cells labeled with type-specific markers used to identify mature
cerebellar GABAergic interneurons (pictures taken from wild-type rat cerebella): neurogranin (NG) (red in a) and calretinin (CR) (red in b) for Golgi and Lugaro cells of the granular layer (GL),
parvalbumin (PV) (red in ¢) for basket and stellate cells in the molecular layer (ML). d shows the different laminar positions of strong (arrowheads) and faint (arrows) BrdU-immunoreactive
interneurons in the ML of a P30 Gad67-GFP mouse (BrdU was injected at P5). The graphs in e show the laminar position of rat interneurons that incorporated BrdU injected at E15, P1, and P7 (two
pulses within 8 h for each time point; n = 2—4 cases/time points; all animals were killed at P30). Note the inside-out positional gradient of interneuron generation (one-way ANOVA with
Bonferroni’s multiple comparisons test on the position of interneurons born at the three examined ages: p << 0.0001). To analyze the laminar fate of transplanted (Figure legend continues.)
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of transplanted GABAergic interneurons in relation to other do-
nor cells, we performed additional transplants using B-actin-
RFP/Pax-2-GFP double transgenic mice, in which all cells are red
fluorescent (Fig. 3i) and GABAergic interneurons are also green
fluorescent (Fig. 3j). Shortly after transplantation, the vast ma-
jority of transplanted cells were located in the PWM, from where
they gradually spread to the cortex (Fig. 3c—e,1,j). Young postmi-
totic interneurons, highlighted by increasing expression of the
GFP reporter, initially appeared in the PWM (Fig. 3c—e) and later
emigrated to the overlying cortex (Fig. 3e—h), where they ac-
quired mature phenotypes following typical morphogenic phases
(Fig. 3g—h) (Altman and Bayer, 1997; Simat et al., 2007a). There-
fore, donor interneurons do not engraft in ectopic positions or
follow unusual migratory pathways to reach their final destina-
tion, but faithfully replicate transit through the PWM and corti-
cal dispersal of their endogenous counterparts.

The position and phenotype of GABAergic cerebellar
interneurons are not specified during their last mitosis

To assess whether the mature phenotypes and laminar positions
of cerebellar interneurons are specified at the time of their birth,
we next asked whether the fate of late (P7) interneuron progeni-
tors heterochronically transplanted to a more juvenile environ-
ment (E15 or P1) was dependent on the time and place of their
final cell division.

We first grafted P7 B-actin-GFP cells to E15, P1, or P7 rats,
pulsed BrdU to the host animals during the first day after trans-
plantation, and examined the recipient cerebella at P30. In all
conditions, the donor cells, normally destined to generate exclu-
sively molecular layer interneurons (Fig. 2e), acquired positions
and phenotypes consistent with the host ontogenetic stage. A
fraction of these cells (Fig. 4a—c, g—i; 10/47 in E15, 87/579 in P1,
and 197/1173 in P7 recipients) was labeled by anti-BrdU antibod-
ies, showing that they underwent one or more rounds of cell
division after transplantation.

To probe whether proliferation within the recipient environ-
ment is critical to the entrainment of transplanted cells to host-
specific fates, we prepared P7—P1 transplants from donors pulsed
with BrdU 8 or 24 h before cell dissection (Fig. 4d,e). In the
former condition, BrdU-labeled cells carried out the last S phase
in the donor cerebellum, whereas in the latter, they likely com-
pleted the whole cell division before dissection and transplanta-
tion. We then analyzed the fate of label-retaining, strongly BrdU-
labeled, transplanted cells, to exclude donors that underwent
additional rounds of cell division in the recipient tissue (Fig.
4j—m). Again, the results were clear-cut: label-retaining interneu-

<«

(Figure legend continued.) interneurons, we performed the experiments sketched in f; cerebel-
lar cells from E14, P1, and P7 rat B-actin-GFP donors were grafted to either age-matched or
heterochronic wild-type rat recipients, which were killed 1 month post-transplantation. For
each condition, represented by an arrow linking donor to host, the total number of transplanted
interneurons considered and the number of examined cases are indicated. g—i, Scatter graphs
illustrating the distribution of transplanted interneurons in the recipient cortex. Regardless of
the donor age, the position of transplanted interneurons is always strictly dependent on the
host age. In addition, the laminar fate of donor cells corresponds to that of host interneurons
born on the day of transplantation (compare g—i with e; one-way ANOVA with Bonferroni's
multiple comparisons on the layering positions of cells grafted in E15, P1, and P7 hosts and
those of local GABAergic interneurons born on the same day: p > 0.05). j—1, Interneurons
generated by P7 rat B-actin-GFP donors in E15 (4), P1 (k), and P7 (/) wild-type rat recipients:
note the host-specific position and phenotypes acquired by transplanted cells 1 month after
transplantation in cerebella of different ages. PCL, Purkinje cell layer. Scale bars: (a,b,¢c), 10
wm; (1), 50 wm.
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rons occupied positions and acquired mature phenotypes typical
of the recipient age (Fig. 4d,e; one-way ANOVA with Bonferro-
ni’s multiple comparison test among BrdU-positive and BrdU-
negative transplanted interneurons and endogenous interneu-
rons born at P1 does not reveal significant differences, p = 0.43).
This indicates that even cells that completed their last mitosis in
the donor cerebellum are capable to acquire host-specific identi-
ties and laminar fates. To independently test this conclusion, we
transplanted fluorescence-activated cell sorting (FACS)-purified
Gad67-GFP-positive cells. As documented above (Fig. 1g,r),
these cells are postmitotic, since GFP expression only starts 24 h
after the terminal division. Again, P7 Gad67-GFP interneurons
transplanted to P1 cerebella acquired host-specific laminar fates
and phenotypes (Fig. 4f,n,0). Therefore, the mature phenotype
and final position of cerebellar interneurons are temporally re-
lated to their birth date, but they are not determined during the
last mitosis.

Specification of transplanted interneurons depends on the
instructive potential of the PWM microenvironment

The observation that young postmitotic interneurons remain in
the PWM for a protracted time suggests that their position and
phenotype are determined during this period. Transplanted in-
terneurons, too, engraft in the PWM and share the same fate as
local interneurons born on the same day, implying that they be-
come specified soon after transplantation. This indicates that dis-
sociation disrupts some crucial interactions in the donor PWM
that regulate the proliferation and differentiation of cerebellar
interneurons. As a consequence, individual donor cells are di-
rectly exposed to the recipient PWM environment that rapidly
induces their maturation.

To test this hypothesis, and to see whether the PWM miilieu
provides instructive information for newly born interneurons,
we compared the fate of P7 donor cells grafted to P1 cerebella as
single-cell suspensions, or as pellets of dissociated and reaggre-
gated cells, or as solid pieces of PWM. The three transplantation
paradigms yielded similar results (Fig. 5a—f; one-way ANOVA
with Bonferroni’s multiple comparison test, p = 0.29). Donor
interneurons acquired fully mature traits and proper anatomical
integration in the recipient tissue, and their position and pheno-
types were consistent with those of host interneurons (Fig. 2e;
one-way ANOVA for final laminar position, p = 0.26). There-
fore, P7 cells that have not been dissociated, or that that have been
dissociated and reaggregated, are still able to fully adapt to the
recipient environment.

This result suggests that the donor PWM microenvironment
maintained in solid grafts does not provide adequate conditions
to determine the fate of the grafted interneurons. However, it
may be possible that the highly neurogenic milieu of the P1 host
cerebellum exerts an overwhelming influence that masks the in-
trinsic properties of the donor tissue. To elucidate this point we
compared the fate of P1 and P7 donor cells transplanted as sus-
pensions or solid PWM blocs into P30 cerebella, in which inter-
neuron genesis has ceased. Cell suspensions from both donors
exclusively yielded stellate cells, positioned in the most superficial
aspect of the molecular layer (Fig. 5¢—i). On the contrary, solid
transplants of either age produced high numbers of interneurons,
distributed throughout the host white matter and cortical layers
(Fig. 5i-n). The transplanted interneurons acquired clear-cut
distinctive morphological and neurochemical features that al-
lowed identification of their phenotype, even though the major-
ity of them occupied obvious ectopic positions (Fig. 5i,j). Most
interestingly, although the spatial distribution of grafted cells in
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Differentiation of transplanted interneuron progenitors. a, b document the distribution of BrdU-immunoreactive cells dissected from P7 3-actin-GFP donor rats, 1, 2, or 4 d after

transplantation to P1 syngenic hosts (11-106 cells/case, 3 cases/time point). BrdU was injected 6 h before killing. The vast majority of donor cells proliferate in the PWM (arrows in b). c—j shows the
progressive integration of P7 cerebellar progenitors derived from Pax- 2GFP/3-actin RFP mice transplanted to P1 mouse cerebella killed 4 d after graft. Young postmitotic interneurons, highlighted
by increasing expression of the GFP reporter, initially appear in the PWM (c, d) and move to the cortex (e), where they progressively acquire mature phenotypic traits. f~ h, Typical morphogenic
phases of molecular layer (ML) interneurons, which first migrate to the edge of the external granular layer (f) and then develop characteristic neurites (g, h). i, fillustrate the distribution of the whole
population of RFP-positive grafted cells (i) or of the Pax-2/GFP interneurons (j) at 1, 2, and 4 d after transplantation: note the progressive shift of donor interneurons from the PWM to the cortex.
Survival times: b, 1 day post-transplantation (dpt); ¢ h, 4 dpt. GL, Granular layer. Scale bars: (b, g, h), 20 m; (c, €), 50 wm; (d, f), 10 wm; (e-k,0), 20 pm.

the host cerebellum was similar for both donors (Fig. 5i, unpaired
Student’s ttest, p = 0.7), the phenotypic repertoire varied accord-
ing to the donor age: P7 grafts exclusively yielded parvalbumin-
immunopositive basket/stellate cells (Fig. 5k,n), whereas P1
grafts also produced a consistent fraction of Golgi neurons (Fig.
5k—m). Therefore, whereas dissociated cells grafted to P30 cere-
bella exclusively acquired the phenotypes of the latest generated
stellate cells, en bloc PWM grafts yielded numerous interneurons
that survive in the host environment even in unusual positions

and acquired clear-cut donor-specific phenotypes, disclosing the
endogenous neurogenic capabilities of the donor PWM tissue.

Discussion

To investigate the generation of cerebellar GABAergic interneu-
rons, we combined birth-dating, heterochronic transplantation,
and fate analysis. Our results reveal that the variety of cerebellar
interneurons is produced through a peculiar postmitotic process,
different from the mechanisms underlying interneuron genesis
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in other CNS regions. Further, we identify the PWM as the mi-
croenvironment critical to defining the laminar position and ma-
ture phenotype of young interneurons, which retain wide devel-
opmental potentialities up to late ontogenetic stages. Although
the acquisition of positional and neurochemical identities is
highly correlated, they may be uncoupled, indicating that they are
mechanistically independent.

Positional and neurochemical identities of cerebellar
GABAergic interneurons are specified after the last mitosis
Cerebellar GABAergic interneurons derive from Pax-2-positive
progenitors (Maricich and Herrup, 1999) that proliferate in the
PWM (Zhang and Goldman, 1996). Here, we provide direct ev-
idence that these progenitors upregulate Pax-2 during their last
division. Thereafter, the young postmitotic interneurons sojourn
in the PWM for a rather long period, although they progressively
acquire distinctive GABAergic traits. Cohorts of interneurons
that leave the cell cycle at the same time settle into restricted
cortical laminae, showing that their final placement is temporally
linked to their birth date. The latency between proliferation and
final differentiation of cortical interneurons has been previously
interpreted as a pausing period required to match the delayed
maturation of the cortical cytoarchitecture (Rakic, 1973). Our
results indicate that this time span is crucial for cell specification.

The inside-out sequence of interneuron production indicates
that phenotypes and positions may be established by a common
mechanism related to the cell birth date. In some cases, however,
interneurons that are born at the same time and share the same
laminar fate belong to different phenotypes, suggesting that spec-
ification of these two features could be uncoupled. A possible
explanation is that young interneurons are assigned to precise
cortical positions at the time of their birth date in the PWM, but
become committed to specific phenotypes only when they reach
their final placement. For instance, molecular layer interneurons
might be targeted to their laminar positions by their sequential
generation, so that late-generated neurons migrate to progres-
sively more superficial positions because the deeper ones are al-
ready occupied. Then, the acquisition of distinctive traits of bas-
ket or stellate cells is determined by molecular cues (Ango et al.,
2004) or anatomical constraints (Rakic, 1972; Sultan and Bower,
1998) of the local environment at their homing position. Never-
theless, our solid grafts to adult hosts show that major morpho-
logical and neurochemical traits of molecular layer interneurons
can be acquired even in strongly unusual positions. Indeed, cer-
ebellar interneurons develop clear-cut distinctive features when
they are plated in vitro (Baader et al., 1999; Koscheck et al., 2003),
ectopically placed within the cerebellum (Jankovski et al., 1996;
this study), or grafted to extracerebellar sites (Jankovski and So-
telo, 1996; Carletti et al., 2002). Together with the finding that
transplanted interneurons adopt host-specific identities and
placements by entraining into the recipient neurogenic mecha-
nisms, these observations indicate that both position and pheno-
type are determined while young interneurons are still in the
PWM. However, the fact that expression of type-distinctive traits
is not dependent on the correct placement suggests that pheno-
typic maturation and acquisition of laminar fate are regulated by
separate mechanisms.

Despite the relationship linking interneuron birth date and
fate, transplantation experiments show that postmitotic cells are
still able to switch their identities as dictated by the host. As
exemplified by upregulation of Pax-2, crucial ontogenetic steps
occur at the time of the last mitosis, but these events do not
involve terminal commitment to a particular interneuron cate-
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gory. Rather, it is likely that exit from the cell cycle defines a
generic GABAergic interneuron identity, marks the onset of dif-
ferentiation, and makes the cell competent to choose its specific
phenotype in response to extrinsic cues. However, the observa-
tion that postmitotic interneurons maintain the expression of
mitotic markers, such as Ki67 (Weisheit et al., 2006), suggests
that they do not enter a full-blown G, but persist in an interme-
diate state required to complete specification (Schilling et al.,
2008).

The PWM microenvironment is instructive for naive
cerebellar interneurons
Our observations indicate that newborn neurons in the PWM are
exposed to spatiotemporally patterned cues that orientate their
choices toward different interneuron categories. Although each
class is preferentially generated during a defined developmental
period, interneurons with different locations and phenotypes can
be born at the same time (Fig. 2e—i). The long duration and large
overlap of the generation periods of the different interneuron
categories suggest that the information required to specify each
type may change in intensity but persists in the maturing cerebel-
lum. As a consequence, the probability of acquiring a certain
identity varies according to the time or place of the interneuron’s
birth. It might be possible that specification cues act by selecting
among distinct subsets of fate-restricted cells, each destined to
generate a specific class of interneurons. Evidence for the exis-
tence of such subpopulations is lacking (Glassmann et al., 2009).
In contrast, different reports point to a common, molecularly
defined lineage for all cerebellar interneurons (Maricich and
Herrup, 1999; Weisheit et al., 2006; Simat et al., 2007a), and
several observations corroborate this view: (1) Pax-2-positive
cells derive from a restricted domain in the rostromedial region
of the VN (Maricich and Herrup, 1999; Zordan et al., 2008); (2)
grafts from this region are enriched in GABAergic interneurons,
whereas grafts from other VN domains are depleted (Grimaldi et
al., 2009); (3) different types of interneurons are clonally related,
implying that they descend from a common ancestor (Mathis et
al., 1997; Mathis and Nicolas, 2003). Then, it may be possible that
the variety of interneurons originates from a single population of
initially multipotent progenitors, whose developmental potential
is progressively restricted. However, heterochronic transplanta-
tion definitely shows that even cells isolated at the latest develop-
mental stages maintain full potentialities (Leto et al., 2006).
Therefore, our results indicate that the phenotype of cerebellar
interneurons is established by an instructive mechanism that dic-
tates fate choices taken by multipotent cells residing in the PWM.
Thereafter, terminally committed interneurons acquire type-
specific features by unfolding a cell-autonomous plan, whereas
extrinsic cues modulate their survival (Englund et al., 2006; Zan-
jani et al., 2006), migration (Guijarro et al., 2006), and neurito-
genesis (Mertz et al., 2000; Rico et al., 2002; Ango et al., 2004).

Instructive cues for young interneurons might derive from
nearby neuronal populations, as proposed for interneuron spec-
ification in the cerebral cortex (Hevner et al., 2004; Hammond et
al., 2006). Thus, embryonic deep nuclei projection neurons
might induce nearby progenitors to adopt a nuclear interneuron
phenotype, whereas precursors in the subcortical PWM could
differentiate into granular layer interneurons under the influence
of Purkinje cells. After birth, granule cells that populate the nas-
cent internal granular layer might stimulate the production of
molecular layer interneurons.

Despite the attractive simplicity of this model, our present
observations point to mechanisms within the PWM itself as cru-
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Laminar fate of GABAergic interneurons is independent from the environment of the last mitosis. a— c illustrates the laminar fate acquired by BrdU-positive rat B-actin-GFP

interneurons generated by P7 donors transplanted to E15 (a), P1 (b), and P7 (c) wild-type rat recipients. The nucleotide analog was administered in the first 24 h after transplantation. d-m, The
phenotype and distribution of these donor cells (examples are depicted in g—i) match those of endogenous interneurons born on the day of transplantation (Fig. 2e, one-way ANOVA with
Bonferroni’s multiple comparisons, p > 0.05). P7 rat 3-actin GFP-derived interneurons transplanted to P1 hosts, which captured BrdU administered 8 h (d, j, k) (61 cells/8 cases) or 24 h (e, I, m) (64
cells/6 cases) before dissection, also reached laminar positions consistent with the host age (one-way ANOVA with Bonferroni’s multiple comparisons, p = 0.43; both conditions were significantly
different from the laminar position occupied by interneurons born at P7; Student’s t test, p << 0.0001). Similar results were obtained with fluorescence-activated cell-sorted P7 Gad67-GFP
postmitotic donor cells, which also acquired host-specific phenotypes [e.g., basket neurons in the molecular layer (ML) (n), and Lugaro cells in the granular layer (GL) (0); (Figure legend continues.)
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laminar positions (one-way ANOVA with Bonferroni’s multiple comparison test; p = 0.29). d—f shows examples of transplanted GFP-positive interneurons (green) obtained from dissociated (d),
reaggregated (e), or solid (f) grafts. g—i, Preferential localization of dissociated P1 (g) or P7 (h) cells transplanted to adult hosts. Donors of both ages yielded stellate cells located close to the
molecular layer (ML) surface (i). j—n, Solid grafts from P1 or P7 B-actin-GFP-positive rat donors transplanted to adult cerebella give rise to numerous interneurons distributed throughout the host
cortex, and white matter (WM) (i, j). Even in ectopic positions, the transplanted cells produced phenotypic repertoires consistent with their donor age (k). For instance, P1 cells in the host white
matter generated both neurogranin-positive granular layer (GL) interneurons (red in /) and parvalbumin-positive ML interneurons (PV, red in m), whereas P7 donors exclusively produced the latter
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cial regulators of interneuron genesis. The endogenous neuro-
<~ genic potential of the PWM milieu is disclosed by the solid graft

(Figure legend continued.) the inset shows that this cell is notimmunopositive for parvalbumin] experiments and further supported by the observation that dis-

and positions (f: Student’s ¢ test vs endogenous intemeurons born at PO, p = 0.12, ysendog-  S0ciated  cells acquire host-specific phenotypes after transit
enous interneurons born at P5, p << 0.0001). In all instances, the recipient animals were killed through this germinal territory. The cell composition and molec-

1month after transplantation. PCL, Purkinje cell layer. Scale bars: (h—, n), 20 wm; (g,m,0),50  ular microenvironment of the PWM are scarcely defined. In ad-
um, dition to maturing afferent and efferent cortical axons, it contains
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newly born neurons and glia, their progenitors, and, likely, stem
cells with broader potentialities (Klein et al., 2005; Lee et al.,
2005). Interactions between local PWM elements may be impor-
tant to regulate the balance between proliferation and differenti-
ation, as demonstrated for the external granular layer (Pons et al.,
2001). Furthermore, evidence has been provided that patterned
expression of matrix components control the sorting and migra-
tion of GABAergic interneurons (Gliem et al., 2006; Baier et al.,
2007). Similarly, the increased frequency of Golgi neurons in
ErbB4 null mice suggests that ErbB4/neuregulin signaling may
participate to specify certain interneuron categories (Tidcombe
etal,, 2003). Therefore, although the contribution of signals from
outside the PWM cannot be excluded, interactions that occur
within the rapidly evolving environment of the embryonic and
postnatal PWM are likely crucial to determine interneuron spec-
ification and coordinate their spatiotemporal pattern of
generation.

A peculiar strategy to generate inhibitory interneurons
Adaptive function of neural networks requires the activity of
multiple, task-specific inhibitory components. As a consequence,
ontogenetic processes must be able to produce wide interneuron
repertoires in appropriate quantities, and according to precise
spatiotemporal patterns. Whereas in most CNS regions this goal
is reached by recruiting precursors from distinct neurogenic ter-
ritories, in the cerebellum it is achieved by creating phenotypic
diversity from a single source. The reasons for this peculiarity
remain uncertain. The exclusive origin of the cerebellum from an
early and restricted germinal territory likely requires secondary
germinal sites to expand certain neuron populations, and notably
glutamatergic and GABAergic interneurons (Carletti and Rossi,
2008). Given the strict relationship linking cerebellar size to its
main afferent territories (e.g., cerebral cortex or spinal cord), late
specification in the PWM could represent a means to match cell
numbers and types to concomitant variations of extracerebellar
inputs, thus making the cerebellar network highly adaptable to
evolutionary demands.
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