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Development/Plasticity/Repair

Migration from a Mitogenic Niche Promotes Cell-Cycle Exit

Yoojin Choi,"? Paul R. Borghesani,' Jennifer A. Chan,'> and Rosalind A. Segal'>
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During development, neural precursors proliferate in one location and migrate to the residence of their mature function. The transition
from a proliferative stage to a migratory stage is a critical juncture; errors in this process may result in tumor formation, mental
retardation, or epilepsy. This transition could be the result of a simple sequential process in which precursors exit the cell cycle and then
begin to migrate or a dynamically regulated process in which migration away from a mitogenic niche induces precursors to exit the cell
cycle. Here, we show, using in vivo and in vitro approaches, that granule cell precursors proliferate when they are exposed to the
microenvironment of the external granule cell layer (EGL) and exit the cell cycle as a result of migrating away from this environment. In
vivo, granule cell precursors that remain in the EGL because of impaired migration continue to proliferate in the mitogenic niche of the
EGL. In vitro, granule cell precursors that are introduced into an organotypic cerebellar slice proliferate preferentially in the EGL. We
identify Sonic Hedgehog as a critical component of the EGL mitogenic niche. Together, these data indicate that migration away from a

mitogenic niche promotes transition from a proliferative to a nonproliferative, migratory stage.
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Introduction

During neural development, precursor cells proliferate in spa-
tially restricted zones before migrating to the residence of their
mature function. Thus, a critical juncture in development is the
transition from a proliferative to a migratory stage. Diseases as-
sociated with failure of this process include brain tumors, mental
retardation, and epilepsy (Flint and Kriegstein, 1997; Gleeson,
2000; Kim et al., 2003; Im et al., 2004). Two mechanisms, oper-
ating separately or together, could coordinate this transition.
First, precursors may stop proliferating and then sense motility
cues and begin to migrate. Another possibility is that migration
away from a mitogenic niche induces cell-cycle exit.

The cerebellum is an attractive system for studying this tran-
sition, because cerebellar granule cells undergo alternating phases
of proliferation and migration (Altman and Bayer, 1997). During
embryogenesis, cells born in the rhombic lip migrate over the
nascent cerebellum to form the external granule cell layer (EGL).
Granule cell precursors proliferate extensively in the outer EGL
during the early postnatal period and migrate along radial glia
into the internal granule cell layer (IGL). The EGL is a transient
layer, disappearing in mice by 3 weeks after birth. Although it is
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clear that proliferation of precursors occurs exclusively in the
EGL, it is not known whether the EGL constitutes a mitogenic
niche, a spatially restricted environment containing extracellular
cues that promote proliferation. If so, active migration away from
the EGL may induce cell-cycle exit by moving the precursors out
of a mitogenic environment.

Stimuli known to induce granule cell precursor proliferation
include cell-cell contacts, extracellular matrix (ECM) compo-
nents, and soluble growth factors (Dahmane and Ruiz-i-Altaba,
1999; Wallace, 1999; Wechsler-Reya and Scott, 1999; Pons et al.,
2001; Solecki et al., 2001; Rubin et al., 2002). Sonic Hedgehog
(SHH), produced by Purkinje cells, is the most efficacious mito-
gen known, and inhibition of SHH signaling reduces granule cell
proliferation (Waschek et al., 1998; Dahmane and Ruiz-i-Altaba,
1999; Wallace, 1999; Wechsler-Reya and Scott, 1999; Nicot et al.,
2002; Lewis et al., 2004). Thus, SHH is a potential component of
a cerebellar mitogenic niche, but it is not known whether or how
SHH delineates a mitogenic niche.

Here, we use in vivo and in vitro approaches to determine
whether the EGL constitutes a cerebellar mitogenic niche. When
granule cell precursors are forced to remain in the EGL in vivo
because of a mutation that impairs migration out of the EGL, the
precursors continue to proliferate. We developed an assay to test
directly whether this persistent proliferation is attributable to the
effect of a mitogenic niche. In this assay, we introduce a homo-
geneous population of granule cell precursors onto an organo-
typic cerebellar slice. Although the introduced precursors incor-
porate randomly into all layers, they proliferate preferentially in
the outer EGL. The preferential proliferation arises from mito-
genic factors in the EGL microenvironment, and we find that
endogenous SHH is a critical component of this mitogenic niche.
Together, these data indicate that the EGL constitutes a cerebellar
mitogenic niche and that migration away from this mitogenic
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niche promotes the transition from a proliferative to a migratory
stage.

Materials and Methods

Animals. Breeding pairs of brain-derived neurotrophic factor (BDNF)
+/— (Ernfors et al., 1994) mice were purchased from The Jackson Lab-
oratory (Bar Harbor, ME). p35—/— mice were a generous gift from Dr.
L.-H. Tsai (Harvard Medical School). Green fluorescent protein (GFP)
transgenic mice were purchased from The Jackson Laboratory. The
C57BL/6] background transgenic mouse line expresses enhanced GFP
under the control of a B-actin promoter and cytomegalovirus enhancer.
BALB/c mouse breeding pairs were purchased from Charles River Labo-
ratories (Wilmington, MA).

All experimental procedures were performed in accordance with the
National Institutes of Health guidelines and were approved by the Dana-
Farber Cancer Institutional Animal Care and Use Committee.

In vivo 5-bromo-2'-deoxyuridine labeling and immunohistochemistry.
In vivo 5-bromo-2'-deoxyuridine (BrdU) labeling and immunohisto-
chemistry were performed as described previously (Borghesani et al.,
2002). Briefly, pups were injected with 50 mg/kg BrdU (Sigma, St. Louis,
MO) 6 h before being killed. Sagittal cryosections (14 wm) were immu-
nostained with BrdU antibody (Roche Diagnostics, Indianapolis, IN)
and visualized using cyanine 3-conjugated IgG (Jackson ImmunoRe-
search, West Grove, PA). Labeled cells were counted in nonadjacent
midsagittal sections in two regions of the cerebellum: on folium 6 in the
primary fissure and on folium 9 in the secondary fissure. Counting was
done in 100 X 100 wm fields, three fields per folium per mouse. The
width of the field was determined by starting at the middle of the folium
along the axis of the pial surface and measuring 50 wm to the left and 50
wm to the right; the depth of the area was determined by measuring 100
pm into the section. Wild-type and BDNF—/— littermates or wild-type
and p35—/— littermates were processed in parallel at postnatal day 7
(P7), P14, or P17.

Organotypic slice culture. Slices were taken and cultured following the
methods of Stoppini et al. (1991) and Polleux et al. (1998). Briefly, cere-
bella were dissected from P6 wild-type C57BL/6] pups and washed in
calcium- and magnesium-free HBSS with 36 mwm glucose and 15 mm
HEPES, pH 7.4. Cerebella were embedded in 2% low melting-point aga-
rose in HBSS, and 250-um-thick midsagittal slices were cut in an ice-cold
HBSS bath using a vibrating microtome (VT1000S; Leica, Wetzlar, Ger-
many). After removing the agarose gel, slices were transferred to a porous
membrane insert (Millipore, Billerica, MA) with culture medium con-
taining DMEM/Ham’s F-12 with N2 supplement (Invitrogen, Carlsbad,
CA), 20 mm KCI, 36 mm glucose, and penicillin—streptomycin. Slices
were incubated at 37°C in 7.5% CO,.

Purification and introduction of GFP+ cells. A slice overlay assay was
modified from Polleux and Ghosh (Polleux et al., 1998; Polleux and
Ghosh, 2002). Cerebella were dissected from P6 GFP+ pups, washed in
HBSS, and treated with 1 mg/ml trypsin with 125 U/ml DNase (Sigma)
for 20 min. Enzymatic digestion was quenched with 10% fetal calf serum
in DMEM, and the tissue was pelleted in a clinical centrifuge. Pellets were
washed in HBSS and dissociated by serial trituration. The dissociated
cells were plated on a tissue culture dish coated with poly-p-lysine (50
pg/ml) for 30 min to allow glial cells to adhere. Nonadherent cells, now
enriched for granule cell precursors, were collected, passed through a 100
pm nylon mesh cell strainer (BD Biosciences, Franklin Lakes, NJ), and
counted. GFP+ granule cell precursors in single-cell suspension at 1 X
10° cells/ml were added to the slices, 100 wl (10,000 cells) per insert. The
system was cultured for 18 h, with BrdU (30 wg/ml) during the last 6 h.
We verified, using immunocytochemistry, that the purified cells are in-
deed granule cell precursors: 94% express the granule cell-specific
marker Zic (Borghesani et al., 2002), whereas 0.5% express the astrocytic
cell marker GFAP (Sigma), and 0.5% express the Purkinje cell marker
calbindin (Sigma).

Aliquots of GFP+ granule cell precursors at 2 X 10°cells/ml and 1 X
107 cells/ml were plated on poly-ornithine-coated CultureWell cham-
bered coverglass (Grace Bio-Labs, Bend, OR). These high- and low-
concentration dissociated cultures were also incubated for 18 hat 37°Cin
7.5% CO, and labeled with BrdU during the last 6 h.
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Reagents. Lipid-modified SHH protein was a generous gift from Curis
(Cambridge, MA) and used at 3 ug/ml. Cyclopamine was purchased
from Toronto Research Chemicals (North York, Ontario, Canada) and
used at 10 um, with DMSO as vehicle control. AMD3100 octahydrochlo-
ride (AMD 3100) was a generous gift from AnorMED (Langley, British
Columbia, Canada) or was purchased from Sigma and used at 1.5 ng/ml.
For in situ hybridization, Glil probe was a generous gift from Dr. Q. Ma
(Dana-Farber Cancer Institute), and Patched 1 (Ptcl) probe was a gener-
ous gift from Dr. D. H. Rowitch (Dana-Farber Cancer Institute).
Hedgehog-interacting protein 1 (Hip1) probe was purchased from Amer-
ican Type Culture Collection (Manassas, VA).

Immunofluorescence staining of slices and parallel cultures. After 18 h in
culture, slices with introduced GFP+ cells were fixed in 4% paraformal-
dehyde for 30 min at room temperature. After thorough washing in PBS,
slices were incubated in blocking solution containing 5% normal goat
serum and 0.4% Triton X-100 in PBS for 1 h at room temperature. A
rabbit polyclonal GFP antibody, a generous gift from Dr. P. Silver (Dana-
Farber Cancer Institute), was used at 1:6000 in 5% normal goat serum
overnight at 4°C. Slices were washed and incubated with Alexa 488-
conjugated anti-rabbit IgG (Molecular Probes, Eugene, OR) for 1 h at
room temperature. Slices were washed and treated with 2N HCl at 37°C
for 30 min, followed by two 10 min washes in 0.1 M sodium borate, and
rinsed in PBS. Slices were incubated in blocking solution for 30 min and
incubated in BrdU antibody (BD Biosciences) at 1:75 in 5% normal goat
serum for 1 h at room temperature. Slices were washed, incubated with
Alexa 546-conjugated anti-mouse IgG (Molecular Probes), and washed
and mounted on microscope slides in ImmuMount (Immunotech, Mar-
seille, France).

Dissociated cultures were treated the same way as slices, with de-
creased times for fixation and HCI treatment (10 min each). Cover
glasses were mounted in Vectashield mounting medium (Vector Labo-
ratories, Burlingame, CA). BrdU+ and GFP+ cells were counted in 10
fields per cover glass. In both slices and dissociated cultures, the prolif-
erative index was calculated by dividing the number of GFP-BrdU
double-positive cells by the number of GFP+ cells.

SHH immunohistochemistry. Brains were dissected from P6 C57BL/6]
pups and 5-um-thick cryosections taken as described above. Sections
were incubated in blocking solution containing 5% heat-inactivated
horse serum for 1 h at room temperature and incubated with goat poly-
clonal SHH antibody (Santa Cruz Biotechnology, Santa Cruz, CA) at
1:50 in blocking solution for 1 h at room temperature. Sections were
washed and incubated in monoclonal calbindin antibody (Sigma) at
1:500 in blocking solution for 1 h at room temperature. Sections were
washed, incubated with Alexa 546-conjugated anti-goat IgG and Alexa
488-conjugated anti-mouse IgG (Molecular Probes) in blocking solution
for 1 h at room temperature, and washed three times in PBS and
mounted.

In situ hybridization. In situ hybridization was performed as described
previously (Rubin et al., 2002). Briefly, brains from P6 BALB/c mice were
removed and fixed in 4% paraformaldehyde for 24 h and cryoprotected
in 30% sucrose. Sagittal sections (14 um thick) were obtained and treated
with 20 ug/ml proteinase K for 10 min at room temperature. Sections
were fixed in paraformaldehyde and washed in PBS. Hybridization was
performed with digoxigenin (DIG)-labeled sense and antisense RNA
probes for 20 h at 65°C in hybridization buffer [50% formamide, 5%
SSC, 100 pg/ml yeast tRNA, 100 pg/ml heparin, 1% Denhardt’s, 0.1%
Tween 20, 0.1% CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate), and 5 mm EDTA]. Sections were washed with 0.2% SSC
and 0.1% Tween 20 at 65°C. Hybridized DIG-labeled probes were visualized
with an antibody to DIG and NBT/BCIP.

Microscopy. Fluorescent and bright-field images were obtained using a
CCD camera on a Nikon (Tokyo, Japan) Eclipse microscope and pro-
cessed with Spot Camera software (Diagnostic Instruments, Sterling
Heights, MI). High-magnification fluorescent images of introduced
GFP+ and GFP-BrdU double-positive cells were obtained using Delta-
Vision (Applied Precision, Issaquah, WA) restoration fluorescence mi-
croscopy, performed on an Olympus (Tokyo, Japan) fluorescence micro-
scope configured with a DeltaVision stage and software (Applied
Precision). To confirm colocalization of staining, Z-series (0.2- wm-thick
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serial optical sections) were acquired, and Soft WoRx imaging software
(Applied Precision) was used to perform a blind deconvolution.

Results

Impaired migration results in persistent proliferation in

the EGL

During development, granule cell precursors proliferate in the
EGL and migrate into the IGL. To address the relationship be-
tween proliferation and migration, we first asked whether gran-
ule cell precursors continue to proliferate when they are unable to
migrate out of the EGL. We showed previously that mice that lack
BDNF exhibit a persistent EGL resulting from impaired granule
cell migration out of the EGL (Schwartz et al., 1997; Borghesani et
al., 2002). Therefore, we asked whether granule cell proliferation
is altered in BDNF—/— mice. We label actively dividing precur-
sors by systemic injection with BrdU at P7, P14, or P17, and
cerebella are processed and immunostained for BrdU. Prolifera-
tive index is calculated by dividing the number of BrdU + cells by
the number of 4’,6"-diamidino-2-phenylindole dihydrochloride
(DAPI)-labeled cells, and BDNF—/— mice are compared with
age-matched wild-type mice. At P7, the rate of proliferation in
BDNF—/— EGL is equal to the rate of proliferation in wild-type
EGL (Fig. 1 B). However, at P14, proliferative index of granule
cell precursors in BDNF—/— EGL is 2.7-fold higher than in wild-
type EGL (Fig. 1A,B). The increase in proliferation persists at
P17, showing a 1.9-fold difference. Thus, when impaired migra-
tion causes granule cell precursors to remain in the EGL in vivo,
the precursors continue to proliferate.

Although persistent granule cell proliferation in BDNF—/—
mice could result from an inability to migrate away from a mito-
genic niche in the EGL, alternatively, this result could arise if
BDNF directly induces cell-cycle exit. To determine whether
BDNEF directly affects proliferation, we culture granule cell pre-
cursors from wild-type, BDNF+/—, and BDNF—/— mice. The
three genotypes do not differ in the basal rate of proliferation
(Fig. 1C), consistent with previous studies showing that BDNF
does not directly affect granule cell proliferation (Segal et al.,
1992; Gao et al., 1995; Tanaka et al., 2000). Furthermore, the rate
of SHH-induced proliferation of granule cell precursors from
wild-type, BDNF+/—, and BDNF—/— mice do not differ, and
exogenous BDNF does not alter the extent of SHH-induced pro-
liferation (Fig. 1C). It is possible that loss of BDNF results in
increased proliferation by upregulating the expression of Shh in
the cerebellum. However, in BDNF+/— mice whose BDNF pro-
tein level is reduced to 50% of wild type, we detect no evidence of
change in Shh mRNA level in the cerebellum compared with the
wild type (data not shown). These data indicate that the persis-
tent proliferation in the EGL of the BDNF—/— mouse is not
attributable to a direct effect of BDNF on granule cell precursor
proliferation.

If the processes of proliferation and migration are linked in
such a way that impaired migration inevitably leads to persistent
proliferation, this may explain the persistent proliferation ob-
served in the BDNF—/— EGL. To test this possibility, we analyzed
granule cell proliferation in a different mutant with impaired
migration, the p35—/— mouse (Tsai et al., 1994). A mutation in
P35, a neuron-specific activator of Cdk5, results in impaired mi-
gration in cerebral and cerebellar cortex (Chae et al., 1997; Kwon
and Tsai, 1998). In the p35—/— cerebellum, aberrantly located
granule cells are detected in the molecular layer (ML) (Fig. 2A).
By using BrdU to label dividing precursors in the EGL and by
counting how many labeled cells are found in the EGL, ML, or
IGL after 96 h after BrdU injection, we confirm that migration is
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Figure 1. Granule cell precursors continue to proliferate when they remain in the EGL. A, B,

Persistent proliferation in the EGL of BONF—/— mice. Dividing granule cell precursors in wild-
type and BDNF—/— littermates are labeled by systemic injection with 50 mg/kg BrdU. Cere-
bellar tissue is collected and processed for BrdU immunohistochemistry at 6 h after injection. 4,
More cells incorporate BrdU in the BONF—/— EGL compared with the wild-type EGL at P14.
Representative pictures show immunofluorescent staining using antibody against BrdU. Scale
bar, 50 um. B, Quantification of proliferative index. Labeled cells are counted in nonadjacent
midsagittal sections in two regions of the cerebellum, on folium 6 in the primary fissure, and on
folium 9in the secondary fissure. The proliferative index is calculated by dividing the number of
BrdU+ cells by the number of total cells (DAPI nuclear staining). The rate of proliferation in the
BDNF—/— EGL and wild-type EGL is equal at P7. The rate of proliferation in the mutant com-
pared with the wild type is 2.7-fold higher at P14 and 1.9-fold higherat P17. *p << 0.005; **p <
0.05 (Student’s t test). C, BDNF does not directly affect granule cell proliferation. Dissociated
granule cells from wild-type (n = 5), BONF+/— (n = 5), and BONF—/— (n = 4) cerebella
are cultured for 48 hin the presence of SHH or both SHH and BDNF, with BrdU in the last 4 h. The
proliferative index is calculated by dividing the number of BrdU+ cells by the number of total
cells (DAPI nuclear staining). The response of BDNF—/— granule cells does not differ from
wild-type or BDNF+/— granule cells. Exogenous BDNF does not affect SHH-induced prolifer-
ation. Error bars represent SEM.

halted in the ML in the p35 mutant rather than in the EGL as
occurs in the BDNF mutant (Fig. 2 B). To determine whether this
impaired migration in the ML is accompanied by persistent pro-
liferation, we labeled p35—/— and wild-type granule cell precur-
sors by systemic injection with BrdU at P14 or P17 and processed
the cerebella for immunohistochemistry 6 h after injection. In
contrast to the results seen in BDNF—/— mice, there is no differ-
ence in granule cell precursor proliferation between p35—/— and
wild-type animals (Fig. 2C). Thus, mutation in BDNF blocks the
initiation of granule cell precursor migration out of the EGL and
leads to persistent proliferation, whereas mutation in p35, which
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tion in the p35 mutant. Dividing granule cell precursors in the EGL in P11 wild-type and
p35—/— littermates are labeled by systemicinjection with 50 mg/kg BrdU. Cerebellar tissue is
collected and processed for BrdU immunohistochemistry at 96 h after injection. A, Representa-
tive pictures of wild-type versus p35—/— cerebellum at 96 h after injection. Nearly all BrdU+
wild-type granule cells have migrated into the IGL, whereas numerous labeled cells remain in
the ML of p35—/— cerebellum. Adjacent sections stained with cresyl violet are provided to the
left of each image. Scale bar, 50 um. B, Quantification of impaired migration. Labeled cells are
counted in nonadjacent midsagittal sections in two regions of the cerebellum, on folium 6 in the
primary fissure, and on folium 9 in the secondary fissure. In the p35—/— cerebellum (n = 3)
compared with the wild-type cerebellum (n = 3), more cells are in the ML and less cells are in
the IGL at 96 h after injection. *p < 0.05 (Student’s t test). C, Impaired migration in p35—/—
does not lead to persistent proliferation. Dividing granule cell precursors in P14 or P17 mutant
(n = 4)and wild-type (WT) (n = 4) littermates are labeled by systemicinjection with 50 mg/kg
BrdU; 6 h later, tissue is collected and processed for BrdU immunohistochemistry. Labeled cells
are counted in nonadjacent midsagittal sections in on folium 6 in the primary fissure and on
folium 9 in the secondary fissure. Compared with wild type, granule cell proliferation is in-
creased in the EGL of BDNF—/—, but not p35—/—, mice. Error bars represent SEM.
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blocks the continued movement of these cells through the ML,
does not affect proliferation. These data suggest that impaired
migration does not inevitably promote proliferation.

Granule cell precursors from a homogeneous population
proliferate preferentially in the EGL

Based on the in vivo evidence that persistent exposure of granule
cell precursors to the environment of the EGL leads to prolifera-
tion, we asked whether the EGL is a specialized mitogenic niche
for granule cell precursors. We developed an assay to directly
compare the mitogenic effect of the EGL versus other cerebellar
layers. In this assay, we purify P6 granule cell precursors and place
a single-cell suspension of purified precursors in all layers of an
organotypic cerebellar slice (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material) and use BrdU labeling to
assess the proliferative response of introduced precursors. To
facilitate the identification of introduced precursors, the cells are
purified from GFP transgenic mice and introduced onto organo-
typic cerebellar slices taken from wild-type littermates, and the
slices are stained with antibodies against GFP and BrdU (Fig. 3A).
As shown, introduced granule cell precursors incorporate well
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into the slice and resemble endogenous granule cells morpholog-
ically, with small round cell bodies and long processes that are
often parallel or perpendicular to the pial surface (Fig. 3B).

Data analysis consists of cataloging every introduced GFP+
cell for location and for BrdU immunostaining. The outer EGL is
easily distinguishable by BrdU labeling of endogenous granule
cell precursors in the slice and is referred to as EGL. The inner
EGL and the ML are often difficult to distinguish from each other
and thus are included together as ML. The Purkinje cell layer
(PcL) can be distinguished by the autofluorescence in this layer
adjacent to the BrdU-labeled endogenous Bergmann glia. The
IGL and white matter (WM) can be distinguished readily by
cell density difference in the bright-field picture. Using these
consistent criteria, we count the number of GFP+ and GFP-
BrdU double-positive cells in each layer. This system allows us
to determine the proliferative response of introduced precur-
sors that have been exposed to microenvironments of distinct
layers.

We find that introduced granule cell precursors incorporate
randomly in all layers but proliferate preferentially in the EGL.
The distribution of GFP+ cells over all layers of the cerebellum is
random (Fig. 3C, green bars) (i.e., the percentage of GFP+ found
in a given layer corresponds to the percentage of its area per total
area) (Altman and Bayer, 1997). However, the distribution
of GFP-BrdU double-positive cells is not random; GFP-BrdU
double-positive cells are preferentially located in the EGL com-
pared with the other layers (Fig. 3C). The WM is another micro-
environment in which we observe proliferation of introduced
precursors (Fig. 3C; supplemental Fig. 2, available at
www.jneurosci.org as supplemental material). This is consistent
with recent data indicating that the WM is a location in which
cerebellar stem cells proliferate at this age (Lee et al., 2005). The
proliferative index in the PcL is highly variable because of the
small number of cells in this layer; only 2% of introduced precur-
sors are located in the PcL (Fig. 3C). Thus, in all subsequent
analysis, we concentrate on the two granule cell layers, EGL and
IGL, which are the biologically relevant locations for granule cells
in normal development. A comparison of proliferative indices in
the EGL and in the IGL shows that the introduced precursors
proliferate at a rate threefold higher in the EGL (Fig. 3D). These
data indicate that granule cell precursors from a homogeneous
population proliferate preferentially in the EGL.

Two explanations could account for the observed distribution
of proliferating cells. Positive factors could promote proliferation
in the EGL; alternatively, negative factors could inhibit prolifer-
ation in the IGL. To address the possibility that the preferential
proliferation of introduced granule cell precursors may arise be-
cause of inhibitory factors in the IGL, we asked whether the IGL
contains factors that preclude a response to a granule cell mito-
gen, SHH. The same procedures were used to introduce GFP+
granule cell precursors onto an organotypic cerebellar slice, and
the system was cultured in the presence of SHH (3 ug/ml). We
find that SHH increases proliferation in all layers, with a 2.3-fold
increase in the EGL and a 2.7-fold increase in the IGL (Fig. 4).
This result indicates that the IGL contains no dominant inhibi-
tory factor that can counter SHH-induced proliferation. As con-
trols for this assay, purified GFP+ granule cell precursors are
maintained in dissociated cell culture in parallel with each overlay
experiment. Dissociated, purified granule cell precursors prolif-
erate at a low basal rate, much lower than on the slice (data not
shown), and the rate of proliferation is increased by SHH treat-
ment (Fig. 4C). Although these results strongly suggest that the
IGL does not contain inhibitory factors that can override the
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To study the function of endogenous
SHH in the composition of the EGL, we
used a SHH-specific small molecule inhib-
itor, cyclopamine. Cyclopamine directly
inhibits Smoothened, a positive effector of
the SHH signaling pathway (Chen et al.,
2002). The same procedures were used to
introduce GFP+ granule cell precursors
into an organotypic cerebellar slice, and
the system was cultured in the presence of
10 M cyclopamine. At this concentration,
cyclopamine does not compromise the
health of the slice or introduced precur-
* sors, and introduced precursors incorpo-
rate into the slice well (Fig. 5A). We could
therefore use cyclopamine in this assay to
determine whether SHH is a critical com-
ponent of the mitogenic niche in the EGL.
As shown, cyclopamine reduces prolifera-
tion of the introduced precursors. The
cumulative rate of proliferation of intro-
duced precursors is lower in cyclopamine-
treated slices than in control slices. When
we analyze proliferation in individual lay-
ers, we find that cyclopamine decreases
proliferation in the EGL but does not de-
crease proliferation in the IGL (Fig. 5B).
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Figure 3.  Introduced granule cell precursors proliferate preferentially in the EGL. A, Introduced precursors are located ran-

domly in all layers of the cerebellar slice. Representative pictures of an immunofluorescently stained slice are shown at low
magpnification. Green, GFP; red, BrdU. Thickness of the slice results in high background autofluorescence, which guides in layer
identification. Scale bar, T mm. B, Representative picture of introduced granule cell precursors at high magnification. Granule cell
precursors incorporate well into the organotypic slice, extend processes, and proliferate (as indicated by BrdU uptake). Green, GFP;
red, BrdU. The higher magnification, optically sectioned image (from box) shows a representative GFP-BrdU double-positive cell
in the EGL. Scale bar, 10 wm. C, The distribution of GFP +-introduced granule cell precursors is random, but the distribution of
proliferating introduced precursors double positive for GFP and BrdU is not random. GFP + and GFP-BrdU double-positive cells are
counted, and their location was cataloged (total cell number, 3500). The graph shows the distribution of all introduced precursors
(green) and double-positive introduced precursors (yellow) across all layers of the cerebellum. Percentage distribution is calcu-
lated by dividing the number of GFP+ precursors (or double-positive precursors) in a layer by the total number of GFP+
precursors (or double-positive precursors). The green bars correlate well with the relative area of each layer: EGL, 24%; ML, 12%;
PclL, 4%; 1GL, 36%; WM, 24% (Altman and Bayer, 1997). D, Introduced precursors proliferate preferentially in the EGL. The
proliferative index s calculated by dividing the number of GFP-BrdU double-positive cells in a layer by the number of GFP + cells
in the layer. The EGL has a proliferative index threefold higher than the IGL. *p << 0.05 (n = 8; 4 experiments; Student’s t test).

Thus, treatment with cyclopamine elimi-
nates the preferential proliferation in the
EGL. The selective decrease in prolifera-
tion observed in the EGL indicates that
SHH is an important component of the
mitogenic niche that is spatially restricted
to the EGL.

To determine whether cyclopamine is
blocking the response to SHH protein that
is provided by the slice, we compared the
effect of cyclopamine on precursors in pu-
rified culture and on introduced precur-
sors in the slice. We treated high-density

Error bars represent SEM.

mitogenic effect of SHH, it is important to note that these studies
do not exclude the possibility that factors in layers other than the
outer EGL may help to inhibit proliferation. Together, these re-
sults indicate that a major reason that the introduced precursors
proliferate preferentially in the EGL is that the EGL constitutes a
mitogenic niche, which contains factors that promote prolifera-
tion and/or inhibit cell-cycle exit.

Sonic Hedgehog is a critical component of the mitogenic
niche in the EGL

Because the above data demonstrate that the EGL constitutes a
mitogenic niche that supports granule cell precursor prolifera-
tion, we investigated whether SHH is a critical component of this
mitogenic niche. Of known mitogens for granule cell precursors,
SHH is the most efficacious, and Purkinje cells express Shh
mRNA, whereas granule cells express mRNAs encoding the Shh
receptor, Ptc, and other downstream signaling components
(Dahmane and Ruiz-i-Altaba, 1999; Wallace, 1999; Wechsler-
Reya and Scott, 1999). Thus, SHH is a likely component of the
mitogenic niche in the EGL.

cultures of purified granule cell precursors

with 10 uM cyclopamine. Compared with

the threefold or 76.5% decrease seen in the
EGL, cyclopamine only decreases proliferation in purified cul-
ture by 11.7% (Fig. 5C). This result shows that the introduced
precursors in the EGL proliferate because of SHH protein that is
present in the EGL of the organotypic slice.

We therefore asked whether the mitogenic niche in the EGL is
the location with the highest level of SHH protein. Consistent
with previous studies (Gritli-Linde et al., 2002; Lewis et al., 2004),
we observe SHH protein expression predominantly in the Pur-
kinje cell bodies and dendrites, with lower and indistinguishable
levels of protein in EGL and IGL (Fig. 6A). Thus, although SHH
is critical for the mitogenic niche, the location of SHH protein
alone does not account for its mitogenic effect.

This resultled us to ask whether the EGL is the only location in
which SHH is active. We performed an in situ hybridization ex-
periment to examine expression of Shh target genes Glil, Ptcl,
and Hipl. Consistent with previous studies (Dahmane and
Ruiz-i-Altaba, 1999; Wallace, 1999; Wechsler-Reya and Scott,
1999), Shh target genes are expressed in both granule cell layers,
indicating that SHH is active in both layers. However, the expres-
sion patterns of the Shh target genes Glil, Ptc, and Hipl are
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Figure 4. The IGL does not contain negative factors that can inhibit SHH-induced prolifera-
tion. Slices with introduced precursors are cultured in the presence of SHH (3 wg/ml). 4, Rep-
resentative pictures of GFP-BrdU double-positive cells in the EGL and in the IGL. Green, GFP; red,
BrdU. Scale bar, 10 wm. B, Exogenous SHH increases the rate of proliferation of introduced
precursors both in the EGL and the IGL. The proliferative index is calculated by dividing the
number of GFP-BrdU double-positive cells in a layer by the number of GFP+ cells in the layer.
Adding SHH results in a 2.3-fold increase in the proliferative index in the EGL and a 2.7-fold
increase in the IGL. *p << 0.05 (n = 5; 3 experiments; Student’s ¢ test). , Purified granule cell
precursors in parallel cultures also show increased proliferative index in response to SHH. **p <
0.001 (n = 5; Student’s t test). Error bars represent SEM.
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Figure5. The EGL mitogenic niche requires endogenous SHH. Slices with introduced precur-
sors are cultured in the presence of cyclopamine (10 wm). A, Representative picture of a GFP-
BrdU double-positive cell in the IGL. Green, GFP; red, BrdU. Scale bar, 10 yum. B, Blocking SHH
function with cyclopamine decreases the rate of proliferation only in the EGL. The proliferative
index is calculated by dividing the number of GFP-BrdU double-positive cells in a layer by the
number of GFP+ cells in the layer. Cyclopamine treatment results in a 76.5% decrease in the
proliferative index in the EGL. *p << 0.01 (n = 4; 4 experiments; Student’s t test). C, In purified
granule cell precursor cultures, cyclopamine has a mild inhibitory effect on proliferation: 11.7%
decrease ( p < 0.05;n = 4; Student’s t test). Error bars represent SEM.

different in the EGL and IGL. The expression of the transcription
factor Glil is at a higher level in the EGL than in the IGL. This
transcription factor has been implicated previously in prolifera-
tive responses to Shh (Ruiz i Altaba, 1999). In contrast, expres-
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sion of the receptor Ptc is higher in the IGL than in the EGL. The
third target gene, Hipl, is expressed at the same level in the two
granule cell layers (Fig. 6B). Thus, although SHH protein is
present and active in both granule cell layers, the nature of the
response to SHH differs. Positive or negative layer-selective mod-
ifiers of SHH activity may explain the difference between the
mitogenic effects of distinct layers.

Some soluble growth factors are capable of modulating SHH-
induced proliferation and could contribute to the mitogenic
niche in the EGL. The chemokine CXCL12 has been shown to
increase SHH-induced proliferation of granule cell precursors in
vitro (Klein et al., 2001). CXCL12 is expressed by the pia, which
flanks the EGL, and granule cell precursors express its receptor,
CXCR4. However, in our system, the pia is partially disrupted
during the preparation of organotypic slices. We see no evidence
that blocking CXCR4 function with the CXCR4-specific small
molecule inhibitor AMD 3100 inhibits the mitogenic effect of the
EGL (supplemental table, available at www.jneurosci.org as sup-
plemental material). Thus, although CXCL12 may contribute to
proliferation in vivo, factors that are made by the cerebellar pa-
renchyma must also synergize with SHH to contribute to the
mitogenic niche in the EGL.

Discussion

Migration away from a mitogenic niche promotes

cell-cycle exit

Transition of precursors from a proliferative to a migratory state
is a critical stage in neural development, but little is known about
how this process is regulated. Here, we ask whether migration of
precursors away from a mitogenic niche contributes to this tran-
sition. Using in vivo and in vitro approaches, we show that the
EGL provides a mitogenic niche for granule cell precursors.

When granule cell precursors remain in the EGL in vivo be-
cause of impaired migration, they continue to proliferate. In the
BDNF—/— mice, increased proliferation is observed in the EGL
at late stages of cerebellar development (P14 and P17), although
there is no increase in proliferation at an earlier time (P7) (Fig.
1B). Similarly, a mutation of the orphan receptor rev-erbe,
which impairs migration such that granule cell precursors are
forced to remain in the EGL, also results in persistent prolifera-
tion of granule cell precursors at late stages of development (Cho-
mez et al., 2000). Mutations in the gene encoding the astrotactin
adhesion molecule also result in slow migration and a persistent
EGL (Adams et al., 2002). In these mice, no difference in prolif-
eration is observed in P6 astrotactin mutants, but proliferation
was not assessed at later time points. Therefore, it is not yet clear
whether the astrotactin mutant provides a third example of a
mutation in which impaired migration results in persistent pro-
liferation at later stages. The persistent proliferation seen in these
cases is not an inevitable result of impaired migration, because
granule cell precursors whose migration is halted in the ML in-
stead of the EGL do not continue to proliferate. These data sug-
gest that prolonged exposure to the microenvironment of the
EGL results in persistent proliferation.

The Ptc mice provide additional genetic evidence that the EGL
constitutes a proliferative microenvironment. In the Ptc+/—
mouse, rests of granule cell precursors are observed on the surface
of the cerebellum at P15. Cells in these rests exhibit characteristics
of normal granule cell precursors in a younger EGL, and prolif-
eration is increased in the rests compared with the P15 EGL (Kim
et al.,, 2003). Although the mechanism by which these rests are
formed is unknown, these data further support the hypothesis
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SHH protein is expressed in all layers, but different SHH response genes are expressed in EGL and IGL. 4, Cryosections
(5 um thick) from P6 (57BL/6J are immunostained using calbindin antibody and SHH antibody. Green, Calbindin; red, SHH. Scale
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Recent studies highlight the impor-
tance of mitogenic niches in supporting
proliferation of precursors and maintain-
ing self-renewing stem cells in many organ
systems (Moore and Lemischka, 2004;
Nishimura et al., 2005). The assay we use
here uses a homogeneous population of
precursor cells and intact microenviron-
ments to directly identify a mitogenic niche
in the developing cerebellum. By testing the
ability of distinct microenvironments to
stimulate proliferation of a homogeneous
population of cells, this assay allows a direct
comparison of microenvironments and
eliminates cell-autonomous influences. An
advantage of this approach is that we can as-
say the microenvironment as a whole rather
than focusing on single components. Even
without knowing all of the mitogenic com-
ponents of the EGL, we can recognize it as a
mitogenic niche. This assay may also be use-
ful in other contexts to assess the effect of
microenvironments on stem cell, precursor,
or tumor cell proliferation.

It is important to note that the identifi-
cation of the EGL as a mitogenic niche
does not preclude a role for cell autono-
mous factors in cell-cycle exit. Previous
studies provide evidence that cell autono-
mous changes are also critical for cessation
of proliferation. For example, expression
of cyclin-dependent kinase inhibitors such
as p27/kinase inhibitor protein 1 (Kipl)
terminates proliferation of granule cell
precursors (Durand et al., 1998; Miyazawa
et al., 2000). Cell-autonomous and non-
cell-autonomous mechanisms may inter-
act in such a way that expression of p27/
Kipl is inhibited by components of the
mitogenic niche in the EGL, and migration
of granule cells away from the EGL may
allow the expression of this cell-
autonomous antiproliferative factor. It is
also possible that cell-autonomous and
non-cell-autonomous mechanisms work
in parallel to terminate proliferation and
achieve spatial restriction of precursor
proliferation.

EGL
IGL

EGL
IGL

EGL
IGL

EGL
IGL

bar, 10 wm. B, Cryosections (14 wm thick) from P6 (57BL/6J cerebella are hybridized with DIG-labeled RNA probes and visualized

using anti-DIG antibody. Nonsense probe was used as negative control (cont). Scale bars: first column, 1 mm; second column, 0.5

mm.

that granule cell precursors continue to proliferate when they are
exposed to the EGL microenvironment.

The in vivo evidence that the EGL is a critical mitogenic envi-
ronment is corroborated by results from an in vitro assay using
intact microenvironments in organotypic slice culture. We find
that granule cell precursors exposed to the microenvironment of
the EGL proliferate preferentially when compared with precur-
sors exposed to other cerebellar microenvironments. Together,
these results indicate that the EGL functions as a mitogenic niche
and that migration out of this microenvironment stimulates pre-
cursors to exit the cell cycle.

Sonic Hedgehog is a critical component
of the mitogenic niche

The results reported here identify SHH as a
critical component of the mitogenic niche in the EGL. The re-
quirement for SHH in the localized proliferative microenviron-
ment is demonstrated by blocking SHH signaling with the small
molecule inhibitor cyclopamine. In the presence of cyclopamine,
the proliferative rate of granule cell precursors exposed to the
EGL is decreased to the same level as the proliferative rate of
precursors exposed to the IGL. Thus, SHH signaling is required
for the selective mitogenic effect of the EGL. This is consistent
with previous studies demonstrating the importance of SHH for
granule cell precursor proliferation (Dahmane and Ruiz-i-
Altaba, 1999; Wechsler-Reya and Scott, 1999; Lewis et al., 2004).
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Although the EGL contains endogenous SHH, our immuno-
histochemical data indicate that SHH protein is present not only
in the EGL but in all layers of the developing cerebellum. Further-
more, we find that distinct Shh target genes are preferentially
expressed in the EGL (Glil and Hipl) or in the IGL (Ptcl and
HipI), suggesting that SHH in both locations can induce the
canonical Shh signaling pathways. One possible explanation to
reconcile these data is that the EGL has the optimal concentration
of SHH to induce Glil expression and proliferation and that the
SHH concentration in the IGL, higher or lower than in the EGL,
induces Ptcl expression and prevents proliferation. However,
data that exogenous SHH further increases the rate of prolifera-
tion in all layers, including the EGL and the IGL, indicate this is
not a likely explanation. Thus, we favor the hypothesis that mod-
ifiers influence the nature of the response to SHH.

Both positive modifiers of SHH-induced proliferation in the
outer EGL and negative modifiers in other layers may contribute
to the spatial restriction of the mitogenic niche. Positive modifi-
ers of SHH detected in our assay may represent cell-surface or
ECM molecules. Granule cell precursors, which make up a vast
majority of the cellular environment of the EGL, express the cell-
surface molecule Delta, which can contribute to precursor cell
proliferation through the Notch signaling pathway (Solecki et al.,
2001). ECM components, produced by granule cell precursors or
by surrounding cells, can also modify the proliferative response
to SHH. Heparan sulfate proteoglycans (HSPGs) directly interact
with SHH and modify the proliferative response of granule cell
precursors (Rubin et al., 2002), and the interaction of SHH with
laminin in the EGL may increase SHH downstream signaling
(Ponsetal., 2001). Thus, spatial and temporal regulation of ECM
components is likely to play a critical role in modifying the SHH-
induced proliferative response. One way to test whether
membrane-bound molecules such as HSPGs contribute to the
mitogenic niche in the EGL is to introduce precursors onto slices
that have been treated with fixative or heparinase. However, we
find that fixation does not allow introduced precursors to adhere
to the slice (data not shown). In the future, it will be important to
use genetic methods for disrupting the SHH-HSPG interaction
and monitor any resultant changes in the mitogenic niche in the
EGL.

Although it is likely that there are positive modifiers of SHH-
induced proliferation in the outer EGL, it is also possible that
negative modifiers in other layers contribute to limiting SHH-
induced proliferation to the outer EGL. Some factors that have
been shown to inhibit SHH-induced proliferation in vitro include
soluble factors such as the pituitary adenylate cyclase-activating
polypeptide (Nicot et al., 2002), basic fibroblast growth factor
(Wechsler-Reya and Scott, 1999), bone morphogenetic protein
(Rios et al., 2004), and the ECM molecule vitronectin (Pons et al.,
2001). In the future, the slice overlay assay can be used to identify
both positive and negative modifiers of SHH-induced proliferation.

Here, we used a novel approach, using a homogeneous popu-
lation of precursor cells and intact microenvironments, to test
directly for a mitogenic niche in the developing cerebellum. We
find that the EGL provides a distinct microenvironment that sup-
ports granule cell precursor proliferation and that SHH is a crit-
ical component of this mitogenic niche in the EGL. Although
SHH is a critical component, the mitogenic niche likely arises
from synergistic interactions of multiple components. Future
studies to define the precise composition of the cerebellar mito-
genic niche will provide insight into the spatial and temporal
regulation of proliferation in the developing nervous system.
Synergistic actions of soluble factors and various cell-surface and
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ECM molecules could provide a general mechanism that deter-
mines composition of various mitogenic niches.
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