Development/Plasticity/Repair

The Journal of Neuroscience, October 27, 2004 - 24(43):9497-9506 - 9497

Fibroblast Growth Factor Receptor Signaling Promotes
Radial Glial Identity and Interacts with Notch1 Signaling in

Telencephalic Progenitors

Keejung Yoon,'? Susana Nery,** Michael L. Rutlin, Freddy Radtke,’> Gord Fishell,* and Nicholas Gaiano'>>*

'nstitute for Cell Engineering, Departments of 2Neurology and Neuroscience, Johns Hopkins University School of Medicine, Baltimore, Maryland 21205,
“Developmental Genetics Program and Department of Cell Biology, Skirball Institute of Biomolecular Medicine, New York University School of Medicine,
New York, New York 10016, and *Ludwig Institute for Cancer Research, Chemin de Boveresses 155, CH-1066 Epalinges, Switzerland

The Notch and fibroblast growth factor (FGF) pathways both regulate cell fate specification during mammalian neural development. We
have shown previously that Notch1 activation in the murine forebrain promotes radial glial identity. This result, together with recent
evidence that radial glia can be progenitors, suggested that Notchl signaling might promote progenitor and radial glial character
simultaneously. Consistent with this idea, we found that in addition to promoting radial glial character in vivo, activated Notch1 (ActN1)
increased the frequency of embryonic day 14.5 (E14.5) ganglionic eminence (GE) progenitors that grew into neurospheres in FGF2.
Constitutive activation of C-promoter binding factor (CBF1), a Notch pathway effector, also increased neurosphere frequency in FGF2,
suggesting that the effect of Notch1 on FGF responsiveness is mediated by CBFI1.

The observation that ActN1 promoted FGF responsiveness in telencephalic progenitors prompted us to examine the effect of FGF
pathway activation in vivo. We focused on FGFR2 because it is expressed in radial glia in the GEs where ActN1 increases FGF2 neurosphere
frequency, but not in the septum where it does not. Like ActN1, activated FGFR2 (ActFGFR2) promoted radial glial character in vivo.
However, unlike ActN1, ActFGFR2 did not enhance neurosphere frequency at E14.5. Additional analysis demonstrated that, unexpect-
edly, neither ActFGFR2 nor ActFGFR1 could replace the need for ligand in promoting neurosphere proliferation. This study suggests that
telencephalic progenitors with radial glial morphology are maintained by interactions between the Notch and FGF pathways, and that the
mechanisms by which FGF signaling promotes radial glial character in vivo and progenitor proliferation in vitro can be uncoupled.
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Introduction

The timing with which neural progenitors produce postmitotic
cells during brain development has been well characterized.
However, less is known about the molecular regulation of this
process, in particular with respect to progenitor maintenance,
proliferation, and heterogeneity. We have focused on the role of
Notch and fibroblast growth factor (FGF) signaling in the neural
progenitor pool of the developing mouse forebrain. In the verte-
brate nervous system, the Notch pathway was traditionally
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thought to maintain a progenitor state while inhibiting differen-
tiation (Lewis, 1996). Gain-of-function studies in the frog and
chick have found that activation of the Notch pathway prevents
progenitors from undergoing neurogenesis, whereas blocking
this pathway leads to excessive neurogenesis and depletion of the
progenitor pool (Chitnis, 1995; Henrique et al., 1997). Similarly,
in mammals, widespread Notch activation expands the neural
progenitor pool at the expense of neuron production (Lardelli et
al., 1996), whereas disruption of Notch signaling leads to preco-
cious expression of early neuronal markers (de la Pompa et al.,
1997).

More recently, gain-of-function studies have found that
Notch signaling not only inhibits the differentiation of some cell
types but can also promote glial fate (Furukawa et al., 2000; Ga-
iano et al., 2000; Morrison et al., 2000; Scheer et al., 2001; Tani-
gaki et al., 2001; Gaiano and Fishell, 2002). We have shown pre-
viously that in the mouse forebrain, Notch1 promotes radial glial
identity during embryogenesis and both dispersed and periven-
tricular astrocyte identities postnatally (Gaiano et al., 2000). Al-
though the promotion of glial fate may seem at odds with Notch
maintaining a progenitor state, additional studies have found
that in some contexts, glia are progenitors (Doetsch et al., 1999;
Malatesta et al., 2000; Fischer and Reh, 2001; Noctor et al., 2001,
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2002; Malatesta et al., 2003). For example, several studies have
found that radial glia are progenitors during CNS development
(Malatesta et al., 2000; Noctor et al., 2001) and that periventricu-
lar astrocytes are stem cells in the adult brain (Doetsch et al.,
1999).

We continued to examine the role of Notch1 signaling in the
embryonic telencephalon and have found that in addition to pro-
moting radial glial character in vivo, Notch1 activation promotes
a proliferative response to FGF2 in vitro. This observation
prompted us to consider potential interactions between the
Notch and FGF pathways and to examine the role of FGF signal-
ing in vivo. Interestingly, we found that FGR receptor 2 (FGFR2)
is expressed in many telencephalic radial glia, and that activation
of this receptor promotes radial glial morphology. In addition,
the ability of Notchl to promote proliferative responsiveness in
FGEF2 correlates with FGFR2 expression in progenitors in vivo.
However, we also found that activated FGFR2 (ActFGFR2) was
insufficient to promote progenitor proliferation in vitro in the
absence of ligand. This work identifies a role for the FGF pathway
in radial glial progenitors and suggests that the promotion of
radial glial character and progenitor proliferation by FGF signal-
ing are mechanistically separable phenomena.

Materials and Methods

Retroviral constructs and in vivo infection. The method of retrovirus pro-
duction has been described previously (Burns et al., 1993; Gaiano et al.,
1999). The viral vectors used in this study included murine leukemia
virus (MLV)-based genomes and the vesicular stomatitis virus envelope
glycoprotein (VSV-G). These vectors included the Xenopus EFla en-
hancer—promoter to drive gene expression (Johnson and Krieg, 1994)
and an internal ribosome entry sequence (IRES) to allow dicistronic
expression. Human placental alkaline phosphatase (PLAP) and green
fluorescent protein (GFP) were used as reporter genes.

Mice were maintained according to protocols approved by the Insti-
tutional Animal Care and Use Committee at New York University School
of Medicine and Johns Hopkins University School of Medicine. Timed
pregnant Swiss Webster mice (provided by the Skirball transgenic facil-
ity) or CD-1 mice (Charles River, Wilmington, MA) were used for viral
injections, and the morning of the vaginal plug was termed embryonic
day 0.5 (E0.5). Virus delivery was performed into the telencephalic ven-
tricle at E9.5 using ultrasound-guided imaging as described previously
(Gaiano et al., 1999). The C-promoter binding factor (CBF1)-VP16 cD-
NAs were obtained from Evelyne Manet (Lyon, France) (Waltzer et al.,
1995). The activated form of mouse FGFR2 used contained the C342Y
mutation in the third Ig domain that results in ligand-independent ho-
modimerization through aberrant disulfide bond formation (provided
by A. Mansukhani, New York University School of Medicine, New York,
New York) (Mangasarian et al., 1997). The activated forms of human
FGFR1 used contained the N546K or K656E mutations in the kinase
domain (provided by Moosa Mohammadi, New York University School
of Medicine, New York, New York). The activated form of rat ErbB2 used
contained the E664V mutation and is oncogenic (provided by S. Burden,
Skirball Institute, New York, NY) (Bargmann et al., 1986). ActFGFR2
and ActErbB2 were cloned into the retroviral vector pCLE (Gaiano et al.,
1999) for in vivo infections. CBF1-VP16 and ActFGFR2 were cloned into
aretroviral vector called pCEG, which is like pCLE but with GFP in place
of PLAP after the IRES sequence.

Cell dissociation, isolation, and in vitro culturing. Virally infected brains
were harvested at E12.5 or E14.5. The tissue to be dissociated was minced,
washed twice in PBS with 1 mm EDTA, and incubated in 0.25% trypsin
(Worthington, Freehold, NJ) at 37°C for 5 min. Ovomucoid trypsin
inhibitor and DNase (both from Worthington) were added, and samples
were triturated using a fire-polished Pasteur pipette. Cells were washed
twice with DMEM/F12 media, resuspended in PBS, and run through a 40
pm cell strainer (Falcon, Franklin Lakes, NJ) before sorting. Cells ex-
pressing GFP were isolated using a Coulter (Beckman Coulter, Inc., Ful-
lerton, CA) Epics Elite Cell Sorter (New York University) or a MoFlo Cell
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Sorter (Johns Hopkins University, Baltimore, MD). Where indicated in
Figure 2c, cells were sorted directly into 96-well dishes. For all other
experiments, cells were sorted into 5 ml tubes and then transferred to
6-well dishes and cultured at clonal density (<1-2 cells/ul). We found
that the latter collection method generated neurosphere frequencies uni-
formly lower than the former collection method (see Fig. 2¢). This may be
the result of cell loss during transfer from 5 ml tubes to 6-well plates. Cells
were cultured in DMEM/F12 with the serum supplement B-27 (Invitro-
gen, San Diego, CA), 2 mM glutamine, and 2 ug/ml heparin. When FGF2
and epidermal growth factor (EGF) (both from Upstate Biotechnology,
Waltham, MA) were included in the media, these factors were used at 20
ng/mland 10-20 ng/ml, respectively. Neurospheres were grown for 7-10
d and were then either differentiated or passaged to make secondary
spheres. Scored neurospheres typically ranged from 50 to 150 um in
diameter; however, for ActN1-infected cells grown in EGF in particular,
those that retained widespread ActN1 expression, were quite small (as
few as 1015 cells) (see Fig. 2b). To promote differentiation, neuro-
spheres were cultured for 2 weeks on poly-p-lysine-coated LabTek II
chamber slides (Nunc, Rochester, NY) in DMEM/F12 with 5% FBS.

Dil labeling of radial glia was performed as follows. At E14.5, forebrain
hemispheres were dissected and arranged in groups of three, medial side
down, on filter inserts in 6-well plates with enough neurosphere media
(without growth factors) to keep the explants hydrated but not sub-
merged. Dil was applied to an area of the ventral pia ~1 mm in diameter
using a fine paintbrush. The meninges were left intact in these explants,
because this was found in most cases to keep the Dil restricted to the site
of application. Explants were incubated for 4 hr at 37°C to permit dye
diffusion. Those explants with Dil leakage beyond the range of the focal
application were discarded. For the remaining explants, excess Dil was
removed together with the meninges, and the ventricular zone (VZ)—
subventricular zone (SVZ) from the ganglionic eminences (GEs) was
isolated for dissociation and fluorescence-activated cell sorting (FACS).
Throughout this study, samples were compared using a heteroscedastic
Student’s ¢ test, and the mean * SE is given.

In situ hybridization and antibody staining. The a-sense probe used for
FGFR?2 in situ hybridization was 1760 bp in length and extended from
Pst] to BglII in the mouse cDNA sequence. A sense probe of the same
sequence showed no specific labeling. Hybridization was performed as
described previously (Schaeren-Wiemers and Gerfin-Moser, 1993).

The following primary antibodies were used: sheep a-PLAP (1:200;
American Research, Belmont, MA), mouse a-TuJ1 (class III B-tubulin)
(1:200 on sections, 1:2000 on neurospheres; Babco, Richmond, CA),
rabbit a-GFAP (1:2000; Accurate, Westbury, NY), rabbit a-synapto-
physin (1:300; provided by E. Ziff, New York University School of Med-
icine, New York, NY), mouse a-Rip (supernatant 1:5; Developmental
Studies Hybridoma Bank, University of Iowa, Iowa City, IA), mouse
a-RC2 (ascites 1:150 on sections, 1:400 on dissociated cells; Develop-
mental Studies Hybridoma Bank), rabbit a-brain lipid binding protein
(BLBP) (1:3000; provided by N. Heintz, Rockefeller University, New
York, NY), and rabbit a-FGFR2 (1:100 on sections, 1:1000 on dissociated
cells; Santa Cruz Biotechnology, Santa Cruz, CA). Secondary antibodies
were obtained from Jackson ImmunoResearch (West Grove, PA) and
were raised in donkey. TuJ1 was detected using FITC-conjugated goat
a-mouse IgG,,. Standard immunostaining procedures were used. Anti-
bodies were diluted in PBS plus 2% normal donkey serum plus 0.2%
Triton X-100.

Forebrain-specific deletion of Notchl. The foxgl::CRE mouse line was
kindly provided by J. Hebert and S. McConnell (Stanford University,
Palo Alto, CA) (Hebert and McConnell, 2000). The primer sequences
used in this study are available on request. Crosses to generate embryos
homozygous for floxed Notchl (N1) and heterozygous for foxgl::CRE
are described in Results. These animals were initially identified at E12.5
by the substantially reduced size of their GEs. After isolation of the GE for
dissociation, the remaining brain tissue was used to genotype the embryo
by PCR. PCR analysis of spheres derived from mutants confirmed the
deletion of both copies of Notch1, demonstrating that Notchl was not
essential for all neurosphere growth in FGF2.
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Figure1.  GFPviruses used to identify live infected progenitors. a, Schematics of control and
ActN1 viral constructs. The viral backbone for both is pCLE as described previously (Gaiano etal.,
1999). Primers used to detect proviral inserts are indicated (arrowheads). b—d, Embryos were
infected at E9.5 and examined at E14.5. Although control-infected cells were dispersed widely
(b), many ActN1-expressing cells were in the ventricular zone (¢, d) and possess radial glial
morphology as revealed by PLAP expression (d; red). d, Diencephalic cells infected with the
ActN1-expressing retrovirus show radial glial morphologies similar to those seen in the telen-
cephalon. EF1c, Xenapus EF1ce enhancer—promoter; LGE, lateral ganglionic eminence. Scale
bar, 100 m. White lines in b—d outline the tissue.

Results

Notchl activation enhances neurosphere frequency in FGF2
but not EGF

We infected telencephalic progenitors in utero at E9.5 with retro-
viruses expressing human PLAP and either a GFP-activated
Notchl fusion protein (referred to herein either as ActN1) or
GFP alone (Fig. 1a). The ActN1 protein included GFP at the N
terminus fused to a portion of the cytoplasmic tail of Notch1 with
constitutive signaling activity (residues 1753-2185). Virus injec-
tion was done using ultrasound image guidance and has been
described previously (Gaiano et al., 1999).

As we have shown previously (Gaiano et al., 2000), whereas
control cells were dispersed throughout both the proliferative
and postmitotic zones (Fig. 1b), many ActN1-expressing cells
were retained in the VZ and possessed radial glial characteristics
(Fig. 1¢,d). In light of recent studies suggesting that radial glia are
progenitors (Malatesta et al., 2000; Noctor et al., 2001, 2002;
Malatesta et al., 2003; Anthony et al., 2004), we used the neuro-
sphere assay to test the progenitor character of cells infected with
ActN1 in vivo. First, telencephalic cells were infected in utero at
E9.5 with ActN1 or control virus. At E14.5, the ventricular and
subventricular zones of the GEs were dissected, and GFP-positive
cells were isolated using FACS. The VZ-SVZ dissection was used
for sample comparison because, whereas control-infected cells
were distributed throughout both the proliferative and postmi-
totic zones, most ActN1-infected cells were in the proliferative
zone (Figs. 1, 2a). Based on these distinct distributions, compar-
ison of the entire GE might be expected to show a higher progen-
itor frequency for ActN1-infected cells. Acute in vitro analysis of
control and ActN1-infected cells present in our VZ-SVZ dissec-
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tions showed that both populations expressed the progenitor
marker Nestin at the same frequency (66.2 = 1.4% for controls,
n = 3;68.4 = 1.4% for ActN1, n = 5; p = 0.32 over two experi-
ments). This result is consistent with our finding that 65.5 =
2.2% (n = 3) of the cells in our VZ-SVZ dissections incorporated
bromodeoxyuridine after in vivo cumulative labeling. Thus, these
dissections allowed us to compare the effects of ActN1 and con-
trol viruses in a population of cells enriched for the progenitor
pool.

After dissociation, GFP-positive cells were isolated by FACS
and grown for 7-10 d in serum-free media including either FGF2,
EGF, both, or neither (Fig. 2a—c). In media without FGF2 or EGF,
no neurospheres were observed, demonstrating that Notch1 ac-
tivation could not replace the growth factor requirement of this
assay. In media with FGF2 and/or EGF, infected cells did grow
into neurospheres as expected. However, ~75% of the spheres
were either heterogeneous with respect to GFP (or ActN1) ex-
pression or appeared to be entirely GFP negative. This result
suggested that either the neurospheres were not clonal, or retro-
viral silencing occurred during clonal expansion. Visual inspec-
tion of postsort samples confirmed that they were composed of
single cells, strongly suggesting that the neurospheres were
clonally derived. Furthermore, postsort analysis of the GFP-
positive pool indicated that there was very little contamination
with GFP-negative cells (3-5%). In addition, PCR confirmed that
the GFP-negative cells in primary neurospheres contained provi-
ral inserts (see below).

When sorted progenitors were plated in media containing
FGF2 (with or without EGF), ActN1-expressing progenitors
formed spheres 3.7-fold more efficiently than control progeni-
tors (e.g., 22.7 * 4.8% for ActN1; 6.1 * 2.0% for controls; n = 4
each; p < 0.02 over four experiments into 96-well dishes with
FGF2 alone) (Fig. 2¢). In contrast, no significant increase in neu-
rosphere frequency was observed in media containing EGF alone
(2.8 = 1.2% for ActN1; 1.5 £ 0.8% for controls; n = 3 each; p =
0.44 over three experiments). The finding that expression of
ActN1 in vivo promoted proliferative responsiveness to FGF2 can
be interpreted in the following two ways: (1) Notch1 activation in
vivo influences the fate of telencephalic progenitors in a manner
that indirectly leads to enhanced proliferative responsiveness to
FGF, or (2) Notchl signaling influences the response to FGF by
more directly regulating FGF signaling cascades.

To further examine the effect on Notchl activation on the
responsiveness of telencephalic progenitors to FGF2, we per-
formed in vitro infections of VZ-SVZ cells isolated from the GEs
of E14.5 brains with viruses expressing either ActN1 or GFP
alone. Cells exposed to virus were incubated overnight to allow
proviral integration and expression, and GFP-positive cells were
isolated the next day by FACS. Infected cells were plated into
neurosphere media containing FGF2 or EGF, and neurosphere
frequency was scored 1 week later. Similar to the results above,
cells infected in vitro with ActN1 had a 3.2-fold increased neuro-
sphere frequency in FGF2 compared with controls (17.7 = 1.0%
for ActN1; 5.6 = 0.8% for controls; n = 8 for both from four
experiments; p < 0.001) (Fig. 2d). Also consistent with the in vivo
infections, this enhancement was not seen in EGF (7.4 * 0.7% for
ActNT1; 6.8 = 0.4% for controls; n = 8 for both from four exper-
iments; p = 0.47). These data indicate that Notch1 activation can
rapidly influence the growth factor responsiveness of telence-
phalic progenitors and support the idea that Notchl is directly
influencing the response of those cells to FGF.
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Figure 2.  Notch increases the frequency of progenitors that proliferate in FGF2. a, Schematic depiction of approach used to isolate cells expressing either GFP or ActN1. In vivo infections were

performed at E9.5, and infected cells were isolated at E14.5 either directly into 96-well dishes orinto 5 ml tubes (see Materials and Methods). b, Neurospheres derived from cells infected with control
or ActN1 virus in either FGF2 or EGF. In EGF, ActN1 neurospheres were often quite small. Scale bar, 25 m. ¢, In FGF2, ActN1-expressing cells were 3.7-fold more likely to grow into neurospheres than
controls. This increase was not seen in EGF. *p << 0.02. d, Comparison of the effects of ActN1 and (BF1-VP16 after in vitro infection. Cells from E14.5 ganglionic eminence VZ—SVZ dissections were
infected in vitro and isolated by FACS the next day. Similar to the results in ¢, ActN1-infected cells were threefold more likely to grow into neurospheres in FGF2 but not EGF (left). As with ActN1, GE
progenitors infected with CBF1-VP16 are threefold more likely to grow into spheres in FGF2 (center). In contrast to ActN1, GE progenitors infected with CBF1-VP16 are threefold more likely to form
spheres in EGF (right). CBF1-VP16-expressing spheres also express GFP (inset). Viruses expressing either GFP or CBF1 "EM-VP16 (M) were used as negative controls. DBM, DNA-binding mutant. *p <<
0.02. e, Endogenous GE radial glia isolated using focal Dil application and FACS formed neurospheres efficiently in FGF2. *p << 0.03.

Activation of CBF1 targets enhances neurosphere frequency
in FGF2 and EGF

The primary effector of Notch signaling is the DNA binding pro-
tein CBF1. After ligand stimulation, the Notch intracellular do-
main translocates to the nucleus and converts CBF1 from a re-
pressor into a transcriptional activator, thus upregulating Notch
target genes. In recent years, increasing evidence has supported
the idea that Notch receptors can signal in a CBF1-independent
manner as well (Martinez Arias et al., 2002). The mechanism of
such signaling remains unclear, although interactions with Del-
tex and the Wnt pathway have been implicated. Therefore, we
sought to determine the effect of direct activation of CBF1 targets
on neurosphere frequency in FGF2 and EGF. This was achieved
by expressing a CBF1-VP16 fusion protein designed to convert
CBF1 into a Notch-independent transcriptional activator
(Waltzer et al., 1995). As a negative control, we used a CBF1-
VP16 fusion protein containing a form of CBF1 mutated to abol-
ish DNA binding activity (CBF1”°®™-VP16).

To test the effect of activating CBF1 targets, E14.5 ventral
telencephalic progenitors were infected in vitro with dicistronic
retroviruses expressing CBF1-VP16, CBF1°®™.VP16, or PLAP
each together with GFP. Infected cells were isolated by FACS and
plated into neurosphere media, including FGF2 or EGF, and
spheres were scored 1 week later. Consistent with the Notchl
results presented above, expression of CBF1-VP16 promoted a

threefold increase in neurosphere frequency in FGF2 compared
with expression of CBF1°®M.VP16 or GFP alone (16.3 = 1.7%
for CBF1-VP16;5.9 * 1.6% for CBF1""-VP16;and 5.5 * 0.5%
for GFP; n = 6 each; p << 0.002 over three experiments) (Fig. 2d).
This result suggests that Notch1 increases neurosphere frequency
in FGF2 in a CBF1-dependent manner. Interestingly, in contrast
to the Notchl1 result presented above, CBF1-VP16 promoted a
threefold increase in neurosphere frequency in EGF (5.8 = 0.9%
for CBF1-VP16, n = 4; 1.8 + 0.5% for CBF1""™-VP16, n = 5;
1.8 £ 0.6% for GFP, n = 3; p < 0.01 over three experiments) (Fig.
2d). This result suggests that the Notch pathway can, under cer-
tain circumstances, promote EGF responsiveness.

ActN1-infected progenitors are multipotent and

can self-renew

The observation that ActN1 enhanced the frequency of neuro-
spheres in FGF2 raised the possibility that Notch1 signaling was
promoting multipotent progenitor—stem cell character. To test
this notion, the developmental potential and self-renewal of
ActN1-expressing progenitors was examined. Differentiated pri-
mary control and ActN1 neurospheres were immunostained to
detect the cell type-specific markers TuJ1 (neurons), synapto-
physin (neurons), Rip (oligodendrocytes), and GFAP (astro-
cytes). The majority (see below) of both ActN1 and control neu-
rospheres (data not shown) expressed markers of multiple cell
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types, indicating that the initially plated cells were multipotent
(Fig. 3a,b). Consistent with work showing that Notch inhibits
differentiation of neurons and oligodendrocytes (Nye et al., 1994;
Wang et al., 1998), markers for those cells types were only de-
tected in ActN1 spheres that exhibited at least partial retroviral
silencing. Nevertheless, the generation of multiple cell types from
individual ActN1-expressing cells grown in FGF2 indicated that
Notchl signaling does not block multipotent progenitor charac-
ter. This result demonstrates that, unlike previous findings in
neural crest stem cells (Morrison et al., 2000) and adult hip-
pocampal progenitors (Tanigaki et al., 2001), transient Notch
activation does not restrict embryonic forebrain progenitors to a
glial fate.

To determine whether ActN1-expressing cells could self-
renew, primary spheres were dissociated and replated at clonal
density (<1-2 cells/ul) in neurosphere media containing FGF2.
As a result of retroviral silencing, both GFP-positive and GFP-
negative secondary spheres were obtained from control and
ActN1 primary spheres. To confirm the presence of proviral in-
serts, PCR was performed on individual GFP-negative control
and ActN1 secondary spheres (Fig. 3f). For both viruses, all GFP-
negative spheres tested were found to contain proviral inserts
(n = 8 for each). Markers for all three cell types were detected in
differentiated secondary spheres (Fig. 3c—e), demonstrating that
the primary sphere cells from which they were derived were mul-
tipotent, and that ActN1-expressing cells could self-renew. Thus,
telencephalic progenitors maintained by Notchl activation can
exhibit stem cell character.

Radial glia can form neurospheres in FGF2

Our observations that Notchl promotes both radial glial and
FGF-responsive progenitor identities in the GEs suggested that
some endogenous GE radial glia might be FGF-responsive pro-
genitors. To address this directly, we focally applied the lipophilic

f Control GFPACtN1 +C +N

Forebrain cells expressing ActN1 are multipotent and self renew. a, b, Primary neurospheres expressed markers of
multiple cell types (TuJ1, neurons; Rip, oligodendrocytes; GFAP, astrocytes), indicating that the original cells were multipotent.
Continued expression of ActN1 in a was nuclear localized, whereas TuJ1 staining labeled neurites. In many neurospheres, some, if
not all, retroviral expression was silenced. c—e, Primary spheres were dissociated and grown into multipotent secondary spheres.
Neuronsin these spheres expressed the synaptic vesicle marker synaptophysin (e). f, PCR confirmed that individual GFP-negative
secondary spheres contained proviral inserts and suggested that proviral silencing had occurred. The primers used are
depicted in Figure 1a (arrowheads). Positive controls are shown for each (C, control; N, ActN1). Note that the band for
control virus is slightly larger because of the presence of additional polylinker sequence between the promoter and GFP.
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dye Dil to the pial surface of the ventral
region of E14.5 forebrain hemispheres.
Explants were incubated for 4 hr at 37°C to
permit Dil diffusion, and the GE VZ-SVZ
was then dissected away and dissociated.
Using this protocol, cells in the VZ-SVZ
with long radial processes were found to
be labeled with Dil. Similar approaches
have been used successfully by others to
specifically label radial glia (Voigt, 1989;
Malatesta et al., 2000; Noctor et al., 2002).
Those cells were isolated using FACS and
grown in neurosphere media including
FGF2. Dissociated cells from VZ-SVZ dis-
sections of explants without Dil labeling
served as controls.

Scoring at 1 week revealed that isolated
radial glia were threefold more likely to
form neurospheres in FGF2 than control
cells (8.8 £ 2.0% for isolated radial glia;
3.0 = 0.3% for VZ-SVZ cells; n = 4 each;
p < 0.03 over four experiments) (Fig. 2e).
One potential concern with this approach
might be the presence of labeled neurons,
because pial application of Dil is likely to
label many neurons in proximity to the
pial surface. However, such contaminants
would reduce, not enhance, the neuro-
sphere frequency. Thus, our data support
the idea that at least some radial glia are progenitors that can
proliferate into neurospheres in FGF2. This work is also consis-
tent with the idea that Notch1 maintains an FGF responsive pro-
genitor with radial glia morphology.

" RIp/GFAP

Deletion of Notch1 decreases neurosphere frequency in FGF2
To investigate further the role of Notchl signaling in telence-
phalic progenitors, we used CRE-loxP recombination to delete
Notchl in the telencephalon. Mice homozygous for a “floxed”
allele of Notchl (flanked by loxP sites) (Radtke et al., 1999) were
crossed to mice heterozygous for both the floxed Notchl allele
and CRE recombinase knocked into the foxg1 locus (foxg1::CRE)
(Hebert and McConnell, 2000). Because foxgl (formerly called
BF1) is expressed throughout the telencephalon from ~ES8, ex-
pression of CRE recombinase from this locus deleted Notchl in
the telencephalon of embryos homozygous for floxed Notch1. At
E12.5, embryos heterozygous for foxgl-CRE and homozygous
for floxed Notch1 (called Notch1 ™" mutants hereafter) could be
identified morphologically by the reduced size of forebrain struc-
tures, in particular the ganglionic eminences (Fig. 4). Subsequent
analysis confirmed the genotype of mutant embryos (Fig. 4¢) and
that the recombination event to delete Notchl had occurred as
expected (data not shown).

To examine the state of radial glia in mutant forebrains, sam-
ples were immunostained for the radial glial markers RC2 and
BLBP, both of which were detected in cells with radial morphol-
ogy (Fig. 4d,e). This result demonstrates that Notch1 is not essen-
tial for the maintenance of all radial glial cell types. Based on the
model that most or all VZ cells possess radial glial morphology,
this result is consistent with the fact that Notch1 ™" mutants do
possess a VZ. Regardless, mutants exhibited a significant reduc-
tion in the size of the GEs, indicating that progenitor pool output
was compromised in the absence of Notchl signaling. The ex-
pression of Notch2 and Notch3 in the telencephalic VZ (Irvin et



9502 - J. Neurosci., October 27, 2004 - 24(43):9497-9506

wild type/Tudi

wild type/RC2 ~ f wild type/BLBP

mutant/TuJ1

mutant/RC2 mutant/BLBP
g + + +
WT N1 allele
h 4
> E12.5 GE
&
3 . 3
g
o
(L™
gg 2
@ £ *
e
3 1
=
0 | ]
non mutant N1
siblings  mutants

Figure 4.  Deletion of Notch1 in the forebrain reduces neurosphere frequency in FGF2. Em-
bryos were generated with a forebrain-specific deletion of Notch1 (N1). At E12.5, both wild type
(a—c) and mutants (d, e) expressed the radial glial markers RC2 (a, ) and BLBP (b, e) as well as
the neuronal marker TuJ1 (¢, f). However, the size of forebrain structures was substantially
reduced in mutants because of a reduction in postmitotic neurons (see TuJ1 staining in cand f).
g, Embryos homozygous for floxed N1 and heterozygous for foxg1-CRE were identified by PCR.
Inthe top panel, the larger band indicates the presence of the floxed Notch1 allele, whereas the
lower band indicates the presence of the wild-type Notch1 allele. Thus, embryos homozygous
for the floxed Notch1 allele lacked the lower band. Mutant embryos (+) were identified as
those both homozygous for the floxed Notch1 allele and heterozygous for the Foxg1-Cre. h,
Neurospheres from wild-type and mutant embryos were generated, and mutant cells showed a
2.7-fold decrease. Scale bar, 100 m. *p << 0.01.

al., 2001) may provide redundant function, suggesting that dele-
tion of all Notch pathway signaling might have a more severe
effect.

Although Notch1 ™" mutants possess radial glia, it remained
possible that a subset of the radial glial progenitor pool might be
reduced or absent. Thus, we tested the effect of Notch1 TE* dele-
tion on neurosphere frequency in FGF2. GE cells from E12.5
mutant and wild-type embryos were compared, and cells derived
from Notch1 ™ mutants were 2.7-fold less likely to form neuro-
spheres in FGF2 than cells derived from wild-type littermates
(1.2 = 0.1% for mutants; 3.2 = 0.4% for controls; n = 7 each; p <
0.002 over three experiments) (Fig. 4h). These data are consistent
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both with our gain-of-function work showing that Notch1 acti-
vation increases neurosphere frequency in FGF2 and with the
loss-of-function work of others suggesting that Notch signaling is
required for neural stem cell maintenance (Ohtsuka et al., 2001;
Hitoshi et al., 2002).

Notchl increases FGF neurosphere frequency in regions
expressing FGFR2

The promotion of neurosphere frequency in FGF2 by Notchl
prompted us to examine FGF signaling in telencephalic progen-
itors. In particular, we focused on FGFR2 because in situ hybrid-
ization and antibody staining revealed that this receptor is ex-
pressed in the VZ during development, and like Notch1 (Gaiano
et al., 2000) is expressed in radial glia (Fig. 5a—c). FGFR2 is not
expressed in all telencephalic structures, however, and high levels
of expression were detected in the neocortex and the ganglionic
eminences, whereas little to no expression was evident in the
hippocampus and septum (Fig. 5a—c,e).

The lack of FGFR2 expression in the septum raised the ques-
tion of would Notchl activation in septal progenitors enhance
neurosphere frequency as it did in the GEs? To examine this issue,
we infected the embryonic telencephalon in utero at E9.5 with
viruses expressing either ActN1 or GFP. At E14.5, infected GE or
septal progenitors were isolated using FACS and plated into neu-
rosphere media, including FGF2. As expected, expression of
ActN1 in GE cells resulted in a 3.7-fold increase in neurosphere
frequency compared with controls (13.7 = 1.5% for ActN1,n =
5; 3.7 = 0.6% for controls, n = 4; p < 0.001 over four experi-
ments) (Fig. 5d). In contrast, this effect was not seen in septal cells
(0.9 = 0.1% for both ActN1, n = 5, and controls, n = 4; p = 0.92
over four experiments). Consistent with a potential role for
FGFR2 in mediating the ability of Notchl to increase neuro-
sphere frequency in FGF2, ActN1-infected cells did not upregu-
late FGFR2 expression in the septum (Fig. 5e).

The correlation between FGFR2 expression and the ability of
Notchl to increase FGF neurosphere frequency suggests that sig-
naling through FGFR2 could mediate this effect where FGFR2 is
normally expressed. Deletion of FGFR2 will be required to deter-
mine whether this is indeed the case. Regardless of which FGFRs
are involved, the differential effects of ActN1 in GE and septal
progenitors suggests that FGF-responsive progenitors in those
structures are maintained using different molecular mechanisms.

Constitutively active FGFR2 promotes radial glial fate in vivo

The coincidence of radial glial expression of FGFR2 in regions
where Notchl activation promoted FGF neurosphere frequency
prompted us to consider the effect of FGFR2 activation on pro-
genitors in vivo. To do so, we generated a virus expressing a
constitutively active form of FGFR2 (ActFGFR2), which signals
via ligand-independent dimerization and receptor tyrosine ki-
nase (RTK) activation, and causes Crouzon Syndrome in humans
(Mangasarian et al., 1997). Mouse embryos were infected with
ActFGFR2 at E9.5 and analyzed 3-5 d later to determine the effect
of continuous FGFR2 signaling. At both E12.5 and E14.5, cells
infected with ActFGFR2 virus adopted radial glial morphology
and expressed the radial glial marker RC2 (Fig. 6). Acute dissoci-
ation of total E14.5 GEs from infected brains showed that cells
infected with ActFGFR2 expressed RC2 at a frequency threefold
higher than control-infected cells (57.6 %= 1.7% for ActFGFR2,
n = 5; 18.6 = 2.4% for controls, n = 4; p < 0.001 over two
experiments) (Fig. 67,k). The promotion of radial glial morphol-
ogy and gene expression by ActFGFR2, together with the endog-
enous expression of FGFR2 in radial glia, suggests that signaling
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onic eminence (LGE) is shown] but not the septum. The edge of the LGE is indicated (arrows). b, FGFR2 protein was detected
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with the radial glial marker RC2. d, GE cells form neurospheres more efficiently in response to ActN1, whereas septum cells do not.
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Figure 6. Activated FGFR2 promotes radial glial character in vivo. Infected cells were visualized by histochemical staining for
PLAP. a—d, Cells expressing ActFGFR2 at E12.5 (g, b, d) and at E14.5 () have radial glial morphology. Control-infected cells are
more widely dispersed (e; also see Fig. 1b). f, Expression of activated ErbB2 does not promote radial glial identity at E14.5,
suggesting that this effect is not simply the result of generic RTK activation. g—i, ActFGFR2-infected cells express the radial glial
marker RC2 in vivo.j, k, To quantify RC2 expression, samples were infected at E9.5 with a dicistronic virus expressing ActFGFR2 and
GFP or a control GFP virus. j, Total GE tissue was dissociated and stained at E14.5 to detect RC2 expression. k, GE cells expressing
ActFGFR2 were threefold more likely to express RC2 than control-infected cells. Scale bars: (ina) a, f, 100 wm; (in a) b—e, 200 m;
9,100 pem; j, 50 pm.
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(Patten et al., 2003; Schmid et al., 2003).
Interestingly, infection of telencephalic
progenitors in vivo with activated ErbB2 at
E9.5 did not promote radial glial identity,
and instead most infected cells migrated to
postmitotic areas of the telencephalon
(Fig. 6f). It remains possible that different
levels of ErbB2 signaling in vivo might
have different effects, and that more mod-
est signaling would promote radial glial
character. Nevertheless, the observation
that ActFGFR2 promotes radial glial char-
acter in vivo, whereas ActErbB2 does not,
suggests that telencephalic progenitors
can respond differently to these two RTK
signals.

The observation that ActFGFR2, like
ActN1, promoted radial glial identity
raised the following question: would
FGFR2 signaling in GE progenitors, like
ActN1, enhance neurosphere frequency in
FGF2? To test this possibility, at E9.5, we
injected either control GFP virus or a virus
expressing ActFGFR2 and GFP. At E12.5
or E14.5, GFP-positive cells from the VZ—
SVZ of the infected GEs were isolated us-
ing FACS and were plated into neuro-
sphere media containing FGF2. At E12.5,
ActFGFR2-infected cells did exhibit a
modest 1.7-fold increase in neurosphere
frequency compared with controls (6.8 *
0.7% for ActFGFR2, n = 8;4.1 = 0.3% for
controls, n = 4; p < 0.01 over three exper-
iments) (Fig. 7a). Interestingly, however,
by E14.5, this difference was no longer ob-
served, and control and ActFGFR2-
infected cells had the same neurosphere
frequency (3.6 = 1.7% for ActFGFR2, n =
4;3.7 = 0.4% for controls, n = 5;p = 0.97
over four experiments). These data sug-
gested that ligand-independent FGFR2
activation, although sufficient to promote
radial glial identity in vivo, was inefficient
at enhancing neurosphere frequency, and
that additional cues are needed to pro-
mote—maintain the neurosphere-forming
potential of radial glia. Such cues might be
provided by Notch pathway activation,
because ActN1 promotes both radial glial
character and neurosphere forming po-
tential. Alternatively, the ligand-independent
dimerization of FGFR2“*** might not fully
recapitulate ligand-induced signaling.

through this receptor is involved in the maintenance of a radial
glial cell type.

Because FGFR2 is an RTK, and RTKs are known to act
through similar signal transduction pathways, we sought to de-
termine whether activation of a different RTK would also pro-
mote radial glial identity. In particular, we tested an activated
form of the Neuregulin coreceptor ErbB2, because previous work
suggested that Neuregulin signaling promotes radial glia identity
in vitro (Anton et al., 1997) and that ErbB2 may be a Notch target

Activated FGFRs do not support primary neural progenitor
proliferation in vitro

To test the ability of ActFGFR2 to replace the need for FGF ligand
in primary telencephalic progenitors, we used the neurosphere
assay. Embryos were infected in utero at E9.5 with a virus express-
ing ActFGFR2 and GFP. At E14.5, ventral telencephalic progen-
itors were dissociated, and GFP+ cells were isolated by FACS and
plated into neurosphere media either with or without FGF2. As
expected, cells in the presence of FGF2 formed neurospheres at
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Figure 7.  Analysis of the effects of activated FGFRs in telencephalic progenitors in vitro. a,

Cells were infected in utero at £9.5 with a virus expressing ActFGFR2 and GFP or GFP alone.
GFP+ cells were isolated by FACS at E12.5 or E14.5 and grown into neurospheres. Although a
1.7-fold increase was observed at E12.5, no effect was evident at E14.5. *p << 0.01. b, Infected
3T3s wereisolated by FACS and plated into media in 0.4% agar with or without FGF2. Although
control-infected cells required FGF2 to proliferate into suspended fodi, cells infected with the
activated receptors did not. ¢, Activated forms of FGFR1 and FGFR2 were insufficient to support
neurosphere growth from E14.5 ventral neural progenitors in the absence of ligand. These viral
stocks were the same as those used in the 33 assay shown in b. *p << 0.03. ND, Not done.

frequencies similar to those routinely observed (Fig. 7, compare a
and c). Remarkably, however, in the absence of FGF2, no neuro-
spheres formed (Fig. 7c), suggesting that FGFR2 “***Y was insuf-
ficient to promote proliferation in the absence of ligand. A trivial
possible explanation for this result was that widespread retroviral
silencing was preventing the expression of FGFR2 “***Y, and that
in the absence of ligand, no FGF signal was being generated at all.
However, spheres that formed in FGF2 from ActFGFR2-infected
cells did not exhibit widespread retroviral silencing, indicating
that this explanation was highly unlikely. All told, these data sug-
gested that although FGFR2 “***Y was sufficient to promote radial
glial character in vivo (Fig. 6), it lacked the signaling capacity to
promote proliferation in vitro.

There were several possible explanations for the inability of
FGFR2 “**?¥ to support neurosphere formation in the absence of
ligand. First, something specific to the C342Y mutation might
limit the activation of downstream signaling cascades. Alterna-
tively, activated forms of FGFR1, rather than FGFR2, might re-
lieve the need for ligand in the neurosphere assay, because previ-
ous studies have found that FGFRI1 is essential for the
proliferative response of forebrain progenitors to FGF2 (Tropepe
et al., 1999; Ohkubo et al., 2004). In an effort to address both of
these concerns, we tested the ability of two activated forms
of FGFRI to support neurosphere formation in the absence of
FGF2. The forms used contained the kinase domain mutations
N546K or K656E and were both originally identified as activating
mutations in FGFR3 that cause skeletal dysplasia in humans
(Robertson et al., 2000). Consistent with our FGFR2 **?Y results,
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neither FGFR1™"X nor FGFR1¥%**" were able to relieve the
need for ligand during neurosphere formation (Fig. 7c). The abil-
ity of the activated forms of FGFR1 and 2 encoded by our viral
stocks to promote proliferation was confirmed functionally using
the 313 soft agar assay (Fig. 7b). Together, these data suggest that
FGF ligands play a role beyond simple receptor activation in pro-
moting primary telencephalic progenitor proliferation.

Discussion

Notchl promotes radial glial character and proliferative
responsiveness to FGF2

We have shown previously that forebrain progenitors expressing
a constitutively active form of Notch1 become radial glia (Gaiano
et al., 2000). Simultaneously, others found that Notch signaling
in the retina led to Muller glial fate (Furukawa et al., 2000) and in
the neural crest to Schwann cell fate (Morrison et al., 2000). In
addition, Notch signaling in adult hippocampal progenitors has
been found to promote astrocytic fate (Gaiano et al., 2000;
Chambers et al., 2001; Tanigaki et al., 2001). The simplest inter-
pretation of this work was that Notch promoted glial fate. As
such, these studies challenged the view that in the vertebrate ner-
vous system, Notch inhibits differentiation and promotes pro-
genitor maintenance.

Contemporary with this work, however, numerous reports
have suggested that glial cell types and in particular radial glia can
possess progenitor characteristics. For example, radial glia have
been observed proliferating and giving rise to neurons in slice
culture (Noctor et al., 2001). Other work has shown that short-
term cultures of isolated radial glia can generate neurons and glia
in vitro (Malatesta et al., 2000). In addition, fate-mapping work
has shown that radial glia can give rise to neurons in vivo (Mala-
testa etal., 2003; Anthony et al., 2004). Here, we found that radial
glia can form neurospheres, further supporting the idea that
radial glia are progenitors. These observations, together with our
findings that Notchl promotes radial glial character in vivo and
multipotent neurosphere formation in FGF2 in vitro, suggest that
radial glia maintained by Notchl are multipotent progenitors
that proliferate in response to FGF.

How does Notchl signaling maintain proliferative respon-
siveness to FGF? The promotion of radial glial fate by ActN1 in
vivo indicates that Notchl is influencing progenitor fate and
might be modulating growth factor responsiveness only indi-
rectly. However, the ability of Notch1 activation in vitro to rap-
idly increase the fraction of progenitors that proliferate in FGF
suggests that Notch may directly influence FGF signaling cas-
cades. How direct that interaction is remains to be determined,
although the fact that CBF1 can also increase neurosphere fre-
quency in FGF2 suggests that Notchl signaling influences FGF
responsiveness by regulating gene expression. In support of our
findings that the Notch and FGF signaling pathways interact in
telencephalic progenitors, others have shown that FGF ligands
can inhibit neuronal differentiation in vitro, but that this effect is
dependent on Notch (Faux et al., 2001).

Telencephalic specific deletion of Notch1

To complement our gain-of-function studies, we examined the
effect of deleting Notch1 from the embryonic telencephalon. Al-
though numerous studies have considered the effect of deleting
Notch pathway components on neural development, early lethal-
ity has limited these analyses (Ishibashi et al., 1995; Oka et al.,
1995; de la Pompa et al., 1997; Hitoshi et al., 2002). By deleting
Notchl1 specifically in the telencephalon, we were able to circum-
vent early lethality (standard Notchl mutants are growth re-
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tarded and die by E11) and to consider the effects of Notchl
deletion on telencephalic progenitors both in vivo and in vitro
later in development.

At E12.5 Notch1 ™ mutant embryos contained cells with ra-
dial glial morphology and marker expression showing that loss of
Notchl activity was not essential for all radial glia. In light of
recent evidence that most or all VZ cells may be radial glia (Noc-
tor et al., 2002), this result is not entirely surprising, because
Notch1 ™" mutants still possess a VZ. Nevertheless, mutant ani-
mals did show a reduction in the size of forebrain structures,
suggesting that the progenitor pool had diminished capacity to
produce postmitotic cell types. In addition, mutant brains had a
2.7-fold lower FGF neurosphere frequency than controls sup-
porting the view that Notchl maintains a progenitor state.

These data suggest that Notchl is essential for the mainte-
nance of most but not all FGF-responsive progenitors in the GEs.
Because Notch2 and Notch3 are also expressed in forebrain pro-
genitors (Irvin et al., 2001), they may compensate for the loss of
Notchl. Alternatively, it remains possible that some FGF-
responsive progenitors in the GEs are maintained independent of
Notch signaling. Such cells might be akin to those FGF-
responsive progenitors present in the septum, which do not ap-
pear to be influenced by Notch1 activation.

FGFR signaling in forebrain progenitors

Neural progenitors that proliferate in FGF2 appear during brain
development as early as E8.5 and are present through adulthood.
Previous work has found that FGFR1 is essential for the specifi-
cation of these cells before neurogenesis (Tropepe et al., 1999). In
addition to FGFR1, both FGFR2 and FGFR3 are expressed in the
telencephalic VZ throughout neurogenesis (Bansal et al., 2003).
An interesting distinction between these receptors, however, is
that whereas FGFR1 and FGFR3 are expressed widely throughout
the telencephalic VZ, FGFR2 expression is weak to absent in me-
dial structures like the septum and hippocampus (Fig. 5). This
differential expression of FGFRs, and our finding that Notchl
activation in septal progenitors does not enhance FGF2 neuro-
sphere frequency, suggests that Notchl may modulate signaling
through FGFR2 in regions where FGFR2 is expressed (i.e., the
ganglionic eminences). The early lethality of FGFR2 mutants
means that a direct test of the role of FGFR2 in forebrain progen-
itors will require conditional deletion.

To further explore the role of FGF signaling in the telenceph-
alon, we examined the phenotype of forebrain progenitors ex-
pressing activated FGFR2 in vivo. Similar to previous results with
ActN], these cells acquired radial glial morphology and expressed
the radial glial marker RC2. This result and the fact that FGFR2 is
expressed in radial glia both support a role for FGF signaling in
radial glial maintenance. Considered together with our findings
that Notch signaling can influence the FGF responsiveness of
telencephalic progenitors, and the growing literature suggesting
that radial glia are progenitors, we believe that Notch and FGF
interact to maintain at least a portion of the progenitor pool as
proliferating radial glia.

Additional study will be needed to determine which down-
stream components of the Notch and FGF signaling pathways
function and interact to regulate telencephalic progenitor char-
acter and proliferation. As a first step toward this goal, we found
that the CBF1-dependent component of the Notch signaling cas-
cade is likely to play a role. In addition, we found that although
activated FGFR2 has a strong effect on cell fate, it cannot replace
the need for ligand in promoting primary neural progenitor pro-
liferation. This latter finding suggests that FGF ligands perform a
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function more complex than simply activating FGFRs. This idea is
consistent with the previous work of others examining the role of
FGF ligands in promoting proliferation (Wiedlocha et al., 1994,
1996) and suggests that it may be possible to mechanistically separate
different aspects of FGF signaling in neural progenitors.
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