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Dissociated
primary cultures from rat telencephalon
at different developmental
stages were used to study the effect
of basic fibroblast
growth factor (FGFS) on Otx2, D/xl, and
Emxl,
three
homeobox
genes
expressed
in different
regions of the developing
mammalian
forebrain.
At embryonic day (E)13.5, the regional pattern of expression
of Otxl,
Ofx2, D/xl, D/x2, D/x5, and Emxl is maintained
in primary
culture, suggesting
that cells are already committed
to a
regional
identity at this stage. In these cultures,
Ofx2 is
expressed
by precursor
cells, whereas
Dlxl and Emxl are
predominantly
expressed
by postmitotic
cells. We found
that FGF2 increased
Ofx2expression
within precursor
cells
and the total number of Ofx2-expressing
cells. This effect
was gene-specific,
dose-dependent,
and temporally
regulated, with larger effects at earlier stages of development
(E11.5). At E13.5, the effect of FGF2 on Ofx2 expression
was restricted
to the basal telencephalon.
Our results suggest that a restricted
population
of neuroblasts
respond to
FGF2 in a temporally
regulated
fashion by proliferating
and
increasing
Otx2expression.
This interaction
between FGF2
and Otx2 may be important
for the regulation
of neurogenesis in the forebrain.
[Key words: basic fibroblast
growth factor (FGF2), Otx2,
homeobox
gene, rat, telencephkalon,
cerebral cortex, basal
ganglia, development,
RNase protection
assay, in situ hybridization,
cell culture]

The developmentof a functional nervous systeminvolves many
steps,including the proliferation of precursor cells, their differentiation, their migration to appropriatelocations and the establishmentand maintenanceof synaptic connections.Theseevents
are orchestratedby interactionsbetweencell-intrinsic geneticinformation and a variety of environmental cues, such as secreted
factors and cell-to-cell interactions (McConnell, 1991; CamposOrtega, 1993; Ghysen et al., 1993). Homeobox genesare a class
of transcriptionalregulatorsthat are involved in the specification
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of cell fate and pattern formation in the invertebrate CNS
(McGinnis and Krumlauf, 1992). Mutational analysessuggest
that homeobox genesplay a similar role in the determinationof
cell identity within the vertebrate hindbrain (Chisaka and Capecchi, 1991; Chisakaet al., 1992; Dolle et al., 1993). The commitment of progenitor cells to specific fates would thus depend
on the establishmentof patterns of homeobox gene expression,
stably propagatedthrough all descendantsin a lineage (Lawrence and Morata, 1994).
Whether homeobox genescan be induced or regulatedby extracellular factors is unclear.In the hindbrain, the acquisitionof
segmentalidentity and homeobox gene expression seemindependent of position in the neuroepitheliumand of signalsfrom
the mesoderm (Guthrie and Lumsden, 1992; Guthrie et al.,
1992), suggestingthat hindbrain homeobox gene expressionis
cell autonomousand signalsan irreversible change in cell fate.
However, treatmentwith retinoic acid can modify both cell identity and homeobox gene expressionin this brain region (Marshall et al., 1992; Kessel,1993). Interactionsbetweenhomeobox
genesand secretedfactors have beenalsoshown to be important
in the induction of mesodermin Xenopus (Ruiz i Altaba and
Melton, 1989; Cho and De Robertis, 1990; von Dassowet al.,
1993) and the developmentof motor neuronsin the spinal cord
(Ericson et al., 1992). However, little is known concerning the
interactions between these genesand extracellular cues in the
developmentof the forebrain.
Members of the Otx, Emx, and Dlx families of homeobox
genes,recently identified in the vertebrate forebrain, are homologs of homeoboxgenesexpressedin the Drosophila head(Porteus et al., 1991; Price et al., 1991; Simeoneet al., 1992a,1993,
1994). The Dlx genesare primarily expressedin the basal telencephalonand diencephalon(Porteuset al., 1991; Price et al.,
1991; Bulfone et al., 1993; Simeoneet al., 1994), whereasthe
Emx genesare expressedin the dorsal telencephalon(Simeone
et al., 1992b).Otx2 is expressedin the primitive headfold before
the onset of neurogenesisin the mouse (E7.5) and defines the
rostra1fore-midbrain junction at ElO; by E12.5-E13.5, Otx2 is
downregulatedin the dorsaltelencephalon,persistingin the basal telencephalonuntil midneurogenesis(E15-E16) (Simeoneet
al., 1993; Frantz et al., 1994).
Membersof the fibroblast growth factor (FGF) family specify
cell fate and regulate morphogenesisin the mesodermand in
the limb through actions on homeobox gene expression(Ruiz i
Altaba and Melton, 1989; Niswander and Martin, 1993). These
factors are likely to affect the development of the forebrain.
Basic Fibroblast growth factor (FGF2) is expressedat early
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stages of neurogenesis in the developing mammalian forebrain
(Powell et al., 1991b; Giordano et al., 1992) where several high
affinity FGF receptor types (FGFR-1, FGFR-2, and FGFR-3) are
expressed in the proliferative
ventricular
zone (Heuer et al.,
1990; Wanaka et al., 199 1; Orr-Urtreger
et al., 1991; Peters et
al., 1993). This pattern is strikingly similar to the localization
of
Otx2, which is localized in the ventricular proliferative
layer of
the mesencephalon,
diencephalon,
and telencephalon
(Simeone
et al., 1993; Frantz et al., 1994), and suggests that Otx2 may be
expressed by progenitor cells receptive to FGF2. In vitro studies
of the development of forebrain neurons have demonstrated that
FGF2 increases neuroblast
proliferation
and differentiation
(Gensburger et al., 1987; Murphy et al., 1990; Ray et al., 1994;
Vaccarino et al., 199.5), as well as neuronal survival (Walicke et
al., 1986). Furthermore, it appears that the proliferative
effect of
FGF2 on neuroblasts is specific for the glutamate neuronal lineage, as demonstrated
by antisense oligonucleotide-mediated
blockade of FGF2 expression (Vaccarino et al., 1995). Such effects may be mediated through an action of FGF2 on the expression of transcription
factors contained in progenitor
cells,
including homeobox genes.
To test the hypothesis that FGF2 induces the expression of
specific homeobox genes in precursor cells, we used primary
cultures of cells from rat telencephalon
treated with FGF2 at
different developmental
stages. In these cultures, the expression
of homeobox genes of the Otx, Emx, and Dlx families in basal
and dorsal telencephalon
mirrors their regional pattern of expression in vivo. We report that Otx2 expression is specifically
stimulated by FGF2 in precursor cells.

Materials and Methods
Animals. Rat embryos were obtained from timed-pregnant rats (Charles
River, Raleigh, NC). The morning after a vaginal plug was detected was
considered as embryonic day 0.5 (E0.5).
Primary cultures. Primary dissociated cultures were prepared from
the neuroepithelium of embryonic day 11.5 (El 1.5), 12.5 (E12.5), and
13.5 (El 3.5) rat telencephalon. Cells were plated on polyornithine (15
Fg/ml) and laminin (2 pg/cm2) pretreated wells, at a density of 15 X
IO4 cells per cm>, as previously described (Vaccarino et al., 1995). During the first 2 hr after plating, the medium was supplemented with 10%
fetal bovine serum (FBS). Cells were then maintained in serum free
medium (SFM) (50% DMEM/SO% F-12, 50 IU/ml of penicillin, 50 pg/
ml of streptomycin, 2 mM glutamine, 0.110 mg/ml sodium pyruvate, 25
mM HEPES, 100 kg/ml transferrin, 5 pg/ml insulin, 20 nM progesterone, 30 nM sodium selenite, and 60 pM putrescine). Cells were treated
with growth factors (FGF2: R&D Systems, Minneapolis, MN; NGF:
Boehringer Mannheim, Indianapolis, IN) at 3 hr and at 2 d in vitro
unless otherwise indicated. Cells were fed every 3 d by replacing l/3
of the medium with fresh SFM.
RNA extraction. Total RNA was isolated by homogenization in a
guanidium isothiocyanate lysis buffer (1 ml/2 X IO” cells) according to
the one step procedure (Ausubel et al., 1989). RNA samples were resuspended in diethylpyrocarbonate (DEPC)-treated H,O and kept frozen
at ~80°C.
cDNA cloning. Polyadenylated RNA [poly(A+ )] was isolated from
E12.5 rat telencephalon using the paramagnetic streptavidin beads
(PolyATract, Promega, Madison, WI) according to the manufacturer’s
protocol. cDNA was prepared from 2 pg of poly(A+) RNA using the
AMV reverse transcriptase (Boehringer) in the presence of an oligo d(T)
primer according to standard methods (Ausubel et al., 1989). PCR was
performed with Taq polymerase (Boehringer, Indianapolis, IN) using rat
telencephalon cDNA as a template. PCR amplification was conducted
in a standard buffer (Boehringer) supplemented with 4% formamide in
the presence of 150 pmol of primers, as follows: O&1: 35 amplification
cycles, each cycle consisting of 30 set at 94”C, 45”C, and 72°C. Otx2:
30 cycles, each cycle consisting of 1 min at 94”C, 2 min at 50°C and
3 min at 72°C; Emxl: 30 cycles, each cycle consisting of 1 min at 94”C,
2 min at 6o”C, and 3 min at 72°C; Dlxl and Dlx2: 35 cycles, each cycle
consisting of 30 set each at 94”C, 45”C, and 72°C. Dlx.5: 35 cycles,

each cycle consisting of 30 set at 94°C 56°C and 72°C. The PCR
products were analyzed on an agarose gel, purified with Geneclean
(American Bioanalytical, Natick, MA) and directly sequenced using the
cycle-sequencing method (Stratagene, La Jolla, CA). The PCR products
were then subcloned in the pCRTM II vector (TA cloning kit, Invitrogen, San Diego, CA) and their sequences confirmed (Sequenase version
2.0 kit, USB, Cleveland, OH). Quiagen Plasmid maxikit (Quiagen,
Chatsworth, CA) were used for maxipreps.
Ribonuclease protection (RNuse) ussay. High specific activity (2-5
X lo8 cpm/p.g of RNA) antisense RNA probes were obtained from
linearized rat cDNA templates (Fig. 1) by SP6- or T7-primed transcription using limiting concentration (8 FM) of ‘2P-UTP (Amersham, Arlington Heights, IL). A low specific activity (l-3 X 10’ cpm/yg of
RNA) antisense probe, to be used as a control for RNA loading, was
obtained by T7-primed transcription from the glyceraldehyde-phosphate-dehydrogenase (GAPDH) rat cDNA (pTRI-GAPDH,
Ambion,
Austin, TX), linearized by DdeI. Prior to hybridization, the probes were
purified on a 6% denaturing polyacrylamide gel. RNase protection assays were conducted according to the manufacturer’s protocol (RPA II
kit; Ambion, Austin, TX), utilizing 5-20 pg of total RNA and 50,000
cpm of each probe in a 10 )*I hybridization volume. Probes obtained
by SP6- and T7-primed transcriptions were hybridized independently to
separate aliquots of the mRNA samples. After an overnight hybridization at 45”C, samples were digested with a mixture of RNase A and Tl
(l/100 dilution) for 30 minutes. Protected hybrids were analyzed by 6%
polyacrylamide-urea gels, visualized on autoradiograms after an overnight exposure, and quantified by densitometry (see below). The sensitivity and the linearity of the assay was checked by hybridizing the
antisense probes to known amomits of their respective sense transcripts
and the GAPDH probe to known amounts of total RNA. The assay was
linear between 5 and 20 bg of total RNA, and between 0.5 and 5 pg
of O&l, Otx2, Em&, Dlxl, Dlx2, and Dlx5 mRNA.
Datu unulysis of RNase protection experiments. Quantification of all
bands was carried out by scanning the autoradiograms with a densitometer (Visage 2000, Bioimage, Ann Arbor, MI). For ail bands, the quantification was obtained after subtraction of the background of each lane.
The boundaries of the bands were automatically detected by the computerized system and the quantification was obtained by the integration
of the optic density within this boundary. To calculate the fold stimulation of mRNA expression, the integrated optic density value of each
band was normalized to the corresponding value of GAPDH; since the
GAPDH signal appeared as a double band, values for both GAPDH
bands were used in this calculation.
In situ hybridization. In situ hybridization experiments were carried
out as described previously (Wahle and Beckh, 1992) with modifications. Digoxigenin-labeled
sense or antisense RNA probes were synthesized from the homeobox rat cDNA templates (Fig. 1) by T7- or SP6primed in vitro transcription (SP6 and T7 megascript, Ambion) using
digoxigenin-UTP
(dig-UTP, Boehringer) as the labeling nucleotide
(UTP/dig-UTP: 1.65 m&5 mM). Cell monolayers growing on Lab-Tek
tissue c;lture plates (Nunc) were fixed with 4% paraformaldehyde,
washed with 0.1 M rrlvcine/0.2 M TRIS HCl oH 7.4. crvoorotected, and
kept frozen (- SO”Cy ;ntil use. Probes (10 ni/kl) were hybridized overnight at 55°C to cell monolayers previously permeabilized with 0.2 N
HCI for 30 min at room temperature. Nonhybridized probes were degraded with RNase A (50 kg/ml) at 37°C for 20 min. Slides were then
washed with 50% formamide/:! X SSC at 55-60°C and 0.1 X SSC at
55°C for 30 min each, rinsed three times with PBS, and subjected to
immunocytochemistry (see below). After immunocytochemistry, slides
were incubated for 2 hr at room temperature with an alkaline phosphatase-coupled anti-digoxigenin antibody (1:500, Boehringer). Hybridized
probes were then detected by incubation with the substrates 4-nitrobluetetrazolium chloride and 5-bromo-4-chloro-3
indolyl phosphate
(Boehringer) for 12-I 6 hr. For each probe, several controls were carried
out, including hybridization with a sense transcript, omission of probe,
and omission of anti-digoxigenin
antibody. These control canditions
yielded background signal.
5-Bromo-2’-deoxyuridine
(BrdU) labeling. Cell monolayers were
treated for I hr or 18-24 hr at 37°C with a solution containing BrdU
and fluorodeoxyuridine (cell labeling reagent, Amersham, 1: 1000 and
1:5000, respectively) and fixed with 4% paraformaldehyde at the end
of BrdU incorporation. Cultures were then processed for BrdU immunocytochemistry (see below), using an anti-BrdU monoclonal antibody
(Amersham).
Immunocytochemistry was performed as previously described (Vac-
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A. RATEMXl
PROBE
1
4tacat~twctuactcvxtuuatacacaccccgccggcggcagcgc
48
cggggcaccgagcgttccccagagccccactacctcactcctcttcg
95
gcggcagcgac
ATG TTC CAG CCC GCG
133
TTC ACC ATA GAG TCC TTG GTA GCC
169
ACC GGC GGG AGT CCT GGC AGC GGG
205
CAT CCC CTG GCT GTG GCC GCC TCA
241
GGC CCA CGG CGC TCA ACT ACC CTC
277
CCG AGG CGG CCT TCG TGA GTG GCT

ACTAAG
AAG GAT
GGC GCG
GAA GAA
ACC CCA
T

CGG
GGT
GGC
CGC
GTG

GGT
GGC
TCC
TCA
CAG

B. RAT
1
36
73
110
147
180

OTX2
CC
GGC
GAC
CTT
ACC
GCT

PROBE
ATG ACC
TAT GCT
TGT GGA
CCT GGA
AAT GCT
TCT CTT

TAT
GGC
TCT
CCA
GTT
TCC

ACT
TCG
TAC
GGG
ACC
ACC

CAG
ACT
TTG
GCC
AGT
CAG

GCT
TCC
ACC
ACA
CAC
GGA

TCA
TAC
CCT
CTC
CTC
TAT

GGT
TTT
ATG
AGT
AAT
GGA

AGT
GGC
CAC
ATG
TCC
TC

CAA
ATG
CAG
GGT
CCA

C. RAT
1
37
73
109

DLXl
AAG
AGC
TCC
CCT

PROBE
CTG ATG
GCG CTG
CCA CCG
CTG GGA

AAG
GCG
GTA
AGG

CAA
AAT
CCA
GCT

GGC
GGC
CCC
CAG

GGG
AGG
GGC
GAG

GCA
GCC
TGG
GAA

GCT CTG GAG GGC
TTG TCT GCC GGC
AAT CGAATT CCT
A

CCG
GTA
GCC
GCC
CAG
TCC
TAC
CAG
CAC
AGC
CAC
GCC
CCC

GCC
TCA
TCA
ACT
GGC
TCT
CTT
CTT
CAC
CAA
CAC
TTC

TCC
GTG
TGC
GCC
GGA
TCT
GCG
AGC
CAC
TCT
CAC
AAC

ATC
CCA
ATG
GCG
AGC
TAC
CCC
CCC
CAC
TCA
CAC
TCT

TCT
GAG
CAG
GCC
TAT
TTT
ATG
ATG
CAC
GGC
CAA
GCC

CCC
CCA
CGC
TCC
GGC
GGC
CAC
GCA
CCG
CAC
GGT
GAC

D.RATOTXlPROBE
1
ATC TGG
37
CCG GCA
73
CCG AGC
GCA GGT
109
145
TCC TAT
CCC GCG
181
217
TGC AGC
253
CAC CCG
289
ATG GCT
325
CAC CCA
361
CAC CAT
397
TCT GGG
433
TAC AAG

AGC
TCC
AAC
GCG
GGC
CCT
TCC
CAC
GGC
CTG
CAC
CTC
GAG

TAT
GGG
CAT
CCC
CAG
GCT

GGC
TTA
TCG
TAC
CAG
GGT
TCT
CCC
CAC
CAC
TAT
TGC

E.RATDLX5PROBE
1
acauccatatctacttaqacca4aqcagctccagctccaattctggcagcagc
47
ggccgcctcaataggacagccaccgcccgggagctATGACAGGA
92
GTG TTT GAC AGA AGA GTC CAA GCA TCG ATC
128
CTT CCA AGC TCC GTT CCC GAC GTC CGC CGC
164
CCA CCC GTC TCA GGA ATC GCC AAC TTT GCC
200
CTC GGC CAC CGA TTC TGA CTA CTA CAG TCC
236
GGC CGC CCC TCA TGG CTA CTG CTC TCC TAC
272
TTC TTA CGC AAA GCG CTC AAC CCA TAC CAG
308
TAT CAC GGC GTG AA
F.RATDLX2PROBE
1
TCC ACG
37
CAG CAC
73
CCC TAC
109
AGC GGC
145
AGC TAC
181
TAC GCG
217
AAC GAG
Figure
brackets).

GCT
CCG
GCG
CTC
GAC
CCC
CCC

ACG
GCG
CAC
AAC
CTG
TAC
GAC

GAC
GGT
ATG
AAC
GGC
GGA
AAG

AGC
GGC
GGC
GTC
TAC
ACC
GAA

AGC
GGC
TCC
TCC
ACC
AGT
GAC

TAC
GGC
TAC
TAC
GCC
TCG
CTT

TAC
GGG
CAG
TCC
GCG
TCC
GAG

ACC
GGG
TAC
GCC
TAC
CCA
CCT

TCA
GGC
GTA
CCT
GGC
GTA
CAT
TCC
GCG
CAC
GGA
TTG

GCG
GCT
GCC
ATG
TAC
GAC
CAC
TCC
CAC
CAC
GGC
GAT

CGG
CAT
GGA
CGC
CTC
TAT

CGA
GCA
GTC
GGG
TGC
CAG

AAC CAG
GCC TCG
CAC GCC
AAAAGC
ACT TCC
GTC AAC
GAAAT
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nucleotides represent the primers used for PCR amplification.
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Figure 2. A, Expression of homeobox genes in primary,cultures of
basal and dorsal telencephalon. Messenger RNA levels of Otx2, Dlxl ,
Otxl, Dlx2, and DlxS were quantified by RNase protection assay in
primary cultures of basal or dorsal telencephalon from E13.5 rat embryos, harvested at 5 DIV. Dlxl, Dlx2 and Dlx5 are restricted to cultures
of basal telencephalon, Otxl is mainly expressed by cultures of dorsal
telencephalon, and Otx2 is expressed by both. B, Treatment with FGF2
increases the expression of Otx2 at 3 and 5 DIV. Primary cultures of
cells from E12.5 and E13.5 rat telencephalon were treated with FGF2
(10 rig/ml) at 2 hr and, when appropriate, 2 d after plating and harvested

carino et al., 1987, 1995). Primary antibodies directed against MAP2
(clone AP20, 1:5000, Boehringer), MAPlB (1:400, Amersham), and
nestin (Rat 401, a gift of S. Hockfield, Yale University) were reacted
to cell monolayers -for 1 hr at room temperature. Samples were incubated with a biotinvlated secondarv antibodv for 1 hr (1:200. Vector),
and finally reacted with avidin-FITC (2.5 &/ml, Vector).
Data analysis
for immunocytochemistry
and in situ hybridizationexperiments.Cells considered as positive by in situhybridization showed
an intense, homogenous purple staining of the cell cytosol under bright
field. Immunoreactive cells showed intense fluorescence in the cytoplasm and processes, or, in the case of BrdU, in the nucleus. Unstained
cells were counted under DIC. In double labeling experiments, the number of single and double stained cells was counted by viewing the same
field first under bright field and then under fluorescence. Sixteen random
fields per culture were counted using a calibrated microscope reticule
at a magnification of 100X. Averages from three to six cultures were
subjected to statistical analysis. Analysis of the reliability of cell counts
between investigators on the same samples yielded <lo% variation.

Results
Isolation of the partial rat cDNAsfor Dlxl, Dlx2, Dlx5,
Emxl, Otxl, and Otx2
In order to obtain species-specificprobesfor hybridization studies in rat tissue,we isolatedpartial cDNAs for severalhomeobox
genes.Specific primers for Dlxl, Dlx2, Dlx5, Otxl, Otx2, and
Emxl were designedin order to amplify 100-500 nucleotidelong sequenceslocatedoutsideof the homeoboxdomain. Whenever possible,PCR primers were complementary to regions of
highest sequencehomology between mouseand human genes.
The sequencesof the rat homeobox cDNAs were determined
(Fig. 1) and comparedwith their human and mousehomologs.
The 444-nucleotide-long sequenceof rat Otxl was 88.8% and
94.8% homologousto the human and the mousesequence,respectively. The 211-nucleotide-longsequenceof rat Otx2 was
98% homologousto the mousesequence,and 92% to the human
sequence.Mouse and rat Dlxl sequences(133 nucleotides)were
92% homologous,and mouseand rat Dlx2 sequences(251 nucleotides) were 96.6% homologous.The sequenceof rat Dlx5
(321 nucleotides) was 84.7% homologous to the human sequence.The human and rat Emxl sequenceshad slightly lower
homology (86%), probably becausethe amplified fragment contained a 10.5nucleotide-long5’ untranslatedsequence.Theserat
cDNAs were the templatesfor the synthesisof the RNA probes
used in RNase protection assaysand in situ hybridizations.
When antisenseprobeswere hybridized to total RNA extracted
from tissueor primary cell cultures, protected hybrids migrated
as single bands of the expected size (Fig. 2A). The GAPDH
probe, an ubiquitously expressedgene which was used as a
marker for total RNA, appearedas a double band of 80 nucleotides.
Telencephaliccells maintain in primary culture the regional
pattern of expressionof homeoboxgenesobservedin vivo
In vivo, Dlxl, Dlx2, and Dlx5 are restricted to the basal telencephalon and diencephalon, Emxl to the dorsal telencephalon
and Otxl and Otx2 are expressedthroughout the entire forebrain
(Price et al., 1991; Simeoneet al., 1992a,b,1993, 1994; ljulfone
et al., 1993; Frantz et al., 1994). The pattern of expressionof
t
at 1, 3, 5, and 12 DIV. Otx2 expression
wasmeasured
by RNase protection assay and quantified by densitometry. Results are normalized by
the level of GAPDH and expressed as a percentage of control. Mean
and SEMs were obtained from two to three independent experiments.
*, p < 0.05; **: p < 0.02 (Student’s t test).

The

these homeobox genes was investigated in primary cultures of
cells taken from basal and dorsal telencephalon (Fig. 2A). Otxl
and Otx2 were expressed in cultures from both dorsal and basal
telencephalon. Dlxl, Dlx2, and Dlx5 were highly expressed in
cultures from the basal telencephalon and only trace amounts
could be detected in cultures of dorsal telencephalon. Emxl was
expressed in cultures from dorsal telencephalon and was never
detected in basal telencephalic cells. Identical patterns were observed in four independent experiments. Thus, the expression of
homeobox genes in primary cell cultures from basal and dorsal
telencephalon is similar to the regional expression of homeobox
genes observed in rat and mouse forebrain in viva.
Otx2 is expressed in a subpopulation of nestin-positive
precursor cells
To study the specific cellular localization of homeobox genes,
in situ hybridization for Otx2, Dlxl and Emxl was coupled to
immunostaining for different cell types in primary culture. Mature, postmitotic neurons were labeled by a MAP2 monoclonal
antibody specific for the MAP2 high molecular weight isoforms
(Binder et al., 1986). Precursor cells were identified by immunostaining for nestin, a cytoskeletal protein expressed by CNS
stem cells (Lendahl et al., 1990). Proliferating precursor cells
were also labeled by means of incorporation of 5-bromo-2’deoxyuridine (BrdU) during S phase. We have previously determined that BrdU is incorporated by nestin-positive cells, but not
by MAP2-positive neurons (E M. Vaccarino, unpublished data).
Otx2 mRNA is not present in terminally differentiated, MAP2positive neurons. Instead, Otx2-positive cells contain nestin immunoreactivity in cultures of El 1.5 (Fig. 3), El25 and El35
telencephalon (Fig. 4), suggesting that Otx2 is expressed by precursor cells. Furthermore, 12.3% (SEM = 6.4) of the Otx2-containing cells incorporate BrdU during a 1 hr BrdU pulse, suggesting that Otx2 is expressed by a proliferative population. To
determine whether Otx2 expression is restricted to proliferating
cells, cells were exposed to BrdU for a time longer than the
length of a full cell cycle (Takahashi et al., 1994), to allow
virtually all proliferative cells to”enter S phase and incorporate
BrdU. After an 18-24 hr BrdU pulse, the percent of the Otx2containing cells which incorporate BrdU is 50.6 % (SEM = 4.4).
These data suggest that Otx2, besides being expressed by proliferative cells, may be also transiently expressed by cells that
have exited the cell cycle, although they are not mature enough
to express MAP2. Alternatively, it is possible that some of the
Otx2 positive cells which do not incorporate BrdU are relatively
quiescent (have a longer cell cycle).
It is remarkable that only a subset of nestin-positive cells (approximately 20% under basal conditions) express Otx2 (Figs. 3,
4, Table 1). These data suggest that, in primary cultures of
El 1.5-E13.5 embryos, Otx2 mRNA is expressed by a subpopulation of precursor cells.
In contrast to Otx2, the great majority of cells expressing Dlxl
are postmitotic neuronal cells. Specifically, 85.2% (SEM =
3.9%) of Dlxl-expressing
cells are MAPlB-positive
immature
neurons, and 30.2% (SEM = 8.3%) of Dlxl-expressing cells are
MAP2-positive neurons. A subset of Dlxl-expressing
cells are
proliferative cells since they incorporate BrdU (23.2%, SEM =
6.0%).
FGF2 treatment increases the expression of Otx2 in a specijk
and dose dependent fashion
FGF2 treatment of primary cultures derived from El 1.5-E13.5
rat telencephalon increases cell proliferation. This increased pro-
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liferation is detected as early as 1 d after FGF2 treatment and
persists for several days (Fig. 3, compare A and C; Fig. 4, compare A and E). BrdU-immunoreactive
nuclei increase sixfold in
FGF2-treated cultures versus controls (Fig. 4, compare C and
G) (Vaccarino et al., 1995). At later stages in culture, trophic
effects of FGF2 are also observed, primarily an increase in cell
body size and length of processes (Vaccarino et al., 1995), although these effects have not been systematically analyzed.
To investigate whether FGF2 alters gene expression in precursor cells, we studied the effect of FGF2 on Otx2. Primary
culture of cells from E12.5 and E13.5 rat telencephalon were
treated with 10 rig/ml of FGF2 and harvested at 1, 3, 5, and 12
d in vitro (DIV). Otx2 expression was quantified by RNase protection assay (Fig. 2B). To correct for total cell number, Otx2
mRNA levels were normalized to the levels of GAPDH, an ubiquitously expressed gene. These normalized values were expressed as a percent of control. FGF2 treatment increased Otx2
expression by 2.45- and a l&fold of control at 3 and 5 DIV,
respectively. Otx2 mRNA levels were low in both control and
FGF2-treated samples at 1 and 12 DIV. Low basal values at 1
DIV can be explained by a nonspecific, temporary shut down
of mRNA synthesis at the beginning of culture. This is further
illustrated by the broad dispersion of the values at 1 DIV. Low
basal values for Otx2 at 12 DIV are consistent with the downregulation of this gene which has been described in vivo. There
was no significant effect of FGF2 on Otx2 expression at 12 DIV
even if we repeatedly treated the cells with FGF2 every 2 d, or
if we started the treatment beginning from 8 DIV.
To further characterize the effect of FGF2, cells were treated
with increasing concentrations of FGF2 (1, 10, 20, and 40 ngl
ml) at 5 DIV. Otx2 expression, normalized to levels of GAPDH,
increased linearly between 10 and 20 rig/ml, and started to reach
a plateau at 40 rig/ml (eightfold stimulation) (Fig. 5). In contrast,
in cells treated in parallel with increasing doses of NGF (1, 50,
and 100 rig/ml), only a twofold increase of Otx2 expression was
observed, irrespective of the dose of NGF used (Fig. 5). These
data suggest that FGF2 specifically increases the level of Otx2
mRNA relative to the total cellular RNA and/or that the proportion of Otx2-expressing cells relative to the total number of
cells is increased.
FGF2 increases the number of progenitor cells expressing
Otx2 and the expression of Otx2 within these cells
To investigate whether FGF2 increases the amount of Otx2
mRNA per cell or the number of cells expressing Otx2, we carried out in situ hybridization experiments. The preferential localization of Otx2 in precursor cells suggests that the FGF2mediated increase in Otx2 expression may occur at early stages
of development. Therefore, we compared the effect of FGF2
treatment on Otx2 expression in primary cultures obtained from
El 1.5, E12.5, and E13.5 telencephalon treated with 20 rig/ml of
FGF2 and harvested at 5 DIV. In control samples (Fig. 6, upper
panels), irrespectively of the age tested, the majority of Otx2labeled cells had low levels of labeling and only a few were
darkly stained. In contrast, in samples treated with FGF2, the
amount of Otx2 mRNA per cell as well as the number of cells
expressing Otx2 were greatly increased (Fig. 6, lower panels).
The extent of this increase was dependent on the age of the
animals from which the cultures were prepared. FGF2 elicited a
stronger increase in Otx2 expression in cultures from El 1.5 telencephalon (Fig. 6A,D) compared to cultures prepared from
E13.5 basal telencephalon (Fig. 6&E). Note that FGF2 had little
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Figure 3. FGF2 increases the number of O&2-positive progenitor cells at El 1.5. Primary cultures of El 1.5 telencephalon were left untreated
(upper panels) or treated with FGF2 (20 rig/ml) at 1 d in vitro (lower panels). Cultures were fixed at 5 DIV and in situ hybridization for Otx2 (B,
D) with double immunocytochemistry for nestin (A, C) was performed. Solid arrows indicate representative nestin-positive cells expressing Otx2;
open arrows indicate representative nestin-positive cells negative for O&2; arrowheads
indicate representative cells negative for both nestin and
Otx2. Scale bar, 50 FM.

or no effect in cultures from E13.5 dorsal telencephalon(Fig.
6C,F). RNase protection assaysconfirmed that 20 rig/ml of
FGF2 elicited a 6.6-fold increasein Otx2 expression(normalized
to GAPDH levels) in cultures of E12.5 telencephalon,but only
a 2.5fold increasein cultures from E13.5 telencephalon(Fig.
7). Thus, the stimulation of Otx2 expressionby FGF2 in vitro
is maximal at earlier stagesof development.
A quantification of stained and unstained cells in random

fields of culturesfrom E13.5 basaltelencephalonconfirmed that,
in FGF2-treated samples,the total numberof Otx2-positive cells
was greatly increased(Table 1). To determine whether the increasein the number of cells expressingOtx2 elicited by FGF2
is due to a proliferative action of FGF2 on Otx2-containing precursors,BrdU incorporation was carried out for 1 hr in control
or FGF2-treated cells; sampleswere then subjectedto in situ
hybridization for Otx2 coupled to BrdU immunostaining.It was
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Figure 4. FGF2 increases the number of &.x2-positive precursor cells and their proliferation. Primary cultures of E13.5 basal telencephalon were
left untreated (upper panels) or treated with FGF2 (20 rig/ml) at 1 d in vitro (lower panels). At 2 d in vitro, cells entering S phase were labeled
with BrdU for 1 hr and cells were fixed. In situ hybridization for Otx2 (B, F, D, H) was coupled to double immunocytochemistry for either nestin
(A, E) or BrdU (C, G). Solid arrows indicate representative nestin- or BrdU-positive cells expressing 0~x2; arrowheads point to double-labeled
processes; oyen arrows indicate representative nestin- or BrdU-positive cells negative for Otx2. Scale bar, 50 FM.

found that, in the control, only 12.4% (SEM = 6.4) of Otx2positive cells were double-labeled with BrdU, whereas in FGFZ
treated samples 22.2% (SEM = 9.7) of Otx2-positive cells were
double-labeled with BrdU (compare panels C,D with G,H in Fig.
Table 1. FGF2 treatment
expressing OtxZ

increases the number of cells

Average cell number (SEM)
Treatment

otx2

Nestin

% of nestin
expressing
otx2

Control
FGM

98.6 (23)
194 (24)*

132 (42)
208 (28)

22.9 (6.1)
32.6 (5.5)*

Total cells
384 (125)
550 (53)

Primary cultures of E13.5 basal telencephalon were left untreated (control) or
treated with FGF2 (10 rig/ml) at 1 d irk vitro. Cells were fixed at 3 d in vitro.
Otx2 was detected by in &u hybridization and nestin by immunofluorescence.
Data represent the number of single or double labeled cells counted in 16
random fields for each culture, averaged from at least three separate experiments.
*Significantly different from control (Student’s t test, p < 0.05).

4). Thus, FGF2 increasesthe number of Otx2-positive cells entering S phase. As a result of this increasedproliferation, the
proportion of nestin-positivecells expressingOtx2 increasedafter FGF2 treatment,both in culturesof El 1.5 telencephalon(Fig.
3) and in cultures of El35 basal telencephalon(Fig. 4, panels
A,B and E,F). For basal telencephalon,these data are summarized in Table 1. Nestin-negative cells did not express Otx2,
irrespective of FGF2 treatment. These results show that FGF2
doesnot induce Otx2 expressionin a new set of cells, different
from the nestin-positive precursor cells; the action of FGF2 in
thesecultures is to increasesthe absolutenumber and the proportion of nestin-positive precursor cells expressingOtx2. Furthermore, since the relative number of nestin-positive cells expressingOtx2 is increasedby FGF2, these data indirectly suggest that FGF2 may change the developmentalpotential of the
nestin-positivecells.
FGF2 treatment increasesthe expressionof Otx2 in the basal,
but not in the dorsal telencephalon
The differential expressionof homeobox genesin basaland dorsal telencephalonindicatesthat thesetwo regionsmay represent
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Figure 5. Treatment with FGF2 increases the expression of Otx2 in a specific and dose-dependent fashion. The expression of Otx2 was quantified
by RNase protection assay in primary cultures of El25 rat telencephalon treated with the indicated concentrations of FGF2 (bFGE left panels) or
NGF (right panels) and harvested at 5 DIV. Upper panels show autoradiographic images and lower panels their densitometric quantification. Results
are normalized by the level of GAPDH and expressed as percentage of control.
developmental
units of the forebrain. To investigate
whether the effect of FGF2 on homeobox gene expressionis
regionally regulated, we compared the expression of End,
Dlxl, and Otx2 in cultures from basal and dorsal telencephalon
of E13.5 rat embryos (at this stageof development, a morphological distinction between these two regions is readily apparent). In cultures from basal telencephalonat 5 DIV, FGF2 induceda fivefold increasein the expressionof Otx2 (508 2 140%
of control) (Fig. 8). This increasewas statistically different both
from the increasein the expressionof Dlxl (120 t 22%) and
from the increasein the expressionof GAPDH (130 t 41%)
(ANOVA, F = 7.41; p = 0.01; N = 4). The FGF2-induced
increasein Otx2 expressionwas not followed by an increasein
Dlxl expressionlater in the cultures, that is, at 7 and 12 DIV
(data not shown). In the dorsal telencephalon,there was no increasein Otx2 expressionunder FGF2 treatment, but rather a
slight decrease,(86 ? 10% of control) which was not significantly different from the increase in GAPDH (110 + 25%).
Consistentwith thesedata, in situ hybridization studiesshowed
an increasein the number of cells expressingOtx2 in the basal
telencephalon,but not in the dorsal telencephalon,after FGF2
treatment (Fig. 6; compareB,E with C,F).
In contrast to Otx2, Emxl expressionincreased(270 ? 83%
of control) in cultures from dorsal telencephalon after FGF2
treatment.This increasein Emxl expressionwas statistically different from the expressionof Otx2 and GAPDH (ANOVA, F =
7.17; p = 0.02; N = 2). The increasein Emxl in the dorsal
two distinct

telencephalonwas not precededby an increasein Otx2 expression at earlier stages(i.e., 3 DIV). In cultures obtained from
whole telencephalon,we observed a twofold increasein the expressionof Otx2 (mean +- SEM: 221 + 81% of control, N =
2) (Fig. 8).
Discussion
Our first result is that telencephaliccells cultured in vitro maintain the pattern of homeobox gene expressioncharacteristic of
the region of origin. Our secondfinding is that Otx2 is expressed
by proliferative precursor cells in these cultures and that treatment with FGF2 increasesthe total number of Otx2-expressing
cells, their relative proportion and the level to which they expressOtx2. The temporal and regional regulation of the FGF2mediatedincreasein Otx2 mRNA suggeststhat this growth factor may be an endogenousstimulator of Otx2 expression.
Homeobox genes of the Otx, Emx, and Dlx subclassesare
likely to play a role in the determination of telencephaliccell
fates. The pattern of expressionof these genesdefines specific
regionsof the forebrain, such asthe dorsal and basaltelencephalon, as early as El0 in the mouse(Porteus et al., 1991; Price
et al., 1991; Simeoneet al., 1992a, 1994; Bulfone et al., 1993).
The restrictedanterior expressionof Otx2 at early stagesof head
developmentappearsto require a negative signal from the posterior mesendodermand a positive signal from the anterior mesoderm(Ang et al., 1994). We suggestthat, during early stages
of neurogenesis,this positive signal might be a memberof the
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Figure 6. The FGF2-induced increase in Otx2 expression is strongest at earlier stages of development. Primary cultures of cells from El 1.5 (A,
D) and El35 rat telencephalon (B, C, E, F) were left untreated (top panels) or treated with 20 rig/ml of FGF2 (bottompanels) and harvested at 5
DIV. Otx2 mRNA was detected by in situ hybridization. In cultures from E13.5 embryos FGF2 induces an increase in Otx2-positive cells in basal
(B, E) but not in dorsal (C. F) telenceohalon. Solid arrows indicate renresentative Otx2-positive cells; open arrows indicate background hybridization.
Scale bar, 50 FM.
FGF family, since at least three FGF-related moleculesare expressed, concomitantly
to Otx2, at early stages of the development of the prosencephalon(Tannahill et al., 1992; Nurcombe
et al., 1993;Crossleyand Martin, 1995). Our resultssuggestthat
both cell autonomousand non autonomousfactors are operative
in the regulation of homeobox gene expressionduring telencephalic development. We show that the in vivo pattern of expressionof Dlx and Otx homeobox genesin the basaland dorsal
telencephalonis maintainedafter cell dissociationand placement
in the artificial culture environment. Our data also showthat that
factors presentin the cellular environment may be essentialfor
Otx2 expression.
Telencephaliccells in primary cultures maintain their regional
identity
Our data indicate that, in dissociatedprimary cultures of basal
and dorsaltelencephalonobtainedfrom an E13.5 rat brain, Otxl,
Emxl, Dlxl, Dlx2, and Dlx.5 are expressedaccording to the regional pattern of expressionfound in vivo at an equivalent stage
of development.Indeed, Dlxl, Dlx2, and Dlx5 are preferentially
expressedin cultures from basaltelencephalonand Emxl is expressedin cultures from dorsal telencephalon,consistent with
data obtainedby in situ hybridization (Simeoneet al., 1992a,b;
Porteus et al., 1991, 1994; Price et al., 1991). Otxl and Otx2
are expressedin cultures from both basal and dorsal telencephalon. Although Otx2 is absentfrom the mousedorsal telencephalon by E12.5, this gene is expressedat high levels in the choroid plexus of the lateral ventricle and in the lateral septumof

the rodent brain even in postnatalanimals(Simeoneet al., 1993;
Frantz et al., 1994). Since we also detected Otx2 expressionin
explants of E14.5-E16.5 dorsal telencephalonimmediately after
dissectionfrom the embryo, we think that the Otx2 expression
observed in dorsal telencephaliccultures may derive from the
choroid plexus, and does not imply a deregulationof Otx2 expression in vitro. Indeed, the fact that the expressionof Otx2
detectedin cultures from dorsal telencephalonwas not induced
by FGF2 (Fig. 8B) suggeststhat this expressionis not neuronal:
The observation that the regional pattern of homeoboxgene expressionis maintainedin culture suggestthat, by E13.5, telencephaliccells are committed to their region fate. Similar findings
have been shown in Xenopus, where the regional pattern of expressionof three membersof the Dlx family is maintained in
ectodermalexplants, independently of mesoderm-inducingsignals (Papalopuluand Kintner, 1993). Furthermore, Lemaire and
Gurdon have shown that, in Xenopus, the spatial pattern of expressionof Goosecoidand Xwnt-8 along the dorso-ventral axis
is the samein intact and dissociatedearly gastrulas,suggesting
that both cell autonomousand induction-dependentphenomena
are involved in mesodermpatterning (Lemaire and Gurdon,
1994).
FGF2 stimulatesthe expressionof Otx2 in telencephalic
progenitor cells
We further demonstratedthat the in vitro treatment of cell taken
from an E11.5-13.5 rat telencephalonwith FGF2 leads to an
increasein the expressionof Otx2, but not of Dlxl. We inves-
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Figure 7. The FGF24nduced increase in Otx2 expression is stronger

in primary cultures from E12.5 than from E13.5 rat ‘telencephalon.
Quantification by RNase protection assay of Otx2 expression in primary
cultures of E12.5 and E13.5 rat telencephalon treated with 20 rig/ml of
FGF2 and harvested at 5 DIV. Upper panels show autoradiographic
images and lower panels their densitometric quantification. Results are
normalized by the level of GAPDH and expressed as percentage of
control.

tigated the identity of the Otx2-containing cells by in situ hybridization coupled with immunocytochemistry. Otx2 mRNA
was expressedby nestin-positivecells, but not by MAP2-positive neurons,suggestingthat Otx2-expressingcells are precursor
cells of the mammaliantelencephalon.BrdU labeling experiments in cultures of basal telencephalonfrom E13.5 embryos
showedthat approximately 50% of the Otx2-expressingcells are
proliferative and 50% are quiescentor perhapshave exited the
cell cycle, since they are not labeled by a 20 hr BrdU pulse.
Thus, it may be hypothesizedthat, at this stageof development,
Otx2 is expressedby proliferative cells, continues to be expressedtransiently in postmitotic cells, and is down-regulatedin
MAP2-positive, terminally differentiated cells. This is consistent
with the localization of Otx2 in the ventricular layer by in situ
hybridization (Simeoneet al., 1993). Conversely, the majority
of Dlxl-containing cells are postmitotic neuronal cells.
After FGF2 treatment of primary cultures of rat telencephalon, a dramatic stimulation of Otx2 expression was observed,
due both to an increasein the relative numberof precursorcells
expressingOtx2 and to the induction of Otx2 expressionwithin
thesecells. This increasednumberof Otx2-positive cells may be
attributed to either a stimulation of their proliferation, or to a
recruitment of new progenitors into an Otx2-expressing pool.

Since there is an increasednumber of Otx2-positive cells incorporating BrdU in FGF2-treated cultures versus controls, it is
likely that FGF2 acts as a mitogen for Otx2-expressingcells.
One interpretation of thesedata is that the effect of FGF2 on
proliferation and on Otx2 expressionare interdependentand perhaps that the Otx2 gene product has a role in the proliferative
action of FGF2. However, it is not clear whether the proliferative
effect of FGF2 is restricted to the Otx2-positive cells, and furthermore, Otx2 is expressedby proliferative cells as well as by
cells that appearto be relatively quiescent.A more likely interpretation is that FGF2 regulates Otx2 expressionand proliferation by two distinct and independentactions. This hypothesis
predicts that the increasedexpressionof the Otx2 gene product
by progenitor cells after FGF2 treatment is not related to the
increasein cell proliferation but to other effects of FGF2, such
as the regulation of differentiation or of cell fate.
Otx2 expressionin vivo is maximal at ElO-El 1 and is downregulatedin the mousedorsaltelencephalonby E12.5, persisting
at a lower level in the basaltelencephalonuntil E15-E16. The
FGFZmediated increasein Otx2 expressionin vitro is stronger
in cultures taken from El 1.5 embryos compared to cultures
taken from E13.5 embryos. These data suggestthat FGF2 does
not act by preventing the normal down regulationof Otx2 during
development.
Otx2 is highly expressedby cells of the ventricular zone at
early stagesof neurogenesisin vivo. By contrast, in primary
culture, a relatively low numberof progenitor cells expressOtx2
underbasalconditions, suggestingthat thesecells lack a secreted
extracellular componentwhich inducesOtx2 expressionin vivo.
Furthermore, our observation that Otx2 expressionis lower at 1
d in vitro futher supportsthe idea that an extracellular component must be secretedin the culture environment for Otx2 expressionto occur. In agreementwith this interpretation, signals
provided by the anterior edge of the mesodermare necessary
for the induction and the stabilization of early Otx2 expression
(Ang et al., 1994). Thus, the striking increasein the number of
Otx2-containing cells after FGF2 treatment,and the fact that this
FGFZmediated increasecorrelateswith the temporal pattern of
expression in vivo, suggestan important role of endogenous
FGF2 in the stimulation of Otx2 expression.The expressionof
FGF2 and its receptorsoverlap spatially and temporally with the
expressionof Otx2 (Powell et al., 1991a;Giordano et al., 1992;
Nurcombe et al., 1993; Weiseet al., 1993). The FGF-Rl, FGFR2, and FGF-R3 have been localized within the germinal ventricular layer of the telencephalonat-early stagesof development
(Heuer et al., 1990; Orr-Urtreger et al., 1991; Wanaka et al.,
1991; Peters et al., 1993). Since Otx2 is also expressedwithin
this layer, Otx2-containing cells may expressFGF receptors.
The stimulation of Otx2 expressionby FGF2 is regionally
regulated
In cultures prepared from E13.5 rat embryos, FGF2 increases
Otx2 expressionin the basal,but not dorsal, telencephalon.Conversely, it appearsthat cells of the dorsaltelencephalonrespond
to FGF2 by upregulatingEmxl expression.However, becauseof
the low number of samplesin which levels of Emxl were examined,a conclusive statementcannot be maderegardingEmxl.
One interpretation of this dissociationof FGF2’s effect is that,
by E13.5, precursor cells of the dorsal telencephalonhave lost
their ability to express Otx2 in responseto FGF2. Consistent
with this hypothesisis the observation that Otx2 expressionin
the dorsal telencephalonin vivo is normally downregulatedby
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Figure 8. The FGF2-induced increase
in Otx2 expression is observed in basal,
but not in dorsal telencephalon. The expression of Otx2, End, and Dlxl was
assessed by RNase protection assay in
primary cultures of E13.5 whole, basal
or dorsal rat telencephalon treated with
20 rig/ml of FGF2, and harvested at 5
DIV. A, Autoradiographic
image of
representative experiments. B, The effect of FGF2 treatment on each gene is
expressed as a percentage of control.
Mean and SEMs were obtained from
two to four independent experiments.
In the basal telencephalon, the effect of
FGF2 treatmenton Otx2 expression
wassignificantly different from the effect on GAPDH (*) and Dlxl (0)
(one-tail ANOVA, F = 7.41; p = 0.01;
N = 4). The FGFZinduced increase in
Emxl expression observed in the dorsal
telencephalon also reached statistical
significance (F = 7.17; p = 0.02; N =

2).
this stage of development (Simeone et al., 1993; Frantz et al.,
1994). A similar phenomenon has been described in cultures of
ectodermal cells from Xenopus gastrula. In this system, the induction of neural lineages by FGF2 is progressively lost in cells
prepared from gastrula of increasing age. This loss occurs first
for cells from the basal ectoderm and is followed later by cells
from the dorsal ectoderm (Kengaku and Okamoto, 1993), and
closely parallels the loss of neural competence observed in viva.
An alternative interpretation is that FGF2 increases Otx2 ex-

pressionthrough a particular receptor type which is absentfrom
cells of the dorsal telencephalon.The differential responseof
dorsal and basal telencephaliccells to FGF2 may be due to a
differential distribution of FGF receptor subtypeson their membranes secondary to their regulation by different FGF-related
members.For example, FGF-7 is selectively expressedat E14.5
in the ventricular layer of the ganglionic eminence,the parietal
and the frontal cortex, whereasInt2 and FGF5 are broadly expressedin germinative layers from earlier stages(E9) (Wilkin-
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son et al., 1987; Giordano et al., 1992; Mason et al., 1994). It
remainsto be determinedwhether Otx2-containing cells alsoexpressa particular FGF2 receptor subtype which is differentially
distributed in the telencephalon.In summary, our findings suggest that the competenceof progenitors to respondto FGF2 is
relatedto the acquisitionof a regionalidentity in the mammalian
telencephalon.
Role

of Otx2

in neurogenesis

If Otx2 plays a role in the regulation of cell fate during early
neurogenesis,is this a generalrole or is it limited to particular
cell lineages?Since both neuronal and glial progenitorsexpress
nestin (Gallo and Armstrong, 1995), the localization of Otx2 in
nestin-positivecells doesnot answerthe questionas to whether
Otx2 expressionis restricted to neuronsor glia. However, several
indirect observations support the hypothesis that Otx2 is expressedin neuronal,rather than in glial progenitors.In vivo, the
early pattern of expressionof Otx2 in the ventricular zone of the
cerebral cortex and ganglionic eminencecorrelateswith the period of neuronal proliferation, since the peak of glial proliferation occurs after birth (Bayer and Altman, 1991; Cameronand
Rakic, 1991). Similarly, in the primary culture model used in
this study, the proliferation of neuronalprecursorsin basal and
FGF2-stimulatedconditions peaksbetween 2 and 5 DIV, whereasthe proliferation of glial precursorspeaksat lo-12 DIV (Vaccarino et al., 1995). FGF2 increasesOtx2 expressionat 3 and 5
DIV, but not at 7 and 12 DIV, suggestingthat Otx2 has a role
in the FGF2-mediatedproliferation of neuronal progenitors,but
not of glial progenitors.
We have previously shown that FGF2 increasesthe proliferation of precursorcells of glutamate-containingneurons,without
significantly affecting precursorsof GABA-containing neurons
(Vaccarino et al., 1995). The concomitant effect of FGF2 on
Otx2 expressionsuggeststhat, at this stageof development,Otx2
may be expressedby a subclassof progenitor cells committed,
at least in part, to a glutamate neuron fate. Retrovirus-mediated
lineageanalysisin the mammaliantelencephalonhasshownthat
glutamate(pyramidal) and GABA (nonpyramidal) neuronsarise
from distinct classesof progenitors whose lineagesdiverge before El5 (Luskin et al., 1993; Mione et al., 1994). The commitment of neuronalprogenitorsto thesedifferent lineagesmight
be regulated by extracellular cues. Whether the selective effect
of FGF2 on the developmentof the glutamate lineageobserved
in these cultures is related to the effect of FGF2 on Otx2 expressionremainsto be demonstrated.It would be interestingto
study the lineage of Otx2-expressing cells in order to clarify
whether glutamate-containingneuronsare part of their descendants.
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