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Fibroblast Growth Factor 2 Increases Oix2 Expression in Precursor
Cells from Mammalian Telencephalon
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Dissociated primary cultures from rat telencephalon at dif-
ferent developmental stages were used to study the effect
of basic fibroblast growth factor (FGF2) on Otx2, DIx1, and
Emx1, three homeobox genes expressed in different
regions of the developing mammalian forebrain. At embry-
onic day (E)13.5, the regional pattern of expression of Oix1,
Otx2, Dix1, DIx2, DIx5, and Emx1 is maintained in primary
culture, suggesting that cells are already committed to a
regional identity at this stage. In these cultures, Otx2 is
expressed by precursor cells, whereas DIx1 and EmxT1 are
predominantly expressed by postmitotic cells. We found
that FGF2 increased Otx2 expression within precursor cells
and the total number of Otx2-expressing cells. This effect
was gene-specific, dose-dependent, and temporally regu-
lated, with larger effects at earlier stages of development
(E11.5). At E13.5, the effect of FGF2 on Otx2 expression
was restricted to the basal telencephalon. Our results sug-
gest that a restricted population of neuroblasts respond to
FGF2 in a temporally regulated fashion by proliferating and
increasing Otx2 expression. This interaction between FGF2
and Otx2 may be important for the regulation of neuroge-
nesis in the forebrain.

[Key words: basic fibroblast growth factor (FGF2), Otx2,
homeobox gene, rat, telencephalon, cerebral cortex, basal
ganglia, development, RNase protection assay, in situ hy-
bridization, cell culture]

The development of a functional nervous system involves many
steps, including the proliferation of precursor cells, their differ-
entiation, their migration to appropriate locations and the estab-
lishment and maintenance of synaptic connections. These events
are orchestrated by interactions between cell-intrinsic genetic in-
formation and a variety of environmental cues, such as secreted
factors and cell-to-cell interactions (McConnell, 1991; Campos-
Ortega, 1993; Ghysen et al., 1993). Homeobox genes are a class
of transcriptional regulators that are involved in the specification
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of cell fate and pattern formation in the invertebrate CNS
(McGinnis and Krumlauf, 1992). Mutational analyses suggest
that homeobox genes play a similar role in the determination of
cell identity within the vertebrate hindbrain (Chisaka and Ca-
pecchi, 1991; Chisaka et al., 1992; Dolle et al., 1993). The com-
mitment of progenitor cells to specific fates would thus depend
on the establishment of patterns of homeobox gene expression,
stably propagated through all descendants in a lineage (Law-
rence and Morata, 1994).

Whether homeobox genes can be induced or regulated by ex-
tracellular factors is unclear. In the hindbrain, the acquisition of
segmental identity and homeobox gene expression seem inde-
pendent of position in the neuroepithelium and of signals from
the mesoderm (Guthrie and Lumsden, 1992; Guthrie et al.,
1992), suggesting that hindbrain homeobox gene expression is
cell autonomous and signals an irreversible change in cell fate.
However, treatment with retinoic acid can modify both cell iden-
tity and homeobox gene expression in this brain region (Mar-
shall et al., 1992; Kessel, 1993). Interactions between homeobox
genes and secreted factors have been also shown to be important
in the induction of mesoderm in Xenopus (Ruiz i Altaba and
Melton, 1989; Cho and De Robertis, 1990; von Dassow et al.,
1993) and the development of motor neurons in the spinal cord
(Ericson et al., 1992). However, little is known concerning the
interactions between these genes and extracellular cues in the
development of the forebrain.

Members of the Ortx, Emx, and Dix families of homeobox
genes, recently identified in the vertebrate forebrain, are homo-
logs of homeobox genes expressed in the Drosophila head (Por-
teus et al., 1991; Price et al., 1991; Simeone et al., 1992a, 1993,
1994). The DIx genes are primarily expressed in the basal tel-
encephalon and diencephalon (Porteus et al., 1991; Price et al.,
1991; Bulfone et al., 1993; Simeone et al., 1994), whereas the
Emx genes are expressed in the dorsal telencephalon (Simeone
et al., 1992b). Oux2 is expressed in the primitive head fold before
the onset of neurogenesis in the mouse (E7.5) and defines the
rostral fore-midbrain junction at E10; by E12.5-E13.5, Ox2 is
downregulated in the dorsal telencephalon, persisting in the bas-
al telencephalon until midneurogenesis (E15-E16) (Simeone et
al., 1993; Frantz et al., 1994).

Members of the fibroblast growth factor (FGF) family specify
cell fate and regulate morphogenesis in the mesoderm and 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 expressed at 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., 1991; Orr-Urtreger et al., 1991; Peters et
al., 1993). This pattern is strikingly similar to the localization of
O1x2, 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., 1995), 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 lin-
eage, as demonstrated by antisense oligonucleotide-mediated
blockade of FGF2 expression (Vaccarino et al., 1995). Such ef-
fects may be mediated through an action of FGF2 on the ex-
pression 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 Dix families in basal
and dorsal telencephalon mirrors their regional pattern of ex-
pression 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 (E11.5), 12.5 (E12.5), and
13.5 (E13.5) rat telencephalon. Cells were plated on polyornithine (15
pg/ml) and laminin (2 pg/cm?) pretreated wells, at a density of 15 X
10* cells per cm?, as previously described (Vaccarino et al., 1995). Dur-
ing 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/50% F-12, 50 IU/ml of penicillin, 50 g/
ml of streptomycin, 2 mM glutamine, 0.110 mg/ml sodium pyruvate, 25
mm HEPES, 100 pg/ml transferrin, 5 pg/ml insulin, 20 nM progester-
one, 30 nM sodium selenite, and 60 pMm 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 1/3
of the medium with fresh SFM.

RNA extraction. Total RNA was isolated by homogenization in a
guanidium isothiocyanate lysis buffer (1 ml/2 X 10¢ cells) according to
the one step procedure (Ausubel et al., 1989). RNA samples were re-
suspended in diethylpyrocarbonate (DEPC)-treated H,O and kept frozen
at —80°C.

¢DNA 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 ug of poly(A*) RNA using the
AMYV 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: Otx/: 35 amplification
cycles, each cycle consisting of 30 sec 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; Emx1: 30 cycles, each cycle consisting of 1 min at 94°C,
2 min at 60°C, and 3 min at 72°C; DixI and DIx2: 35 cycles, each cycle
consisting of 30 sec each at 94°C, 45°C, and 72°C. Dix5: 35 cycles,

each cycle consisting of 30 sec 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
cyclo-sequencing method (Stratagene, La Jolla, CA). The PCR products
were then subcloned in the pCRTM 1II vector (TA cloning kit, Invitro-
gen, 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 (RNase) assay. High specific activity (2-5
X 10* cpm/pg of RNA) antisense RNA probes were obtained from
linearized rat cDNA templates (Fig. 1) by SP6- or T7-primed transcrip-
tion using limiting concentration (8 uM) of ?P-UTP (Amersham, Ar-
lington Heights, IL). A low specific activity (1-3 X 107 cpm/ug of
RNA) antisense probe, to be used as a control for RNA loading, was
obtained by T7-primed transcription from the glyceraldehyde-phos-
phate-dehydrogenase (GAPDH) rat ¢cDNA (pTRI-GAPDH, Ambion,
Austin, TX), linearized by Ddel. Prior to hybridization, the probes were
purified on a 6% denaturing polyacrylamide gel. RNase protection as-
says were conducted according to the manufacturer’s protocol (RPA II
kit; Ambion, Austin, TX), utilizing 5-20 p.g of total RNA and 50,000
cpm of each probe in a 10 wl hybridization volume. Probes obtained
by SP6- and T7-primed transcriptions were hybridized independently to
separate aliquots of the mRNA samples. After an overnight hybridiza-
tion at 45°C, samples were digested with a mixture of RNase A and T1
(1/100 dilution) for 30 minutes. Protected hybrids were analyzed by 6%
polyacrylamide-urea gels, visualized on autoradiograms after an over-
night exposure, and quantified by densitometry (see below). The sen-
sitivity and the linearity of the assay was checked by hybridizing the
antisense probes to known amounts of their respective sense transcripts
and the GAPDH probe to known amounts of total RNA. The assay was
linear between 5 and 20 pg of total RNA, and between 0.5 and 5 pg
of Otxl, Otx2, Emxl, Dixl, Dix2, and Dix5 mRNA.

Data analysis of RNase protection experiments. Quantification of all
bands was carried out by scanning the autoradiograms with a densito-
meter (Visage 2000, Bioimage, Ann Arbor, MI). For all bands, the quan-
tification was obtained after subtraction of the background of each lane.
The boundaries of the bands were automatically detected by the com-
puterized system and the quantification was obtained by the integration
of the optic density within this boundary. To calculate the fold stimu-
lation 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 modifica-
tions. Digoxigenin-labeled sense or antisense RNA probes were synthe-
sized from the homeobox rat cDNA templates (Fig. 1) by T7- or SP6-
primed in vitro transcription (SP6 and T7 megascript, Ambion) using
digoxigenin-UTP (dig-UTP, Boehringer) as the labeling nucleotide
(UTP/dig-UTP: 1.65 mm/5 mm). Cell monolayers growing on Lab-Tek
tissue culture plates (Nunc) were fixed with 4% paratormaldehyde,
washed with 0.1 M glycine/0.2 m TRIS HCI pH 7.4, cryoprotected, and
kept frozen (—80°C) until use. Probes (10 ng/pl) were hybridized over-
night at 55°C to cell monolayers previously permeabilized with 0.2 N
HCT for 30 min at room temperature. Nonhybridized probes were de-
graded with RNase A (50 pg/ml) at 37°C for 20 min. Slides were then
washed with 50% formamide/2 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 phospha-
tase-coupled anti-digoxigenin antibody (1:500, Boehringer). Hybridized
probes were then detected by incubation with the substrates 4-nitro-
bluetetrazolium chloride and 5-bromo-4-chloro-3 indolyl phosphate
(Boehringer) for 1216 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 1 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 immu-
nocytochemistry (see below), using an anti-BrdU monoclonal antibody
(Amersham).

Immunocytochemistry was performed as previously described (Vac-



A. RAT EMX1 PROBE
atgcatgtgcctggetadetgggtgcacaccccgecggcggeagegce
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48 cggggcaccgagcgttccccagagecccactacctecactectetteg A

95 gcggcagegac ATG TTC CAG CCC GCG ACT AAG CGG CGGT —

133 TTC ACC ATA GAG TCC TTG GTA GCC AAG GAT GGT GGC _1:-:————
169 ACC GGC GGG AGT CCT GGC AGC GGG GGC GCG GGC TCC

205  CAT CCC CTG GCT GTG GCC GCC TCA GAA GAA CGC TCA Homeobox

241 GGC CCA CGG CGC TCA ACT ACC CTC ACC CCA GTG CAG

277 CCG AGG CGG CCT TCG TGA GTG GCT T

B. RAT OTX2 PROBE

1 CC ATG ACC TAT ACT CAG GCT TCA GGT TAT AGT CAA B

36 GGC TAT GCT GGC TCG ACT TCC TAC TTT GGG GGC ATG i

73 GAC TGT GGA TCT TAC TTG ACC CCT ATG CAT CAC CAG ——i:-:—
110 CTT CCT GGA CCA GGG GCC ACA CTC AGT CCC ATG GGT

147 ACC AAT GCT GTT ACC AGT CAC CTC AAT CAG TCC CCA

180 GCT TCT CTT TCC ACC CAG GGA TAT GGA GCT_TC

C. RAT DLX1 PROBE

1 BAG CTG ATG AAG CAA GGC GGG GCA GCT CTG GAG GGC —

37 AGC GCG CTG GCG AAT GGC AGG GCC TTG TCT GCC GGC 4__{—__-————]—
73 TCC CCA CCG GTA CCA CCC GGC TGG AAT CGA ATT CCT

109 CCT CTG GGA AGG GCT CAG GAG GAA A

D.RAT OTX1 PROBE

1 ATC TGG AGC CCG GCC TCC ATC TCT CCC GGC TCA GCG

37 CCG GCA TCC GTA TCA GTG CCA GAG CCA TTA GGC GCT

73 CCG AGC AAC GCC TCA TGC ATG CAG CGC TCG GTA GCC

109 GCA GGT GCG GCC ACT GCC GCG GCC TCC TAC CCT ATG

145 TCC TAT GGC CAG GGC GGA AGC TAT GGC CAG GGC TAC !__D__1

181 CCC GCG CCT TCC TCT TCT TAC TTT GGC GGT GTA GAC I - l

217 TGC AGC TCC TAC CTT GCG CCC ATG CAC TCT CAT CAC
253 CAC CCG CAC CAG CTT AGC CCC ATG GCA CCC TCC TCC
289 ATG GCT GGC CAC CAC CAC CAC CAC CCG CAC GCG CAC
325 CAC CCA CTG AGC CAA TCT TCA GGC CAC CAC CAC CAC
361 CAC CAT CAC CAC CAC CAC CAC CAA GGT TAT GGA GGC
397 TCT GGG CTC GCC TTC AAC TCT GCC GAC IGC TTG GAT
433 TAC AAG GAG CCC

E.RAT DLX5 PROBE

1 acagccatgtctgcttagaccagagcagctccaattctggecagecage

47 ggccgcectcaataggacagceccaccgeccgggagctATGACAGGA

92 GTG TTT GAC AGA AGA GTC CAA GCA TCG ATC CGG CGA E

128 CTT CCA AGC TCC GTT CCC GAC GTC CGC CGC CAT GCA —

164 CCA CCC GTC TCA GGA ATC GCC AAC TTT GCC GGA GTC l - I
200 CTC GGC CAC CGA TTC TGA CTA CTA CAG TCC CGC GGG

236 GGC CGC CCC TCA TGG CTA CTG CTC TCC TAC CTC TGC
272 TTC TTA CGC AAA GCG CTC AAC CCA TAC CAG TAT CAG
308 TAT CAC GGC GTG AA

F.RAT DLX2 PROBE

1 TCC ACG GCT ACG GAC _AGC AGC TAC TAC ACC AAC CAG
37 CAG CAC CCG GCG GGT GGC GGC GGC GGG GGG GCC TCG F
73 CCC TAC GCG CAC ATG GGC TCC TAC CAG TAC CAC GCC

| —
109 AGC GGC CTC AAC AAC GTC TCC TAC TCC GCC AAA AGC ~———] | ] —

145 AGC TAC GAC CTG GGC TAC ACC GCC GCG TAC ACT TCC
181 TAC GCG CCC TAC GGA ACC AGT TCG TCC CCA GTC AAC
217 AAC GAG CCC GAC AAG GAA GAC CTT GAG CCT GAA AT

Figure 1. RNase assay protection and in situ hybridization probes for the rat Emx/, Owx2, Dixl, Otxl, Dix2, and Dix5 genes (marked with
brackets). The underlined 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 Om2, Dix/ ,
Oixl, DIx2, and Dix5 were quantified by RNase protection assay in
primary cultures of basal or dorsal telencephalon from E13.5 rat em-
bryos, harvested at 5 DIV. DixI, DIx2 and Dix5 are restricted to cultures
of basal telencephalon, Otx/ is mainly expressed by cultures of dorsal
telencephalon, and 02 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 ng/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), MAP1B (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 incu-
bated with a biotinylated secondary antibody for 1 hr (1:200, Vector),
and finally reacted with avidin—FITC (2.5 pg/ml, Vector).

Data analysis for immunocytochemistry and in situ hybridization ex-
periments. Cells considered as positive by in siru hybridization showed
an intense, homogenous purple staining of the cell cytosol under bright
field. Immunoreactive cells showed intense fluorescence in the cyto-
plasm and processes, or, in the case of BrdU, in the nucleus. Unstained
cells were counted under DIC. In double labeling experiments, the num-
ber 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 <10% variation.

Results

Isolation of the partial rat cDNAs for DIx1, DIx2, DIx5,
Emx]1, Otx1, and Otx2

In order to obtain species-specific probes for hybridization stud-
ies in rat tissue, we isolated partial cDNAs for several homeobox
genes. Specific primers for Dix!, DIx2, Dix5, Owxl, Otx2, and
Emxl were designed in order to amplify 100-500 nucleotide-
long sequences located outside of the homeobox domain. When-
ever possible, PCR primers were complementary to regions of
highest sequence homology between mouse and human genes.
The sequences of the rat homeobox cDNAs were determined
(Fig. 1) and compared with their human and mouse homologs.
The 444-nucleotide-long sequence of rat O/ was 88.8% and
94.8% homologous to the human and the mouse sequence, re-
spectively. The 211-nucleotide-long sequence of rat Ox2 was
98% homologous to the mouse sequence, and 92% to the human
sequence. Mouse and rat Dix/ sequences (133 nucleotides) were
92% homologous, and mouse and rat DIx2 sequences (251 nu-
cleotides) were 96.6% homologous. The sequence of rat Dix5
(321 nucleotides) was 84.7% homologous to the human se-
quence. The human and rat Emx/ sequences had slightly lower
homology (86%), probably because the amplified fragment con-
tained a 105 nucleotide-long 5" untranslated sequence. These rat
cDNAs were the templates for the synthesis of the RNA probes
used in RNase protection assays and in situ hybridizations.
When antisense probes were hybridized to total RNA extracted
from tissue or primary cell cultures, protected hybrids migrated
as single bands of the expected size (Fig. 24). The GAPDH
probe, an ubiquitously expressed gene which was used as a
marker for total RNA, appeared as a double band of 80 nucle-
otides.

Telencephalic cells maintain in primary culture the regional
pattern of expression of homeobox genes observed in vivo

In vivo, Dix1, DIx2, and DIx5 are restricted to the basal telen-
cephalon and diencephalon, Emx/ to the dorsal telencephalon
and Otx] and Otx2 are expressed throughout the entire forebrain
(Price et al.,, 1991; Simeone et al., 1992a,b, 1993, 1994; Bulfone
et al., 1993; Frantz et al., 1994). The pattern of expression of

—

at 1, 3, 5, and 12 DIV. Ox2 expression was measured by RNase pro-
tection 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 £ test).




these homeobox genes was investigated in primary cultures of
cells taken from basal and dorsal telencephalon (Fig. 24). Otx/
and Orx2 were expressed in cultures from both dorsal and basal
telencephalon. DixI, Dix2, and DIix5 were highly expressed in
cultures from the basal telencephalon and only trace amounts
could be detected in cultures of dorsal telencephalon. Emx] was
expressed in cultures from dorsal telencephalon and was never
detected in basal telencephalic cells. Identical patterns were ob-
served 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 vivo.

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, DIxI] and EmxI was coupled to
immunostaining for different cell types in primary culture. Ma-
ture, 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 immu-
nostaining 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 deter-
mined that BrdU is incorporated by nestin-positive cells, but not
by MAP2-positive neurons (E M. Vaccarino, unpublished data).
Otx2 mRNA 1is not present in terminally differentiated, MAP2-
positive neurons. Instead, Otx2-positive cells contain nestin im-
munoreactivity in cultures of E11.5 (Fig. 3), E12.5 and EI3.5
telencephalon (Fig. 4), suggesting that Ox2 is expressed by pre-
cursor cells. Furthermore, 12.3% (SEM = 6.4) of the Otx2-con-
taining cells incorporate BrdU during a 1 hr BrdU puise, sug-
gesting 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 Ofx2-
containing cells which incorporate BrdU is 50.6 % (SEM = 4.4).
These data suggest that Ox2, besides being expressed by pro-
liferative 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
Omx2 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 (ap-
proximately 20% under basal conditions) express Ox2 (Figs. 3,
4, Table 1). These data suggest that, in primary cultures of
E11.5-E13.5 embryos, Otx2 mRNA is expressed by a subpop-
ulation of precursor cells.

In contrast to Orx2, the great majority of cells expressing Dix/
are postmitotic neuronal cells. Specifically, 85.2% (SEM =
3.9%) of Dixi-expressing cells are MAP1B-positive immature
neurons, and 30.2% (SEM = 8.3%) of DixI-expressing cells are
MAP2-positive neurons. A subset of Dix/-expressing cells are
proliferative cells since they incorporate BrdU (23.2%, SEM =
6.0%).

FGF?2 treatment increases the expression of Otx2 in a specific
and dose dependent fashion

FGF2 treatment of primary cultures derived from E11.5-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, com-
pare A and FE). 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), al-
though these effects have not been systematically analyzed.

To investigate whether FGF2 alters gene expression in pre-
cursor cells, we studied the effect of FGF2 on Ox2. Primary
culture of cells from E12.5 and E13.5 rat telencephalon were
treated with 10 ng/ml of FGF2 and harvested at 1, 3, 5, and 12
d in vitro (DIV). Otx2 expression was quantified by RNase pro-
tection assay (Fig. 2B). To correct for total cell number, Ofx2
mRNA levels were normalized to the levels of GAPDH, an ubig-
uitously expressed gene. These normalized values were ex-
pressed as a percent of control. FGF2 treatment increased Otx2
expression by 2.45- and a 1.8-fold of control at 3 and 5 DIV,
respectively. Ox2 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 down-
regulation of this gene which has been described in vivo. There
was no significant effect of FGIF2 on Ozx2 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 ng/
ml) at 5 DIV. Orx2 expression, normalized to levels of GAPDH,
increased linearly between 10 and 20 ng/ml, and started to reach
a plateau at 40 ng/ml (eightfold stimulation) (Fig. 5). In contrast,
in cells treated in parallel with increasing doses of NGF (1, 50,
and 100 ng/ml), only a twofold increase of Ox2 expression was
observed, irrespective of the dose of NGF used (Fig. 5). These
data suggest that FGF2 specifically increases the level of Ox2
mRNA relative to the total cellular RNA and/or that the pro-
portion of Orx2-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 Ox2
mRNA per cell or the number of cells expressing Ox2, we car-
ried out in sifu hybridization experiments. The preferential lo-
calization of Orx2 in precursor cells suggests that the FGF2-
mediated increase in Ofx2 expression may occur at early stages
of development. Therefore, we compared the effect of FGF2
treatment on Otx2 expression in primary cultures obtained from
E11.5, E12.5, and E13.5 telencephalon treated with 20 ng/ml of
FGF2 and harvested at 5 DIV. In control samples (Fig. 6, upper
panels), irrespectively of the age tested, the majority of Otx2-
labeled cells had low levels of labeling and only a few were
darkly stained. In contrast, in samples treated with FGF2, the
amount of Ox2 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 Ofx2 expression in cultures from E11.5 tel-
encephalon (Fig. 6A,D) compared to cultures prepared from
E13.5 basal telencephalon (Fig. 6B,E). Note that FGF2 had little
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Figure 3. FGF2 increases the number of Orx2-positive progenitor cells at E11.5. Primary cultures of E11.5 telencephalon were left untreated
(upper panels) or treated with FGF2 (20 ng/ml) at 1 d in vitro (lower panels). Cultures were fixed at 5 DIV and in situ hybridization for Ox2 (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 Oix2; arrowheads indicate representative cells negative for both nestin and

Otx2. Scale bar, 50 pM.

or no effect in cultures from E13.5 dorsal telencephalon (Fig.
6C.F). RNase protection assays confirmed that 20 ng/ml of
FGF2 elicited a 6.6-fold increase in Otx2 expression (normalized
to GAPDH levels) in cultures of E12.5 telencephalon, but only
a 2.5-fold increase in cultures from E13.5 telencephalon (Fig.
7). Thus, the stimulation of Otx2 expression by FGF2 in vitro
is maximal at earlier stages of development.

A quantification of stained and unstained cells in random

fields of cultures from E13.5 basal telencephalon confirmed that,
in FGF2-treated samples, the total number of Ox2-positive cells
was greatly increased (Table 1). To determine whether the in-
crease in the number of cells expressing Otx2 elicited by FGF2
is due to a proliferative action of FGF2 on Otx2-containing pre-
cursors, BrdU incorporation was carried out for 1 hr in control
or FGF2-treated cells; samples were then subjected to in situ
hybridization for Otx2 coupled to BrdU immunostaining. It was
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Figure 4. FGF2 increases the number of Otx2-positive precursor cells and their proliferation. Primary cultures of E13.5 basal telencephalon were
left untreated (upper panels) or treated with FGF2 (20 ng/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 Omx2 (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 Otx2; arrowheads point to double-labeled
processes: open arrows indicate representative nestin- or BrdU-positive cells negative for Orx2. Scale bar, 50 pm.

found that, in the control, only 12.4% (SEM = 6.4) of Otx2-
positive cells were double-labeled with BrdU, whereas in FGF2-
treated samples 22.2% (SEM = 9.7) of Ox2-positive cells were
double-labeled with BrdU (compare panels C,D with G,H in Fig.

Table 1. FGF2 treatment increases the number of cells
expressing Ofx2

Average cell number (SEM)

% of nestin

expressing
Treatment Otx2 Nestin Orx2 Total cells
Control 98.6 (23) 132 (42) 229 (6.1) 384 (125)
FGF2 194 (24)* 208 (28) 32.6 (5.5)* 550 (53)

Primary cultures of E13.5 basal telencephalon were left untreated (control) or
treated with FGF2 (10 ng/ml) at 1 d in vitro. Cells were fixed at 3 d in vitro.
Otx2 was detected by in sifu 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 experi-
ments.

*Significantly different from control (Student’s ¢ test, p < 0.05).

4). Thus, FGF2 increases the number of Otx2-positive cells en-
tering S phase. As a result of this increased proliferation, the
proportion of nestin-positive cells expressing Ox2 increased af-
ter FGF2 treatment, both in cultures of E11.5 telencephalon (Fig.
3) and in cultures of E13.5 basal telencephalon (Fig. 4, panels
A,B and E,F). For basal telencephalon, these data are summa-
rized in Table 1. Nestin-negative cells did not express Orx2,
irrespective of FGF2 treatment. These results show that FGF2
does not induce Orx2 expression in a new set of cells, different
from the nestin-positive precursor cells; the action of FGF2 in
these cultures is to increases the absolute number and the pro-
portion of nestin-positive precursor cells expressing Ofx2, Fur-
thermore, since the relative number of nestin-positive cells ex-
pressing Ofx2 is increased by FGF2, these data indirectly sug-
gest that FGF2 may change the developmental potential of the
nestin-positive cells.

FGF2 treatment increases the expression of Otx2 in the basal,
but not in the dorsal telencephalon

The differential expression of homeobox genes in basal and dor-
sal telencephalon indicates that these two regions may represent
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Figure 5. Treatment with FGF2 increases the expression of Orx2 in a specific and dose-dependent fashion. The expression of Ox2 was quantified
by RNase protection assay in primary cultures of E12.5 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.

two distinct developmental units of the forebrain. To investigate
whether the effect of FGF2 on homeobox gene expression is
regionally regulated, we compared’ the expression of Emxl/,
DixI, and Otx2 in cultures from basal and dorsal telencephalon
of E13.5 rat embryos (at this stage of development, a morpho-
logical distinction between these two regions is readily appar-
ent). In cultures from basal telencephalon at 5 DIV, FGF2 in-
duced a fivefold increase in the expression of Otx2 (508 = 140%
of control) (Fig. 8). This increase was statistically different both
from the increase in the expression of Dix/ (120 * 22%) and
from the increase in the expression of GAPDH (130 = 41%)
(ANOVA, F = 741; p = 0.01; N = 4). The FGF2-induced
increase in Otx2 expression was not followed by an increase in
Dix] expression later in the cultures, that is, at 7 and 12 DIV
(data not shown). In the dorsal telencephalon, there was no in-
crease in Otx2 expression under FGF2 treatment, but rather a
slight decrease, (86 = 10% of control) which was not signifi-
cantly different from the increase in GAPDH (110 *= 25%).
Consistent with these data, in situ hybridization studies showed
an increase in the number of cells expressing Otx2 in the basal
telencephalon, but not in the dorsal telencephalon, after FGF2
treatment (Fig. 6; compare B,E with C,F).

In contrast to Otx2, Emx] expression increased (270 * 83%
of control) in cultures from dorsal telencephalon after FGF2
treatment. This increase in Emx/ expression was statistically dif-
ferent from the expression of Otx2 and GAPDH (ANOVA, F =
7.17; p = 0.02; N = 2). The increase in Emx/ in the dorsal

telencephalon was not preceded by an increase in Otx2 expres-
sion at earlier stages (i.e., 3 DIV). In cultures obtained from
whole telencephalon, we observed a twofold increase in the ex-
pression of Ofx2 (mean = SEM: 221 * 81% of control, N =
2) (Fig. 8).

Discussion

Our first result is that telencephalic cells cultured in vitre main-
tain the pattern of homeobox gene expression characteristic of
the region of origin. Our second finding is that Otx2 is expressed
by proliferative precursor cells in these cultures and that treat-
ment with FGF2 increases the total number of Otx2-expressing
cells, their relative proportion and the level to which they ex-
press Otx2. The temporal and regional regulation of the FGF2-
mediated increase in Orx2 mRNA suggests that this growth fac-
tor may be an endogenous stimulator of Otx2 expression.
Homeobox genes of the Otx, Emx, and DlIx subclasses are
likely to play a role in the determination of telencephalic cell
fates. The pattern of expression of these genes defines specific
regions of the forebrain, such as the dorsal and basal telenceph-
alon, as early as E10 in the mouse (Porteus et al., 1991; Price
et al., 1991; Simeone et al., 1992a, 1994; Bulfone et al., 1993).
The restricted anterior expression of Otx2 at early stages of head
development appears to require a negative signal from the pos-
terior mesendoderm and a positive signal from the anterior me-
soderm (Ang et al., 1994). We suggest that, during early stages
of neurogenesis, this positive signal might be a member of the
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Figure 6. The FGF2-induced increase in Ofx2 expression is strongest at earlier stages of development. Primary cultures of cells from E11.5 (A,
D) and E13.5 rat telencephalon (B, C, E, F) were left untreated (rop panels) or treated with 20 ng/ml of FGF2 (bortom panels) 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) telencephalon. Solid arrows indicate representative Otx2-positive cells; open arrows indicate background hybridization.

Scale bar, 50 pm.

FGF family, since at least three FGF-related molecules are ex-
pressed, concomitantly to Otx2, at early stages of the develop-
ment of the prosencephalon (Tannahill et al., 1992; Nurcombe
et al., 1993; Crossley and Martin, 1995). Our results suggest that
both cell autonomous and non autonomous factors are operative
in the regulation of homeobox gene expression during telence-
phalic development. We show that the in vivo pattern of ex-
pression of Dix and Otx homeobox genes in the basal and dorsal
telencephalon is maintained after cell dissociation and placement
in the artificial culture environment. Our data also show that that
factors present in the cellular environment may be essential for
Otx2 expression.

Telencephalic cells in primary cultures maintain their regional
identity

Our data indicate that, in dissociated primary cultures of basal
and dorsal telencephalon obtained from an E13.5 rat brain, Orx],
Emxl, Dixl, Dix2, and DIx5 are expressed according to the re-
gional pattern of expression found in vivo at an equivalent stage
of development. Indeed, Dix/, Dix2, and DIx5 are preferentially
expressed in cultures from basal telencephalon and Emx/ is ex-
pressed in cultures from dorsal telencephalon, consistent with
data obtained by in situ hybridization (Simeone et al., 1992a,b;
Porteus et al., 1991, 1994; Price et al., 1991). Ot/ and Ox2
are expressed in cultures from both basal and dorsal telenceph-
alon. Although Orx2 is absent from the mouse dorsal telenceph-
alon by E12.5, this gene is expressed at high levels in the cho-
roid plexus of the lateral ventricle and in the lateral septum of

the rodent brain even in postnatal animals (Simeone et al., 1993;
Frantz et al., 1994). Since we also detected Otx2 expression in
explants of E14.5-E16.5 dorsal telencephalon immediately after
dissection from the embryo, we think that the Ox2 expression
observed in dorsal telencephalic cultures may derive from the
choroid plexus, and does not imply a deregulation of O#x2 ex-
pression in vitro. Indeed, the fact that the expression of Ox2
detected in cultures from dorsal telencephalon was not induced
by FGF2 (Fig. 8B) suggests that this expression is not neuronal.
The observation that the regional pattern of homeobox gene ex-
pression is maintained in culture suggest that, by E13.5, telen-
cephalic cells are committed to their region fate. Similar findings
have been shown in Xenopus, where the regional pattern of ex-
pression of three members of the Dix family is maintained in
ectodermal explants, independently of mesoderm-inducing sig-
nals (Papalopulu and Kintner, 1993). Furthermore, Lemaire and
Gurdon have shown that, in Xenopus, the spatial pattern of ex-
pression of Geosecoid and Xwnt-8 along the dorso-ventral axis
is the same in intact and dissociated early gastrulas, suggesting
that both cell autonomous and induction-dependent phenomena
are involved in mesoderm patterning (Lemaire and Gurdon,
1994),

FGF?2 stimulates the expression of Otx2 in telencephalic
progenitor cells

We further demonstrated that the in vitro treatment of cell taken
from an E11.5-13.5 rat telencephalon with FGF2 leads to an
increase in the expression of Otx2, but not of Dix/. We inves-
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Figure 7. The FGF2-induced increase in Orx2 expression is stronger
in primary cultures from E12.5 than from EI13.5 rat ‘telencephalon.
Quantification by RNase protection assay of Ox2 expression in primary
cultures of E12.5 and E13.5 rat telencephalon treated with 20 ng/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 siru hy-
bridization coupled with immunocytochemistry, Om2 mRNA
was expressed by nestin-positive cells, but not by MAP2-posi-
tive neurons, suggesting that Otx2-expressing cells are precursor
cells of the mammalian telencephalon. BrdU labeling experi-
ments in cultures of basal telencephalon from E13.5 embryos
showed that approximately 50% of the Otx2-expressing cells are
proliferative and 50% are quiescent or perhaps have exited the
cell cycle, since they are not labeled by a 20 hr BrdU pulse.
Thus, it may be hypothesized that, at this stage of development,
Otx2 is expressed by proliferative cells, continues to be ex-
pressed transiently in postmitotic cells, and is down-regulated in
MAP2-positive, terminally differentiated cells. This is consistent
with the localization of Otx2 in the ventricular layer by in situ
hybridization (Simeone et al., 1993). Conversely, the majority
of DixI-containing cells are postmitctic neuronal cells.

After FGF2 treatment of primary cultures of rat telencepha-
lon, a dramatic stimulation of Ofx2 expression was observed,
due both to an increase in the relative number of precursor cells
expressing Ofx2 and to the induction of Otx2 expression within
these cells. This increased number of Otx2-positive cells may be
attributed to either a stimulation of their proliferation, or to a
recruitment of new progenitors into an Orx2-expressing pool.

Since there is an increased number of Otx2-positive cells incor-
porating BrdU in FGF2-treated cultures versus controls, it is
likely that FGF2 acts as a mitogen for Otx2-expressing cells.

One interpretation of these data is that the effect of FGF2 on
proliferation and on Otx2 expression are interdependent and per-
haps that the Orx2 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 fur-
thermore, Otx2 is expressed by proliferative cells as well as by
cells that appear to be relatively quiescent. A more likely inter-
pretation is that FGF2 regulates O#x2 expression and prolifera-
tion by two distinct and independent actions. This hypothesis
predicts that the increased expression of the Otx2 gene product
by progenitor cells after FGF2 treatment is not related to the
increase in cell proliferation but to other effects of FGF2, such
as the regulation of differentiation or of cell fate.

Otx2 expression in vive is maximal at E10-E11 and is down-
regulated in the mouse dorsal telencephalon by E12.5, persisting
at a lower level in the basal telencephalon until E15-E16. The
FGF2-mediated increase in Ofx2 expression in vitro is stronger
in cultures taken from El11.5 embryos compared to cultures
taken from E13.5 embryos. These data suggest that FGF2 does
not act by preventing the normal down regulation of Otx2 during
development.

Orx2 is highly expressed by cells of the ventricular zone at
early stages of neurogenesis in vivo. By contrast, in primary
culture, a relatively low number of progenitor cells express Otx2
under basal conditions, suggesting that these cells lack a secreted
extracellular component which induces Otx2 expression in vivo.
Furthermore, our observation that Ofx2 expression is lower at 1
d in vitro futher supports the idea that an extracellular compo-
nent must be secreted in the culture environment for Ox2 ex-
pression to occur. In agreement with this interpretation, signals
provided by the anterior edge of the mesoderm are necessary
for the induction and the stabilization of early Ox2 expression
(Ang et al., 1994). Thus, the striking increase in the number of
Otx2-containing cells after FGF2 treatment, and the fact that this
FGF2-mediated increase correlates with the temporal pattern of
expression in vivo, suggest an important role of endogenous
FGF2 in the stimulation of Orx2 expression. The expression of
FGF2 and its receptors overlap spatially and temporally with the
expression of Ox2 (Powell et al., 1991a; Giordano et al., 1992;
Nurcombe et al., 1993; Weise et al., 1993). The FGF-R1, FGF-
R2, and FGF-R3 have been localized within the germinal ven-
tricular layer of the telencephalon at early stages of development
(Heuer et al., 1990; Orr-Urtreger et al., 1991; Wanaka et al.,
1991; Peters et al., 1993). Since Otx2 is also expressed within
this layer, Otx2-containing cells may express FGF receptors.

The stimulation of Otx2 expression by FGF2 is regionally
regulated

In cultures prepared from E13.5 rat embryos, FGF2 increases
O1x2 expression in the basal, but not dorsal, telencephalon. Con-
versely, it appears that cells of the dorsal telencephalon respond
to FGF2 by upregulating Emx] expression. However, because of
the low number of samples in which levels of Emx/ were ex-
amined, a conclusive statement cannot be made regarding Emx/.

One interpretation of this dissociation of FGF2’s effect is that,
by E13.5, precursor cells of the dorsal telencephalon have lost
their ability to express Otx2 in response to FGF2. Consistent
with this hypothesis is the observation that Ox2 expression in
the dorsal telencephalon in vive is normally downregulated by
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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 in-
duction 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 vivo.

An alternative interpretation is that FGF2 increases Ofx2 ex-

telencephalon also reached statistical

.{]/ I QQQ\ significance (F = 7.17; p = 0.02; N =
& Sor 2).

&

pression through a particular receptor type which is absent from
cells of the dorsal telencephalon. The differential response of
dorsal and basal telencephalic cells to FGF2 may be due to a
differential distribution of FGF receptor subtypes on their mem-
branes secondary to their regulation by different FGF-related
members. For example, FGF-7 is selectively expressed at E14.5
in the ventricular layer of the ganglionic eminence, the parietal
and the frontal cortex, whereas Int2 and FGF5 are broadly ex-
pressed in germinative layers from earlier stages (E9) (Wilkin-
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son et al., 1987; Giordano et al., 1992; Mason et al., 1994). It
remains to be determined whether Ozx2-containing cells also ex-
press a particular FGF2 receptor subtype which is differentially
distributed in the telencephalon. In summary, our findings sug-
gest that the competence of progenitors to respond to FGF2 is
related to the acquisition of a regional identity 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 general role or is it limited to particular
cell lineages? Since both neuronal and glial progenitors express
nestin (Gallo and Armstrong, 1995), the localization of Ox2 in
nestin-positive cells does not answer the question as to whether
Omx2 expression is restricted to neurons or glia. However, several
indirect observations support the hypothesis that Ox2 is ex-
pressed in neuronal, rather than in glial progenitors. In vivo, the
early pattern of expression of Ox2 in the ventricular zone of the
cerebral cortex and ganglionic eminence correlates with the pe-
riod of neuronal proliferation, since the peak of glial prolifera-
tion occurs after birth (Bayer and Altman, 1991; Cameron and
Rakic, 1991). Similarly, in the primary culture model used in
this study, the proliferation of neuronal precursors in basal and
FGF2-stimulated conditions peaks between 2 and 5 DIV, where-
as the proliferation of glial precursors peaks at 10-12 DIV (Vac-
carino et al., 1995). FGI2 increases Otx2 expression at 3 and 5
DIV, but not at 7 and 12 DIV, suggesting that Ox2 has a role
in the FGF2-mediated proliferation of neuronal progenitors, but
not of glial progenitors.

We have previously shown that FGF2 increases the prolifer-
ation of precursor cells of glutamate-containing neurons, without
significantly affecting precursors of GABA-containing neurons
(Vaccarino et al.,, 1995). The concomitant effect of FGF2 on
Otx2 expression suggests that, at this stage of development, Ozx2
may be expressed by a subclass of progenitor cells committed,
at least in part, to a glutamate neuron fate. Retrovirus-mediated
lineage analysis in the mammalian telencephalon has shown that
glutamate (pyramidal) and GABA (nonpyramidal) neurons arise
from distinct classes of progenitors whose lineages diverge be-
fore E15 (Luskin et al., 1993; Mione et al., 1994). The com-
mitment of neuronal progenitors to these different lineages might
be regulated by extracellular cues. Whether the selective effect
of FGF2 on the development of the glutamate lineage observed
in these cultures is related to the effect of FGF2 on Ox2 ex-
pression remains to be demonstrated. It would be interesting to
study the lineage of Ofx2-expressing cells in order to clarify
whether glutamate-containing neurons are part of their descen-
dants.
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