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Little is known about regionally specific signals that control the
number of neuronal progenitor cells in vivo. We have previously
shown that the germline mutation of the basic fibroblast growth
factor (Fgf2) gene results in a reduction in the number of cortical
neurons in the adult. We show here that Fgf2 is expressed in the
pseudostratified ventricular epithelium (PVE) in a dorsoventral
gradient and that Fgf2 and its receptor, Fgfr-1, are downregu-
lated by mid to late stages of neurogenesis. In Fgf2 knockout
mice, the volume and cell number of the dorsal PVE (the
cerebral cortical anlage) are substantially smaller, whereas the
volume of the basal PVE is unchanged. The dorsal PVE of Fgf2
knockout mice has a 50% decrease in founder cells and a
reduced expansion of the progenitor pool over the first portion

of neurogenesis. Despite this reduction, the degree of apopto-
sis within the PVE is not changed in the Fgf2 knockouts.
Cortical neuron number was decreased by 45% in Fgf2 knock-
out mice by the end of neurogenesis, whereas the number of
neurons in the basal ganglia was unaffected. Microscopically,
the frontal cerebral cortex of neonatal Fgf2 null mutant mice
lacked large neurons in deep cortical layers. We suggest that
Fgf2 is required for the generation of a specific class of cortical
neurons arising from the dorsal PVE.
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The CNS of vertebrates originates from neuroepithelial cells
located within the embryonic neural tube. Progenitor cells located
within the pseudostratified ventricular epithelium (PVE) lining
the dorsal portion of the telencephalic vesicles give rise to the
cerebral cortex, whereas cells within the basal PVE give rise to
the basal ganglia. In rodents, cortical neurogenesis lasts ;7 d,
from embryonic day 11.5 (E11.5) to E17.5 in mouse and from
E13.5 to E19.5 in rat (Bayer and Altman, 1991; Caviness et al.,
1995; Takahashi et al., 1995).

Several mitogenic and trophic factors have been implicated in
the processes of cortical cell proliferation and differentiation.
These include fibroblast growth factor (Fgf), insulin growth fac-
tor (Igf), and epidermal growth factor (Egf). For example, Fgf,
Egf, and Igf all promote neurogenesis when added to cultures of
precursor cells from hippocampus, forebrain, cerebellum, and
spinal cord (Gensburger et al., 1987; Drago et al., 1991; Ray et al.,
1993; Vescovi et al., 1993; Ray and Gage, 1994; Vaccarino et al.,
1995; Kalyani et al., 1997). Fgf2 and Egf also promote the
proliferation of stem cells isolated from the adult brain and may
direct them toward specific fates (Craig et al., 1996; Kuhn et al.,
1997). Mice lacking the Egf receptor develop a progressive neu-
ronal degeneration in various brain regions beginning at postnatal
day 4 (P4), possibly because of a lack of trophic support from glial
cells in the postnatal period (Sibilia and Wagner, 1995; Sibilia et
al., 1998). In contrast, analyses of mutant mice lacking specific Fgf

ligands and receptors (Fgfrs) demonstrate that Fgf family mem-
bers are required for the morphogenesis of derivatives of the
neural folds and neural tube during embryonic development. Fgf
ligands and Fgfrs are expressed by neural progenitor cells from
the earliest phases of morphogenesis (Ernfors et al., 1990; Gonza-
lez et al., 1990; Giordano et al., 1991; Powell et al., 1991; Nur-
combe et al., 1993; Weise et al., 1993). Fgfr-1 and Fgfr-2 are likely
to be involved in early CNS pattern formation, whereas Fgfr-3
and Fgfr-4 are not essential for embryonic development
(Yamaguchi et al., 1994; Deng et al., 1996; Partanen et al., 1998;
Weinstein et al., 1998; Tropepe et al., 1999). Fgf8 regulates
growth and patterning of the midbrain and the anterior forebrain,
and Fgf3 is essential for the formation of the inner ear (Represa
et al., 1991; Crossley et al., 1996; Shimamura and Rubenstein,
1997; Martinez et al., 1999). We and others have shown that Fgf2
regulates neuronal density (Dono et al., 1998; Ortega et al., 1998)
and number (Vaccarino et al., 1999a) in the cerebral cortex. In
mice homozygous for a Fgf2 null allele, the number of cortical
neurons is decreased by 50% with respect to wild-type mice
(Vaccarino et al., 1999a). The biological mechanism responsible
for this defect remains unclear. It may reflect a role for Fgf2 in
regulating the genesis of neuronal cells, their correct targeting to
the cortical plate, or cell survival. Fgf2 promotes neuronal sur-
vival in vitro (Walicke, 1988) and is expressed by cortical astro-
cytes, which provide trophic support to neuronal cells (Wood-
ward et al., 1992). However, whether endogenous Fgf2 is essential
for the survival of cortical neurons in vivo is unknown.

We have shown previously that the microinjection of recombi-
nant Fgf2 protein into the cerebral ventricles of rat embryos
increases the generation of cortical neurons and the percentage of
proliferating cells within the PVE (Vaccarino et al., 1999a).
These data suggest that Fgf2 is sufficient to promote the division
of cortical progenitor cells. In the present work we investigate
whether endogenous Fgf2 is necessary for the proper growth of
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the telencephalic neuroepithelium during embryonic develop-
ment. We generated estimates for volume and number of progen-
itors within dorsal and basal PVE in wild-type and Fgf22/2
mice. We found that the dorsal PVE is severely depleted of
progenitor cells in Fgf2 knockout embryos from the beginning of
corticogenesis. The growth dynamics of the dorsal PVE were
further analyzed by assessing the number of dividing cells accu-
mulating within this region during the first portion of neurogen-
esis. Ongoing cell death was determined in control and mutant
mice to ascertain the role of Fgf2 in cell survival. To determine
whether altered growth dynamics of the dorsal PVE cause a
defect in neurogenesis in mice lacking Fgf2, we estimated cortical
neuron number at birth in Fgf2 knockout mice and wild-type
littermates.

Although cortical pyramidal neurons arise from the dorsal
PVE, a major portion of cortical GABAergic interneurons are
generated in the basal PVE and subsequently migrate to the
developing cortical plate (de Carlos et al., 1996; Anderson et al.,
1997b; Pearlman, 1998; Tan et al., 1998; Lavdas et al., 1999). To
investigate whether Fgf2 is required for the development of the
basal ganglia, we assessed the volume of the lateral and medial
eminences within the basal PVE and the number of neurons
within the basal ganglia at birth in mutant and wild-type mice.
Our results strongly suggest that Fgf2 controls the growth of the
dorsal but not of the basal telencephalon. Thus, one role of Fgf2
during normal development may be to amplify the progenitor
pool for pyramidal projection neurons without affecting cortical
interneurons.

MATERIALS AND METHODS
Animals. A colony of Fgf2 wild-type and knockout mice (in a 129Sv:
Black Swiss genetic background) was established from the original colony
(Zhou et al., 1998) using two heterozygous mating pairs (Fgf21/2). The
colony was maintained by crosses between heterozygous parents to
minimize genetic background effects. Most of the embryos that were used
for this study were the progeny of heterozygous parents, which in turn
were progeny of heterozygous parents as well. Mice were genotyped by
PCR using primers specific for the wild-type and the Fgf2 knockout
allele (Zhou et al., 1998). The day of the plug was assumed to be E0.5,
and the day of birth was denoted as P1.

Immunocytochemistry. Immunostaining for Fgf2 was characterized in
embryonic tissue by varying fixation conditions and tissue processing
using an anti-rat Fgf2 antiserum raised against the 12 amino terminal
amino acids of the rat Fgf2 molecule (Gonzalez et al., 1995). This
antiserum recognizes all three molecular weight forms of Fgf2 in the rat
brain (data not shown). For the immunodetection of Fgfr-1 we used a
polyclonal antiserum binding to the Fgfr-1 intracellular domain (Santa
Cruz) and a polyclonal antiserum recognizing the extracellular domain
of Fgfr-1/splice variant IIIc (Ab 15, gift of T. Williams, Chiron Corp.,
Emeryville, CA). Results obtained using these antibodies were similar.
Immunocytochemistry was performed in 20-mm-thick rat brain cryostat
sections using an avidin–biotin peroxidase complex (ABC Vectastain
Elite, Vector Laboratories, Burlingame, CA) and diaminobenzidine
(DAB) as substrate, as described previously (Vaccarino et al., 1999a).

NeuN immunostaining was performed using a commercially available
monoclonal antibody (Chemicon, Temecula, CA). Mice were perfused
intracardially with 4% paraformaldehyde, and their brains were embed-
ded in paraffin. Immunocytochemistry was performed using every 10th
section in series of 10-mm-thick sections encompassing the entire brain.
Sections were deparaffinized and subjected to an antigen retrieval pro-
cedure (Antigen unmasking solution, Vector) at 80°C for 1 hr.

Estimation of volume and cell number. The volume and number of
cresyl violet-, BrdU-, or NeuN-stained cells were determined by unbiased
stereological methods as described (Gundersen et al., 1988; West et al.,
1991; Vaccarino et al., 1999a). To label all proliferating cells within the
PVE, timed-pregnant females from heterozygous (Fgf21/2) matings
were injected with BrdU (50 mg/g, i.p.) every 3 hr to ensure that all cells
passing through S-phase would be labeled. Embryos were harvested at a
time t .. Tc 2 Ts from the beginning of labeling, equal to 6.6–8 hr for

E10.5–E12.5 embryos based on previously obtained cell cycle parameters
(Takahashi et al., 1995; Vaccarino et al., 1999a). By the time of harvest-
ing, all dividing cells have incorporated BrdU, and the proportion of
BrdU-labeled cells corresponds to the growth fraction. Embryos were
staged (Brown, 1990) and genotyped by PCR, and the homozygous
Fgf21/1 and Fgf22/2 embryos were analyzed. Embryos were fixed in
70% ethanol /5% acetic acid and embedded in paraffin. Sections (10 mm
thick) were immunostained with an anti-BrdU antibody (Amersham,
Arlington Heights, IL) after preincubation with 2N HCl and counter-
stained with cresyl violet as described (Vaccarino et al., 1999a).

The cortical plate and PVE reference volumes were determined by the
Cavalieri method. The borders of the cerebral cortex were drawn at a
magnification of 233 based on cytoarchitectonic features as follows:
inferiorly, the subplate; anteriorly, the pyriform cortex; and posteriorly,
the subiculum (these cortical areas were not included in the analyses).
The borders of the PVE were drawn based on BrdU-stained areas in the
telencephalon at a magnification of 703. The boundaries of the dorsal
PVE were as follows: anteriorly, the septal eminence; laterally, the
lateral ganglionic eminence; and caudally, the amygdaloid epithelium.
The borders of the basal PVE (comprising the lateral and medial
ganglionic eminence) were as follows: caudally, the diencephalon (thal-
amus and hypothalamus); rostrally, the dorsal PVE; and medially, the
strionuclear epithelium. These limits were reliably assessed by at least
two independent investigators. A grid point counting method was used to
determine surface area; section thickness was measured with a stage
micrometer (Vaccarino et al., 1999a). The volume was calculated by the
formula V 5 (P*a( p)*t, where a( p) is the area between grid points
(corrected for magnification), (P is the number of points intersecting the
neuroepithelium, and t is the thickness of the sample measured.

The total number of cells was estimated by the optical disector method
(West, 1993). In each section in the series, cell nuclei were counted in
three-dimensional counting frames (40 3 30 3 4 mm) systematically
sampled throughout the area of interest. Cells that intersected the
lowermost focal (exclusion) plane and those that intersected the exclu-
sion boundaries of the unbiased sampling frame were excluded from
counting. The mean cell number per disector volume was multiplied by
the reference volume, yielding an estimate for total number of cells. The
proportion of nondividing cells detected in our wild-type mice (;10%;
see Table 3) is higher than that reported in the literature (;1–7%,
depending on the number of bins included in the analysis and fixation
conditions) (Takahashi et al., 1993; Haydar et al., 2000). This difference
could be accounted for by strain differences, nuclear access to BrdU, or
different affinity of our BrdU antibody.

Detection of apoptotic cells. We used terminal deoxytransferase (TdT)
to end-label DNA fragments within the nuclei of apoptotic cells [terminal
deoxynucleotidyl transferase-mediated biotinylated dUTP nick end la-
beling (TUNEL) procedure] (Gavrieli et al., 1992) with the following
modifications. Mouse embryos were fixed in 70% ethanol /5% acetic acid
and embedded in paraffin. Dewaxed and rehydrated 10 mm tissue sec-
tions from the same animals used in stereological studies were treated
with 0.6% Triton X-100, heated at 85°C for 1 hr in Antigen Unmasking
Solution (Vector), and then immersed for 5 min in a 0.6% H2O2 solution
to inactivate endogenous peroxidase activity. Sections were preincubated
for 15 min in terminal transferase buffer (150 mM sodium cacodylate, 25
mM Tris-HCl, 0.25 mg/ml BSA, and 1.5 mM CoCl2, pH 7.4) at 37°C and
then incubated with terminal transferase (0.15 U/ml), 10 mM dATP, 2.5
mM biotin-16-dUTP in the same buffer for 2 hr at 37°C. After three
washes in PBS, sections were incubated for 1 hr with biotinylated per-
oxidase–avidin complex (ABC) (Vectastain Elite, Vector), and the per-
oxidase activity was then visualized by the precipitation of 0.03% DAB
in the presence of 0.01% H2O2 in PBS. Finally, sections were counter-
stained with methyl green, dehydrated in alcohol, and mounted with
Permount. Sections preincubated with 0.1 mg/ml DNase I, in which all
cells were stained, were used as positive controls. Apoptotic cells were
invariably visualized within the epidermis, within the endothelium of the
tongue, and at the tips of the turbinates within the nasal cavity and were
used as internal positive controls (see Fig. 5).

RESULTS
Dynamics of Fgf2 and Fgfr-1 expression in the
developing cerebral cortical wall
In the rat cerebrum, E14.5/E15.5 corresponds to the period when
neurons of layers 5 and 6 of the cerebral cortex are generated
(Bayer and Altman, 1991). Fgf2-like immunoreactivity was ex-
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pressed throughout the telencephalon at these stages, particularly
in the PVE, the marginal layer, and the ectoderm (Fig. 1a). In the
PVE, Fgf2 expression was strongest in rostral and dorsal regions
and reached the lowest levels in the medial ganglionic eminence
(Fig. 1a).

Many neuroepithelial cells of the dorsal portion of the PVE
displayed both nuclear and cytoplasmic Fgf2-like immunoreac-
tivity at E14.5 (corresponding to E12.5 in mouse) (Fig. 1b). Fgf2
immunoreactivity was decreased within the thickness of the PVE
1 d later but maintained in the apical portion (Fig. 1a, inset). By
E17.5, Fgf2-like immunoreactivity disappeared from the entire
neuroepithelium, except for scattered apical cells (Fig. 1c). Pre-
viously, we reported a similar downregulation for Fgf2 mRNA
levels (Vaccarino et al., 1999a). Conversely, Fgf2 was strongly
expressed at E17.5 in superficial tissues, the meninges, and the
choroid plexus (Fig. 1 and data not shown). We could not detect

the Fgf2 protein above background levels in either the cortical
plate or within migrating neurons in the intermediate zone (IZ).
Subsequently, postmitotic cortical neurons upregulated Fgf2 ex-
pression in the postnatal period (data not shown) (Kuzis et al.,
1995).

We compared Fgf2 expression with that of Fgfr-1 at these
phases of cortical development. The pattern of Fgfr-1 immuno-
reactivity was similar using different anti-Fgfr-1 antisera, and this
staining was abolished after preabsorption of the Fgfr-1 anti-
serum with the Fgfr-1 peptide (Fig. 1d,g). At E14.5 in the rat
telencephalon, Fgfr-1 immunoreactivity was expressed through-
out the dorsal and basal portions of the PVE (Fig. 1d). A similar
generalized pattern of expression was observed in the mouse
telencephalon at E11.5 and E12.5 (data not shown). At higher
magnification, Fgfr-1 was strongly expressed throughout the
thickness of the PVE, but similar to Fgf2, it was strongest in

Figure 1. Fgf2 and Fgfr-1 expression in
the developing rat telencephalon. Im-
munocytochemistry for Fgf2 (a–c) and
Fgfr-1 (d–g, i) in parasagittal frozen sec-
tions is shown; the embryonic age is
indicated above each panel. The inset in
a shows a higher magnification of the
dorsal PVE (dPVE). g shows that no
reaction is present after preincubation
of the Fgfr-1 antibody with an excess of
Fgfr-1 peptide. h shows BrdU immuno-
staining ( green) after BrdU incorpora-
tion in vivo for 3.5 hr, and i shows the
same section double-immunostained
with Fgfr-1. Arrows indicate prolifera-
tive cells that contain Fgfr-1 immunore-
activity. In a, d, and g, anterior is lef t,
and in all sections the ventricular sur-
face is at the bottom. lge, Lateral gangli-
onic eminence; mge, medial ganglionic
eminence; dPVE, dorsal PVE. Scale
bars: a, 400 mm; d, g, 200 mm; b, c, e, f, 20
mm; h, i, 50 mm.
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apical cells and in the neuroepithelial end feet (Fig. 1d,e,i and
data not shown). Fgfr-1 was downregulated during development
in a pattern strikingly similar to that of Fgf2. By E17.5, Fgfr-1-like
immunoreactivity was essentially absent from the entire neuro-
epithelium except for scattered cells (Fig. 1f). By this stage and
continuing postnatally, Fgfr-1 was expressed by neurons within
the cortical plate.

To investigate whether Fgfr-1 was expressed by proliferative or
postmitotic cells of the germinal neuroepithelium, dividing cells
were labeled with 2-bromodeoxyurdine (BrdU) in vivo. After 3.5
hr of cumulative labeling, when BrdU-incorporating cells are
between S and early G1 phases (Reznikov and van der Kooy,
1995), embryos were killed, and brain sections were double-
immunostained for BrdU and Fgfr-1. Fgfr-1 immunoreactivity
was colocalized with BrdU in many proliferating cells of the PVE
(Fig. 1h,i). Thus, proliferating cells of both dorsal and basal PVE
express the Fgfr-1 gene product, suggesting that these cells should
respond directly to ligands of the Fgf family.

The volume of the dorsal PVE of Fgf22/2 mice is
decreased from early stages of neurogenesis
To understand the role that Fgf2 may play during neurogenesis,
we studied the Fgf2 knockout mouse. From E10.5 through E14.5
in mouse, the PVE can be identified using cumulative BrdU
incorporation. The PVE occupies nearly the entire width of the
cerebral wall at these early stages of neurogenesis. By E14.5, the
secondary proliferative population (SPP), which is thought to be
composed mainly of glial progenitor cells, has not yet emerged
(Takahashi et al., 1995). During this period, progenitor cells
undergo a nearly exponential expansion (Takahashi et al., 1996),
reflected by an increase in the volume of both the basal and dorsal
portions of the PVE (Fig. 2). In Fgf2 knockout mice, the volume
of the dorsal PVE was smaller compared with wild-type mice, and
the rate of increase in volume of the dorsal PVE was slower over
the initial stages of neurogenesis (Fig. 2). There was a significant
effect of genotype on volume across the ages examined (E10.5–
E12.5) (F 5 13.5; p , 0.01, ANOVA). Conversely, the volume of
the basal PVE did not differ between Fgf2 null mutant and

wild-type mice (F 5 0.17; p 5 0.68) (Fig. 2). These data suggest
that Fgf2 may be necessary for the normal morphogenesis of the
dorsal but not the basal telencephalon.

Interestingly, the impact of the Fgf2 gene mutation on the
volume of the dorsal PVE was greatest at the earliest time point
examined. The dorsal PVE of Fgf2 knockout embryos was 41, 35,
and 29% smaller at E10.5, E11.5, and E12.5, respectively, as
compared with wild-type mice (Fig. 2).

Fgf2 regulates cell division within the dorsal PVE
A possible mechanism for the early decrease in PVE volume is
that the lack of Fgf2 affects the size of the founder population at
the start of cortical neurogenesis. For example, Fgf2 may act on
the mechanisms that allocate progenitor cells to distinct fates.
Alternatively, Fgf2 may regulate cell division within the dorsal
telencephalic neuroepithelium. To investigate these possibilities,
we first determined whether the decrease in volume of the dorsal
PVE in Fgf2 null mutant mice was caused by a change in cell
number. Second, we estimated the number and density of both
dividing and nondividing cells within the dorsal PVE of Fgf22/2
and Fgf21/1 mice. If the main action of Fgf2 is to regulate the
allocation of cell fates within the telencephalon, we expected no
change in the proportion of proliferating cells in Fgf2 null mutant
mice.

Wild-type mice had a total of 6.88 6 1.45 3 105 cells in the
dorsal PVE at the beginning of neurogenesis (E10.5). In contrast,
Fgf2 null mutant mice began neurogenesis with only 3.08 6
0.42 3 10 5 cells in the dorsal PVE, ;50% fewer cells than in
wild-type mice (see Fig. 4). The overall effect of genotype on cell
number was highly significant (F 5 6.7; p , 0.01). For both
wild-type and mutant mice, the initial cell number increased
nearly exponentially over the first 24 hr of neurogenesis, consis-
tent with an initial duration of the cell cycle of ;8 hr (Takahashi
et al., 1995) (Fig. 3). However, the slope of the curve describing
the rate of increase in cell number was 889 3 105 cells per day for
wild-type embryos and 630 3 10 5 cells per day for Fgf2 null
mutant embryos. This difference suggests that the initial rate of
increase in cell number within the PVE is slower in mutant

Figure 2. Decrease in PVE size in
Fgf22/2 mice. Estimation of dorsal and
basal PVE volumes for Fgf22/2 mutant
and wild-type littermate mice. Embryos
were harvested at the indicated stages after
the entire proliferative population was la-
beled with cumulative BrdU injections.
Volumes were determined by the Cavalieri
method using serial sections immuno-
stained for BrdU and counterstained with
cresyl violet.
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embryos lacking Fgf2. Thus, in the neuroepithelium of Fgf2
knockout embryos, not only is the initial number of cells smaller,
but there is a reduced amplification of neuroepithelial cell num-
ber during the first phase of neurogenesis.

To determine whether cell proliferation is altered by the ab-
sence of Fgf2, we performed a separate analysis for proliferating
and nonproliferating cells within the PVE of control and mutant
mice. Both the density (Table 1) and number (Table 2) of prolif-
erating cells were consistently decreased in Fgf2 mutant mice.
The most dramatic change was observed at E10.5, when prolifer-
ating cells of the dorsal PVE showed a 60% decrease in number for
Fgf22/2 mice compared with wild-type embryos. Proliferating
cells decreased by 45 and 40%, respectively, at E11.5 and E12.5 in
Fgf2 null mutants compared with wild-type mice (Table 2).

Conversely, nonproliferating cells within the PVE were not
consistently changed in Fgf2 knockout mice. The density of
nonproliferating cells was significantly increased in Fgf2 null
mutants, whereas their number was not significantly affected
(Tables 1, 2). By ANOVA, there was a significant interaction
between the effect of genotype and cell type (proliferating/non-
proliferating) (see legends of Tables 1 and 2). The main effect of
genotype on cell number was entirely attributable to an effect on
proliferating cells. As a result of these changes, the proportion of
proliferating cells, or the growth fraction, was decreased in Fgf2
knockouts. For asynchronously dividing cells such as the PVE,

the growth fraction is calculated by assessing the proportion of
cells incorporating BrdU after a suitable labeling period (t ..
Tc 2 Ts). As summarized in Table 3, the growth fraction was
decreased for E10.5 and E11.5, whereas it was not changed for
E12.5 and E15.5 in null mutant animals versus wild-type mice.

In summary, our results show that the absence of Fgf2 lowers
the number of cell divisions within the cortical neuroepithelium.
This is attributable to a lower pool of cortical progenitors, which
affects the size of the dorsal telencephalon, and to an alteration in
their proliferation. These changes alter the course of early corti-
cal neurogenesis.

Regionally specific neurogenetic defects in Fgf2
knockout mice
To find out whether the decrease in the proliferative pool pro-
duces a defect in the total neuronal output of the PVE, we
estimated the number of neurons at the end of neurogenesis in
both the cortex and striatum. Mice were analyzed between P1 and
P3, a time at which neurons have completed their migration to the
cortical plate. Neurons were identified by immunostaining with
NeuN, one of the earliest markers for terminally differentiated
neurons. In wild-type mice, the total number of NeuN-positive
neurons in the cerebral cortex at birth was 14.25 million per
hemisphere (Table 4), as compared with 7.07 million per hemi-
sphere in the adult (Vaccarino et al., 1999a). Thus, the number of
cortical neurons, phenotypically identified using NeuN, was twice
as great at P1 than at maturity. These data allow us to estimate
that normally 50% of cortical neurons will die during the major
phase of programmed cell death in the early postnatal period.

The number of cortical neurons in Fgf2 null mutant mice at
birth was 7.71 million per hemisphere, a 46% decrease with
respect to their littermate controls. To verify whether this result
was caused by a decrease in neuron number versus a lower NeuN
immunoreactivity, the total number of cresyl violet-stained cells
in the cerebral cortex was counted in two animals. Total cortical
cell number was estimated to be 15.7 million in the wild-type
mouse and 9.94 million in the Fgf2 knockout, a 37% decrease. A
similar percentage of cortical neurons was missing in adult
Fgf22/2 mice (25–48%, depending on how the cells are identi-
fied) (Vaccarino et al., 1999a), suggesting that the cortical neuron
reduction in Fgf null mutants is already present at birth. Con-
versely, the number of neurons contained within the caudate/
putamen, a major subdivision of the basal ganglia, was not
changed in Fgf2 knockout mice (Table 4). Thus, the effects of a
loss of Fgf2 on neuronal number appear to be regionally specific.
The presence of Fgfr-1 immunoreactivity in the basal PVE sug-
gests that this receptor may play a separate role in the develop-
ment of the basal ganglia independent of Fgf2.

The microscopic examination of the NeuN-stained sections
revealed that the cortical cytoarchitecture of Fgf2 null mutants
was markedly different than that of wild-type mice (Fig. 4a,b). In
the wild-type cortex there was a variation in neuron size and
density between upper and lower cortical layers. Neurons of the
upper layers are smaller and more densely packed compared with
layer 5 and 6 neurons, which are typically less densely aggregated,
are larger on average, and frequently exhibit a pyramidal mor-
phology (Fig. 4a, arrows). In Fgf2 knockout mice, the upper
cortical layers appeared morphologically similar to wild type, but
the lower cortical layers were even more sparsely packed than
these layers in the wild-type mice. In addition, Fgf2 knockouts
had very few large pyramidal-shaped neurons (Fig. 4b). This

Figure 3. The rate of increase in cell number within the PVE is lower in
Fgf2 knockout embryos. Shown is a plot of cell number as a function of
age in the dorsal portion of the PVE during the initial stages of neuro-
genesis. Cell number was assessed by stereological analyses in Fgf2 null
mutant (Fgf2 2/2) and wild-type (wt) littermates. Curve fitting yielded
the equations y 5 317 1 888 z x for wild type and y 5 78 1 630 z x for
Fgf22/2; R 2 was 0.98 and 0.95, respectively. Cell number was signifi-
cantly different between genotypes by ANOVA (F 5 6.7; p , 0.01).
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phenotype was prominent in the frontal cortex, and similar results
were noted, but less prominently, in the parietal cortex.

The absence of Fgf2 does not affect programmed cell
death (apoptosis) during corticogenesis
One explanation for the decrease in the progenitor cell pool may
be an increase in apoptosis of precursor cells caused by the lack
of trophic support normally provided by the Fgf2 protein. Addi-
tionally, Fgf2 null mutant mice may fail to attain the number of
cortical neurons present in wild-type mice because migrating
neurons die before or shortly after reaching the cortical plate.
Since it has been suggested that Fgf2 may be necessary for
neuronal migration (Dono et al., 1998), one possibility is that
massive neuronal apoptosis occurs in connection with defective
cell migration in the IZ. To investigate these possibilities, we
examined ongoing cell death in the embryonic PVE, the IZ, and
the cortical plate by the TUNEL assay. Experiments were per-
formed in sections from the brains of the same mutant and
wild-type mice that were used for the estimation of morphometric
parameters. Embryos were examined at E10.5, E11.5, E12.5, and
E15.5. By E15.5, the earliest born neurons (layers I, VI and part
of V) already populate the cortical plate, and massive neuronal
migration occurs in the IZ.

At E10.5–E11.5, apoptotic cells were visualized in the superfi-
cial ectoderm, mesoderm, and frontonasal mesenchime of all the

mice examined. Numerous apoptotic cells were present in the
neuroepithelium in the dorsal midline (lamina terminalis) and in
the prospective hippocampus (data not shown). In the dorsolat-
eral telencephalon (the prospective cerebral cortex), however, the
number of dying cells was a small percentage of the total popu-
lation. The distribution of apoptotic cells confirms other results
obtained with either the TUNEL technique or in situ caspase-3
activation (Thomaidou et al., 1997; Kuan et al., 1999). No differ-
ence in the number of apoptotic cells was present between
Fgf22/2 mice and wild-type littermates (Fig. 5a,b). At E15.5,
scattered apoptotic cells could still be visualized within the PVE
(Fig. 5c, arrowhead), and again no difference was noted among
control and mutant embryos. No apoptotic cells were visualized
in the developing intermediate zone and cortical plate of either
wild-type or Fgf2 null mutant mice (Fig. 5c,d). Conversely, nu-
merous dying cells were present in the skin, the meninges, and the
mesenchime, as well as in the endothelium lining the nose and the
oral cavity (Fig. 5c,f). Thus, the TUNEL assay was sensitive
enough to detect apoptotic cells, yet young neurons did not
appear to die as a result of the lack of Fgf2. Note that at E15.5
there was a marked reduction in the thickness of all the layers in
the emerging cortical wall in Fgf2 knockout mice (Fig. 5c,d).

DISCUSSION
These studies demonstrate that the Fgf2 gene is required for the
normal proliferation of a subset of cortical progenitor cells during
embryonic development and for the generation of cortical neu-
rons during neurogenesis. We show that Fgf2 null mutant mice
have a lower number of proliferative cells during early stages of
corticogenesis and slower kinetics of increase in volume and cell
number within the PVE. These changes result in a prominent
decrease in the number of neurons within the cerebral cortex by
the end of neurogenesis. Conversely, the basal ganglia are not
affected by the Fgf2 null mutation, either during early embryo-
genesis or in the postnatal period.

Table 3. Growth fraction (6 SEM)

E10.5 E11.5 E12.5 E15.5

Wild type 0.87 6 0.007 0.88 6 0.007 0.89 6 0.03 0.91 6 0.02
Fgf22/2 0.77 6 0.003 0.72 6 0.03 0.84 6 0.02 0.89 6 0.02
% of wild type 89 83 94 98

The growth fraction was estimated by calculating the proportion of BrdU-positive
nuclei with respect to total nuclei for each genotype. This estimation was based on
a systematic random sampling of cells within the neuroepithelium in serial sections
encompassing the whole extent of the dorsal PVE.

Table 1. Cell density (104 cells/mm3 6 SEM) in the dorsal neuroepithelium (PVE) of Fgf2 null mutant mice

Genotype

Nondividing cells Dividing cells

E10.5 E11.5 E12.5 E10.5 E11.5 E12.5

Wild type 84.6 6 5.7 119 6 9.0 85.7 6 27.2 559 6 6.3 842 6 26.5 713 6 11.8
Fgf22/2 116 6 12.2 286 6 83.7 112 6 13.5 392 6 20.4 747 6 95.1 607 6 57.8
% of wild type 137 240 131 70 89 85

Litters produced by crossing heterozygous parents were treated with BrdU in vivo at the indicated stages of development. Embryos were collected after an appropriate length
of cumulative BrdU treatment (t 5 Tc 2 Ts) estimated to label all proliferating cells and subjected to stereological analyses. BrdU-labeled (dividing) and unlabeled
(nondividing) cells were separately counted within the dorsal neuroepithelium in a systematically random manner using the optical disector. By ANOVA, there was a significant
interaction of genotype with cell type (F 5 14.8; p , 0.001). No significant interactions between genotype and age were found. Post hoc analyses revealed that the density
of nondividing cells was significantly increased (p , 0.05), and the density of dividing cells was significantly decreased (p , 0.01) in Fgf2 knockout mice versus wild types
(Sheffe’s post hoc tests).

Table 2. Cell number (104 cells 6 SEM) in the dorsal neuroepithelium (PVE) of Fgf2 null mutant mice

Genotype

Nondividing cells Dividing cells

E10.5 E11.5 E12.5 E10.5 E11.5 E12.5

Wild type 9.3 6 2.5 22.6 6 4.6 25.3 6 7.1 59.6 6 12.0 157 6 23.5 221 6 19.9
Fgf22/2 6.9 6 0.71 31.8 6 0.4 24.9 6 4.1 24.0 6 4.0 87.2 6 3.8 132 6 9.3
% of wild type 74 141 98 40 55 60

For embryos treated with BrdU as in Table 1, cell densities (Table 1) were corrected by their respective PVE volumes (Fig. 2) to obtain estimates for total cell number within
the dorsal PVE. By ANOVA, there was a significant effect of genotype on cell number (F 5 64.7; p , 0.01) and a significant interaction of genotype with cell type (F 5 64.7;
p , 0.0001). No significant interaction between genotype and age was found. Post hoc analyses (Sheffe’s) revealed that there was no effect of genotype on nondividing cells
(p 5 0.84) and a highly significantly decrease (p , 0.001) of dividing cells in Fgf2 knockout mice.
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Fgf2 expression is most prominent within the dorsal
PVE and at the earliest stages of neurogenesis
We show that the Fgf2 protein is expressed in both the cytoplasm
and nuclei of cells throughout the thickness of the PVE at the
beginning of neurogenesis, mirroring the distribution of Fgf2
mRNA at corresponding stages of development (Vaccarino et al.,
1999a,b). The Fgf2 protein is particularly abundant within apical
cells. This pattern of expression may be coupled to the cell cycle
or may be caused by a paracrine uptake of Fgf2 from adjacent
cells or the cerebrospinal fluid (Fig. 6). Some studies have failed
to detect the Fgf2 gene product during CNS development (Eck-
enstein et al., 1994; Kuzis et al., 1995), which may be attributable
to the transient nature of Fgf2 expression. Remarkably, the Fgf2
protein is downregulated within the PVE by midneurogenesis
and is virtually absent near the end of neurogenesis. A similar
downregulation exists for the Fgf2 mRNA (Vaccarino et al.,
1999a). Furthermore, both Fgfr-1 message (Vaccarino et al.,
1999a) and protein (this study) decline over the neurogenetic
period within the PVE. The factors that drive the joint down-
regulation of Fgf2 and Fgfr-1 during neuronal development are
currently unknown. Neuronal progenitors and stem cells require
Fgf2 to self-regenerate and maintain their undifferentiated state
in vitro (Ray et al., 1993; Ray and Gage, 1994; Vaccarino et al.,
1995; Kalyani et al., 1997; Mayer-Proeschel et al., 1997). Hence, it
is possible that the natural decline in Fgf2/Fgfr-1 expression may
be permissive for the differentiation of neuronal progenitors
during corticogenesis. Alternatively, this decline in Fgf2/Fgfr-1
expression may reflect a natural evolution in the relative role of
molecules governing cell proliferation and fate within the PVE
(Ciccolini and Svendsen, 1998; Tropepe et al., 1999). The nature
of the cells adjacent to the ventricular surface that maintain high
Fgf2 expression during this period is presently unknown.

Fgf2 null mutant mice have fewer proliferating cells
within the cortical neuroepithelium
To determine what role, if any, Fgf2 plays in telencephalic pro-
genitors, we analyzed the growth dynamics of the embryonic
neuroepithelium in the absence of the Fgf2 gene product. We
found a decrease in the size of the dorsal PVE, but not of the
basal PVE, in Fgf2 knockout embryos. These data suggest that
Fgf2 is required for the normal morphogenesis of the cerebral
cortex, whereas it may not be crucially involved in the develop-
ment of the basal ganglia.

The decrease in volume of the dorsal PVE is attributable to a
smaller number of founder cells at the start of neurogenesis
(E10.5) in Fgf2 knockout embryos. This leads to a reduced
expansion of the progenitor population, which is confirmed by the

slower accretion of cells within the PVE progenitor pool over the
first few days of neurogenesis (Fig. 3). Eventually, these changes
lead to a decrease in the number of cortical neurons at birth (see
below). Because there are no changes in the length of the cell
cycle in the dorsal PVE of Fgf2 knockout mice at E10.5 but there
is a lower proportion of proliferative cells with respect to the total
pool (growth fraction) (Vaccarino et al., 1999a), cortical progen-
itor cells may be more likely to enter a quiescent state in the
absence of Fgf2.

Our data clearly indicate that only ;50% of cells within the
dorsal PVE require Fgf2; indeed, it has been suggested that
cortical progenitors are heterogeneous with respect to their pro-
liferative kinetics, cell fate, and sensitivity to growth factors
(Acklin and van der Kooy, 1993; Vaccarino et al., 1995). Alter-
natively, different Fgf family members may be available to neu-
ronal progenitors depending on local differences in the cell
microenvironment.

A possible mechanism accounting for the decrease in dorsal
PVE cell number is an increase in cell death. Cell death is
increasingly recognized as a possible fate for proliferating neu-
roblasts (Morshead and van der Kooy, 1992; Blaschke et al., 1996;
Blaschke et al., 1998). Hence, the observed decrease in size of the
progenitor pool in the absence of Fgf2 could be attributable to
Fgf2 enhancing the survival of progenitor cells. However, we
were unable to find any change in the level of cell death in Fgf2
null mutant mice, in either the neuroepithelium or postmitotic
layers. Although it is still possible that Fgf2 affects the survival of
a small population of progenitor cells undetectable with the

Figure 4. Cerebral cortical neurons in newborn FGF22/2 mice. Shown
is NeuN immunostaining in the frontal cortex of wild-type (a) and
FGF22/2 mice (b) at P1. The bar at lef t indicates the boundary between
supragranular and infragranular layers. Note the prominent nuclear stain-
ing of large, pyramidal-shaped cells in layer 5/6 (arrows) in wild-type mice
that is absent in FGF22/2 mice. No difference in neuronal number is
apparent in upper layers. Pial side is at the top. Scale bar, 100 mm.

Table 4. Neuronal number (million cells 6 SEM) in the developing
cortical plate of Fgf2 null mutant mice

Cerebral cortex Basal ganglia

Wild type 14.25 6 2.3 2.4 6 0.45
Fgf22/2 7.71 6 0.73** 2.8 6 0.71
% of wild type 54 117

Mice (n 5 4 wild type and 4 Fgf2 knockout) were analyzed at P1–P3. The number
of postmitotic neurons was assessed within the cortical plate by stereological analyses
after NeuN immunostaining. Values are for half hemisphere. By ANOVA, there was
a significant effect of genotype on cell number (F 5 6.9; p , 0.05) and a significant
interaction of genotype with brain region (F 5 9.07; p , 0.01). Post hoc analyses
revealed that the number of neurons was significantly decreased in Fgf2 knockout
mice versus wild types in the cerebral cortex only (* p , 0.01, Sheffe’s post hoc tests).
No significant difference was present between values for P1 and P3.
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current techniques, the impact of such an effect for the overall
phenotype is likely to be small.

Fgf2 regulates the number of cortical neurons
generated within the dorsal
telencephalic neuroepithelium
To determine whether the proliferative defects within the dorsal
PVE decrease neurogenesis in Fgf2 knockout mice, we estimated
the total number of cerebral cortical neurons at P1, after the
completion of neurogenesis. Neonatal Fgf22/2 mice had a
;50% decrease in neuron number in the cortical plate compared
with wild-type mice. We previously determined that Fgf22/2
mice have a 25–48% decrease in the total number of neurons in
the mature cerebral cortex (Vaccarino et al., 1999a). Together,
these data suggest that a reduction in cortical neurons comparable
to that found in the adult is already present by the end of
neurogenesis in Fgf2 knockout mice and that decreased neuro-
genesis is the most likely explanation for the Fgf22/2 cortical
phenotype. These data lead us to conclude that despite its potent
survival effects in vitro (Walicke, 1988), Fgf2 is not essential for
postnatal neuronal survival, at least under basal conditions. First,
if Fgf2 were required to prevent neuronal death in vivo, Fgf2 null
mice should display a more profound cortical neuron loss in
adulthood than at birth. Second, there is actually less postnatal

cell death in Fgf2 knockout mice than in wild-type mice. As
NeuN-positive cells are 8.8 and 5.4 million in adult wild-type and
Fgf2 knockout mice, respectively (Vaccarino et al., 1999a), the
number of NeuN-positive neurons that die between birth and
adulthood is ;7 million cells in wild-type mice and 2.3 million in
Fgf2 knockout mice, which represent 50 and 30%, respectively, of
the neurons that are born. This effect may represent an indirect
compensatory phenomenon for the decreased generation of cor-
tical neurons in Fgf2 knockout mice.

Fgf2 and Egf play different roles in cortical development.
There are no abnormalities in the cerebral cortex of Egfr mutant
mice at birth, but cortical neurons die progressively, and the
rostral portion of the cerebral cortex degenerates beginning at P4
(Sibilia and Wagner, 1995; Sibilia et al., 1998). Thus, Egfr is not
required for cortical morphogenesis but is essential for neuronal
survival during postnatal stages of development.

In Ffgf2 knockout mice the proliferative population of the
PVE is 40% of the wild type at the beginning of neurogenesis
(E10.5). Thus, one might expect that in the absence of any
compensatory phenomenon the number of neurons in the cortical
plate would also be 40% of wild type. Instead, the number of
cortical neurons of Fgf22/2 mice is 54% of wild type at the
completion of neurogenesis, 30% larger than expected. These

Figure 5. Apoptosis during forebrain
development in wild-type and Fgf22/2
mice. Shown is TUNEL assay in para-
sagittal sections from wild-type (a, c, e,
f ) and Fgf22/2 (b, d) mice counter-
stained with methyl green. Apoptotic
cells (brown) are indicated by arrow-
heads, and arrows point to migrating
neurons in the intermediate zone. Age
is indicated above the panels. e is a pos-
itive control treated with DNase, and f
shows the nasal cavity with apoptotic
cells at the tips of the nasal turbinates
and in the endothelium of the tongue.
The ventricular surface is at the bottom.
pve, Pseudostratified ventricular epithe-
lium; iz, intermediate zone; cp, cortical
plate; mz, marginal zone; e, epidermis.
Scale bars:, a–e, 100 mm; f, 200 mm.
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data suggest that some compensatory mechanism has partially
corrected for what might otherwise have been a much larger
difference in size. We observed (Table 2) that the number of
proliferative cells in the dorsal PVE is 40% of wild type at E10.5,
but rises to 55 and 60% of wild type at E11.5 and E12.5, respec-
tively. In the absence of any compensatory adjustment, we would
have expected that at E12.5 the number of proliferative cells
would have remained 40% of wild type, thus the rise to 60% of
wild type is 50% larger than expected. This indicates that be-
tween E10.5 and E12.5 more cells remain in the proliferative
population to compensate for the initial loss in the progenitor
pool and that the abnormalities in cell proliferation of Fgf2 null
mutant mice are partially compensated for between E10.5 and
E12.5. In the wild-type mouse, this 48 hr period is enough for five
cell cycles (Takahashi et al., 1999). Because the kinetics of the cell
cycle and the proportion of cell death do not appear to be
changed in Fgf2 null mutants (Vaccarino et al., 1999a; and this
study), we suggest that the mechanism of this partial compensa-
tion is a relative decrease in the rate of ascent of the Q fraction
for the progenitors that remain in the mutant PVE. The molec-
ular events that may account for this change include the emer-
gence of progenitor cells responding to other growth factors,
including other Fgfs, or a change in level or responsiveness to cell
cycle inhibitors. Other compensatory events enacted by the
Fgf22/2 mutation may be represented by a prolongation of the
time of neurogenesis and cell migration (see below). In conclu-
sion, our results suggest that the processes controlling neurogen-
esis possess some degree of inherent flexibility, where the re-
moval of one regulatory molecule may trigger counterbalancing
influences that serve to maintain proliferation within the embry-
onic neuroepithelium.

In addition to a change in the dynamics of cell proliferation, a
partial compensation for the cortical cell loss in Fgf2 null mutant
mice is likely to be provided by the migration of another class of
neurons from the basal ganglia. Cortical interneurons originate
from precursors within the ganglionic eminence and migrate to
the cerebral cortex as early as E12.5. During their migration they
navigate through the intermediate zone or the marginal layer
(Anderson et al., 1997a; Pearlman, 1998; Lavdas et al., 1999).
Because Fgf2 is not required for neurogenesis within the basal
ganglia, interneuron migration to the cortex should be preserved
in Fgf22/2 mice. Confirming this suggestion, we observed that
large, pyramidal-type neurons were most notably missing in Fgf2
knockout mice, whereas small neurons were preserved (Fig. 4).
GABAergic interneurons and glutamatergic projection neurons
are one-third and two-thirds, respectively, of all cortical neurons
(Jones and Peters, 1984; Vaccarino et al., 1999a). Assuming that
most cortical GABAergic cells are contributed from the embry-
onic basal ganglia, we estimate that we would have ;14.25–
4.25 5 9.5 million projection neurons in wild types and 7.71–
4.25 5 2.96 million projection in Fgf2 knockout at P1. Thus,
under the above assumptions, the actual depletion of cortical
projection neurons contributed by the dorsal PVE in Fgf2 null
mutant mice would be in the range of 70%.

Adult Fgf22/2 mice have a 40% decrease in the number of
glial cells. The generation of glial cells begins in the later portion
of neurogenesis in the SPP and continues in the postnatal period.
Because the SPP is seeded from progenitors originating from the
PVE, there are likely to be abnormalities in the SPP as well in
Fgf22/2 mutants.

There are examples of gene knockouts where the degree
(Sibilia and Wagner, 1995; Bonyadi et al., 1997; Suda et al., 1997;

Nakao et al., 1998) or presence (LeCouter et al., 1998; Mc-
Namara et al., 1998) of phenotypic alterations depends on the
genetic background. This variable penetrance may be attributable
to modifier genes that have epistatic relationships with the mu-
tated locus, or to genes linked to the targeted locus (Gerlai, 1996).

Figure 6. Model of the possible relationships between Fgf2 availability
and cell cycle events. A, Salt-and-pepper appearance of Fgf2 mRNA in
the early PVE (Vaccarino et al., 1999a), suggesting that cell-to-cell
variability in internal sources of Fgf2 may represent a primary factor
governing Fgf2 exposure within these cells and their neighbors. B, At later
stages of development, Fgf2 is downregulated within the PVE except for
the cells close to the apical surface. The interkinetic nuclear movement
coupled to the cell cycle is shown in relation to the hypothesized action
of Fgf2. In a subset of progenitor cells, Fgf2 is necessary in early G1 to
promote commitment to a subsequent cell cycle (DeHamer et al., 1994).
During early G1, cells are also close to the ventricular surface, which
could be a source of Fgf2 protein. Fgf2 may be released into the CSF by
PVE cells or by cells of the choroid plexus, which contain high amounts
of Fgf2. The increased nuclear shading represents the association of Fgf
ligands with the nucleus, also occurring during the G1 phase (Zhan et al.,
1993; Prudovsky et al., 1994).
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To minimize the likelihood that differences detected among
Fgf21/1 and Fgf22/2 are attributable to the effect of genetic
variation, we have quantitatively analyzed a large number of
animals. If the Fgf22/2 phenotype were caused by genetic vari-
ation, statistical significance should have decreased with an in-
crease in the number of animals analyzed. Furthermore, the
cerebral cortical abnormalities are not restricted to the Fgf2
knockout strain used in our studies (129Sv: Black Swiss) but also
involve the 129Sv:C57BL/6strain (Ortega et al., 1998) (our un-
published observations). However, because both 129Sv: Black
Swiss and 129Sv:C57BL/6 are mixed strains containing portions
of the 125Sv genome, it will be important to transfer the Fgf2
mutation in a homogeneous genetic background to fully under-
stand the implications of Fgf2 for cortical development.

Fgf2 and cell differentiation
Previous in vitro data suggested that Fgf2 induces progenitor cells
to undergo additional mitoses (Bogler et al., 1990; McKinnon et
al., 1990; Kilpatrick and Bartlett, 1993; DeHamer et al., 1994;
Bouvier and Mytilineou, 1995; Vaccarino et al., 1995; Cavanagh
et al., 1997). Because cells normally differentiate after they have
undergone their last mitotic cycle, Fgf2 may also influence the
timing of cell differentiation. The present work in vivo shows that
this action may apply to a subset of progenitor cells, representing
;50% of the cortical progenitor cell pool at E10.5. We propose
that high levels of Fgfs would initially inhibit cell differentiation,
allowing the expansion of this particular subset of neuronal pro-
genitors. The decline in Fgf expression indeed parallels the rise in
the Q fraction, which is the fraction of cells that exit the cycle
during neurogenesis (Takahashi et al., 1996).

In primary neuronal cultures, Fgf2 has been reported to in-
crease neuronal differentiation (Murphy et al., 1990; Vicario-
Abejon et al., 1995). To our knowledge, there is no direct evi-
dence for a specific effect of Fgf2 on the process of cell
differentiation. If Fgf2 normally enhances neuronal differentia-
tion, we would have predicted an increase in progenitor cell
number in Fgf2 knockout mice. In some cases, previous exposure
to Fgf2 may be required for optimal response to differentiation-
inducing factors in vitro (Murphy et al., 1994; Pincus et al., 1998).
These effects on neuron number can be explained if Fgf2 were
adding cell cycles within a committed neurogenic program. The
number of cell cycles for a given progenitor lineage, which we may
call the lineage “age,” is coded within the PVE by the length of
the G1 phase of the cell cycle (Miyama et al., 1997). The age of
lineages influences their competence to differentiate into specific
cell fates (McConnell and Kaznowski, 1991; Frantz and McCo-
nnell, 1996). One determinant of age of lineages may be Fgf2.
Exposure to Fgf2 is conditioned by Fgf2 synthesis and the pos-
sible availability of Fgf2 through paracrine cell-to-cell signaling
or the CSF (for a model, see Fig. 6). We have previously shown
that Fgf2 uptake from the CSF via intraventricular microinjection
is a potent mitogenic stimulus for cortical progenitor cells (Vac-
carino et al., 1999a). Fgf uptake and binding by apical cells may
result in the translocation of ligand/receptor complexes to a
nuclear locale, which has been shown to be necessary for the cell
cycle reentry (Zhan et al., 1993; Prudovsky et al., 1994). During
earlier development, the more widespread availability of Fgf2,
synthesized within the entire depth of the PVE, would not
restrict Fgf2 availability to apical cells.

Conclusion
In the absence of Fgf2, mice lack a substantial portion of cortical
neurons, most likely representing projection neurons. Although

the transmitter specificity of these cortical cells remains to be
determined, these mice are likely to have alterations in cortical
circuitry and may be cognitively impaired. Functional and behav-
ioral examination of these mice may shed light on the correlation
between cerebral cortical structure and aspects of cognition.
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