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Mounting evidence indicates that extracellular factors exert
proliferative effects on neurogenetic precursors in vivo. Re-
cently we found that systemic levels of basic fibroblast growth
factor (bFGF) regulate neurogenesis in the brain of newborn
rats, with factors apparently crossing the blood–brain barrier
(BBB) to stimulate mitosis. To determine whether peripheral
bFGF affects proliferation during adulthood, we focused on
regions in which neurogenesis persists into maturity, the hip-
pocampus and the forebrain subventricular zone (SVZ). In post-
natal day 1 (P1) rats, 8 hr after subcutaneous injection (5 ng/gm
body weight), bFGF increased [3H]thymidine incorporation
70% in hippocampal and SVZ homogenates and elicited two-
fold increases in mitotic nuclei in the dentate gyrus and the
dorsolateral SVZ, detected by bromodeoxyuridine immunohis-
tochemistry. Because ;25% of proliferating hippocampal cells
stimulated in vivo expressed neuronal traits in culture, bFGF-
induced mitosis may reflect increased neurogenesis. bFGF ef-
fects were not restricted to the perinatal period; hippocampal

DNA synthesis was stimulated by peripheral factor in older
animals (P7–P21), indicating the persistence of bFGF-
responsive cells and activity of peripheral bFGF into late devel-
opment. To begin defining underlying mechanisms, pharmaco-
kinetic studies were performed in P28 rats; bFGF transferred
from plasma to CSF rapidly, levels rising in both compartments
in parallel, indicating that peripheral factor crosses the BBB
during maturity. Consequently, we tested bFGF in adults; pe-
ripheral bFGF increased the number of mitotic nuclei threefold
in the SVZ and olfactory tract, regions exhibiting persistent
neurogenesis. Our observations suggest that bFGF regulates
ongoing neurogenesis via a unique, endocrine-like pathway,
potentially coordinating neuron number and body growth, and
potentially providing new approaches for treating damaged
brain during development and adulthood.
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Proper functioning of neural systems requires coordinating neu-
ronal numbers to target cell requirements. Traditionally, control
of neuron number has been considered a late developmental
process; after production of “excess” cells during neurogenesis,
targets “select” neurons for survival from postmitotic pools by
providing limiting trophic support (Purves, 1988; Oppenheim,
1991). Target tissues and their growth factors had no apparent
effects on precursor proliferation in classical studies (Prestige,
1967; Hollyday and Hamburger, 1976; Carr and Simpson, 1978),
leading to the perception that neurogenesis was unresponsive to
environmental signals.

In contrast, extensive studies in culture suggest that extracel-
lular factors critically regulate proliferation (Gensburger et al.,
1987; DiCicco-Bloom and Black, 1988, 1989; DiCicco-Bloom et
al., 1990; Pincus et al., 1990; Gao et al., 1991; Ray et al., 1993).
Growth factors not only increase the fraction of cells engaged in
the cell cycle, a traditional mitogenic function, but also enhance

survival of dividing precursors that otherwise undergo naturally
occurring cell death (Drago et al., 1991; DiCicco-Bloom et al.,
1993; Pincus et al., 1994; ElShamy et al., 1996; Yaginuma et al.,
1996). Although proliferative effects of environmental signals are
well characterized in culture, less is known about functions in
vivo.

In general terms, matching neuron populations to targets con-
sists of coordinating brain size and body growth. However, the
recent identification of both neural precursors and persistent
neurogenesis in the mature brain (Gould et al., 1992; Reynolds
and Weiss, 1992; Richards et al., 1992; Lois and Alvarez-Buylla,
1993; Luskin, 1993; Cameron et al., 1995; Weiss et al., 1996;
McKay, 1997) raises the possibility that neuronal numbers are
actively synchronized throughout life. As a potential source of
synchronizing signals, can target fields provide factors to regulate
neurogenesis? To address this issue, we recently examined effects
of basic fibroblast growth factor (bFGF) (Tao et al., 1996), be-
cause it stimulates proliferation of multiple precursors in culture
(Gensburger et al., 1987; DiCicco-Bloom et al., 1990; Gao et al.,
1991; Ray et al., 1993; Vicario-Abejon et al., 1995) and cognate
receptors are expressed in regions undergoing neurogenesis in
vivo (Wanaka et al., 1991; Fayein et al., 1992; El-Husseini et al.,
1994). Peripheral injection of small doses of bFGF rapidly stim-
ulated neurogenesis in neonatal cerebellum, increasing the pro-
portion of mitotic granule cell precursors. Moreover, intact bFGF
entered brain parenchyma to stimulate mitosis, suggesting ongo-
ing communication between somatic tissue and neurogenetic re-
gions (Tao et al., 1996).
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The existence of a physiological pathway transporting periph-
eral growth factors to neurogenetic regions has significant onto-
genetic and potential therapeutic implications, especially if such
mechanisms persist into adulthood. In turn, we now focus on
hippocampal formation (or region) precursors and multipotential
neural precursor cells in forebrain subventricular zone (SVZ),
populations that continue to proliferate into maturity (Altman
and Bayer, 1990; Gould et al., 1992; Morshead and van der Kooy,
1992; Lois and Alvarez-Buylla, 1993; Luskin, 1993; Kuhn et al.,
1996; Weiss et al., 1996) and that respond to bFGF in vitro
(Richards et al., 1992; Ray et al., 1993; Vescovi et al., 1993;
Kilpatrick and Bartlett, 1995; Vicario-Abejon et al., 1995; Gritti
et al., 1996). Because changes in precursor responsiveness or a
maturing blood–brain barrier (BBB) could prevent central ac-
tions at older ages, we initially characterized bFGF actions in
neonates and then defined activity through adulthood. Our ob-
servations indicate that subcutaneous bFGF rapidly crosses the
BBB throughout life, regulating proliferation of neural precursors
during adulthood as well as development.

MATERIALS AND METHODS
Animals and treatments. Time-mated pregnant Sprague Dawley rats (Hill-
top, Scottsdale, PA) were housed individually and provided food and
water ad libitum. On the day of birth, defined as P0, litters were culled to
10–12 pups each. To start experiments, we gave pups a subcutaneous
injection (5 ng/gm body weight) of basic FGF (bovine pituitary; Collab-
orative Research, Bedford, MA) in 1 mg/ml BSA in 0.1 M PBS. Injections
were administered into the axillary subcutaneous space at a volume not
exceeding 2 ml /gm body weight. Controls received equivalent volumes of
vehicle. For higher doses of bFGF, growth factor concentration was
increased, holding injection volume constant.

Six hours after bFGF or vehicle injection, rats were given one or both
of two markers of DNA synthesis, thymidine[methyl-3H] (5 mCi/gm body
weight; Dupont NEN, Boston, MA) or bromodeoxyuridine (BrdU; 100
mg/gm body weight; Sigma, St. Louis, MO), administered subcutane-
ously. Two hours later (a total of 8 hr after bFGF injection), animals
were killed by decapitation, whole brains were excised, and tissue was
processed as described below.

For pharmacokinetic studies, young adult rats [postnatal day 28 (P28)]
received either 500 ng/gm body weight recombinant human bFGF (in
radioimmunoassay experiments; generous gift of Scios, Mountain View,
CA) or 5 mCi 125I-bFGF (.70 mCi/mg; .1200 Ci/mmol; Dupont NEN)
diluted with cold recombinant human bFGF to a final dose of 20 ng/gm
body weight (in radiolabel tracing experiments), injected subcutaneously.
At different time intervals, animals were deeply anesthetized with pen-
tobarbital, and a sample (;100 ml) of CSF was collected through a fine
needle inserted into the cisterna magna; afterward, a sample of blood
was obtained via cardiac puncture. Samples were immediately frozen on
dry ice and stored at 280°C until assay or until radioactivity was quan-
titated in a gamma-radioactivity counter.

Determination of [ 3H]thymidine incorporation. Whole P1 brains were
dissected into two regions using a dissection microscope: the hippocam-
pal region (or formation), which was removed from overlying cortex, and
the rostral forebrain, defined by blunt cuts in the coronal plane immedi-
ately rostral to the corpus striatum and caudally at the fornical junction.
In adult (P60) brains, the olfactory bulb, tract, and cerebellum were also
isolated. After meninges and surface blood vessels were removed, tissues
were stored at 280°C until use. DNA synthetic rate was evaluated using
a “percent incorporation” assay. Briefly, tissues were homogenized in at
least 10 volumes of distilled water, and an aliquot was removed for
determination of total isotope uptake. DNA was precipitated with 10%
trichloroacetic acid, sedimented by centrifugation, and washed twice by
resuspension and resedimentation, and the final pellet was dissolved and
counted along with the total homogenates in a scintillation spectrometer.
Radiolabel incorporation into DNA depends on the amount of label
taken up by the tissue; consequently, incorporation was calculated as the
fraction of total tissue uptake. Thus, experimental effects on incorpora-
tion do not result from differences in labeled precursor available but
rather reflect alterations in DNA synthesis per se. However, total tissue
uptake of radiolabel did not differ among groups at any age.

BrdU immunohistochemistry and quantitation. After treatment, adult

animals were perfused transcardially under deep anesthesia with 4%
paraformaldehyde in PBS, whereas P1 brains were fixed by immersion.
Tissues were post-fixed for 24 hr, dehydrated via graded ethanols,
cleared, (Histoclear; National Diagnostics, Atlanta, GA), and embedded
in paraffin. Brains were sectioned coronally (5 mm) in a 1:5 series,
mounted on aminopropyltriethoxysilane-coated slides, processed for
BrdU incorporation using monoclonal anti-BrdU antibody (1:50; Becton
Dickinson, Rutherford, NJ), and visualized with the Vector Laboratories
ABC immunoperoxidase kit (Burlingame, CA), using diaminobenzidine
intensified with nickel cobalt as reported previously (Tao et al., 1996).
Sections were counterstained with 0.1% basic fuschin, dehydrated,
cleared, and coverslipped with DPX mountant (Fluka, Neu-Ulm,
Germany).

In P1 animals, BrdU-labeled cells were counted in the hilar region of
the dentate gyrus (DG) (in sections extending from the caudal fornix to
the disappearance of the DG) and in the dorsolateral corner of the
forebrain SVZ (in sections extending from the anterior commissure to
the most caudal portion of the genu of the corpus callosum). In adults,
BrdU-labeled cells were counted in the SVZ and the anterior olfactory
nucleus of the olfactory tract. Every fifth section was counted, with an
average of 20 sections per region in each animal and with a minimum of
three animals in each age and treatment group. Exact section numbers
quantified are indicated in the figure legends. Because this approach
quantitates nuclear profiles, several caveats need to be considered. Any
consistent differences among groups in tissue volume, whether physio-
logical or histological, or changes in nuclear size (or shape) or density
would alter the likelihood of including a specific profile in an individual
tissue section (Coggeshall and Lekan, 1996). However, it is highly un-
likely that changes occurring within 8 hr make major contributions to
reported differences. Indeed, nuclear size is unaltered 8 hr after periph-
eral bFGF injection (Tao et al., 1996).

Cell culture and in vitro double immunocytochemistry. P1 rats were
treated with bFGF and BrdU as described above. After sacrifice, cleaned
hippocampi pooled from five to six animals in each group were incubated
in a 1% trypsin and 0.1% DNase solution (Worthington, Freehold, NJ)
for 3 min and dissociated in 0.05% DNase in DMEM by trituration
through graded-bore fire-polished pipettes. After pelleting, cells were
filtered through 30 mm nylon mesh (Tetko, Elmsford, NY), resuspended,
and plated (10 5 cells/dish) onto poly-D-lysine–coated (0.1 mg/ml) 35 mm
culture dishes in defined medium (DiCicco-Bloom et al., 1993; Tao et al.,
1996) supplemented with 5% (v/v) heat-inactivated fetal bovine serum.
Cultured cells were incubated for 48 hr and fixed with 4% paraformal-
dehyde for 30 min for immunocytochemistry.

To characterize the phenotype of the mitotic population, we sequen-
tially stained cultured hippocampal cells for the cell type-specific marker
and BrdU incorporation. In brief, sister cultures were incubated with one
of three antibodies: mouse anti-b-tubulin class III neuron-specific isotype
(clone TuJ1; 1:400; Dr. A. Frankfurter, University of Virginia, Char-
lottesville, VA), rabbit anti-MAP-2 (1:1000; Dr. I. Fischer, Medical
College of Philadelphia, Philadelphia, PA), or rabbit anti-GFAP (1:1000;
Dako, Carpinteria, CA). After washing, cultures were incubated for 1–3
hr with appropriate secondary antibodies (1:100; Texas Red–conjugated
horse anti-mouse or goat anti-rabbit; Vector Laboratories). Cultures
were post-fixed in 4% paraformaldehyde and processed for BrdU as
described above, except that no trypsin incubation was performed and
BrdU immunoreactivity was visualized using a FITC-conjugated second-
ary antibody (1:200; Vector Laboratories). This order of staining resulted
in little to no cross-reactivity between either primary or secondary
antibodies, determined by appropriate control procedures (e.g., leaving
out either primary antibody or Texas Red secondary). Single- and
double-fluorescent populations were collected from at least 100 BrdU-
positive cells counted in each of four dishes in each treatment group
obtained from two independent experiments, using a Leitz dual-
fluorescence microscope (Wetzlar, Germany) at 4003 magnification.

bFGF radioimmunoassay. bFGF levels were assayed in CSF and
plasma using a radioimmunoassay technique. In brief, triplicate experi-
mental samples were incubated with 0.01 mCi of 125I-bFGF (Dupont
NEN) and 0.075 mg of polyclonal anti-bFGF antibody (R & D Systems,
Minneapolis, MN) in a total volume of 300 ml of PBS with 2 mg/ml BSA
overnight at 4°. The bound fraction was collected by incubating samples
with an equal volume of 1% (w/v) protein-A–conjugated Sepharose
beads (Pharmacia, Piscataway, NJ) for 2 hr at room temperature with
agitation. The beads were then pelleted and washed, and radioactivity
was quantitated. A standard curve was generated in parallel, using a 1:1
dilution series of bFGF, from 6.25 pg to 12.8 ng per tube. The standard
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curve was linearly fitted, with an average detection limit of ;10 pg/tube.
Specificity of the assay was verified by incubating samples with excess
amounts of acidic (a)FGF, FGF-4, -6, or keratinocyte growth factor;
none of these affected assay sensitivity.

Data analysis. Data are reported as means and SEM. For each variable,
initial statistical comparisons were performed by a global ANOVA, with
the multiple factors of treatment (vehicle vs bFGF) and region, age,
anatomical gradient, and/or dose; if significant interactions between
treatment and any other variable existed, data were further divided into
separate regions, ages, anatomical zones, or dose groups. Fisher’s pro-
tected least significant difference was used post hoc to identify specific
points at which the bFGF group differed from controls only when
significant interactions between factor treatment and other variables
(region, dose, etc.) occurred. Significance for all tests was assumed at the
level of p , 0.05. To simplify presentation in the Results, the outcome of
individual statistical analyses, as well as the actual analysis performed in
each experiment, is presented within individual figure legends. Occa-
sionally, for ease of presentation, data are expressed as “percent con-
trol”; however all statistical analysis and post hoc testing were performed
on unmanipulated data.

RESULTS
Mitogenic effects of peripheral bFGF on P1
To examine potential mitogenic effects of peripheral bFGF in
neurogenetic populations of neonatal rostral forebrain and hip-
pocampal formation (or region), we measured DNA synthesis in
whole-tissue homogenates (Fig. 1), a previously characterized
and convenient technique for screening mitogens in vivo (Tao et
al., 1996). Subcutaneously administered bFGF stimulated
[3H]thymidine ([3H]dT) incorporation 80–90% in both regions,
suggesting that the factor enhanced ongoing proliferation. To
localize and quantify the responsive populations, we identified
cells in S-phase of the mitotic cycle, using BrdU immunohisto-
chemistry. Peripheral bFGF elicited approximately twofold in-
creases in the number of mitotic cells in the hippocampal region
and rostral forebrain, with major effects restricted to discrete
anatomical areas.

In the hippocampal formation, bFGF-responsive cells were
located throughout the hilus of the dentate gyrus (Fig. 2A,B), a
well characterized neurogenetic region in the newborn generating
dentate granule neurons (Altman and Bayer, 1990). To determine
the magnitude and potential selectivity of bFGF action, we com-
pared the number of mitotic nuclei in the neurogenetic hilus with
that in the non-neurogenetic stratum radiatum (Fig. 3A). bFGF

treatment nearly doubled the number of mitotic cells in the hilus;
this increase was observed across the entire rostrocaudal length of
the hippocampal formation, with a peak, twofold response in a
zone 1.0–1.6 mm caudal to the fornical juncture (Fig. 3C). In
contrast, only slight increases in mitotic cells occurred in the
caudal third of the stratum radiatum (Fig. 3D), suggesting that
peripheral bFGF stimulated neurogenesis in selected regions of
the hippocampal formation.

Within the rostral forebrain, peripheral bFGF stimulated mi-
tosis in the dorsolateral corner of the SVZ (Figs. 2C,D, 3B), a
previously characterized source of multipotential precursors that
is easily defined across gradients of anatomy and age (Morshead
and van der Kooy, 1992; Lois and Alvarez-Buylla, 1993, 1994;
Luskin, 1993; Vescovi et al., 1993; Gritti et al., 1996). Peripheral
bFGF stimulated mitosis by 50–150% within this population,
determined by quantitative analysis (Fig. 3E), suggesting that the
factor stimulates division in precursors of both neurons and glia.

In vitro analysis of bFGF-responsive populations in the
hippocampal region
To begin defining the potential fates of bFGF-responsive cells, we
examined phenotypic characteristics of hippocampal region pre-
cursors stimulated in vivo in culture. After growth factor and the
mitotic marker BrdU were administered in vivo, hippocampal
cells were isolated and incubated in culture for 48 hr. Consistent
with brain tissue immunohistochemistry, peripheral bFGF treat-
ment in vivo doubled the number of BrdU-labeled cells observed
in culture (see Fig. 5A). BrdU-labeled precursors exhibited a
variety of phenotypic markers (Fig. 4); approximately one-third
of the cells expressed neuronal markers, including neuron-specific
b-tubulin III (TuJ1; 31%) and MAP-2 (20%), whereas one-
quarter exhibited the astrocytic marker GFAP (Fig. 5B). The
remainder of BrdU-positive cells (45%) exhibited morphologies
consistent with macrophages or fibroblasts (data not shown).
Although in vivo bFGF treatment increased the proportion of
BrdU-positive cells detected in culture, the frequency of pheno-
typic markers was unaffected by factor treatment, suggesting that
bFGF can stimulate production of both neurons and astrocytes
in vivo.

Effects of peripheral bFGF on hippocampal region
mitosis during later development
The robust effects of peripheral bFGF on neurogenesis in neo-
nates encouraged us to investigate possible activity of the factor in
adults. However, a number of variables might limit activity of
peripherally administered factor in older animals. Developmental
changes in the peripheral metabolism of bFGF or exclusion from
the CNS by a maturing BBB might reduce or eliminate bFGF
effectiveness. Alternatively, changes in the dynamics of respon-
sive populations, including decreased size or increases in cell
cycle length, might also limit responsiveness. To explore these
possibilities, we administered the same subcutaneous dose of
bFGF (5 ng/gm body weight) to P1, P7, P14, and P21 rats and
assessed hippocampal region DNA synthesis. To allow compari-
son among ages in which baseline values differ significantly, we
assessed DNA synthesis using a percent incorporation assay,
which normalizes [3H]dT incorporation to total tissue uptake
(see Materials and Methods). Indeed, basal DNA synthetic rate
rapidly decreased with age [reflecting cessation of hippocampal
region cell division (Kuhn et al., 1996)]. However, bFGF contin-
ued to elicit 25–30% increases in [3H]dT incorporation on P7–

Figure 1. Effects of peripheral treatment with bFGF on [ 3H]thymidine
incorporation in the hippocampal region and the forebrain SVZ on P1.
After subcutaneous injection of bFGF (5 ng/gm body weight) at zero time
and [ 3H]thymidine (5 mCi/gm) at 6 hr, brain regions were analyzed at 8
hr for thymidine incorporation. Data represent mean incorporation (cpm)
1 SEM in tissues obtained from three to four animals in each of two
experiments. Results of two-way ANOVA (factors of treatment and
region) indicate a global 90% elevation in DNA synthesis in response to
bFGF (*p , 0.0002); this increase was equivalent in both regions (i.e., no
treatment 3 region interaction).
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Figure 2. Top. Effects of peripheral treatment with bFGF on mitotic nuclei in the hippocampal region and SVZ on P1. Representative photographs of
tissue sections from the hippocampal region (A, B) or forebrain subventricular zone (C, D) taken from animals treated with vehicle (A, C) or bFGF (B,
D) at zero time and BrdU at 6 hr. At 8 hr the whole brains were fixed, sectioned (5 mm), and stained immunohistochemically for BrdU incorporation;
black nuclei are positive, and pink nuclei are negative. bFGF treatment increased the number of BrdU-labeled cells in the hilus of the hippocampal region
dentate gyrus (B) and the forebrain SVZ (D). Scale bars: B (A), D (C), 100 mm.
Figure 4. Bottom. Potential phenotype of hippocampal cells mitotically stimulated by peripheral bFGF in P1 rats. After in vivo treatment with bFGF
and BrdU, cells from the hippocampal region were isolated in culture, fixed after 48 hr, and processed for dual-fluorescent immunocytochemistry. Cells
are viewed under phase (top) or dark field (bottom); cells positive for BrdU appear yellowish-green (FITC), whereas phenotypic markers are red-orange
(Texas Red). After bFGF treatment, BrdU-positive nuclei were found in cells expressing the neuronal markers TuJ1 and MAP-2 and the astrocytic
marker GFAP. Scale bar, 100 mm.
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P21 (Fig. 6A), suggesting that a portion of the bFGF-responsive
population present on P1 persists into later ages. Importantly,
some animals at each of the later ages did respond at levels
equivalent to that of P1 pups.

Because bFGF was less effective at older ages than on P1, we
examined this apparent age-related decrease by measuring dose
responsiveness on P14. A 20-fold higher dose of peripheral bFGF
maximally stimulated DNA synthesis 65%, a level equal to that
measured on P1 (Fig. 6B), suggesting persistent, equivalent re-
sponsiveness of the hippocampus formation at later ages. The

higher dose ensured that all animals exhibited robust responses.
Significantly, the mitogenic effects of peripheral bFGF in older
animals indicate that factor activity is independent of BBB
maturity.

Transfer of peripherally administered bFGF across the
mature BBB
To test the hypothesis that mitogenic effects of peripheral bFGF
in older animals resulted from direct transfer of the factor across
the BBB, radioimmunoassay was performed on plasma and CSF

Figure 3. Quantitation of peripheral bFGF effects on mitotic nuclei in the hippocampal region and SVZ on P1. A, B, The total number of BrdU-positive
nuclei were counted in two regions of the hippocampal formation (A) and in the dorsolateral corner of the forebrain SVZ, depicted in one hemisphere
(B). C, D, In the hippocampal formation, bFGF treatment significantly increased mitotic nuclei in both the hilus (C; region 1 in A) and stratum radiatum
(D; region 2 in A); the magnitude of the effect was dependent on anatomical position in both regions. The global effect of bFGF in the neurogenetic hilus
(67%) was significantly greater than the effect in the stratum radiatum (22%), as determined by three-way ANOVA [significant interaction of treatment 3
region; p , 0.0001; F(1,14) 5 113.1]. E, In the forebrain SVZ, bFGF globally stimulated mitosis in the dorsolateral region 54%, with a similar dependence
of effect on anatomical gradient. Data represent mean 6 SEM from three to five sections from each of three to five animals at each region, anatomical
zone, and treatment group; asterisks denote individual anatomical zones where bFGF treatment produced significant increases (attributed at p , 0.05)
in the number of mitotic nuclei within a given region, determined post hoc only when significant effects of “region” and “anatomical zone” were observed
(this occurred in all 3 areas).
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samples collected from mature (P28) rats treated with 500 ng/gm
bFGF (Fig. 7). Significant increases in bFGF immunoreactivity
were evident in both plasma and CSF compartments within 2 hr
of injection, with peak levels occurring 4 hr after injection in both
compartments. Thereafter, plasma bFGF levels decreased rap-
idly, with an apparent maximal half-life of 4 hr, whereas bFGF
levels in CSF persisted at near maximal levels for at least 24 hr
after injection. Although ;1–2% of the plasma concentration of
bFGF was detected in CSF, transfer from the plasma to CSF
compartment was rapid, as evidenced by parallel rates of increase
in both. Thus, absorption from the subcutaneous space into the
systemic circulation may be a limiting step in bioavailability.
Although the kinetics of bFGF transfer is compelling, a relatively
high dose was used in this experiment (500 ng/gm) to raise the
bFGF signal within the range of detection of our RIA. To verify
that such kinetics was relevant to experiments in which a lower
factor dose was used (5–100 ng/gm), we repeated this experiment
using a 25-fold lower dose (20 ng/gm). Four hours after injection,
similar CSF/blood ratios (3.5%) of radiolabel were detected (Fig.
7C), suggesting that the pharmacokinetic distribution of bFGF
after peripheral administration is conserved over the dose range
of 5–500 ng/gm body weight. Furthermore, transfer of significant
levels of bFGF into the brain after peripheral injection supports
the contention that mitogenic effects are caused by direct action
of bFGF on responsive cells in the CNS.

Mitogenic effects of peripheral bFGF on neurogenetic
populations of the adult
After defining effects of bFGF in adolescent rats, we examined
efficacy in adult rats (P60). At this age, all neurogenesis associ-
ated with development has ceased, while mitosis persists in pre-
cursor populations in the SVZ, olfactory tract, and hippocampal
region (Altman and Bayer, 1990; Gould et al., 1992; Morshead
and van der Kooy, 1992; Reynolds and Weiss, 1992; Richards et
al., 1992; Lois and Alvarez-Buylla, 1993; Luskin, 1993; Kuhn et
al., 1996). Peripheral bFGF increased [3H]dT incorporation 20–
80% in homogenates of the olfactory bulb/tract and the corpus
striatum SVZ. In contrast, no changes were observed in the
hippocampal region or the cerebellum (Fig. 8). The restriction of
effects to regions associated with persistent adult neurogenesis

(olfactory tract and SVZ) and the lack of effect in areas in which
adult neurogenesis is absent (cerebellum) suggest that bFGF
enhances neurogenetic mitosis.

BrdU immunohistochemistry of adult forebrain revealed that
bFGF-responsive cells were specifically localized to the anterior
olfactory nucleus and the immediate SVZ of the lateral ventricle
(Fig. 9). The effect of bFGF was robust; although only occasional
BrdU-positive cells were detected in vehicle-treated animals,
large numbers of intensely positive cells were found in treated
rats. Indeed, bFGF nearly tripled the number of mitotic cells in
the olfactory tract and forebrain SVZ (Fig. 10). In contrast, a
small number of BrdU-positive cells was noted in the subgranular
zone of the dentate gyrus in vehicle-treated animals, although the
number of labeled cells was unaffected by bFGF treatment (data
not shown). Excluding subependyma and vasculature, few, if any,
BrdU-positive cells were noted outside of these areas in either
group.

DISCUSSION
Our observations indicate that peripheral bFGF stimulates DNA
synthesis in multiple neurogenetic populations of the neonate,
including the dentate hilus of the hippocampal region and the

Figure 6. Effects of peripheral bFGF on hippocampal region DNA
synthesis in older rats. A, Rats received bFGF (5 ng/gm) and [ 3H]thymi-
dine (5 mCi/gm) at each age. bFGF treatment increased the percent
[ 3H]thymidine incorporation at each age [global effect of bFGF treatment
by 2-way ANOVA, *p , 0.002; F(1,3) 5 39.4]; the increase observed on P1
(65%) was significantly greater than the 25–30% increase measured at
later ages (interaction of treatment 3 age, !p , 0.04). B, Dose–effect
curve for peripheral bFGF in the P14 hippocampal region is shown.
Although each dose tested significantly increased [ 3H]thymidine incor-
poration (global effect of bFGF independent of dose, *p , 0.03), the
increase produced by 100 ng/gm bFGF (65%) was greater than the
increase produced by the lower doses [determined post hoc after signifi-
cant regression of log(dose bFGF), !p , 0.02]. Data represent mean 1
SEM of values obtained from three to nine animals in each treatment and
age or dose group.

Figure 5. Effects of peripheral bFGF in vivo on the proportion and
phenotypic composition of responsive cells measured in vitro. A, Periph-
eral bFGF treatment in vivo more than doubled the proportion of BrdU-
positive cells observed in culture without affecting total cell number. B,
Within the BrdU-positive population, however, no change in the relative
proportion of neurons and astrocytes was observed. Data represent mean
1 SEM of at least 100 cells counted in each of four dishes in each
treatment group obtained from two experiments. There was no difference
in total cell numbers among groups at 48 hr (data not shown). *p ,
0.0001, one-way ANOVA.
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forebrain SVZ. The increased DNA synthesis reflects a two- to
threefold increase in the number of neural precursors engaged in
S-phase of the mitotic cycle, suggesting that somatic growth
factors exert an ongoing influence on brain neurogenesis during
development. Moreover, bFGF crossed the BBB in adults and
elicited comparable increases in precursor mitosis, indicating the
persistence of bFGF-responsive populations into maturity that
may be regulated by peripheral signals.

Populations responsive to peripheral bFGF on P1
Initially, the effects of peripheral bFGF on the hippocampal
region and SVZ mitosis were defined on P1, when this treatment

produces dramatic increases in cerebellar neuroblast mitosis (Tao
et al., 1996). The near doubling in DNA synthesis produced by
bFGF in both regions suggested that the factor stimulated mitosis
in populations associated with neurogenesis. Indeed, immunohis-
tochemical analysis indicated that increases in mitotic nuclei were
primarily restricted to the dentate hilus in the hippocampal region
and the forebrain SVZ, with little or no change observed in
non-neurogenetic regions of brain.

The suggestion that peripheral bFGF stimulated neurogenetic
populations on P1 was further evaluated by defining the pheno-
typic potential of responding cells using in vitro analysis. Al-
though bFGF treatment in vivo doubled the percentage of mitotic
cells in culture, the phenotypic composition of the proliferating
population (i.e., 25% astrocytic and 25% neuronal) was unaf-
fected by treatment. This outcome suggests one of two alterna-
tives. Either (1) the responsive population is homogeneous and
multipotential, with both neuronal and glial fates, or (2) the
population is heterogeneous, consisting of multiple unipotential
cells equally responsive to bFGF. bFGF reportedly stimulates
both unipotential and multipotential precursors in culture, gen-
erating neurons and glia in vitro and in vivo (Kilpatrick and
Bartlett, 1993, 1995; Vescovi et al., 1993; Gage et al., 1995; Gritti
et al., 1996; McKay, 1997). Care must be taken in interpreting our
culture analysis however, because such an in vitro approach de-
fines the potential of the proliferating cells and not the normal
fate of the cells in situ. Resolution of this issue awaits our ongoing
in vivo analysis. Nonetheless, at least a portion of the responding
cells exhibits neuronal potential.

Peripheral bFGF increases mitosis in the adult
The apparent selectivity of peripheral bFGF on P1 to regions
associated with adult neurogenesis prompted us to examine older

Figure 7. Distribution of bFGF after subcutaneous injection. A, B, P28 rats received 500 ng/gm peripheral bFGF, and at given times, CSF (A) and
plasma (B) were collected, and bFGF was quantitated by radioimmunoassay. Significant levels were detected 2 and 4 hr after treatment in both
compartments, whereas in the CSF, significant bFGF levels persisted for 24 hr. Data represent mean 6 SEM from four to six animals at each time ( p
, 0.0001 by 1-way ANOVA). C, Similar kinetics was observed 4 hr after injection of a 25-fold lower dose of 125I-bFGF [% 5 (cpm/ml sample)/(total
cpm of 125I 2 bFGF injected/gm)].

Figure 8. Effects of peripheral bFGF on DNA synthesis in multiple
regions of the adult rat brain. P60 rats received bFGF (100 ng/gm) at zero
time and [ 3H]thymidine (5 mCi/gm) and BrdU (100 mg/gm; Sigma) at 6
hr and were processed at 8 hr. bFGF treatment increased the percent
[ 3H]thymidine incorporation in homogenates of the olfactory bulb/tract
(OB/OT ) and the forebrain SVZ (FB-SVZ); no effect was observed in the
hippocampal region (HIPP) or the cerebellum (CB). Data represent mean
1 SEM from three animals in each treatment group (*p , 0.0001 by 1-way
ANOVA).
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animals. This approach is potentially problematic; an apparent
lack of effect might be attributable to multiple changes accompa-
nying maturation, including the disappearance of responsive cells
from a region, or simply exclusion of bFGF by the maturing BBB
(or both). To distinguish between these two possibilities, we

tested the factor at various ages (P7–P21). Remarkably, periph-
eral bFGF stimulated mitosis at all ages to a similar degree,
suggesting that the bFGF-responsive population(s) persists be-
yond early development and that the factor can act on this
population across the mature BBB. The efficacy of peripheral
bFGF in adult animals with a mature BBB suggested two possible
mechanisms for bFGF action: indirect activity, in which bFGF
induces secondary mitogenic signals from the vascular side of the
BBB, or direct activity, in which bFGF itself crosses the BBB to
access responsive cells. The pharmacokinetic analyses, demon-
strating rapid and significant transfer of bFGF across the mature
BBB, favor a direct action of peripheral bFGF on responsive
populations, although actions mediated by other cells cannot be
excluded. Future studies may define FGF receptor expression by
mitotic precursors and rapid activation of intracellular signaling
after ligand exposure.

Consistent with findings in the neonate, effects of the factor in
the adult were restricted to regions associated with persistent
neurogenesis. Furthermore, the parallel effects of bFGF on the
SVZ of both neonates and adults suggest that these populations
are related, because factors regulating neurogenesis during de-
velopment may act similarly in the adult, as recently proposed
(Weiss et al., 1996; McKay, 1997). This view is complicated by the
apparent lack of bFGF effects in the adult hippocampal region,
where neurogenesis persists into adulthood. This ineffectiveness

Figure 9. Effect of peripheral bFGF on mitotic nuclei in neurogenetic regions of the adult rat brain. Representative photographs of tissue sections from
the anterior olfactory nucleus (A, B) and the forebrain SVZ (C, D) taken from adult animals treated with vehicle (A, C) or with bFGF (100 ng/gm body
weight; B, D) followed by BrdU as described in Figure 8. bFGF treatment increased the number of BrdU-labeled cells in the anterior olfactory nucleus
(B) and the forebrain SVZ (D). Scale bars: B (A), D (C), 100 mm.

Figure 10. Quantitation of peripheral bFGF effects on mitotic nuclei
within the anterior olfactory nucleus (AON ) and the forebrain SVZ
(FB-SVZ) in adult rats. Peripheral bFGF more than doubled the number
of mitotic nuclei within both regions; this effect was equivalent in both
regions, and no anatomical gradient in effect was observed (3-way
ANOVA; no significant interactions of region and/or anatomical zone
with treatment). Data represent counts taken from at least five sections
from each of three rats within each treatment group and region [*p ,
0.0001; F(1,5) 5 35.7].
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may represent a genuine loss of bFGF-responsive precursors
within the adult hippocampal region; alternatively, responsive
cells may be present, but mitosis may have been undetected
because of changes in cycle kinetics (e.g., increased cell cycle
length), the size of the responsive population relative to nonpro-
liferating cells, or factor access. We favor the first explanation,
because (1) SVZ responses in the adult were clear and robust, (2)
ongoing studies using more direct and extended factor application
confirm adult hippocampal region unresponsiveness to bFGF
(Kuhn et al., 1997), and (3) hippocampal region precursors do
respond to local infusions of epidermal growth factor (P. Tanapat
and E. Gould, personal communication). In addition, different
precursor pools proliferate in the dentate gyrus as a function of
age; during the first postnatal month, precursors are derived from
the first and second dentate migrations, whereas after P30, pre-
cursors localize to the subgranular zone specifically (Altman and
Bayer, 1990), raising the possibility that different signals regulate
functionally distinct precursor populations. It should be noted,
however, that the sensitivity of the assays used to detect mitosis
limit any conclusion regarding the specificity of bFGF on selected
neurogenetic populations. Indeed, the detection of low absolute
differences, particularly in thymidine incorporation experiments,
could reflect high relative differences in proliferation of small or
diffuse neurogenetic populations in other brain regions. The
cellular bases for such regional differences in bFGF responsive-
ness are being further characterized in our laboratory.

Possible mechanisms and implications of bFGF effects
If peripheral bFGF is capable of producing large, rapid increases
in mitosis in multiple neurogenetic populations, then to what
extent is proliferation of these cells regulated by brain levels of
bFGF? Previous studies indicated that during early development,
bFGF potently regulates neurogenesis; intraventricular treatment
with anti-bFGF antibodies massively (.50%) decreases DNA
synthesis in both the cerebellum and the hippocampal region
(Tao et al., 1997). The source of this bFGF is unclear. However,
increasing evidence suggests that the factor may be acting at sites
distant from its source. Significant levels of bioactive bFGF have
been detected in both plasma and CSF (Baird, 1994; present
study); furthermore, a soluble, extracellular domain of the FGF
receptor has been detected in both compartments (Hanneken et
al., 1995), suggesting molecular mechanisms to stabilize factor
levels. These findings, combined with the robust effects of periph-
eral bFGF, suggest that extracellular bFGF, synthesized in the
brain (Emoto et al., 1989; Caday et al., 1990; Giordano et al.,
1992; Woodward et al., 1992; El-Husseini et al., 1994) or derived
from somatic sources (Gonzalez et al., 1990; Biegler et al., 1995),
influences developmental and mature neural proliferation (Un-
sicker et al., 1993; Baird, 1994). Potentially, somatic bFGF may
act across the BBB to coordinate brain neuronal numbers with
the requirements of peripheral tissue mass (Purves, 1988; Oppen-
heim, 1991). More generally, it is likely that peripheral signals
interact with local brain factors during neurogenesis, balancing
regional ontogenetic programs with organismic endocrine status
(Legrand, 1977; Bohn and Lauder, 1978; Gould et al., 1992;
Neveu and Arenas, 1996).

The central effects of peripheral bFGF in the adult brain may
also be relevant to evidence of experience-dependent changes in
neurogenesis. Recent studies indicate that neurogenesis in the
adult dentate gyrus is differentially regulated by environment,
learning, and stress. By altering precursor proliferation and/or
survival, complex environment, running, and learning have been

shown to increase neurogenesis (Gould et al., 1999; van Praag et
al., 1999). Conversely, environmental stress negatively regulates
precursor proliferation, via action of adrenal steroids and NMDA
receptor activation (Gould et al., 1992, 1997; Cameron et al.,
1995, 1998). Potentially, bFGF released into the periphery from
muscle or adrenal medulla during exercise and stress may partic-
ipate in experience-dependent neurogenesis (Gonzalez et al.,
1990; Biegler et al., 1995; Breen et al., 1996; Cottone et al., 1998).
One may speculate, for example, that activity-induced release of
peripheral bFGF increases brain SVZ mitosis, whereas concom-
itant adrenal steroid secretion blocks proliferative effects in the
dentate gyrus. Studies on the long-term effects of increased so-
matic bFGF may help clarify potential roles of the factor in
interactions among activity, learning, and adult neurogenesis
(Greenough et al., 1999).

In addition to novel ontogenetic and behavioral functions, our
evidence of a physiological pathway transporting peripheral
growth factors to the adult CNS has therapeutic implications.
Growth factor administration may be useful in treating progres-
sive neurological disease and acute injuries, such as stroke and
trauma, by slowing damage, rescuing injured neurons, or promot-
ing recovery (Hefti, 1994; Kawamata et al., 1997). In addition,
recent studies raise the possibility of generating replacement
neurons by stimulating endogenous precursor proliferation
(Cameron et al., 1995; Craig et al., 1996; Weiss et al., 1996; Kuhn
et al., 1997; McKay, 1997; Gage, 1998). Although most ap-
proaches to human therapy consider intracerebroventricular
growth factor administration, invasive surgical procedures could
be circumvented by effective peripheral strategies. In fact, animal
studies, demonstrating the efficacy of peripheral bFGF in pre-
venting tissue damage and promoting recovery from hypoxic-
ischemic and excitotoxic insults (Fisher et al., 1995; Kirschner et
al., 1995; Bethel et al., 1997), formed the basis of the ongoing
human clinical trial of intravenous bFGF for acute stroke (S.
Finklestein, personal communication) (Kawamata et al., 1997).
However, contrary to a model in which peripheral bFGF accessed
the brain only locally through the acutely damaged BBB (Fisher
et al., 1995; Kirschner et al., 1995), our observations suggest an
ongoing physiological transfer, which is not restricted spatially or
temporally. Potentially, we may take advantage of this pathway to
deliver bFGF to the CNS, where it may serve as a neurotrophic
factor or regulator of endogenous precursor proliferation, ulti-
mately influencing the clinical course of brain dysfunction. Fi-
nally, although underlying mechanisms remain to be defined, the
novel transfer of bFGF may also be exploited to transport other
bioactive molecules across the BBB as therapies for neuronal
diseases.
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