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ABSTRACT During development of the central nervous
system, neurons and glia are generated from immature neural
progenitor cells (NPCs). Basic fibroblast growth factor
(FGF-2) is a mitogen for these cells both in vitro and in vivo.
However, it is not known whether other members of the FGF
family have similar mitogenic effects on NPCs. We have found
that FGF-4, in addition to FGF-2, is a mitogen for NPCs
isolated from fetal and adult central nervous systems. Other
family members have no proliferative effects on these cells.
FGFs transduce signals to the cytoplasm through a family of
transmembrane tyrosine kinase receptors (FGFR-1–4) or
their isoforms. The high-affinity receptor binding sites are
found in two regions of the FGF-2 molecule. We have examined
the involvement of these sites in mitogenic signaling. Synthetic
peptides corresponding to sequences in FGF-2 receptor bind-
ing sites were examined in [3H]thymidine incorporation as-
says for their agonist or antagonist activity. A 10-aa sequence
present in the first receptor binding domain has been found
to act as an antagonist, blocking the mitogenic effects of
FGF-2. Chemical crosslinking studies using 125I-labeled
FGF-2 showed specific reduction in binding of radiolabeled
FGF-2 to its receptors present on the membranes of NPCs. The
identification of this sequence will assist in the study of
pathways involved in signal transduction for mitogenesis in
these cells and elucidate the role of FGF-2 and FGF-4 during
normal development and in the pathogenesis of disease.

During development, the vertebrate central nervous system is
regionalized to establish the fundamental units for later de-
velopment and function, and the cells that make up these
regions are generated. The neuroectoderm, from which the
neural tube forms, generates all cell types present in the adult
brain on a precise schedule. Lineage analysis of cells in the
developing brain has revealed that neurons and glia are derived
from multipotent precursor or stem cells (1–4). Although the
temporal sequence leading to pattern formation and neuro-
genesis is well described, the signals regulating these events
and the molecular mechanisms involved are poorly under-
stood. Emerging evidence indicates that mitogens and trophic
factors, including fibroblast growth factors (FGFs), function
together to bring about these events. Many of the FGFs are
expressed in early mammalian embryos, suggestive of their
roles in development (4, 5).

The FGF family is comprised of 10 related, but genetically
distinct, polypeptides, FGF-1 through 10, with a highly con-
served core region and an overall 30–55% sequence identity
(5–8). Although considerable homology exists between FGFs,
their functions differ significantly. Examination of effects of
FGFs in vitro showed that FGF-1 and FGF-2 are both survival
factors for neuronal cells isolated from different regions of the
fetal brain (9, 10). At high concentrations, FGF-2 is also a
mitogen for neural progenitor cells (NPCs) isolated from fetal

(11–15) and adult rat (16–18) and mouse (19) brain. FGF-5 is
a survival factor for cultured embryonic spinal motoneurons
(20) and promotes differentiation of cultured septal cholin-
ergic and raphe serotonergic neurons (21). FGF-6 and FGF-7
are expressed in restricted cell types; FGF-6 is expressed in
cells of myogenic lineage (22) and FGF-7 in cells of epithelial
origin (23). FGF-9 is a mitogen for glial cells, BALByc3T3
fibroblasts, and oligodendrocyte-type 2 astrocyte progenitor
cells (24). In vivo effects of FGFs have also been described.
FGF-2 influences the anteroposterior neural patterning, and
FGF-3 functions in the posterior primitive streak (25, 26).
FGF-1, FGF-2, FGF-4, and FGF-8 are essential parts of a
signaling network required for growth and patterning of the
developing limb (4, 5, 7, 27, 28). Finally, FGF-5 regulates the
growth cycle of hair (29). Thus, members of the FGF family
play an essential role in cellular proliferation, differentiation,
survival, and tissue patterning during vertebrate embryogen-
esis and in adult central nervous system neurogenesis.

FGFs interact with cell surface low-affinity heparan sulfate
proteoglycan and high-affinity FGF receptors (FGFR-1–4) or
their isoforms that confer different ligand-binding specificities
and affinities (7, 30–32). For example, the isoform of FGFR-1
containing immunoglobulin-like domains II and IIIc binds
FGF-2 with higher affinity than FGF-4, but both FGFs stim-
ulate DNA synthesis, phosphorylation of the receptor, and
proliferation of cells expressing this receptor (33). Conversely,
FGFR-3-mediated mitogenicity of FGF-2 is lower than that of
FGF-4 (34). Engineered, mitogenetically responsive cell lines
expressing all the major splice variants of FGFRs have been
used to explore relevant ligand–receptor variant pairs involved
in mitogenic activity of FGFs (35). Only FGF-1 could activate
all receptor variants, whereas other FGFs showed preference
toward specific splice forms. These results suggest that the type
of receptors or receptor variants on the target cells, and
differential interactions of FGFs with these receptors, deter-
mine how FGFs may separately or synergistically participate in
development of the central nervous system.

Different approaches have been used to identify the func-
tional domains of FGFs that participate in heparin and recep-
tor binding and activation. Using synthetic peptides spanning
the entire sequence of FGF-2, Baird and colleagues (36–38)
identified two regions of FGF-2 corresponding to amino acids
33–77 and 115–129 involved in receptor activation in mesen-
chymal and PC12 cells. A peptide containing amino acids
25–39 supported hippocampal neuronal survival whereas a
peptide containing residues 112–155 inhibited the survival and
growth of these cells (39). The second putative receptor
binding domain (115–129) has also been implicated in inhib-
iting the binding of FGF-2 to its receptor on primary hip-
pocampal neurons (38, 39). Sites of FGF-2 molecule involved
in high-affinity receptor binding and proliferation of endothe-
lial cells have been mapped by using synthetic peptides (40) or
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by exchanging a loop structure (amino acids 118–122) with the
corresponding loop sequence of FGF-1 (41). Similar ap-
proaches have been used to map the functional domains of
FGF-1 and FGF-7 (42–44). Thus, small peptides are useful in
elucidating the sequences involved in specific functions of a
molecule.

While recent studies reported that FGF-2 is a mitogen for
NPCs (11–19), it is not known whether other members of the
FGF family have similar effects on these cells. In addition, little
is known about the mechanisms and the involvement of
putative receptor binding domains of FGF-2 on mitogenic
signaling in NPCs. Here we report that, among the FGFs
tested, only FGF-2 and FGF-4 are mitogens for NPCs. A
comparison of amino acid sequences revealed a striking sim-
ilarity between 10 amino acids of FGF-2 (68–77) and FGF-4
(122–131). Synthetic peptides corresponding to these se-
quences behave as antagonists and inhibit the proliferation of
NPCs by FGF-2 and FGF-4 and block the binding of 125I-
labeled FGF-2 to receptors present on NPCs. Peptides derived
from similar regions of FGF-1 and FGF-5 were inactive. These
results show that this 10-aa sequence, Glu-Arg-Gly-Val-Val-
Ser-Ile(Phe)-Lys-Gly-Val, is sufficient to elicit the mitogenic
effects of FGF-2 and FGF-4 on NPCs.

MATERIALS AND METHODS

Peptide Synthesis. Synthetic peptides were obtained from
two different sources: Scripps Research Institute Peptide
Synthesis Facility, La Jolla, CA, and SynPep, Dublin, CA, to
ensure that the observed effects of the peptides were not
artifactual. Peptides were synthesized by solid-phase method-
ology and purified by HPLC.

Cell Cultures. Hippocampi (E17) or spinal cords (E14) from
Fischer rat embryos were dissected out, and NPCs were
isolated as described previously (11, 12). Briefly, the tissues
were washed in PBS and repeatedly triturated with a medium-
to small-bore Pasteur pipette to dissociate the cells. After
washing in DMEMyHam’s F-12 (DMEMyF12) medium
(GIBCO), the cells were resuspended in the same medium
containing N2 supplements (GIBCO; N2 medium), counted,
and used in thymidine incorporation or crosslinking assays
without culturing. NPCs from adult (3 months old) Fischer rat
hippocampus have been maintained in culture in the presence
of 20 ngyml FGF-2 (a gift from Andrew Baird, The Whittier
Institute, La Jolla, CA) through multiple passages (17). These
cells were grown in N2 medium for 2–3 days before the
experiments to decrease the effects of FGF-2, which can last
for 24–48 hr in neurons and astrocytes (45). Adult NPCs
continue to divide in the absence of FGF-2, albeit at a slower
rate. Cells were trypsinized, washed in DMEMyF12 medium,
resuspended in N2 medium and counted. Baby hamster kidney
(BHK) cells were grown in Earl’s MEM containing 5% fetal
bovine serum. For affinity labeling experiments, cells were
incubated in 0.5% serum containing medium overnight.

[3H]Thymidine Incorporation Assay. To assess the mito-
genic effects of different FGFs, embryonic progenitor cells
isolated from E16 hippocampi were plated in 96-well plates
precoated with polyornithineylaminin (11) and incubated with
20 ngyml of the growth factors and [3H]thymidine (specific
activity 5 25 Ciymmol; Amersham) for 48 hr in a 37°C
incubator under 5% CO2. For FGF-4 (R & D Systems)
dose–response curve, embryonic progenitors were incubated
with different concentrations of FGF-4 and [3H]thymidine.
Additive effects of FGFs were measured by plating cells with
20 ngyml FGF-2, FGF-4, or FGF-5 (R & D Systems) alone or
in combinations. The effects of the peptide on thymidine
uptake by embryonic or adult NPCs were examined by mixing
cells (10,000–15,000) with peptides (80 mM) in Eppendorf
tubes and incubating at room temperature for 30 min. FGF-2
or FGF-4 (20 ngyml) was added to appropriate tubes before

plating in 96-well plates. Control cultures did not receive any
FGF. To test for the toxicity of the peptides, FGF-2 was either
added first, incubated, and then treated with peptides or they
were added simultaneously. No difference between the treat-
ments was observed. [3H]Thymidine (1 mCi per well) was
added 24 hr after the cells were seeded and then incubated for
an additional 24 hr. Cells were washed twice with PBS and
lysed in 0.4 M NaOH. Cell lysates were neutralized with HCl
and counted in a b-counter (Beckman). All experiments were
done in triplicate.

Crosslinking to the Receptors. Crosslinking of 125I-FGF-2 to
cells and the inhibition of the binding by peptides were done
as described previously (38). Briefly, cells (106) were taken up
in 200 ml of binding buffer (DMEMyF12, 20 mM Hepes, pH
7.4y20 mM KCly0.2% gelatin) and incubated with peptides (80
mM) for 30 min. Eighteen-kilodaltons form of 125I-FGF-2 (10
ngyml; specific activity 5 1,200 Ciymmol) was added, and the
cells were incubated with gentle agitation for 3 hr on ice. After
washing with cold PBS twice, cells were taken up in PBS
containing enzyme inhibitors (PBSyE; 1 mM phenylmethyl-
sulfonyl f luoridey0.1 mgyml aprotininy0.1 mgyml leupeptin)
and 0.05 mM disuccinimidyl suberate (DSS; Sigma) freshly
dissolved in Me2SO. Samples were incubated at room temper-
ature for 15–20 min, and the reactions were stopped by
addition of 0.2 M glycine in PBS. After washing with PBSyE,
the cells were pelleted and then resuspended in 15 ml of 1%
Triton X-100 in PBSyE. Samples were mixed with 15 ml of
23 Laemmli’s sample buffer, boiled for 5 min, and electo-
phoresed on an SDSy7.5% polyacrylamide gel followed by
autoradiography.

RESULTS

FGF-4, Like FGF-2, Is a Mitogen for NPCs. Using thymidine
incorporation assay, we found that FGF-2 and FGF-4 had the
highest proliferative effects on embryonic hippocampal NPCs,
FGF-1 showed lower activity, and FGF-5, FGF-6, and FGF-7
lacked any mitogenic activity (Fig. 1A). Examination of dose-
dependent effects of FGF-4 on embryonic hippocampal NPCs
showed that FGF-4 has similar dose-dependent effects (Fig.
1B) as FGF-2 (11). FGF-4 is a survival factor up to 1 ngyml,
whereas at or .10 ngyml, it is a mitogen for these cells. The
maximum proliferative effect was observed at 20 ngyml.
Similar dose-dependent survival and proliferative effects of
FGF-2 and FGF-4 on embryonic spinal cord NPCs were
observed (data not shown). The combination of FGF-2 and
FGF-4 at 20 ngyml was not additive (Fig. 1C), and a combi-
nation of FGF-2 and FGF-5, a non-mitogen for these cells,
showed the same effect as FGF-2 alone. FGF-2 and FGF-4
thus may be acting through common receptor(s); therefore we
hypothesized that their primary sequence contains a common
receptor binding site(s) that differentiates them from FGF-5.

Biological Activities of FGF-Derived Peptides on NPCs. A
comparison of the primary sequences of human FGF-1 to
FGF-7 showed that a 10-aa sequence (residues 68–77) in
FGF-2 has the highest sequence identity (90%) with a similar
fragment of FGF-4 (Fig. 1D). This FGF-2 peptide sequence
lies within one putative receptor binding site (amino acids
33–77) (12, 13). We subsequently synthesized 10-aa peptides
comprising the homologous sequences of FGF-1 (65–74; pep-
tide P1), FGF-2 (68–77; peptide P2), FGF-4 (122–131; peptide
P4), FGF-5 (126–135; peptide P5), and a putative second
receptor binding site of FGF-2 (115–129; peptide P2–2) and
tested their ability to promote or inhibit the proliferation of
embryonic and adult hippocampal NPCs. The peptide P2
showed no agonistic effects on embryonic hippocampal NPCs
in concentrations up to 80 mM. However, when these cells were
treated with 40 mM P2 before the addition of FGF-2 (20
ngyml), the mitogenic effect of FGF-2 was inhibited by '30–
40%, and a peptide concentration of 80 mM completely
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blocked the proliferative effect of FGF-2 (Fig. 2A). Similar
results were obtained with the peptide from FGF-4 (P4; data
not shown).

To examine whether peptides derived from FGF-2 and
FGF-4 act through the same receptor on embryonic and adult
NPCs, we performed [3H]thymidine incorporation assay on
each cell type. NPCs from embryonic brain are primary
noncultured cells and adult brain-derived NPCs have been
cultured for a long period of time in high concentration of
FGF-2. A competitive assessment of the five peptide sequences
on the proliferative activity of FGF-2 and FGF-4 on embryonic
NPCs was performed (Fig. 2B). Cells incubated in 80 mM P1
or P5 before the addition of FGF-2 showed no inhibition of
[3H]thymidine incorporation, whereas cells preincubated with
P2 or P4 followed by FGF-2 displayed a significant inhibition.
The specificity of the 10-aa sequence on the mitogenic activity
of FGF-2 was supported by the P2–2 peptide, which indicated
that this second receptor binding site of FGF-2 did not block
cellular proliferation. That the mitogenic activity of FGF-4

also is contained within this 10-aa sequence is indicated by
findings that only P2 and P4 inhibited the proliferative activity
of FGF-4 (Fig. 2B).

Mitogenic effects of FGF-2 on adult hippocampus-derived
NPCs could be blocked by peptides P2 and P4 but not by P1
or P5 (Fig. 2C). The peptides did not function as agonists (not
shown). In addition, removal of peptides by washing before the
addition of FGF-2 reverses their blocking effects (data not
shown). These results suggest that the active peptides act
similarly on primary embryonic and propagated adult hip-
pocampal NPCs and that prolonged FGF-2 treatment does not
change the response of the FGF receptor(s) on the adult NPCs.

The inhibition of cell proliferation in the presence of P2 and
P4 was not due to toxicity. When cells (embryonic or adult)
were incubated with FGF-2 either before or concurrently with
P2 or P4, thymidine incorporation did not differ from control
cultures containing FGF-2 alone (Fig. 2 B and C; FGF-2 1 P2
or P4 or P5). Consistent with this observation, microscopic
examination of the cells cultured under various experimental
conditions showed similar morphologies (Fig. 3).

FIG. 1. Effects of FGFs on [3H]thymidine incorporation by embryonic hippocampal NPCs. (A) FGF-1, FGF-2, FGF-4 to FGF-7 (20 ng/ml each)
were added to cells. Although FGF-1 showed some incorporation, FGF-2 and FGF-4 had the highest effects. The values for FGF-5 to -7 were not
different from that of control (no FGF). (B) Dose-dependent effects of FGF-4 on NPCs showed a proliferative effect at or above 10 ngyml. FGF-2
(20 ngyml) was included as an internal control. (C) Additive effects of FGF-2, FGF-4, and FGF-5. Combination of FGF-2 and FGF-4 did not
increase the thymidine incorporation by the cells. Combination of FGF-2 and FGF-5 showed the proliferative effects of FGF-2. (D) Sequence
identity between FGFs in the 10-aa region. The common amino acids between all the FGFs are boxed (solid lines). The amino acids not common
between FGF-2 and FGF-4 are boxed in broken lines. FGF-2–2 represents the sequence of second receptor binding site of FGF-2.
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To identify the receptors expressed on NPCs, crosslinking
studies using adult hippocampal NPCs were performed (Fig. 4,
Upper). A previous study had characterized two membrane
proteins of 135 and 85 kDa as receptors for FGF-2 in cultures
of fetal hippocampal neurons (38). In the absence of any
peptide (Fig. 4, lane 1), two labeled polypeptides of apparent
molecular masses of 150 and 100 kDa (arrowhead) were
detected. Allowing for the molecular mass of FGF-2, the sizes
of the two proteins appear to be '135 and 85 kDa, respectively.
The peptides P2 and P4 inhibited the labeling of receptors 135
and 85 kDa (lanes 2, 3), whereas P5 had little effect (lane 4).
Cold FGF-2 (lane 5) abolished the binding of FGF-2 to both
the receptors. Similar results were obtained with embryonic
hippocampal NPCs (data not shown). Peptides P2 and P4 thus
inhibited affinity labeling of receptors on NPCs, a ligandy
receptor binding required for signal transduction to elicit a
mitogenic effect.

Inhibitory Effects of the Peptides Are Not Restricted to
NPCs. The specificity of these peptides in blocking interactions
of FGF-2 with its receptor(s) in other cell types was examined
by using BHK cells. Consistent with a previous report (36),
BHK cells have a labeled doublet at '150 and 130 kDa (Fig.
4, Lower, lane 1). Peptides P2 and P4 strongly inhibited binding
to both the receptor molecules (lanes 2 and 3), whereas peptide
P5 (lane 4) was only slightly effective. Unlabeled FGF-2
abolished binding of 125I-FGF-2 to both the receptors (lane 5).
The second putative receptor binding domain of FGF-2 (ami-
no acids 115–129) is reported to be involved in receptor
activation in BHK cells (36, 38). Thymidine incorporation
assay with the peptides P2, P2–2, and P4 showed that they
block the proliferative effects of FGF-2 on BHK cells by ap-
proximately 22%, 17%, and 18% (P values: 0.0093, 0.0372, and
0.0295), respectively, whereas the effect of peptide P5 was
statistically insignificant (P . 0.2). Thus, although the inhib-
itory effects of the peptides on BHK cells were statistically
significant, they were not as effective as on NPCs.

DISCUSSION

Our study demonstrates that both FGF-2 and FGF-4 are
mitogens for cultured NPCs, and they act through a common
receptor to activate the proliferative signals. Although func-
tions of FGF-2 and FGF-4 are different, they share some
common properties (5, 37). Human FGF-4 gene encodes a
206-aa protein that contains a signal sequence (5). While the
N-terminal 80 amino acids of FGF-4 are unique, the remaining
126 amino acids have only 40% sequence homology with

FIG. 3. The morphology of embryonic cells in cultures grown in N2
medium (1), treated with FGF-2 (2), or FGF-4 (3), or pretreated with
peptide P2 followed by FGF-2 (4) was similar, indicating that the
peptides were not toxic.

FIG. 2. Effects of peptides on thymidine incorporation by embry-
onic (A and B) or adult (C) hippocampal NPCs. (A) Although peptide
P2 had no effects by itself, it inhibited thymidine uptake by embryonic
NPCs in a dose-dependent manner. (B) Both peptides P2 and P4
inhibited the mitogenic effects of FGF-2 and FGF-4, but peptides P1,
P2–2 or P5 had no effect (P 1 FGF-2 or P 1 FGF-4). Addition of
FGF-2 before the addition of peptides P2 and P4 (FGF-2 1 P2 or P4)
abolished their inhibitory effects, indicating that the peptides are not
toxic. (C) Peptides showed similar effects on cultured adult hippocam-
pal NPCs. Addition of FGF-2 before peptides P2 or P4 (FGF-2 1 P2
or P4) abolished their inhibitory effects.
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FGF-2. Remarkably, FGF-2 and FGF-4 showed a 90% ho-
mology in a 10-aa region present within the first putative
receptor binding domain of FGF-2, with only Lys being
substituted by Phe in FGF-4. This 10-aa sequence is rich in
hydrophobic, polar, and charged residues. Crystal structure
analysis showed that residues 71–77 of FGF-2 form the b
strand 5, part of a six-stranded antiparallel b barrel (46). Our
results indicate this homologous 10-aa region present within
the first putative receptor binding domain of FGF-2 is involved
in ligand binding to the FGF receptor(s) and subsequent
inhibition of its mitogenic activity. FGF-6, a nonmitogen for
NPCs, has 8 of 10 amino acids in common with FGF-2 and 9
with FGF-4 (Fig. 1D). However, peptide containing the ho-
mologous 10-aa sequence of FGF-6 did not block the activity
of FGF-2 (unpublished data). The lack of mitogenicity of
FGF-6 may be due to the double substitutions of Leu in FGF-2
and FGF-4 for Ile and Phe for Lys in FGF-2.

The extracellular region of FGFR-1 contains three immu-
noglobulin-like domains (I, II, and III) (30). An alternative
mRNA splicing pattern in FGFR-1 to -3 creates variants
lacking domain I but containing domain II and three alternate
forms of domain III (a, b, c), which are important in deter-
mining ligand specificity (30). The full-length form of FGFR-1
(I, II, and IIIc) binds both FGF-1 and FGF-2 with equal
affinity (34, 47). Isoform containing domains II and IIIc binds

FGF-1 with 15- to 20-fold higher affinity than FGF-4 (33)
whereas splice variants with domain II and IIIb have 20-fold
higher affinity for FGF-1 than FGF-2 (48, 49). Both FGF-2
and FGF-4 activate the IIIc splice form of FGFR-1, -2, and -3
(35). Although it is not known which receptor isoforms are
expressed in NPCs, it is likely that common 10-aa residues in
FGF-2 and FGF-4 are binding to the same receptor splice
form(s). A second putative receptor binding domain of FGF-2
(amino acids 115–129) involved in receptor binding and bio-
logical activity in BHK, 3T3, PC12, and endothelial cells
(36–39) did not inhibit ligand-receptor binding in our assay but
this domain may still be involved in receptor activation by the
intact FGF-2 molecule.

Our study shows that the 10-aa peptides functioned only as
antagonists. Previous studies using small peptides showed that
they have both antagonistic and agonistic functions (34–39, 50,
51). Many extracellular matrix proteins like fibronectin, vitro-
nectin, and fibrinogen contain a tripeptide Arg-Gly-Asp as
their cell recognition site (50, 51). In immobilized form, the
Arg-Gly-Asp-containing peptide functions as an agonist by
promoting cell attachment similar to that of fibronectin,
whereas in solution the same peptide inhibited the attachment
of cells to a surface coated with fibronectin (50). Peptides
derived from FGF-2 sequence also showed agonistic and
antagonistic properties (36–39). Whereas some peptides
blocked FGF-2-induced neurite outgrowth from PC12 cells
and survival of ciliary neurons, others stimulated cell–
substratum adhesion and survival of embryonic hippocampal
neurons (37, 39). In contrast to these studies, peptides derived
from nerve growth factor sequence functioned only as antag-
onists and inhibited neurite outgrowth from embryonic neu-
rons in culture (52). The lack of agonistic activity of the 10-aa
peptide in our study may be due to the fact that the peptide is
occupying the binding site for FGF-2 or FGF-4 on the recep-
tor(s) and blocking their binding, but by itself has no capacity
to activate signaling pathway leading to mitogenesis.

While the concentration of peptides required to block the
activity in our assay is relatively high (80 mM), this concen-
tration was not toxic to cells (see Results). Previous studies also
have used high concentrations of peptides, as smaller peptides
are less potent than the larger peptides or the parent molecule
(39). For example, the Arg-Gly-Asp peptide has been used at
the 10–200 mM range to inhibit the binding of fibrinogen to
thrombin-stimulated platelets (51). Nerve growth factor-
derived peptides inhibited neurite outgrowth from embryonic
neurons at a concentration of 2 mM (52), a concentration not
toxic to cells.

Affinity crosslinking of 125I-FGF-2 to NPCs showed the
presence of two membrane proteins of 135 and 85 kDa, similar
to those previously characterized for neurons cultured from
fetal hippocampus (38). The FGF-2- and FGF-4 derived
peptides (P2 or P4) inhibited the binding of 125I-FGF-2 to both
the proteins, although the inhibition of binding to 135-kDa
polypeptide appeared to be relatively higher. These results
indicate that the binding of FGF-2 to both the receptors may
be important for signal transduction needed for proliferation
of NPCs.

A thymidine incorporation assay with BHK cells showed
that peptides P2, P2–2, P4, or P5 blocked the proliferative
effects of FGF-2 by only 20% or less. However, affinity
crosslinking studies showed that the peptides P2 and P4
strongly inhibited the binding of 125I-FGF-2 to BHK cells.
Thus, although the inhibitory effects of the peptides on BHK
cells are significant, they are not as effective in blocking their
proliferation. This is likely due to the fact that BHK cells have
more FGF receptors and a lower dose requirement of FGF to
induce proliferation. To this point we have found that BHK
cells require very low concentrations of FGF-2 (500 pgyml) for
their proliferation (data not shown). Alternatively, different

FIG. 4. Inhibition of 125I-FGF-2 affinity labeling by peptides.
(Upper) Adult hippocampal NPCs were treated with peptides P2, P4,
or P5 before the addition of radiolabeled FGF-2. The molecular mass
markers are indicated on the left. Arrowheads on the right indicate the
two receptor polypeptides present in NPCs. The bands appear to be
150 and 100 kDa. Allowing for the molecular mass of FGF-2, the
molecular masses of these proteins appear to be about 135 and 85 kDa,
respectively. (Lower) The panel of peptides was examined for their
ability to inhibit receptor affinity labeling on BHK cells. The bands
appear to be 150- and 130-kDa doublet (arrowheads). Peptides P2 and
P4 were more effective in blocking of the binding of FGF-2 on both
of the receptors, whereas peptide P5 showed lower inhibitory effects.
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FGFR-1 or receptor variants may be involved in binding of
FGFs and subsequent mitogenic signaling in BHK cells.

To our knowledge, the study presented here is the first
report of involvement of 10-aa domain of FGF-2 in its mito-
genic activity. The identification of a sequence in FGF-2 and
FGF-4 that functions as an antagonist would likely help in
elucidating pathways involved in signal transduction for mito-
genesis by FGF-2 and FGF-4, and clarify the role of FGF
during normal development and in pathological conditions.
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