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Basic FGF in Astroglial, Microglial, and Neuronal Cultures:
Characterization of Binding Sites and Modulation of Release by

Lymphokines and Trophic Factors

Dalia M. Araujo and Carl W. Cotman

Department of Psychobiology, University of California, Irvine, California 92717

The present study characterizes whether basic fibroblast
growth factor (bFGF) is present and released from astroglia,
microglia, and hippocampal neurons in vitro. For cell content,
bFGF-like immunoreactivity (IR) of cell extracts was mea-
sured, whereas release was determined by assessing the
levels of bFGF-like IR in media. In addition, the effects of
lymphokines and trophic factors that are known to be re-
leased from these cells on bFGF release were examined.
For all three cell types, bFGF-like IR in extracts of cell lysates

was detectable. In addition, media ¢ontent was highest in
astroglial cultures and lowest in neuronal cultures. Although
bFGF-like IR of neuronal and microglial media appeared to
increase with time in culture, this was likely due to significant
astroglial proliferation. Thus, notable levels of bFGF are re-
leased by astroglia in vitro. In astroglia, bFGF release was
enhanced by interleukin-1 (IL-1), IL-6, and epidermal growth
factor (EGF), but not by other lymphokines or NGF. In con-
trast, bFGF in microglial media was reduced by IL-3, EGF,
and NGF, but slightly augmented by vy-interferon (IFN); other
lymphokines were ineffective. In addition, no effects were
seen in the neuronal cultures. It is likely that the bFGF found
in glial media interacts with bFGF receptors since in both
glial and neuronal cell types, a single class of low-capacity
(B....), high-affinity (K_) bFGF binding sites was evident. The
possibility that endogenous bFGF acts as an autocrine factor
for astroglia was further supported by experiments that test-
ed the mitogenic effects of exogenous bFGF on glial cells.
bFGF significantly enhanced *H-thymidine uptake into as-
troglial, but not microglial, cells in vitro. Thus, the present
study demonstrates that a complex regulation of glial bFGF
release by astroglia and microglia occurs in vitro. Moreover,
the results are consistent with an autocrine role for bFGF in
astroglial cultures.

Basic fibroblast growth factor (bFGF) is a member of a large
family of structurally related polypeptide growth factors that
includes acidic FGF (aFGF) and several oncogene products (for
reviews, see Baird and Walicke, 1989; Walicke, 1989). bFGF
affects the function of a wide variety of cell types (see reviews
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by Baird et al., 1986; Gospodarowicz etal., 1986, 1987; Walicke,
1989; Araujo et al., 1990). For example, bFGF has been dem-
onstrated to enhance the survival and neurite outgrowth of both
peripheral and central neurons in culture (Morrison et al., 1986;
Walicke et al., 1986; Unsicker et al., 1987; Walicke, 1988a;
Walicke and Baird, 1988; Ferrari et al., 1989) and to stimulate
the activity of basal forebrain neurons (Knusel et al., 1990).
Moreover, it appears that unlike NGF, which is mainly a trophic
factor for cholinergic neurons of the basal forebrain (for reviews,

see Hefti et al., 1989; Lapchak and Hefti, 1991), bFGF acts as
a neurotrophic factor for a broad range of CNS neuronal pop-
ulations (Walicke, 1988a; Matsuda et al., 1990; Murphy et al.,
1990). In addition, there is constderable evidence to suggest that
bFGF may be a mitogen for astroglia and oligodendroglia in
vitro (Morrison and de Vellis, 1981; Pruss et al., 1982; Pettmann
et al., 1985; Saneto and de Vellis, 1985).

A variety of tissues are now known to be capable of synthe-
sizing both bFGF and aFGF (Baird et al., 1986; Gospodarowicz
etal., 1986; Thomas, 1987), although the cell types that produce
bFGF in the CNS have not been conclusively identified. How-
ever, evidence from the literature suggests that in the CNS,
bFGF may be localized to a broad range of cell types. For
instance, immunohistochemical studies have demonstrated the
presence of FGF within neurons (Pettmann et al., 1986) and
astroglia (Ferrara et al., 1988; Hatten et al., 1988). Moreover,
it has been proposed that bFGF derived from glia may promote
neuronal survival and neurite extension (Hatten et al., 1988).
However, because the FGFs lack a distinct signal sequence (Esch
et al., 1985; Abraham et al., 1986; Thomas, 1987), the mech-
anism underlying bFGF release from glia and other cell types
remains unclear. Thus far, direct evidence for bFGF release
from CNS cells has not been unequivocally demonstrated. In-
direct evidence from studies of endothelial (Schweigerer et al.,
1987; Flaumenhatft et al., 1990; Tsuboi et al., 1990) and C6
glioma (Okumura et al., 1989) cells in vitro implies that released
bFGF, perhaps bound to heparan sulfate, functions as an au-
tocrine factor for these cells. Consistent with this, a recent study

showed that endothelial bFGF i§ released from bFGF-heparan
sulfate complexes and subsequently binds to high-affinity re-
ceptors on these same cells (Saksela and Rifkin, 1990).

The above findings imply that since both neurons and glia
are responsive to exogenous bFGF, bFGF receptors must be
present on both cell types. Evidence for bFGF receptors on
neurons has been obtained from studies using autoradiographic
localization of '»I-bFGF binding sites in vitro (Walicke, 1988b;
Walicke et al., 1989) and in vivo (Ferguson et al.,, 1990). In
addition, FGF receptor mRNA has been identified in specific



neuronal subpopulations in the CNS (Wanaka et al., 1990).
Preliminary results have indicated that '2°I-bFGF binding sites
also may be present on astroglia (Walicke and Baird, 1988).
However, an extensive characterization of bFGF binding sites
in glia has not yet been demonstrated.

In view of the meager evidence for bFGF as an autocrine
factor for CNS cells, the main objective of the present study
was to determine whether bFGF is released from three different
CNS cell types in vitro. Thus, the presence of bFGF in media
and cell lysates of astroglia, microglia, and hippocampal neurons
was established. In addition, possible alterations of bFGF re-
lease by other factors that are known to be released from and
to affect the function of these different cell types were assessed.
The presence of bFGF receptor sites and their responsiveness
to exogenous bFGF were determined mainly to establish that
there is the potential for endogenous bFGF released from glia
and neurons to interact with bFGF receptors on these cells. In
this way, endogenous glia- or neuronal-derived bFGF would be
of physiological significance to different CNS cell types.

Materials and Methods

Materials. Timed-pregnant Sprague—Dawley rats and neonatal rat pups
[postnatal (P) day 1 to P4] were obtained from Charles River breeding
farms (Gilroy, CA). Tissue culture media and supplements were pur-
chased from GIBCO-Bathesda Research Labs (Gaithersburg, MD). *H-
thymidine (20-75 Ci/mmol), '*1-bFGF, and radioimmunoassay (RIA)
kits for the measurement of bFGF-like immunoreactivity (IR) were
bought from Amersham Corp. (Arlington Heights, IL). bFGF, nerve
growth factor (NGF), epidermal growth factor (EGF), the interleukins
(ILs), and the monoclonal anti-bovine bFGF antibody (type II) used
for immunohistochemical detection of bFGF were purchased from Up-
state Biotechnology Inc. (Lake Placid, NY). y-Interferon (IFN) was from
ICN Biomedicals Inc. (Costa Mesa, CA). The polyclonal rabbit anti-
bovine glial fibrillary acidic protein (GFAP) and anti-human neuron-
specific enolase (NSE) antibodies were from DAKO Corp. (Carpinteria,
CA); the monoclonal antibody for detection of human Mac-1 antigen
(anti-Mac-1) was from Boehringer Mannheim (Indianapolis, IN). Elite
Vecta-Stain kits containing normal goat serum, biotinylated affinity-
purified secondary antibodies, and avidin-biotinylated horseradish per-
oxidase complexes for the determination of antibody staining were bought
from Vector Laboratories (Burlingame, CA). L-Lysine and 3,3'-diami-
nobenzidine tetrahydrochloride (DAB) were purchased from Sigma
Chemical Co. (St. Louis, MO).

Cell culture. Mixed glial cultures were prepared as described by Mc-
Carthy and de Vellis (1980). Briefly, the cerebral cortices of neonatal
rats (P1-P4) were dissected in Hank’s calcium/magnesium-free salt so-
lution, with special emphasis placed on removing the meninges and any
noticeable blood clots. The tissues were then transferred into fresh media
and mechanically dissociated. After centrifugation (200 x g, 3 min),
tissues were resuspended and triturated with constricted siliconized Pas-
teur pipettes. The final suspensions were added to 75 mm? flasks con-
taining 1:1 high-glucose Dulbecco’s modified Eagle medium (DMEM)
and Ham’s F-12, with 20% fetal calf serum (FCS) added. Media were
aspirated and replaced with fresh DMEM/F-12 media containing 10%
FCS after a 24 hr incubation. Thereafter, media (DMEM/F-12/10%
FCS) were aspirated and replenished every 2--3 d.

Microglial cultures, with some contamination from other glial cell
types, were obtained at 7-10 d from confluent mixed glial cultures
(Giulian and Baker, 1986; Jordan and Thomas, 1987). Briefly, mixed
glial cultures were shaken manually and media containing nonadherent
cells were pooled and centrifuged. The resulting pellets were resuspended
in media containing 10% FCS and triturated as above. The number of
viable cells was determined using the trypan blue exclusion method.
Alternatively, the flasks containing adherent cells and fresh media were
shaken further (16-24 hr) on an orbital shaker (200 rpm) in a warm
room (37°C), in order to detach microglia and oligodendrocytes. The
media were pooled and collected. Cells were then added to plates and
were allowed to adhere to the plastic for only 60 min, to minimize
attachment of oligodendrocytes to the plate, after which media were
again aspirated and replaced with fresh media (Giulian and Baker, 1986).
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Subsequently, the adherent cell layer was exposed to 0.25% trypsin for
10 min; media containing 10% FCS were then added, and the suspension
was collected. Finally, cells were replated in 24-well plates at a density
of 103 cells/well and kept for 1 d prior to use in the indicated experi-
ments.

Astroglial cultures were obtained by adding trypsin (0.25%) to flasks
containing the adherent cell layer remaining after overnight shaking in
a warm room (see above). Subsequently, DMEM/F-12 media containing
10% FCS were added and the resulting cell suspensions containing mostly
detached astroglia were centrifuged. The pellets were resuspended in
media, and the cells were then replated (density, 10° cells/well), as de-
scribed above for microglia.

Neuronal cultures of fetal [embryonic day 18 (E18)] hippocampi were
prepared as described previously (Mattson et al., 1988; Whitson et al.,
1990). Hippocampi were gently triturated, and the resulting cell sus-
pensions were centrifuged and resuspended in media containing 10%
FCS. Cell suspensions (10° cells/well) were added to poly-L-lysine—coat-
ed 24-well plates and allowed to attach to the surface of the wells for
60 min. Media were then aspirated to remove cellular debris and re-
placed with fresh media containing 10% FCS.

For all three cell types studied, prior to determination of experimental
measures, media were replaced with reduced-serum media (2.5~5% FCS)
and the indicated drug(s).

Cell staining. Immunohistochemical localization of markers selective
for asireglia, microglia, and neurons was used to determine the purity
of the different cell cultures. In addition, the presence of bFGF-like IR
in these cells was detected using antisera directed against bovine bFGF.
The specificity of the bFGF antibody has been extensively characterized
(see Gomez-Pinilla et al., 1990); the antibody cross-reacts 100% with
bovine, human, rat, and mouse bFGF and does not cross-react with
bovine acidic FGF.

In all cases, cell cultures were fixed in 4% paraformaldehyde (10 min)
and washed (2 x 2 min) with phosphate-buffered saline (PBS). Cells
were then incubated (22°C, 2 hr) in a blocking buffer consisting of Tris-
NaCl (100 mm, pH 7.4), 3% normal goat serum, and 1.8% L-lysine and
washed (2 x 2 min) with PBS. Subsequently, cells were incubated (2
hr, 22°C) with the Tris-NaCl buffer containing 1% Triton X-100 and
antibodies directed against GFAP (diluted 1:1000), Mac-1 antigen (di-
luted 1:100), or NSE (diluted 1:500), to identify astroglia, microglia, or
neurons, respectively. For determination of bFGF-like IR, cells were
incubated in the same buffer as above, but with antisera specific to
bFGF (diluted 1:500). To assess nonspecific binding for each antibody,
adjacent wells were incubated concurrently in the same buffer, but with-
out primary antibody. All cells were then incubated with biotinylated,
affinity-purified anti-IgG (1 hr, 22°C) and then washed with PBS (2 x
2 min), followed by a 30 min incubation with buffer containing a pre-
formed avidin-biotinylated horseradish peroxidase macromolecular
complex (Vectastain Elite ABC kit). Visualization of staining was achieved
using a buffer containing hydrogen peroxide (0.02%), NiCl (0.6%), and
DAB (0.05%). Positive staining of cells was assessed by comparing
staining in the presence or absence of primary antibody, viewed with
phase-contrast microscopy (Olympus IMT-2). For all three cell types,
staining in the absence of primary antibodies was negligible.

Determination of bFGF content and release from cells. In addition to
immunohistochemical detection of bFGF (see above), the presence of
bFGF in glia and neurons was also verified by measuring the bFGF-
like IR of cell lysates. Cells cultured for 24, 48, 72, or 96 hr were lysed
with 0.1% Triton X-100 in PBS buffer, and aliquots of the lysates were
assayed for FGF-like IR using RIA kitis directed against bFGF. Release
of bFGF from cells was assessed by quantitating the bFGF-like IR in
aliquots of media obtained from cells grown in culture for the corre-
sponding time period, either in the presence or absence of exogenous
drug(s). Thus, release of bFGF represents the cumulative release of
growth factor over the indicated time course, To determine whether
contaminants in the reduced-serum media would interfere with the
assay, the bFGF-like IR of aliquots of nonincubated media was also
measured. In these aliquots, bFGF-like IR was not detectable.

The tracer used in the kits was '>’I-bFGF (bovine, recombinant), and
the standards for the kits consisted of various concentrations of bovine
bFGF dissolved in assay buffer (PBS). The polyclonal rabbit anti-bFGF
antibody used in the kits has been previously characterized (Neufeld et
al.,, 1987; Ferrara et al., 1988) and tested extensively. It was found to
cross-react 100% with both bovine and human recombinant bFGF.
Negligible cross-reactivity (<0.01%) with other related factors, includ-
ing aFGF, which exhibits greater than 50% sequence homology with



1670 Araujo and Cotman - Basic FGF Release and Receptors in CNS Cells in Culture

A

100 |

75 |

50 |

25 |

0
— 24 48 72 96
°
|2
>
= B
o 100 =
~
° 13 S
-
L]
- 50 |
c
o 25 |
4
|
s LN
= 0
- 24 48 72 98
]
Q

100

Time in culture (hours)

Figure 1. Characterization of glial and neuronal cultures using im-
munohistochemical staining with specific markers. Astroglial (4), mi-
croglial (B), and hippocampal neuronal (C) cells were fixed with 4%
paraformaldehyde. Positive staining for each of GFAP (solid bars), Mac-1
(open bars), and NSE (hatched bars), markers that specifically label
astroglia, microglia, and neurons, respectively, was determined in three
separate wells for each culture. For each culture, the initial plating den-
sity was 10° cells/well. In addition, the number of unstained cells in
each well was also counted. The results are expressed as a percentage
of total cell number [number of positive cells compared to unstained
cells] and represent the mean + SEM of four different preparations for
each culture type.
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Figure 2. Content of bFGF in cultured glia and neurons. Cells (initial
plating density, 105 cells/well) were kept in culture for 24, 48, 72, or 96
hr and then detached from their wells with 1% Triton X-100 in PBS,
The lysates were assayed for content of bFGF-like IR using RIA kits
with antisera specific for bFGF. bFGF content was determined for as-
troglia (solid bars), microglia (open bars), and hippocampal neurons
(hatched bars). Results are the mean + SEM of 7-10 separate experi-
ments; each sample was tested in duplicate.

bFGF (Esch et al., 1985), and interleukin-1 (IL-1), which shows ap-
proximately 30% sequence homology with bFGF (Gimenez-Gallego et
al., 1985), was observed. In addition, no cross-reactivity with EGF,
insulin, and cytochrome ¢ was reported (Neufeld et al., 1987). However,
the antisera were also shown to cross-react significantly (>95%) with
purified N-terminally extended bFGF (Ueno et al., 1986; Moscatelli et
al., 1987; Prats et al., 1989; Grothe et al., 1990) and with other forms
of bFGF that have been isolated from brain (Klagsbrun et al., 1987).

Separation of antibody-bound '*I-bFGF and free '2’I-bFGF was
achieved using secondary donkey anti-rabbit sera coated onto magnetiz-
able polymer particles (Amerlex M). For all assays, nonspecific binding
(binding in the absence of bFGF and bFGF antisera) represented less
than 15% of total counts. All experimental measures of bFGF-like IR
were corrected for this.

Analysis of '#I-bFGF binding sites. The total densities of '>sI-bFGF
sites in the three types of cell cultures were determined using full sat-
uration analysis. Media from cells were aspirated and replaced with
serum-free media containing 0.1% bovine serum albumin and various
concentrations (0.01-0.2 nm) of 'ZI-bFGF for 2 hr at 22°C. To remove
any unbound ligand, cells were washed (3 x 1 min) with ice-cold Tris
(50 mm) buffer. Finally, 100 ul of 10% sodium dodecyl sulfate were
added to each well to detach cells from the plastic. The resulting lysates
were added to polypropylene tubes and radioactivity was quantitated.
For quantitation of nonspecific binding, adjacent wells were incubated
with the same concentration of 2I-bFGF, but with excess nonradioac-
tive bFGF (10 nm) added. Specific binding was calculated as the dif-
ference in radioactivity bound in the presence and absence of nonra-
dioactive bFGF and represented approximately 50% of total binding at
concentrations close to the K.

Determination of glial proliferation. The effects of exogenous bFGF
on the proliferation of glial cells in vitro were assessed using the cellular
incorporation of *H-thymidine as an index. Astroglial or microglial cells
were incubated for 24 hr in reduced-serum (2.5-5% FCS) media con-
taining *H-thymidine (2 xCi/ml). Control cultures were incubated in
the absence of exogenous bFGF, whereas test cultures (in adjacent wells)
were treated with bFGF (1-1000 ng/ml). All concentrations of bFGF
were tested in triplicate.

Analysis of binding data. All binding data were derived from full
saturation experiments. Values for K,, B, and n, were obtained by
computerized analysis using LIGAND by Munson and Rodbard (1980),
as modified by G. A. McPherson (Elsevier Biosoft, 1985).
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Figure 3.

Immunohistochemical detection of bFGF-like IR in hippocampal neuronal (4, B) and astroglial (C, D) cultures. Significant staining

with a monoclonal anti-bovine bFGF was evident in the 24 hr neuronal cultures (A4), but in the 72 hr cultures, staining was more intense, with
many bFGF(+) astroglia (B) evident. In the astroglial cultures, similar numbers of bFGF(+) cells were observed in the 24 hr (C) and 72 hr (D)

cultures. Magnification, 100 x.

Determination of radioactivity. '**| was determined with greater than
95% efficiency in a gamma counter. *H was counted with approximately
30% efficiency using liquid scintillation spectrometry.

Statistical analyses. Results are expressed as the means + SEM of
the indicated number of experiments. Statistical differences between
control and drug treatment values were assessed first by one-way analysis
of variance (ANOVA), followed by post hoc two-tailed Student’s ¢ test.

Results

Immunohistochemical characterization of cell cultures

The purity of the cell cultures used in this study was assessed
by staining with appropriate markers. Thus, astroglia, microglia,
and neurons were identified on the basis of positive staining for
GFAP, Mac-1, or NSE, respectively. For a determination of the
percentage of each of the three different cell types present in the
astroglial, microglial, and neuronal cultures, at various times in
culture, the number of cells positive for GFAP, Mac-1, or NSE,
as well as that of unstained cells, was assessed. For each different
preparation, with an initial plating density of 10° cells/well, the
average number of cells positive (+) for each cell marker count-
ed in three separate wells was quantitated and expressed as a
percentage of the total number of cells.

As shown in Figure 1, in the 24 hr cultures, the majority
(greater than 90%) of cells in astroglial cultures were GFAP(+);
this number was not significantly changed with increased time
in culture (Fig. 14). Moreover, only a modest number of cells,
quantitated in adjacent wells, were Mac-1(+) (Fig. 14). In the

microglial cultures, cells were mostly Mac-1(+), but with in-
creased time in culture, the number of GFAP(+) cells was mark-
edly enhanced (Fig. 1B). In both astroglial and microglial cul-
tures, NSE(+) staining was not dctectable. In the 24 hr
hippocampal neuronal cultures, greater than 85% of cells were
NSE(+) (Fig. 1 C). With increased time in culture, however, the
number of GFAP(+) and Mac-1(+) cells increased significantly
(Fig. 1C).

bFGF-like IR in glia and neurons

The presence of bFGF in glial and neuronal cultures was first
determined using RIA detection of bFGF-like IR in cell lysates
from 24, 48, 72, or 96 hr cultures. In astroglial cultures, bFGF
content of cells was similar regardless of time in culture (Fig.
2). In microglial cultures, levels of bFGF-like IR were consid-
erably lower than those measured for the astroglial cultures, for
the corresponding time point (Fig. 2). Only by 96 hr in culture
were the levels of bFGF-like IR in microglia comparable to
those of astroglia (Fig. 2).

In hippocampal neurons, bFGF-like IR in the 24 hr cultures
was not significantly different from that of astroglia (Fig. 2).
However, neuronal bFGF-like IR appeared to increase with
time in culture, such that the levels in the 72 and 96 hr cultures
were significantly higher than in the astroglial cultures (Fig. 2).
However, because the number of GFAP(+) cells (range, 25-
35% of the total cell number) in these cultures was significantly
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Figure 4. Time-dependent release of bFGF from cell cultures. Cells
were initially plated at a density of 105 cells/well and were kept in
DMEM/reduced-serum media for 24, 48, 72, or 96 hr. Media were then
collected for determination of bFGF-like IR (i.e., bFGF release). The
cumulative release from astroglia (4), microglia (B), and hippocampal
neurons (C) was assessed. Results are the mean + SEM of 7-12 separate
experiments, where each sample was tested in duplicate.

higher than in the 24 hr cultures, it seems likely that the in-
creased bFGF content simply reflected an increased prolifera-
tion in bFGF(+) astroglia. This was confirmed by the immu-
nohistochemical data: there was significant bFGF-like staining
in the 24 hr neuronal cultures (Fig. 34), but by 72 hr in culture

many heavily stained and some more lightly stained bFGF(+)
astroglia were apparent in these cultures (Fig. 3B). In contrast,
bFGF staining in astroglia was similar in the 24 hr (Fig. 3C)
and 72 hr (Fig. 3D) cultures. Thus, both methods of detecting
cellular bFGF-like IR indicate that bFGF is present in both glial
and neuronal cells in culture.

Time course of bFGF release from glia and neurons in vitro

To determine whether bFGF present in glia and neurons (see
above) can be released from these cells, the media content of
bFGF-like IR was measured. The levels of bFGF present in
astroglial media were markedly higher than the measured cell
content (Figs. 2, 44). In these cells, significant levels of released
bFGF (range, 398-440 pg/well) were detected in the 24 hr cul-
tures (Fig. 44). This release did not appear to increase with
prolonged time in culture; release in the 48, 72, and 96 hr
cultures was similar to that in the 24 hr cultures (Fig. 44).
Therefore, it appears that in these cultures, a constant basal
level of bFGF is released into the media.

In contrast to astroglial cultures, release of bFGF from mi-
croglial cells appeared to increase with time in culture (Fig. 4B).
Release in the 72 and 96 hr cultures was significantly different
(increased by 129-225%) from that in either the 24 or 48 hr
cultures (P < 0.01). However, the levels of bFGF released from
microglia (range, 47-87 pg/well) were significantly lower than
those measured in the astroglial cultures (Figs. 44,B).

In hippocampal neuronal cultures, release of bFGF was less
than that observed for either microglial or astroglial cultures
(Fig. 4C). bFGF release in the 24 hr cultures was less than 0.1%
that released by astrocytes for the corresponding time period
(Fig. 44,C). As shown for microglial cultures (Fig. 4B), bFGF
release from hippocampal neurons was significantly higher (P
< 0.001) in the 96 hr cultures compared to the 24 hr cultures

(Fig. 4C).

Effects of various lymphokines and trophic factors on the
release of bFGF from glial cells in vitro

The following experiments were undertaken to determine
whether glial-derived trophic factors and lymphokines alter the
release of bFGF from glial cells. Various trophic factors and
lymphokines that are known to be released from glial cells (see
reviews by Hefti et al., 1989; Walicke, 1989; Araujo et al., 1990;
Carpenter and Cohen, 1990) can stimulate the proliferation of
astroglial and microglial cells in vitro and in vivo. For example,
IL-13, which shares a significant degree of sequence homology
with bFGF (Gimenez-Gallego et al., 1985), is released from
microglia and acts as a mitogen for astroglia in vitro and in vivo
(Giulian and Baker, 1986; Giulian, 1987; Giulian et al., 1988).
However, little is currently known about whether lymphokines
and trophic factors can elicit or inhibit the release of growth
factors such as bFGF from CNS cells.

Qur results show that the release of bFGF from astroglial cells
was significantly enhanced by specific lymphokines (Fig. 54).
The most potent stimulator of bFGF release from astroglia was
IL-13; with concentrations as low as 1 ng/ml, the lymphokine
enhanced release by 53.3 £ 15.1% compared to control cultures.
With IL-6, there was an increase in bFGF release from astroglia,
but the magnitude of this effect was small in comparison to that
of IL-18 (Fig. 54). IL-3 and IFN did not significantly affect
bFGF release (Fig. 54). Other lymphokines tested (IL-2, IL-4,
IL-7, and IL-8) also did not alter bFGF release from either
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Figure 5. Effects of lymphokines on the release of bFGF from glial
cells in vitro. Astroglia (4) and microglia (B) were cultured in reduced-
serum (2.5%) media for 24 hr in the presence or absence (control) of
the indicated concentrations of IL-1 (solid line, solid circles), IL-3 (dashed
line, open circles), IL-6 (dashed line, solid triangles), or IFN (dotted line,
open triangles). Results are the mean + SEM of five to seven experi-
ments. ¥, P < 0.05; **, P < 0.01; *** P < 0.001.

astroglia or microglia; release ranged from 99.3 + 5.8% to 109.7
+ 8.6% of control.

In microglial cell cultures, release of bFGF was not markedly
altered by either IL-18 or IL-6 (Fig. 5B). With IFN, only slight
increases (range, 4.1-37.3%) in bFGF release were observed
(Fig. 5B). In contrast, small but significant reductions in bFGF
release from microglia were noted in the presence of IL-3 (Fig.
5B). This effect was apparent with concentrations of IL-3 as low
as 1 ng/ml (Fig. 5B).

The more “classical” growth factors EGF and NGF are known
to be released from glial cells and to stimulate astroglial prolif-
eration (Furukawa et al., 1987; Houlgatte et al., 1989; Yoshida
and Gage, 1991; see also reviews by Johnson and Taniuchi,
1987; Carpenter and Cohen, 1990). In the present experiments,
both were tested for their effects on bFGF release from glial
cultures (Fig. 6). In astroglial cultures, release of bFGF was
considerably enhanced by EGF, with all concentrations tested
(Fig. 64). In contrast, significant effects of NGF on bFGF release
from astroglia were not readily apparent (Fig. 64).
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Figure 6. Effects of EGF and NGF on bFGF release from glial cells
in vitro. Astroglia (4) and microglia (B) were cultured in reduced-serum
media in the presence or absence (control) of the indicated concentra-
tions of EGF (solid line) or NGF (dashed line). Results are the mean +
SEM of five experiments. *, P < 0.05; **, P < 0.01; *** P < 0.001.

In microglial cultures, release of bFGF was slightly increased
by 1 ng/ml EGF (Fig. 6B). With higher concentrations of the
growth factor, there was a trend for decreased release of bFGF,
although this did not reach statistical significance (Fig. 6 B). NGF
(100-1000 ng/ml), in contrast, significantly reduced bFGF re-
lease (Fig. 6B).

In hippocampal neuronal cultures, release of bFGF was not
altered by any of the lymphokines or trophic factors tested. In
all cases, release in the presence of drug(s) was not different from
thatin its absence and ranged between 91% and 110% of control.

13[-bFGF binding sites

To determine whether binding sites specific for bFGF are pres-
ent on glial or neuronal cells in vitro, the binding of '#I-bFGF
to these cells was assessed. Preliminary experiments tested the
saturability of 2’ I-bFGF binding to cells in vitro; saturation was
reached within 1-2 hr, with concentrations of free ligand close
to 150 pM, for astroglial and neuronal cells (Fig. 74). For mi-
croglia, saturation of sites was evident with concentrations of
125]-bFGF as low as 50 pm (Fig. 74).

Using the experimental conditions described, >*I-bFGF was
found to bind saturably, specifically, with limited capacity (B ..)
and high affinity (X},) to a single class (n, close to 1.0) of bFGF
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Figure 7. Characterization of '»’I-bFGF binding to glial and neuronal
cells in vitro: full saturation analysis of '»*I-bFGF binding (4) to astroglia
(solid line), microglia (dashed line), and hippocampal neurons (dotted
line). In B, the Scatchard plot of the full saturation analysis is depicted.
Cells (2 x 105 cells/well) were incubated (22°C, 2 hr) in DMEM/F-12
media without FCS, but with 0.1% bovine serum albumin and the
indicated concentrations of '»I-bFGF. Nonspecific binding was assessed
by incubating adjacent wells with the same concentration of >’ I-bFGF,
but with excess (10 nm) nonradioactive bFGF. Results are the mean +
SEM of four separate experiments, where each concentration of ligand
was tested in triplicate.

binding sites (Fig. 7, Table 1) on all three cell types studied. The
highest density of sites was apparent in hippocampal neuronal
cultures, whereas the lowest was found in microglial cells (Fig.
74, Table 1).

Scatchard analysis of the saturation data of '»I-bFGF binding
to cells in vitro further illustrated that bFGF bound to a single
class of high-affinity receptor sites in all three cell culture types
(Fig. 7B). Whereas the K, for astroglia and hippocampal neurons
was similar, that for microglia was significantly lower (Table 1,
Fig. 7B).

Effects of exogenous bFGF on glial cell proliferation

In an attempt to determine whether the high-affinity bFGF re-
ceptor sites localized to glia (see above) represent functional
receptors, we tested the mitogenic effects of exogenous bFGF

Table 1. Parameters of *I-bFGF binding to glial and neuronal cells
in vitro

125]-bFGF binding

Bmax Kd Ry
Astroglia 424 + 045 79.0+8.6 1.02£0.26
Microglia 1.36 + 031 358+59 0.95+0.19
Hippocampal neurons  5.39 £ 043 832 £94 1.11 £0.24

Binding data were derived from full saturation analysis. Cells were incubated as
described in Materials and Methods, with various concentrations of '*I-bFGF
(0.01-200 pm) for 2 hr at 22°C. B,,, is the apparent maximal binding capacity
(fmol/10° cells), K, is the apparent affinity of binding (pM), and n, is the Hill
coefficient. Values are the mean + SEM of four separate experiments, where each
concentration of ligand was tested in triplicate. Nonspecific binding was assessed
in the presence of excess (10 nM) nonradioactive bFGF.

on glial cultures. Toward this end, the effects of bFGF on glial
proliferation were evaluated, by comparing the incorporation
of *H-thymidine into control cells with that of cells treated with
bFGF (1-1000 ng/ml) for 24 hr.

In astroglial cultures, *H-thymidine uptake into cells was sig-
nificantly augmented by even the lowest concentration (1 ng/
ml) of bFGF tested, with maximal increases observed with 1
ug/ml of bFGF (range, 19-63% increase over control). In con-
trast, the effects of bFGF on *H-thymidine incorporation into
microglial cells were slight (range, 4-18% increase over control).

Discussion

The main finding of the present study is that bFGF is released
from astroglial, microglial, and neuronal cells in vitro. Thus,
although bFGF lacks a distinct signal sequence (Esch et al., 1985;
Abraham et al.,, 1986; Thomas, 1987), it is evident that the
peptide is released from CNS cells, albeit by an as yet unchar-
acterized mechanism. Moreover, the detection of high-affinity
bFGF receptor sites on glia and neurons suggests that endoge-
nous bFGF released from glia, and to a lesser extent from neu-
rons, may have physiological significance, perhaps in the main-
tenance of CNS function.

bFGF content and release in glia and neurons in vitro

The present results confirm and extend earlier findings that
bFGF is present in cells of glial (Pettmann et al., 1986) and
neuronal (Ferrara et al., 1988; Hatten et al., 1988) origin. Glial
content of bFGF appeared to be lower than that of hippocampal
neurons, particularly if the 72 and 96 hr neuronal cultures are
considered. However, in neurons, the increased content of bFGF
with time in culture was likely due to proliferating glial cells,
rather than to increased synthesis of bFGF by neurons. This is
supported by the immunohistochemical data showing that in
the 72 and 96 hr neuronal cultures, the number of bFGF(+)
astroglia [i.e., GFAP(+) cells] reached significant levels. Thus,
the results from immunohistochemical and RIA experiments
clearly show that bFGF is present in CNS cells of glial and
neuronal origin in vitro.

Previous studies have speculated that bFGF might be released
from cells by a nonclassical mechanism (Viodavsky et al., 1987,
Flaumenhaft et al., 1990; Saksela and Rifkin, 1990; Tsuboi et
al., 1990). Indeed, release of active bFGF-heparan sulfate com-
plexes from the extracellular matrix of endothelial cells by stim-
ulation of proteolytic activity has been reported (Vlodavsky et
al., 1987; Saksela and Rifkin, 1990). However, it is not clear
whether a similar mechanism applies to CNS cells. Our results



clearly indicate that bFGF-like peptides are released from both
glial and neuronal cells ir vitro. The high ratio of released bFGF-
like IR to cellular bFGF-like IR in astroghia suggests that a
constant basal level of the bFGF-like IR contained in these cells
isreleased. Furthermore, the finding that similar levels of bFGF-
like IR are present in astroglial media regardless of time in
culture suggests that steady levels of external bFGF may be
required to maintain these cells in culture. Nevertheless, the
mechanism whereby bFGF is released from the cultures de-
scribed in this study remains to be elucidated. However, it ap-
pears that depolarization of these cells, such as by increasing
the K* and Ca?* in the media, does not alter bFGF release.
Thus, bFGF release from neuronal or glial cultures incubated
for a short period (1 or 2 hr) with high-K* (25 or 50 mm) or
high-Ca?+ (5 mmM) media ranged from 95.4% to 105.6% of con-
trol.

It is important to note that because our assay procedure may
detect other isoforms (Klagsbrun et al., 1987) or N-terminally
extended forms of bFGF (Esch et al., 1985; Ueno et al., 1986;
Moscatelli et al., 1987; Prats et al., 1989; Grothe et al., 1990),
the precise nature of the bFGF IR detected in the cell media
remains to be elucidated. Nevertheless, the results emphasize
that glia, and to a lesser extent neurons, are capable of releasing
some bFGF-like molecule. Moreover, the data are consistent
with the hypothesis that bFGF may function as an autocrine
factor for astroglia, as has been suggested for other cell types
(Okumura et al., 1989; Saksela and Rifkin, 1990), at least in
vitro. However, the conditions under which bFGF is released
from glial cells have not yet been fully characterized.

Initially, it was suggested that bFGF is released from glia only
during episodes of CNS injury or glial cell death (Baird and
Ling, 1987). Contrary to this, a preliminary report by Rifkin
(1991) clearly demonstrated that a single, viable astrocyte was
capable of releasing bFGF. In our study, the possibility that
some type of cellular damage is solely responsible for astroglial
bFGF release is also unlikely. First, the experiments demon-
strating that astroglia were responsive to stimulation of bFGF
release by some growth factors, but not others, would argue
against the existence of any significant injury to these cells.
Second, release of bFGF in the 96 hr cultures, which are pre-
sumably less healthy than the 24 hr cultures, was the same as
that in the 24 hr cultures. Third, the astroglia (24 hr cultures)
responded to exogenous bFGF in a concentration-dependent
manner, as has been reported by other investigators (Pruss et
al., 1982; Pettmann et al., 1985), suggesting that cellular damage
was unlikely.

The relatively low levels of bFGF released by microglia, and
especially by hippocampal neurons, are indicative of a different
function for bFGF in these cells. Even though bFGF may not
be an autocrine factor for neurons, the probability that astro-
glial-derived bFGF may affect these cells is not inconsistent with
our results. Indeed, a role for glial-derived bFGF in promoting
neurite extension has been recently proposed (Hatten et al.,
1988). However, since astroglial maturation occurs later than
that of neurons (Fujita, 1963), the contribution of glial-derived
bFGF in CNS development, as well as the stage of development
involved, is not completely understood. However, it is possible
that glial-derived bFGF may be involved in the neuronal de-
generation that accompanies some pathologies of the CNS,
whether by promoting neurite sprouting or by exacerbating the
pathological insult. Thus, bFGF has been implicated in the pre-
vention of neuronal death following experimental lesions (An-
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derson et al., 1988; Otto et al., 1989; Otto and Unsicker, 1990),
as well as the induction of neurite sprouting that leads to plaque
formation in Alzheimer’s disease (Gomez-Pinilla et al., 1990;
Stopa et al., 1990).

Alteration of bFGF release by lymphokines and other growth
factors

A variety of lymphokines that are known to be released from
astroglia and microglia can affect the function of glial cells. IL-
1, which is released from microglia (Giulian and Baker, 1985,
1986; Giulian and Lachman, 1985; Giulian, 1987; Giulian et
al., 1988) stimulates astroglial proliferation both in vitro and in
vivo. Conversely, IL-3 released from astroglia is a growth factor
for microglia (Frei and Fontana, 1986). Therefore, the question
of whether these lymphokines and related factors result in con-
comitant changes in bFGF release from glial cells was addressed.

Of the lymphokines tested, the most potent stimulator of
bFGF release from astroglial cells was IL-1. The modest (IL-6)
or lack of effect of other lymphokines suggests that the IL-1-
induced increase in astroglial bFGF release is mediated by spe-
cific IL-1 receptors and is not the result of nonspecific membrane
effects that have been reported for some lymphokines (see re-
view by Araujo et al., 1990). Since IL-1 is known to stimulate
the proliferation of astroglia (Giulian and Baker, 1985; Giulian
and Lachman, 1985; Giulian, 1987; Giulian et al., 1988), it is
possible that the increased bFGF release mediated by IL-1 is
simply a consequence of increased cell number. Although this
possibility cannot be completely excluded, it seems unlikely
since the effect on bFGF release was of much greater magnitude
and apparent with lower concentrations of IL-1 than that shown
for astroglial proliferation (Giulian and Baker, 1985; Giulian,
1987; D. M. Araujo and C. W. Cotman, unpublished obser-
vations).

In microglial cultures, the effects of lymphokines were modest,
but both increases and reductions in bFGF release were evident.
The augmented release in microglia treated with IFN was sig-
nificantly less than the reported mitogenic effect of the peptide
on microglia (see Araujo et al., 1990). Curiously, IL-3, a lym-
phokine that is known to stimulate the proliferation of these
cells (Frei and Fontana, 1986), resulted in a small reduction in
bFGF release. Although the significance of these effects are not
yet apparent, the results suggest that regulation of bFGF release
from microglia is not of critical importance in the maintenance
of these cells in vitro. Our results demonstrating that exogenous
bFGF did not significantly affect microglial proliferation are
consistent with this view. However, in pathological conditions,
such as CNS trauma or neurological disease, where there is a
proliferation of microglia (see review by Giulian, 1987) and a
subsequent increase in lymphokines and neurotrophic factors
surrounding “lesion”™ sites, regulation of microglial bFGF re-
lease by lymphokines may become of consequence. Further-
more, the increased release of IL-1 by these proliferating mi-
croglia may enhance astroglial production of bFGF, which further
stimulates astroglial proliferation. In Alzheimer’s disease, this
increase in glial bFGF around senile plaques (Gomez-Pinilla et
al., 1990; Stopa et al., 1990) has been implicated in the induction
of amyloid synthesis (Quon et al., 1990) and subsequent plaque
development.

In glia treated with EGF, contrasting effects on bFGF release
from microglia and astrocytes were apparent. EGF markedly
increased astroglial bFGF release, even with the lowest concen-
tration tested (1 ng/ml). This appears to be mainly a direct
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consequence of stimulated bFGF secretory mechanisms, rather
than an indirect result of increased astroglial proliferation, be-
cause the large increase induced by EGF exceeded the reported
effect of EGF on astroglial proliferation (see Carpenter and Co-
hen, 1990). In microglia, release was modestly enhanced by 1
ng/ml, but was not significantly altered with higher concentra-
tions of EGF. This further substantiates the hypothesis proposed
above that under normal circumstances, regulation of bFGF
release from microglia by growth factors is not crucial.

Unlike EGF, NGF did not alter bFGF release from astroglia,
indicating that although glia are capable of releasing NGF (Fu-
rukawa et al., 1987; Houlgatte et al., 1989; Ono et al., 1991;
Yoshida and Gage, 1991), these cells appear not to be responsive
to released NGF. This result is in agreement with data showing
that high-affinity NGF receptors are not present on astroglia
(Johnson and Taniuchi, 1987). In contrast, NGF reduced bFGF
release from microglia, but only with concentrations (100-1000
ng/ml) that were significantly higher than required for neuro-
trophic effects (see reviews by Hefti et al., 1989; Lapchak and
Hefti, 1991). Thus, although the main function of NGF released
from glia in vivo may be as a trophic and maintenance factor
for CNS neurons (Hefti et al., 1989; Lapchak and Hefti, 1991),
the intriguing possibility remains that glial NGF may, in ad-
dition, modulate microglial activity.

Glial and neuronal bFGF binding sites

In vitro studies using endothelial cells have provided some un-
derstanding of the complex nature of bFGF binding to its high-
affinity receptor and to low-affinity heparin-like substances and
other glycosaminoglycans (GAGs) (Moscatelli, 1987, 1988). In
the present study, the kinetics of '2’I-bFGF binding, including
time course of saturation, B,,,,, and K,, resemble those described
previously for hippocampal neurons (Walicke, 1988b; Walicke
et al., 1989). In the latter studies, minimal binding of bFGF to
GAGs was demonstrated. Thus, although '>I-bFGF binding to
GAGs cannot be completely excluded in our study, the results
strongly suggest that the '2I-bFGF sites in our cultures represent
functional bFGF receptors. In this respect, these cells differ from
mesenchymal cells, in which greater than 90% of '*I-bFGF
binding sites are the result of low-affinity binding to GAGs
(Moscatelli, 1987, 1988).

The physiological significance of bFGF receptors on neurons
is unequivocal. In these cells effects of bFGF on cell survival
(Walicke et al., 1986; Walicke, 1988a; Walicke and Baird, 1988;
Matsuda et al., 1990) and neurite extension (Hatten et al., 1988;
Walicke, 1988a,b), which must be mediated by bFGF receptors,
have been extensively reported (see also reviews by Baird and
Walicke, 1989; Walicke, 1989). Similarly, our finding that high-
affinity bFGF receptors are present in astroglial cultures was
not unexpected since effects of bFGF on astroglial proliferation
have been demonstrated (Morrison and de Vellis, 1981; Pruss
et al., 1982; Pettmann et al., 1985). In addition, we show that
bFGF promotes astroglial proliferation with physiologically per-
tinent concentrations of the peptide (see reviews by Baird and
Walicke, 1989; Walicke, 1989).

The present study also shows that high-affinity bFGF sites
can be detected in microglia in vitro, but the importance of these
sites remains to be elucidated. Unlike astroglia, proliferation of
microglia was only modestly enhanced by bFGF. In addition,
the phagocytic properties of microglia are known to be unaf-
fected by bFGF (Giulian and Ingeman, 1988). This is unlikely

to be attributable to an overall restriction in the responsiveness
of these cells to growth factors, since a variety of these factors
have been shown to stimulate microglial proliferation (Frei and
Fontana, 1986; Giulian, 1987; Giulian and Ingeman, 1988). It
is possible that microglial bFGF receptor sites may be of some
significance in vivo, although the conditions under which they
may become functional and, indeed, whether these sites are
expressed at all in vivo have yet to be investigated.

In summary, our results present the first complete evidence
that a bFGF-like molecule is localized to and released from
astroglia, microglia, and hippocampal neurons. Moreover, glial
bFGF release is differentially regulated by a variety of lym-
phokines and trophic factors. This suggests that conditions un-
der which an imbalance of these molecules occur, such as in
CNS trauma or disease, may adversely affect bFGF production
by these cells and set forth a cascade of events that may aggravate
the initial insult. In addition, the demonstration that specific
bFGF receptor sites are also present on these cells implies that
endogenous bFGF released from glia and neurons may have
diverse functions in the CNS.
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