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Recent studies suggest that the chemokine receptor
CXCR4 may be involved in mediating the neurodegenerative process in the brains of patients with acquired
immunodeficiency disease (AIDS). In this context, we
hypothesize that neurotrophic factors, such as fibroblast
growth factor (FGF), might protect against human immunodeficiency virus (HIV)-mediated neurotoxicity via regulating the expression of CXCR4 in neural cells. For this
purpose, levels of CXCR4 were determined in neuronal
and glial cell lines after FGF1 and 2 treatment. In addition, levels of CXCR4 immunoreactivity were associated
with levels of FGF1 immunoreactivity in the brains of
HIV-positive patients. These studies showed that neuronal CXCR4 levels decreased in a dose-dependent manner after exposure to FGF. Conversely, glial CXCR4 was
increased in a dose-dependent manner after FGF2 treatment. These effects were dependent on the FGF receptor
tyrosine kinase signaling pathway, because FGFinduced effects on CXCR4 were blocked by the tyrosine
kinase inhibitor, 5⬘-deoxy-5⬘methylthioadenosine, or by
anti-FGF receptor antibody. Stromal cell-derived factor-1,
the ligand for CXCR4, and HIV gp120 neurotoxicity was
attenuated by FGF1 in a dose-dependent manner in
vitro, further supporting physiological relevance. In the
brains of AIDS patients, the levels of neural CXCR4 immunoreactivity were inversely associated with FGF levels.
Taken together, these results support the possibility that
the neuroactive effects of FGF in HIV encephalitis might be
mediated through regulation of the expression of CXCR4. J.
Neurosci. Res. 59:671– 679, 2000. © 2000 Wiley-Liss, Inc.
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Human immunodeficiency virus (HIV)-1 infection
of the central nervous system (CNS) is frequently observed
in acquired immunodeficiency disease (AIDS) patients.
However, there is often a discrepancy among the presence
of virus, degree of neuronal damage, and behavioral abnormalities (i.e., dementia). Neurodegeneration may be
© 2000 Wiley-Liss, Inc.

present without high CNS viral loads, or, conversely, virus
and/or HIV encephalitis may be seen in the CNS with
little or no neuronal damage. The broad spectrum of
behavioral and neuropathological abnormalities may reflect a sensitive balance between neuroprotective and neurotoxic factors in the CNS of HIV-infected patients.
Recent studies have suggested that fibroblast growth
factor (FGF) might protect against neurotoxic factors in
HIV. FGF1 and FGF2 (acidic and basic, respectively) are
pluripotent growth factors that have been localized in the
CNS and play a variety of roles in normal homeostasis and
injury repair. FGF1 is localized to neurons in the temporal
cortex, the thalamus, the substantia nigra cortex, and basal
ganglia, while FGF2 is produced by astrocytes and subpopulations of neurons, i.e., CA2 pyramidal neurons
(Eckenstein et al., 1994). Receptors for FGF1 and 2 are
localized to neurons, astrocytes, and microglia (Balaci et
al., 1994). Given the distribution of FGF and receptors, it
most likely acts in both an autocrine and paracrine manner. These growth factors enhance neuronal survival and
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can attenuate neurotoxicity in vitro (Himmelseher et al.,
1996, 1997; Mark et al., 1997) and in vivo (Maggio et al.,
1997; Wirth et al., 1996; Yang and Cui, 1998). While the
mechanism(s) by which FGF is neuroprotective have not
been fully elucidated, it has been demonstrated that FGF
binds to a tyrosine kinase receptor and thus may activate a
number of intracellular signaling pathways. FGF has also
been shown to be translocated to the nucleus and exert its
effects there.
One possible modulator of neurodegeneration is the
chemokine receptor, CXCR4. In the periphery, it is
involved in the directional migration of immune cells in
response to its ligand, stromal cell-derived factor-1 (SDF1). It also acts as coreceptor, along with CD4, in binding
and fusion of HIV-1, specifically interacting with the viral
envelope protein gp120. In the CNS, CXCR4 has been
localized to microglia, astrocytes, and neurons (Lavi et al.,
1997; Sanders et al., 1998). The function of the receptor
on neurons is unknown, although knock-out studies suggest a role in neuronal migration during development
(Zou et al., 1998). The significance of CXCR4 as a
coreceptor for HIV infection of neural cells is under
investigation, since infection of neurons and astrocytes is
limited or absent. However, gp120 may bind to CXCR4
and elicit signaling without subsequent infection (Davis et
al., 1997). Furthermore, gp120 and SDF-1 have been
shown to result in neuronal apoptosis via CXCR4 in vitro
(Hesselgesser et al., 1998; Meucci et al., 1998; Ohagen et
al., 1999). Thus the chemokine receptor CXCR4 may
play a role in neuronal damage seen in HIV encephalitis
(HIVE).
Modulation of CXCR4 expression on neurons may
be a mechanism for neuroprotection or neurodegeneration. FGF2 has been shown to upregulate expression of
CXCR4 on endothelial cells in vitro (Feil and Augustin,
1998), contributing to its angiogenic capabilities. We propose that a similar mechanism is involved in the neuroprotective actions of FGF in the CNS. The purpose of this
study is to determine whether FGF modulates neuronal
and glial CXCR4 expression in vitro and whether FGF is
associated with CXCR4 levels in the CNS of patients
with HIV.
MATERIALS AND METHODS
Human Tissue
Postmortem human brain tissues from 25 HIVseropositive patients were obtained in accordance with UCSD
human IRB approval. Brain tissues from five non-HIV patients
were included for examination of qualitative differences. Midfrontal and basal ganglia tissues were examined either as 8- m
paraffin sections or as 40-m vibratome sections stored in glycerine cryoprotectant media at -20°C, depending on qualitative
or quantitative analysis, respectively.
Immunocytochemical/Immunofluorescent Microscopy
Monoclonal antibody to human fibroblast growth factor-1
was obtained from Sigma (St. Louis, MO) and used at 2.5
g/ml. Monoclonal anti-human fibroblast growth factor-2 was

obtained from Calbiochem (San Diego, CA) and used at 0.5
g/ml. CXCR4 was localized using monoclonal antibody to
CXCR4/fusin from Pharmingen (La Jolla, CA) at a 1 g/ml.
Immunocytochemical staining was performed using the
avidin-biotin complex (ABC) method according to instructions
in the Vector Elite kit (Burlingame, CA). Paraffin sections were
cleared in Hemo-De (Fisher Scientific, Rockville, MD), rehydrated, and antigen retrieval was performed using Dako Target
Retrieval Solution (Carpenteria, CA) for 30 minutes, 95°C. All
tissues were incubated with 3% hydrogen peroxide for 15 minutes to block endogenous peroxidase, and blocked in 3% normal
horse or goat serum. Sections were incubated in primary antibody diluted in 2% horse or goat serum overnight at 4°C.
Sections were rinsed in phosphate-buffered saline (PBS) and
incubated with a 1:200 dilution of either biotinylated horse
anti-mouse antibody or goat anti-rabbit antibody for 2 hours
room temperature. After rinsing, sections were treated with
ABC solution for 1 hour. Color reaction was developed by
treating with 0.01% 3,3’-diaminobenzidine and 0.0015% H2O2.
Negative controls were performed by omitting the primary
antibody and incubating with diluent only. Fluorescent detection was performed as described above except that fluoresceinlabeled or rhodamine-labeled secondary antibodies were used at
a 1:100 dilution.
Quantitation
Semiquantitative measurement of CXCR4 immunoreactivity in neurons in optical density (OD) was performed using a
Leica Quantimet 570c image analysis system. Pyramidal neurons
from layer 5 in the midfrontal cortex and aspiny striatal neurons
from the basal ganglia were measured (10 cells in each region)
and averaged as previously described (Everall et al., 1997).
Similar analysis of fluorescent imaging of FGF1 was performed
with laser confocal scanning microscope (MRC 1024, Biorad,
Wattford, UK) as previously described (Masliah et al., 1992),
and staining levels were assessed by evaluating pixel values
within labeled cells using Biorad LaserSharp software.
Cell Culture
C6 glioblastoma cells (ATCC) were maintained in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
10% fetal bovine serum (FBS), and 1% penicillin/streptomycin.
For protein quantitation, cells were grown in 75-cm2 flasks for
5 days after passaging and then treated with growth factors. Cells
were removed from flasks by incubating with approximately 2
ml of 0.25% trypsin for 4 minutes. For imaging, cells were plated
onto glass coverslips coated with poly-L-lysine (200 g/ml).
SH-SY5Y cells, a noradrenergic subclone of the neuroblastoma cell line, SK-N-SY, were grown in DMEM supplemented with 10% FBS, 1% L-glutamine, and 0.1% gentamicin.
Cells were replated at 2 ⫻ 105 cells/cm2 in this media. After 24
hours, media used to differentiate the cells was composed of
DMEM, 1⫻ N2 supplements (Gibco, Gaithersburg, MD) and
105 M all-trans retinoic acid. Media with retinoic acid was
replaced every 2 days. Cells were treated on day 7 postreplate.
Growth factors used were recombinant human FGF1 (Sigma), FGF2 (Calbiochem, La Jolla, CA), nerve growth factor
(NGF), 7S (Sigma), brain-derived neurotrophic factor (BDNF)
(Genzyme, Cambridge, MA), or leukemia inhibitory factor (LIF)
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Fig. 1. Modulation of immunoreactivity
for CXCR4 by fibroblast growth factor
(FGF). a: CXCR4 is expressed by SHSY5Y cells (day 7 postreplate) grown on
poly-L-lysine-coated coverslips. b:
Staining intensity is decreased after 4
hours of treatment with 10 ng/ml FGF1.
c: CXCR4 is expressed by C6 astroglioma cells (day 5 postreplate) . d:
Staining intensity is increased after 4
hours of treatment with 5 ng/ml FGF2.
(200⫻ magnification).

(R&D Systems, Minneapolis, MN). Blocking experiments were
performed using the tyrosine kinase inhibitor, 5’-deoxy-5’methylthioadenosine (MTA) (Sigma), and/or antibodies against
FGF receptors 1 and 2 (Santa Cruz Antibodies, Santa Cruz, CA).
Western Blot
Protein analysis was performed on cell culture homogenates. Cells were removed by mild trypsinization (C6) or scraping (SH-SY5Y) and homogenized in 300 l of homogenization
buffer (1.0 mM HEPES, 5.0 mM benzamidine, 2.0 mM
␤-mercaptoethanol, 3.0 mM EDTA, 0.5 mM magnesium sulfate, 0.05% sodium azide, and 0.01 mg/ml protease inhibitor,
leupeptin). Protein (1 g/l) was electrophoresed on a 12%
acrylamide Tris-Glycine gel and transferred to nitrocellulose
membrane (O.45 m). Nonspecific binding was blocked with 1
hour preincubation in 0.1% Tween 20/PBS, followed by incubation overnight at 4oC with 1 g/ml primary antibody, rabbit
anti-human CXCR4 (Calbiochem) in 3% bovien serum albumin (BSA)/PBS. After rinsing in 0.1% Tween/PBS, the membrane was incubated for 2 hours at 4°C with 125I Protein A
which binds to rabbit IgG. Immunoreactivity was visualized and
quantitated using a PhosphorImager and ImageQuant software
(Molecular Dynamics, Sunnyvale, CA).
Cell Proliferation Assay
To determine whether FGF induced significant proliferation of C6 glial cells, MTS[3-(4,5-dimethylthiazol-2-yl)-5-(3
carboxymethoxyphenyl)-2-(4-sulphophenyl)-2H-tetrazolium]based cell proliferation assay (Promega CellTiter 96 Aqueous
Proliferation Assay) was performed per instructions. Briefly, C6
cells were plated in 96-well plates. At day 5, cells were treated

with 5 ng/ml FGF2 for 1, 2, 4, 8, and 12 hours; samples were
run in quadruplicate. Twenty microliters of reaction mixture of
the tetrazolium compound, MTS, and an electron coupling
reagent, phenazine methosulfate (PMS), was added to each
sample. After 2 hours incubation at 37°C in a humidified 5%
CO2 atmosphere absorbance at 490 nm was recorded using an
enzyme-linked immunosorbent assay (ELISA) plate reader.
Lactate Dehydrogenase Release Assay
Previous studies have shown that neuronal exposure to
gp120 and SDF1 results in apoptosis via CXCR4 (Hesselgesser
et al., 1998; Meucci et al., 1998; Ohagen et al., 1999). To
determine whether the neuroprotective effects of FGF were
physiologically relevant by ameliorating SDF1 or HIV gp120
toxicity in neurons, SH-SY5Y exposed to the CXCR4 ligand,
SDF1␣, or to HIV gp120 were analyzed with the CytoTox96®
Assay (Promega Corp., Madison, WI) which measures lactate
dehydrogenase (LDH) release (cytotoxicity). Briefly, SH-SY5Y
cells were plated as described above in 96-well plates. On day 5
postreplate, cells were pretreated with 0, 1, 5, 10 ng/ml FGF1
for 12 hours to reduce CXCR4 levels; they were then exposed
to either 25 nM SDF1␣ (Intergen Co. Purchase, NY) or 400
pM gp120IIIB (Intracell Corp. Issaquah, WA) for 48 hours. All
experimental groups were run in triplicate. As per assay instructions, half of the wells were treated with 0.8% Triton-X solution
for 45 minutes to determine maximal LDH release; 50 l of
media from each well was transferred to another 96-well plate;
addition of 50 l/well substrate buffer resulted in the enzymatic
formation of a red formazan product which was quantitated
using a standard ELISA reader at 492 nm. The final amount of
color produced is proportional to the number of cells lysed.
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Results were determined as percentage of cell survival (1 [experimental absorbance/maximal lysis absorbance] ⫻ 100%)
and reported as percent change compared to untreated control
SH-SY5Y cells.

RESULTS
FGF1 Decreases CXCR4 in Neuronal Cells
As there was no access to fetal material to establish
primary human neurons, we used the human neuroblastoma cell line SH-SY5Y, differentiated into postmitotic
cells with retinoic acid. This cell line has been shown
previously to express CXCR4 (Loetscher et al., 1994).
Consistent with these results, CXCR4 was detected by
immunocytochemistry (Fig. 1a,b) and by Western blot.
To determine the effects of FGF on CXCR4 receptor expression, SH-SY5Y cells were exposed to increasing
concentrations of FGF1 for 4 hours. Neuronal CXCR4
expression was decreased in a dose- dependent manner by
FGF1. At 0.5 ng/ml FGF1, level of expression was 76% of
control (untreated SH-SY5Y cells) and decreased to 15.5%
of control after treatment with 25 ng/ml FGF1 (Fig. 2A).
To determine the time course of the observed decrease in protein concentration, SH-SY5Y cells were
treated with 10 ng/ml of FGF1 for 1, 2, 4, 8, 12, and 24
hours (Fig. 2B). There was an initial increase in protein
levels seen at 1 and 2 hours after addition of FGF1 (134%
and 129%, respectively). After 4 hours of treatment, protein level was 87% of untreated controls and decreased to
maximal reduction of 38% of control at 12 hours. After 24
hours of treatment, CXCR4 levels were 54.5% on untreated controls.
To establish that the observed effect was through
FGF receptor signaling directly, we blocked FGF receptor
signaling by inhibiting its tyrosine kinase activity with
5’-methylthioadenosine (MTA), which has been shown to
specifically inhibit FGF activity (Maher, 1993), or by
blocking binding of FGF with excess concentrations of
antibodies to FGF receptors 1 and 2. Cells were untreated
(control), or treated with one of the following: 10 ng/ml
FGF1, 10 ng/ml FGF plus 10 mM MTA, 10 ng/ml FGF
plus 5 g/ml anti-FGF receptor 1 and 2 antibodies, MTA
alone, or anti-receptor antibodies alone (Fig. 2C). MTA
was added to the cell culture media 30 minutes prior to
FGF exposure, since pretreatment has been shown to
result in greatest reduction of FGF receptor tyrosine kinase
activity. Treatment of SH-SY5Y cells with 10 ng/ml
FGF1 reduced protein levels to 40% of untreated control.
Pretreatment with MTA or treatment with FGF receptor

Š

Fig. 2. CXCR4 protein levels are decreased by FGF in SH-SY5Y
cells. Semiquantitation of SH-SY5Y cell lysate protein levels by
Western blot. Values are given as percentage of untreated controls.
A: CXCR4 expression is decreased in a dose-dependent manner.
B: CXCR4 expression decreases over time. C: FGF1-induced
decrease of CXCR4 is inhibited by treatment with 5’- methylthioadenosine (MTA), an FGF receptor tyrosine kinase inhibitor. Error
bars represent standard error.
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blocking antibodies inhibited this reduction (93% and
100.5% of control, respectively). Treatment with MTA or
blocking antibodies alone did not significantly alter
CXCR4 protein levels.
To establish that the observed effects were specific to
FGF, SH-SY5Y cells and C6 cells were treated with NGF,
BDNF, or LIF (all 10 ng/ml) for 8 hours (SH cells) or 1
hour (C6). These trophic factors did not induce any
changes in receptor protein levels compared to untreated
controls as determined by Western blot analysis (data not
shown).
FGF Increases CXCR4 in Astroglial Cells
Since FGF exerts mitogenic effects on astroglia, contributing to astrogliosis, we hypothesized that FGF would
increase CXCR4 levels in a manner similar to its effects on
endothelial cells. C6 glioma cells were treated with increasing concentrations of FGF2 for 4 hours. Astroglial
CXCR4 expression was increased in a dose-dependent
manner by FGF (Fig. 3A). Treatment with FGF2 resulted
a maximal increase in receptor expression at 5 ng/ml
(189% above untreated control). Higher concentrations of
FGF (10 and 25 ng/ml) elicited a smaller increase. Increase
in immunoreactivity for CXCR4 was also observed in C6
cells (Fig. 1c,d).
The time course of FGF’s increasing CXCR4 protein level was examined. Initial experiments similar to
those for neuronal cells (up to 24 hours) demonstrated
that, after treatment with 5 ng/ml), expression increased
very rapidly and plateaued as early as 1 hour (data not
shown). Therefore, we examined protein levels at 5, 15,
30, 45, and 60 minutes after treatment with 5 ng/ml FGF.
Expression was up to 139% of untreated control by 5
minutes of treatment. Levels increased steadily, reaching
188% of control at 45 minutes and 196% of control at 1
hour (Fig. 3B).
To test the specificity of FGF-induced increase, FGF
receptor tyrosine kinase activity was inhibited by pretreatment with MTA, or FGF receptor binding was inhibited
by antibodies to the receptors for FGF. C6 cells were
untreated (control), or treated with one of the following:
5 ng/ml FGF2, 5 ng/ml FGF plus 10 mM MTA, 5 ng/ml
FGF plus 5 g/ml anti-FGF receptor 1 and 2 antibodies,
MTA alone, or anti-receptor antibodies alone (Fig. 3C).
Increase in CXCR4 protein levels in response to FGF
treatment (239% of control) was blocked by 30-minute
pretreatment with 10 mM MTA. The increase was also
inhibited by coincubation with anti-FGFR1 and FGFR2
antibodies. MTA or antibody treatment alone did not-

‹

Fig. 3. CXCR4 protein levels are increased by FGF in C6 astroglial
cells. Semiquantitation of cell lysate protein levels by Western blot.
A: CXCR4 expression is increased in a dose-dependent manner.
B: CXCR4 expression increases over time. C: FGF1-induced
increase in CXCR4 is inhibited by treatment with MTA, FGF
receptor tyrosine kinase inhibitor. Error bars represent standard
error.
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significantly alter receptor expression compared to untreated control.
To determine whether the increase in CXCR4 receptor protein levels was related to the mitogenic response
of astrocytes to FGF, an MTS-based proliferation assay was
performed on C6 cells at various time points after incubation with 10 ng/ml FGF2 (data not shown). There was
no significant difference between cell number (viability) of
untreated control astrocytes and those treated for 4 hours
(the time point for the dose response assay).
FGF Protects Against SDF1- or HIV gp120Induced Neurotoxicity in a Dose-Dependent
Manner
To further test that the neuroprotective effects of
FGF are physiologically relevant and are protective by
modulating CXCR4 levels, we measured cell survival of
SH-SY5Y pretreated for 12 hours with various doses of
FGF1 and then exposed to SDF1␣ or HIV gp120IIIB for
48 hours. Cells were pretreated for 12 hours with FGF to
ensure maximal reduction of CXCR4 levels. SDF1␣
alone induced a 25.6% decrease in SH-SY5Y cell survival
compared to untreated SH-SY5Y cells (Fig. 4A). Pretreatment of neuronal cells with 1 ng/ml FGF1 ameliorated
SDF1␣ toxicity, resulting in only a 13% decrease in survival compared to untreated controls. Higher concentrations of FGF1 (5 and 10 ng/ml) increased cell survival to
1.3% and 7.5% increase above control, respectively (analysis of variance [ANOVA] F(4,13) ⫽ 4.259; P ⫽ 0.02).
Exposure of neuronal cells to HIV envelope protein
gp120IIIB resulted in a 23% decrease in cell survival
compared to untreated control (Fig. 4B). Pretreatment of
neuronal cells with 1 ng/ml FGF1 reduced HIV gp120
neurotoxicity, resulting in only a 9% decrease in survival
compared to untreated controls. Cell survival was 3.8%
and 8.6% above control after pretreatment with 5 and 1
0ng/ml FGF1, respectively (ANOVA F(4,12) ⫽ 3.561,
P ⫽ 0.039). Taken together, FGF1 ameliorated the toxic
effect of SDF1␣ or gp120IIIB in a dose-dependent manner.
Neuronal FGF1 Immunoreactivity is Associated
With Decreased Neuronal CXCR4
Immunoreactivity in the Brains of AIDS Patients
To provide in vivo disease relevance to our in vitro
observations, we examined the expression of FGF1 and
CXCR4 in postmortem tissue from HIV-infected patients
with varying degrees of CNS neurodegeneration. Consistent with previous results (Eckenstein et al., 1994), FGF1
immunostaining was localized to neuronal soma in both
midfrontal and basal ganglia. FGF2 was seen in neuronal
and astrocytic nuclei with occasional weak perinuclear and
cytoplasmic staining in astrocytes. Staining for CXCR4
was present on neurons, astrocytes, and endothelial cells.
Qualitative examination between HIV-infected and noninfected control tissue revealed a greater number of
CXCR4-positive astrocytes, particularly in the white matter (Fig. 5A–D).

Fig. 4. FGF1 protects against stromal cell derived factor (SDF)1␣- and
human immunodeficiency virus (HIV) envelope protein gp120induced neurotoxicity. Pretreatment with various concentrations of
FGF1 increases cell survival in a dose-dependent manner of SH-SY5Y
neuronal cells exposed to 25 nM SDF1␣ (A) or 400 pm gp120IIIB (B).
Cell survival was determined by lactate dehydrogenase release assay, and
results are given as percent change of untreated control.

We measured protein levels of neuronal FGF and
CXCR4 to determine whether there was an association
similar to that observed in vitro. Consistent with those
results, quantitative analysis of FGF1 and CXCR4 protein
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Fig. 5. Differential expression of neuronal FGF and CXCR4 is noted in brain
tissue. A: FGF1 is localized to neuronal
soma (400⫻ magnification). B: FGF2 is
localized to neuronal and astrocytic nuclei with occasional perinuclear and cytoplasmic staining (400⫻). C: CXCR4
is localized to neuronal soma (basal ganglia; 400⫻). D: In HIV encephalitis,
cells with astrocytic morphology display
intense immunoreactivity for CXCR4
(400⫻).

Fig. 6. High neuronal FGF immunoreactivity is associated with low
neuronal CXCR4 immunoreactivity in the midfrontal cortex. Regression analysis of neuronal FGF immunoreactivity units given in fluorescent pixel intensity (PI), and neuronal CXCR4 immunoreactivity units
given in corrected optical density (COD) reveal a significant negative
association between FGF1 and CXCR4 levels.

levels as measured by pixel intensity and optical density,
respectively, revealed a significant negative association between the two in the midfrontal cortex by regression
analysis (Fig. 6). Higher FGF1 levels were associated with
lower CXCR4 levels. Regression analysis between FGF1
and CXCR4 for basal ganglia neurons resulted in a similar
but nonsignificant association (data not shown).
DISCUSSION
Fibroblast growth factor is known to promote cell
proliferation and survival (Grothe and Wewetzer, 1996);

how it mediates these effects is under investigation. This
study suggests mechanisms by which this growth factor
may exert its effects by demonstrating FGF modulation of
CXCR4 expression in the CNS. Furthermore, similar
association of neuronal FGF and CXCR4 protein levels in
HIVE suggest relevance to a disease process, while FGF’s
ability to protect against SDF1 and gp120-induced neurotoxicity provides physiological relevance.
FGF1 downregulates neuronal CXCR4 in a dosedependent manner. This type of FGF-induced receptor
alteration has been reported by Mattson et al. (1995), who
demonstrated that FGF protected against excitotoxicity by
downregulating N-methyl-D-aspartate (NMDA) receptor
protein levels after 12 hours of treatment. We saw maximal reduction of CXCR4 in 12 hours as well. Modulation
of CXCR4 expression in neurons has not been thoroughly investigated. However, interferon-gamma has
been reported to decrease receptor levels in endothelial
cells (Gupta et al., 1998), astrocytes, and microglia
(Gabuzda et al., 1999). Since CXCR4 signaling has been
implicated in neuronal apoptosis, downregulation of the
receptor by FGF would constitute a neuroprotective
mechanism. To test this possibility, we measured cell
survival of SH-SY5Y neuronal cells after exposure to
SDF1␣ or gp120IIIB with or without pretreatment with
FGF to reduce CXCR4 levels. Supporting our hypothesis,
treatment of neuronal cells with FGF prior to exposure to
toxic CXCR4 ligands increases cell survival in a dosedependent manner.
FGF rapidly upregulates CXCR4 protein expression
in astroglia. Consistent with this finding, prior studies have
shown that FGF2 upregulates CXCR4 on human umbilical vein endothelial cells within 4 hours (Feil and Augustin, 1998). Other compounds upregulate expression as
well. Interleukin (IL)-1␤ and tumor necrosis factor
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(TNF)␣ induce upregulation of CXCR4 on microglia,
and prostaglandin E2 increases expression by astrocytes
within 48 hours (Gabuzda et al., 1999). The stimulatory
cytokine IL-4 and the glucocorticoid dexamethasone upregulate CXCR4 expression on T lymphocytes within 16
hours (Wang et al., 1998). The increase we observed
occurred within 15 minutes, considerably more rapidly
than the above reports. The FGF/endothelial cell study
did not report a time course; it is possible that the effect on
these cells could be seen at earlier times. It is also likely that
astrocytes, cells known to respond to CNS injury in a
short time, have the ability to upregulate CXCR4 protein
expression in a more rapid manner. The bell-shaped response was an interesting and unexpected observation.
FGF1 and 2 have two major high affinity receptors,
FGFR1 (flg) and FGFR2 (bek), as well as having the
ability to bind to low-affinity heparin sulfate proteoglycans. Higher concentrations of FGF may alter binding/
signaling profiles by interacting with low-affinity sites and
thus attenuate the increase of CXCR4 seen at lower
concentrations. Taken together, these data suggest that
CXCR4 protein expression is modulated by a number of
factors and may play a significant role in astrocytic response to injury.
FGF displays opposite effects on glial and neuronal
cells regarding CXCR4 expression; this observation may
be explained by the broad pleiotrophic actions of FGF in
response to injury. FGF is known to be involved in
angiogenesis, astrocytosis, and neuroprotection. Differential regulation of FGF on CXCR4 protein levels demonstrated in this report for glia and neurons, as well as by
others for endothelial cells (Feil and Augustin, 1998),
would be one mechanism by which FGF exerts its effects.
Astrogliosis and neovascularization would require an upregulation of the receptor to promote chemoattration to
its ligand. Conversely, neuroprotection would require
downregulation of neuronal CXCR4 if it acts to promote
cell death.
We demonstrate that blocking FGF receptors with
anti-receptor antibodies or MTA, the FGF receptorspecific tyrosine kinase inhibitor, attenuates the observed
effects of FGF. This strongly suggests that FGF is acting via
FGFR1 or FGFR2. However, it is unclear at this time
which intracellular pathway is activated and results in
CXCR4 transcriptional control. FGFR1 and FGFR2
have a number of different sites involved in substrate
phosphorylation and subsequent diverging pathways (Szebenyi and Fallon, 1999). The Src family of kinases has
been associated with FGF receptors and has been implicated in mediating FGF-induced migration as well as
neuronal differentiation (Klint and Claesson-Welsh,
1999). Another potential pathway is via FRS2 and its
downstream activation of Ras and microtubuleassociated
protein (MAP) kinases, which have also been implicated in
neuronal differentiation and axonal growth (Derkinderen
et al., 1999). Transcriptional control of CXCR4 has been
investigated; a nuclear respiratory factor-1 (NRF-1) site as
well as a TATA box and two GC boxes have been

identified. Interestingly, another region further upstream
has been shown to inhibit promotor activity (Caruz et al.,
1998; Wegner et al., 1998). Future studies will be directed
at elucidating which pathway is involved in CXCR4
modulation.
In summary, this study demonstrates that fibroblast
growth factor can decrease CXCR4 levels in neuronal
cells and increase receptor levels in astroglial cells, both in
a dose- and time-dependent manner. Since CXCR4 has
been implicated in neuronal apoptosis directly or indirectly in the presence of gp120, FGF’s reduction of chemokine receptor levels may play a neuroprotective role in
HIV- induced neurodegeneration and thus may have therapeutic implications.
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