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We analyzed the effects of two growth factors that regulate
oligodendrocyte progenitor (O-2A) development on the expres-
sion of glutamate receptor (GluR) subunits in cortical O-2A
cells. In the absence of growth factors, GluR1 was the AMPA
subunit mRNA expressed at the lowest relative level. Basic
fibroblast growth factor (bFGF) caused an increase in GluR1
and GluR3 steady-state mRNA levels. Platelet-derived growth
factor (PDGF) did not modify the mRNA levels for any of the
AMPA subunits but selectively potentiated the effects of bFGF
on GluR1 mRNA (4.5-fold increase). The kainate-preferring sub-
units GluR7, KA1, and KA2 mRNAs were increased by bFGF,
but these effects were not modified by cotreatment with PDGF.
Nuclear run-on assays demonstrated that PDGF1bFGF selec-
tively increased the rate of GluR1 gene transcription (2.5-fold
over control). Western blot analysis showed that GluR1 protein

levels were increased selectively (sixfold over control) by
PDGF1bFGF. Functional expression was assessed by rapid
application of AMPA to cultured cells. AMPA receptor current
densities (pA/pF) were increased nearly fivefold in cells treated
with PDGF1bFGF, as compared with untreated cells. Further,
AMPA receptor channels in cells treated with PDGF1bFGF
were more sensitive to voltage-dependent block by intracellular
polyamines, as expected from the robust and selective en-
hancement of GluR1 expression. Our combined molecular and
electrophysiological findings indicate that AMPA receptor func-
tion can be regulated by growth factor-induced changes in the
rate of gene transcription.
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Glutamate receptors (GluRs) are widely expressed in both neu-
rons and glia (Mayer and Westbrook, 1987; Gallo and Russell,
1995; Steinhauser and Gallo, 1996). GluRs exist as a mosaic of
hetero-oligomeric and possibly homo-oligomeric glutamate-
activated channels with different molecular and functional prop-
erties that depend on subunit composition (Nakanishi, 1992; See-
burg, 1993; Hollmann and Heinemann, 1994; McBain and Mayer,
1994). Three separate families of non-NMDAGluR genes encode
the AMPA-preferring subunits GluR1–4 (or GluRA–D) and the
kainate-preferring subunits GluR5–7 and KA1–2 (Nakanishi,
1992; Seeburg, 1993; Hollmann and Heinemann, 1994). mRNA
transcripts for all of these subunits are expressed in a develop-
mentally regulated pattern in the rat embryo (Monyer et al., 1991;
Pellegrini-Giampietro et al., 1991; Bahn et al., 1994), and func-
tional glutamate-activated channels are known to exist in imma-
ture brain cells (Wyllie et al., 1991; Konig et al., 1992; Walton et
al., 1993; Patneau et al., 1994) (for review, see Gallo et al., 1995).
The cellular factors that determine and regulate the expression

of GluR genes are of great interest because of the broad effects

that these receptors have in synaptic transmission and in cellular
development in the brain as well as in neurodegenerative condi-
tions. In particular, non-NMDA GluRs have been shown to reg-
ulate cell proliferation and differentiation of neural progenitor
cells (LoTurco et al., 1995; Gallo et al., 1996), but the growth
factors that in turn regulate GluR expression primarily are un-
known. This is attributable not only to the heterogeneity of the
cell types expressing GluRs in the brain but also to the complexity
of the network of growth factors that regulate different stages of
neural development (Jacobson, 1991).
The levels of RNA transcripts for the AMPA-preferring sub-

units GluR1–4 increase after birth (Monyer et al., 1991;
Pellegrini-Giampietro et al., 1991; Durand and Zukin, 1993), and
basic fibroblast growth factor (bFGF) has been implicated in the
regulation of the AMPA receptor subunits GluR1 and GluR4 in
developing neurons and glia, respectively (Cheng et al., 1995;
Gallo et al., 1994). Recent molecular and electrophysiological
studies have demonstrated that, in both neurons and glia, a
correlation exists between steady-state RNA levels for distinct
GluR subunits and functional properties of glutamate-activated
channels within the same cell (Lambolez et al., 1992; Geiger et al.,
1995). These findings suggest that regulation and plasticity of
GluRs may occur, at least in part, via modifications of the RNA
levels for individual subunits. These are determined, ultimately,
not only by the rate of gene transcription but also by RNA
stability.
In the present study, we have analyzed the effects of platelet-

derived growth factor (PDGF) and bFGF on non-NMDA recep-
tor subunit gene expression in oligodendrocyte progenitor (O-2A)
cells. We have addressed directly the question of whether modi-
fications in transcriptional rate of GluR genes can cause changes
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in glutamate-activated channel activity. O-2A cells coexpress func-
tional AMPA- and kainate-preferring receptors (Patneau et al.,
1994; Puchalski et al., 1994), and their proliferation and differen-
tiation are regulated by PDGF and bFGF (Raff et al., 1988;
Besnard et al., 1989; Bogler et al., 1990; McKinnon et al., 1990;
Gard and Pfeiffer, 1993; Gallo and Armstrong, 1995). Here we
report that these two factors act in concert to upregulate expres-
sion of the AMPA receptor subunit GluR1 selectively via an
increase in gene transcription. This molecular event results in
upregulation of functional AMPA receptors in the O-2A cell
plasma membrane. Our analysis not only identifies two cellular
factors that regulate GluR gene expression during glial develop-
ment but also establishes a direct link between transcriptional
regulation of a GluR gene and functional plasticity of the corre-
sponding membrane channels.

MATERIALS AND METHODS
Cell cultures. Purified cortical O-2A progenitor cultures were prepared by
modifications of previously described methods (Armstrong et al., 1990a;
McKinnon et al., 1990). Briefly, E20–P1 Sprague Dawley rats were
decapitated, and cortices were removed, mechanically dissociated, sus-
pended in DMEM (Life Technologies, Gaithersburg, MD) containing
10% fetal bovine serum (FBS; HyClone, Logan, UT), and plated in
plastic T75 flasks. After 12 d in culture, O-2A progenitor cells growing on
top of a confluent monolayer of astrocytes were detached by overnight
shaking (McCarthy and de Vellis, 1980). Contaminating microglial cells
were eliminated further by plating this fraction on plastic culture dishes
for 1 hr. The O-2A progenitor cells, which do not attach well to plastic,
were collected by gently washing the dishes, were replated (18–25 3 103

cells/cm2) onto poly-D-ornithine-coated plates (0.1 mg/ml), and were
cultured in DME-N1 biotin-containing medium with 0.5% FBS (Hy-
Clone). After 2 hr, either PDGF (human AB, heterodimer form; 10
ng/ml) or bFGF (human; 10 ng/ml), or PDGF1bFGF (both from Upstate
Biotechnology, Lake Placid, NY) or 30% B104-conditioned medium
(B104-CM) was added to the culture medium. O-2A cells were cultured
for 1–3 d and treated every 24 hr with PDGF and/or bFGF or B104-CM.
CG-4 cells were cultured as previously described by Louis et al. (1992a)

and Patneau et al. (1994). Briefly, CG-4 progenitor cells were grown on
poly-D-ornithine-coated dishes in DME-N1 biotin-containing medium
supplemented with 30% B104-CM. B104-CM was prepared as described
by Louis et al. (1992a). CG-4 cells were passaged (1:3) every 3–4 d.
Cortical type-1 astrocyte cultures were prepared as previously de-

scribed (McCarthy and de Vellis, 1980). Briefly, tissue was dissociated
with trypsin in the presence of DNase, and cells were cultured in DMEM
containing 10% FBS (Life Technologies), 2 mM glutamine, and 2.5 mg/ml
amphotericin B (Fungizone). Cells were plated in T75 flasks and main-
tained at 378C in 5% CO2. The culture medium was changed every 3 d.
Then cultures were shaken overnight to eliminate the majority of oligo-
dendrocyte lineage cells and microglia. Cells were replated in T75 flasks
and harvested for RNA preparations after 10 d in culture.
Cultures enriched in different cell types were characterized immuno-

cytochemically by using cell specific markers (see below). Both in CG-4
and cortical cultures enriched in O-2A progenitors, 90–95% of the cells
were LB11/nestin1 (Gallo and Armstrong, 1995). Cell cultures used for
immunostaining were grown on glass coverslips precoated with
poly-D-ornithine.
Immunofluorescence. Indirect immunofluorescence experiments were

performed as previously described (Gallo and Armstrong, 1995). For
staining with the monoclonal antibody LB1 (anti-GD3 ganglioside; Levi
et al., 1986; Curtis et al., 1988), live cells were incubated for 30 min with
the primary antibody diluted (1:1) in DMEM, followed by fluorescein-
conjugated goat anti-mouse IgG (Cappel-Organon Teknika, Durham,
NC) for 20 min. After extensive washing in DMEM, cells were fixed in 4%
paraformaldehyde and 0.2% glutaraldehyde, pH 7.4, in PBS for 15 min
and mounted in Vectashield (Vector Laboratories, Burlingame, CA). For
staining with the anti-GluR1 antibody, cells were fixed in 4% parafor-
maldehyde and 0.2% glutaraldehyde, pH 7.4, in PBS for 15 min, perme-
abilized in 0.25% Triton X-100 for 5 min, and incubated with anti-GluR1
antibodies for 1 hr (2 mg/ml; gift of Dr. Robert Wenthold, National
Institutes of Health, Bethesda, MD). After incubation for 45 min with
biotinylated goat anti-rabbit antibodies (1:200; Vector), cells were

washed extensively and incubated with fluorescein-avidin (1:150; Vector)
for 20 min and mounted in Vectashield.
All immunofluorescence experiments were analyzed with 25, 40, or

1003 objectives on a Zeiss Photoscope III. In all experiments, controls
for antibody specificity were performed by omitting the primary antibod-
ies in the immunostaining protocols. The immunofluorescence pictures
presented are representative of at least three experiments.
RNA isolation and Northern blot analysis. Total RNA was isolated from

cortical O-2A progenitors and type-1 astrocytes by a single-step proce-
dure (RNAzolB; Tel-Test, Friendswood, TX) (Chomczynski and Sacchi,
1987). Total RNA was isolated from CG-4 cells with the guanidine
thiocyanate procedure (Chirgwin et al., 1979). To prepare RNA samples
from purified cortical O-2A progenitor cells, we pooled four sets of
cultures for each experiment. All of the treatments analyzed (N1, PDGF,
bFGF, PDGF1bFGF, B104-CM) were represented in each set of cell
cultures. The purified RNA samples were used to run nine parallel
Northern blots, each containing RNAs for the five treatments tested. For
AMPA receptor subunit RNA analysis, a total of three independent
experiments was performed (see Fig. 2). All RNA samples (15 mg/lane)
were resolved by electrophoresis through a 1.5% agarose-formaldehyde
denaturing gel, electrotransferred onto Nytran (Schleicher & Schuell,
Keene, NH) membranes, cross-linked to the membranes by UV irradia-
tion (Stratalinker, Stratagene, La Jolla, CA), and hybridized with cDNA
probes. The following cDNA internal fragments were used for random
priming with [a-32P]dCTP: KpnI (GluR1), XbaI–XhoI (GluR2, 3, and 5),
PstI (GluR4), EcoRI (GluR6), EcoRI–ApaI (GluR7), ClaI (KA1), XbaI–
SalI (KA2), and pT7 18S ribosomal RNA template linearized with
HindIII (Ambion, Austin, TX). Each probe was labeled at ;108 cpm/mg
DNA. For analysis of cellular RNA, blots were hybridized in 50%
formamide at 428C, washed at high stringency with 0.13 SSC at 608C, and
exposed to film for 3–4 d. GluR and 18S RNA transcripts were quantified
with a PhosphorImager system (Molecular Dynamics, Sunnyvale, CA). At
the stringency level used, with totally homologous RNA probes, there was
no cross-hybridization with ribosomal RNA.
Nuclear run-on assays. This was based on a procedure that has been

described previously in detail (Murphy and Carter, 1990). Nuclei from
2 3 107 cells pooled from four different sets of cultures were used in each
group. All of the treatments analyzed (N1, 3 hr with PDGF1bFGF and
20 hr with PDGF1bFGF) were represented in each cell culture. For the
in vitro transcription reaction, 160 ml of nuclei were thawed on ice, and
[32P]UTP was incorporated into nascent RNA chains by the addition of
30 ml of 103 transcription buffer (1.5 M NaCl; 25 mM MgCl2; 50 mM Mg
acetate; 10 mM DTT; 1.25 mM EDTA, pH 8.0; 5 mM each of ATP, CTP,
and GTP; 20 mM creatine phosphate; 30 U/ml creatine phosphokinase;
and 6 mg/ml heparin), RNase inhibitor to 500 U/ml, 330 mCi [32P]UTP,
and DEPC water to a final volume of 300 ml. After termination of the
transcription reaction and subsequent extraction and precipitation, the
pellet was resuspended in 1.5 ml of Northern hybridization buffer (see
above). Equal counts of run-off transcripts, determined by measuring
incorporated [32P]UTP on DE81 filters (Sambrook et al., 1989), were
hybridized to 3 mg of cloned cDNAs immobilized on nylon membranes
and applied with a slot blot apparatus. The membranes were incubated at
658C for 60 hr and then washed with 13 SSC/0.1%SDS twice at room
temperature for 10 min, twice at 658C for 10 min, incubated with 10 mg/ml
RNase A in 23 SSPE for 1 hr, and then washed twice with 13 SSC/1%
SDS at 658C for 15 min. Autoradiography was performed for 3 d.
Ribonuclease protection assays. The GluR1 template used in RNA

probe generation was constructed by PCR amplification of bases 2541–
2741 (Hollmann et al., 1989), inserted between the EcoRI and the BamHI
sites of pSP72 (Promega, Madison, WI), and sequenced to check for
mutations. After linearization with BglII, 264 nucleotide (NTD) antisense
run-off transcripts were produced by in vitro transcription with SP6 RNA
polymerase. The GluR2 template was generated by allowing the EcoRI-
digested cDNA to self-ligate. Linearization with EcoRI and transcription
with T7 RNA polymerase produced a 296 NTD probe corresponding to
bases 2924 and 3190 (Boulter et al., 1990). The 18S ribosomal RNA
template was purchased from Ambion. Antisense 100 NTD 18S probes
were generated by HindIII linearization and transcription with T7 RNA
polymerase. The sizes of the protected fragments for GluR1, GluR2, and
18S were 200, 265, and 80 bp, respectively. Cells (2 3 106) were rinsed
twice with ice-cold PBS before extraction of total RNA by using RNazol
B (Tel-Test). Ribonuclease protection assays were performed according
to the protocol provided with the RPAII kit (Ambion). Briefly, RNA
probes were labeled to the following specific activities (cpm/mg): GluR1,
7 3 108; GluR2, 7 3 108; and 18S, 3 3 106. Gel-purified riboprobes were
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hybridized with 20 mg of total RNA in 20 ml of hybridization buffer at
458C overnight. The hybridization mixtures were treated with a 1:100
dilution of A/T1 mixture (final concentrations, 2.5 U/ml RNase A; 100
U/ml RNase T1) at 378C for 30 min, and the resulting samples were
precipitated and resolved on a 6% denaturing polyacrylamide gel. The
dried gel was exposed to film for 7 d for GluR1 and GluR2 and 5 hr for
18S products. Autoradiographs were scanned, and GluR1, GluR2, and
18S RNA levels were determined by densitometry (Microtek ScanWizard
Plug-In, Redondo Beach, CA). Data for GluR1 and GluR2 RNAs were
normalized with 18S RNA levels, as determined within the same samples.
Reverse transcriptase-PCR. For each Reverse Transcriptase (RT) reac-

tion, 0.5–2.0 mg of total RNA, isolated as outlined above, was combined
with 100 pmol of random hexamers and denatured at 808C for 10 min.
Then the reactions were assembled by adding 13 PCR buffer (1 mM
MgCl2, 333 mM each of dNTPs, 10 mM DTT, and 100 mg/ml BSA),
containing 1 unit/ml RNasin (Promega) and 200 units of pSuperscript II
RT (Life Technologies) in a volume of 30 ml. Reactions were incubated
at 258C for 10 min and then at 428C for 50 min. After heat inactivation,
30 units of RNase H (Life Technologies) were added, and incubation was
continued at 378C for 20 min.
For PCR reactions, 10 ml of each RT reaction was added to a tube

containing 13 PCR buffer, 50 pmol of upstream primer (59-
TGGTGGTTCTTCACCCTGATCAT-39, bases 1854 to 1877 of the
GluR1 cDNA when the adenosine of the initiator codon is set to11), and
50 pmol of downstream primer (59-TATGGCTTCATTGATGGATTGC-
39, bases 1394 to 1373), yielding a 709 bp product (Jensen and Chiu,
1993), 200 mM each of dNTPs, and 2.5 units of AmpliTaq Polymerase
(Perkin-Elmer, Foster City, CA) in a volume of 100 ml. The PCR cycling
profile was as follows: 958C for 5 min and then 30 cycles of 948C for 1 min,
568C for 1 min, and 728C for 1 min with a 5 sec time extension added per
cycle and a final extension at 728 for 7 min. Products were separated on
1.5% agarose gels and visualized by ethidium bromide staining.
Western blot analysis. After treatment with growth factors, 2 3 106 cells

were washed twice and harvested in cold PBS. The cells were resus-
pended and lysed in 300 ml of sample buffer (62.5 mM Tris, pH 6.8, 1%
SDS, 10% glycerol, 10 mg/ml leupeptin, 1 mg/ml aprotinin, and 1 mM
AEBSF). The lysate was centrifuged at 5000 3 g for 15 min, and the
supernatant was collected. An aliquot was taken for protein determina-
tion with the Bio-Rad DC protein assay kit (Hercules, CA). Forty
micrograms of the cell extracts were resolved on a 9% mini SDS poly-
acrylamide gel and transferred to Immobilon P membranes (Millipore,
Bedford, MA). Blots were blocked with 5% nonfat dry milk in TBST (10
mM Tris, pH 7.4, 150 mM NaCl, and 0.05% Tween 20) for 1 hr at room
temperature and then incubated at room temperature for 1 hr in TBST
and 5% nonfat dry milk containing GluR antibodies: GluR1 (1 mg/ml; R.
Wenthold), GluR2/3 (0.1 mg/ml; R. Wenthold), and GluR4 (1 mg/ml;
Upstate Biotechnology). The anti-GluR2/3 antibody also detected the
GluR4 splice isoform GluR4c (Gallo et al., 1992; Puchalski et al., 1994).
Protein bands were detected by the Amersham ECL kit (Arlington
Heights, IL) with horseradish peroxidase-conjugated secondary antibod-
ies. Relative intensities of the protein bands were quantified by scanning
densitometry (Microtek ScanWizard Plug-In).
Electrophysiological analysis of AMPA receptor expression. Whole-cell

recordings from cortical progenitor cells were obtained 2–3 d after plating
in medium with 0.5% serum or the same medium containing
PDGF1bFGF as described above. Phase-contrast video photomicro-
graphs were obtained from individual cells before recording to establish
a record of their morphology as multipolar or bipolar cells, which were
generated after growth in low (0.5%) serum medium or medium with
PDGF1bFGF, respectively. Thin-walled borosilicate glass microelec-
trodes (TW150F-6, World Precision Instruments, Sarasota, FL) had
resistances of 3–5 MV when filled with intracellular recording solution (in
mM): 85 CsMeSO3, 50 CsCl, 10 CsF, 10 HEPES, 5 EGTA, 1 MgCl2, and
0.5 CaCl2, pH 7.2, osmolarity 310 mOsm. The intracellular solution also
included 30 mM spermine to compensate for loss of cytoplasmic poly-
amines as a result of dialysis during whole-cell recording (Bowie and
Mayer, 1995; Donevan and Rogawski, 1995; Kamboj et al., 1995; Koh et
al., 1995). The extracellular solution contained (in mM): 160 NaCl, 2.5
KCl, 10 HEPES, 2 CaCl2, 1 MgCl2, 10 glucose, 0.01 mg/ml phenol red, pH
to 7.3 with NaOH, osmolarity 325 mOsm, and 400 nM tetrodotoxin. Cells
were voltage-clamped at 260 mV with an Axopatch-1C amplifier (Axon
Instruments, Foster City, CA). The series resistance was ,10 MV and
compensated by at least 80%; cell capacitance was read from the setting
on the capacitance neutralization potentiometer of the amplifier. The
time constant of the capacitive current for bipolar cells in PDGF1bFGF-

treated cultures (82 6 9.9 msec; n 5 9) was much briefer than that of
multipolar cells in untreated cultures (449 6 53 msec; n 5 8), but in both
cell populations it was reasonably well fit by a single exponential function;
as a result there was good agreement between values for the series
resistance and cell capacitance calculated from the amplitude and time
constant of the capacitive current and the settings of the series resistance
and capacitance neutralization potentiometers of the amplifier (Marty
and Neher, 1995).
Solutions were applied via a stepper motor-based fast perfusion system,

as described previously (Vyklicky et al., 1990). Agonist-evoked currents
were evoked by using 500 mM (R,S) AMPA to selectively activate AMPA
versus kainate-preferring glutamate receptors. To allow an accurate es-
timation of the maximum amplitude of AMPA receptor responses, we
preincubated cells for at least 30 sec with the AMPA receptor-selective
allosteric modulator cyclothiazide (100 mM) before application of agonist;
this reliably blocked desensitization. Cyclothiazide (20 mM) was dissolved
in dimethylsulfoxide (DMSO) before dilution with extracellular solution;
an equivalent final concentration of DMSO (0.5%) was added to the
remaining extracellular solution. Responses were filtered at 2 kHz (8-pole
Bessel filter), digitized as required, and stored on a MacIntosh IIfx
computer with an ITC-16 interface (Instrutech) under control of the data
acquisition and analysis program Synapse (Synergistic Research, Silver
Spring, MD). To examine the rectification properties of AMPA receptor
responses, we ramped the membrane potential from2105 to1100 mV at
0.41 V/sec during steady-state responses to application of AMPA and
cyclothiazide. The resulting current–voltage (I–V ) relationships were
leak-subtracted and fit with a ninth-order polynomial to estimate the
reversal potential (Vrev); then the chord conductance was calculated from
the equation G 5 I/(V2Vrev). Data points surrounding the reversal
potential were masked during subsequent fits to a modified Woodhull
equation:

GTotal 5 GR 1 GV1
1

1 1
@S#

KD
2

where

KD 5 KD(0 mV) exp S 2 Vm zdF
RT D ,

in which GR is the component of the response to AMPA-resistant to
voltage-dependent block by polyamines; GV the voltage-dependent,
polyamine-sensitive component of the AMPA response; [S], the internal
spermine concentration (assumed to be 30 mM); KD(0 mV), the dissoci-
ation constant for binding of spermine at 0 mV membrane potential; z,
the valence of spermine; and d, the fraction of the membrane electric field
at the polyamine binding site, with F, R, and T having their standard
values (Woodhull, 1973). Data are presented as mean 6 SEM.

RESULTS
Proliferation and morphology of O-2A cells cultured
with PDGF and bFGF
The strongly mitogenic effects of PDGF and bFGF on O-2A pro-
genitor cells are well documented (Raff et al., 1988; Bogler et al.,
1990; McKinnon et al., 1990; Gard and Pfeiffer, 1993; Gallo and
Armstrong, 1995; Gallo et al., 1996). We have demonstrated previ-
ously that both growth factors significantly stimulated O-2A cell
proliferation (three- to fourfold increase after 24 hr treatment), as
measured by [3H]thymidine or bromodeoxyuridine incorporation
(Gallo and Armstrong, 1995; Gallo et al., 1996). Additionally, con-
tinuous treatment with PDGF and bFGF for 3 d produced distinct
effects on O-2A cell morphology, as revealed after staining with the
monoclonal antibody LB1 (Fig. 1). Cells cultured in the absence of
growth factors (N1; untreated cells) had round cell bodies and a
complex stellate morphology with several processes that covered a
large surface area (Fig. 1). O-2A cells cultured in PDGF displayed a
typical bipolar morphology with long processes, whereas bFGF-
treated cells were multipolar and had radially oriented short pro-
cesses (Fig. 1). O-2A progenitors cultured with both PDGF and
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bFGF displayed a wider range of morphologies (Fig. 1). Clusters of
cells with a more multipolar morphology also were found in the
cultures (see also Fig. 8). Finally, O-2A cells cultured with condi-
tioned medium from the neuroblastoma cell line B104 (B104-CM)
displayed a proliferation index and morphology similar to cells cul-
tured in PDGF1bFGF (data not shown).

PDGF and bFGF in combination selectively increase
GluR1 RNA levels
We have demonstrated previously that primary cortical O-2A
progenitor cells cultured with B104-CM express both AMPA- and
kainate-preferring subunit RNA transcripts (Patneau et al., 1994).
Figure 2 shows that the mitogenic factors present in B104-CM did
not modify AMPA receptor subunit expression significantly in
O-2A cells, as measured by Northern blot analysis of total RNA
isolated from cells cultured in B104-CM for 3 d versus cells
cultured without any growth factor (N1 lanes). PDGF also did not
modify the RNA levels of any AMPA receptor subunit, where-
as bFGF caused a significant increase of GluR1 and GluR3
RNAs (Fig. 2).
Treatment of O-2A cells with PDGF1bFGF for 3 d resulted in

a selective, 4.5-fold increase of GluR1 RNAs (Fig. 2). The syner-
gistic effect of the two growth factors seemed to be unrelated to

the proliferative effects of the growth factors, because treatment
of the cells with B104-CM, which was shown previously to stim-
ulate O-2A cell proliferation similarly to PDGF1bFGF (Gallo
and Armstrong, 1995), did not modify GluR1 expression signifi-
cantly (Fig. 2).
Among the kainate-preferring subunits, GluR7, KA1, and KA2

RNAs were upregulated by bFGF, whereas PDGF only increased
GluR7 RNAs and did not modify the effects of bFGF on kainate-
preferring receptor RNAs (Fig. 3). GluR5 RNAs were not de-
tected in O-2A progenitor cells (Patneau et al., 1994) and were
not induced by PDGF and/or bFGF (data not shown).
AMPA receptor subunits were also detectable in purified cor-

tical type-1 astrocyte cultures, with GluR3 being expressed at the
highest relative levels (Fig. 2). Kainate-preferring subunit tran-
scripts were not detectable in type-1 astrocytes by Northern blot
analysis (Fig. 3).

PDGF and bFGF increase the rate of GluR1
transcription within 20 hr
The increase in GluR1 mRNA expression induced by treatment of
O-2A cells with PDGF1bFGF could be attributable to an in-
crease in the stability of the GluR1 message, an increase in the
transcriptional activity of the GluR1 subunit gene, or a combina-

Figure 1. O-2A progenitor cells express a different phenotype when cultured in the presence or absence of PDGF and/or bFGF. Immunofluorescence
of rat cortical O-2A cells cultured in N1 medium 1 0.5% FBS without growth factors (N1) or with PDGF (10 ng/ml), bFGF (10 ng/ml), or PDGF1bFGF
(10 ng/ml each) for 3 d. Cells were stained with the monoclonal antibody LB1 and a fluorescein-conjugated anti-mouse secondary antibody.
Representative fields are shown for each culture condition. All O-2A progenitors were LB11, but their morphology differed according to culture
condition. Cells cultured without mitogens were larger and multipolar; PDGF, smaller and bipolar; bFGF, smaller and multipolar with short processes;
PDGF1bFGF, mostly bipolar (but also other morphologies, see Fig. 7). Scale bar, 100 mm.
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tion of both. To distinguish between these mechanisms, we per-
formed nuclear run-on assays to measure levels of newly synthesized
GluR transcripts after treatment with the two growth factors. Nuclei
were obtained from O-2A cells grown in the absence of growth
factors (untreated cells) or in the presence of PDGF1bFGF for 3
and 20 hr (Fig. 4A). Data for GluR1 and GluR2 transcripts were
normalized with respect to 18S ribosomal transcript levels. Treat-
ment with the growth factors for 3 hr caused a modest decrease in
GluR1 transcription, but after 20 hr PDGF1bFGF caused a 2.5-fold
increase in GluR1 transcription rate (Fig. 4A). GluR2 transcription
rate was not increased by treatment with the two growth factors at
both time points (Fig. 4A).
A time course to study the effects of PDGF1bFGF on GluR1

and GluR2 mRNA accumulation within the first 24 hr of treat-
ment was, therefore, performed and analyzed by RNase protec-
tion assays. Data for GluR1 and GluR2 RNAs were normalized

with respect to 18S RNA levels, as determined within the same
samples (Fig. 4B). No changes in GluR1 or GluR2 steady-state
RNA levels were detected after 3 hr of treatment with
PDGF1bFGF (Fig. 4B, lanes 5, 6). The two growth factors
stimulated a threefold increase in GluR1 RNA expression after 24
hr, although no change in GluR2 could be detected (Fig. 4B, lane
7). The close agreement between the transcription assay and the
RNase protection data in both the magnitude and temporal pat-
tern of stimulation indicates that elevated GluR1 RNA levels, at
least in the first 20 hr of growth factor treatment, are primarily the
result of increased transcriptional activity. A further increase in
GluR1 RNA levels (fivefold over control) was found after 3 d of
treatment (data not shown). The subunit-specific effect of
PDGF1bFGF on GluR1 gene expression in both nuclear run-on
and RNase protection assays is consistent with the Northern blot
data (Fig. 2).

Figure 2. Expression and regulation by
growth factors of AMPA receptor sub-
unit mRNAs in purified cortical O-2A
progenitor cells. Northern blot analysis
was performed by using total RNA; lanes
show, from left to right: Type-1 astrocyte
RNA (ASTROS; 15 mg/lane) isolated
from one set of cultures; RNA (15 mg/
lane) pooled from four separate sets of
O-2A cultures, with each set of cultures
tested with all of the conditions analyzed;
cerebral cortex RNA (P1 cortex; 15 mg/
lane) isolated from postnatal day 1 rat
cerebral cortex. O-2A cells and type-1
astrocytes were cultured for 3 and 10 d,
respectively. Conditions for O-2A cul-
tures included the following: N1, N1 me-
dium 1 0.5% FBS; PDGF, same medium
supplemented with 10 ng/ml of PDGF;
bFGF, same medium supplemented with
10 ng/ml of bFGF; PDGF1bFGF, same
medium supplemented with 10 ng/ml of
PDGF and bFGF each. Numbers on the
left represent molecular size in kilobases,
as derived from an RNA standard. Blots
were rehybridized with a cDNA probe for
the 18S ribosomal RNA (rRNA) to con-
trol for uniform RNA loading; the bottom
panel shows the result obtained with re-
hybridization of the GluR1 blot. All blots
were exposed to film for 4 d to maximize
signal detection. Histograms in the right
panels were derived from Phosphor-
Imager (Molecular Dynamics) analysis of
the corresponding blots. All data are pre-
sented as ratios over untreated cells
(N1) and represent averages (6SEM)
of three to five independent experi-
ments. *p , 0.05; **p , 0.005, compared
with N1 (Student’s t test). For GluR1,
PDGF1bFGF was also significantly dif-
ferent from bFGF ( p , 0.05).
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PDGF and bFGF do not stimulate GluR1 expression in
the oligodendrocyte cell line CG-4
We have demonstrated previously by Northern blot analysis that
the oligodendrocyte cell line CG-4 expresses all AMPA receptor
subunit mRNAs, except for GluR1 (Patneau et al., 1994). Because
CG-4 cells are sensitive to the mitogenic action of PDGF and
bFGF (Louis et al., 1992b), we analyzed whether the two growth
factors also would regulate GluR1 expression in this oligodendro-
cyte cell line. Figure 5A shows that GluR1 transcripts could not be
detected by RT-PCR in CG-4 cells maintained under the culture
conditions previously used (Patneau et al., 1994), i.e., in B104-
CM. Furthermore, treatment of CG-4 cells with PDGF1bFGF
did not induce detectable GluR1 gene expression, as demon-
strated by RT-PCR (Fig. 5A) and Northern blot analysis (Fig. 5B).

PDGF and bFGF increase the levels of GluR1 protein

We analyzed whether the increase in GluR1 gene transcription
rate triggered by PDGF and bFGF resulted in a parallel increase
in GluR1 protein. Western blot analysis and immunocytochemical
staining were used to determine whether AMPA receptor protein
levels were modified by the growth factors after 3 d in culture.
Consistent with the RNA analysis, basal levels of GluR1 protein
in untreated cells were relatively lower than GluR2, 3, 4c, and
GluR4 (Fig. 6A). Figure 6, A and B, shows that GluR1 protein
levels were increased moderately by PDGF (1.2 6 0.04-fold in-
crease over untreated cells; average 6 SEM; n 5 4) and by bFGF
(2.1 6 0.3-fold increase; n 5 6). The combined treatment of
PDGF1bFGF caused a synergistic 6.0 6 1.4-fold increase in total

Figure 3. Expression and regulation by
growth factors of kainate receptor sub-
unit RNAs in purified cortical O-2A
progenitor cells. Northern blot analysis
was performed by using total RNA;
lanes show, from left to right: Type-1
astrocyte RNA (ASTROS; 15 mg/lane)
isolated from one set of cultures; RNA
(15 mg/lane) pooled from four separate
sets of O-2A cultures, each set tested
with all of the treatments analyzed; ce-
rebral cortex RNA (P1 cortex; 15 mg/
lane) isolated from postnatal day 1 rat
cerebral cortex. O-2A cells and type-1
astrocytes were cultured for 3 and 10 d,
respectively. N1, N1 medium 1 0.5%
FBS; PDGF, same medium supple-
mented with 10 ng/ml of PDGF; bFGF,
same medium supplemented with 10
ng/ml of bFGF; PDGF1bFGF, same
medium supplemented with 10 ng/ml of
PDGF and bFGF each. Numbers on the
left represent molecular size in kilobases,
as derived from an RNA standard. Blots
were rehybridized with a cDNA probe
for 18S rRNA to control for uniform
RNA loading; the bottom panel shows
the result obtained with rehybridization
of the KA1 blot. All blots were exposed
to film for 4 d to maximize signal detec-
tion. No expression of GluR5 was de-
tected by Northern blot in cultured glia
under any culture condition, even after
longer exposure times (see also Patneau
et al., 1994). Histograms in the right pan-
els were derived for PhosphorImager
analysis of the corresponding blots. The
experiments was repeated by using an
independent set of cultures with similar
results. All data are presented as ratios
over untreated cells (N1).
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GluR1 protein over untreated cells (Fig. 6A,B; n 5 6), but GluR1
protein levels in O-2A cells cultured in B104-CM were similar to
those of untreated cells (data not shown). As predicted from the
RNA analysis, GluR1 protein could not be detected in CG-4 cells
(Fig. 6A).
A similar analysis with anti-GluR2, 3, 4c, or anti-GluR4 anti-

bodies demonstrated that neither PDGF nor bFGF significantly
modified the levels of these AMPA receptor proteins (Fig. 6A,B).
The relative levels of GluR2, 3, 4c, and 4 proteins were lower in
CG-4 than in primary O-2A cells (Fig. 6A), in agreement with
previous findings at the RNA level (Patneau et al., 1994).
Oligodendrocyte lineage cells maintained in culture for 3 d

were stained specifically with anti-GluR1 antibodies (Fig. 7). Cells
cultured in the absence of growth factors displayed low levels of
anti-GluR1 staining (Fig. 7A), which significantly increased in
cells treated with PDGF1bFGF for 3 d (Fig. 7B). Interestingly,
the increase in GluR1 immunoreactivity was not confined to a
subpopulation of cells but was found in virtually all cells (see
representative field in B), independent of their morphology (Fig.

7C,D). GluR1 staining was found not only in the cell bodies but
also in the processes of all cells (Fig. 7B–D).
Taken together, our biochemical and immunocytochemical

analyses unequivocally demonstrate that changes in AMPA re-
ceptor subunit RNA expression, in particular GluR1, result in
parallel changes in AMPA protein levels.

PDGF and bFGF increase the density of functional
AMPA receptors
Next we sought to determine whether treatment with
PDGF1bFGF also resulted in increased functional expression of
AMPA-preferring receptors. Using the whole-cell recording con-
figuration, with agonist applied by fast perfusion, we compared
the magnitude of AMPA-evoked currents in cells grown in low
serum medium (untreated cells) with those of cells grown in the
same medium containing PDGF1bFGF. Whole-cell recordings
were obtained from cells selected on the basis of morphology (see
Fig. 8A). The majority of untreated cells was multipolar, whereas
PDGF1bFGF-treated cells were predominantly bipolar (see Figs.

Figure 4. PDGF and bFGF increase the rate of
GluR1 gene transcription in O-2A cells. A, Nuclear
run-on transcription assays. Nuclei isolated from six
separate cultures were pooled. O-2A cells were cul-
tured either in N110.5% FBS (ctr) for 20 hr or in the
same medium supplemented with PDGF and bFGF
(10 ng/ml each) for 3 and 20 hr. Labeled RNAs were
hybridized to the GluR1, GluR2, 18S ribosomal
(18S), and the glyceraldehyde-3-phosphate-
dehydrogenase (GAPDH ) cDNAs, the latter as an
internal control for metabolic integrity of nuclear
preparations. pBluescript vector DNA ( pBS) was
used to determine background hybridization. The
hybridization signals were quantified by Phos-
phorImager analysis and normalized with respect to
the 18S RNA. GluR1 probe showed a 2.5-fold in-
crease in the hybridization signal after 20 hr of treat-
ment with PDGF1bFGF. No increase was observed
in GluR2 or in 18S signals. B, Ribonuclease protec-
tion assay. Twenty micrograms of total RNA isolated
from O-2A progenitor cells were hybridized with the
indicated RNA probes (GluR1,GluR2, and 18S). Left
panels, Lane 1, Full-length GluR1 RNA probe; lane
2, full-length 18S ribosomal RNA probe; lane 3,
tRNA negative control; lane 4, cerebellar RNA (pos-
itive control); lane 5, O-2A cells cultured in N1 1
0.5% FBS; lane 6, O-2A cells treated with
PDGF1bFGF for 3 hr; lane 7, O-2A cells treated
with PDGF1bFGF for 24 hr. Right panels, Lane 1,
Full-length GluR2 RNA probe; lanes 2, 3, as above;
lane 4, rat cerebellar RNA (10 mg); lanes 5–7, as
above. Arrows indicate protected RNA fragments.

Chew et al. • Regulation of Glutamate Receptors by PDGF and bFGF J. Neurosci., January 1, 1997, 17(1):227–240 233



1, 7). All of the cells chosen for electrophysiological recordings
were either multipolar (untreated; Fig. 8A) or bipolar
(PDGF1bFGF-treated; Fig. 8B). Figure 8, C and D, compares
the responses of these two cell types to application of 500 mM
AMPA in the absence and presence of 100 mM cyclothiazide, used
to block AMPA receptor desensitization selectively. As previously
reported (Patneau et al., 1994), application of AMPA to multi-
polar cells produced a rapidly desensitizing response well fit by a
single exponential of the time constant, 9.316 0.56 msec (n5 13).
AMPA responses of bipolar cells from cultures grown in the
presence of PDGF1bFGF desensitized with a similar time con-
stant, 8.82 6 0.34 msec (n 5 18). The rapidity of AMPA receptor
desensitization and the difficulty of ensuring rapid solution ex-
change over the surface of multipolar cells would be expected to
contribute to an underestimate of the total number of functional

AMPA receptors. Consistent with this, whole-cell responses to
AMPA were greatly enhanced after preincubation with 100 mM
cyclothiazide, and, at steady-state, AMPA currents in untreated
multipolar cells were increased .50-fold in the presence of cy-
clothiazide. However, even after block of desensitization, AMPA
responses were larger in cells treated with PDGF1bFGF (5.76 6
0.57 nA; n 5 39), as compared with untreated cells grown in low
serum medium (4.94 6 0.59 nA, n 5 31). Because these culture
conditions generate cells with strikingly different morphology and

Figure 5. GluR1 mRNAs are neither expressed nor regulated by growth
factors in CG-4 cells. A, RT-PCR analysis of GluR1 transcripts in O-2A
and CG-4 cells cultured in N1 1 0.5% FBS (N1), in PDGF1bFGF (P1F;
10 ng/ml each), and in B104-conditioned medium (B104 ). Negative con-
trols included no RT reaction to exclude genomic DNA contamination (no
RT ) and no template in the RT reaction to exclude reagent contamination
(no templ ). The expected RT products (700 bp) were obtained from O-2A
cells cultured in N1, PDGF1bFGF (P1F ), or B104, but not from CG-4
cells. B, Northern blot analysis of total RNA isolated from CG-4 cells
cultured in N11 0.5% FBS (N1), in PDGF1bFGF (P1F; 10 ng/ml each),
and in B104-conditioned medium (B104 ). The blot was hybridized with a
GluR1 KpnI cDNA probe. P1 cortex, Positive control. Treatment with
PDGF1bFGF, which strongly upregulates GluR1 RNA expression in
O-2A cells, did not stimulate GluR1 expression in CG-4 cells. This blot
was overexposed (2 weeks) to detect low levels of GluR1 transcripts.

Figure 6. PDGF and bFGF increase the levels of GluR1 protein in O-2A
progenitor cells. A, Western blot analysis of total proteins isolated from
O-2A cells cultured for 3 d in N1 medium 1 0.5% FBS (C), 10 ng/ml
PDGF (P), 10 ng/ml bFGF (F ), and PDGF1bFGF (P1F; 10 ng/ml each).
CG, CG-4 cells cultured in B104-conditioned medium; Hp, hippocampus;
Lv, liver; Cb, cerebellum. Antibodies used were anti-GluR1, anti-GluR2,
3, 4c, and anti-GluR4 in the top, middle, and bottom panels, respectively.
The small increase in GluR2, 3, 4c observed in cells treated with bFGF
and PDGF1bFGF (middle panel ) was not reproducible (3 experiments;
see B). Numbers on the left indicate molecular sizes in kilodaltons, as
derived from protein standards. B, Relative levels of the AMPA receptor
subunits were determined by densitometric analysis of Western blots.
Values are expressed as ratios over untreated cells (N1 1 0.5% FBS) and
are mean 6 SEM of three separate experiments, except for GluR1, in
which n 5 6 for control, bFGF, and PDGF1bFGF, and n 5 4 for PDGF.
*p , 0.05, as compared with control (Student’s t test).
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size and AMPA receptor currents varied 5- to 10-fold in ampli-
tude between cells grown in both low serum media as well as in
PDGF1bFGF, amplitude measurements alone are unable to
quantify accurately the possible changes in AMPA receptor den-
sity that result from treatment with PDGF1bFGF.
To estimate the effects of growth factors on receptor density

more effectively, AMPA receptor responses recorded in the pres-
ence of cyclothiazide were normalized relative to whole-cell ca-
pacitance measurements (Fig. 9). As would be expected from
morphological analysis, the multipolar cells in untreated cultures
had a significantly larger capacitance than bipolar growth factor-
treated cells (53.16 4.7 pF vs 11.76 0.7 pF; p, 0.001, two-tailed
t test), although smaller multipolar cells purposely were selected
for recording to minimize this difference (in addition, larger
differentiated cells did not adhere well during rapid perfusion and
expressed currents too big to adequately voltage clamp). Although
in both culture conditions AMPA receptor current amplitude and
cell capacitance varied among cells, the slope of the relationship
between cell capacitance and AMPA-evoked current amplitude
(Fig. 9A) was much steeper for cells grown with PDGF1bFGF
(488 pA/pF) than for untreated cells (82 pA/pF). Analysis of the
range of steady-state current densities, derived by normalization
to whole-cell capacitance (Fig. 9B), revealed two dissimilar distri-

butions with a mean current density approximately fivefold higher
in cells treated with growth factors (496 6 47 pA/pF; n 5 39), as
compared with untreated cells (106 6 12 pA/pF; n 5 31; p ,
0.001, one-tailed t test).

Effects of growth factors on AMPA receptor
subunit composition
To determine further whether the enhanced functional expression
of AMPA receptors in PDGF1bFGF-treated progenitors is se-
lective for GluR1, as indicated by our molecular analysis at the
RNA and protein levels, we examined the current–voltage rela-
tionship of AMPA receptor responses in PDGF1bFGF-treated
and untreated cells. We reasoned that a selective enhancement of
the expression of GluR1 should either generate homomeric
AMPA receptors assembled from GluR1 or dilute the relative
contribution of GluR2 subunits to heteromeric AMPA receptors
generated by coassembly with GluR1 and perhaps other subunits.
In either case enhanced sensitivity to voltage-dependent channel
block by cytoplasmic polyamines would be expected (Bowie and
Mayer, 1995; Donevan and Rogawski, 1995; Kamboj et al., 1995;
Koh et al., 1995). Current–voltage (I–V) relationships were gen-
erated from voltage ramps from 2100 to 1100 mV during the
steady-state component of the response to combined application

Figure 7. GluR1 protein is expressed in all O-2A progenitor cells and is upregulated uniformly after treatment with PDGF1bFGF. Immunofluorescence
staining of cortical O-2A cells with anti-GluR1 antibodies in cells cultured for 3 d. A, Untreated cells (N1 1 0.5% FBS). B–D, PDGF1bFGF (10 ng/ml
each). E, PDGF1bFGF, negative control; cells stained after omitting the anti-GluR1 antibody. Arrows indicate background cytoplasmic fluorescence.
PDGF1bFGF-treated cells were strongly stained independently of their morphology, and GluR1 staining was found both on the cell bodies and on the
processes (C, D). Scale bar: A, B, E, 200 mm; C, D, 100 mm.
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of AMPA and cyclothiazide. To prevent loss of cytoplasmic poly-
amines during whole-cell recording, we included 30 mM spermine
in the intracellular solution. I–V relationships were recorded from
23 untreated and 23 growth factor-treated cells. Examples are
shown in Figure 10A and illustrate pronounced rectification for
PDGF1bFGF-treated, but not untreated, cells. An index of rec-
tification (IR), calculated from the ratio of slope conductances at
130/260 mV, averaged 0.776 0.06 and 0.326 0.04 for untreated
and growth factor-treated cells, respectively ( p , 0.0001, one-
tailed t test; n 5 23 cells per group).
To analyze more precisely the effect of growth factor treatment

on the expression of voltage-dependent AMPA receptor re-
sponses, we determined reversal potentials, and we transformed
the I–V data to conductance–voltage plots (Fig. 10B). After being
normalized for whole-cell capacitance, conductance values at280
mV (G280) were 5.7 6 0.77 nS/pF (n 5 23) versus 1.8 6 0.45
nS/pF (n 5 23) for PDGF1bFGF-treated versus untreated cells,
respectively ( p , 0.001, one-tailed t test). The proportion of the
AMPA-activated conductance-sensitive to voltage-dependent
block by polyamines was estimated initially from the relationship
1 2 (Gmin/G280), in which Gmin is the minimum conductance
recorded over the membrane potential range 110 to 190 mV
(Fig. 10B). In PDGF1bFGF-treated cells (n 5 23) this ratio
averaged 0.56 6 0.04, whereas in untreated cells the ratio was
0.27 6 0.05 (n 5 23). Analysis of the distribution of Gmin/G280

values revealed two discrete populations (Fig. 10C), with
PDGF1bFGF-treated cells expressing strongly voltage-
dependent responses to AMPA more frequently than untreated
cells.

By fitting equation 1 (see Materials and Methods) to conduc-
tance–voltage plots obtained from cells with well defined voltage-
dependent responses to AMPA, we were able to estimate KD(0
mV) and zd values for block by spermine in both untreated (n 5
9) and PDGF1bFGF-treated cells (n 5 12). In the 9 of 23
untreated cells selected for this analysis, GV, the voltage-sensitive
component of the response to AMPA, was 44 6 7.8% of GTotal,
with KD(0 mV) 48.8 6 3.7 mM and zd 1.7 6 0.16; the remaining 14
of 23 cells showed too little voltage-dependent block for accurate
analysis. In the cells treated with PDGF1bFGF and selected for
analysis, GV was 78 6 3.0% of GTotal, with KD(0 mV) 49.3 6 4.4
mM and zd 1.4 6 0.11; conductance–voltage plots from 11 of 23
growth factor-treated cells were rejected for this analysis, because
the large amplitude of AMPA receptor currents saturated the
amplifier at 2100 mV, preventing accurate analysis of GTotal.

DISCUSSION
The functional implications of GluR diversity in the brain are
beginning to be elucidated, but the molecular mechanisms that
control GluR expression are not yet understood. The major find-
ing of the present study is that changes in the transcriptional rate
of GluR1 triggered by the growth factors PDGF and bFGF in
oligodendrocyte progenitor cells are associated with a large in-
crease in agonist-generated responses at AMPA receptors. Fur-
thermore, the formation of new receptor channels functionally
detected after growth factor treatment indicated a change in
subunit composition from pre-existing receptors.
Previous studies with recombinant GluRs have analyzed

whether the functional properties of native glutamate-gated chan-
nels are correlated with expression of RNAs for different subunits
(Lambolez et al., 1992; Ruano et al., 1995). Geiger et al. (1995)
used electrophysiological analysis and single-cell RT-PCR to
demonstrate that differential expression of GluR subunit genes
accounted for the gating properties and the Ca21-permeability of
GluRs in nine distinct brain cell types. Our analysis in O-2A cells
(1) establishes a direct correlation between transcriptional rate of
a GluR gene and activity of functional cell membrane channels,
(2) reveals a pathway of regulation of GluRs in a well identified
population of neural cells, and (3) demonstrates that the genes
encoding these receptors are potential targets of growth factors
that have widespread distribution in the developing brain.
PDGF and bFGF exert their biological effects on a variety of

cell types in the mammalian CNS (for review, see Ross et al.,
1986; Deuel et al., 1987; Raff, 1989; Pfeiffer et al., 1993; Temple
and Qian, 1995). The effects of the two growth factors on O-2A
cell development include stimulation of proliferation and migra-
tion and timing of differentiation (Raff et al., 1988; Besnard et al.,
1989; Armstrong et al., 1990b; McKinnon et al., 1990; Gard and
Pfeiffer, 1993). bFGF upregulates PDGF a-receptor expression in
O-2A cells, and the combination of the two growth factors pre-
vents O-2A differentiation (Bogler et al., 1990; McKinnon et al.,
1990; Gallo and Armstrong, 1995; Gallo et al., 1996). Our data
now indicate that PDGF and bFGF cooperate to upregulate
GluR1 gene expression in O-2A cells. The effects of the growth
factors on GluR1 gene expression seemed to be specific, because
treatment of O-2A cells with B104-CM, shown previously to
stimulate cell proliferation and to prevent differentiation to the
same extent as treatment with PDGF1bFGF (Gallo and Arm-
strong, 1995; Gallo et al., 1996), did not affect GluR1 gene
expression. The lack of effect of B104-CM on GluR1 RNA levels
also indicated that upregulation of GluR1 by PDGF1bFGF was
not simply a consequence of increased cell division.

Figure 8. Whole-cell currents mediated by AMPA receptors are en-
hanced after treatment of O-2A cells with PDGF1bFGF. A, Untreated
cells grown in low serum medium for 2–3 d displayed multipolar morphol-
ogy with highly branched processes. B, Cells in parallel cultures supple-
mented with PDGF1bFGF (10 ng/ml each) maintained a bipolar mor-
phology. C, D, Application of 500 mM AMPA by fast perfusion to the cells
marked by arrows produced rapidly desensitizing responses in both un-
treated (C) and in PDGF1bFGF-treated cultures (D); the capacitance of
the cells was 56 pF (C) and 9 pF (D). In the presence of 100 mM
cyclothiazide, which blocks AMPA receptor desensitization, both the peak
and equilibrium responses increased in amplitude; the vertical scale bar for
control responses to AMPA (*0.5 nA) is four times that for responses in
the presence of cyclothiazide (2 nA).
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An important aspect of our study is that different molecular
approaches consistently demonstrated that PDGF1bFGF trig-
gered GluR1 transcription, with parallel accumulation of GluR1
RNA transcripts within 24 hr. Three days of treatment with
PDGF1bFGF produced an even larger increase in GluR1 RNA
accumulation, in agreement with a sixfold increase in the levels of
GluR1 protein (Fig. 6) and an overall fivefold increase in the
density of functional AMPA receptor channels (Figs. 8–10). At
present, additional post-translational effects of PDGF and bFGF
cannot be excluded. However, our results indicate that the in-
crease in AMPA receptor density triggered by the growth factors
is primarily attributable to changes in GluR1 transcription rate.
Consistent with Western blot analysis, electrophysiological ex-

periments demonstrated a fivefold increase in AMPA receptor
current density after treatment with PDGF1bFGF. However,
attributing this change entirely to an increase in receptor number
is complicated by the effects of heteromerization of AMPA re-
ceptor subunits on single-channel conductance. For example, for
heteromeric receptors assembled from GluR4 and GluR2, mean
values for the weighted single-channel conductance can vary five-

fold and are determined by subunit composition, RNA editing,
and alternative splicing (Swanson et al., 1997). As a result, it is not
possible to extrapolate from the effects of growth factors on
whole-cell current density to changes in receptor density, except
to note that the higher single-channel conductance of AMPA
receptors lacking GluR2 could increase the amplitude of whole-
cell responses independent of changes in channel density.
Electrophysiological data consistent with a selective increase in

expression of GluR1, but not GluR2, are provided by the increase
in rectification of AMPA receptor responses in cells treated with
PDGF1bFGF. This almost certainly reflects a higher sensitivity to
channel block by cytoplasmic polyamines (Bowie and Mayer,
1995; Donevan, and Rogawski, 1995; Kamboj et al., 1995; Koh et
al., 1995). In the present experiments KD(0 mV) values for sperm-
ine block for both untreated and PDGF1bFGF-treated O-2A
cells were ;30 times higher than the value reported for homo-
meric GluR1 expressed in HEK293 cells (Bowie and Mayer,
1995). At present, there is no information available on how
AMPA receptor affinity for spermine is regulated by heteromer-
ization of GluR2 with other subunits, but given that edited gluta-

Figure 9. AMPA receptor density is higher in cells treated with PDGF1bFGF. Capacitive currents evoked by 10 mV hyperpolarizing voltage steps (left)
and inward currents evoked by 500 mM AMPA (right) recorded from cells in untreated (A) and PDGF1bFGF-treated (B) cultures. Capacitive currents
are shown before and after compensation; the line drawn through the uncompensated response is a single exponential fit of indicated time constant (t);
the series resistance (Rs) was calculated from the amplitude of the capacitive current extrapolated to the start of the voltage jump; the cell capacitance
(Cm) was calculated from the time constant of the capacitive current divided by Rs. After the capacitive current was compensated, the calculated values
for Rs and Cm (A, 6.6 MV, 80 pF; B, 4.9 MV, 17 pF) were in excellent agreement with the settings of the series resistance and capacitance neutralization
controls of the amplifier (A, 6.5 MV, 76 pF; B, 5.5 MV, 15 pF). Note that the AMPA receptor current density in the PDGF1bFGF-treated cell (509
pA/pF) is four times larger than that in the untreated cell (127 pA/pF). C, The amplitude of steady-state responses to AMPA recorded in the presence
of cyclothiazide is plotted versus whole-cell capacitance. The slope of linear regressions forced through the origin is steeper for cells treated with growth
factors (488 pA/pF, r 5 0.54) than for untreated cells (82 pA/pF, r 5 0.30). D, Histograms of the distribution of whole-cell AMPA receptor current
densities (pA/pF) fit with Gaussian functions. Mean current densities were 106 6 12 pA/pF in untreated cells (n 5 31) versus 496 6 46 pA/pF in cells
treated with growth factors (n 5 39).
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mate receptor subunits are resistant to polyamine block, it is likely
that the reduced sensitivity to spermine recorded in the present
experiments reflects formation of GluR1/GluR2 heteromers with
polyamine sensitivity lower than that for homomeric GluR1. The
finding that KD(0 mV) values for spermine block obtained for
untreated O-2A cells and PDGF1bFGF-treated cells were similar
is possibly misleading, because 14 of 23 untreated cells were
excluded because it was not possible to fit Boltzmann functions to
conductance–voltage plots accurately for cells with weak inward
rectification; thus, we cannot exclude the possibility that the
affinity for spermine could be even lower for AMPA receptors in
untreated O-2A cells with weakly voltage-sensitive AMPA recep-
tor responses.
bFGF treatment of O-2A cells for 3 d increased the steady-state

RNA levels of GluR1, GluR3, KA1, KA2, and GluR7 (see Figs. 2,
3). We also had reported previously a substantial induction of
GluR4c RNA expression by bFGF after 5 d of treatment (Gallo et
al., 1994); however, under our present treatment paradigm, cor-
responding changes in protein levels were not observed (see Fig.
6B). It is likely that very small changes in GluR4c after 3 d of
treatment with the growth factor are undetectable by Western
blotting. In our experiments on O-2A cells, bFGF affected both
GluR1 RNA and protein levels, at variance with the results of
Cheng et al. (1995), who reported an upregulation of GluR1
protein in cultured hippocampal neurons by bFGF in the absence
of observable changes in RNA levels. This difference is likely to be
attributable to the cell types analyzed, but the findings in O-2A
cells and hippocampal neurons provide evidence that bFGF may
regulate GluR expression in a variety of neural cell types via
distinct mechanisms.
Basic fibroblast growth factor influences cortical neuroecto-

derm cell division and differentiation (Ghosh and Greenberg,
1995; Vicario-Abejon et al., 1995) and stimulates proliferation of
committed progenitor cells derived from embryonic striatum
(Vescovi et al., 1993) and olfactory epithelium (DeHamer et al.,
1994). PDGF receptors are expressed in both neuronal and glial
cells of virtually all regions of the brain (Smits et al., 1991; Yeh et
al., 1993), and PDGF exerts neurotrophic effects on dopaminergic
and GABAergic neurons (Nikkah et al., 1993; Smits et al., 1993).
It is likely, therefore, that these growth factors or other factors
that activate the same intracellular pathways may cooperate to
regulate GluR expression also in neurons.
The intracellular molecular events that underlie the stimulation

of GluR1 gene transcription by PDGF and bFGF are still un-
known. Both PDGF and bFGF receptors are coupled to multiple
signal transduction pathways that may lead to gene transcription
(Hill and Treisman, 1995). One of these pathways involves Ras,
activation and nuclear translocation of the MAP kinase to the cell
nucleus with consequent phosphorylation of nuclear transcription
factors (Hill and Treisman, 1995). We have found recently that
PDGF and bFGF activate MAP kinase in O-2A cells (Pende and
Gallo, unpublished data).
GluR1 transcripts are expressed abundantly in two white matter

areas during development, the corpus callosum and the optic
nerve (Jensen and Chiu, 1993; Matute and Miledi, 1993), and
functional AMPA receptors presumably containing GluR1 have
been characterized in oligodendrocyte lineage cells of these tis-
sues (Barres et al., 1990; Wyllie et al., 1991; Fulton et al., 1992).
Preliminary in situ hybridization experiments from our laboratory
indicate that the relative levels of GluR1 transcripts in cerebellar
oligodendrocyte progenitor cells in vivo, identified as PDGF
a-receptor-positive cells, are similar to those for GluR2 and

Figure 10. Increased sensitivity to voltage-dependent block by cytoplasmic
polyamines in O-2A cells treated with PDGF1bFGF. A, Current–voltage
plots of AMPA responses from representative cells in untreated and growth
factor-treated cultures showing the enhanced inward rectification between 0
and 150 mV produced by treatment with PDGF1bFGF. B, Conductance–
voltage plots from the same pair of cells showing pronounced voltage-
dependent block by intracellular polyamines in the cell treated with
PDGF1bFGF. The response from the treated cell was well fit by Equation 1
(see Materials and Methods) with KD(0 mV) 5 23.4 mM and zd 5 1.79; Gv
and Gr, the voltage-dependent and voltage-resistant components of the
response to AMPA, were 78 and 22% of total, respectively. C, Histogram of
the distribution of the relative amplitude of the voltage-sensitive component
of responses to AMPA expressed as 1 2 (Gmin/G280 mV); note that cells
treated with PDGF1bFGF showed responses with much greater voltage
sensitivity than untreated cells.
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GluR3 (W. P. Hayes, L.-J. Chew, V. Gallo, unpublished observa-
tions). These findings are strikingly different from our results in
cultured O-2A cells, which express much lower levels of GluR1
RNAs relative to the other AMPA receptor subunits (see Fig. 2),
and suggest that the GluR1 gene may be under the transcriptional
control of factors (e.g., PDGF and bFGF) that are present in the
intact tissue, but not in our basal culture medium. Thus, the low
GluR1 content in primary O-2A progenitors offers a convenient
model system in which potential factors that may act to maintain
GluR1 levels in vivo can be identified in vitro.
In a previous study, we have demonstrated that GluR agonists

regulate O-2A cell proliferation and lineage progression by acti-
vating AMPA receptors (Gallo et al., 1996). The experiments
described in the present study indicate that the growth factors
PDGF and bFGF can modulate O-2A responsiveness to gluta-
mate by upregulating AMPA receptor density. It can be hypoth-
esized that the proliferative potential of oligodendrocyte progen-
itors results from a complex relationship involving levels of
extracellular mitogenic factors (e.g., PDGF and bFGF), levels of
extracellular glutamate, and the density of cell surface GluRs.
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