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CNS function depends on a capacity for plasticity during 
development, following injury, and in response to changing 
environmental conditions. Functional alterations in signal 
transduction pathways and in neurotransmitter receptor 
expression are possible mechanisms for the expression of 
such plasticity. In the present report, we demonstrate that 
exposure of astrocytes to specific growth factors alters 
both the functional activity and the protein levels of a spe- 
cific glutamate receptor. Exposure of astrocytes to basic 
fibroblast growth factor, epidermal growth factor, or trans- 
forming growth factor-a produced marked increases in the 
ability of metabotropic glutamate receptor (mGluR) ago- 
nists to stimulate phosphoinositide hydrolysis. Using 
Western immunoblotting, we demonstrate that an increase 
in the levels of one of the phosphoinositide-coupled mGluFl 
subtypes, mGluR5, accompanies the increased ability of 
mGluR agonists to stimulate phosphoinositide hydrolysis. 
In contrast, another phosphoinositide-coupled subtype of 
this receptor family, mGluRlol, was not present at detect- 
able levels in these cultures. The enhanced stimulation of 
phosphoinositide hydrolysis showed little sensitivity to 
pertussis toxin, and appeared to be selective to mGluR ag- 
onists, as there was not a similar increase in the ability of 
norepinephrine or carbachol to stimulate phosphoinositide 
hydrolysis. These findings demonstrate that expression of 
mGluRs in astrocytes is plastic, and indicate a novel path- 
way through which specific growth factors may selectively 
modulate neurotransmitter action. 

[Key words: astrocytes, metabotropic glutamate recep- 
tors, mGluR5, epidermal growth factor, basic fibroblast 
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The response to synaptic glutamate release is produced via ac- 
tivation of a variety of ionotropic and metabotropic glutamate 
receptor (mGluR) subtypes, which are widely expressed in both 
neurons and glia throughout the CNS (Nakanishi and Masu, 
1994). The ionotropic glutamate receptors are comprised of mul- 
tiple subunits that together form an integral cation channel con- 
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ducting sodium or calcium. In contrast, the mGluRs are large 
monomeric receptors that exert their effects either on second 
messengers or ion channels via activation of G-proteins; eight 
subtypes (mGluRl-8) have been identified to date (Nakanishi 
and Masu, 1994; Schoepp, 1994; Pin and Duvoisin, 1995). Ac- 
tivation of the mGluR subtypes can produce either excitatory or 
inhibitory effects through a variety of signal transduction mech- 
anisms, of which the most extensively studied are the phospho- 
lipase C-mediated stimulation of phosphoinositide (PI) hydro- 
lysis and the inhibition of adenylate cyclase activity. Additional 
transduction mechanisms include direct G-protein coupling to 
calcium and potassium channels and stimulations of adenylate 
cyclase, phospholipase D, phospholipase A,, and a cyclic GMP- 
dependent phosphodiesterase (Nakanishi and Masu, 1994; 
Schoepp, 1994; Pin and Duvoisin, 199.5). Interestingly, appli- 
cation of mGluR agonists has been shown to produce either 
neuroprotective or neuropathological effects, depending upon 
the preparation studied (for a review see Miller et al., 1995). 
Although some of the mGluR subtypes are known to be ex- 
pressed in glia, characterization of mGluR function has received 
less attention in these cells than in their neuronal counterparts. 

Astroglia are major components of glutamatergic pathways. 
Their processes envelop glutamatergic synapses and they have 
important roles in maintaining glutamatergic transmission by 
transporting glutamate out of the extracellular space (Schousboe 
et al., 1988; Flott and Seifert, 1991) and converting it to gluta- 
mine through the glial-specific enzyme glutamine synthetase 
(Schousboe and Hertz, 1981). Trauma, ischemia, and many neu- 
rodegenerative diseases produce a glial reaction characterized by 
astrocyte proliferation, morphological changes, and induction of 
the expression of the glial-specific marker glial fibrillary acidic 
protein (GFAP; for reviews see Hatten et al., 1991; Eng et al., 
1992). This astrogliosis may aid neuronal survival by contrib- 
uting to the restoration of the blood-brain barrier and through 
the production of growth factors, neurotrophins, and extracel- 
lular matrix components that support neurite growth (Hatten et 
al., 1991; Eng et al., 1992). Paradoxically, however, astrogliosis 
may also inhibit recovery of function through the formation of 
glial scarring, which forms a physical barrier to the regrowth of 
axons (Reier and Houle, 1988). Thus, investigation of how as- 
trocyte function is regulated by glutamate, growth factors, and 
other chemical signals that are elevated in pathological states is 
of critical importance for understanding the cellular events and 
cell-cell interactions involved in the CNS response to injury. 

Although traditionally thought to be relatively unexcitable 
support cells, it has now been demonstrated that astrocytes ex- 
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press a wide range of neurotransmitter receptors and voltage- 
sensitive channels and synthesize and release neurotransmitters 
and neuromodulators, indicating that these cells have the poten- 
tial for dynamic communication with neurons and other astro- 
cytes (Barres, 1991; Martin, 1992). We recently reported that 
when astrocytes are cultured in a serum-free defined medium 
(ADM, astrocyte defined medium) rather than with conventional 
serum-supplemented media, the ability of the mGluR agonist 
1 -aminocyclopentane-trun.y-( +)-dicarboxylic acid [~mns-( k)- 
ACPD] to stimulate PI hydrolysis is dramatically enhanced (Mil- 
ler et al., 1993). This finding suggests that mGluR transduction 
pathways in astrocytes are plastic and can be modified according 
to the conditions in the astrocyte’s microenvironment. In the 
present report, we examined the mechanism underlying this ef- 
fect and demonstrate that an induction in the expression of 
mGluR5 correlates with the enhanced PI response. Further, mod- 
ulation of the growth factor content of our serum-free medium 
revealed that exposure of the astrocytes to basic fibroblast 
growth factor (bFGF), epidermal growth factor (EGF), or trans- 
forming growth factor-a (TGF-a) will both induce the expres- 
sion of mGluR5 and enhance the ability of tuuns-(+)-ACPD to 
stimulate PI hydrolysis. 

Materials and Methods 

Astrocyte culture. Primary glial cultures were prepared from neocortices 
of Sprague-Dawley rat pups (34 d old) using a modification of the 
method of McCarthy and de Vellis (1980). Briefly, neocortex was dis- 
sected, dissociated by trituration, and plated on poly-t-lysine precoated 
flasks in Dulbecco’s Modified Eagle’s Medium (DMEM; pH 7.4) buf- 
fered with 25 mM HEPES (N-2-hydroxyethylpiperazine-N’-2-ethane- 
sulfonic acid) and 14.3 mM NaHCO, and supplemented with 15% fetal 
calf serum (FCS), I mM pyruvate, and 2 mM glutamine. For subsequent 
feeding, the FCS supplementation was reduced to 10%. After 6 d, the 
flasks were shaken overnight (280 rpm) to remove oligodendrocytes and 
microglia. One day following this purification step, secondary astrocyte 
cultures were established by trypsinizing the primary cultures and sub- 
plating onto fioly-D-lysine precoated plastic in DMEM + 10% FCS. 
Cultures to be used for PI hydrolysis experiments were established in 
12.well plates at a density of 7 X IO” cells/well. Cultures to be used 
for membrane protein isolations for Western blots were established in 
100 mm culture dishes at a density of 10h cells/dish. After 1 d in sec- 
ondary culture with DMEM + 10% FCS, the astrocytes were rinsed 
and either switched to serum-free medium or fed again with DMEM + 
10% FCS. For the initial studies, the serum-free medium was what we 
have designated as astrocyte-defined medium (ADM): DMEM supple- 
mented with transferrin (56 kg/ml), D-biotin (10 rig/ml), sodium seienite 
(5.2 nglml). fibronectin (I.5 &ml), heoaran sulfate (0.5 u,Lp/ml). EGF 
(10 rig/ml), bFGF (5 ng;ml),‘&d i&ulin (5 kg/ml); a mddyficaiion of 
the G-5 medium of Michler-Stuke et al. (1984). In some studies, astro- 
cytes were maintained in a minimally supplemented serum-free control 
medium: DMEM with only transferrin, D-biotin, sodium selenite, fibro- 
nectin, heparan sulfate, and insulin. For experimental conditions, growth 
factors were added to this minimally supplemented medium at the con- 
centrations indicated. Secondary astrocytes were maintained under the 
various culture conditions for 3-4 d before use in experiments. 

Phos~hoirzositide hydrolysis. Agonist stimulation of PI hydrolysis 
was quantified by measuring accumulation of ?H-inositol monophos- 
phate ([‘HI-IP,). For the final 24 hr of culture, ‘H-myo-inositol (I kCi/ 
well) was added to the culture medium. Prior to addition of agonists, 
culture medium was aspirated and the cultures rinsed and preincubated 
for 20 min in buffer containing: 10 mM LiCl (to inhibit /nyo-inositol- 
1 -phosphatase), 116 mM NaQ26.2 mM NaHCO,, I mM NaH2P0,, 2.5 
mM KCI. 1 .S mM MeSO,, 2.5 mM CaCl,. and 20 mM plucose. Thus. all 
PI hydrolysis experikenis were conducfed in bicarboiate buffer in’the 
absence of growth factors or other media supplements. Astrocytes CL+ 

tured under each condition were exposed to either vehicle (to assay 
basal PI hydrolysis) or agonists for 30 min, rinsed again, and the in- 
cubations then rapidly terminated by the addition of 1 ml of ice-cold 
chloroform:methanol (1:2) to each well. Wells were scraped and radio- 
activity in a sample of this extract was quantified with liquid scintilla- 

tion counting to measure total incorporation of radiolabel into the cul- 
tures. The remainder of the extract was collected and the wells were 
subsequently rinsed with 0.75 ml of water that was combined with the 
chloroform:methanol extract and an additional 0.5 ml of chloroform. 
The aqueous phase was separated by centrifugation (1000 X ,q, IO min) 
and processed for isolation of ‘H-IP, using anion exchange chromatog- 
raphy with Dowex l-X8 columns essentially as described (Milani et al., 
1989). Radioactivity in the [‘HI-IP, fraction was then corrected for total 
incorporation of radiolabel. 

Western immunoh1ot.s. Culture medium was aspirated and the plates 
were rinsed with phosphate-buffered saline and scraped in a lysis buffer 
containing 2 mM HEPES, 2 mM EDTA, 50 FM phenylmethanesulfonyl 
fluoride, and I yg/ml of each of the following protease inhibitors: an- 
tipain, bestatin, chymostatin, leupeptin, pepstatin, aprotinin, and baci- 
tracin. This extract was combined I : I with 0.64 M sucrose and homog- 
enized in a glass-Teflon homogenizer with a clearance of 0. I-O. 15 mm. 
Briefly, the homogenate was first spun at low speed (1000 X g, 5 min) 
to remove nuclei and the resulting supernatant was centrifuged at 35,000 
g for 30 min to pellet a crude membrane fraction. This fraction was 
washed once with lysis buffer (35,000 X g, 30 min), resuspended in 
lysis buffer, and a sample was taken for protein determination using the 
bicinchoninic acid method (Smith et al., 1985). For electrophoresis, 
equivalent amounts of membrane protein were dissolved in sample buff- 
er containing 20 mM dithiothreitol and subjected to SDS-PAGE in 7.S% 
gels. Separated proteins were transferred to Immobilon P membranes 
(Millipore) and incubated in TTBS (50 mM Tris HCI, 0.1% Tween-20, 
154 mM NaC1, pH 7.5) containing 2.5% nonfat dry milk for 15 min. 
then over night in the same buffer together with antibody (1:2500) and 
0.1% sodium azide. After several washes in TTBS, the membranes were 
incubated in TTBSI2.5% nonfat dry milk containing goat anti-rabbit 
antibody coupled to horseradish peroxidase (1:2000; Fisher) for 2 hr. 
After several further washes in TTBS, immunoreactive bands were vi- 
sualized using enhanced chemiluminescence (ECL reagent, Amersham). 
The mGluRlcu antibody used was prepared and characterized by Martin 
et al. (1992). The mGluR5 antibody was generated as described (Ro- 
mano et al., 1995) using a synthetic peptide corresponding to the C-ter- 
minal 13 amino acids of the predicted polypeptide sequence of the 
mGluR5 cDNA (Abe et al., 1992). The anti-mGluR5 antibody should 
recognize both known splice variants mGluR5ol and mGluR5P (Min- 
akami et al., 1993), because the variants have identical C-terminal se- 
quences, but it does not recognize mGluRla. 

Materials. Cell culture media, FCS, and trypsin were obtained from 
GIBCO Laboratories (Grand Island, NY). Cell culture supplements 
were obtained from Sigma (St. Louis, MO) except growth factors, 
which were from Upstate Biotechnology (Lake Placid, NY). Growth 
factors were reconstituted in PBS + 0.5% bovine serum albumin to 
concentrations not less than IO kg/ml and stored in aliquots at ~80°C. 
Thawed aliquots were kept at 4°C for no more than 2 weeks prior to 
use. Tmns-(?)-ACPD and quisqualate were obtained from Tocris Neu- 
ramin (Bristol, UK). Pertussis toxin was from List Biological (Camp- 
bell, CA) and ICN Biomedicals (Costa Mesa, CA). Dowex l-X8 chro- 
matography resin was from Biorad (Hercules, CA). [2-‘HI-n?yo-inositol 
was from DuPont-NEN (Boston, MA). 

Results 

Trans-(+)-ACPD application (500 pM, 30 min) produced only 
small increases in ‘H-IP, accumulation (less than twofold of bas- 
al levels) when astrocytes were maintained in secondary culture 
in DMEM + 10% FCS (Fig. 1). However, astrocytes cultured 
in ADM responded to tram-( +)-ACPD with a large stimulation 
of PI hydrolysis (34.2 5 4.4-fold of basal, Fig. 1). As we pre- 
viously reported, culturing in ADM also altered astrocyte GFAP 
immunoreactivity (Miller et al., 1993). Rather than demonstrat- 
ing the flat polygonal morphology typical of astrocytes grown 
in serum-supplemented medium, GFAP immunostaining of 
ADM cultures showed a highly branched, stellate morphology 
more similar to the morphology of astrocytes in viva. 

Western immunohlotting for PI-coupled mGluRs. To deter- 
mine if alteration in receptor expression was involved in the 
increase in PI signal when astrocytes were grown in ADM, we 
examined the levels of the mGluRs using Western blotting. Of 
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Figure 1. Stimulation of PI hydrolysis by truns-(t)-ACPD increased 
incultures grown in ADM. Secondary cuitures were maintained in ei- 
ther DMEM + 10% FCS or in ADM. which consists of DMEM SUV- 
plemented with transferrin, D-biotin, selenium, fibronectin, heparan sul- 
fate, bFGF, EGF and insulin. Following a 24 hr labeling period with 
‘H-myo-inositol (1 &i/well), culture medium was aspirated and the 
cultures were washed and preincubated for 20 min in bicarbonate buffer 
containing 10 mM LiCl. Cultures were then stimulated with 500 PM 

truns-(t)-ACPD for 30 min, followed by isolation of ?H-IP, with anion 
exchange chromatography. Dpms in ?H-IP, fractions were divided by 
total dpms incorporated by the astrocytes in each well. Values are mean 
-t SEM from three to four experiments performed in triplicate. 

the eight mGluR subtypes that have been characterized, two of 
these, mGluR1 and mGluR5, have been shown to be able to 
couple to PI hydrolysis (Abe et al., 1992; Aramori and Nakan- 
ishi, 1992). We investigated expression of these two subtypes 
using antibodies selective for either mGluRla or mGluR.5. In 
situ hybridization and immunohistochemistry of brain slices 
have shown that mGluR1 is restricted to neuronal elements 
(Martin et al., 1992; Gores et al., 1993). Accordingly, no ex- 
pression of mGluRlol was detected in membranes prepared from 
astrocytes cultured under either condition (not shown). mGluR5, 
however, was expressed in the astrocyte cultures. Although there 
was little or no mGluR5 present in membranes prepared from 
DMEM + 10% FCS cultures, the antibody recognized a strong 
band at approximately 145 kDa in an equivalent amount of 
membrane protein from ADM cultures (Fig. 2). Thus, a large 
induction in the level of mGluR5 correlates with the increased 
ability of trans-(+)-ACPD to stimulate PI hydrolysis. The re- 
sults obtained with this relatively simple manipulation of the 
culture medium demonstrate that expression of the mGluR sub- 
types is plastic in astrocytes, depending upon the composition 
of the extracellular environment. 

Effect of growth .factors on trans-(-t)-ACPD stimulation qf PI 
hidrol& - 

We next explored the reason for these large differences in signal 
transduction properties and mGluR expression between the two 
culture conditions, investigating the effects of specific compo- 
nents of the ADM. For each culture condition we determined 
both basal (unstimulated) and agonist-stimulated ‘H-IP, accu- 
mulation, corrected for total incorporation of radiolabel, and ex- 
pressed these values as fold over basal. For the control medium 
in the following experiments we used a minimally supplemented 
serum-free medium composed of DMEM with only transferrin, 

FCS ADM 

217 - 

72 - 

42 - 

Fi,qure 2. Western blot of astrocyte membranes with an mGluR5 an- 
tibody. Membrane protein fractions (50 pg) from astrocytes cultured 
either in DMEM + 10% FCS (KS) or ADM. were run on SDS-PAGE 
electrophoresis, and transferred to membranes. Blots were probed with 
an antibody directed against the C-terminus of mGluR5. Following in- 
cubation with a goat anti-rabbit secondary antibody coupled to HRP, 
immunoreactive bands were visualized with enhanced chemilumines- 
cence. 

D-biotin, sodium selenite, fibronectin, heparan sulfate, and in- 
sulin. These components were added to help maintain healthy 
cultures but they did not produce a significant alteration in the 
ability of the astrocytes to respond to trans-(+)-ACPD as com- 
pared to astrocytes cultured in DMEM + 10% FCS (Fig. 3). 
Addition of either EGF or bFGF to this serum-free control me- 
dium increased the ability of trans-(-C)-ACPD to stimulate PI 
hydrolysis (Fig. 3). EGF appeared to be more efficacious in this 
regard than bFGE This was confirmed by examining the re- 
sponse to tram-( t)-ACPD after culturing with varying concen- 
trations of either EGF or bFGE EGF produced its maximal effect 
at a concentration of 2.5 rig/ml, while the maximal effect of 
bFGF was not achieved until 30 rig/ml (Fig. 4). Additionally, 
the maximal response to trans-( ?)-ACPD in EGF-supplemented 
cultures appeared to be greater than that in bFGF-supplemented 
cultures. Each of these growth factors induced radical alterations 
in astrocyte morphology, producing a stellate shape with nu- 
merous long and highly branching processes. 

Although expression of the EGF receptor (EGF-R) in astro- 
cytes in brain has been well documented, EGF mRNA appears 
to be expressed only at low levels, and some studies have failed 
to detect EGF with immunohistological methods (as discussed 
(Lazar and Blum, 1992). In contrast, TGF-ol, a structural ho- 
molog of EGF that displays similar affinity for the EGF-R (De- 
rynck, 1992), is widely expressed in brain at significantly higher 
levels than EGF (Kaser et al., 1992; Lazar and Blum, 1992). 
Since TGF-a may be a more physiologically prevalent ligand, 
the ability of this growth factor to enhance astrocyte responsivity 
to trans-(F)-ACPD was also examined. As with EGF, culturing 
with TGF-a produced a large increase in the PI response stim- 
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Figure 3. Effect of growth factors on 
the ability of truns-(t)-ACPD to stim- 
ulate PI hydrolysis. Basic FGF (5 ng/ 
ml), EGF (10 rig/ml), or TGF-o( (10 ng/ 
ml) were added to a minimally supple- 
mented serum-free control medium 
(SF) comprised of DMEM supple- 
mented with transferrin, D-biotin, so- 
dium selenite, fibronectin, heparan sul- 
fate, and insulin. After 3-4 d of expo- 
sure to the growth factors, the culture 
medium was aspirated, the cultures 
rinsed with bicarbonate buffer, and as- 
sayed for truns-(F)-ACPD stimulation 
of PI hvdrolvsis. Values for ?H-IP, + , 
were corrected for total incorporation 
and stimulation of PI hydrolysis was 
expressed as fold over basal (wells un- 
treated with ACPD but exposed to 
identical culture conditions). Values are 
mean F SEM from four to five exper- 
iments performed in triplicate. 

30 
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ulated by trans-( +)-ACPD (Fig. 3) and produced a dramatically peared to be more efficacious than bFGF in the induction of 
stellate morphology. mGluR5. 

Effect of growth ~factors on mGluR.5 Sensitivity to pertussis toxin 

Again, mGluRla Western blotting of equivalent amounts of 
membrane protein from the various culture conditions showed 
no expression of this subtype in any of the astrocyte cultures 
(not shown). In contrast, Western blots for mGluR5 revealed that 
a small amount of mGluR5 was expressed in the minimally sup- 
plemented serum-free cultures while exposure of astrocytes to 
either EGF, bFGF, or TGF-ol produced a robust increase in the 
mGluR5 signal (Fig. 5). As with the PI hydrolysis, EGF ap- 

Studies of individual cloned mGluR subtypes expressed in CHO 
cells have demonstrated that signal transduction via the different 
subtypes is mediated by either pertussis toxin (PTX)-sensitive 
or PTX-insensitive G-proteins. For the two subtypes shown to 
couple to stimulation of PI hydrolysis in CHO cells, mGluRl- 
mediated stimulation is PTX-sensitive (Aramori and Nakanishi, 
1992), while mGluR5-mediated stimulation displays little PTX 
sensitivity (Abe et al., 1992). To test the PTX sensitivity of the 

Figure 4. The relative abilities of 
bFGF and EGF to enhance the ability 
of trans-(t)-ACPD to stimulate PI hv- 
drolysis were further examined by 
varying the concentrations of the 
growth factors. After 3-4 d of exposure 
to the growth factors, culture medium 
was aspirated, the cultures rinsed with 
bicarbonate buffer, and assayed for 
truvl~-(i.)-ACPD stimulation of PI hy- 
drolysis. Values for ?H-IP, were cor- 
rected for total incorporation, and stim- 
ulation of PI hydrolysis was expressed 
as fold over basal (identical cultures, 
untreated with ACPD). Values are 
mean 5 SEM from two to three exper- 
iments performed in triplicate. 

40 

1 Culture Condition 

n bFGF 
q EGF T 

Concentration (rig/ml) 
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upregulated PI hydrolysis response in our astrocytes, cultures 
were grown in the presence of TGF-ol (10 rig/ml) and exposed 
to PTX (10 rig/ml to 1 Fg/ml) for the final 18 hr of culture. 
Concentrations of PTX as high as 1 kg/ml produced little re- 
duction in the ability of 100 FM lS,3R-ACPD (the active en- 
antiomer of trans-(t)-ACPD) to stimulate PI hydrolysis (stim- 
ulation was 21.2 t 2.2-fold of basal without PTX treatment and 
18.3 t 2.1-fold following PTX treatment; n = 3), suggesting 
that the G-protein that mediates this effect may be similar to that 
which couples to phospholipase C in CHO cells expressing 
mGluR5. In contrast, this same treatment (PTX 1 pg/ml, 18 hr) 
markedly attenuated stimulation of PI hydrolysis by 100 pM 

norepinephrine (14.3 2 1.3-fold of basal without PTX vs 7.8 2 
1.4-fold of basal following PTX treatment; n = 3) in agreement 
with previous reports (Wilson and Minneman, 1990; Marin et 
al., 1993). 

2oi T 

Quisqualate Glutamate lS,3R-ACPD 

Figure 5. Western blotting demon- 
strates that exposure to specific growth 
factors can induce mGluR5. After 3%4 
d of exposure to the growth factors, 
membrane fractions were prepared, 
fractionated by SDS-PAGE, and West- 
ern blots were conducted with an anti- 
body selective for mGluR5. EGF or 
bFGF at the concentrations used in 
ADM (10 rig/ml and 5 nglml, respec- 
tively) was added to a minimally sup- 
plemented serum-free control medium 
(SF). The effect of TGF-ol was also 
tested by addition to the serum-free 
medium at 10 rig/ml. For comparison, 
at left, immunoreactivity in a rat brain 
cortex sample (C7X). 

Speci&dy to mGluR agonists 

To determine whether other neurotransmitter receptors were 
upregulated in the same manner, astrocytes were grown in either 
serum-free medium in the presence or absence of TGF-a and 
stimulated with norepinephrine, the cholinergic agonist carbach- 
01, or mGluR agonists (Fig. 6). For each of the mGluR agonists 
tested-glutamate, quisqualate, and 1 S,3R-ACPD-the stimu- 
lation of PI hydrolysis was greatly enhanced by culturing in the 
presence of TGF-(r. However, exposure to TGF-a produced little 
difference in the ability of norepinephrine or carbachol to stim- 
ulate PI hydrolysis, demonstrating that the enhancement in re- 
sponse to mGluR agonists was not a generalized phenomenon 
of other transmitter systems and suggesting that the growth fac- 
tor treatment did not produce a nonspecific increase in the syn- 
thesis of all proteins. 

Culture Condition 

H Without TGF-a 

n +TGF-a 

Norepinephrine Carbachol 

Figure 6. TGF-IY. selectively en- 
hanced mGluR agonist-induced PI hy- 
drolysis. Comparison of agonist stim- 
ulation of PI hydrolysis in sister cul- 
tures of secondary astrocytes grown in 
serum-free medium in either the ab- 
sence or presence of TGF-ol (10 rig/ml) 
for 4-5 d. Culture medium was aspi- 
rated and the cultures rinsed with bi- 
carbonate buffer before measurement 
of stimulation of PI hydrolysis by 100 
FM of quisqualate, 1$3R-ACPfi, nor- 
eoineohrine. carbachol. or 500 LLM of 
giutahate. Values for WIP, weie cor- 
rected for total incorporation, and stim- 
ulation of PI hydrolysis was expressed 
as fold over basal (untreated wells). 
Values are mean t SEM from three to 
four experiments performed in tripli- 
cate. 
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Discussion 

Using electron microscopic immunocytochemistry, mGluR.5 has 
been demonstrated to be present in some astrocytic processes in 
rat brain (Roman0 et al., 1995; van den Pol and Romano, un- 
published). The present in vitro results demonstrate that PI signal 
transduction and the expression of mGluR5 in astrocytes are 
plastic and can be modified according to the precise growth fac- 
tor composition of the extracellular environment. We have 
shown that EGF, bFGE or TGF-o will induce a robust increase 
in mGluR5 levels, while mGluRla remains undetectable. Al- 
though artificial expression of individual cloned receptor sub- 
types in CHO and BHK cells has been instructive in defining 
the pharmacology of specific receptor subtypes, the transduction 
machinery present in these cells may differ from that of neurons 
and astrocytes. The culture technique demonstrated here pro- 
vides a useful in vitro system for studying mGluR5 pharmacol- 
ogy and signal transduction in a CNS cell type (Miller et al., 
1994). In addition, this method will be useful for studying the 
significance of mGluR5 activation in regulating astrocyte func- 
tion. 

EGE TGF-cc, and bFGF are all astrocyte mitogens. However, 
the increased truns-ACPD stimulation of PI hydrolysis is not 
merely a reflection of increases in cell number because the val- 
ues for HIP, were normalized to total incorporation of radio- 
label and expressed as stimulation over basal levels of PI hy- 
drolysis in identically cultured cells. The mitogenic effect of 
these growth factors was also accounted for in the Western blot 
studies by running equal amounts of membrane protein per lane. 
Additionally, the elevated mGluR5 levels are not a reflection of 
a generalized upregulation in protein expression because func- 
tional measures of other PI-coupled neurotransmitter receptors 
were not similarly increased (Fig. 6). Further, in a separate series 
of experiments we have demonstrated that treatment of these 
cultures with mitogens like bFGF does not upregulate message 
levels for an unrelated protein, the glycolytic enzyme glyceral- 
dehyde-3-phosphate dehydrogenase (E Gomez-Pinilla et al, un- 
published). The selective upregulation of mGluR5 after exposure 
to these growth factors does, however, suggest that this receptor 
is in some way associated with cell cycle progression. The pres- 
ent study does not directly address the mechanism through 
which mGluR5 levels are altered; however, considerable recent 
progress has been made in characterizing the signal transduction 
cascade initiated via EGF and FGF receptors. These receptors 
have integral tyrosine kinase domains, which, when activated, 
lead to Ras activation and the subsequent initiation of an intra- 
cellular cascade of phosphorylation resulting in activation of mi- 
togen activated protein kinases (MAP kinases) and alterations in 
gene transcription (Guan, 1994; Moodie and Wolfman, 1994; 
Marshall, 1995). 

Modulation of the expression levels of glutamate receptor 
subtypes may be relevant to the roles specific growth factors 
have in the CNS in development, differentiation, and response 
to injury. EGF and bFGF, synthesized in both neurons and as- 
trocytes, enhance neuronal survival and neurite outgrowth in 
culture and promote survival following injury in vivo (Plata- 
Salaman, 1991; Logan and Berry, 1993). TGF-a, a more abun- 
dant hgand for the EGF-R (Kaser et al., 1992; Lazar and Blum, 
1992) is also expressed in both neurons and glia (Seroogy et 
al., 1993). Interestingly, the regional distribution of mRNA for 
TGF-o in mature brain (Kaser et al., 1992; Lazar and Blum, 
1992; Seroogy et al., 1993) correlates well with the distribution 

of mGluR5 mRNA (Abe et al., 1992; Testa et al., 1994). De- 
velopmentally, in situ hybridization studies demonstrate that 
TGF-(IU mRNA expression is greater in the early postnatal period 
than in the adult brain (Seroogy et al., 1993), displaying a similar 
developmental decrease as mGluR5 message levels (Abe et al., 
1992) and protein (Roman0 et al., unpublished). Expression of 
bFGF, EGF, and TGF-o and their receptors in astrocytes in vivo 
indicates that the potential exists for mGluR5 expression to be 
controlled in the CNS by means similar to those that we have 
demonstrated in culture. 

TGF-a, the EGF-R, and bFGF have been shown to be ele- 
vated in a variety of pathological states in the CNS, such as after 
ischemia and after chemical or mechanical lesions (Junier et al., 
199 I, 1994; Plata-Salaman, 199 1; Logan and Berry, I 993; Korn- 
blum et al., 1994). Further, addition of bFGF or ligands for the 
EGF-R to our astrocyte cultures produced a morphology similar 
to the morphology of astrocytes undergoing reactive astrogliosis 
in vim. It is also relevant to note here that treatments that have 
previously been reported to increase excitatory amino acid stim- 
ulated PI hydrolysis in ex viva brain slices (lesions, Nicoletti et 
al., 1987; ischemia, Seren et al., 1989; and kindling, Iadorola et 
al., 1986) are accompanied by astrogliosis. Those studies, com- 
bined with the present in vitro results, lead us to speculate that 
mGluR5 expression may also be altered during in vivo astrog- 
liosis. I f  so, it will be important to examine the functional con- 
sequences of such a change with regards to the astrocytic re- 
sponse to injury, particularly since disruptions of glutamate ho- 
meostasis may be involved in many pathological conditions in 
the CNS (Coyle and Puttfarcken, 1993; Lipton and Rosenberg, 
1994). Preliminary studies in our lab indicate that activation of 
mGluR5 with truns-ACPD enhances astrocyte proliferation, sug- 
gesting a role for this receptor in the progression of astrogliosis. 
Indeed, the ability of neurotransmitters that stimulate PI hydro- 
lysis to produce trophic effects has been demonstrated in other 
systems, for example, in fibroblasts transfected with serotonin 
receptor subtypes (Lauder, 1993). 

Growth factors, neurotrophins, cytokines, and other sub- 
stances are released by neurons and glia and can act in both 
autocrine and paracrine fashions. In the present study we dem- 
onstrate a novel type of growth factor-neurotransmitter interac- 
tion in which specific growth factors selectively regulate the 

levels of a subtype of neurotransmitter receptor, thereby 
strengthening the subsequent efficacy of that neurotransmitter on 
a specific signal transduction pathway. This type of signal pair- 
ing, between a growth factor and a neurotransmitter, may rep- 
resent a form of conditioning of the astrocytic response. Other 
examples of cellular conditioning effects have been demonstrat- 
ed in electrophysiological studies of neuronal function, for ex- 
ample, the depolarization-dependent relief of the magnesium 
blockade of the N-methyl-D-aspartate receptor channel (as re- 
viewed, Cotman et al., 1988). In comparison, the present work 
demonstrates a mechanistically distinct type of conditioning of 
the astrocyte response to glutamate in which the magnitude of 
a second-messenger response is dependent upon prior exposure 
of the astrocytes to specific growth factors that regulate receptor 
subtype levels. Alteration in the ratios of receptors by the chang- 
ing growth factor composition of the microenvironment would 
then modify future signalling properties and cell-cell interac- 
tions, influencing the net physiological results following gluta- 
mate release. In this way, neurons may direct astrocytic re- 
sponses over a prolonged time course to modify the function of 
local cellular groups. 
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