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SUMMARY

Platelet-derived growth factor (PDGF) and PDGF receptors
(PDGFRs) are ubiquitously expressed in the mammalian central
nervous system, where they exert trophic actions on both neu-
ronal and glial cells. However, the acute actions of PDGF on
synaptic transmission are unknown. We report a novel regula-
tory action of PDGF/PDGFR. Activation of PDGFRs inhibited
the function of native type A raminobutyric acid (GABA,#{216}J
receptors (GABAA-Rs) in rat hippocampal CAl pyramidal neu-
rons and mouse brain membrane vesicles. The mechanism of
this inhibition was studied with a panel of mutant PDGFRs-f3
coexpressed with cloned human GABAA-Rs in Xenopus oo-
cytes. These experiments revealed that phospholipase C-y is
the protein that relays the inhibitory signal from PDGFRs to
GABAA-R5. Experiments with microinjected EGTA and inositol-
1 ,3,4-triphosphate demonstrated that inhibition of GABAA-R5

depended on a phospholipase C-y-mediated increase in intra-
cellular Ca2�-levels. The PDGFR-induced inhibitory effect was
independent of the subunit composition of GABAA-Rs. More-
over, GABAA-R5 composed of al I�S4O9A subunits, which do
not contain any known protein kinase C phosphorylation sites,
were inhibited by PDGF to the same extent as wild-type
GABAA-Rs. Inhibitors of protein kinase C, Ca2�/calmoduIin-
dependent protein kinase II, calcineurin, and tyrosine phos-
phatases did not affect the modulatory actions of PDGFR. In
conclusion, our results suggest that PDGFRs exert potent mod-
ulatory actions on GABAA-R-dependent inhibitory synaptic
transmission. These regulatory actions of PDGF could play
important roles in the function of the mammalian central ner-
vous system during physiological and pathophysiological
conditions.

PDGF is a molecule that exerts important trophic actions
in a wide range of tissues, including the mammalian CNS.

PDGFs are dimeric molecules (PDGF-AA, -BB, and -AB) that
differentially bind to two types of tyrosine kinase receptors,

denoted as PDGFR-ct and -�3 (1). In situ hybridization and

immunostaining studies have determined that PDGF-A and
-B subunits are widely expressed in the CNS (2, 3). Similar

studies have also shown that PDGFR-� and -a are expressed

in both neuronal and glial cells, respectively, of virtually all

CNS regions (4, 5). Because of its ubiquitous expression in
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the CNS, the actions of PDGF on both glial and neuronal cell

types have been the focus of intense research. Research on

PDGF has been centered primarily on its trophic actions

because of the potential uses of growth factors in the treat-

ment of neurodegenerative diseases of the CNS (6). It is well

established that PDGF is important for the proliferation of

glial cells during physiological and pathophysiological condi-

tions (5, 7, 8). In addition, PDGF exerts trophic effects on

neuronal cells. Exposure of cultured newborn rat neurons to

PDGF-BB increases survival, promotes neurite outgrowth,
and induces the transcription factor c-fos (4). Because do-
paminergic and GABAergic neurons are targets for the neu-

rotrophic actions of PDGF (9, 10), this growth factor could be

useful in the treatment of Parkinson’s disease and, perhaps,

other degenerative diseases of the CNS.

Neurotrophic growth factors appear to be important not

ABBREVIATIONS: PDGF, platelet-derived growth factor; PDGFR, platelet-derived growth factor receptor; CNS, central nervous system; PLC-’y,
phospholipase C-y; GABAA-R, type A y-aminobutyric acid receptor; lP3, inositol-1 ,3,4-triphosphate; PKC, protein kinase C; PKA, protein kinase
A; PKG, cGMP-dependent protein kinase; CAM-kinase II, Ca2�/calmodulin-dependent protein kinase II; IPSC, inhibitory postsynaptic current;
P13K, phosphatidylinositol-3-kinase; GAP, ras-GTPase activating protein; BAPTA, 1 ,2-bis(2-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid;
DMSO, dimethylsulfoxide; HEPES, 4-(2-hydroxyethyl)-1 -piperazineethanesulfonic acid; ANOVA, analysis of variance; EGTA, ethylene glycol

bis(�3-aminoethyI ether)-N,N,N’,N’-tetraacetic acid.
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only for neuronal growth and differentiation but also for the

normal function of the adult CNS. It has been recently re-
ported that members of the nerve growth factor family of
neurotrophic factors potentiate synaptic transmission in cor-
tical and hippocampal neurons (11, 12, 13). However, little is
known about the effects of other growth factors, such as
PDGF, on neuronal function. Because of the wide expression

of PDGF in the CNS, it is possible that this growth factor

exerts important modulatory actions on synaptic transmis-

sion. Because PDGF is a trophic factor for GABAergic neu-
rons (10), we decided to examine the effects of PDGFR acti-

vation on the function of the GABAA-R, which is the major
inhibitory neurotransmitter-gated ion channel in the CNS

(for review, see Ref. 14). Experiments with rat hippocampal
slices and mouse brain membrane vesicles (brain microsacs)

indicate that PDGFR activation reduces GABAA-R function.
In addition, experiments with Xenopus oocytes coexpressing

wild-type and mutant PDGF and GABAA receptors revealed

several details ofthe mechanism ofthe PDGFR-induced mod-
ulation of GABAergic responses.

Experimental Procedures

Materials. The sources ofthe materials used in this study were as
follows: mature male Sprague-Dawley rats, Sasco (Omaha, NE);

adult Xenopus laeuis female frogs, Xenopus I (Ann Arbor, MI); ICR
mice, Harlan Laboratories (Indianapolis, IN); 36Cl, ICN Radio-
chemicals (Irvine, CA); GF109203X (bisindolylmaleimide) and 1P3,
Calbiochem (La Jolla, CA); BAPTA-AM, Molecular Probes (Eugene,
OR); PKC inhibiter peptide, GIBCO-BRL (Gaithersburg, MD); del-

tamethrin, Alomone Laboratories (Jerusalem, Israel); and KN-62,
Biomol Research Laboratories (Plymouth Meeting, PA). All other
chemicals were obtained from Sigma Chemical Co. (St. LOUiS, MO).
PDGF-BB was generously provided by Synergen (Boulder, CO).

Electrophysiological recording from hippocampal slices.

Transverse brain slices (400 �.tM) were obtained from mature male
Sprague-Dawley rats (120-160 g) as described previously (15).

Whole-cell patch recordings were made from hippocampal CAl neu-
rons at 32#{176}in a superfusion chamber. Aerated artificial cerebrospi-
nal fluid contained (in mM) NaCl 126, KC1 3, NaH2PO4 1.2, CaC12 2.4,

MgC12 1.5, NaHCO3 25.9, and glucose 11, pH 7.4 (300 ± 5 mOsm).

The patch pipette solution contained (in mM) potassium gluconate
125, KC1 15, HEPES 10, CaCl2 0.1, KEGTA 1, Mg’ATP 2, and

TrisGTP 0.2, pH 7.25 adjusted with KOH (290 ± 5 mOsm).
Pharmacologically isolated GABAA IPSCs were evoked in the

presence of the glutamate receptor blockers DL-2-amino-5-phospho-
novaleric acid (50 MM) and 6,7-dinitroquinoxaline-2,3(1H,4H)-dione
(10 pM) at a holding potential of -45 mV. Synaptic stimulation was

delivered using a bipolar, twisted tungsten wire electrode (0.1-msec
pulses of 5-20 V) every 20 sec. IPSCs were collected in the continu-
ous voltage-clamp mode with an Axoclamp-2A amplifier (Axon In-
struments, Foster City, CA), stored on a hard drive, and analyzed on-
and off-line using the computer program NEUROPRO (R. C. Elec-

tronics, Goleta, CA). Concentrated PDGF-BB (stored in 10 mM acetic
acid plus 0.1% bovine serum albumin at -20#{176})was diluted 1:1250 in

artificial cerebral spinal fluid immediately before each experiment.

aeci- uptake experiments. 36Cl uptake experiments in mouse
brain microsacs were performed as described elsewhere (16). Micro-

sac aliquots (200 ILl) were incubated at 34#{176}for 30 mm with or without

PDGF-BB (6 flM). Assay buffer (200 M1 at 34#{176})containing 145 mist
NaCl, 5 mM KC1, 1 mM MgCl2, 10 mr�i glucose, 1 mM CaCl2, 10 mi�i

HEPES, pH 7.5, 1-10 MM muscimol, and 36C1 (0.2 MCi) was added to
the microsacs to initiate the reaction, which then was stopped after
3 sec by the addition of assay buffer containing 100 MM picrotoxin

plus 100 MM bicucufline methiodide. In some cases, microsacs were
incubated for 30 mm at 34#{176}with 200 aM GF109203X or for 15 mm at

340 in assay buffer without Ca2� plus 10 MM BAPTA-AM before the

addition of PDGF. Stock solutions of GF109203X and BAPTA-AM
were dissolved in 100% DMSO, and the final concentrations of

DMSO in the assay mixture was 0.1%. Equivalent concentrations of

DMSO were added to the controls when appropriate.
Expression vectors and in vitro transcription. The GABAA

receptor subunits cDNAs were cloned on the eukaryotic expression

vector pCDM8 (Invitrogen Corp., San Diego, CA); the cloning of these

subunits is described elsewhere (17, 18). Human wild-type PDGFR-a
subunits were on the NotL/BamHI site of pBluescript II SK� (Strat-

agene Cloning Systems, La Jolla, CA). Human wild-type PDGFR-�3

subunits were on the EcoRJJPstI site of pBluescript (Stratagene)
modified to knockout the SphI and HindIll sites in the polylinker.

The construction ofthe F5 and the F5 “add-back” PDGFR-� mutants

has been described elsewhere (19). Briefly, the F5 PDGFR mutant

was generated by mutating tyrosines Y740, Y751, Y771, Y1009, and

Y1021 to phenylalanine residues. The F5 “add-back” mutants were
generated by selectively replacing phenylalanines back to tyrosines

in the F5 PDGFR-13 mutant. For example, in the Y40/51 PDGFR-13
mutant, � and Tyr75’ have been restored, which permits the

binding and activation of P13K. The complete cDNA construct of the
F5 and “F5 add-back” PDGFR-13 mutants was excised as a 4.2 EcoRLI

Sal! fragment from pUC13 and subcloned into pBluescript II KS+
for subsequent in vitro transcription. The PDGFR Y579 mutant was

constructed as described elsewhere (20). The PDGFR Y579 mutant
in pSELECT (also known as pALTER; Promega Corp., Madison, WI)
was generously provided by Dr. Lena Claesson-Welsh, Ludwig Insti-

tute for Cancer Research, Uppsala, Sweden.
Wild-type and mutant cRNAs were synthesized in vitro by using

the mRNA capping kit from Stratagene. The wild-type PDGFR a

subunit and the PDGFR Y579 mutant were linearized with HindIII

and transcribed with T3 and T7 RNA polymerase, respectively. The
wild-type PDGFR f3 subunit and the F5 series of PDGF mutant
receptors were linearized with Sail and transcribed with T7 RNA

polymerase. Expression ofmutant PDGFRS that activate PLC-y was
confirmed electrophysiologically. Expression of mutant PDGFRS

that do not detectably activate PLC-y was confirmed by Western blot

analysis, as described elsewhere (21, 22, 23).
Microinjection and electrophysiological recording of Xeno-

pus oocytes. The methods used for oocyte preparation and cRNA/

cDNA microinjection are essentially the same as those described

elsewhere (24). Isolated oocytes were placed in modified Barth’s
saline that contained (in mM) NaCl 88, KC1 1, HEPES 10, MgSO4

0.82, NaHCO3 2.4, CaCl2 0.91, and Ca(N03)2 0.33 adjusted to pH 7.5.
A mixture of GABAA receptor subunit cDNAs (1.5 ngI3O nl) was

injected into the animal pole of oocytes by the “blind” method. Wild-
type and mutant PDGFR cRNAs were injected (100 ng/30 nl) into the

vegetal pole near the equator by using a sterile glass pipette. The
injected oocytes were cultured at 15-19#{176}in sterile modified Barth’s

saline supplemented with 10 mg/l streptomycin, 10,000 units/i of

penicillin, 50 mg/i ofgentamicin, 90 mg/l theophylline, and 220 mg/i

pyruvate. Oocytes were used for recording on days 1-4 after injec-
tion. A 100M1 rectangular chamber was used to hold the oocytes

during recording. The animal poles ofoocytes were impaled with two
glass electrodes (0.5-10 Mfl) filled with 3 M KC1 and voltage-clamped
at -70 mV using an Axoclamp II amplifier (Burlingame, CA) or a
Warner oocyte clamp OC-725B apparatus (Hampden, CT). Currents
were continuously plotted on a strip-chart recorder.

GABA and PDGF-BB were dissolved in modified Barth’s saline
and bath applied for 20 sec. A 5-20-mm washout period was allowed

between drug applications, except for PDGF, which required a 45-

90-mm washout period for resensitization. Drugs were microinjected
at least 15 mm before recording (30-50 nl/oocyte) to the following
final concentrations (assuming an oocyte volume of 1 /.Ll): EGTA =
500 MM (stock 10 nmi, pH 8.0), IP3 = 20-30 ni� (stock 1 MM), PKC
inhibitor peptide Arg’9-Asn36 = 300 ng (PKCI; stock 10 mg/mi),

deltamethrin = 2 nr�i (stock 66.6 nr�i in 0.06% DMSO), sodium or-
thovanadate 100 MM (stock 2 mM), and KN-62 = 10-15 MM (stock 500
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�M/1% DMSO). After microinjection of these inhibitors, a stable

baseline of GABAA responses was obtained before testing the effects
of PDGFR activation. To determine the PDGFR-induced maximum

percent inhibition of GABAA-R independent of direct effects of these
drugs on GABA currents, all values were calculated relative to the

average of these baseline responses.
Statistical analysis. In most cases, currents were expressed as

percentages of control responses due to the variability from oocyte

and microsac preparation to preparation. Control responses in oo-

cytes correspond to at least two or three GABAA-R currents deter-
mined before PDGF-BB application. In all cases, the maximal per-

cent PDGFR-induced inhibition was calculated relative to the

average of these control responses. All values are given as mean ±

standard error. Except where noted, values in parentheses refer to

the number of different oocytes used in the statistical analysis.
Statistical analyses were performed using both parametric (t tests or

one-way ANOVA) and nonparametric (Sign, Wilcoxon, Mann-

Whitney, or Kruskal-Wallis tests) methods by using the Solo pro-

gram (BMPD statistical software, Los Angeles, CA).

Results

Effects of PDGFR activation on IPSCs in hippocam-

pal slices and on GABAA-R function in brain micro-
sacs. We examined the effects of PDGFR activation on

GABAA-R-mediated inhibitory synaptic transmission in the
hippocampus, a brain region where these two types of recep-

tors are known to coexist (4, 25). Application of PDGF-BB (6

nM for 3 mm) significantly reduced the amplitude of GABAA-

mediated IPSCs (by 31 ± 5%;p < 0.03 by t test [n = 101) with

no apparent change in the decay of these responses (Fig. 1).

The inhibition began soon after the onset of PDGF-BB appli-

cation and recovered only partially after a 35-mm wash. To
characterize the effect of PDGF-BB on GABAA-R function in

other brain regions, we measured the effect of PDGF on

muscimol-activated 36Cl uptake in mouse forebrain and

cerebellar microsacs. Preincubation of microsacs with

PDGF-BB (6 nM) for 30 mm produced a significant decrease
(p < 0.05 by one-sample Sign test) of =�20-30% in the mus-

cimol-stimulated 36Cl -uptake in forebrain and cerebellar
microsacs (Table 1). The inhibitory effect of PDGF was inde-

pendent of the concentration of muscimol (Table 1, p > 0.09
by ANOVA and Kruskal-Wallis tests). The inhibitory actions
of PDGF were blocked by preincubation with the membrane

permeable Ca2� chelator BAPTA-AM in Ca2�-free buffer

(Table 1, p < 0.02 by t and Wilcoxon tests). The inhibitory

actions of PDGF in cerebellar microsacs were not blocked by

the PKC inhibitor GF109203X (bisindolylmaleimide; Table 1;

p > 0. 1 by t and Wilcoxon tests). It should be noted that

activation of PDGFR did not affect the basal 36Cl uptake.

Effects of PDGFR activation on GABA-activated

chloride currents in Xenopus oocytes. To study in
greater detail the mechanism of the PDGFR-induced inhibi-

tion of GABAA-Rs, PDGFR a or �3 subunit cRNAs and

GABAA-R subunit cDNAs were coinjected into Xenopus oo-

cytes. Bath application of PDGF-BB (6 nrsi) to Xenopus oo-

cytes expressing PDGFR-a or -�3 produced inward currents

with a transient phase followed by a long-lasting oscillatory

phase (Fig. 2A). These currents correspond to Ca2�-activated

C1 currents because they were reduced 70% by microinjec-

tion of 500 p.M EGTA and 56% by treatment with a Cl
channel inhibitor (150 �M niflumic acid) (26). In this batch of

oocytes, activation of homomeric PDGFR-f3 or -a with

PDGF-BB (6 nM) inhibited GABAA-R (a1�31-y2L) currents in a
reversible and time-dependent manner by -P35% (Fig. 2, A

and B). The PDGFR-induced inhibition of GABAA-R reached

a maximum at 22 ± 2 mm (n = 33) and lasted for >90 mm.
Importantly, PDGF-BB application did not inhibit

Fig. 1. Effect of PDGFR activation on
GABAA-R-mediated IPSCs in hip-
pocampal CAl pyramidal neurons. A.
Shown are averages of 8-1 2 lPSCs
recorded from a representative cell
before (Control), 5-7 mm after (PDGF),
and 35-37 mm after (Wash) a 3-mm
bath application of 6 n�i PDGF-BB.
The superimposed current traces (far
right) represent the PDGF-inhibited IP-
SCs normalized to the control re-
sponse. Note that no change in decay
was associated with the PDGF-medi-
ated decrease in IPSC amplitude.
Synaptic stimulation was delivered
with a twisted tungsten wire electrode
(0.1-msec pulses of 5-20 V) every 20
sec. The clamping voltage was -45
mV. B, Summary of the effect of a
3-mm application of PDGF-BB (6 nM)
on the amplitude of GABAA-receptor-
mediated IPSCs. Each point repre-
sents the mean ± standard error of
the IPSCs amplitude of 4-10 cells re-
corded at the times indicated on the
abscissa. Responses for each cell
were normalized with respect to the
point immediately before PDGF-BB

40 application.
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TABLE 1
EffeCt of PDGF on the function of native GABAA-R in mouse
braIn microsacs
Shown is the PDGF-induced percent inhibition of muscimol-stimulated �Cl
uptake in mouse forebrain and cerebellar microsacs. �Cl uptake was measured
in forebrain microsacs that had been preincubated for 30 mm with or without
PDGF-BB (6 nM) at 34” in regular assay buffer. In some cases, the �Cl uptake
was measured in Ca2�-free assay buffer in the presence or absence of 10
BAPTA-AM (preincubated for 15 mm). Also shown is the effect of PDGF on
cerebella’ microsacs that were incubated for 30 mm with and without the PKC
inhibitor GF109203X (200 nM) in regular assay buffer. Values are given as mean ±

standard error. Numbers in parentheses indicate the number of determinations,
which were each performed in quadruplicate.
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Region Condition Muscimol Inhibition

�M %

Forebrain Regular
Regular
Regular
Ca2�-free
Ca2�-free + BAPTA-AM

1
3

10
10
10

33 ± 4 (3)
37 ± 10(5)
19±2 (6)
15 ± 2 (8)

3 ± 5 (8)�
Cerebellum Regular

Regular + GF109203X
10
10

30 ± 10(4)
23 ± 4 (4)

a ,� < 0.02 relative to control microsacs in Ca24-free assay buffer by t and

Wilcoxon tests.

GABAA-Rs in oocytes expressing only alf3l’y2L subunits,
which indicates that the observed effects required PDGFR

activation.

We next determined the concentration dependence of the
PDGFR-mediated inhibition of GABAA-R function. This was

done in two steps. First, concentration-response curves for
the PDGFR-induced Ca2�-dependent Cl currents were ob-
tamed in Xenopus oocytes expressing PDGFR-f3 (Fig. 3A).
Nonlinear regression analysis of these curves yielded an

EC50 of 1 nips and a Hill coefficient of 2.5. It should be noted
that the KD value for PDGF-BB binding to PDGFR-f3 is -0.5
flM (1). Second, we assessed the effects of the activation of
PDGFR-� with 0.06-6 ims PDGF-BB on GABAA-R function.
In this batch ofoocytes, activation ofPDGFR-13 with 0.06 n�,

1 nM, and 6 nr� PDGF-BB inhibited GABA-gated Cl currents

by 0%, 19 ± 8%, and 54 ± 8%, respectively (Fig. 3B).

We also examined the effect of PDGFR activation on

GABAA-R concentration-response curves (Fig. 4). In this
batch of oocytes, PDGFR activation produced a 75% decrease
in the GABAA-R (alI3ly2L) Em,� with no significant change
in EC50 (p > 0. 15 by t test); EC50 values before and during
PDGFR activation were 47 ± 6 �tM and 36 ± 5 �LM (n = 9). The
Hill coefficients were minimally but significantly (p < 0.02
by t test) changed by PDGFR activation from 1.3 ± 0.1 to 1.0
± 0.03.

Finally, we measured the effect of PDGFR activation on

GABAA-R current-voltage relationships. PDGFR activation

inhibited GABAA-R currents independent of the membrane
holding potential (Fig. 5A). The reversal potentials for the
GABA-activated Cl currents before, during, and after

PDGFR activation were not significantly different from each

other (p > 0.6 by one-way ANOVA) (Fig. 5B).
Role of SH2-domain proteins and intracellular Ca2�

on the PDGFR-induced GABAA-R inhibition. A panel of

PDGFR mutants (19, 20) was used to determine which
PDGFR-associated SH2-domain protein mediates the
PDGFR inhibitory action on GABAA-R. We used the F5 mu-

tant PDGFR-�3 (19) where Tyr740, #{182}�y�75’r�y�.77l �y��1009, and

p�’o21 have been mutated to phenylalanines. This mutant

PDGFR-p possesses intact intrinsic tyrosine kinase activity

40 60 100 140 180 200

0 20 40 60 80 100 120

TIME (mis)

B

Fig. 2. Inhibition of GABAA receptor responses by PDGF receptors in
Xenopus oocytes. A, Representative tracing of the C1 currents re-
corded continuously over a 200-mm period from Xenopus oocytes
coexpressing al �31 72L GABAA-R subunits and PDGFR-a. A baseline of
50 �M GABA-gated (G) responses was obtained before the application
of 6 n� PDGF-BB (P). PDGFR activation produced inward currents that
correspond to Ca2�-activated Cl currents. B, Effect of PDGF-BB (6
nM) application on 5-50 �t�i GABAA-R responses in Xenopus oocytes
that had been injected with al �31 y2L subunit cDNA alone (S) or
al �31 y2L subunit cDNA plus either PDGFR-a (0) or PDGFR-� (U)
subunit cRNA. Currents are expressed as percentages of the average
of at least two or three control GABAA-R responses obtained before
PDGF-BB application. Each point represents the mean ± standard
error of 8-23 tracings similar to the one shown in A.

but does not bind or activate the following 5H2-domain pro-
teins: P13K, GAP, the protein tyrosine phosphatase Syp, or

phospholipase C-y. We also used the F5 series of “add-back”

mutants, where selected tyrosine residues were mutated

back from phenylalanine to tyrosine. This panel of “add-
back” mutants possesses restored activation sites for one of

the 5H2-domain proteins described above. In addition, we
used a PDGFR mutant where Tyr��� was mutated to phenyl-
alanine, which impairs the binding and activation of SRC

family kinase (20). These mutants are schematically defined
in Fig. 6 (top). The F5 PDGFR-f3 mutant inhibited GABAA-R
responses significantly less (p < 0.001 by one-way ANOVA

and Kruskal-Wallis tests) than wild-type PDGFR-j3 (Fig. 6).
Moreover, the Y40/51, Y771, and Y1009 “F5 add-back”
PDGFR-�3 mutants that possess restored binding sites for

P13K, GAP, and Syp, respectively, also inhibited GABAA-Rs

significantly less than wild-type PDGFR-p. However, the

Y1021 “F5 add-back” PDGFR-� mutant, with restored acti-
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phorylation has been reported to modulate GABAA-R func-

tion (16, 27-29), the role of this process on the PDGFR-

induced inhibition of GABA responses was investigated. This
investigation was done in three steps. First, we examined the

role of phosphorylation sites on specific GABAA-R subunits
(27, 28, 30, 31) by expressing GABAA-R with different sub-

unit compositions. PDGFR inhibited equally well wild-type

GABAA-R composed of either a1�1-y2L, a1�1, or j31-y2L sub-

units (Fig. 7B). Homomeric GABAA-R composed of f31 sub-

units appear to be inhibited to a lesser extent than receptors

composed of two or three subunit types. However, the mag-

nitude of inhibition for GABAA-R composed of f31 subunits

was not significantly different (p > 0. 1 by Kruskal-Wallis

test) from the inhibition of heteromeric GABAA-Rs.

Second, the effect of PDGFR activation on GABAA-Rs com-

posed of wild-type al plus mutant /31(S409A) subunits was

examined to determine whether this key phosphorylation

site ofthe �31 subunit (27, 28) was required for the inhibitory

actions of PDGFR. The PDGFR-induced inhibition of

GABAA-Rs composed of alPl(S409A) subunits was not statis-

tically different (p > 0.2 by t and Wilcoxon tests) from the

inhibition of GABAA-R composed of wild-type al(31 subunits

(Fig. 7B).

Finally, we tested the effects of specific inhibitors of ki-

nases and phosphatases that could play a role on this mod-

ulatory process. We used the specific PKC inhibitor PKCI
(32), the CAM kinase II inhibitor KN-62 (33), the calcineurin

inhibitor deltamethrin (34), and the tyrosine phosphatase

inhibitor sodium orthovanadate. None of these inhibitors, at
concentrations up to 20-fold their published IC50 values (32-
34), significantly affected the PDGFR-induced inhibition of
GABAA-R (Table 2) (p > 0.07 by t and Mann-Whitney tests).

Discussion

PDGF plays important roles in a myriad of physiological
and pathophysiological processes, including embryonic and
placental development, wound healing, atherosclerosis, and

cancer (1, 35). We report a novel modulatory action of PDGF.

vation sites for PLC--y, “rescued” the inhibitory actions of
PDGFR on GABAA-R responses. The Y579 mutant inhibited
GABAA-Rs to the same extent as wild-type PDGFR-/3.

Because the activation of PLC--y results in an 1P3-depen-
dent release of intracellular Ca2� stores, the role of intracel-
lular Ca2� in the PDGFR-induced inhibition of GABAA-R

was assessed (Fig. 7A). Microinjection of the Ca2� chelator
EGTA (500 �M) significantly reduced (--6-fold) the PDGFR-
induced maximal inhibition of GABAA-R responses (p < 0.02

by t and Wilcoxon tests [n = 9]). In addition, we tested the
effect ofmicroinjection ofIP3 intoXenopus oocytes expressing
GABAA-Rs. 1P3 (20-30 n�s) inhibited GABA-gated Cl cur-

rents by 26 ± 3% (n = 9). This value is not significantly
different (p > 0.2 by t and Wilcoxon tests) from the PDGF-
induced inhibition of GA.BAA-R in control oocytes (Fig. 7A).

Effect of GABAA-R subunit composition and of Id-
nase and phosphatase inhibitors on the PDGFR-medi-
ated inhibition of GABAergic responses. Because Ca2�
can activate protein kinases and phosphatases and phos-
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Fig. 3. Effect of various concentrations of PDGF on GABAA-R re-
sponses. A, Shown is a concentration-response curve for the PDGFR-
induced Ca2�-dependent Cl currents in Xenopus oocytes expressing
PDGFR-�3. Each point represents the average minus standard error of
six different oocytes. The data was fitted to a four-parameter logistic
equation (sigmoid) by using GraphPad computer program (San Diego,
CA) that yielded an EC50 of 1 n� and a Hill coefficient of 2.5. B, Shown
is the maximal change of 50 �M GABA responses in oocytes expressing
al j31 y2L subunits produced by the activation of PDGFR-13 at various
concentrations of PDGF-BB. Each bar represents the average ± stan-
dard error of eight oocytes. A concentration of 6 x 10h1 M PDGF-BB
produced no detectable inhibition in any of the oocytes.

io-4
[GABA), t4

Fig. 4. Effect of PDGFR activation on GABAA-R concentration-re-
sponse curves. Curves were obtained by application of increasing
GABA concentrations to oocytes expressing al �31 y2L GABA subunits
before (U) and during (U) PDGFR-induced inhibition. PDGFR were
activated with 6 nM of PDGF-BB for 20 sec. The data was fitted to a
four-parameter logistic equation (sigmoid) by using GraphPad com-
puter program that yielded EC50 values of 47 ± 6 �tM and 36 ± 5 �M,

respectively. Each point represents the average ± standard error of
nine oocytes.
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Fig. 6. Effect of PDGFR mutants on the PDGFR-induced modulation
of GABAA-R. Top, schematic representation of the PDGFR mutants
used in this study. Hollow shapes, association of the indicated SH2-
domain proteins to intact autophosphorylation tyrosine sites on the
intracellular segment of the PDGFR-�. For reference, wild-type
PDGFR-f3 is depicted (left). In the F5 mutant PDGFR, Tyr740, Tyr751,
Tyr771, Tyr1#{176}#{176}�,and Tyr1021 have been mutated to phenylalanine (#{149}).
This mutant has intact intrinsic tyrosine kinase. activity but does not
associate or activate P13K, GAP, Syp, or PLC-y. Mutants Y40/50, Y771,
Yloog, and Yl 021 were constructed by mutating specific phenylala-
nines back to tyrosines in the F5 mutant. This “add-back” mutations
selectively restore the association of the SH2-domain proteins repre-
sented by the hollow shapes. The Y579 mutant was constructed by
mutating Tyr�79 to phenylalanine, which impairs the binding and acti-
vation of SRC family kinase. Bottom, PDGFR-induced percent maximal
inhibition of 5-50 �M GABA responses in oocytes coexpressing the
respective PDGFR mutants depicted immediately above with al �31 y2L
GABAA-R subunits. Mutant and wild-type PDGFRs were activated with
6 nM of PDGF-BB for 20 sec. Statistical analysis was performed by
one-way ANOVA and Kruskal-WaIlis tests that yielded a p < 0.001 . For
a description of statistical significant differences among groups, see
Results.

FRs to GABAA-Rs (schematically shown in . Fig. 8). These

findings are in agreement with those of a previous study (36)

where it was demonstrated that fibroblast growth factor re-

ceptor inhibits the function ofvoltage-gated K� channels in a

PLC-y-dependent manner. Consequently, activation of
PLC-y by growth factor receptors appears to be an important

modulatory signal transduction pathway for the function of
both voltage- and ligand-gated ion channels. Interestingly,

inhibition of GABAA-R by G protein-coupled GABAB (37) or
5-hydroxytryptamine2� receptors also appears to depend on

the activation of PLC. Because a different isoform of PLC

(PLC-p) � activated by these G protein-coupled receptors, it
would be interesting to determine differences or similarities
between the inhibition of GABAA-responses produced by G

protein-coupled versus growth factor receptors.

The results discussed above, taken together with the find-

ing that the effects of PDGFR were blocked by EGTA and

were mimicked by IP3 in Xenopus oocytes, indicate that the
PDGFR-induced inhibition of GABA responses depends on a

Fig. 5. Effect of PDGFR activation on the GABAA-R reversal potential.
A, Representative current-voltage relationships for GABAA-Rs
(al f31 y2L) obtained from one oocyte before (El), during (U), and after
(0) PDGFR-induced inhibition. B, Each bar represents the average ±

standard error values for the GABAA-R reversal potential calculated
from current-voltage relationships obtained before, during, and after
PDGFR-induced inhibition in six different oocytes. PDGF-BB and
GABA concentrations were 6 nM and 50 �.LM, respectively.

We used electrophysiological and biochemical techniques to

demonstrate that a brief activation of PDGFRs, with nano-

molar concentrations of PDGF-BB, produces a long-lasting
(30-90 mm) and reversible inhibition of GABAA-R function
in hippocampal CAl neurons, brain microsacs, and Xenopus

oocytes expressing cloned human receptors. Because of the

widespread expression of both PDGF and GABAA receptors

in practically all regions of the CNS, this finding suggests

that PDGF may be an important modulator of inhibitory

synaptic transmission in the mammalian brain.

We chose to study the details of the mechanism of interac-
tion between PDGF and GABAA receptors in Xenopus oocytes

because this system allows the coexpression of high numbers

of wild-type and mutant receptors in a single cell, and it is

particularly suited for the study of intracellular signal trans-

duction cascades. These experiments revealed several impor-
tant details about the mechanism by which this growth factor

receptor relays its inhibitory signal to GABAA-Rs. Present

results indicate that (a) the intrinsic tyrosine kinase activity

of the PDGFR is not sufficient to inhibit GABAA-Rs; (b) the
SRC family kinases, GAP, P13K, and Syp signal transduction
pathways do not play a role in this process; and (c) PLC-y is

the molecule that transduces the inhibitory signal from PDG-
1 R. A. Harris, J. P. Huidobro-Toro, and C. F. Valenzuela, unpublished

observations.

I I 04 Valenzuela et aL
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PLC--y/IP3-mediated elevation of intracellular Ca2� levels

(Fig. 8). Moreover, this mechanism of inhibition is not exclu-

sive to the Xenopus oocyte expression system because we
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Fig. 7. Effect of EGTA and subunit composition on the PDGFR-
induced inhibition of GABAA-R and of lP3 on GABAA-R function. A,
Each bar represents the PDGFR-induced maximal inhibition of
GABAA-R (al �31 y2L) in oocytes microinjected with 500 �M EGTA
(nine). PDGF-BB was applied at a concentration of 6 nM. Also shown
is the maximal effect of microinjected 20-30 nM 1P3 on al �31 y2L
GABAA-Rs (n = 9). *, p < 0.02 by t test. GABA concentration was 50 �i.

B, Shown is the PDGFR-induced percent maximal inhibition of 50 �M

GABA responses in oocytes microinjected with equimolar concentra-
tions of the indicated GABAA-R subunit cDNAs. Also shown is the effect
of PDGFR on GABAA-R composed of wild-type cr1 plus mutant (S409A)
f31 subunits. Each bar represents the mean ± standard error of 8-35
oocytes. Kruskal-Wallis test yielded a p > 0.1 . For details, see Results.

TABLE 2

Effect of inhibitors on kinases and phosphatases on the PDGFR-
induced percent maximal inhibition of GABAA-R

Values represent the maximum percent inhibition produced by PDGFR activation
and are given as mean ± standard error. Values in parentheses represent the
number of oocytes studied. All experiments were performed with oocytes coex-
pressing WT PDGFR-�3 and al f31 y2L GABAA-R, except for the experiments with
KN-62, which were performed with oocytes coexpressing Y1021 mutant
PDGFR-� and ol f31 y2L GABAA-R. The inhibitors were microinjected in the oo-
cytes to give the following final concentrations (assuming a 1 -�l oocyte volume):
PKC inhibitor peptide, 300 ng/oocyte; deltamethrin, 2 nM; KN-62, 10-15 �; and
sodium orthovanadate (Na3 V04), 1 00 �M. Student’s t and Mann-Whitney tests
did not reveal any significant differences (p > 0.07) between control and inhibitor-
microinjected oocytes. For more details, see Experimental Procedures. GABA
concentrations were 50 or 200 �.w, and PDGF concentration was 6 n�.

Inhibitor Target Control + Inhibitor

PKCI peptide PKC 36 ± 5 (31) 47 ± 1 2 (6)
Deltamethrin Calcineurin 35 ± 7 (12) 33 ± 8 (6)
KN-62 CAM-kinase II 64 ± 6 (24) 57 ± 8 (11)
Na3 V04 Tyrosine phosphatases 35 ± 7 (1 2) 53 ± 8 (8)

PDGFR GABA�-R

V

Y1�PLC-y� \
I __f.Ca2+ I

%-* Effector?

Fig. 8. Model of the steps necessary for the inhibition of GABAA-Rs by
PDGFR activation. On activation with PDGF, PDGFRs dimerize and
autophosphorylate on tyrosine residues. PLC-y binds to phosphoty-
rosine 1021 and becomes activated. PLC-y catalyzes the breakdown of
phosphatidylinositol-4,5-bisphosphate (PIP2) and produces 1P3 (1P3).
1P3 binds to its receptor and releases Ca2� from the endoplasmic
reticulum (ER). The slow onset of the PDGFR-induced inhibition of
GABAA-Rs suggests that a Ca2 � -dependent cascade, and not a direct
action of Ca2�, is involved in this inhibitory process. Our results sug-
gest that Ca2� -dependent enzymes, such as PKC, CAM-kinase II, or
calcineurin, do not play a role in this modulatory cascade.

obtained similar results with brain microsacs, where the

PDGFR-induced effects were significantly blocked by the
Ca2� chelator BAPTA-AM. Thus, one possible explanation

for our results is that the PDGFRIPLC--yfIP3 signaling cas-

cade induces an elevation of cytoplasmic Ca2 � concentration,

which directly inhibits GABAA-R function. A direct inhibi-
tory action of intracellular Ca2� on GABAA-Rs has not been

demonstrated yet because it is extremely difficult to purify

GABAA-Rs without contamination from Ca2 � -dependent en-

zymes or other Ca2�-activated molecules. Even detailed

patch-clamp studies have been unable to determine whether

Ca2� affects the GABAA channel directly or indirectly by

activating an intracellular effector (38). Consequently, it can-
not be ruled out that Ca2� inhibits GABA-gated responses

directly; however, the slow onset of the GABAA-R inhibition

observed on PDGFR-activation argues against this possibil-

ity. It has been demonstrated that activation of IP3 signaling

by an agonist in Xenopus oocytes produces a rapid increase in

intracellular Ca2� levels across wide areas of the cell and

that this elevation is maximal within =-60 sec (39). One

would, therefore, expect a rapid onset of inhibition of

GABAA-R responses if Ca2 � was acting directly on the recep-
tor. Thus, we hypothesize that the slow onset of the PDGFR-

induced inhibition of GABAA-R is due to the activation of a

Ca2�-dependent enzyme or Ca2�-dependent process that in-

hibits the GABA-gated C1 currents.

One Ca2�-dependent enzyme that can be activated during
the PDGFRfPLC-y/IP3/Ca2� signal transduction cascade is

PKC. We reasoned that PKC could be involved in this process

because activation of this enzyme with phorbol esters has

been shown to inhibit the function of the GABAA-R (16, 28).

Surprisingly, our experiments with GABAA-Rs with different

subunit compositions suggest that P1CC does not play a role

in this process. We found that GABAA-Rs composed of

a1�1y2L subunits were inhibited to the same extent as re-

ceptors composed of alf3l subunits. This finding indicates

that the two PKC phosphorylation sites that have been iden-
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tified to date in ‘y2L subunits (5327 and S343) are not re-
quired for the PDGFR-induced modulation of GABAA-Rs
(28). Moreover, GABAA-Rs composed of al plus mutant

P1(S409A) subunits, which lack any known PKC phosphoryla-
tion sites (28), were also inhibited to the same extent as
wild-type receptors. It is striking that phorbol ester-induced

activation of PKC modulates GABAA-Rs via phosphorylation
of these sites and that the physiological activation of PLC-y

by growth factor receptors does not modulate GABAA-R
through a PKC-dependent mechanism under our recording
conditions. Consequently, direct phosphorylation of

GABAA-R at known sites by PKC is not likely to play a role

in this modulatory cascade. Moreover, PKC-dependent phos-

phorylation of either unknown sites in GABAA-Rs or of an

unidentified GABAergic modulatory protein does not appear
to be important. These actions of PKC do not appear to be

important because microinjection of PKCI into Xenopus oo-

cytes and pretreatment of cerebellar microsacs with the PKC

inhibitor GF109203X did not block the inhibitory actions of

PDGFR.

There are other Ca2�-dependent enzymes that could be
directly activated by a PDGFR-mediated signal transduction
cascade and that could modulate GABAA-R function. Two of

these enzymes are CAM kinase II and calcineurin (Ca2�/
calmodulin-dependent protein phosphatase 2B). Although an

interaction between calcineurin and the GABAA-R has not
been demonstrated, CAM-kinase II phosphorylates
GABAA-Rs in vitro on both the f31 and y2 subunits (40).
However, CAM-kinase II does not appear to be important for

the PDGFR-mediated inhibition of GA.BAA-R function be-

cause (a) the removal of the -y2L subunit, which contains

three known CAM-kinase II phosphorylation sites (5343,
5348, and T350), and the removal of one of its known phos-
phorylation sites in the �31 subunit (5409) did not reduce the

PDGFR inhibitory actions (40); and (b) microinjection of the

specific inhibitor of this enzyme, KN-62, did not block the
PDGFR-induced effects. In addition, calcineurin does not

appear to play a role in the PDGFR-induced inhibition of
GABAA-Rs because the specific calcineurin inhibitor, delta-
methrin, did not block the inhibition of GABAA-R produced

by PDGFR activation. Consequently, phosphorylation or de-

phosphorylation of GABAA-Rs by CAM-kinase II or cal-

cineurin does not appear to be involved in the PDGFR-in-
duced inhibition of GABAA responses.

In addition to the above proteins, PKA, PKG, and protein

tyrosine kinases can be indirectly activated by the PDGFR-

mediated elevation in intracellular Ca2� (41, 42). These Id-
nases are known to interact with GABAA-Rs (27, 40, 43, 44).

However, our experiments with mutant GABAA-Rs ex-
pressed in Xenopus oocytes suggest that PKA- or PKG-
dependent phosphorylation 0fGABAA-Rs at known sites does

not play a role in mediating the inhibitory actions of PDGF.

Ser409 on the f31 subunit is the only known phosphorylation

site for both PKA and PKG on GABAA-R (27, 40); however,

GABAA-Rs composed of al�3l(�9oA) were inhibited to the
same extent as wild-type a1�1 GABAA-R by PDGFR activa-

tion. Therefore, the effect of PDGFR on GABAA-R does not

appear to be mediated through direct PKA or PKG phosphor-

ylation ofthe GABAA-R at this site. In addition, it is unlikely

that tyrosine phosphorylation or dephosphorylation of

GABAA-R is involved in this process because protein tyrosine

kinases maintain or enhance GABAA-R function (43, 44), and

microinjection of sodium orthovanadate into Xenopus oocytes

did not block the PDGFR-induced inhibition of GABAA-Rs.

The results discussed above suggest that other Ca2�-

dependent enzymes or processes may be important mediators

ofthe PDGFR-induced inhibition 0fGABAA-R responses. We

have screened inhibitors of other Ca2�-dependent enzymes

(i.e., cPLAA, calmodulin, and calpain) that could play a role in

this process. However, we have not found an inhibitor that

significantly blocks the PDGFR-mediated inhibition of

GABAA-responses. Therefore, further study is required to

determine whether the PDGFR-induced elevation of Ca2�

inhibits the GABAA-R function directly or indirectly through

other Ca2�-dependent processes that are activated by the

PDGFR-induced signal transduction pathway (Fig. 8).
In conclusion, this work demonstrates that a brief activa-

tion of PDGFRs produces a long-lasting inhibition of the

function of native GABAA-Rs in mouse brain microsacs and

hippocampal CAl pyramidal neurons and of cloned human

GABAA-Rs expressed in Xenopus oocytes. The mechanism of

the PDGFR-induced inhibition of GABAA-R involves a PLC-

yIIP3-dependent rise in intracellular Ca2� (Fig. 8). This work

suggests that the mechanism of the PDGFR-induced inhibi-

tion of GABAA-R is not mediated by Ca2tdependent en-

zymes such as PKC, CAM-kinase II, and calcineurmn. These

findings are significant because they establish both a novel

action for PDGF in the mammalian CNS and a novel growth

factor receptor-dependent modulatory mechanism for

GABAA-mediated synaptic transmission in the brain. This

modulatory process could be important during disease states

that are associated with decreased GABAergic function, such

as epilepsy, anxiety, and alcohol withdrawal syndrome.

Moreover, the inhibitory effects of growth factor receptors on
GABAA-R function could be important in situations where
growth factor input might be elevated (i.e., neuronal injury)

or during growth factor therapy for chronic neurological dis-

orders where unwanted side effects can occur. An interesting
task for future research will be to determine whether this

long-lasting inhibitory effect of PDGFR activation plays a

role in complex brain functions such as learning and memory.

Acknowledgments

We are grateful to Synergen Co. (Boulder, CO) for kindly providing

PDGF-BB, to Dr. Lena Claesson-Welsh (Ludwig Institute for Cancer
Research, Uppsala, Sweden) for generously providing the mutant
PDGFR-f3 Y579F cDNA, tci Dr. Paul Whiting (Merck Sharp and
Dohme Research Laboratories, Harlow, Essex, England) for provid-
ing GABAA receptor cDNAs, and to Drs. Nancy Leidenheimer and

Masami Yoshimura for constructing the mutant S409A ofthe GABA

receptor �3 subunit. We also thank Drs. Juan P. Huidobro-Toro,
Enrico Sanna, John Mihic, Jo Ellen Mayfield, and Tina Machu for
advice and assistance.

References

1. Claesson-Welsh, L. Platelet-derived growth factor receptor signals. J. Biol.
Chem. 69:32023-32026 (1994).

2. Yeh, H.-J., K. G. Ruit, Y.-X. Wang, W. C. Parks, W. D. Snider, and T. F.
Deuel. PDGF A-chain gene is expressed by mammalian neurons during
development and maturity. Cell 64:209-216 (1991).

3. Sasahara, M., J. W. U. Fries, E. W. Raines, A. M. Gown, L. E. Westrum, M.

P. Frosch, D. T. Bonthron, R. Ross, and T. Collins. PDGF B-chain in
neurons of the central nervous system, posterior pituitary, and in a trans-

gemc model. Cell 64:217-227 (1991).
4. Smith A., M. Kato, B. Westermark, M. Nister, C-H. Heldin, and K. Funa.

Neurotrophic activity of platelet-derived growth factor (PDGF): rat neuro-
nal cells possess functional PDGF j3-type receptors and respond to PDGF.
Proc. Natl. Acad. Sci. USA 88:8159-8163 (1991).

 at T
ham

m
asart U

niversity on D
ecem

ber 2, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


Modulation of GABAA Channels by PDGF Receptors I I 07

5. Yeh, H.-J., I. Silos-Santiago, Y.-X. Wang, R. J. George, W. D. Snider, and
T. F. Deuel. Developmental expression of the platelet-derived growth
factor a-receptor gene in mammalian central nervous system. Proc. Nail.
Acad. Sci. USA 90’.1952-1956 (1993).

6. Lindsay, R. M, S. J. Wiegand, C. A. Altar, and P. S. DiStephano. Neuro-
trophic factors: from molecule to man. TrendsNeurosci. 17:182-100(1994).

7. Heldin, C-H., B. Westermark, and A. Wasteson. Specific receptors for
platelet-derived growth factor on cells derived from connective tissue and
glia. Proc. NatI. Aced. Sci. USA 78:3664-3668 (1981).

8. Raff, M. C. (1989) G1ia1 cell diversification in the rat optic nerve. Science
(Washington D. C.) 243:1450-1455 (1989).

9. Nikkhah, G., P. Odin, A. Smith, A. TingstrOm, A. Othberg, P. Brundin, K
Funa, and 0. Lindvall. Platelet-derived growth factor promotes survival of
rat and human mesencephalic dopaminergic neurons in culture. Exp.
Brain Res. 92:516-523 (1993).

10. Smith, A., A. E. Ballagi, and K Funa. PDGF-BB exerts trophic activity on

cultured GABA interneurons from the newborn rat cerebellum. Eur. J.
Neurosci. 5:986-994 (1993).

11. Kim, H. G., T. Wang, P. Olafsson, and B. Lu. Neurotrophin 3 potentiates
neurona.l. activity and inhibits �y-aminobutyratergic acid synaptic trans-
mission in cortical neurons. Proc. Nail. Aced. Sci. USA 91:12341-12345
(1994).

12. Lellmann, B., K Gottmann, and R. Heumann. BDNF and NT-415 enhance
glutamatergic synaptic transmission in cultured hippocampal neurons.
Neuroreport 8:21-25 (1994).

13. Kang, H., and B. M. Schuman. Long-lasting neurotrophin-induced en-
hancement of synaptic transmission in the adult hippocampus. Science
(Washington D. C.) 267:1658-1662.

14. Macdonald, R. L., and R. W. Olsen. GABAA receptor channels. Annu. Rev.
Neurosci. 17569-602 (1994).

15. Lupica, C. R., W. R. Procter, and T. V. Dunwiddie. Presynaptic inhibition
of excitatory synaptic transmission by adenosine in rat hippocampus:
analysis of unitary EPSP variance measured by whole-cell recording.
J. Neurosci. 12:3753-3764 (1992).

16. Leidenheimer, N. J., S. J. McQuilkin, L. D. Hahner, P. Whiting, and R. A.
Harris. Activation of protein kinase C selectively inhibith the y-aminobu-
tyric acidA receptor. role ofdesensitization. Mol. Pharmacol. 41:1116-1123
(1992).

17. Hadingham, K L., P. Wingrove, B. Le Bourdelles, K J. Palmer, C. I.
Ragan, and P. J. Whiting. Cloning ofcDNA sequences encoding human 0�

and a3 y-aminobutyric acidA receptor subunits and characterization of the
benzodiazepine pharmacology of recombinant a1-, a2-, a3-, and a5-
containing human �-azninobutyric acidA receptors. Mol. Pharmacol. 43:
970-975 (1993).

18. Hadingham, K L., P. B. Wingrove, K A. Wafford, C. J. Bain, J. A. Kemp,
K. J. Palmer, A. W. Wilson, A. S. Wilcox, J. M. Sikela, C. I. Ragan, and P.
J. Whiting. The role ofthe p subunit in determining the pharmacology of
human GABAA �Pt#{176}� Mol. Pharmacol. 44:1211-1218 (1993).

19. Valius, M., and A. Kazlauskas. Phospholipase C-yl, and phosphatidylino-
sitol 3 kinase are the downstream mediators of the PDGF receptor’s
mitogenic signal. Cell 7&321-334 (1993).

20. Mori, S., L Ronnatrand, K Yokote, A Engstrom, S. A. Courtneidge, L.
Claesson-Welsh, and C-H. Heldin. Identification of two juxtamembrane
autophosphorylation sites in the PDGF (3-receptor: involvement in the
interaction with SRC family of tyrosine kinases. EMBO J. 12:2257-2264
(1993).

21. Kate, K-I., S. Kaneko, and Y. Nomura. Phorbol ester inhibition of current
responses and simultaneous protein phosphorylation in Xenopus oocyte
injected with brain mRNA. J. Neurochem. 50:766-773 (1988).

22. Kazlauskas, A., A. Kashishian, J. A. Cooper, and M. Valius. GTPase-
activating protein and phosphatidylinositol 3-kinase bind to distinct re-
gloria of the platelet-derived growth factor receptor � subunit. Mol. Cell
Biol. 122534-2544 (1992).

23. Kazlauskas, A., D. L. Durden, and J. A. Cooper. Functions of the major
tyrosine phosphorylation site ofthe PDGF receptor � subunit. Cell Regul.
2:413-425 (1991).

24. Un L.-H., L. L Chen, J. A. Zirrolli, and R. A. Harris. General anesthetics

potentiate GABA actions on GABAA receptors expressed by Xenopus oo-
cytes: lack of involvement of intracellular calcium. J. Pharmacol. Exp.
Ther. 263:569-578 (1992).

25. Wisden, W., D. J. Laurie, H. Monyer, and P. H. Seeburg. The distribution
of 13 GABAA receptor subunit mRNA in the rat brain: I. Telencephalon,
diencephalon, mesencephalon. J. Neurosci. 12:1040-1062 (1992).

26. White, M. M., and M. Aylwin. Niflumic and flufenainic acids are potent
reversible blockers of Ca2�-activated Cl channels in Xenopu8 oocytes.

Mol. Pharmacol. 37:720-724 (1990).
27. Moss, S. J., T. G. Smart, C. G. Blackstone, and R. L. Huganir. Functional

modulation of GABAA receptor8 by cAMP-dependent protein phosphory-
lation. Science (Washington D. C.) 257661-665 (1992).

28. Krishek, B. J., X. Xie, C. Blackstone, R. L. Huganir, S. J. Moss, and T.
Smart. Regulation of GABA� receptor function by protein kinase C phos-
phorylation. Neuron 12:1081-1095 (1994).

29. IAn, Y.-F., M. D. Browning, E. M. Dudek, and R. L. Macdonald. Protein
kinase C enhances recombinant bovine a1�1y2L GABAA receptor whole-
cell currents expressed in L929 fibroblasts. Neuron 13:1421-1431 (1994).

30. Sweetnam, P. M., J. Lloyd, P. Gallombardo, R. T. Malison, D. W. Gallager,
J. F. Tallman, and E. J. Nestler. Phosphorylation of the GABA�/
benzodiazepine receptor a subunit by a receptor-associated protein kinase.
J. Neurochem. 51:1274-1264 (1988).

31. Whiting, P., R. M. McKernan, and L. L. Iversen. Another mechanism for
creating diversity in �y-aminobutyrate type A receptors: RNA splicing
directs expression of two forms of �y2 subunit, one of which contains a

protein kinase C phosphorylation site. Proc. Nail. Aced. Sci. USA 87:
9966-9970 (1990).

32. House, C. L, and B. E. Kemp. Protein kinase C contains a pseudosubstrate
prototope in its regulatory domain. Science (Washington D. C.) 238:1726-
1728 (1987).

33. Tokumitso, H., T. Chijiwa, M. Hagiwara, A. Muzutani, M. Terasawa, and
H. Hidaka. KN-62,
4-phenylpiperazine, a specific inhibitor of Ca2�/calmodulin-dependent
protein kinase II. J. Biol. Chem. 265:4315-4320 (1990).

34. Enam, E., and F. Matsumura. Specific inhibition ofcalcineurin by type II
synthetic pyrethroid insecticides. Biochem. Pharmacol. 43:1777-1784
(1992).

35. Heldin, C-H. Structural and functional studies on platelet-derived growth
factor. EMBO J. 11:4251-4250 (1992).

36. Timpe, L. C., and W. J. Fantl. Modulation of voltage-activated potassium
channel by peptide growth factor receptors. J. Neurosci. 14:1195-1201
(1994).

37. Hahner, L., S. J. McQuilkin, and R. A. Harris. Cerebellar GABAB receptors
modulate function of GABAA receptors. FASEB. J. 5:2466-2472 (1991).

38. Behrends, J. C., T. Maruyama, N. Tokutomi, and N. Akaike. Ca2�-
mediated suppression of the GABA-response through modulation of chlo-
ride channel gating in frog sensory neurons. Neurosci. Lett. 86311-316
(1988).

39. Parker, I., and Y. Yao. Relation between intracellular Ca2� signals and
Ca2�-activated Cl current in Xenopus oocytes. Cell Calcium. 15:276-288
(1994).

40. McDonald, B. J., and S. J. Moss. Differential phosphorylation intracellular
domains of the �y-aminobutyric acid type A receptor subunits by CalCiUm)

calmodulin type 2-dependent protein kinase and cGMP-dependent protein
kinase. J. BiOI. Chem. 269.18111-18117 (1994).

41. DeBlaquiere, J., F. Walker, V. P. Michelangeli, L Fabri, and A. W. Bur-
gess. Platelet-derived growth factor stimulates the release of protein hi-
nase A from the cell membrane. J. Bin!. Chem. 269.4812-4818 (1994).

42. Huang, X.-Y., A. Morielly, and E. Peralta. Tyrosine kinase-dependent
suppression of a potassium channel by the G protein-coupled ml musca-
riniC acetyicholine receptor. Cell 75:1145-1156 (1993).

43. Valenzuela, C. F., T. K Machu, R. M. McKernan, P. Whiting, B. B.
VanRenterghem, J. L. MacManaman, S. J. Brozowski, G. B. Smith, R. W.
Olsen, and R. A. Harris. Tyrosine kinase phosphorylation of GABAA re-
ceptors. Mol. Brain Res. 31:165-172 (1995).

44. Moss, S. J., G. H. Gorrie, A. Amato, and T. G. Smart. Modulation Of GABAA

receptors by tyrosine phosphorylation. Nature (Lond.), 377:344-348,
(1995).

Send reprint requests to: C. Fernando Valenzuela, M.D., Ph.D., Depart.
ment of Pharmacology, Box C236, University of Colorado Health Sciences
Center, 4200 East Ninth Avenue, Denver, CO 80262.

 at T
ham

m
asart U

niversity on D
ecem

ber 2, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/



