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SUMMARY

The ‘y-aminobutyric acidA (GABA)A receptor (GABAR) /31 and
y2L subtypes have been shown to be phosphorylated in vitro

by protein kinase C (PKC) [J. Biol. Chem. 267:14470-14476
(1 992); Neuron 12:1 081 -1 095 (1 994)]. To determine the physi-
ological consequences of phosphorylation of GABAR isoforms
containing the /31 and -y2L subtypes, the specific serine resi-
dues phosphorylated by PKC (/31 S409, ‘y2L S327 and S343)
were changed to alanines through site-directed mutagenesis.
Wild-type (al /31 -y2L GABARs) and three mutant GABAR iso-
forms (al /31 y2L(S327A, S343A), al /31(S409A)’y2L, and
al /31(S409A)’y2L(S327A, S343A) GABARs) were expressed in
mouse L929 fibroblasts through transient cotransfection. Re-
cordings were obtained from each cell with the use of the
whole-cell patch-clamp technique. The initial recording was
made with the use of control intrapipette solution, and a second
recording from the same cell was obtained with pipettes con-
taming either constitutively active PKC [protein kinase M (PKM)]
or control solution to obtain paired GABA concentration-re-

sponse relationships. All GABAR isoforms studied had equiva-
lent maximal GABA currents and similar GABA concentration-
response profiles under the control condition. Intracellular PKM
treatment increased the maximal current and EC50 value in cells
expressing wild-type GABARs. However, PKM reimpalement
did not significantly change these parameters in cells express-
ing any of the mutant GABAR isoforms, indicating that the
mutation of either the /31 or -y2L subtype alone was sufficient to
prevent enhancement of GABAR current by PKM. No signifi-
cant changes were obtained during control reimpalement re-
cordings of wild-type or mutant receptors. Furthermore, PKM
treatment did not alter the time constants of GABA current
desensitization kinetics measured from cells expressing wild-
type or mutant receptors. These data thus suggest that PKC
phosphorylation of the /31 and -y2L subtypes enhances GABAR
current and that both subtypes are required for complete PKC-
mediated enhancement of al /31 y2L GABAR current.

The GABA.R is a ligand-gated Cl channel that is distrib-

uted widely throughout the central nervous system (1). Dif-
ferent subunit families of GABAR (a, /3, y, 6, p) and multiple
subtypes of each family (al-6, /31-4, yl-4, pl-2) have been

cloned (2, 3). Each subtype is thought to contain an amino-
terminal extracellular domain, four membrane spanning do-
mains, and a large and highly variable cytoplasmic domain

between the third and fourth transmembrane domains, and
GABARS are thought to be composed of combinations of five
subunit subtypes (4). The GABAR is regulated by a number

This study was supported by a grant from the Lucille P. Markey Charitable
Trust Foundation (R.L.M.) and by National Institutes of Health Grants
AG04418, AA03527, and AA09615 (M.D.B.).

of extracellular allosteric agents, including benzodiazepines,

barbiturates, steroids (4), alcohol (5), and cations (6). The

GABAR also seems to be regulated by intracellular protein

phosphorylation.

Protein phosphorylation is an important post-translational

mechanism for regulation of voltage-gated (7) and ligand-

gated (8, 9) ion channels. Many GABAR subtypes contain

consensus sites for phosphorylation in the large intracellular
loop between the proposed third and fourth transmembrane

domains (10). Highly purified GABAR proteins, fusion pro-

teins, or synthetic peptides composing the major intracellu-

lar domain of GABAR subunits have been shown to be phos-

phorylated by exogenously added PKA (11-14), PKC (11, 13,

15), CaM kinase II (15, 16), cGMP-dependent protein kinase

ABBREVIATIONS: GABAR, �y-aminobutyric acid type A receptor; GABA, �y-aminobutyric acid; PKC, Ca2�/phospholipid-dependent protein kinase;
PKA, cAMP-dependent protein kinase; CaM kinase II, Ca2�/calmoduIin-dependent protein kinase II; PKM, constitutively active PKC; HEPES,
4-(2-hydroxyethyl)-1 -piperazineethanesulfonic acid; EGTA, ethylene glycol-bis(�3-aminoethyl ether)-N,N,N’,N’-tetraacetic acid; lm�, maximal

GABA response; � normalized peak whole-cell current evoked at the given GABA concentration x; 1���k’ peak current amplitude evoked
by 300 i.ii�i GABA; ‘GABAend’ remaining current at the end of 5-sec GABA application.
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( 16), tyrosine kinase ( 17), and an unknown receptor-associ-

ated kinase (18), suggesting that GABAR function may also

be regulated by protein phosphorylation. In vitro, the large

intracellular domain of the /31 subtype was phosphorylated

on Ser409 by both PKA and PKC (11), and the intracellular
domain of the y2L subtype was phosphorylated on Ser327

and Ser343 by PKC (11, 19). Phosphorylation was prevented

through site-directed mutagenesis of these specific serine
residues to alanines (11, 20).

Although several lines of evidence point to a role of protein

phosphorylation in the regulation of GABAR function, the
results obtained from functional studies are conflicting. PICA

has been shown to reduce GABAR function in mouse spinal

cord neurons (21) and brain microsacs (22); to potentiate

GABA-induced currents in cerebellar Purkinje neurons (23,

24), retinal neurons (25, 26), and transfected Ca12 cells (27);

or to produce no effect in cultured spinal neurons (28). Phor-

bol esters that activate PKC produced no effect on 36Cl
uptake in cultured spinal neurons (28) but decreased 36Cl
uptake in mouse cerebellar membrane vesicles (29) and re-
duced recombinant GABAR currents expressed in Xenopus

oocytes (20, 29-33) and in human embryonic kidney cells
(20). In contrast, it has been shown that GABAR function
was maintained through phosphorylation and destabilized

through a Ca2�-dependent dephosphorylation process (34-

38). Consistent with the latter findings, we demonstrated
that direct intracellular application of PKM (39) enhanced
recombinant al/31-y2L GABAR currents expressed in mouse

fibroblast cells (40).
To determine whether acute enhancement of GABAR cur-

rents resulted from direct PKC phosphorylation of the /31

and/or 72L subtypes, bovine al and wild-type or mutant /31

and y2L GABAR subtypes were transiently coexpressed in

mouse L929 fibroblasts, and GABAR whole-cell currents

were recorded from the transfected cells. The actions of PKM

on GABAR currents obtained in individual cells were deter-
mined with the use of a reimpalement protocol (40) in which
sequential recordings were obtained from individual cells.

The initial recording was obtained with a pipette containing
a control solution, and the second recording was obtained
with a control or a PKM-containing recording pipette. Thus,
with this technique, each cell provided its own control. On

the other hand, the maximal control current amplitudes were
compared to determine whether there were functional differ-

ences among wild-type and mutant receptors. The results
demonstrated that PKC phosphorylation of both /31 and �y2L

subtypes was required to produce a full enhancement of

GABAR current, and PKC did not alter the kinetics of GA-
BAR desensitization. There were no significant differences in
the basic functional properties among wild-type and mutant

receptors.

Materials and Methods

Conatruction of expression vectors containing GABAR sub-
unit cDNAs. Fall-length cDNAs encoding the bovine al, /31, and
y2L subtypes of GABARS (10, 41) were kindly provided by Dr. E.
Barnard (Medical Research Council, London, UK). Expression plas-
mids were constructed as described previously (42). The cDNAs were

released from the original plasmids with appropriate restriction

enzymes (BRL, Bethesda, MD). These cDNAs contained the complete
open reading frames and -10-100 base pairs of the 5’ and 3’ un-

translated sequences. Site-directed mutagenesis was performed as

described by Zoller and Smith (43) using the following primers to

make substitutions: Ser409 to alanine (131 subtype), GCCGCT-

CAGCTCAAAGTCA; Ser343 to alanine (y2L subtype), CCTTGAAG-
GCAAACATCCGAAG; and Ser327 to alanine (-y2L subtype), TT-

GTCTTTGTCCT1�GGCTGGTTTCCGGTTGCTG. Fidelity ofthe final

expression constructs was verified with DNA sequencing. All cDNAs

were then subcloned into the BglH site ofthe mammalian expression
vector pCMVNeo (44). A marker gene LacZ encoding for /3-galacto-

sidase was also subcloned into expression vector pCMVNeo to form

pCMVf3Ga1 (42).
Cell line and transient transfection. A mouse fibroblast cell

line L929 (American Type Culture Collection, Rockville, MD) was

used in this study. Cells were grown and transfected according to a

modified calcium phosphate precipitation method (45) as described

previously (40). Electrophysiological recordings of cells expressing
recombinant GABARs with the configurations alf3ly2L,

al/31y2L(S327A, S343A), a1f31(S409A)y2L, and a1�1(S409A)

72L(S327A, S343A) were carried out 48-72 hr after transfection.

Identification of transfected cells and whole-cell record-
ing. To detect the expression of the marker gene (LacZ) product
/3-D-galactosidase in individual cells, fluorescein di-13-D-digalactopy-

ranoside (Molecular Probes, Eugene, OR) staining was performed on

living L929 cells immediately before electrophysiological recordings.
Positively transfected cells were identified as described previously

(42). The culture dish was then rinsed several times and finally
bathed in 2 ml of extracellular bath solution with the following

composition: 142 mM NaC1, 8 m�i KCI, 1 mM CaC12, 6 mM MgC12, 10

mM D-glucose, and 10 mM HEPES, pH 7.4. The intrapipette recording

solution consisted of 153 mM KC1, 1 mM MgCl2, 10 nmi HEPES, 5 mM

EGTA, and 2 mM Mg��ATP, pH 7.3. All chemicals were obtained
from Sigma Chemical Co. (St. Louis, MO) unless otherwise stated.

The combination of external and internal solutions resulted in an

equilibrium potential of 0 mV for chloride ions and - 75 mV for

potassium ions. Whole-cell patch-clamp recording (46) was used to
record GA.BAR currents from transfected L929 cells. GABAR cur-

rents were obtained with a List 1dM EPC-7 amplifier (List Medical

Instruments, Darmstadt, Germany) and recorded on a Sony SL-2700

VCR (modified to 0-20 kHz) via a Sony PCM-501E5 digital audio

processor (14-bit, 44 kHz). Responses were then low-pass filtered (3

dB, 1 kHz) with an eight-pole Bessel filter (Frequency Devices,

Haverhill, MA) and simultaneously recorded on a chart recorder

(Gould, Cleveland, OH) and on a computer using Axotape data-
acquisition software at 20 Hz (Axon Instruments, Foster city, CA).

All cells were voltage-clamped at -75 mV during the recordings.

Drug application. GABA used to evoke chloride current was

diluted from a frozen 10 mM stock with extracellular bath solution to

the desired concentrations. To determine the GABA concentration-
response relationship, a modified U-tube (multipuffer) application

system was used. GABA was applied for 5-10 sec each time by
stopping a suction pump via a solenoid valve driver (General Valve,

Fairfield, NJ), and the application was terminated by reopening the
valve. The 10-90 rise time of this system was 70 msec. During

recordings, desired concentrations of GABA, ranging from 0.1-300
�M, were sequentially applied at 1-mm intervals. The tip diameter of

drug puffers was -60 �tm, and the tips were positioned -50 .tm from

the recorded cell.
Preparation and application of PKM. PKC was isolated and

purified from bovine brain (13, 47). The catalytic form ofPKC, P1CM,

was prepared through proteolysis of PKC followed by repurification

as described previously (40). P1CM was stored at -70#{176}and diluted to

40 flM with internal recording solution immediately before use. P1CM

was dialyzed into cells through recording pipettes after rupture of

cell membranes. To allow sufficient time for PKM to enter the cell,

application of GABA was delayed -� 1 mm after rupture of the cell
membrane.

Reiinpalement protocol. GABAR whole-cell current amplitudes
evoked from different cells varied over a wide range. Therefore, a

same-cell reimpalement recording protocol was performed to control
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the variability among cells (40) and to enable paired comparisons

(48). Two sequential recordings were obtained from the same cell,
and GABA concentration-response relationships were obtained un-

der control and PKM-treated condition, respectively. The initial re-

cording was performed with a control intracellular solution-filled

pipette, and increasing concentrations of GABA were applied. The
recording pipette was removed gently after the initial recording.

After a recovery period of � 15 mm, the reimpalement recording was

carried out in the same cell with a control solution-filled or a P1CM
(40 nM)-containing pipette. The GABA concentration-response rela-

tionship was determined as described previously. The currents ob-

tamed from the same cell during two sequential control recordings

(controllcontrol) were then compared to determine the feasibility of

reimpalement procedure, and the currents obtained from the same

cell under two sequential control and P1CM-treated conditions (con-

trolJPKM) were compared to determine the effects of P1CM. Three to
11 transfected L929 cells expressing each of the four different corn-

positions of GABARs were investigated according to this protocol.

Analysis and statistics. Peak whole-cell currents were normal-

ized to the largest GABAR current response (taken as 100%) ob-

tamed during initial control recording of each cell and expressed as

a percentage of the largest current. Nonlinear curve fitting (Prism,

GraphPad, San Diego, CA) was used to estimate parameters by fitting

to a four-parameter logistic equation: ‘G�A = Im,J[1 + (EC�jxr},
where ‘GABA is the normalized peak whole-cell current evoked at the

given GABA concentration x, ‘max 15 the maximal GABA response,

EC50 is the GABA concentration eliciting a half-maximal response,

and n is the Hill coefficient. Fittings were made with either original

data obtained in each cell or mean data pooled from all cells express-
ing the same GABAR compositions, whichever was appropriate. The

normalized peak whole-cell current difference scores caused by P1CM
were obtained by subtracting data obtained under control condition
from data obtained under P1CM-treated condition from the same cell

at the same GABA concentration. The acute desensitization rate was

estimated by calculating the percentage of desensitization in controll
PKM-reimpaled or control/control-reimpaled cells according to the

following formula: Desensitization (%) = l(’G�A�ak ‘GABAend)�’

‘GABApeak} X 100%, where ‘GABApeak � the peak current amplitude
evoked by 300 ,.tM GABA, and ‘GABAend � the remaining current at
the end of 5-sec GABA application. On the other hand, time con-

stants of current decay during 300 j.�M GABA application were ob-

tamed by fitting 9-15 cells expressing the same receptor configura-

tions with a single exponential function. Data were averaged and

presented as mean ± standard error.

The effects of P1CM on ‘max’ EC50, Hill coefficient, percentage of

current difference, percentage of desensitization, and time constants

of current decay obtained from individual cells expressing the same

GABAR configuration were compared with the use of Student’s
paired two-tailed t tests, one-sample t tests, or unpaired t tests,

depending on which was appropriate. Significance was assumed at a
probability level ofp < 0.05. The nonparametric one-way Kruskal-

Wallis tests and posthoc tests corrected with a Bonferroni method (m
= 4, where m is the number of comparisons made between groups)
were used to compare the effects of P1CM among wild-type and

mutant GABARs; the parametric one-way analyses of variance fol-
lowed by Bonferroni’s multiple-comparison tests were used to corn-

pare the average maximal control current amplitudes and time con-

stants of control current decay among receptor isoforms. The

majority of the analyses were performed with Instat version 2.0

(GraphPad).

Results

PKM enhanced the maximal GABA-evoked whole-
cell currents in transfected L929 cells expressing wild-
type recombinant alfil’y2L GABARS. To confirm that
P1CM enhanced GABAR current (40), wild-type a1f31-y2L GA-

BARs were expressed in mouse L929 fibroblasts by transient

cotransfection with al, /31, and 72L subtype cDNAs. For this

and all subsequent experiments, cells were voltage-clamped

to - 75 mV in symmetrical chloride solutions at room tern-

perature during whole-cell recordings, and a reimpalement

protocol was used (see Materials and Methods for details).

PKM (40 nM) was applied intracellularly via recording pi-
pettes during the reimpalement recording in individual cells.

Application of GABA (0. 1-300 jIM) with the multipuffer sys-

tern evoked inward currents that increased in a concentra-

tion-dependent manner (Fig. 1, A and B). In the cell shown in
Fig. 1A, current amplitudes recorded at low GABA concen-

trations during the P1CM-treated reimpalement recording
were comparable to the corresponding control current ampli-

tudes. However, at GABA concentrations of > 10 �tM, currents

A Bovine a1�l1’y2L GABARs

Control (Initial)

PKM (Reimpalement)

GABA1OO�LM GABA3OO�tM

IT

Fig. 1 . Wild-type alf3l y2L GABAR whole-cell currents were enhanced
in the presence of PKM. A, GABA-evoked whole-cell current traces
obtained from a transfected L929 cell expressing functional al /31y2L
GABARs. Two sequential recordings of whole-cell GABAR currents
were performed on this cell according to a reimpalement protocol.

GABA (0.1-300 j.tM) was applied with a multipuffer drug-application
system at 5-sec durations. Top, currents obtained during the control
recording (initial). Bottom, currents obtained during PKM (40 nM)-
treated recording (reimpalement). For this and all subsequent experi-
ments, recordings were made 48 hr after transfection, and cells were
held at -75 mV. B, Normalized concentration-response curves for
GABA-evoked whole-cell currents obtained from transfected L929 cells
in the absence and presence of PKM. 0, Average peak whole-cell
currents obtained during the initial control recording. #{149},Average cur-
rents obtained during the reimpalement recording with PKM (40 nM)
(mean ± standard error, 1 1 cells). All currents were normalized to the
largest control current in individual cells. These curves were fitted to the
logistic equation with the use of nonlinear regression.
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were increased in the presence of PKM (Fig. l#{192}).The largest

whole-cell current was 540 pA at 100 p.M GABA in the control

condition (Fig. LA, top) and 1600 pA at 300 p.M GABA in the

presence of PKM (Fig. 1A, bottom), respectively. Eleven cells

expressing al/31’y2L GABARs were investigated.
P1CM changed the concentration-response relationship of

wild-type a1f31’y2L GABARS (Fig. 1B). The major effect of
P1CM was to increase the current amplitudes at GABA con-
centrations above the EC50 value. The Im,,,�, Hill coefficient,

and EC50 values obtained through fitting of the concentra-
tion-response curves for individual cells were averaged and

were 102 ± 2%, 2.4 ± 0.3, and 13.1 ± 2.2 �M in the initial

control condition and 174 ± 23%, 2.6 ± 0.8, and 21.7 ± 5.0 �M

in the P1CM-treated reimpalement condition, respectively
(Table 1, first row). P1CM treatment significantly increased

Im,� (P < 0.01) and EC50 (p < 0.05) (paired Student’s t test;

Table 1, first row). Significant differences between control

and P1CM-treated data are given in Table 1. The effect of
PKM in enhancing the maximal wild-type a1f31y2L GABAR

current was consistent with our previous report (40) that
P1CM increased the apparent efficacy but decreased the ap-

parent affinity of GABA for these receptors. The effect of
PKM in enhancing the maximal GABAR current was thus
GABA concentration dependent (Fig. 1B).

On the other hand, reimpalement recordings in the ab-
sence ofPKM did not seem to produce comparable changes in

GABAR current (Fig. 2, A and B). Two sequential control

recordings were performed with a reimpalement protocol to

determine whether the reimpalement procedure produced

GABAR current enhancement independent of PKM (three

cells). In the example shown (Fig. 2A), the largest whole-cell
current was 1893 pA in the initial control condition (top) and
1065 pA in the reimpalement control condition (bottom). The

largest GABAR whole-cell current was not increased but
instead was reduced during the control reimpalement record-

ing in this cell (Fig. 2A). The peak whole-cell currents were

then normalized and fitted in individual cells. The averaged
Im,,�, Hill coefficient, and EC50 values were 101 ± 0%, 2.4 ±

0.4, and 8.2 ± 2.7 �M in the initial control condition and 43 ±

7%, 2.1 ± 0.1, and 4.3 ± 1.1 �.tM in the control reimpalement

condition (Fig. 2B). The Im,,� was significantly reduced in the
reimpalement control condition (p < 0.5). Thus, the reim-

palement protocol did not produce enhancement of the max-
imal GABAR current amplitude or EC50 in cells expressing

wild-type receptors without the inclusion of P1CM.

TABLE 1

A Bovine a1�31y2L GABARs

Control (Initial)

c�.8A 1 �iM c?tBA 3 �M ��4BA 30 �tM GABA 300 �tM

Control (Relmpalement)

a Reimpalement control

(n=3)

-8 -7 -6 -5 -4 .3

Log GABA[M]

Fig. 2. Wild-type cr1 /31 y2L GABAR whole-cell currents were not en-
hanced during reimpalement recordings in the absence of PKM. A,
Whole-cell current traces obtained from a transfected L929 cell ex-
pressing functional cr1/31 y2L GABARs. Two sequential recordings of
whole-cell GABAR currents were performed on this cell according to a
reimpalement protocol. Top, GABAR whole-cell currents obtained dur-
ing the initial control recording. Bottom, currents obtained during the
control reimpalement recording in the absence of PKM. B, Normalized
concentration-response curves for GABA-evoked whole-cell currents
obtained from L929 cells expressing al/31 ‘y2L GABARs during the two
sequential control recordings. El, Average currents obtained during the
initial control recording. U, Average currents obtained during the con-
trol reimpalement recording (means ± standard error, three cells).

Reimpalement recordings in the absence of PKM did not result in
increases in GABAR currents as seen in Fig. 1.

Mutation of consensus phosphorylation-site serines
to alanines in both /31 and ‘y2L subtypes eliminated the
enhancement of GABAR currents produced by PKM

Effects of PKM on the normalized concentration-response relationships for GABA in transfected L929 cells expressing wild-type and
mutant GABARs
All � � and HiD coefficient numbers were determined by individual fits of transfected cells in each group expressing the same receptor configurations. These
values were averaged and are presented as mean ± standard error. Numbers in parentheses represent the number of cells examined. PKM was applied intracellularly
at a concentration of 40 n� during reimpalement recording. Parameters were compared in individual cells by paired Student’s t tests, although the pooled, average
data are shown in this table.

GABAR subunit composition
‘max EC50 Hill coefticient

Control PKMControl PKM Control PKM

% �LM

al/31y2L (11) 102 ± 2 174 ± 238 13.1 ± 2.2 21.7 ± 5.O� 2.4 ± 0.3 2.6 ± 0.8
alf3l (S409A)y2L(S327A,S343A) (7) 101 ± 0 103 ± 29 16.7 ± 5.0 15.5 ± 4.3 2.0 ± 0.2 3.0 ± 1.3
a1/31�y2L(S327A,S343A) (8) 101 ± 1 135 ± 20 20.4 ± 3.8 18.4 ± 2.4 2.3 ± 0.4 1.7 ± 0.1
alf3l(S409A)y2L (8) 101 ± 0 118 ± 26 18.3 ± 4.7 12.8 ± 2.5 3.7 ± 0.7 2.3 ± 0.2
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treatment in transfected L929 cells. To determine
whether the enhancement of recombinant al/31y2L GABAR

whole-cell current by P1CM treatment was due to direct PKM

phosphorylation of the GABAR, site-directed mutagenesis
was performed to substitute alanine for serine residues at the

three consensus phosphorylation sites in the (31 and y2L

subtypes. Functional a1f31(S409A)y2L(S327A, S343A) GA-
BARs were then expressed in L929 fibroblasts through tran-

sient cotransfection of cDNAs encoding for bovine al,
/31(S409A), and ‘y2L(S327A, S343A) subtypes. Whole-cell cur-
rents from one transfected cell during the initial control

recording (Fig. 3A, top) followed by the P1CM-treated reim-

palement recording (Fig. 3A, bottom) are shown. Application
ofGABA (0. 1-300 �M) evoked inward currents that increased
in a concentration-dependent manner (Fig. 3, A and B). In
this cell, whole-cell currents recorded during the P1CM-

Bovine a1�31(S4O9A)’y2L(S327A,S343A) GABARs

Control (Initial)

GABA 1 �M GABA 3 �tM

-�---

PKM (Reimpalement)

GABA 1 �iM GABA 3 �iM

�

B

-8 .‘7 -� -‘5

Log GABA [Ml

Fig. 3. Enhancement of GABAR whole-cell currents by PKM was com-
pletely prevented when all three PKC phosphorylation sites contained
in the /31 and y2L subtypes were mutated from serine to alanine
residues. A, Whole-cell current traces obtained from a transfected L929
cell expressing al f31(S409A)y2L(S327A, S343A) GABARs. Two se-
quential recordings of whole-cell GABAR currents were performed on
this cell according to a reimpalement protocol. Top, GABAR whole-cell
currents obtained dunng the control recording (initial). Bottom, currents
obtained in the presence of PKM (40 nM). B, Normalized concentration-
response curves for GABA-evoked whole-cell currents obtained from
L929 cells expressing al /31(S409A)y2L(S327A, S343A) GABARs in the
absence and presence of PKM. 0, Average currents obtained during
the initial control recording. #{149},Average currents obtained during the
reimpalement recording with PKM (mean ± standard error, seven cells).
PKM did not enhance GABAR whole-cell currents after substitution of
alanines for serines at the three PKC phosphorylation sites contained in
the f31 and -y2L subtypes.

treated reimpalement recording (Fig. 3A, bottom) were either
smaller or similar in amplitude to the corresponding control

currents (Fig. 3A, top) for all GABA concentrations. The
largest peak whole-cell current was 2500 pA in control (Fig.
3A, top) and 2700 pA in the presence of P1CM (Fig. 3A,

bottom). Seven cells expressing al/31(S409A)y2L(S327A,
S343A) GABARs were studied, and the peak whole-cell cur-

rents were normalized and fitted individually. The Im�, Hill

coefficient, and EC50 values were 101 ± 0%, 2.0 ± 0.2 and

16.7 ± 5.0 iM in the control condition and 103 ± 29%, 3.0 ±

1.3, and 15.5 ± 4.3 �M in the P1CM-treated reimpalement
condition, respectively (Table 1, second row). There were no

apparent differences between the GABAR currents obtained
from wild-type and mutant a1/31(S409A)�y2L(S327A, S343A)

GABARS in the absence of P1CM. In individual cells express-
ing alf3l(S409A)-y2L(S327A, S343A) GABARS, P1CM pro-
duced no effect on ‘m���’ EC50, or Hill coefficient values

(paired Student’s t test; Table 1, second row). The effect of
P1CM on GABAR current was eliminated through mutations
made on both the /31 and -y2L subtypes. These data indicated

that the enhancement of al/31-y2L GABAR current by PKM

resulted from phosphorylation of one or more serines on the

/31 and/or ‘y2L subtypes.
Reimpalement recordings were also performed in the ab-

sence of PKM on a separate group of four cells expressing
al/31(S409A)’y2L(S327A, S343A) GABARS to determine

whether the reimpalement procedure alone produced any
effect on these mutant receptors. In the cell shown in Fig. 4A,

the largest peak whole-cell current was 1839 pA in initial
control condition (Fig. 4A, top) and 652 pA in the reimpale-
ment control condition (Fig. 4A, bottom). The normalized
Im�, Hill coefficient, and EC50 values were 104 ± 1%, 1.6 ±

0.2, and 20.5 ± 5.8 �.tM in the initial control condition and 83
± 19%, 1.7 ± 0.2, and 14.7 ± 5.6 �M in the control reimpale-

ment condition, respectively (Fig. 4B). No significant changes
in the maximal GABAR current or EC50 were obtained dur-

ing control reimpalement recording of mutant

al/31(S409A)y2L(S327A, S343A) GABARS.

Mutation of �31 subtype Ser409 or y2L subtype

Ser327 and Ser343 to alanines also eliminated the en-
hancement of GABAR currents produced by PKM

treatment in transfected L929 cells. The role of the �y2L
subtype in regulation of the GABARS by P1CM phosphoryla-
tion was determined by expressing alf3ly2L(S327A, S343A)

GABARs in L929 fibroblasts. Whole-cell currents were
-4 -3 recorded from transfected L929 cells expressing

al/31y2L(S327A, S343A) GABARs. Application of GABA

(0.1-300 .tM) evoked inward currents that increased in a
concentration-dependent manner (Fig. 5A). The currents re-

corded during the PKM-treated reimpalement recording
were slightly increased at higher GABA concentrations com-

pared with the corresponding control currents (Fig. 5A).
However, the magnitude of the effect of PKM was smaller
than that obtained in cells expressing wild-type al/31y2L

GABARS (Fig. 1B). The averaged Im,,�, Hill coefficient, and
EC50 values were 101 ± 1%, 2.3 ± 0.4, and 20.4 ± 3.8 �.tM in
the control condition and 135 ± 20%, 1.7 ± 0.1, and 18.4 ±

2.4 �M in the P1CM-treated reimpalement condition, respec-

tively (eight cells; Table 1, third row). With the use of paired

Student’s t test, Lax’ EC50, and Hill coefficients were not
significantly altered in these cells in the presence of P1CM.

These data indicated that the mutations removing the two
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Fig. 4. Mutant al �31(S409A)-y2L(S327A, S343A) GABAR whole-cell
currents were not enhanced during reimpalement recordings in the
absence of PKM. A, Whole-cell current traces obtained from a trans-

fected L929 cell expressing functional cxl 131(S409A) y2L(S327A,
S343A) GABARs. Two sequential recordings of whole-cell GABAR cur-
rents were performed on this cell according to a reimpalement protocol.
Top, GABAR whole-cell currents obtained during the initial control
recording. Bottom, currents obtained dunng the control reimpalement
recording in the absence of PKM. B, Normalized concentration-re-
sponse curves for GABA-evoked whole-cell currents obtained from
cells expressing cr1 �1(S409A)y2L(S327A, S343A) GABARs during the
two sequential control recordings. El, Average currents obtained during
the initial control recording. U, Average currents obtained during
the control reimpalement recording (mean ± standard error, four

cells). Reimpalement recordings of cells expressing
al /31(S409A)y2L(S327A, S343A) GABARs in the absence of PKM did
not result in increases in current amplitudes or EC50.

potential phosphorylation sites from the 72L subtype (Ser327

and Ser343) effectively blocked the effect of P1CM even

though the phosphorylation site in the /31 subtype was avail-

able (Table 1, third row). On the other hand, control reim-
palernent recording of cells that expressed alf3ly2L(S327A,

S343A) GABARs were also performed to determine whether
the intermediate but statistically insignificant increase of the
maximal GABAR current would appear in the absence of

P1CM during reimpalement recordings (three cells). Reim-
palement recordings in the absence of P1CM did not signifi-

cantly change the maximal GABAR whole-cell current (mi-
tial control versus reimpalement control: 101 ± 3% versus 54
± 12%) or EC50 from its initial control values. The maximal

GABAR whole-cell current was not increased but instead was
reduced during the control reimpalement recording. These
results indicated that in the absence of P1CM, reimpalement

recording did not produce an increase in the whole-cell cur-

-8 -7 -6 -5 -4 -3

Log GABA [M]

Fig. 5. Mutation of PKC phosphorylation site or sites on the /31 or 72L
subtype alone prevented GABAR current enhancement by PKM. A,
Normalized concentration-response curves for GABA-evoked whole-
cell currents obtained from transfected L929 cells expressing
al /31 y2L(S327A, S343A) GABARs cells in the absence and presence of
PKM (40 nM) according to a reimpalement protocol. Values are mean ±

standard error of currents from individual cells (eight cells). Enhance-
ment of GABAR whole-cell currents by PKM was blocked by mutation
of the y2L subtype phosphorylation-site serines (Ser327 and Ser343) to
alanines. B, Normalized concentration-response curves for GABA-
evoked whole-cell currents obtained from transfected L929 cells ex-
pressing al/31(S409A)y2L GABARs cells in the absence and presence
of PKM (eight cells). Enhancement of GABAR whole-cell currents by
PKM was blocked by mutation of the f31 subtype phosphorylation-site
serine (Ser409) to alanine. 0, average currents obtained dunng the
initial control recording; #{149},average currents obtained during the reim-
palement recording with PKM.

rent evoked from cells expressing al/3l’y2L(S327A, S343A)

GABARs.

The role of the (31 subtype in regulation of the GABARs by

P1CM phosphorylation was determined by expressing

al/31(5409A)y2L GABARs in L929 fibroblasts. Application of

GABA (0. 1-300 p.M) again evoked inward currents that in-
creased in a concentration-dependent manner (Fig. SB). Cur-

rents recorded during the P1CM-treated reimpalement re-

cording were minimally increased compared with their
corresponding controls obtained during the initial control

recording (Fig. SB). The Im,�, Hill coefficient, and EC50 val-
ues were 101 ± 0%, 3.7 ± 0.7, and 18.3 ± 4.7 �M in the

control condition and 118 ± 26%, 2.3 ± 0.2, and 12.8 ± 2.5 �M

in the P1CM-treated reimpalement condition, respectively
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(eight cells; Table 1, fourth row). Paired Student’s t test

revealed that P1CM did not significantly alter Im�, EC50, or

Hill coefficient values in these cells. These data thus mdi-

cated that the mutation removing the potential phosphory-
lation site (Ser409) from the �31 subtype effectively blocked

the enhancement effect of P1CM even though the sites in the

‘y2L subtype were available (Table 1, fourth row). Similar

control reimpalement recordings as described earlier were

also carried out on cells expressing these receptor isoforms to

ensure that there was no enhancement produced by reim-
palement procedure itself(three cells). Reimpalement record-
ings in the absence of PKM did not significantly alter Imax

(initial control versus reimpalement control: 104 ± 2% versus

113 ± 18%), EC50, or Hill coefficient values from its initial

control values. These results indicated that in the absence of
P1CM, reimpalement recording was not able to cause an in-

crease in the whole-cell current evoked from cells expressing
a1�1(S409A)y2L GABARs.

Both flu and y2L subtypes were required for maxi-
mal PKM-mediated enhancement of GABAR function,

and the consequences of phosphorylation of the �J1
and y2L GABAR subtypes were similar. Paired compar-
isons between the initial control and the P1CM-treated reim-

palement values showed that P1CM did not significantly in-

crease the maximal GABA current or EC50 (Table 1 and Figs.

3 and 5) in cells expressing GABARS that contained senne-
to-alanine mutations on the /31, ‘y2L, or both �31 and 72L
subtypes. The functional consequences of PKM phosphoryla-

tion of the �31 and y2L subtypes were further determined by

comparing the percentage changes in whole-cell currents ob-

tamed in cells expressing four configurations of a1�1’y2L

GABARS. Percent changes were the difference values be-
tween normalized currents obtained during control and

P1CM-treated recordings at corresponding GABA concentra-

tion in the same cell (see Materials and Methods). In cells

expressing wild-type a1131’y2L GABARs, the percentage

changes in whole-cell currents became statistically signifi-
cant only at GABA concentrations of >30 p.M but not at lower

concentrations (one-sample t test, data not shown). The ex-

tent of the enhancement produced by P1CM seemed to be

GABA concentration dependent (Fig. 1, A and B). In contrast,
in cells expressing a1�1(S409A)�y2L(S327A, S343A) GA-

BARs, the percentage changes were not significant at any
GABA concentration examined (one-sample t test, data not

shown), and elimination of the PKM effect on GABAR cur-
rent seemed to be complete. In cells expressing

a1�1y2L(S327A, S343A) or a1�1(S4O9A)-y2L GABARS, PKM

produced no significant changes in their GABA concentra-

tion-response relationships (one-sample t test, data not

shown), although there seemed to be some residual effects

(Table 1 and Fig. 5). Use of a nonparametric one-way analy-
sis (Kruskal-Wallis test) of the percentage changes in whole-

cell currents followed by corrected posthoc tests revealed that

percentage changes produced by P1CM were indistinguish-

able between any two mutant receptor configurations. These
results thus indicated that phosphorylation of the �31 or ‘y2L

subtype alone did not enhance the GABAR current signifi-
cantly. Full enhancement of GABAR current by P1CM re-

quired phosphorylation ofboth �31 and y2L subtypes, and the
functional consequences ofphosphorylation ofthe �31 and y2L
subtypes separately were indistinguishable.

The maximal currents obtained in the absence of
PKM were not distinguishable among cells expressing
wild-type and mutant a1�1y2L GABARS. As shown ear-
her, the normalized GABA concentration-response profiles
obtained from cells expressing wild-type and mutant

a1�1y2L GABARS under initial control condition were simi-
lar (Table 1). To further determine whether there were func-

tional differences among wild-type and mutant receptor iso-
forms, absolute maximal control current amplitudes (in pA)

measured from cells expressing these receptors were com-

pared. Additional cells treated with or without PKM were
included for this comparison. The maximal current ampli-
tudes obtained during control recordings of individual cells

were averaged and were 1285 ± 243, 1382 ± 294, 1410 ±

307, and 1565 ± 340 pA for cells expressing alf3ly2L
(17 cells), a1�31(S409A)y2L(S327A, S343A) (17 cells),

a1�31y2L(S327A, S343A) (17 cells), and a1�1(S409A)y2L (19

cells) GABARs, respectively. No significant differences of the

control current amplitudes were found between the wild-type

and any of the mutant GABARs (one-way analysis of vari-

ance followed by multiple-comparison tests).
PKM did not alter the kinetics of desensitization in

cells expressing wild-type or mutant alfily2L GA-
BARs. Acute desensitization rates were determined by ana-

lyzing the percentage of current desensitization evoked by

5-sec applications of 300 �M GABA. The four groups of cells

presented in Table 1 were examined. For cells expressing
wild-type receptors, the percentage of desensitization of GA-
BAR whole-cell currents was 11.6 ± 3.3% in the initial con-

trol condition and 15.6 ± 3.2% in the P1CM-treated reimpale-
ment condition, which corresponded to desensitization rates

of 2.3%/sec and 3.1%/sec, respectively. No significant differ-

ences were found (paired Student’s t test). The percentage of

desensitization values were 11.6 ± 2.2% and 14.6 ± 3.3% for

alf3l(S409A)y2L(S327A, S343A) GABARs, 8.4 ± 2.3% and

15.4 ± 4.6% for a1�1’y2L(S327A, S343A) GABARS, and 12.6
± 5.3% and 13.9 ± 3.6% for a1�1(S409A)y2L GABARS, re-

spectively. There were no differences among the percentage
of desensitization values obtained under control and P1CM-
treated conditions in cells expressing any of these mutant

receptor isoforms.
To determine the effects of PKM on the kinetics of GABA

current desensitization, time constants of current decay dur-
ing applications of 300 �tM GABA were determined. Due to
the limitation ofthe drug-application system, we were able to

detect only the slower phase or phases of desensitization. For
wild-type and mutant receptors, the current decays were best
fitted with a single exponential function. The time constants
obtained under the initial control and P1CM-treated reim-

palement conditions were 8.5 ± 2.3 sec (11 cells) and 8.2 ±

2.8 sec (11 cells) for cells expressing wild-type a1�31�y2L GA-

BARs, 7.9 ± 1.9 sec (12 cells) and 9.2 ± 1.9 sec (nine cells) for

a1�1(S409A)’y2L(S327A, S343A) receptors, 6.5 ± 0.9 sec (13

cells) and 7.9 ± 2.1 sec (10 cells) for a1�1’y2L(S327A, S343A)
receptors, and 8.8 ± 1.8 sec (15 cells) and 6.9 ± 1.3 sec (13

cells) for a1�1(S409A)’y2L receptors, respectively (Table 2).
There were no significant differences in the time constants of
current decay under the control condition among wild-type
and mutant receptors (one-way analysis of variance followed

by multiple-comparison tests). With the use of unpaired Stu-

dent’s t tests, PKIvI produced no significant effects on the
current decay time constants in any receptor isoform exam-
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TABLE 2
Analysis of the decay kinetics of GABA-evoked currents
expressed in transfected L929 cells
Decay time constants (sec) were determined by single exponential fitting after
multipuffer application of 300 �.tM GABA at 5-1 0-sec durations to cells recorded
with a control intracellular solution-filled �nitial control) or a PKM (40 nM)-con-
tamed (PKM reimpalement) pipette. Time constants are presented as mean ±

standard error. Numbers in parentheses represent the number of cells examined.
All values obtained from individual cells were compared by unpaired Student’s
tests.

GABAR subunit composition Control (n) PKM (n)

alj3ly2L 8.6 ± 2.3 (11) 8.2 ± 2.8(11)
al f31(S409A)y2L(S327A,S343A) 7.9 ± 1 .9 (1 2) 9.2 ± 1 .9 (9)
a1�1y2L(S327A,S343A) 6.5 ± 0.9 (13) 7.9 ± 2.1 (10)
al f31(S409A)y2L 8.8 ± 1 .8 (1 5) 6.9 ± 1 .3 (13)

med. These results indicated that P1CM did not alter kinetics

of GABAR desensitization under these experimental condi-
tions.

Discussion

Phosphorylation by PKC of both �31 and y2L sub-
types of recombinant a1�31y2L GABARS was required
for full enhancement of GABAR current. GABAR sub-
units have been demonstrated to be substrates for a number
ofprotein kinases, including PKC (9, 12, 13, 15, 16). Although
other potential phosphorylation sites for PKC are present in
the GABAR subunit families, the major substrates for PKC

are the 13 and y2L subtypes (9). Ser409 in the �31 subtype and
Ser327 and Ser343 in the y2L subtype have been identified
as high affinity substrates for PKC in vitro (11). However,

phosphorylation of a fusion protein in vitro does not ensure
that the protein can be phosphorylated in vivo. If phosphor-

ylation does occur, it still does not prove that phosphorylation
is produced only by a specific protein kinase (49). As reported

previously, intracellular PKM treatment increased GABAR

currents in transfected L929 cells expressing wild-type
alfJly2L GABARs (40). The apparent efficacy of GABA was
increased, but the apparent affinity was decreased by P1CM.
Furthermore, the effect of PKM on GABAR currents was

GABA concentration dependent. The ineffectiveness of P1CM

at low GABA concentration may simply reflect a mixed action

of P1CM to decrease affinity and to increase efficacy of GABA
for the GABAR. Enhancement of a1�1y2L GABAR currents
produced by P1CM could have resulted from direct phosphor-

ylation of the GABAR at predicted serine residue or residues
or at serine/threonine residues not predicted from the pri-
mary amino acid sequence or resulted indirectly from phos-
phorylation of some cellular protein or proteins that regulate

GABAR function. Site-directed mutagenesis was thus per-
formed to substitute alanine for specific serine residues con-
tamed in the consensus PKC phosphorylation sites on bovine

131 and ‘y2L subtypes to determine the functional conse-
quences of phosphorylation of these two subtypes. We have
demonstrated that in fibroblasts expressing a1�31(S4O9A)
y2L(S327A, S343A) GABARs, enhancement of GABAR cur-

rents by PKM is eliminated. In fibroblasts expressing GA-
BARs containing only one of the mutant subtypes [i.e.,
a1�1(S4O9A)y2L GABARs or alf3l’y2L(S327A, S343A) GA-

BARS], PKM did not significantly increase the maximal GA-
BAR currents. Removal of the PKC phosphorylation site or

sites contained in either the �31 or y2L subtype was sufficient
to block P1CM enhancement of the maximal GABAR whole-

cell currents. If the increase of GABAR whole-cell currents
was due to phosphorylation of some regulatory protein or

proteins associated with the GABARS, which in turn modi-
fled GABAR function, the mutations in (31 and/or ‘y2L sub-

types should not have affected the current enhancement pro-

duced by PKM. The results thus suggested that
phosphorylation of both f31 and ‘y2L subtypes was directly

involved in the enhancement of GABAR current by PKC and

that phosphorylation of both subtypes was required to pro-

duce full enhancement of GABAR whole-cell currents.
Another line of evidence to support this finding arose from

the reimpalement studies performed in the absence of PKM

and from the analysis of average control current amplitudes

among different receptor isoforms. Because no enhancement

ofGABAR whole-cell current was obtained during the control
reimpalement recordings from cells expressing each of the
four GABAR isoforms, the reimpalement procedure itself was
reliable, and any increase observed between the initial and
reimpalement recordings should be due to the given treat-

ment, such as the 40 � P1CM applied in the controllPKM
reimpalement experiments. In other words, the enhance-

ment of � and EC50 of cells expressing wild-type GABARs

in the presence of P1CM was a result of the specific actions of

P1CM. In contrast, the insignificant increase of ‘m�� in mu-

tant receptors suggested an insensitivity or only partial sen-

sitivity of these mutant receptors to P1CM. The reduced sen-
sitivity to P1CM was produced by mutation or mutations

made on specific serine or serines through site-directed mu-
tagenesis without altering their basic GABA concentration-
response profiles.

PKC phosphorylation had no significant effect on
the GABAR desensitization. It has been reported that

PKA phosphorylation reduced the fast component of desen-
sitization of recombinant alf3l GABARS without changing
the rate of desensitization (14). Meanwhile, the desensitiza-
tion kinetics of a1131-y2L GABARS were only slightly affected
(14). In a study in which phorbol esters were used to activate

PKC phosphorylation, no changes were identified in the de-

sensitization kinetics ofrecombinant alf3l’y2L GABARs (20).
By analyzing the percentage of desensitization and current

decay time constants, we have demonstrated that under the
current experimental conditions, GABAR desensitization
was not altered by PKM in cells expressing wild-type or

mutant GABARS. Our data thus suggest that the major effect

of PKC phosphorylation on a1�31’y2L GABARs expressed in
transfected L929 cells was to increase their maximal cur-
rents without causing detectable changes in receptor desen-

sitization. Nevertheless, it remains possible that PKC phos-
phorylation affects other desensitization states of GABARS

that can be resolved only through the use of a very rapid
application system. The enhancement of the maximal whole-

cell currents and reduction in affinity for GABA by PKM in

cells expressing wild-type GABARs imply a role ofPKC phos-
phorylation in modulating GABAR channel gating (open!

closure) mechanism or, alternatively, in reversing some non-
conducting desensitization states. To differentiate these
possibilities requires further study.

Functional significance of PKC phosphorylation of
the GABAR: comparison with previous studies. Most
ligand-gated ion channels have been shown to contain con-
sensus phosphorylation sites for protein kinases and to be

regulated by protein phosphorylation. The functional conse-
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quences of GABAR phosphorylation include regulation of
receptor desensitization rate, subunit assembly, receptor ag-

gregation at the synapse, and open-channel probability (see

Ref. 10 for review). Several laboratories have reported that

active phorbol esters inhibited recombinant GABAR currents

(20, 29-33). In contrast, phorbol esters produced no effect on
GABAR function in cultured neurons (28, 50, 51). Run down

is a progressive decline of currents during repeated ligand

application, and run down of GABAR current is associated
with decreases in both the maximal GABAR current and the

GABAR EC50. Gyenes et al. (35) demonstrated that in cul-
tured chick spinal cord neurons, inclusion of magnesium
adenosine-5’-O-(3-thio)triphosphate in the intracellular solu-
tion prevented the decline in the maximal GABA current, but
the GABA EC50 still decreased, suggesting that protein phos-
phorylation maintained GABAR function and that phosphor-

ylation may affect the potency and efficacy of GABA. In our

previous study, we demonstrated that PKM enhanced recom-

binant GABAR currents in transfected L929 cells and that

the effects of P1CM included an increase in the apparent

efficacy and a decrease in the apparent potency ofGABA (40).
Recently, coexpression of tyrosine kinases with GABAR sub-

units has been shown to enhance recombinant GABAR
whole-cell currents (17), suggesting that protein phosphory-

lation by kinases other than PKC can also increase GABAR

function. Furthermore, in the current study, we demon-
strated the direct involvement of specific serine residues in

the GABAR �31 and -y2L subtypes in this PKC-mediated GA-
BAR regulation. Our data suggest that although phosphory-

lation of either /31 and y2L subtypes may increase GABAR

current, phosphorylation of both �31 and -y2L subtypes is
required for complete PKC-mediated up-regulation of
a1�1’y2L GABAR currents expressed in transfected L929

cells.

There are several interpretations of the discrepancies in

the literature. First, in all functional studies ofGABAR phos-
phorylation involving PKC except our previous study (40)
and the current study, phorbol esters or diacylglycerol ana-

logues instead of P1CM (a constitutively active form of PKC)

were used to stimulate PKC phosphorylation. Some mem-

brane-permeant second messenger modulators have phos-
phorylation-independent effects (52), and chronic phorbol es-
ter treatment has been shown to attenuate cellular PKC

levels (47, 53, 54). Second, the effects of PKC observed in

native neuron preparations could differ from those obtained
with the use of heterologous expression systems because the

GABARs isoforms may be different. In recombinant receptor

experiments, the possible subunit composition of GABARS is

under experimental control, whereas the distribution and
structure of native GABARS are variable throughout the
central nervous system (55). Third, differences in cell types
used (kidney cell, fibroblast or Xenopus oocyte) might affect
the results due to their endogenous protein kinase levels,

basal kinase activities, other differences in post-translational
modifications, or, alternatively, differences in cytoskeleton
interaction with membrane-bound proteins (56). Fourth, the
experimental time courses for PKC phosphorylation differed

among studies. For example, Krishek et al. (20) examined the
slow inhibitory effect of phorbol esters on GABA concentra-
tion-response relationships starting 30-90 min after drug
application. In our previous study (40) and the current study,
however, the acute effects of PKC phosphorylation on GA-

BAR currents were determined at 2-15 mm after P1CM ex-
posure. Finally, in our study, a reimpalement protocol was
used to determine the effect of P1CM phosphorylation in the

same cell. In contrast, in most of previous reports, the effects

ofPKC activation were interpreted based on population data,
with control and treatment data obtained from different
groups of cells. The paired experimental design controls for

factors that cause variability between cells. In turn, paired
statistical tests allow one to distinguish between-cell van-

ability from within-cell variability. For studies involving ob-
servations with high variability among subjects (e.g., whole-
cell current measurement), this approach ensures more

reliable results. Nevertheless, this difference in experimental

design might explain the failure of other studies to demon-
strate significant enhancement of GABAR current by PKC
treatment but cannot account for the studies that show a

significant reduction in GABAR current.

Significance of differential phosphorylation of GA-
BAR subunits. Either the total number or the specific loca-

tion of amino acid residues of the PKC phosphorylation sites
in GABAR subunits could affect the extent ofenhancement of
GABAR current produced through PKC phosphorylation.
Krishek et al. (20) concluded that PKC phosphorylation of the
j31 and y2L subtypes differentially inhibited GABAR func-

tion and that phosphorylation of Ser343 in the ‘y2L subtype
produced a greater reduction in GABAR current than did

phosphorylation of Ser327 in y2L or Ser409 in �31. In the
current study, even though PKM seemed to produce small
and insignificant increases in the whole-cell current evoked

from GABARS containing mutation or mutations in the f31 or

‘y2L subtype alone, [i.e., alf3l(S409A)y2L and al/31-y2L(S327A,

S343A) GABA.RSJ, the increases were not significant. It is
possible that this represents a type II error (failure to dem-
onstrate a significant difference) due to an insufficient num-
ber of cells, although the small enhancements and the high
variability of current magnitudes would make the demon-
stration of significant differences difficult. Furthermore, al-
though P1CM produced an apparently greater enhancement

of GABAR current after the y2L mutations than after the /31
mutations, we were unable to distinguish statistically the
functional consequences of PKC phosphorylation of the 131

and ‘y2L subtypes. Thus, although there was a suggestion

that phosphorylation of the /31 subunit was more efficient in
enhancing GABAR current than was phosphorylation of the
y2L subunit, our data did not support the view that the
phosphorylation sites were functionally nonequivalent (20).

Instead, our data suggest that for PKC enhancement of GA-
BAR current, phosphorylation of a certain number of sites
rather than phosphorylation of a specific site may be more

important and that the phosphorylation sites may have rel-
atively equivalent impacts on GABAR current. To produce
the full enhancement of maximal GABAR current by P1CM

treatment, phosphorylation of at least three serines was nec-

essary.

In contrast, differential regulation ofthe GABAR may exist
among protein kinases on the basis that kinases have dis-
tinct, although sometimes overlapping, substrate specificity

(49). Different kinases may also have different efficacy for
phosphorylation. Activation of PKC decreases but activation
of PKA increases glycine-evoked currents in Xenopus oocytes

injected with brain mRNA (57). Because the structure and
distribution of GABARS in the brain are heterogeneous (55),
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regulation produced by phosphorylation may depend on the

presence of available phosphorylation sites on the specific

receptor isoforms and the relative abundance or activity of
different protein kinases. The same GABAR isoforms could

be subject to differential phosphorylation by different Id-
nases, or alternatively, differential phosphorylation could

occur on different GABAR subunits with similar protein ki-
nases. For example, the /31 subtype (Ser409) can be phos-

phorylated by a number of protein kinases, including PICA,

PKC, cGMP-dependent protein kinase, and CaM kinase II

(11, 14, 16, 20), but CaM kinase II also phosphorylates

Ser384 in the /31 subtype (16). The y2 subunit has a long

(y2L) and a short (y2S) form; the -y2L form has an eight-

amino acid insert in the major cytoplasmic domain (19). CaM
kinase II can phosphorylate Ser343, Ser348, and Thr350 in

y2L and Ser348 and Thr350 in 72S, whereas PKC phospho-
rylates Ser327 and Ser343 in -y2L and Ser327 in y2S (16).

Tyrosine kinase also phosphorylates 72L at tyrosine residues

365 and 367 (17). Differential regulation of GABAR function

through sequential or simultaneous activation of multiple

protein kinases may occur in the central nervous system

under physiological conditions, allowing fine control of GA-
BAR function and neuronal excitability.

Activation of GABAR phosphorylation via physio-
logical pathways. cAMP-dependent protein phosphoryla-

tion has been shown to induce long-lasting potentiation of
GABA-mediated whole-cell currents and miniature inhibi-

tory synaptic currents (24), supporting the view that protein
phosphorylation of amino acid receptors in the central ner-

vous system may underlie some form of synaptic plasticity

(58). Extracellular signals released from presynaptic neu-
rons, including neurotransmitters, neuropeptides, or extra-

cellular matrix proteins, may regulate phosphorylation of

ligand-gated ion channels (59). Phosphorylation of the GA-
BAR may be initiated by neuropeptides or neurotransmitters

that are coreleased with GABA via activation of specific
second messenger-mediated protein kinase cascades. Vaso-
active intestinal polypeptide has been demonstrated to po-

tentiate GABAR currents via a PICA-mediated signal trans-
duction pathway in freshly dissociated ganglion cells of rat
retina (25). Furthermore, Feigenspan and Bormann (26)

identified a convergent pathway in retinal amacrine cells in
which the neuromodulators dopamine, histamine, adenosine,
and vasoactive intestinal polypeptide stimulate PICA phos-

phorylation to facilitate GABA-mediated inhibition. Soma-

tostatin is colocalized with GABA in some neurons in the

CAl area of the hippocampus (60) and has been shown to
modify GABAergic response (60). Also, it has been shown
that glutamate induces a long-lasting depression of GABA-

activated whole-cell currents that could be blocked by PKC
inhibitors (i.e., sphingosine, staurosporine, and specific in-
hibitory peptide) in hippocampal CAl pyramidal neurons

(61). The interaction between postsynaptic neurotransmitter
receptors via protein phosphorylation may play an important
role in both the short and long term modulation of synaptic

efficacy.
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