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SUMMARY
Recent studies investigating the functional significance of ‘y-

aminobutync acidA (GABAA) receptor complex phosphorylation
have employed membrane-permeant compounds to manipulate
second messenger systems. Although these compounds affect
GABAA receptor function, the dependence of these effects on
phosphorylation has not been established. Here we report that
several second messenger system modulations can decrease
GABAA receptor function independently of their effects on protein
phosphorylation. Brain membrane vesicles were lysed and re-
sealed in the presence of EDTA to chelate internal Mg2�. Under
these conditions, phosphorylation of vesicle proteins was almost

completely inhibited, as determined by incorporation of 32P into
phosphoproteins. In these lysed/resealed vesicles, an inhibition
of muscimol-stimulated seCI_ uptake was observed with the

cAMP analogs 8-(4-chlorophenylthio)-cAMP, N6,02’-dibutyryl-
cAMP, and 8-bromo-cAMP, the protein kinase inhibitor H7, and
the adenylate cyclase activator forskolin. In both intact and
EDTA-treated lysed/resealed microsacs, cAMP analogs and H7
inhibited binding of the GABAA receptor ligand [3H]SR 95531 at

concentrations shown to inhibit muscimol-stimulated 36Cr up-
take. Forskolin was observed to inhibit the binding of t-butylbi-
cyclophosphoro-[35Sjthionate, a ligand that binds to a site on the
chloride channel. These results demonstrate that compounds
commonly used to alter second messenger systems affect the
receptor sites and function of the GABAA receptor chloride

channel by mechanisms that do not involve protein phosphoryl-
ation. In light of these findings, results obtained with these
compounds should be interpreted with caution.

The GABAA receptor complex is a ligand-gated chloride

channel located on synaptic membranes throughout the brain

(1). Activation of the complex by GABA increases chloride

conductance, resulting in membrane hyperpolarization and

neuronal inhibition. GABAA receptor-mediated inhibition rep-

resents a major inhibitory mechanism in the central nervous

system and its modulation by drugs such benzodiazepines,

barbiturates, and ethanol underscore its clinical importance.

The recent cloning and sequencing of the GABAA receptor

complex has revealed the presence of a consensus sequence for

phosphorylation on the intracellular loop of the complex, sug-

gesting that the GABAA receptor may be regulated by phos-

phorylation (2). It has since been reported that the GABAA

receptor complex is phosphorylated by PKA (3, 4), Ca2�-phos-

pholipid-dependent protein kinase (4), and an unidentified
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endogenous kinase (5).

The physiological significance of GABAA receptor phosphor-

ylation remains unclear, because there is indirect evidence that

phosphorylation both maintains (6, 7) and decreases (8-11)

GABAA receptor function. GABAA receptor “run down” is

prevented by Mg��-ATP and ATP-�y-S, but not by a nonhydro-

lyzable ATP analog, suggesting that protein phosphorylation

may be necessary to maintain GABAA receptor activity (6, 7).

In contrast, GABA receptor function is decreased by activators

of protein kinases, indicating that phosphorylation may inhibit

the GABAA receptor. Phorbol esters that are activators of Ca2�-

phospholipid-dependent protein kinase inhibit GABAA recep-

tor-gated currents, whereas phorbol esters that are inactive

toward this kinase are without effect (8). Analogs of cAMP

that stimulate PKA inhibit GABA-mediated Cl currents in

hippocampal neurons (9), inhibit muscimol-stimulated tMCl

transport in synaptoneurosomes (10), and enhance GABA re-

ceptor desensitization in chick cortical neurons (1 1). Similarly,
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forskolin, a compound that increases intracellular cAMP levels

through activation of adenylate cyclase, increases GABAA re-

ceptor desensitization rate ( 1 1 ) and reduces muscimol-stimu-

lated 36C1 uptake (10).

The effects of these compounds on GABAA receptor function

have not, however, been conclusively demonstrated to be de-

pendent on phosphorylation. It is possible that cAMP analogs

may affect the GABAA receptor complex independently of

protein kinase activation, because extracellular, but not intra-

cellular, application of cAMP and its analogs inhibits GABA-

mediated C1 currents (12). Furthermore, the inhibitory effects

of forskolin on muscimol-stimulated 36Cl transport do not

correspond well to increases in intracellular cAMP levels, and

a forskolin analog that is inactive toward adenylate cyclase has

been noted to decrease GABAA receptor function (10). In light

of this, it is possible that compounds employed to manipulate

phosphorylation pathways may affect the GABAA receptor

complex independently of their effects on second messenger

systems. Here we report that a variety of these compounds can

affect the GABAA receptor complex in a phosphorylation-

independent manner.

Drugs

Materials and Methods

All test drugs were obtained from Sigma Chemical Co. (St. Louis,

MO) except forskolin, H7, and H8, which were purchased from Calbi-

ochem (San Diego, CA).

36Cr Uptake Experiments

ICR mice between 2 and 3 months of age (Institute of Cancer

Research, Harlan, IN) were decapitated, and microsacs were prepared
as described previously (13). To prepare intact microsacs, whole brains

were homogenized with 16 strokes in 4.5 mlfbrain of ice-cold microsac

buffer containing 145 mM NaC1, 1 mM MgC12, 5 mM KC1, 1 mM CaC12,

10 mM glucose, 10 mM HEPES, pH 7.5, using a glass-Teflon homoge-

nizer (Thomas, size C). Membranes were centrifuged at 900 x g for 15

mm and the pellet was resuspended in 8.0 ml of buffer/brain. Mem-

branes were again centrifuged and the pellet was resuspended as before

in ice-cold buffer, to give a final protein concentration of 4 mg/ml.

Microsacs were placed on ice, preincubated with drugs for 10 mm,

aliquoted (200 Ml/tube), incubated for 5 mm at 22’, and assayed for

muscimol-stimulated 36C1 uptake.

Lysed and resealed microsacs were prepared as above until the

second resuspension, at which point the pellet was resuspended in
lysing buffer (6 mM tricine, 3 mM EDTA, pH 7.5), incubated at 34’ for

10 mm, and resealed with 10 volumes of calcium-free buffer (145 mM

NaCI, 5 mM KC1, 1 mM MgCl2, 10 mM glucose, 10 mM HEPES, 3 mM

EGTA, pH 7.5). The resealing buffer was gradually added over 5 mm

while membranes remained at 34’ . After the final addition of resealing
buffer, membranes were kept at 34’ for 5 mm and then placed on ice

for 5 mm. Resealed membranes were centrifuged at 17,300 x g for 5

minutes, the supernatant was decanted, and the pellet was resuspended

in 4 ml of resealing buffer/whole brain.

Muscimol-stimulated 36Cl uptake was measured by a modification

of the method of Allan and Harris (13). Microsacs were incubated at

22’ for 5 mm before measurement of ‘�Cl uptake. To initiate 36C1

transport, 200 pl of buffer containing 36Cl (2.0 MCi/ml of buffer), with

or without muscimol, were pipetted into 200 Ml of rapidly mixing
microsacs. 3’CC1 transport was stopped after 3 sec with 4 ml of ice-cold

microsac buffer containing picrotoxin (100 �sM), and the microsacs were

vacuum filtered over glass microfiber filters, using a Hoefer manifold

(6.0 inches of Hg). Filters were rapidly rinsed twice with 6 ml/rinse of

microsac buffer containing picrotoxin (100 MM), and radioactivity was

determined by liquid scintillation counting.

All experiments were performed in triplicate. Muscimol-stimulated

36Cl uptake is defined as the amount of 36Cl uptake in the presence

of muscimol minus the amount of 36Cl uptake in the absence of

muscimol. Muscimol-stimulated �“Cl uptake is expressed in nmol of

C1 uptake/mg of protein/3 sec. Protein content was determined by the
method of Lowry et al. (14).

Receptor Binding Experiments

[3HJSR 9553 1 binding. Intact microsacs were prepared as de-
scribed for the ‘�Cl uptake experiments, except that the final pellet

was resuspended in calcium-free buffer (145 mM NaCl, 5 mM KC1, 1

mM MgCl2, 10 mM glucose, 10 mM HEPES, 3 mM EGTA, pH 7.5), to

give a final protein concentration of 3 mg/ml. Lysed/resealed microsacs

were prepared as described for the ‘�Cl uptake experiments. The final

pellet was resuspended in calcium-free buffer, to give a final protein

concentration of 3 mg/ml. Microsacs were placed on ice, treated with

drugs for 10 mm, aliquoted (100 �zl; 0.3 mg of protein) into microcen-

trifuge tubes, and incubated at 22’ for 5 mm. Following this incubation

GABA (100 MM) (to define nonspecific binding) and [3H]SR 95531 (3
nM) were added, and samples were incubated at 22’ for 30 mm. Samples

were then centrifuged for 1.5 mm at 13,000 X g, the supernatant was

aspirated, and the surface of the pellet was washed with 750 jfl of cold

buffer. The buffer was aspirated and the pellet was air dried, digested

overnight in 0.1 N NaOH, and neutralized the following day with HC1.

Radioactivity was determined by liquid scintillation counting. All ex-

periments were performed in triplicate.

[35SJTBPS binding. Microsacs were prepared in microsac buffer
as for 3’CC1 uptake experiments, except that the final resuspension was

in calcium- and magnesium-free buffer (145 mM NaCl, 5 mM KC1, 10

mM glucose, 10 mM HEPES, 3 mM EDTA, pH 7.5). Membranes (100

�l, 0.3 mg of protein) were incubated with test drugs, picrotoxin (100

MM) (to define nonspecific binding), and [�SJTBPS (3 nM) for 2 hr on

ice. Membranes were diluted with 5 ml of ice-cold calcium- and mag-

nesium-free buffer and immediately filtered either over glass microfiber

filters on a Hoefer filter box or over Schleicher and Schuell no. 32 glass

microfiber filter sheets on a Brandell harvester. Filters were washed

with 5.0 ml of calcium- and magnesium-free buffer and radioactivity

was determined by liquid scintillation counting. All binding experi-

ments were performed on triplicate.

Incorporation of 32P into Microsac Phosphoproteins

Lysed and resealed microsacs were prepared as described for the

36C1 uptake experiments, except that they were lysed in the presence

of 100 �zCi/ml [32PJATP, 100 jiM ATP, and either 1) 6 mM tricine and

3 mM EDTA or 2) 6 mM tricine and 3 mM magnesium acetate. Following

lysing/resealing, microsacs were placed on ice for 10 mm and then 0.5-

ml aliquots were treated with either CPTcAMP or H7 for an additional

10 mm, on ice. Microsacs were incubated at 22’ for 5 mm and then 250

�l of SDS-polyacrylamide gel electrophoresis stop solution [final con-

centrations of 2.3% (w/v) SDS, 62.5 mM Tris . HC1, 10% (v/v) glycerol,

5% (v/v) #{216}-mercaptoethanol, pH 6.81 were added to terminate phos-

phorylation. Proteins were heat denatured and resolved by SDS-poly-

acrylamide gel electrophoresis (15). Gels were stained for protein using

Coomassie blue stain, and 32P incorporation was assessed by autoradi-

ography.

Electrophysiology Experiments

Coronal sections (400 �zm) were taken from the middle portion of

the rat hippocampi, as described previously (16-18), and incubated in

artificial cerebrospinal fluid at 33 ± 1’. Electrophysiological recordings

were made with 2-3-MO glass microelectrodes placed in the pyramidal

cell layer, and synaptic responses were evoked by stimulation of the

Schaffer and commissural inputs to the CAl region in stratum radia-

turn. After a stable baseline was obtained, H7 and H8 dissolved in

physiological buffer were added directly to the recording chamber to

achieve the final concentrations.
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a Muscimol-stimulated �Cl uptake is expressed as nmol of �Cl7mg of protein/
3 sec (mean ± standard error of three to six experiments, with each experiment
performed in triplicate).

a Significantly different from control, p < 0.05.
C Significantly different from control, p < 0.01.

a Significantly different from control, p < 0.001.
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Statistics

Paired t tests were performed on �Cl uptake and receptor binding

data in which a single comparison was made for a given control. For

data involving multiple comparisons, a repeated measures one-way

analysis of variance was performed, followed by a post hoc Scheff#{233}test.

Results

As previously reported by Heuschneider and Schwartz (10),

cAMP analogs decrease muscimol-stimulated 36Cl uptake in

synaptoneurosomes. Thus, to replicate these findings, our first

series of experiments examined the effects of cAMP and its
analogs on muscimol-stimulated 36C1 uptake in intact (non-
lysed) brain microsacs (Table 1). Treatment of intact microsacs

with low millimolar concentrations of cAMP, 8BrcAMP, or

CPTcAMP inhibited muscimol-stimulated 36Cl uptake. cAMP
(2 mM) and 8BrcAMP (3 mM) each decreased muscimol-stim-
ulated 36Cl uptake by approximately 15%. CPTcAMP inhib-

ited muscimol-stimulated 36C1 uptake in a concentration-dc-

pendent manner, with 2 mM CPTcAMP reducing 36Cr uptake

by 75%. To further examine the CPTcAMP effect, muscimol

concentration-response experiments were performed following
treatment ofthe microsacs with CPTcAMP (Fig. 1). CPTcAMP

(2 mM) decreased the maximal muscimol response without

affecting the muscimol EC50. Thus, increasing concentrations
of muscimol failed to overcome the inhibition produced by 2.0

mM CPTcAMP, suggesting that CPTcAMP decreases the mus-
cimol response through a noncompetitive mechanism. Simi-

larly, the inhibition of muscimol-stimulated 36C1 flux in syn-
aptoneurosomes by Bt2cAMP was not overcome by increasing

muscimol concentrations (10).

To investigate whether the effects of CPTcAMP on musci-

mol-stimulated 36C1 uptake were due to stimulation of PKA,

intact microsacs were treated with the protein kinase inhibitor

TABLE 1

Effect of second messenger system modulators on muscimol-
stimulated �‘Cl uptake in Intact microsacs

Treatment Musamoi-stmulated �Cl
uptake5

nmol/mg ofprotein/3 sec

Control 28.1 ± 1.9
cAMP, 2.5 m� 24.3 ± 2.2b
Control 30.4 ± 1.5

8BrcAMP, 3.0 mM 26.7 ± 1 .8c

Control 22.0± 1.3
CPTcAMP

0.1 mM 20.0 ± 0.6
0.5 m�i 16.8 ± 0.3
1.0mM 11.7±0.8c
2.0mM 5.4±1.0”

Control 20.4 ± 3.4
H7

1OMM 24.2±1.8
3OMM 17.6±0.2

300MM 10.7±1.6#{176}
Control 18.8 ±3.4
H8

100MM 20.3±1.2
300�zM 17.2±1.3

CPTcAMP, 2 mM plus 8.3 ± 1.4
H8

30 �M 7.0 ± 0.8
100MM 7.1±0.5
300MM 6.6±1.2

IT�A
i�__� I

iz1

T ______ I
T________-#{149}

� I

!� ,,,,,,, I ‘ I’ #{149}

2.0 5.0 10 25 100

Muscimol [jsNJ

Fig. 1. CPTcAMP inhibition of muscimol-stimulated �Cl uptake in mouse
brain microsacs. Values on the ordinate represent muscimol-stimulated
�Cl uptake as nmol of Cl-/mg of protein/3 sec. Muscimol concentration-
response curves for control and CPTcAMP (2.0 mM)-treated microsacs
were significantly different from each other, using an analysis of variance
with repeated measures, F(1)=18.8, p < 0.05, three experiments.

H8 before CPTcAMP treatment. H8, by itself, had no effect

and also failed to antagonize the effect of CPTcAMP on mus-
cimol-stimulated 36Cl uptake (Table 1). The protein kinase

inhibitor H7 (300 �sM) inhibited muscimol-stimulated 36C1
uptake by 50% and, thus, could not be used to characterize the

CPTcAMP effect.

To further examine whether cAMP analogs inhibited mus-
cimol-stimulated 36C1 uptake through a phosphorylation-de-

pendent mechanism, we performed 36C1 uptake experiments

in a microsac preparation in which PKA-dependent phospho-
rylation was essentially inhibited. This preparation involved

the lysing/resealing of the microsacs in the presence of EDTA
to chelate internal � Because Mg�� is required by PKA
(and most other kinases) for phosphorylation, chelation of

internal Mg�� by EDTA should completely inhibit phosphor-
ylation of most proteins. To demonstrate this inhibition, the
incorporation of [32P]ATP into phosphoproteins was examined

in microsacs that had been lysed and resealed in the presence
of either Mg�� or EDTA. Microsacs lysed and resealed in the
presence of Mg2� retained their ability to phosphorylate pro-

teins, as shown by the incorporation of �2P into a variety of

different molecular weight phosphoproteins (Fig. 2, lane 1). In

contrast, microsacs lysed and resealed in the presence of EDTA

failed to show incorporation of 32P into microsac phosphopro-
teins, with the exception of a Mr 40,000 band and two lower

molecular weight bands (Fig. 2, lanes 2-4). The incorporation

of 32P into these bands was unaffected by either CPTcAMP or
H7 treatment (Fig. 2, lanes 3 and 4, respectively). Thus, PKA-

dependent phosphorylation was essentially inhibited in EDTA-
treated lysed/resealed microsacs.

EDTA-treated lysed/resealed microsacs were used to exam-

inc the phosphorylation dependence of second messenger sys-
tern modulators on muscirnol-stirnulated 36C1 uptake (Table
2). Under these conditions, in which phosphorylation has been
precluded, second messenger system modulators would not be

expected to affect muscimol-stimulated 36C1 uptake, except by
mechanisms that do not involve phosphorylation. CPTcAMP

(2.5 mM) and Bt2cAMP (2.5 mM) each inhibited rnuscirnol-
stimulated 36C1 uptake by 30-50%. Similarly, H7 (300 �sM)

decreased muscimol-stimulated 36C1 uptake by 30%, whereas
H8 was without effect. Other compounds that inhibited mus-

cimol-stimulated :u�- uptake in EDTA-treated lysed/resealed

microsacs were 8BrcAMP and the adenylate cyclase activator
forskolin. Thus, a variety of second messenger system modu-
lators can influence GABAA receptor function through a phos-
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Fig. 2. Incorporation of [�P]ATP into phosphoproteins in Iysed/resealed
microsacs. Microsacs were lysed/resealed in the presence of either 3
mM magnesium acetate(lane 1) or 3 m� EDTA(lanes 2-4). EDTA-treated
microsacs were incubated with either 300 �M H7 (lane 3) or 2 mM
CPTcAMP (lane 4) following the resealing procedure, as described in
Materials and Methods. Mg2�-dependent phosphorylation was essentially
inhibited in EDTA-treated microsacs. Phosphorylation in EDTA-treated
microsacs was unaffected by either H7 or CPTcAMP. Shown is a

representative gel from three experiments, each performed in triplicate.

TABLE 2

Effect of second messenger system modulators on muscimol-
stimulated �Cl uptake in EDTA-treated lysed/resealed microsacs

Muscimol-stimulated �Cl
Treatment uptake5

nmol/mg ofpiofein/3 sec

Control 17.9± 1.3
8BrCAMP, 2.5 mM 15.8 ± 0.6
Bt�cAMP, 2.5 mM 11.7 ± 1.9#{176}
CPTcAMP, 2.5 mM 8.1 ± 1 .2c
H7,300�M 12.0± 1.2#{176}
H8, 300 MM 16.2 ± 2.4
Control 16.5±0.1

8BrcAMP, 4.0 mM 13.3 ± 0.6”
Control 19.5± 0.9
Forskolin, 100 MM 12.3 ± 2.7”

a Muscimol-stimulated �Cl uptake is expressed in nmol of Cl-/mg of protein/3
sec (mean ± standard error of three experiments, with each experiment performed
in triplicate).

b Significantly different from control, p < 0.01.

S Significantly different from control, p < 0.001.

a Significantly different from control, p < 0.05.

phorylation-independent mechanism.
To elucidate this mechanism, binding experiments were per-

formed with the GABAA receptor antagonist [3H]SR 95531.

Cyclic AMP and its analogs inhibited the binding of [3H]SR

95531 to the same extent in both intact and EDTA-treated

lysed/resealed microsacs (Table 3). CPTcAMP (0.1-2.0 mM)
produced a concentration-dependent inhibition of [3H]SR

95531 binding, with 2 mM CPTcAMP inhibiting binding in
intact and EDTA-treated lysed/resealed microsacs by 69 and

66%, respectively. A concentration-dependent inhibition of
[3H]SR 95531 binding was also observed with 8BrcAMP (0.1-
3.0 mM), with the highest concentration of8BrcAMP producing
58 and 57% inhibition in intact and EDTA-treated lysed/
resealed microsacs, respectively. Cyclic AMP (2.5 mM) also

TABLE 3
Effect of second messenger system modulators on [3H]SR 95531
binding in intact and EDTA-treated lysed/resealed microsacs

[�H]SR 95531 specific binding
Treatment

Intact Lysed/resealed

cpm

Control 1298 ± 158 2066 ± 179
cAMP, 2.5 mM 916 ± 123#{176} 1540 ± 81C
AMP,2.5mM 1136±30 1757 ±59
8BrcAMP

0.1 mM 1316 ± 114 2052 ± 89
0.5mM 1122±157 1817±102
1 .0 mM 973 ± 1 44C � 633 ± 93C

2.0 m� 541 ± 62” 890 ± 71�

CPTcAMP
0.1 mM 1298 ± 159 1958 ± 105
0.5 m�i 885 ± 91#{176} 1407 ± 75d

1 .0 mM 658 ± 103” 1062 ± 63c�
2.0 m� 402 ± 77d 694 ± 28”

Control 1 730 ± 67 2458 ± 80
H7

10 �iM 1730 ± 87C 2024 ± 87”
100 MM 1003 ± 50#{176} 1528 ± 109”
300 �M 59 ± 97” 351 ± 58”

S [3HJSR 95531 specific binding is expressed as mean cpm ± standard error
(three experiments, with each experiment performed in triplicate).

a Significantly different from control, p < 0.01.
C Significantly different from control, p < 0.05.

d Significantly different from control, p < 0.001.

inhibited [3H]SR 95531 binding in both membrane prepara-

tions, whereas AMP did not significantly reduce binding. H7
produced a concentration-dependent decrease in [3H]SR 95531

binding in both intact and EDTA-treated lysed/resealed micro-

sacs. At 300 �zM H7, [3H]SR 95531 binding was inhibited by 97
and 86% in intact and lysed/resealed preparations, respectively.

The binding of [35S]TBPS, a ligand that binds to a site on
the chloride channel, was also examined. [35S]TBPS binding
was inhibited by CPTcAMP but not by cAMP or 8BrcAMP.

The following compounds produced the indicated percentage
of inhibition (three experiments, p < 0.05) of [�5S]TBPS bind-

ing: CPTcAMP (2.5 mM), 73 ± 5%; AMP (2.5 mM), 21 ± 4%;
isobutylmethylxanthine (1 mM), 20 ± 4%; and forskolin (60

�tM), 16 ± 3%.

In addition to functional studies in brain microsacs, the

effects of H7 and H8 on hippocampal slice electrophysiology
were examined (Fig. 3). Treatment of brain slices with 100 �tM

H7 markedly increased the amplitude of the evoked population

spike response (mean increase of 389 ± 99%, four experiments)
and elicited the appearance of secondary and tertiary spikes.
One slice tested with 100 �sM H8 showed a 13% increase in the

population spike response, whereas two other slices tested with
200 �M H8 showed a mean response of 102% above controls.
In neither case did any multiple spikes develop (Fig. 3B).

Discussion

In the present study, cyclic AMP and its analogs CPTcAMP

and 8BrcAMP inhibited muscimol-stimulated 36C1 uptake in

intact microsacs. These results are consistent with previous

findings that these compounds inhibit GABA-dependent Cl

currents in hippocampal neurons (9), reduce muscimol-stimu-

lated 36Cl uptake in synaptoneurosomes (10), and enhance the

desensitization rate of the GABAA receptor in chick cortical

neurons (11). These effects on GABAA receptor function have

not been shown to be correlated with concurrent changes in

either GABAA receptor phosphorylation or PKA activity.

Therefore, the phosphorylation dependence of these effects
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Fig. 3. Effects of H7 and H8 on hippocampal physiology. A, Population
spike responses were recorded from rat hippocampal slices before and
during treatment with 100 �M H7, as indicated by the bar along the top.
The initial population spike was increased approximately 4-fold by H7,
and a second and third population spike appeared as well. Shown is a
representative recording from one of four experiments. B, Averaged
evoked responses are shown before and during treatment with H7 and
H8. The H7-treated slice showed an even larger increase than did the
slice illustrated in A, along with a large amplitude secondary spike not
seen in the control record. The effect of 200 � H8 was statistically
significant (95% confidence limits on the control and H8 waveforms did
not overlap) but was quantitatively much smaller than the response to

H7 and did not show secondary spiking.

remains to be established.

To investigate whether the effects of CPTcAMP on musci-
mol-stimulated 36Cl uptake were mediated through PKA, mi-

crosacs were pretreated with the protein kinase inhibitor H8 to

antagonize any PKA-mediated effects of CPTcAMP. H8 failed

to antagonize the effect of CPTcAMP on muscimol-stimulated

36cr uptake, indicating that CPTcAMP may be altering GA-

BAA receptor function independently of phosphorylation. It is

unlikely that the ineffectiveness of H8 in antagonizing the

CPTcAMP effect was due to the failure of H8 to reach PKA-

inhibiting concentrations inside the microsacs, because H8 is

known to cross membranes (19) and the K1 of H8 (1.3 �zM) (20)

is far below the concentration of H8 (300 �.tM) used in our

experiments.

To further investigate the possibility that CPTcAMP may
alter GABAA receptor function through phosphorylation-inde-

pendent mechanisms, we developed a microsac preparation in

which Mg�-dependent phosphorylation was inhibited. This

procedure involves the hypoosmotic lysing and resealing of

microsacs in the presence of EDTA to chelate internal �

which, because PKA is a Mg�-dependent enzyme, should pre-

vent PKA-dependent phosphorylation. Under these conditions,

inhibition of phosphorylation was essentially complete, with

the exception of three protein bands. One of these bands, a M�

40,000 phosphoprotein, corresponds to pyruvate dehydroge-

nase, one of the few phosphoproteins that can undergo Mg�-
independent phosphorylation (21). The lower molecular weight

bands are believed to be breakdown products of pyruvate de-

hydrogenase. In contrast to the EDTA-treated lysed/resealed

microsacs, microsacs that were lysed and resealed in the pres-

ence of Mg�4 retained their ability to phosphorylate a variety

of phosphoproteins.

In EDTA-treated lysed/resealed microsacs, CPTcAMP

markedly inhibited muscimol-stimulated 36C1 uptake, despite

the almost total absence of phosphorylation. Further,

CPTcAMP did not stimulate phosphorylation of the M. 40,000

band or of the two lower molecular weight bands. Other cAMP

analogs that inhibited muscimol-stimulated 36C1 uptake under

these conditions include 8BrcAMP and Bt2cAMP.

To determine the mechanism by which cAMP analogs inhib-

ited GABAA receptor function, binding experiments were per-

formed with [3HJSR 95531, a ligand for the GABAA site (22).

CPTcAMP, 8BrcAMP, and cAMP each inhibited [‘H]SR

95531 binding in both intact and EDTA-treated lysed/resealed

microsac preparations. Although it is possible that phosphor-

ylation may alter receptor binding, it is clear that phosphoryl-

ation is not involved in the inhibition of [3HJSR 95531 binding
H8 200 uM by these compounds, because the percentage of inhibition of

[3H]SR 95531 binding produced by each compound was the

same in both intact and EDTA-treated lysed/resealed micro-

sacs.

In addition to cAMP analogs, the protein kinase inhibitor

H7 also affected GABAA receptor function. H7 inhibited mus-

cimol-stimulated 36Cl uptake in intact microsacs and in

EDTA-treated lysed/resealed microsacs. Furthermore, in both

intact and EDTA-treated lysed/resealed preparations, H7 pro-

duced a nearly complete inhibition of [3H]SR 95531 binding at

concentrations that inhibited muscimol-stimulated 36Cl up-

take. Thus, it appears that H7 can inhibit GABAA receptor

function in a phosphorylation-independent manner, via a direct

interaction with the binding sites within the GABAA receptor

complex. In contrast to H7, H8 failed to significantly alter

muscimol-stimulated �“Cl uptake in either intact or EDTA-

treated lysed/resealed microsacs; however, a slight decrease in

muscimol-stimulated 36C1 uptake was observed in two of three

membrane preparations at the 300 ffM concentration. At this

concentration of H8, we have observed inhibition of [3H]SR

95331 binding in a preparation similar to the lysed/resealed

microsacs preparation presented here (data not shown).

The results of the electrophysiological experiments with H7

and H8 in hippocampal slices point to similar conclusions. As

previously observed (23), H7 produced large increases in the

amplitude of evoked population spike responses and the devel-

opment of multiple spikes. These changes are identical to those

produced by agents such as bicuculline (24) or picrotoxin, which

block GABAergic transmission in the hippocampus. The obser-

vation by Muller et al. (25) that recurrent and/or feedforward

inhibition in the hippocampus is reduced by H7 would also be

consistent with an interaction with GABAergic systems. In

comparison, H8 produced a small but significant increase in

the evoked population spike response but did not elicit multiple

spikes at the concentrations tested. Therefore, as in the 36Cl

uptake and [3H]SR 95531 binding experiments, H7 was found
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1 Unpublished observations.

to produce robust effects in comparison with H8.

Another membrane-permeant compound that has been used

to investigate the effect of phosphorylation on GABAA receptor

function is the adenylate cyclase activator forskolin. Although

forskolin inhibits GABAA receptor function, dideoxyforskolin,

a forskolin analog that is inactive toward adenylate cyclase,

also inhibits GABA receptor function (10). We have also ob-

served inhibitory effects ofboth these compounds on muscimol-

stimulated 36C1 uptake in intact microsacs.’ In the present

experiments, forskolin inhibited the muscimol-stimulated 36C1

uptake in EDTA-treated lysed/resealed microsacs, indicating

that forskolin can alter GABAA receptor function independ-

ently of phosphorylation. In binding experiments with [355]

TBPS, a ligand for a site on the GABAA receptor-gated cl-
channel, forskolin inhibited [35S]TBPS binding by 16%. This

percentage of inhibition is similar to that observed in 36C1

uptake studies (21%) using the same forskolin concentration

(10). Therefore, it is likely that forskolin inhibition of GABAA

receptor function is due to direct interference with the chloride

channel. These data are consistent with previous findings that

demonstrate that forskolin directly affects a variety of ion

channels (26) including the ion channel associated with the

acetylcholine receptor (27), a ligand-gated ion channel belong-

ing to the same superfamily as the GABAA receptor (2).

The present results indicate that several commonly used

second messenger system modulators can affect GABAA recep-

tor function independently of Mg2�-dependent protein phos-

phorylation. Our findings do not exclude the possibility that

the effects of these compounds may be mediated through a

cyclic nucleotide-dependent, Mg�-independent protein kinase;

however, we are unaware of the existence of such a kinase and,

therefore, believe this possibility is unlikely. Experiments in-

volving the immunoprecipitation of the GABAA receptor would

more directly answer this question, and the preparation of

GABAA receptor-specific antibodies by one of us (M.D.B.) is

currently underway.

In conclusion, second messenger system modulators appear

to affect GABAA receptor function in a phosphorylation-inde-

pendent manner and, therefore, results obtained with these

agents should be interpreted with caution. In light of these

findings, the use of protein kinases and phosphatases may

provide a more specific approach to elucidating the functional

significance of GABAA receptor phosphorylation. Preliminary

results utilizing the catalytic subunit of PKA (28) and alkaline

phosphatase (29) do indeed provide evidence that the GABAA

receptor is regulated by protein phosphorylation.
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