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Different combinations of cloned rat brain subunits of the GABA, receptor were expressed in Xenopus oocytes. The effect of the phorbol ester

PMA, an activator of protein kinase C, on the expressed GABA-gated ion current was determined. lon currents were diminished by #-PMA, but

not by the control substance a-PMA,, irrespective of the subunit combination studied. The mechanism of current decrease was investigated in more

detail for the subunit combination @582y2. The reversal potential of the current remained unaffected, while the maximal current amplitude was
decreased-and the apparent K, for GABA-dependent channel gating was shifted to higher concentrations,
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1. INTRODUCTION

The GABA, receptor channel is gated by the major
inhibitory neurotransmitter in vertebrate brain, y-ami-
nobutyrate (GABA). Recently, it has been suggested
that the activity of this channel may be modulated by
protein kinases. It has been shown that the isolated,
purified [1] or partially purified receptor protein can be
phosphorylated in vitro by an.endogenous, unidentified
protein kinase [2], by exogenously added protein kinase
A [3,4] and by protein kinase C [4]. Evidence for a
functional role of protein kinase C mediated phospho-
rylation was first obtained in the Xenopus oocyte ex-
pression system, where it was shown that activation of
protein kinase C by phorbol ester or diacylglycerol re-
sults in a decrease of the chloride current amplitude
elicited by GABA [5,6). cAMP analogs have been
shown to decrease GABA activated chloride flux in
synaptosomes [7,8] or the GABA induced current am-
plitude in cultured hippocampal cells [9], and to increase
the rate of desensitization in cortical neurones [8]. Addi-
tion of the catalytic subunit of PKA to excised patches
of mouse spinal cord neurones was found to reduce the
GABA channel opening frequency [10). ATP and ATP-
7-S have been observed to prevent run-down in guinea
pig hippocampal neurones {11,12] and in chick spinal
cord neurones [13]. It has been proposed that protein
kinases may be involved in the stabilization of these
spontaneously decreasing currents. The identity of the
stabilizing protein kinase is unknown.

For our work the cloned rat GABA receptor subunits
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al, a3, a5, B1, 52 and y2 were available. Primary se-
quence information (for review see [14]) predicts the
presence of protein kinase C consensus phosphorylation
sites on intracellular loops of rat subunits a1, &3, a3, §1
and 72, but none on subunit 52.

We have investigated the effect of the activator of
protein kinase C, f-PMA (4f-phorbol-12-myristate-13-
acetate), on GABA currents expressed in Xenopus oocy-
tes. Channels formed by different subunit isoform com-
binations were similarly down-modulated by B-PMA.
Furthermore, we studied modulation of a newly dis-
covered splice variant of y2 (y2L), that differs from the
the normal 2 by an insert of an eight amino acid se-
quence containing an additional protein kinase C con-
sensus phosphorylation site [15,16].

2. MATERIALS AND METHODS

The ¢cDNAs coding for the subunits of the rat GABA, receptor
channel were transcribed, capped and tailed with poly(A) as described
earlier [17-19}, Combinations of the transcripts were co-precipitated
in ethanol and ‘stored at ~20°C, Isolation of the follicles from the
frogs, culturing of the follicles, injection with mRNA, removal of the
cell layers, and electrophysiological experiments were performed at
room temperature as decribed before (20,211, GABA induced ion
currents were measured using the two electrode voltage clamp techni-
que, GABA was applied by bath perfusion, The GABA concentration
used to determine the effect of PMA depended on the subunit combi-
nation under investigation. In cach case, a GABA concentration was
used which clicited 5-20% of the maximal curtent amplitude, The
effect of phorbol esters was determined as follows. Control currents
were measured before and 20 min after exposure to PMA. 10 nM
B-PMA or 100 nM a-PMA were applied by bath perfusion fora | min
period initially. In order to prevent both washout and accumulation
of the drug, perfusion was thereafter switched to drug perfusion for
a 30 s interval every 4 min,

The currents expressed from the subunit combination a542y2 are
characterized by a K, for GABA of 143 4M and a Hill coefticient
of 1.7£0.1 (21]. In this scries of experiments. we found a somewhat
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lower and more variable GABA concentration of about 3-7 uM to
elicit a half-maximal current amplitude (K,). The current elicited by
100 uM GABA was taken as an estimate of the maximal current
amplitude (J,,,,,). Higher concentrations of GABA did not elicit larger
currents in untreated and in S-PMA treated oocytes. GABA was used
at a concentration producing a current amounting to about 10% of
T.ax for the measurement of the time course of the PMA effect, the
reversal potential of the GABA current and its desensitization, For the
experiments on desensitization a fast perfusion system was used that
allowed a rate of medium change of 70% within <0.5 s [21]. Desensi-
tization was determined as the rate of current decline per minute
expressed in % of the peak current amplitude, 30 s after application
of GABA. After determination of I, the GABA concentration was
established, which elicited about 40% of I.,. (lsox) Taow/Imax then
represents a crude, but sensitive measure, allowing detection of shifts
in the X,.

3. RESULTS AND DISCUSSION

Fig. 1 shows the time course of the effect of 10 nM
B-PMA on the current amplitude elicited by 1 uM
GABA in oocytes expressing the subunit combination
a5f2y2. The current amplitude was drastically de-
creased within the first 4 min of §-PMA application. In
contrast, 100 nM of the stereoisomer a-PMA, which
does not stimulate protein kinase C, did not affect the
current amplitude in similar experiments (Fig. 1). This
suggests that activation of protein kinase C results in a
reduction of GABA currents.

We found that all subunit combinations tested re-
sponded stereoselectively to exposure to PMA (Table I).
The fact that currents expressed froii cloned subunit
combinations respond to phorbol ester application indi-
cates that protein kinase C endogenous to the oocyte is
responsible for the modulation. Averaged data (Table
I) indicate that there might be significant differences in
the S-PMA effects between different subunit combina-
tions, As the amplitude of the f-PMA effect varied be-
tween different oocyte batches used,. this could simply

Table 1

Down-moduliation of GABA currents from different expressed sub-
unit combinations

Expressed subunit Current (% of control)

combination
100 nM a-PMA 10 nM A-PMA

alfl 86+ 7(3) 47 +£:12 (5)
alf2 107 £ 17 (4) 70+ 6 (3)
aipl 100+ '1(3) 6l £ 8(4)
as5pl 98 + 12 (7) 49+ 9(3)
[y2 102+ 4(3) 2@
o3a5y2 93+ §(4) BE11(5)
alfly2 95 & 9(3) 41 £ 17 (10)
alf2y2 94 & 4 (4) 66 +12(15)
asf2y2 97 £ 15 (4) 43 412 (32)
aS5@2y2L 100 (1) 3212 (5)

The down-modulation of GABA curients was determined 20 min afler
exposure to 10 nM F-PMA. as described in the Methods section. In
control experiments 100 nM a-PMA was used.
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Fig. 1. Time course of the GABA current decrease after exposure to

PMA., The subunit combination a582y2 was expressed -in. Xenopus

oocytes, The GABA current amplitude was determined before and at

different times after application of 10 nM §-PMA () or 100 nM

a-PMA (0). Dazia collected from 32 and 4 oocytes, respectively, are
shown as meantSD,

be due to different batches used for the experiments.
Indeed, direct comparison between the subunit combi-
nations a1f1y2 and «182y2, carried out in the same
batch of oocytes, failed to show a consistent difference
in the time course of the f-PMA effect and in the abso-
lute level of the decrease in current amplitude, 20 min
after application of S-PMA.

It was. especially interesting to compare the newly
characterized splice variant of y2 (y2L) containing an
additional insert of eight amino acids conferring an ad-
ditional consensus phosphorylation site for protein ki-
nase C [15,16] to the normal 2 (Table I). In a direct
comparison of the subunit combinations a542y2 and
a5p2y2L, we did not observe any difference in respon-
siveness between subunit combinations containing the
two splice variants. If one assumes that the channel

GABA

1

control

PMA

Fig. 2. Desensitization of the down-regulated GABA current, The

subunit combination a582y2 was expressed in Xenopus oocytes. Cur-

rent traces recorded in response to a I min application of 0.5 M

GABA (bar), before (control) and 20 min after exposure to 10 nM

B-PMA (PMA), were tescaled to the same peak current amplitude and

are displayed superimposed. The peak amplitude of the current was
770 nA before and 311 nA after exposure to 4-PMA,
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Table 11

Effect of f-PMA on the properties of the current expressed by the
subunit combination ¢582y2

Parameter Control 10 nM S-PMA

=32+ 6 (16/2)
60 £ 19 (8/2)
26 £ 10° (8/2)
22 +12° (5/2)

Reversal potential (mV) - 32+ 7
Inas (rel. to control; %) 100

Gsoa/ T % 100 (%) 38+10
Desensitization (%/min) = 40 + 24°

“Significant effect of f-PMA: P < 0.001 (Student’s paired t-test)
*Significant effect of J-PMA: P < 0.001 (Student’s paired t-test)
The reversal potential of the GABA current and desensitization were
determined using a GABA concentration eliciting a current amoun-
ting to about 10% of I,,.,,. I,,,, was determined as the current amplitude
elicited by 100 uM GABA. lype//nai» Which represents a crude indica-
tion of the X, was determined as indicated in the Methods section.
Data are given as mean + SD (number of oocytes/number of different
batches of oogytes).

subunits are directly the substrates of protein kinase C,
this indicates that other phosphorylation sites present
in these subunits are sufficient {or the observed modula-
tion.

In further experiments we examined whether the re-
versal potential of the GABA induced current was af-
fected. In three experiments each on the subunit combi-
nations alfl, a381, @581, and a582y2, we did not de-
tect a significant change in the reversal potential upon
exposure to S-PMA, indicating that the ion selectivity
was not affected.

We tested for the subunit combination ¢552y2
whether 7., the K, of the channel gating by GABA,
and desensitization were altered upon down-modula-
tion by PMA. Rescaled current traces obtained before
and after exposure to f-PMA are shown in Fig. 2. For
this experiment a GABA concentration was used that
clicited a current amplitude corresponding to about
10% of I, It is evident that we would miss with the
present agonist application system any possible fast
phase of desensitization occurring at the subsecond time
scale. The traces shown in Fig. 2 show that §-PMA
slows later phases of desensitization. Therefore, the de-
crease in current amplitude is probably not due to in-
creased desensitization. At 100 uM GABA, the desen-
sitization was not affected by f-PMA (not shown).

We observed that the current was depressed more
strongly by S-PMA at a GABA concentration eliciting
about 40% of I, than at 7. This is reflected in the
lower value of I,y4//,,,.x that was observed after exposure
to S-PMA (Table I1). This could be due to a small shift
of the K, to a higher concentration, If such a shift is
indeed ocurring, the observed decrease in- desensitiza-
tion could simply reflect the lower occupancy of the
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GABA binding site, because the rate of desensitization
strongly depends on this parameter. In line with this
interpretation is the fact that at high agonist concentra-
tion the desensitization remained unaffected.

If the events we observe at the second time scale are
representative, it can be concluded that the decrease in
the GABA current amplitude of recombinant channels
expressed in the Xenopus oocyte might be a consequence
of a small decrease of the affinity of channel gating by
GABA and a decrease in /.. As in the case of the
modulation of the GABA channel by protein kinase A
[10], a change in channel kinetics may be responsible for
the observed phenomenon,
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