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GABA ,-Receptor Function in Hippocampal Cells Is
Maintained by Phosphorylation Factors

ARMIN STELZER, ALAN R. Kay,* RoBERT K. S. WoNG

Gamma aminobutyric acid (GABA) mediates fast synaptic inhibition in the central
nervous system by activating the chloride-permeable GABA, channel. The GABA,
conductance progressively diminishes with time when the intracellular contents of
hippocampal neurons are perfused with a minimal intracellular medium. This “run
down” of the GABA-activated conductance can be prevented by the inclusion of
magnesium adenosine triphosphate and calcium buffer in the intracellular medium.
The amount of chloride conductance that can be activated by GABA is determined by
competition between a calcium-dependent process that reduces the conductance and a
phosphorylation process that maintains the conductance.

THE REDUCTION OF GABA-MEDIAT-
ed synaptic inhibition by pharmaco-
logical agents (1) or tetanic stimula-
tion of afferent fibers (2, 3) causes convul-
sive discharges in the hippocampus. Inhibi-
tion may be reduced in the short term by
intracellular accumulation of Cl~, desensiti-
zation of the GABA receptor (4, 5), or
elevation of intracellular calcium ([Ca?*];)
(6). There is little information on the long-
term regulation of the GABA conductance.

A number of voltage-gated (7) and lig-
and-gated channels (8) are regulated by pro-
tein phosphorylation. The operation of such
a mechanism may be signaled by the lability
of the channel when recording from cells in
the whole-cell mode of patch clamping (9);
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on penetrating the cell, small diffusible mol-
ecules and ions are rapidly lost (within 1 to
2 min). When the intracellular medium is
supplemented with nucleotides and buffers
to control the divalent ion concentration, it
is sometimes possible to maintain channel
activity (10). We used this approach to
attempt to define the intracellular conditions
necessary for the stability of the GABA4
conductance in hippocampal neurons.
Acutely dissociated hippocampal neurons
were prepared from 650-um slices of the
CAL1 subfield of guinea pig hippocampus by
trypsin digestion (11). Neurons were disso-
ciated and used 3 to 10 hours after removal
of the brain. Whole-cell voltage clamp was
used to monitor the current response to
GABA (50 to 200 pM) applied by pressure
¢jection. The intracellular recording pipette
contained 130 mM tris methanesulfonate;
10 mM Hepes; 10 mM BAPTA {[1,2-bis(2-
aminophenoxy)ethane - N,N,N',N"’ - tetra-
acetic acid]}; 0.1 mM leupeptin (a Ca®*-

activated neutral protease inhibitor); pH,
7.3. We used the Ca’>* chelator BAPTA
because it is pH-insensitive and binds Ca*
faster than EGTA (12). The external solu-
tion contained 120 mM NaCl; 5 mM CsCl;
2 mM CaCly; 1 mM MgCl; 15 mM te-
tracthylammonium chloride; 5 mM 4-ami-
nopyridine; 10 mM Hepes; 25 mM b-
glucose; pH, 7.4. This solution was applied
at a rate of 5 ml/min, close to the cell to
prevent agonist-induced desensitization. All
experiments were performed at 18° to 22°C.

Current responses to GABA were elicited
in CA1 pyramidal neurons by pressure ejec-
tion (pulse duration 20 to 80 ms) at a low
frequency (0.016 Hz) to avoid cumulative
desensitization. The current was completely
blocked by 107® wM picrotoxin and re-
versed at the CI™ equilibrium potential,
which suggests it resulted from the activa-
tion of the GABA, receptor (13). The peak
amplitude of the GABA-activated outward
current (at a holding potential of —10 mV)
progressively declined to less than 10%
within 10 min of penetrating the cell (Fig.
1A), in spite of the presence of 10 mM
intracellular BAPTA to prevent accumula-
tion of [Ca**]; (6, 11). Short voltage pulses
(—10 mV, 10 ms) were applied before
eliciting GABA responses to monitor the
leak conductance and input capacitance. A
short hyperpolarizing voltage pulse (—10
mV, 10 ms) was applied at a fixed point
during the current response to assess the
conductance increase and the GABA rever-

Table 1. Effect of intracellular contents on GABA
response in acutely dissociated and cultured hip-
pocampal cells. GABA currents were elicited ap-
proximately 1 min after entry into the whole-cell
recording mode and every 1 min thereafter. Dura-
tion of GABA pulses was 20 to 80 ms and was
constant for a given experiment. The intracellular
solution had the composition specified in text
with concentration of Mg?*, ATP, or BAPTA as
indicated in the table. The rate of run down was
quantified by measuring the percentage of current
remaining 10 min after penetration of the cell.

Percent GABA cur-
rent =+ SEM remain-
ing after 10 min (n)

ATP Mg?* BAPTA
(mM) (mM) (mM)

Acutely dissociated neurons

9.8+ 3.9 (8)
o o0 10 330+ 7.4 (10)
2 4 10 130.9 = 14.7 (12)
4 10 61+ 12 (12)
2 0 10 16.5 + 2.8 (10)
2 4 218+ 59 (6)
1 mM Ca***
2 4 1t 236+ 7.0 (7)

2 mM AMP-PCP
0 4 10 225 %
Cultured rat hippocampal cells
0 4 10 54.1 £ 11.3 (9)
2 4 10 116.7 £ 9.3 (4)

6.0 (10)

*[Ca®*])i = 5 uM. TEGTA.
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sal potential (4). The leak conductance and
the capacitance of the neuron were un-
changed during the “run down” of the
GABA response (Fig. 1B). The decline of
the GABA current was accompanied by a
proportionate reduction of the GABA con-
ductance, while the GABA reversal potential
remained essentially unchanged. The run
down of the GABA current thus results
from the loss of GABA-activable conduc-
tance rather than from a redistribution of
Cl™ ions (14). Similar results were obtained
from analysis of 14 other cells. Buffering
[Ca®*]; to <107°M was not sufficient to
preserve the GABA 4-receptor function (Ta-
ble 1). The run down was not the result of a
general decline in the condition of the cell
since the input resistance was maintained
(Fig. 1B) and voltage-activated Na* current
and glutamate response (Fig. 1C) were not
affected.

The run down of the GABA conductance
may be the result of desensitization of the
GABA receptor (4, 5). Our results suggest
that desensitization and run down are inde-
pendent phenomena (Fig. 2). The GABA
current elicited in a hippocampal neuron
gradually declined during continuous

Fig. 1. Run down of GABA-activated current
results from the loss of GABA conductance. (A)
Whole-cell recording of outward GABA currents
elicited by agonist application at 1, 3, and 5 min
(in otder of decreasing current amplitude) after
cell penetration. The holding potential was —10
mV. GABA was applied by short-duration (20-
ms) pressure pulses (20 psi) to a GABA-contain-
ing pipette (100 pwM). Voltage pulses of —10
mV, 5-ms duration, were applied before the onset
of the GABA responses to monitor the leak
conductance and cell capacitance (current re-
sponse shown to the left of the dotted line; note
the different time scales on either side of the
dotted line). The average value for input capaci-
tance was 12.4 + 2.6 pF (mean = SEM, n = 10).
Voltage pulses of —10 mV and 20 ms were
applied close to the peak of the GABA response to
measure the instantaneous conductance elicited
by GABA (the current response to the onset of
the hyperpolarizing pulse was measured for the
calculation). GABA conductance and reversal po-
tential were calculated (4) on the assumption that
the current-voltage (I-1) characteristic was linear.
As the I-V relation rectified in the outward direc-
tion this method overestimates the GABA reversal
potential; however, the form of the I-V relation
did not change during run down. (B) The nor-
malized GABA current (triangle, initial 211 pA),
GABA conductance (square, peak 6.6 nS) and
input resistance (diamond, initial 842 megohms),
and GABA reversal potential (+). Similar results
were obtained for all cells in this report. (C)

GABA application (Fig. 2A). This decline,
occurring during prolonged GABA applica-
tion and recovering within 1 min, can be
ascribed to receptor desensitization (4, 5).
In contrast, run down of the GABA re-
sponse was not contingent upon. receptor
activation. The independence of run down
from desensitization is illustrated by the
results shown in Fig. 2B where a GABA
current elicited 10 min after the initial
response, with no GABA applications in
between, still showed a reduction of
nore than 80%, suggesting that agonist
activation is not required for the run down
to oceur.

Run down of the GABA response might
arguably result from the enzymatic treat-
ment used in the dissociation. Consequent-
ly, we examined the stability of the GABA
response of cultured rat hippocampal neu-
rons (15) with an intracellular medium that
did not support stable responses in acutely
dissociated cells [4 mM Mg, 10 mM
BAPTA, 0 mM adenosine triphosphate
(ATP)]. Our results show that the GABA
response declined with time, but on average
more slowly than that in the acutely dissoci-
ated neurons (Table 1). Moreover, the rate
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Response of hippocampal neuron to pressure application of a solution containing GABA and glutamate
(both 100 wM). Neurotransmitters were applied every 30 s, alternating holding potential between —10
and —60 mV, to measure the GABA and glutamate response, respectively. GABA responses were
recorded at 1, 5, and 10 min after cell penetration; glutamate responses were elicited 30 s after each
GABA response. The reversal potentials for GABA, and glutamate responses were close to ~65 and
—10 mV, respectively. The early small inward current appearing at the final stage of GABA run down is
induced by glutamate, which has a reversal poteritial slightly more depolarized than the holding
potential of —10 mV. In this experiment the intracellular solution contained 10 mM BAPTA, 4 mM

MgCl,, and 2 mM AMP-PCP.
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of decline was more variable in the cultured
cells; some cells ran down as rapidly as the
acutely dissociated cells, while others exhib-
ited little decline. The variability may reflect
cell to cell variation in the amount of endog-
enous “stabilizing” factors and the length of
the dendritic processes on the cultured cells,
which might retard the loss of these factors.
The addition of stabilizing factors sustained
the GABA current in cultured cells (Table
1). These results demonstrate that run down
is not a unique feature of acutely dissociated
neurons (16).

The inclusion of 2 mM ATP, 4 mM
Mg?*, and 10 mM BAPTA in the intracellu-
lar medium sustained GABA currents (Fig.
3) for up to 1 hour. Under these conditions
the GABA current increased after penetrat-
ing the cell, reaching a value of 146 = 26%
(SEM) of the control after 19 min and then
declined slowly to a value of 124 + 28% of
the control (n = 11) after 30 min (Fig. 3B).
When ATP was omitted from the intracellu-
lar solution, the GABA current declined
consistently to less than 10% after 10 min
(Fig. 3B and Table 1).

To further explore the basis for the stabil-
ity of the GABA response, we systematically
omitted Mg?*, ATP, or BAPTA from the
intracellular medium (Table 1). Both Mg**
and ATP were essential for the stability of
the GABA conductance in the presence of
10 mM BAPTA (Table 1); ATP alone did
not suffice. This points to the involvement
of the Mg?*-ATP complex and implicates
an adenosine triphosphatase in the stabiliz-
ing reaction. The hydrolysis of ATP is con-
firmed by the fact that AMP-PCP [ade-
nylyl(B,y - methylene)diphosphonate (17)],
a non-hydrolyzable analog of ATP, did not
support the maintenance of the GABA con-
ductance (Table 1 and Fig. 1C). This also
militates against ATP acting as an intracellu-
lar modulator and stabilizing the GABA
receptor through noncovalent interaction
with the GABA receptor.

The presence of Mg**-ATP alone was
insufficient to maintain the GABA sensitiv-
ity of hippocampal neurons; an intracellular
medium that buffered [Ca®*]; to less than
107’M was also needed to stabilize the
GABA response (Table 1). This indicates
that elevated [Ca**]; can destabilize the
GABA receptor.

The minimal requirement for the mainte-
nance of the GABA receptor under condi-
tions of whole-cell recording was the provi-
sion of an intracellular solution with Mg**-
ATP and low [Ca®*];. Our data suggest that
ATP needs to be hydrolyzed to confer stabil-
ity on the receptor. This indicates that cither
the receptor or some entity associated with
it is covalently modified, probably by phos-
phorylation.
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Fig. 2. Desensitization of GABA responses. (A)
Time course of current during a 10-s application
of GABA to cells in 4 mM Mg?+, 2 mM ATP, and
10 mM EGTA. The record was obtained after 12
min of intracellular recording under stable condi-
tions. (B) The first GABA current was elicited
immediately after cell penetration. The second
response was activated 10 min later. Intracellular
solution in this case contained 10 mM BAPTA
but no Mg?*-ATP. Similar results were obtained
in six out of six cells under various unstable
conditions.

Until recently there was little information
on the possible involvement of second mes-
senger systems and protein phosphorylation
in the regulation of the GABA, channel;
however, two important findings have been
made. First, the B-subunit of the GABA,
channel contains a cyclic AMP (cAMP)-—
dependent kinase consensus sequence (18);
but phosphorylation of this site has not been
demonstrated. Second, the isolated GABA o
receptor has been shown to be phosphory-
lated; however, the reaction could not be
attributed to a known protein kinase (19,
20).

It has been postulated that the observed
phosphorylation site may modulate GABA
desensitization (18), as it does in the acetyl-
choline receptor (21). Our data suggest that
phosphorylation may also serve to maintain
the functional state of the GABA, receptor.
A similar mechanism occurs in acetylcholine
receptors of chick ciliary ganglion neurons
(22).

The intracellular conditions for the pres-
ervation of the GABA conductance are simi-

A
Control \ 6 12 24 min
L | 200 pA

1 sec

Normalized amplitude

Time (min)

Fig. 3. Both Mg?*-ATP and calcium buffers are
necessary for the stability of GABA responses. (A)
Outward GABA currents recorded by a pipette
filled with a solution that included 4 mM MgCl,
and 2 mM Na,-ATP in addition to the constitu-
ents listed in Fig. 1. (B) Squares represent aver-
aged GABA responses of 11 cells elicited under
“stable” conditions; diamonds depict the average
time course of responses elicited in 14 cells with
10 mM BAPTA, 4 mM MgCl,, and 0 mM ATP in
the intracellular solution. The bars mark the SEM.
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lar to those described for the maintenance of
noninactivating Ca?* channels in neurons
(10, 23) and the M current in frog ganglion
neurons (24). In snail and GH; neurons
evidence suggests that the Ca®>* channel is
phosphorylated by cAMP-dependent pro-
tein kinase, and the phosphate group is
removed by a Ca*"-calmodulin—dependent
phosphatase (10, 25). Only the phosphory-
lated form is proposed to be available for
activation by membrane voltage. Our evi-
dence . suggests that a similar mechanism
might be at work in GABA, channels.

We have shown that the GABA-mediated
CI™ conductance can be regulated by intra-
cellular Mg?*-ATP and [Ca®"];. However,
it remains to be seen how the GABA-
activated Cl™ conductance is regulated in
vivo. Earlier studies have shown that hippo-
campal neurons experience a reduction in
GABA sensitivity after tetanic stimulation of
afferent fibers (3). Our results raise the
possibility that the modification of the
GABA, conductance may result from a
change in the state of phosphorylation of the
receptor.
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