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Summary

GABA, the major inhibitory neurotransmitter in the
mammalian brain, binds to GABA, receptors, which
form chloride ion channels. The predicted structure of
the GABA, receptor places a consensus phosphorylation
site for cAMP-dependent protein kinase (PKA) on an in-
tracellular domain of the channel. Phosphorylation by
various protein kinases has been shown to alter the activ-
ity of certain ligand- and voltage-gated ion channels.
We have examined the role of phosphorylation by the
catalytic subunit of PKA in the regulation of GABA, re-
ceptor channel function using whole-cell and excised
outside-out patch-clamp techniques. Inclusion of the
catalytic subunit of PKA in the recording pipettes signifi-
cantly reduced GABA-evoked whole-cell and single-
channel chloride currents. Both heat inactivation of PKA
and addition of the specific protein kinase inhibitor pep-
tide prevented the reduction of GABA-evoked currents
by PKA. Neither mean channel open time nor channel
conductance was affected by PKA. The reduction in
GABA receptor current by PKA was primarily due to a
reduction in channel opening frequency.

Introduction

The mammalian y-aminobutyric acid type A (GABA,)
receptor is a chloride ion channel that opens to at
least four different conductance levels (Bormann et
al., 1987). The 27 pS conductance level accounts for
approximately 90% of the current carried through the
channel and thus has been referred to as the main
conductance state (Hamill et al., 1983; Macdonald et
al., 1989). The exact structure of the GABA, receptor
has not yet been determined; however, cDNA cloning
of the CNS receptor from several mammalian species
has shown that it may contain multiple «, 8, v, and &
subunits (Schofield et al., 1987; Khrestchatisky et al.,
1989; Lolait et al., 1989; Pritchett et al., 1989; Shivers et
al., 1989; Ymer et al., 1989; Liiddens et al., 1990).
Several recent reports have suggested a role for
cAMP-dependent protein kinase (PKA) in the modula-
tion of the GABA4 receptor. First, the cloning and
sequencing of the receptor have shown that the B
subunit contains a consensus sequence for phosphor-
ylation by PKA (Schofield et al., 1987). The proposed

structure of the receptor places this sequence on an
intracellular domain of the B subunit, consistent with
alocation at which PKA could act. Second, cAMP ana-
logs and the adenylate cyclase activator forskolin de-
creased GABA-gated chloride flux in synaptosomes
(Heuschneider and Schwartz, 1989; Jalilian Tehrani et
al., 1989). In electrophysiological studies, these com-
pounds reduced the peak current evoked by GABA
and increased the rate of decay of the current in cul-
tured cortical (Jalilian Tehrani et al., 1989) and hippo-
campal neurons (Harrison and Lambert, 1989a, 1989b).
Finally, the direct phosphorylation by PKA of the B
subunit isolated from porcine (Kirkness et al., 1989)
and rat (Browning et al., 1990) brain has been demon-
strated.

Phosphorylation of the nicotinic acetylcholine recep-
tor (nNAChR), another ligand-gated ion channel, has
been well characterized and shown to play a major role
in the regulation of this receptor (Miles and Huganir,
1988). Specifically, phosphorylation of the nAChR by
avariety of protein kinases increases the rate of desen-
sitization of this receptor. In view of the important
role of phosphorylation on the nAChR, we undertook
the following electrophysiological studies to deter-
mine the direct effects of PKA on the GABA4 receptor.

Results

PKA Reduced GABA-Evoked Whole-Cell Currents
in Cultured Mouse Spinal Neurons
In whole-cell recordings, application of GABA (5 uM)
to the soma of a spinal cord neuron reproducibly
evoked an inward chloride current and an associated
increase in membrane conductance (Figure 1a). After
the initial increase in current and membrane conduc-
tance, the GABA-evoked response typically declined
over time. All neurons tested were sensitive to GABA
(n = 19). In cells in which PKA (50 pg/ml) was included
in the internal pipette solution, the peak current was
significantly reduced by 60% (Table 1). The effect of
PKA was detected upon the first application of GABA
to neurons. This was within 1-2 min of giga-seal forma-
tion and patch rupture for the whole-cell recording
mode. In contrast to the control group in which all
cells tested were sensitive to GABA, no GABA-evoked
current was detected in 14 of 35 PKA cells tested. An
example of a neuron in which the GABA-evoked in-
ward current and increase in membrane conductance
were completely blocked by PKA#is shown in Figure
1b. In the presence of a lower concentration of PKA
(20 pg/ml), the peak current evoked by GABA was re-
duced by 43%, suggesting aconcentration-dependent
effect of PKA (Table 1). In 4 of 18 neurons tested, no
GABA-evoked current was detected at this lower con-
centration of PKA.

To eliminate the possibility that PKA was blocking
GABA current nonspecifically by clogging the record-
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Figure 1. Effectof PKA on Whole-Cell GABA Responses in Mouse
Spinal Cord Neurons

GABA (5 pM; overbar) was applied by pressure ejection for 30 s.
Recording pipettes contained 2 mM Mg-ATP. (a) In a control
cell, application of GABA evoked an inward chloride current
(downward deflection) and an associated increase in membrane
conductance. (b) An example of a cell in which PKA (50 pg/ml)
was added to the internal pipette solution. PKA compietely
blocked the GABA-evoked current and increase in membrane
conductance. (c) A cell in which PKA was heat-inactivated before
being added to the internal pipette solution. The GABA-evoked
increase in current and membrane conductance were not
blocked in this instance. Neurons were voltage clamped at - 75
mV, and membrane conductance was determined by applying
constant short duration (200 ms) hyperpolarizing voltage com-
mands. Calibration bars apply throughout.

ing pipette, 150 mM KCl was applied to all PKA cells
following application of GABA. KCl evoked an inward
current and an increase in membrane conductance,
suggesting that the observed reduction in GABA-
evoked current in the presence of PKA was not due
to technical difficulties of recording. We next tested
the specificity of PKA by including heat-inactivated
catalytic subunit in the internal pipette solution. The
GABA-evoked current and increase in membrane con-
ductance were not reduced in these cells (Figure 1c;
Table 1). We further examined the issue of nonspecif-
icity of the kinase effect by substituting an equivalent

Table 1. Effect of PKA on the Peak Amplitude of the
Whole-Cell Current Evoked by 5 uM GABA

Treatment Peak Current (pA) n
Control 1947 + 225 19
PKA (50 pg/ml) 794 + 1862 35°
PKA (20 pug/ml) 1102 + 240 18
PKA (heat-inactivated) 1541 + 277 8

Values represent the mean + SEM; n is the number of cells
tested. '

2 P < 0.01 with respect to control by ANOVA and Dunnett’s test.
b p < 0.05.
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Figure 2. Effect of PKA on GABA-Evoked Single-Channel Chlo-
ride Currents in Mouse Spinal Cord Neurons

Recordings were from excised outside-out membrane patches
voltage clamped at - 75 mV. Recording pipettes contained 2 mM
Mg-ATP. (a) In the absence of GABA, rare chloride channel open-
ings (downward deflections) were observed. (b) In control
patches, application of GABA (5 uM) produced an increase in
chloride channel opening. Channels opened to a main conduc-
tance state of 27 pS (double asterisks) and to a less frequent
subconductance state of 19 pS (single asterisk). Multiple chan-
nels in a patch may open simultaneously to the main conduc-
tance state. (c) In a patch with PKA in the internal pipette solution,
GABA-activated opening of chloride channels was greatly re-
duced. Calibration bars apply throughout.

amount of bovine serum albumin (50 pg/ml) for PKA in
the internal pipette solution. The peak GABA-evoked
current in neurons injected with bovine serum albu-
min was 1725 + 290 pA (n = 6; P > 0.05) and was not
reduced when compared with control neurons (see
Table 1). These results suggested that PKA may reduce
GABA-evoked currents in spinal cord neurons by a
specific mechanism of action.

PKA Reduced GABA-Evoked Single-Channel Currents
The effects of PKA (50 pg/ml) on single-channel GABAA
receptor currents also were examined in excised out-
side-out membrane patches. In the absence of GABA,
only occasional, brief spontaneous openings were ob-
served (Figure 2a). In control patches (approximately
80% tested positive for GABA sensitivity), application
of GABA evoked bursting inward chloride currents
with two predominant conductance states (Figure 2b).
The chord conductances were 27 pS and 19 pS and
represented approximately 93% and 7% of the total
open time, respectively. Multiple single-channel re-
cordings were summed to produce an average ensem-
ble current per application of GABA. The average cur-
rent per patch as calculated from all conductance
states was 0.89 pA (n = 9 patches; 43,707 openings) in
the presence of 5 uM GABA. In patches in which PKA
was included in the internal pipette solution, very few
openings were observed (Figure 2c) and the average
GABA-evoked chloride current was reduced by 97%
t00.03 pA (n = 7 patches; 1,296 openings). A reduction
in average current can result from a decrease in chan-
nel conductance, channel opening frequency, chan-
nel open time, or a combination of these factors. To
determine the mechanism by which PKA reduced the
total GABA-evoked current, we examined each of
these parameters.



PKA Reduces GABA, Receptor Current
791

CONTROL
a) §uM GABA

PKA (10 ug/ml)
b)  5uM GABA

ST

PKIP (200 ug/mi) + PKA (10 ug/mi)
¢)  5uM GABA

{204

2.5s8c

Figure 3. Effect of PKA and PKIP on GABA-Evoked Single-
Channel Currents

Recordings were from excised, outside-out membrane patches
voltage clamped at —75 mV. Recording pipettes contained 2 mM
Mg-ATP. (a) In control patches (n = 17 patches), application of
5 uM GABA evoked chloride channel opening. (b) In patches in
which a lower concentration of PKA (10 pg/ml; n = 16) was in-
cluded in the internal pipette solution, GABA-activated opening
of channels was reduced. (c) In patches in which both PKA (10
ug/ml) and PKIP (200 pg/mi; n = 13) were included in the internal
medium, no reduction in GABA-evoked channel openings was
observed. Recordings from patches shown in (b) and (¢} were
obtained from the same cell. Calibration bars apply throughout.

The chord conductance of the main state channel
was unaffected by exposure to PKA (27.5 pS for control
versus 27.9 pS for kinase-exposed patches), suggest-
ing that the decrease in total current observed was
not due to a change in channel conductance. Since
the 27 pS channel was the dominant conductance
state, kinetic analysis was performed only on this
state. The frequency of channel opening in control
patches in the presence of GABA was 24.8 + 9.4 open-
ings per s (mean + SEM). In patches exposed to PKA,
GABA-evoked channel openings were significantly re-
duced to 1.3 + 0.6 openings per s (P < 0.025, Mann-
Whitney U-test). To obtain an accurate estimate of the
mean open time, only patches that had few simultane-
ous channel openings were analyzed (Colquhoun and
Hawkes, 1983). In those patches, the mean channel
open time of the 27 pS conductance state in the pres-
ence of GABA in control patches was 5.0 ms (11,898
openings) and 5.9 ms (1,296 openings) in PKA-exposed
patches. Although the mean open time in PKA patches
was slightly increased, this shift was not significant
when examined on a per patch basis.

PKIP Prevented PKA Reduction of GABA-Evoked
Single-Channel Currents

We also determined the effects of a lower concentra-
tion of PKA (10 ug/ml), which more closely approxi-
mated physiological levels of this enzyme (Hofmann
et al., 1977). In addition, we examined the ability of
the specific PKA inhibitor PKIP (Cheng et al., 1986) to
prevent the effect of PKA on GABA4 receptor currents.
Figure 3a shows a typical response of a patch to appli-
cation of 5 uM GABA. Bursting inward chloride cur-

rents were evoked, and the total average ensemble
current evoked through all conductance states in this
set of experiments was 0.39 pA (n = 17 patches). In
patches in which the lower concentration of PKA was
included in the pipette solution, fewer openings were
once again observed (Figure 3b) and the average
GABA-evoked current was reduced by 74% to 0.10
pPA (n = 16 patches). GABA-evoked current was not
reduced, however, when the specific PKA inhibitor
PKIP was included in the pipette solution with PKA
(Figure 3c). The average GABA-evoked current in
patches exposed to PKA + PKIP was 0.32 pA (n = 13
patches).

Approximately 80% of control and PKA + PKIP
patches were sensitive to GABA. However, only 55%
of the patches treated with PKA alone showed typical
responses to GABA; the remainder displayed either
trace openings or no response. As in the previous
experiment using a higher concentration of PKA, the
chord conductance of the main state was unaffected
by either PKA or PKIP. Table 2 shows the GABA recep-
tor 27 pS main conductance state open and closed
properties. The mean channel open time was unaf-
fected by treatment with either PKA or the combina-
tion of PKA + PKIP when examined on a per patch
basis. The channel opening frequency was 15.9 + 2.6
openings per s in control patches and 18.3 + 3.1open-
ings per s in patches exposed to PKA + PKIP. The
opening frequency was significantly reduced in PKA
patches to 5.7 + 1.6 openings per s (P < 0.01 with respect
to control and PKIP-treated patches by ANOVA and
Newman-Keuls’ test). Consistent with this reduction
in channel opening frequency in PKA-treated patches,
an increase in the mean closed time of the main con-
ductance state also was observed (Table 2). The results
from the single-channel studies indicate that the pri-
mary mechanism by which PKA reduces GABAx recep-
tor currentis by reducing channel opening frequency.

The Distributions of Open Times Were Best Fitted

by Multiple Exponential Functions and Were
Unaltered by PKA or PKIP

Since the mean or average open and closed times may

Table 2. GABA, Receptor Main Conductance Open
and Closed Properties

Control  PKA PKA + PKIP
Mean open time (ms) 5.9 4.8 4.7
Mean closed time (ms)  118.0 196.1 93.3
Percentage open 8.3 3.3 7.9
Average current (pA) 0.17 0.07 0.17
Number of openings 47,131 16896 26,307
Number of patches 17 16 13

Mean open and closed times, percentage open, average current,
and number of openings were derived from detected openings
(see Experimental Procedures) and represent values only for the
27 pS main conductance state. Mean closed time refers to the
mean closed duration between 27 pS main conductance open-
ings. PKA (10 pg/ml) and PKIP (200 pg/ml) were included in the
internal recording pipette solution.
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Figure 4. Frequency Distributions of Openings and Closings
Evoked by 5 uM GABA in the Presence of PKA or PKA + PKIP
Distributions were normalized and overlayed to display relative
frequency distribution. Histograms were fitted with three expo-
nential functions, and the curves were drawn according to the
fits (see Results). (A) Openings were put into bins of 0.5 ms and
plotted from bins 3-100. GABA open time frequency histograms
were unaltered by either PKA (10 pg/mi) or PKA (10 pg/ml) + PKIP
(200 pg/ml). (B) Short closures were put into bins of 0.1 ms and
plotted from bins 3-200. GABA short closed time frequency dis-
tributions were unaltered by either PKA or PKA + PKIP. (C) Long
closures were put into bins of 5 ms and plotted from bins 5-100.
In the presence of PKA, the GABA long closed time distribution
was increased. No difference in long closures between the con-
trol and PKA + PKIP groups was observed.

not accurately describe the kinetic behavior of the
channel, frequency distributions for channel open-
ings and closings were examined. Open and closed
time frequency histograms for the previous experi-
ment are shown in Figure 4. In all cases, open time
frequency distributions were best fitted by three ex-
ponential functions called components 1, 2, and 3.
These three components corresponded to the short-
est, intermediate, and longest open time constants,
respectively, and were not different across all treat-
ments (Figure 4A), For all treatments, the component
1time constant ranged from 0.6 to 0.8 ms, with amean
of 0.7 + 0.1 ms (mean + SD). The component 2 time
constant ranged from 2.8 to 3.4 ms, with a mean of 3.1
+ 0.3 ms, and the component 3 time constant ranged
from 8.0 to 8.9 ms, with a mean of 8.6 + 0.5 ms.

PKA Altered Long, But Not Short, Closed Time
Frequency Distributions -

Since closed times covered a very wide range, closed
time distributions were plotted with two different bin
magnitudes (Figures 4B and 4C). The distribution of
short closed times ranged from 0.3 to 20 ms in bins of
0.1 ms. The distribution of long closed times ranged
from 5 to 500 ms in bins of 5 ms. In all cases, closed
time frequency distributions were best fitted by three
exponential functions. Short closed times were unal-
tered by treatment with either PKA or the combination
of PKA + PKIP (Figure 4B). The mean of the short
closed time constants for all three treatments was as
follows: component 1, 0.1 + 0.01 ms; component 2,
1.1 + 0.1 ms; and component 3, 10.0 + 0.4 ms.

In contrast to the results obtained with the short
closed time distributions, the long closed time distri-
bution for PKA was shifted to the right (Figure 4C).
This increase in the long closed time distribution was
due to an increase in the two longest time constants.
No difference in the shortest time constant between
the control, PKA, and PKA + PKIP groups was ob-
served, and it ranged from 5.0 to 6.7 ms, with a mean
of 5.9 + 0.9 ms. The means for the two longer time
constants for the control and PKA + PKIP groups were
269 + 0.1 ms and 118.6 + 6.5 ms, respectively. In
the presence of PKA, the intermediate and long time
constants were 50.6 and 161.4 ms. This increase in the
long closed time distribution in the presence of PKA
is consistent with a decrease in channel opening fre-
quency.

Discussion

PKA Reduced GABA, Receptor Current Possibly by
Phosphorylation of the Channel Protein

The present report directly demonstrates that phos-
phorylation of GABA, receptors alters channel func-
tion. Previous studies have indirectly inferred an ac-
tion of PKA on GABA,4 receptor function with agents
that may act as second messengers, such as cCAMP
analogs or forskolin (Heuschneider and Schwartz,
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1989; Jalilian Tehrani et al., 1989). It is noteworthy that
several recent studies suggested that in some cases
the effects of these agents may be independent of an
action on PKA, thus leading to a potential misinterpre-
tation of results (Hoshi et al., 1988; Wagoner and Pal-
lotta, 1988; Heuschneider and Schwartz, 1989; Lam-
bert and Harrison, 1989, Soc. Neurosci., abstract).
Whether the effects of PKA on GABA-evoked current
are exerted via phosphorylation of the receptor/chan-
nel directly or an associated protein that controls
channel activity remains to be determined. However,
the former mechanism appears to be more likely,
since direct phosphorylation of the B subunit by PKA
has recently been demonstrated in purified prepara-
tions of receptor isolated from mammalian brain (Kirk-
ness et al., 1989; Browning et al., 1990). The present
study also extends to the central nervous system the
observation made in the peripheral nervous system
that phosphorylation regulates ligand-gated ion chan-
nels. Studies examining the effects of phosphoryla-
tion on the nAChR have been done primarily on skele-
tal muscle or on preparations of receptor isolated
from the electric organ of fish (Miles and Huganir,
1988).

Heterogeneity of GABA, Receptors

PKA completely blocked GABA, receptor current in
approximately 40% of the neurons dialyzed with PKA,
whereas in the remaining cells the current was re-
duced by 32%. This heterogeneity was observed also
in patches. As in previous studies (Macdonald et al.,
1989), approximately 80% of the patches obtained
were GABA sensitive; however, in the presence of PKA
only 55% of the patches obtained were sensitive to
GABA. It is possible that the heterogeneity of the re-
sponse to GABA in cells exposed to PKA may reflect
heterogeneity of the B subunit. Muitiple B subunits
have been isolated by both protein chemistry (Brow-
ning et al., 1990) and cDNA cloning techniques (Lolait
etal., 1989; Ymer et al., 1989). Moreover, the different B
subunits appear to be substrates for different protein
kinases. In purified preparations of the GABA, recep-
tor, a higher molecular weight B polypeptide was pref-
erentially phosphorylated by PKA, whereas a  pep-
tide of lower molecular weight was phosphorylated
by protein kinase C (Browning et al., 1990). Interest-
ingly, no direct phosphorylation of either p peptide
by calcium/calmodulin-dependent kinase [l was ob-
served. Alternatively, the amount of GABA-evoked
current in the presence of PKA may be directly related
to the degree of phosphorylation of the receptor, as
is observed for the nAChR (Hopfield et al., 1988). The
nAChR contains multiple phosphorylation sites, and
the amount of desensitization of the receptor is de-
pendent on the stoichiometry of the phosphorylation.
A similar case may exist for the GABA, receptor, since
the proposed structure of the native receptor includes
two B subunits (Mamalaki et al., 1987; Schofield et al.,
1987) and thus two sites at which PKA may act.

Mechanism of Reduction of GABA, Receptor
Currents by PKA

To evaluate the effects of PKA on the microscopic
kinetics of the GABA4 receptor, frequency distribu-
tions of channel open times were examined. The open
time frequency distributions were best fitted with at
least three exponential functions, suggesting the
presence of three open states with different mean
durations. This finding is consistent with a kinetic
model of the GABA, receptor shown to have a mini-
mum of three open states and two binding sites (Mac-
donald et al., 1989; Twyman et al., 1990). Since the
open time frequency distribution (Figure 4A), mean
open time, and open time constants were not signifi-
cantly altered, PKA did not affect the GABAA receptor
closing kinetics or the rate of entry into the three
open states. These results suggest that when receptor
activation by GABA occurs in the presence of PKA,
gating proceeds in a normal fashion.

Further characterization of channel kinetics can be
obtained by examining closed time frequency distri-
butions. lon channels appear to open and close in
bursts when openings occur in rapid succession. The
closings within a burst of openings are short and usu-
ally reflect the activity of a single, fully bound recep-
tor/channel (Colquhoun and Hawkes, 1983; Macdon-
ald et al., 1989). Closed time frequency distributions
were best fitted with multiple exponential functions,
suggesting the presence of multiple closed states. The
distribution of short closings was unaltered in PKA
and indicated that the short closings of single recep-
tor/channels were not affected (Figure 4B). However,
long closings, which generally result from partially
bound and unbound receptors, were prolonged in
the presence of PKA (Figure 4C) and reflected the ob-
served decrease in opening frequency. These results
indicate that PKA could have reduced GABA, receptor
current by producing a desensitized state of the
bound receptor, by reducing the rate of transition
from the unbound to the single-agonist-bound state
of the receptor, or by increasing the rate of transition
from the single-agonist-bound to the unbound state.
Either of these actions would produce a decrease in
channel opening frequency without altering channel
gating properties.

Regulation of the GABA, Receptor

by Phosphorylation

It should be noted that previous studies have demon-
strated that ATP prevents rundown of GABA-evoked
whole-cell currents (Stelzer et al., 1988; Gyenes et al.,
1988). In the single-channel studies presented here,
the addition of ATP to the internal recording medium
did not appear to maintain GABA-evoked channel
openings or affect channel kinetics (unpublished
data). It is possible that ATP may maintain GABA-
evoked whole-cell currents by a mechanism indepen-
dent of PKA. More recently, Chen et al. (1990) have
demonstrated that a phosphorylation process main-
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tained GABA-evoked whole-cell currents in hippo-
campal neurons and that a calcium/calmodulin-
dependent phosphatase accelerated the rundown of
the current. It is possible that the maintenance of
GABA-evoked currents by an ATP-dependent process
is viaan indirect mechanismor is due to an interaction
with other reported GABA, receptor subunits or sub-
unit variants. The y2 subunit contains a consensus
sequence for potential phosphorylation by tyrosine
kinases (Pritchett et al., 1989), and a kinase activity of
unknown identity is associated with the a subunit
{Sweetnam et al., 1988). Protein kinase C also may be
involved in the modulation of the GABA4 receptor. A
B subunit variant is preferentially phosphorylated by
protein kinase C (Browning et al., 1990), and activators
of protein kinase C have been shown both to reduce
(Sigel and Baur, 1988; Stelzer et al., 1988; Moran and
Dascal, 1989) and to have no effect on GABA-evoked
whole-cell currents (Harrison and Lambert, 1989a). Ad-
ditional studies examining the direct effects of protein
kinase C on GABA currents are necessary to clarify
these results. Nonetheless, the results from these
studies indicate that the regulation of GABAx receptor
activity by phosphorylation may be quite complex.

Functional Importance of PKA Phosphorylation

of GABA, Receptors

It is unclear from the study presented here whether
PKA actually blocks the activation of the GABA, re-
ceptor channel or whether it promotes a fast desensi-
tization. Some analogy may be drawn between the
present results and the well-documented studies
demonstrating desensitization of the nAChR follow-
ing phosphorylation (Huganir et al., 1986; Hopfield et
al., 1988). The GABAA4 receptor and the nAChR share
similar membrane topology and some sequence simi-
larity (Schofield et al., 1987), and thus it is tempting to
speculate that the physiological effects of PKA may be
the same in both systems. The consequences of any
alteration in the GABAergic system in the brain are
likely to be important. In view of GABA's role as the
major inhibitory neurotransmitter in the brain, any
reduction in receptor function, as demonstrated in
the study presented here, may lead to increased neu-
ronal excitability.

Experimental Procedures

Cell Culture

Primary cell cultures were established from spinal cords of 12-
to 14-day-old murine fetuses as previously described (Ransom et
al., 1977). Briefly, cells were mechanically dissociated in medium
consisting of 80% minimum essential medium (MEM; GIBCO,
Grand Island, NY), 10% fetal calf serum, 10% heat-inactivated
horse serum, glucose (5.5 gfliter), and NaHCO; (1.5 gfliter). The
final suspension was plated on collagen-coated plates and,incu-
bated (5% CO,, 95% air, 37°C) for 3 days prior to the first medium
change. On day 5 the medium was replaced with medium lacking
the fetal calf serum (MEM/H) and containing 5-fluoro-2"-deoxy-
uridine (20 pg/ml final concentration), to prevent the prolifera-
tion of nonneuronal cells. The medium was replaced with MEM/
H after 2 days, and all subsequent changes were made twice a

week. Cells were maintained for 2-5 weeks before being used in
experiments.

Solutions

Prior to recording, the growth medium of a culture was ex-
changed for 2 ml of extracellular bath solution that contained
the following: 142 mM NaCl, 8.1 mM KCI, 1 mM CaCl,, 6 mM
MgCl,, 10 mM glucose, and 10 mM Na-HEPES (pH 7.4). For
whole-cell recordings, tetrodotoxin (1 uM) was added to the ex-
ternal solution to eliminate spontaneous action potentials. The
internal micropipette solution contained 153 mM KCI, 1 mM
MgClz, 2 mM Mg-ATP, 5 mM EGTA, and 10 mM K-HEPES (pH
7.3). This combination of external and internal solutions resulted
in an equilibrium potential of 0 mV for chloride and -75 mV for
potassium. GABA was diluted from a frozen 10 mM stock with
external bath solution to the desired concentration and applied
by a pressure ejection micropipette (10-20 pm tip diameter; 0.8-
1.0 psi) positioned next to the cell or patch. All recordings were
performed at room temperature (22°C-24°C).

PKA Isolation and Determination of Activity

The catalytic subunit of PKA was isolated and purified from bo-
vine heart as previously described (Reimann and Beham, 1983).
The catalytic subunit was then diluted to either 10, 20, or 50 pg/
ml in internal recording medium just prior to the experiment. To
prevent possibie breakdown of PKA, dithiothreitol (5 mM) was
added to the internal recording solution when the lowest con-
centration of the catalytic subunitwas used. Since PKA interfered
with giga-seal formation, recording pipette tips were prefilled
with a small amount of control internal solution and then back-
filled with internal solution containing PKA. In the single-chan-
nel studies, PKIP (200 ug/ml; Sigma, St. Louis, MO) was included
with PKA in the internal recording medium. The solutions were
preincubated at 37°C for 3-5 min prior to use to ensure activation
of the inhibitor peptide. Heat inactivation of PKA was carried out
by boiling for 5-10 min. The activity of PKA in internal recording
medium was determined by a protein kinase assay using the
synthetic peptide kemptide as substrate (Uhler and McKnight,
1987). lnactivation of PKA following either boiling or treatment
with PKIP was determined in the same manner.

Current Recording

Recording micropipettes (microhematocrit capillary tubes; Fish-
er Scientific, Pittsburgh, PA) were pulled in three stages using a
model P-87 Flaming Brown Micropipette Puller (Sutter Instru-
ments, San Francisco, CA). Whole-cell and patch-pipette resis-
tances were approximately 5 and 10 MQ, respectively.

Whole-cell and excised outside-out patch-clamp recordings
were obtained as previously described (Hamill etal., 1981) using a
model /M EPC-7 amplifier (List Medical Instruments, Darmstadt,
FDR). Whole-cell current responses were low-pass-filtered (3 dB
at 1 kHz, 8-pole Butterworth; A, P. Circuit Corporation) and si-
multaneously recorded on a chart recorder (Gould, Cleveland,
OH) and stored on a digital video cassette recording system
(Sony SL-2700 modified to 0-20 kHz) via a digital audio processor
(Sony PCM-501ES, 14-bit, 44 kHz). Single-channel data currents
were low-pass-filtered (3 dB at 10 kHz, 8-pole Bessel filter) and
stored on the VCR system.

Forwhole-cell and patch recordings, membranes were voltage
clamped at -75 mV. Membrane conductance was determined
by applying constant short duration (200 ms) hyperpolarizing
voltage commands to neurons during the whole-cell recording
mode.

Single-Channel Current Analysis

The single-channel data were played back from the VCR system
and digitized (20 kHz sampling rate) for computer analysis with
a low-pass (3 dB at 2 kHz) 8-pole Bessel filter interposed. Current
amplitudes and durations were determined by a locally written
computer program (Macdonald et al., 1989). Channel openings
were detected using the 50% threshold crossing method and
were accepted as valid events if their durations were greater than
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twice the system dead time (system dead time = 70 us). Openings
were constrained to be greater than twice the rise time of the
low-pass filter (rise time = 130 ps) to obtain an accurate estima-
tion of channel amplitude (Colquhoun and Sigworth, 1983). As
a result of undetected openings or closings, the measured times
for events will generally be longer than the “true” open and
closed times (Colquhoun and Sigworth, 1983). In the text, the
terms “open” and “closed times” refer to measured times not
corrected for unobserved transitions (McManus et al., 1987).

Durations of channel openings and closings from all patches
were pooled and collated into frequency histograms. Only
closed times between main conductance state openings were
analyzed. Open time frequency histograms were fitted starting
from at least twice the system dead time. A locally modified,
nonlinear curve-fitting program was used to fit histograms to a
sum of n exponential functions (Macdonald et al., 1989). Esti-
mates of time constants were determined using the method of
maximum likelihood estimation and approximated a 95% confi-
dence interval. The number of significant exponential functions
necessary to fit the frequency distributions was determined by
chi-square analysis.
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