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Pentobarbital and picrotoxin have reciprocal actions
on single GABA 4 receptor channels
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Pentobarbital (PB) and picrotoxin (PIC) bind to allosterically coupled sites on the GABA, receptor
complex but have opposite effects on GABA receptor currents. PB, an anesthetic/anticonvulsant, en-
hances, and PIC, a convulsant, inhibits GABA receptor currents. PB and PIC also had opposite effects
on single main conductance channel GABA receptor currents recorded from excised outside-out patches
from mouse spinal neurons in culture. PB prolonged bursts of channel openings by increasing mean
duration and number of intraburst openings. PIC shortened bursts by reducing mean duration and
number of intraburst openings. The results demonstrate the reciprocal regulation of GABA receptor chan-
nels by PB and PIC and suggest that their allosterically coupled binding sites are coupled to the chloride
channel in an opposite manner.

The p-aminobutyric acid (GABA ) receptor chloride channel has been shown to
be an oligomeric complex with binding sites for GABA, benzodiazepines/$-carbo-
lines, picrotoxin (PIC)-like drugs and barbiturates such as pentobarbital (PB) [12].
PB and PIC bind to distinct, but allosterically coupled, sites independent of the
GABA binding site [9, 19]. PB, an anesthetic and anticonvulsant drug, potentiates
GABA-mediated inhibition [8, 11], whereas PIC, a convulsant drug, reduces GABA-
mediated inhibition [7, 18). The basis for the opposite actions of PB and PIC is uncer-
tain. We have used the outside-out [S] patch clamp technique [17] to study the modifi-
cation by PB and PIC of GABA receptor single channel currents obtained from
mouse spinal cord neurons grown in cell culture [15].

Prior to use in experiments, mouse spinal cord neurons were grown in dissociated
cell culture for 2-5 weeks according to methods previously described [15]. At the time
of experiment, culture medium was replaced with a HEPES-buffered salt solution
containing the following (in mM): NaCl 142, KCl 8.09, CaCl, 1, MgCl, 6, glucose
10, Na-HEPES 10 (pH 7.4). Recording pipettes were filled with a symmetrical chlor-
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ide salt solution containing (in mM): KCI 153, MgCl, 1, Na-HEPES 10, EGTA 35,
NaOH 1, KOH 2 (pH 7.38). All solutions contained the specific glycine antagonist
strychnine (Sigma, St. Louis, MO, U.S.A.) at a concentration of 200 nM. Experi-
ments were performed at room temperature (21-23°C) using a Model L/M EPC-7
(List Medical Instruments, Duderstadt, F.R.G.) amplifier and recorded on a video
data recording system (14 bit, 40 kHz bandwidth). Data were later digitized (8 kHz
sampling rate, 1 kHz low-pass 8-pole Bessel filter) and analyzed by computer using
a locally modified single channel detection program (IPROC-2, M. Sloderbeck and
C.J. Lingle, Florida State University, FL, U.S.A.) and a locally written program.
GABA and GABA with PB or PIC were dissolved in the bath solution and applied
by pressure gjection from blunt tip micropipettes within 50 um of the membrane.
Whole cell and outsite-out patch recordings were obtained using a method similar
to Hamill et al. [S]. To compare the effects of drugs on the GABA receptor single
channel openings, data were analyzed by calculating mean open, closed, and burst
duration and openings per burst (defined later) per drug application and evaluating
the results by one-tailed Student’s t-test for independent groups. Data are presented
in the form of mean + S.E.M. unless otherwise specified.

Whole cell recordings were used to establish concentrations of PB and PIC to pro-
duce quantitatively similar but opposite effects on the magnitude of the GABA cur-
rent response. Low concentrations of GABA and PB were selected to reduce the pos-
sible effect of desensitization. Higher concentrations of PIC produced so little current
to make analyses more difficult. At a concentration of 50 uM, PB enhanced the
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Fig. 1. Whole-cell and single-channel responses evoked by GABA (2 uM) alone and in the presence of
PB (50 #M) or PIC (10 uM). A: whole cell recordings were obtained from spinal cord neurons. GABA
evoked inward (down going) currents with associated conductance increases (increased amplitude of short
duration (200 ms) voltage pulses applied at 1 s intervals) (A1, A3). In the presence of pentobarbital (PB),
GABA-evoked current was increased (A2). In the presence of PIC, GABA-evoked current was reduced
(A4). The changes in GABA-receptor currents were reversible (not illustrated). B: single-channel record-
ings were obtained from outside-out patches. Prior to GABA application, rare brief openings occurred
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GABA current 122+6% (16 trials, 5 neurons) (Fig. 1A1, 2) whereas 10 uM PIC
reduced the current 75+ 2% (7 trials, 3 neurons) Fig. 1A3, 4).

Outside-out patches were obtained from spinal cord neuron somata. Single chan-
nel recordings were made with the patches voltage-clamped at the potassium equili-
brium potential (intrapipette potential —75 mV). Prior to addition of GABA, rare,
brief inward currents were recorded (Fig. 1B1). GABA (2 uM) evoked single and
bursting inward chloride currents in 80 of 100 patches (Fig. 1B2). Only those patches
with reproducible responses were used in these analyses. Openings with at least 2 dif-
ferent current amplitudes were recorded, representing 2 different conductance states
(approx. 27 and 18 pA) (not illustrated). The larger, main conductance state occurred
more frequently (89% of detected openings) and was used in these analyses. Openings
to the subconductance state generally were briefer and technically more difficult to
accurately resolve. Dwell times less than twice the system dead time (dead time =130
4s) could not be reliably estimated and were counted as unresolved openings or clos-
ings. Currents were increased by PB (Fig. 1B3) and reduced by PIC (Fig. 1B4). The
magnitude of the conductance states were 26.7+1.1 pS and 17.7+0.6 pS
(mean+8.D.) (80 patches). The conductances were not altered by either PB
(26.240.5 and 17.740.8 pS, 15 patches) or PIC (26.8+1.2 and 17.54+0.7 pS, 24
patches). Since neither PB nor PIC altered conductance magnitude, we determined
the effects of PB and PIC on the temporal characteristics of GABA receptor currents.

To reduce the effects of desensitization, drug applications were limited to 20 s. To
obtain kinetic stationarity during a constant drug concentration at the patch, records
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(B1). GABA evoked an increase in channel openings (downward deflections) (B2). In the presence of PB
(B3), GABA receptor currents were increased whereas in the presence of PIC (B4), GABA receptor cur-
rents were reduced. Neurons and patches were voltage clamped to the potassium equilibrium potential
(—75 mV). Pressure pipettes were brought within 50 um of the neuron or patch pipette after ejecting
diluted solution distant from the recording site. Ejection pipettes were immediately removed from the bath
solution after application. To obtain responses in the presence of PB or PIC, the cell or patch was exposed
to the drug using a pressure pipette immediately prior to application of GABA plus drug from a second
pipette.
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were analysed from 2 to 17 s from the first opening. This was confirmed by analysing
consecutive 5 s epocs of the drug application and finding stable kinetic properties.

PB and PIC had reciprocal effects on mean open properties of GABA receptor cur-
rents. GABA evoked currents with a mean open time per application of 4.99+0.24
ms (n= 129 applications). In PB (50 uM), mean open time was significantly increased
t0 9.734+0.42 ms (n="75 applications, P<0.0001), while in PIC (10 uM), mean open
time was reduced to 4.0140.33 ms (n=89 applications, P<0.01). GABA evoked
11.6+ 1.0 openings/s. In PB, GABA evoked 13.2+0.9 openings/s (N.S.), and in PIC,
GABA evoked 1.8 +0.3 openings/s (P <0.0001). With GABA, the channel was open
5.4+0.46% of the time. In GABA plus PB, the channel was open a significantly
higher percent of time (13.040.90%, P <0.0001), and in GABA plus PIC, the channel
was open a lower percent of time (0.75+0.12%, P <0.0001). Channel open times and
closed times were placed into frequency histograms to show the frequency of occur-
rence of events with a particular duration. Normalized open duration frequency his-
tograms of all openings were shifted to longer times in the presence of PB and to
shorter times in PIC (Fig. 2A). Closed time distributions of all closings in the range
of 0.5-50 ms were altered little by PB or PIC (Fig. 2B). Thus, PB enhanced GABA
receptor current by increasing the mean channel open duration. PIC, however,
reduced GABA receptor current by reducing the mean open duration and the fre-
quency of channel opening.

The properties of mean open duration and opening frequency do not characterize
how openings may be clustered together in the form of bursts of openings. Both
GABA [2, 10-16] and acetylcholine [4] evoke bursts or groups of channel openings,
suggesting that bursting activity may be a fundamental behavior of neurotransmitter
receptor channels. For analysis, a burst was defined as an opening or a group of
openings separated by closures greater than a critical time, ¢, [4]. For 2 uM GABA,
a 1. of 5 ms was calculated using a modification of the method of equal proportions
of misclassified closures [4].

PB and PIC had reciprocal effects on GABA receptor channel bursting properties.
GABA evoked a mean burst duration per application of 12.9+0.81 ms. Bursts were
significantly prolonged in PB (26.4+1.4 ms, P<0.0001) and shortened in PIC
(7.5+0.77 ms, P<0.0001). The burst duration frequency distribution of all bursts
was shifted to longer durations in PB and to shorter durations in PIC (Fig. 2C). The
mean number of openings per burst per application of GABA was 2.01 +0.07. Open-
ings per burst were significantly increased by PB (2.39+0.10, P<0.01) and reduced
by PIC (1.55+0.07, P <0.0001) (Fig. 2D). The mean intraburst closed time per appli-
cation for GABA was 1.52+0.04 ms. The mean intraburst closed time was
unchanged by PB (1.55+0.04 ms, N.S.) or by PIC (1.61 +£0.06 ms, N.S.).

Prolongation of bursts by PB could thus be accounted for by two mechanisms:
(1) an increase in mean channel open time, and (2) an increase in the mean number
of openings per burst. Since the intraburst closed time did not change, this resuited
in an increase in current per burst. In contrast, PIC reduced burst duration in a reci-
procal fashion by decreasing mean channel open time and in the number of openings
per burst resulting in a reduction of current.
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Fig. 2. Normalized open and closed time frequency histograms of currents evoked by GABA alone and
in the presence of PB or PIC. A, B: open and closed durations of all openings and closings were collated
into bins of 0.5 msec and displayed over a range of 1-50 ms. Closings were distributed over a much wider
range (up to seconds) and were not illustrated. In the presence of pentobarbital (PB), the open time distri-
bution was shifted to the right whereas in picrotoxin (PIC) the open distribution was shifted to the left
(A). The distribution of short closed times (range 0.5-50.0 ms) was unchanged in PB or PIC (B). The
data were pooled to collect 32765 openings and 25259 short closures for GABA, 23666 and 19158 respecti-
vely for GABA +PB, and 3744 and 2634 respectively for GABA +PIC. C, D: burst durations of all bursts
were collated into 1 ms bins and displayed over a range of 1-100 ms. In the presence of PB, the burst
duration distribution was shifted to the right whereas in PIC the distribution was shifted to the left (C).
The frequency distribution of number of openings per burst was shifted to the right by PB, whereas the
distribution was shifted to the left by PIC (D). The data were pooled to collate 16054 bursts for GABA,
9504 bursts for GABA +PB and 2433 bursts for GABA +PIC. All frequency distributions were normal-
ized to display relative distributions.

PB is known to enhance agonist binding to both GABA and benzodiazepine (dia-
zepam) binding sites, whereas PIC does not affect GABA or benzodiazepine binding
[1, 3, 6, 13, 14]. In preliminary studies [20] we have shown that in the presence of
diazepam, which binds to a separate benzodiazepine binding site, GABA receptor
single channel currents were increased in frequency without an alteration in burst
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structure. These results suggested that agents which primarily produce an increase
in GABA affinity produce an increase in the frequency of bursting currents without
affecting burst structure. In the present study, PB did not change the frequency of
GABA-evoked chloride currents. However, PB and PIC reciprocally altered burst
structure.

GABA receptor channel bursting properties were modified in an opposing manner
by the two drugs. PB prolonged bursts of openings by increasing mean duration of
openings and by increasing the mean number of openings in a burst. In contrast, PIC
shortened bursts by reducing mean open time.and reducing the mean number of
openings per burst. The results provide evidence for reciprocal modulation of GABA
receptor channel gating by ligands that have oppposite effects on central nervous sys-
tem function. Perhaps the allosterically coupled binding sites for PB and PIC are cou-
pled in an opposing manner to the chloride channel. PB may stabilize the open state
of the channel, and thus prolong bursting currents. In contrast, PIC may destabilize
the open state, and thus shorten bursting currents.

Single channel studies have indicated that the GABA, receptor channel is quite
complex [2, 10, 16] and may have at least 4 conductance levels {3]. The main conduc-
tance state of the GABA receptor channel has multiple open and closed states, thus
a large number of kinetic models for the ion channel behavior are possible. Analysis
of multiple states is beyond the scope of the present paper. Further study is needed
to delineate how PB and PIC may modulate the kinetics of the various open and
closed states.
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