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Dfierential Regulation of y h n o b u t y r i c  
Acid Receptor Channels by Diazepam 

and Phenobarbital 
Roy E. Twyman, MD, Carl J. Rogers, PhD, and Robert L. Macdonald, MD, PhD 

The anticonvulsant activity of diazepam and phenobarbital may be mediated in part by enhancement of inhibition 
involving y-aminobutyric acid (GABA). While both diazepam and phenobarbital increase GABA receptor chloride 
current, they may have different mechanisms of action, since they bind to different sites on the GABA receptor- 
chloride channel complex. We used the patch clamp technique to compare the effects of diazepam and phenobarbital 
on single GABA receptor currents. Outside-out patches were obtained from mouse spinal cord neurons grown in cell 
culture for 2 to 4 weeks. GABA (2 WM) evoked single channel currents that occurred as single brief openings or in 
bursts of multiple openings. Diazepam (20 n ~ )  and phenobarbital (500 p ~ )  both increased the GABA receptor current 
by increasing mean open time without altering channel opening frequency. However, the temporal grouping of 
openings into bursts suggested that the enhancement occurred via different mechanisms. Diazepam increased the 
frequency of bursting GABA receptor currents with minimal effect on the duration of bursts. Phenobarbital increased 
the duration of bursting GABA receptor currents without altering the frequency of bursts. These results suggest that 
diazepam binds to a site that may enhance single channel burst frequency by increasing the affinity of GABA binding, 
while phenobarbital may stabilize the bursting open state of the channel by binding to a different modulatory site at or 
near the chloride channel. 

Twyman RE, Rogers CJ, Macdonald RL. Differential regulation of y-aminobutyric acid receptor channels by 
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Benzodiazepine and barbiturate drugs are used clini- 
cally for their anticonvulsant, anesthetic, anxiolytic, 
and sedative-hypnotic effects { 11. The anticonvulsant 
activity of these structurally distinct classes of drugs 
may, in part, be mediated by potentiating y-aminobu- 
tyric acid (GABA)-mediated inhibition of neuronal ex- 
citability [2-51. The postsynaptic GABAA receptor 
complex contains a chloride channel as well as binding 
sites for GABA. In addition, the receptor contains 
specific binding sites for benzodiazepines and barbitu- 
rates [41. The GABA receptor is structurally com- 
posed of two polypeptide subunits, (Y and p chains, 
with a subunit structure of a&. The benzodiazepine 
binding site is located on the a chain, while the GABA 
binding site is located on the p chain C61. It is unclear 
where the barbiturate binding site is located. The ben- 
zodiazepine diazepam (DZ) binds at the benzodiaze- 
pine binding site and enhances binding of GABA. The 
barbiturate phenobarbital (PhB) binds at or near the 
chloride channel but does not significantly affect bind- 
ing of GABA C5, 71. The physiological consequence, 

however, of the different binding sites for these two 
anticonvulsant drugs is unclear. 

GABA binds to its receptor and gates open the 
chloride channel, producing an inward chloride ion 
flux and membrane hyperpolarization. Benzodiaze- 
pines and barbiturates increase and/or prolong GABA 
receptor current, but the mechanisms of drug modula- 
tion of coupling between neurotransmitter binding and 
chloride channel gating are poorly understood. Charac- 
terization of drug effects on channel gating has not 
been possible with intracellular and noise analysis tech- 
niques. Recent development of the patch clamp tech- 
nique, however, has enabled direct recording of neuro- 
transmitter-gated single channel currents 181. Patch 
clamp studies of the nicotinic acetylcholine (ACh) re- 
ceptor complex have revealed that binding of ACh 
increases the likelihood that the ACh receptor channel 
will open in bursts or groups of openings separated by 
relatively long closed periods C91. Direct recording of 
channel openings and closings allows statistical infer- 
ences to be made about the properties of neurouans- 
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mitter-gated channels and modification of that gating 
by drugs. Thus, it is now possible to study directly the 
coupling between neurotransmitter binding and chan- 
nel gating and the actions of modulatory drugs on  the 
channel gating process. 

We have used the patch clamp technique to investi- 
gate the actions of DZ and PhB on  single GABA 
receptor chloride currents from mouse spinal cord 
neurons grown in dissociated cell culture [lo-121. 
GABA responses of mouse spinal cord neurons have 
been shown to be enhanced by benzodiazepines and 
barbiturates and antagonized by the GABA antago- 
nists picrotoxin and bicuculline (131. In this study 
we have shown that DZ and PhB enhance GABA re- 
ceptor single channel chloride currents by different 
mechanisms. These results provide evidence at the 
molecular level for different modes of action for the 
regulation of GABA receptor channels by benzodi- 
azepines and barbiturates, which suggest that the mod- 
ulatory sites for these drugs at the GABA receptor are 
different. 

Methods 
Cultures were prepared from spinal cords obtained from 12- 
to 14-day-old fetal mice as previously described [3, 101. 
Briefly, a single-cell suspension obtained after mechanical 
dissociation and trypsinitation was plated on collagen-coated 
dishes at a density of lo6 cells/ml in a growth medium con- 
taining 80% minimal essential medium, 10% fetal calf 
serum, and 10% heat-inactivated horse serum. Following 3.5 
days of incubation, uridine (35 pg/ml) and 5’-fluorodeoxy- 
uridine (15 pg/ml) were added to suppress growth of rapidly 
growing nonneuronal cells and the medium was changed to 
90% minimal essential medium and 10% heat-inactivated 
horse serum. Cultures were maintained for 2 to 4 weeks 
prior to use. 

At the time of recording, culture medium was exchanged 
for a physiological salt solution (in m ~ :  142 NaCl, 8.09 KCl, 
1 CaC12, 6 MgC12, 10 glucose, 10 Na-HEPES IpH 7.41) 
containing strychnine (200 nM, Sigma Chemical Co, St Louis, 
MO), a specific glycine antagonist. Tetrodotoxin (1 (LM, 
Sigma Chemical Co) was added to the solutions in the whole 
cell recordings to suppress spontaneous activity. Recording 
patch clamp pipettes were filled with a salt solution (in mM: 
153 KCl, 1 MgC12, 10 Na-HEPES, 5 ethylene bis(oxyethy1- 
enenitri1o)tetraacetic acid, 1 NaOH, 1 KOH [pH 7.381) 
to provide a symmetrical chloride concentration (chloride 
equilibrium potential 0 mV). 

A local pressure ejection technique was used to apply 
GABA (Sigma Chemical Co) and the drugs to the neurons 
or excised outside-out patches. GABA alone or with DZ or 
PhB was dissolved in bath solution at the desired concentra- 
tion and used to fill a blunt-tipped micropipette. To apply 
test solutions, a tight-fitting polyethylene tube was fitted over 
the open end of the pipette and connected to a regulated 
pressure source. GABA (2 FM) was applied by pressure 
ejection for 20 to 30 seconds. GABA (2 p ~ )  and DZ (20 
nM, Hoffmann-LaRoche, Nutley, NJ) or GABA and PhB 

(500 (LM, Sigma Chemical Co) were applied by pressure 
ejection, and D Z  (20 nM) and PhB (500 pM) were either 
pressure applied or added to the bath prior to exposure to 
GABA plus anticonvulsant. Pressure was applied to ejection 
pipettes for 5 to 10 seconds when the pipettes were distant 
from the cell or patch to ensure that no dilution of drug had 
occurred at the pipette up. The tips of the pressure ejection 
pipettes were then brought to within 50 pm of the neuron or 
patch for application and were removed immediately from 
the bath solution after drug application. 

Whole cell and patch clamp recording techniques [8]  were 
similar to those of Hamill and colleagues [l5J Neurons or 
membrane patches were voltage clamped at the potassium 
equilibrium potential ( -  75 mV). Recordings were obtained 
using an L/M EPC-7 patch clamp amplifier (List Medical In- 
struments, Darmstadt, West Germany) and recorded on a 
video data recording system for later analysis. Single-channel 
data were digitized at 8 kHz with a I-kHz eight-pole Bessel 
filter interposed. Channel openings and closings of the main 
conductance state (27-30 picosiemens [PSI) were detected 
using a 50% threshold crossing criterion 181 and analyzed 
using programs written in this laboratory. Only patches with 
stable responses and infrequent multiple simultaneous chan- 
nel openings were used for analysis. Those rare multiple 
openings detected by the program were classified as closures. 
Events less than twice the dead time of the system (dead time 
= 130 psec) were rejected from analysis. 

Since channels open and close randomly with a character- 
istic probability, several thousand events must be obtained to 
evaluate their probabilistic (nongaussian) distribution. How- 
ever, to compare the effects of drugs on the GABA receptor 
channel openings, data were analyzed by calculating the 
mean open, closed, and burst durations (defined below) per 
GABA application and evaluating the results by one-tailed 
Student’s t test for independent groups. Data were presented 
in the form of mean * standard error unless otherwise 
specified. To display frequency distributions, open and 
closed durations were pooled from several recordings and 
collated into frequency histograms of variable binwidths. 

Results 
Whole-cell inward chloride currents exhibited typical 
GABA pharmacological characteristics and were 
blocked by picrotoxin and bicuculline (not illustrated). 
Whole-cell recordings were used to establish DZ and 
PhB concentrations that produced similar enhance- 
ment of GABA receptor currents. GABA evoked in- 
ward current with an associated increase in membrane 
conductance (Fig l A l ,  Bl).  Both DZ and PhB pro- 
duced about a twofold increase in the GABA receptor 
current (Fig 1A2, B2). The enhancement of GABA 
receptor current was reversible (not illustrated). 

Single channel chloride currents exhibited typical 
GABA pharmacological characteristics and were 
blocked by picrotoxin and bicuculline (not illustrated). 
Excised outside-out patches that demonstrated GABA- 
sensitive channel openings typically had rare, brief 
spontaneous openings (Fig 2A). GABA (2 PM) 
evoked predominantly bursting currents (Fig 2B) in 
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GFlBR2 uM + OIRZEPRM 20 nM GRBR 2 uM + PHENOBRRBlTFlL 500 uM 

Fig I .  y-Aminobutyric acid (GABA) receptor chloride cuwents 
were enhanced by diazepam (DZ) and phenobarbital (PhB). 
GABA receptor cuwent (Al )  was enhanced when DZ was ap- 
plied with GABA (A2). GABA receptor cuwent (Bl) was also 
enhanced when applied with PhB (82). Application of GABA 
or GABA and drug is indicated by a solid line. The enhance- 
ment of GABA receptor current was associated with an increase 
in the conductance change produced by GABA. Short-duration 
hyperpokzrizing voltage commands (100 msec) were applied prior 
to and during application of GABA. The amplitudes of the 
cuwents required to  achieve those voltage commands are shown in 
the traces. The amplitudes of these cuwents were Proportional to 
membrane conductance. With GABA application, the amplitude 
ofthe short cuwents increased, indicating an increase in mem- 
brane conductance. Following DZ or PhB application, the 
GABA-induced increase in pulsed currents was enhanced. 
Thus, GABA increased membrane conductance by opening 
chloride channels, and DZ and PhB augmented that enhance- 
m n t  in membrane conductance. 

80% of patches. Openings with at least two different 
current amplitudes were recorded, representing two 
different conductance states (not illustrated). The 
larger conductance state (approximately 26-30 pS) oc- 
curred much more frequently and was used in these 
analyses. DZ (20 nM) and PhB (500 pM) both in- 
creased single channel activity evoked by GABA (Fig 
2C,D). Channel conductance in the presence of DZ 
and PhB was unchanged. A drug may increase ion flux 
through a channel by independent or combined in- 
creases in channel conductance, open duration, or 
opening frequency. Since neither DZ nor PhB altered 
conductance, we determined the opening and closing 
temporal characteristics of the channel. 

Multiple single-channel recordings of GABA recep- 
tor single channel currents were summed to produce 
an average current per recording. The time course of 
the summed single channel GABA receptor current 
(Fig 3A) was similar to the GABA-evoked whole cell 
current (see Fig 1). Both DZ and PhB enhanced the 
summed single channel GABA receptor currents (Fig 
3B,C). For both anticonvulsants, the enhanced, 
summed currents had a time course similar to that for 
the whole cell currents (see Fig 1). In the early por- 
tions of the summed and whole cell currents, current 
increased. This was likely due to the lag time before 

the concentration of GABA from the ejection pipette 
became maximal and constant. In the presence of DZ 
and PhB, the current tended to decline over time, 
possibly because of desensitization. However, the cur- 
rents were relatively stable after the initial rising pe- 
riod and prior to the late decline of current. For analy- 
sis of the temporal characteristics of the current, it was 
important that the current was stable or stationary. 
Therefore, for kinetic analysis of single channel gating 
characteristics, currents were analyzed from 2 to 17 
seconds after the first channel opening. 

Both DZ and PhB altered the mean open properties 
of GABA receptor single channel currents (Table). 
Mean open time per application of GABA was 5.0 
msec (158 applications). DZ increased the mean open 
time to 7.3 msec ( p  < 0.0005, 22 applications). PhB 
also increased the mean open time to 5.7 msec ( p  < 
0.05, 54 applications). Per application, GABA evoked 
a mean of 13.4 openingslsec. Neither DZ (12.9 open- 
ingshec, not significant INS}) nor PhB (15.5 openings/ 
sec, NS) altered the number of GABA receptor open- 
ings per second. With GABA applied alone, the 
channel was open 6.2% of analysis time. Following the 
addition of DZ or PhB, the channel was open 8.9% ( p  
< 0.05) and 8.4% ( p  < 0.0025) of analysis time, re- 
spectively. Thus, DZ increased the mean open dura- 
tion for each channel opening but did not increase the 
frequency of opening. Although PhB was less effective 
in increasing mean open duration, the slight increase 
in GABA receptor channel opening frequency ac- 
counted for approximately the same total increase in 
ion flux. 

To visualize how DZ or PhB increased the mean 
open duration, channel open or closed durations may 
be displayed in the form of histograms showing the 
relative frequency of occurrence of an opening or clos- 
ing with a particular duration. In general, the longer an 
opening or closing, the less frequently it was observed. 
Frequency distribution histograms were obtained and 
normalized to display the effects of the drugs on the 
distributions. Visual inspection of normahzed open du- 
ration frequency histograms showed that in the pres- 
ence of DZ or PhB, mean channel open time was 
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Fig 2. Single channel chloride current evoked by y-aminobutyric 
acid (GABA) was enhanced by diazepam (DZ) andphenobar- 
bital (PhB). (A) Prior to application of GABA, only rare brief 
spontaneous currents were present. (B) Following application of 
GABA, channel openings increased in frequency and occurred as 
individual openings or in groups of openings (bursts). (C) In the 
presence of DZ, GABA produced increased channel activity. (0) 
In the presence of PhB, GABA again increased GABA receptor 
channel activity. Membrane patches were voltage clamped at the 
potassium equilibrium potential ( - 75 mV). Downward dejec- 
tions in all tracings represent channel openings and inward 
chloride currents. 

increased (Fig 4). DZ shifted the distribution of open- 
ings to longer durations but appeared to have a greater 
effect on increasing the relative proportion of long 
openings. The effect of PhB was a shift of the distribu- 
tion of all openings to longer durations. In particular, 
PhB had a greater effect than DZ had on the distribu- 
tion of short openings. The effect of DZ on the rela- 
tive proportion of long openings was also apparent in 
that the mean open time for DZ was longer than that 
for PhB. Although closed times varied over a wide 
range (from microseconds to seconds), the distribu- 
tions of closed time less than 50 msec were altered 
little by DZ or PhB (Fig 5) .  

The general properties of mean open duration and 
opening frequency do not provide information about 
how openings may be clustered or grouped together. 
A burst can be defined as a group of openings sepa- 
rated by a relatively long closure @I. As previously 
mentioned, both GABA and ACh evoke bursts of 
channel openings, suggesting that bursting activity may 
be a fundamental behavior of bound receptor-gated 
ion channels. The bulk of the ion flux through the 
channel occurs during a burst containing several open- 
ings, whereas isolated, brief channel openings pass rel- 
atively little current. To  examine burst characteristics 
in this analysis, only those events longer than 10 msec 
were evaluated. Thus, a series of openings and closings 

GRBFI2 uM 

- 7 w  
A 

GFIBFI2 uM + OIRZEPFIM 20 nM 

B 
GRBFI2uM + PHENOBFIRBITRL 500uM 

C 

Fig  3 .  Diazepam (DZ) and phenobarbital (PhB) increased y- 
aminobutyric acid (GABA) receptor cuwent. (A) GABA was 
applied to 115 patches to evoke inward single channel cuwents. 
The cuwents from these patches were added and resulted in a 
summed inward cuwent. This summed inward cuwent had a 
time course similar t o  that of the inward currents produced by 
GABA using whole cell recording. (B) Single channel recordings 
from 22 patches in the presence of GABA and DZ were added 
to produce a summed single channel current. The current was 
nomzalizedfor the number of patches for comparison to A. (C) 
Multiple recordings of single channels from 54 patches in the 
presence of GABA and PhB were added to produce a summed 
current. The summed cuwent was then normalized to  the number 
of patches for an ensemble average current for comparison to  A. 
In all cases, each application of GABA was added from the 
beginning of the first opening. Multiple simultaneous channel 
openings were not rejected so that total charge transfev per appli- 
cation could be &d. These summed traces demonstrate that DZ 
and PhB enhanced the total amount of current passed per appli- 
cation of GABA. 
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GABA Receptor Channel Open Properties" 

GABA GABA + Diazepam GABA + Phenobarbital 

Mean open time (msec) 5.0 f 0.2 7.3 f 0.6'"" 
Openings per second 13.4 4 1.0 12.9 & 1.9 
Percent time channel openb 6.2 f 0.5 8.9 ? 1.5" 
Total number of openings 28,872 405 1 
Number of drug applications 158 22 

5.7 ? 0.4"" 

8.4 f 1.1' 
15.5 f 2.1 

10,400 
54 

"To maintain stationary channel kinetics, single channel records were analyzed from 2 to 17 seconds after GABA or GABA plus drug 
application. Data are presented in the form of mean k standard error per application of drug. GABA, diazepam, and phenobarbital concentra- 
tions were 2 pM, 20 nM, and 500 pM, respectively. 
bThe percentage of time in the recording from 2 to 17 seconds that the channel was in the open state. 
* p  < 0.05. 
**p < 0.005. 
***p < 0.0005. 
GABA = y-aminobucyric acid. 

Fig 4. Normalized channel open time frequency histogram. Fre- 
quency histograms display the relative occuwence of an opening 
or closing of a particular duration. In general, a long duration 
event occurred less frequently than a short one. In the presence of 
diazepam (DZ) (B) and phenobarbital (PhB) (C), the distribu- 
tion of channel open time was shifted t o  longer open times com- 
pared with y-aminobutyric acid (GABA) alone (A). Frequency 
histogram range is I .O msec to 50.0 msec and the binwidth is 
0.5 msec. The number of openings contained in each histogram 
were asfollaus: GABA = 42,136; GABA -I- DZ = 12,976; 
GABA + PhB = 21,158. 

occurring together for more than 10 msec would be 
counted as a burst. 

GABA evoked bursts with a mean duration per ap- 
plication of 65.8 5 5.2 msec (158 applications). In the 
presence of DZ, mean GABA receptor burst duration 
was increased only by 9.3% (71.9 ? 7.0 msec, NS, n 
= 22), but frequency of GABA-receptor bursts was 
increased by 102.5 ? 6.5% ( p  < 0.0001) (Fig 6). In 
contrast, in the presence of PhB mean GABA recep- 

Fig 5 .  Normalized channel closed time frequency histogram. 
Closed times varied over a wide range but are displayed only from 
0.5 to 50.0 msec with a 0.5 msec binwidth. The distributions 
were overlapping for y-aminobutyric acid alone and with diaze- 
pam and phenobarbital. 

tor burst duration was prolonged by 81.9% (119.7 Ifi 
16.1 msec, p < 0.0001, n = 54), but GABA receptor 
burst frequency increased only by 6.3 5 5.3% (NS) 
(see Fig 6). Thus, the mechanism of potentiation of 
GABA receptor current by DZ appeared to be 
mediated by increasing the likelihood or frequency of 
bursts evoked by GABA without altering the burst 
duration. PhB, on the other hand, potentiated GABA 
receptor current by prolonging bursts without alter- 
ing frequency. These burst properties indicate funda- 
mentally different mechanisms of the regulation of 
GABA receptor chloride channel gating by DZ and 
PhB. 
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Fig 6. Diazepam and phenobarbital had d i f fen t  ej,,cts on the 
properties of y-aminobutyric acid (GABA)-evoked bursts. Bursts 
are groups of openings that may represent tims when a receptor 
is bound (see text for further explanation). The percent change 
from GABA alone in burst duration and burst frequency is 
shown for GABA-evoked bursts in diazepam and phenobarbital. 
In the presence of diazepam, GABA-evoked bursts were more 
frequent but were not prolonged. In contrast, in the presence of 
phenobarbital, burst frequency was not changed, but burst dura- 
tion was prolonged. 

Discussion 
Patch clamp recording techniques have shown that 
GABA receptor single channel chloride currents are 
more complex than had been inferred from intracellu- 
lar and noise analysis techniques 114, 151. GABA 
gates open chloride channels with multiple conduc- 
tance states, but the 26- to 30-pS state was the most 
frequent and contributed the majority of current used 
in this analysis 1161. At present, it is not clear whether 
the multiple conductance states represent different 
channels, but since the relative frequency of the states 
among patches remained relatively stable, it is likely 
that they represent different conformations of the 
same channel. In the present study, we showed that 
GABA receptor single channel currents were in- 
creased by DZ and PhB. Since DZ and PhB did not 
alter the conductance of the dominant state, the en- 
hancement of GABA receptor chloride current must 
have been due to an increase in the mean duration of 
channel opening or to an increased frequency of chan- 
nel openings or to both. 

The present study demonstrated that both DZ and 
PhB increased the mean open duration of single 
chloride channels evoked by GABA, but that DZ was 
more effective. Single channel opening frequency was 
not significantly altered. Since records that did not 
contain multiple channels were selected for analysis of 

single channel properties, the possibility of recruit- 
ment of additional channels as a means to achieve en- 
hanced whole cell current was not evaluated in this 
study. 

The single channel results contrast with those deter- 
mined by noise analysis techniques. Using noise analy- 
sis techniques, Study and Barker [17] compared the 
effects of DZ and the effects of the anesthetic barbitu- 
rate pentobarbital. DZ increased the “mean channel 
lifetime” in 12 of 18 cells, but an increase in frequency 
of channel opening was necessary to account fully for 
the increase in net current response. Pentobarbital in- 
creased “mean channel lifetime” to an extent greater 
than that necessary to account for the net current in- 
crease and was thus inferred to decrease the “channel 
opening frequency.” The discrepancy between noise 
estimation and single channel results may be due to 
factors involving drug application and concentration 
and, more importantly, to the low resolution and lim- 
ited frequency bandwidth of noise analysis techniques. 
Ligand concentrations generally used in single channel 
studies were lower than those used for intracellular 
and noise analysis techniques. The concentration of 
DZ used in the noise analysis study was 50 to 100 
times that used in the present study. No comparable 
noise analysis study has been done to compare DZ and 
PhB actions on GABA currents, although Barker and 
McBurney [lS] examined PhB alone at a high un- 
known concentration. They found that PhB increased 
GABA receptor “mean channel lifetime” to approxi- 
mately five times that of control but did not comment 
on whether PhB altered the GABA receptor channel 
opening frequency. Macdonald and Barker [ 193 found 
that high concentrations of PhB evoked a moderate 
amount of chloride current directly, but at the concen- 
tration used in this study (500 pM) PhB had little or no 
direct effect. 

Noise analysis techniques may at times best resolve 
average currents with a duration of 5 to 10 msec. Since 
single channel recordings have shown that channel 
openings are brief and occur in complex bursts, it is 
likely that noise analysis techniques may resolve only 
bursts of openings. Studies of the ACh receptor chan- 
nel have indicated that bursts of openings appear to be 
a fundamental response of binding of an agonist to a 
receptor-gated ion channel 191. We examined GABA- 
evoked burst properties in the presence of DZ and 
PhB. DZ did not prolong GABA-evoked bursts but 
increased their frequency. In contrast, GABA-evoked 
bursts in the presence of PhB were prolonged but 
were not increased in frequency. These burst proper- 
ties were similar to those detected by noise analysis for 
“mean channel Lifetime” and “channel opening fre- 
quency.” 

The difference between the single channel non- 
bursting properties (open time and opening frequency) 
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and burst properties must be due to the way the chan- 
nel openings were grouped to form bursts. Single 
channel studies of the concentration dependence of 
GABA receptor currents have demonstrated that in- 
creasing the concentration of GABA produces (1) an 
increase in channel opening frequency, (2) an increase 
in channel mean open duration by shifting the relative 
proportion of three types of open states to more stable 
long duration open states, and (3) a shift from isolated 
brief openings to bursts of long duration openings 
1201. Burst prolongation was produced primarily by 
increasing a population of stable long-duration open 
states that were incorporated into bursts without alter- 
ing burst structure or openings. A detailed kinetic 
analysis of this type is beyond the scope of the present 
paper; however, DZ appeared to enhance GABA re- 
ceptor currents primarily by producing a relative shift 
in the open time population to long-duration states 
(see Fig 4) and by producing an increase in burst activ- 
ity without altering bursts. These effects were similar 
to the effects of increasing GABA concentration. 

The effect of DZ may be seen in a hypothetical 
series of channel openings evoked by GABA (Fig 
7A1) and channel openings evoked by GABA in the 
presence of DZ (Fig 7A2). In this example, GABA 
evokes openings that occur in isolation and in groups 
(bursts, indicated by overbar). Openings occurring in 
bursts tend to be longer than those openings occurring 
in isolation. In the presence of DZ, GABA receptor 
bursts increase in frequency arid the bursts involve 
groups of long-duration openings that do not alter the 
burst duration. In a model for the modulation of burst- 
ing activity of the GABA receptor channel, the pres- 
ent results for DZ are consistent with action at the 
GABA binding site, where DZ is known to increase 
GABA binding affinity (Fig 7B). Brief, isolated open- 
ings that contribute little current are not represented 
in this model. 

PhB, on the other hand, did not produce an increase 
in the frequency of bursts but potentiated GABA cur- 
rents primarily by prolongation of bursts. PhB also 
increased single channel open duration. Burst prolon- 
gation without an increase in burst frequency with PhB 
may have been accomplished by incorporating longer 
openings and additional openings each time GABA 
evoked a burst (Fig 7A3). This suggests an action be- 
yond the GABA binding site, perhaps at or near the 
chloride channel (see Fig 7B). An increase in the num- 
ber of openings per burst may be caused by a reduc- 
tion of the likelihood of exiting a burst (intraburst- 
closed to extraburst-closed transition) or an increased 
likelihood of reopening once the channel has closed 
(intraburst closed to open transition) (see Fig 7B). 

Thus, modulation of the main conductance state of 
GABA receptor by DZ and PhB was similar when the 
general properties of the single channel behavior was 

HYPOTHE-TICAL BURSTS OF CHANNEL OPENINGS 
GABA 

C A1 
5 K E C  0 

GABA + DIAZEPAM 

GABA + PHENOBARBITAL 

A 
PROPOSED SITES FOR BURST MODULATION 

OF SINGLE GABA RECEPTOR CURRENTS 

DIAZEPAM 
2 GABAJ 

CLOSED - 
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UNBOUND BURST 
STATE STATE 

B 

Fig 7. Hypothetical bursting currents and sites of action for 
diazepam (DZ) and phenobarbital (PhB). ( A l )  ydminobutyric 
acid (GABA) evoked frequent channel openings that occurred 
in isolation or in bursts. Bursts longer than I0 msec were over- 
scored. (&) In the presence of DZ, bursts with stable long open- 
ings were of the same duration and were more frequent, resulting 
in a shiji in the open time distribution where longer openings 
were more frequent at the expense of brief isolated openings (see 
Fig 4) .  (A3) PhB prolonged bursts without increasing their fre- 
quency. This might have resulted from bursts that were composed 
of prolonged and additional opening, since PhB prolonged single 
channel openings (see Fig 4) and increased their frequency. DZ 
and PhB increased the percentage of time that the channel was 
opened by GABA and thereby increased the total chloride ion 
flux. (B) In a simplzj5ed burst kinetic mo&lfor the GABA 
receptor-chloride channel complex, GABA (2 molecules) binds to 
gate open the chloride channel into bursts. Brid isolated open- 
ings are not represented. DZ enhanced GABA binding afinity 
to increased bursting activity without altering the GABA- 
evoked burst. PhB altered the GABA-receptor burst by prolong- 
ing the time spent in an open state. The site of action may be at 
or near the channel to reduce the rate constant of channel closure. 

examined. Only when the temporal characteristics of 
the channel were evaluated did details of differential 
regulation become apparent. It is possible that addi- 
tional differences concerning burst modulation may be 
found by further evaluation of burst kmetics. 

The patch clamp technique is a powerful method 
that allows investigation of physiological reactions be- 
tween receptors and ion channels at a molecular level. 
Binding assays have demonstrated separate binding 
sites for DZ and PhB on the GABA receptor com- 
plex. The evidence presented here is the first to de- 
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scribe at the single channelheceptor level two different 
modes of action for DZ and PhB and suggests that the 
unique drug binding sites have different regulatory 
functions at the GABA receptor chloride channel. 
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