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ABSTRACT
GABAA receptors are modulated by a variety of compounds,
including the neurosteroids and barbiturates. Although the effects
of barbiturates on ��� isoforms, thought to dominate phasic
(synaptic) GABAergic inhibition, have been extensively studied,
the effects of pentobarbital on kinetic properties of ��� GABAA
receptors, thought to mediate tonic (extra- or perisynaptic) inhibi-
tion, are unknown. Using ultrafast drug delivery and single channel
recording techniques, we demonstrate isoform-specific pentobar-
bital modulation of low-efficacy, minimally desensitizing �1�3�
currents and high-efficacy, rapidly desensitizing �1�3�2L cur-
rents. Specifically, with saturating concentrations of GABA, pen-
tobarbital substantially potentiated peak �1�3� receptor currents
but failed to potentiate peak �1�3�2L receptor currents. Also,

pentobarbital had opposite effects on the desensitization of �1�3�
(increased) and �1�3�2L (decreased) receptor currents evoked by
saturating GABA. Pentobarbital increased steady-state �1�3� re-
ceptor single channel open duration primarily by introducing a
longer duration open state, whereas for �1�3�2L receptor chan-
nels, pentobarbital increased mean open duration by increasing
the proportion and duration of the longest open state. The data
support previous suggestions that GABA may be a partial ag-
onist at ��� isoforms, which may render them particularly sen-
sitive to allosteric modulation. The remarkable increase in gat-
ing efficacy of �1�3� receptors suggests that ��� isoforms,
and by inference tonic forms of inhibition, may be important
targets for barbiturates.

GABAA receptors are ligand-gated chloride channels
composed of five subunits with multiple subtypes, includ-
ing �1 to �6, �1 to �4, �1 to �3, �, �, �, and � (Olsen and
Macdonald, 2002). The function of GABAA receptor chan-
nels is allosterically modulated by many structurally dif-
ferent compounds such as neurosteroids, benzodiazepines,
and barbiturates (Rupprecht and Holsboer, 1999; Olsen
and Macdonald, 2002). The modulatory effects of these
drugs are subunit selective in some cases (Pritchett et al.,
1989; Thompson et al., 2002; Wallner et al., 2003). For
example, neurosteroids significantly increased the maxi-
mal peak current amplitude and extent of desensitization
of GABAA receptors containing a � subunit, but these
kinetic responses were not observed for receptors contain-
ing a �2L subunit (Wohlfarth et al., 2002).

Pentobarbital is an anesthetic barbiturate and exerts its
CNS effects by interacting with GABAA receptors (Olsen and
Macdonald, 2002). At low concentrations, pentobarbital po-
tentiates GABAA receptor currents (Nicoll and Wojtowicz,

1980; Schulz and Macdonald, 1981) by increasing the propor-
tion of longer single channel openings and thus increasing
mean open duration. At higher concentrations, pentobarbital
directly activates GABAA receptors (Nicoll and Wojtowicz,
1980; Schulz and Macdonald, 1981; Krampfl et al., 2002). At
millimolar concentrations, pentobarbital inhibits GABAA re-
ceptor function, probably through a low-affinity open channel
block mechanism (Akaike et al., 1987; Rho et al., 1996; Akk
and Steinbach, 2000). These properties of pentobarbital (pos-
itive allosteric modulation, direct agonism, and open channel
block) are similar to those reported for certain neurosteroids
(Lambert et al., 1995; Rupprecht and Holsboer, 1999).

Although the effects of barbiturates on ��� currents,
thought to dominate phasic (synaptic) GABAergic inhibi-
tion, have been extensively studied, the modulatory effects
of pentobarbital on the kinetic properties of ��� GABAA

receptors are still unknown. There is increasing evidence
that ��� receptors may be selectively targeted to extra- or
perisynaptic membranes, where they are thought to medi-
ate tonic neuronal inhibition by responding to fluctuating
concentrations of extracellular neurotransmitters such as
GABA (Nusser et al., 1998; Bai et al., 2001; Stell et al., 2003;
Wei et al., 2003). Recent studies have suggested that pento-
barbital plays an important role in modulation of � subunit-
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containing GABAA receptors. Chronic pentobarbital treatment
evoked an alteration of GABAA receptor � subunit mRNA in the
CNS (Lin and Wang, 1996), and pentobarbital potentiated the
response of � subunit-containing GABAA receptors (Adkins et
al., 2001; Brown et al., 2002). In the present study, we trans-
fected cDNAs encoding rat �1, �3, and � or �1, �3, and �2L
GABAA receptor subunits into human embryonic kidney (HEK
293T) cells and used ultrafast drug delivery and outside-out
patch single channel recording techniques to characterize the
distinct effects of pentobarbital on GABAA receptors containing
� or �2L subunits.

Materials and Methods
Cell Culture and Recombinant GABAA Receptor Expres-

sion. HEK 293T cells (a gift from Dr. P. Connely, COR Therapeutics,
San Francisco, CA) were maintained in Dulbecco’s modified Eagle’s
medium (Invitrogen, Carlsbad, CA) supplemented with 10% fetal
bovine serum (Invitrogen), 100 IU./ml penicillin, and 100 �g/ml
streptomycin (Invitrogen). HEK cells were grown in 10-cm culture
dishes (Corning Glassworks, Corning, NY) in an incubator at 37°C
with 5% CO2 and 95% air. The cells were passaged at 3- to 4-day
intervals using trypsin-EDTA (Invitrogen). One day before trans-
fection, the cells were seeded at a density of 400,000/dish in
60-mm culture dishes (Corning Glassworks). Cells were trans-
fected with cDNAs encoding rat �1, �3, and � or �1, �3, and �2L
GABAA receptor subunits using a modified calcium phosphate
precipitation method (Fisher and Macdonald, 1997a). For each
transfection, 2 �g of each subunit cDNA along with 2 �g of
pHOOK (Invitrogen) were used. The cells were incubated for 4 h
with 3% CO2 and shocked thereafter for 30 s with 15% glycerol in
BES-buffered saline (280 mM NaCl, 1.5 mM Na2HPO4�7H2O, 50
mM BES). After continuous incubation with 5% CO2 for 24 h, the
cells were collected, and the transfected cells were selected using
an immunomagnetic bead separation method (Greenfield et al.,
1997). The selected cells were replated on 35-mm culture dishes
(Corning Glassworks) for whole cell and single channel recordings
24 h later. The percentage of cells that both bound beads and
expressed GABAA receptors was 86% (118/137).

Whole Cell and Single Channel Recordings. Whole cell mac-
roscopic currents were obtained with the cell attached to the dish
(whole cell recording) or after lifting of the cells (lifted cell recording).
Single channel microscopic currents were recorded from excised out-
side-out patches. Recording electrodes were pulled on a P-87 Flam-
ing Brown micropipette puller (Sutter Instrument Company, Rafael,
CA). The whole cell and lifted cell recording electrodes were pulled
from the thin-wall borosilicate glass tubing (i.d. 1.12 mm, o.d. 1.5
mm) (WPI, Sarasota, FL) with resistances between 0.8 to 2 M�, and
the single channel recording electrodes were pulled from the thick-
wall borosilicate glass tubing (i.d. 0.84 mm, o.d. 1.5 mm) (WPI) with
resistances between 6 to 16 M�. All electrodes were fire polished on
an MF-9 Microforge (Narishige, Tokyo, Japan). The single channel
recording electrodes were coated with polystyrene Q-dope (GC
Electronics, Rockford, IL) after fire polishing to minimize the
noise during recording.

Currents were recorded with either an Axopatch 1D or 200A
patch-clamp amplifier (Axon Instruments, Foster City, CA) and Digi-
data 1200 series interface (Axon Instruments). The data were stored
on a PC computer hard drive for offline analysis. Series resistance
was not compensated; theoretically, this could lead to an underesti-
mation of the extent of desensitization because voltage errors would
be larger at the peak current than after receptor desensitization had
occurred. However, we previously reported that desensitization rate
and extent were not significantly affected by current size for a broad
range of amplitudes, including very large current peaks (5–15 nA)
that desensitized �90% over a 28-s application (Bianchi and Mac-

donald, 2002), suggesting that series resistance errors did not sig-
nificantly affect our interpretations.

Solutions, Drugs, and Drug Application. All the chemicals
were purchased from Sigma-Aldrich (St. Louis, MO). External bath
solution was composed of 142 mM NaCl, 1 mM CaCl2, 6 mM MgCl2,
8 mM KCl, 10 mM glucose, and 10 mM HEPES that was standard-
ized to pH 7.4 with NaOH and osmolality to 323 to 329 mOsm.
Recording electrodes were filled with an internal solution consisting
of 153 mM KCl, 1 mM MgCl2, 10 mM HEPES, and 5 mM EGTA at pH
7.3 and osmolality between 301 and 309 mOsm. MgATP (2 mM) was
added to the internal solution on recording days. These solutions
produced an ECl near 0 mV and an EK at �75 mV.

GABA and pentobarbital sodium salt were prepared as stock so-
lutions and were diluted to desired concentrations with external
solution on the day of the experiment. Applications of drugs were
performed using an ultrafast delivery device consisting of multibar-
rel tubes (two three-barrel square glass tubing glued together) con-
nected to a perfusion fast-step system, a mechanical translation
device (Warner Instrument, Hamden, CT). Each of the three-barrel
square glasses was heated and manually pulled to the final barrel
size (around 200 �m). The external bath solution and drug solutions
were driven by gravity. This drug delivery device allowed rapid
solution exchanges with 10 to 90% rise times consistently less than
2 ms (typically 0.4–1.0 ms) determined by switches between normal
and dilute external solution at an open electrode. However, solution
exchanges, even when cells were lifted from the recording dish, were
likely to occur with a slower rate. Applications of drugs were sepa-
rated by an interval of at least 45 s to minimize accumulation of
desensitization. GABA-evoked single channel activity was recorded
with and without pentobarbital application from excised outside-out
patches during steady-state conditions (minutes of exposure to
GABA). Voltage was clamped at �75 mV during single channel
recordings. All the experiments were performed at room temperature.

Data Analysis and Simulations. Whole cell currents were an-
alyzed offline using Clampfit 8.1 (Axon Instruments) and GraphPad
Prism 2.01 (GraphPad Software Inc., San Diego, CA). Peak currents
were measured directly (manually) relative to the baseline, and
residual currents at “steady state” were measured from the end of
28-s application to baseline after recovery. The extent of potentiation
of GABA current by pentobarbital was measured by dividing the
peak current of coapplication of a given concentration of GABA and
pentobarbital by the peak current evoked by GABA alone. The re-
sulting ratio was multiplied by 100 and expressed as percentage of
GABA control. The concentration-response data were normalized
and fitted using a four-parameter logistic equation with a variable
slope: I � Imax/(1 � 10(LogEC50�Logdrug) � Hill slope). I represented the
current evoked by a given concentration of GABA with or without
pentobarbital coapplication. Imax denoted the maximal GABA peak
current. The extent of current desensitization was measured as a
percentage of current reduction, calculated by dividing the amount of
desensitized current (amplitude of peak current � amplitude of
current at the end of the 4- or 28-s GABA application) by peak
current and multiplying by 100. The rate of deactivation was ana-
lyzed using standard exponential Levenberg-Marquardt methods.
Deactivation currents were fitted with one or two exponential com-
ponents in the form of a1	1 � a2	2, where a1 and a2 represented the
relative amplitudes of the exponential components, and 	1 and 	2

denoted the time constant. A weighted 	 was calculated to compare
the rates of deactivation using the formula a1 � 	1/(a1 � a2) � a2 �

	2/(a1 � a2). Single channel data were acquired at 50-�s intervals,
filtered at 2 kHz, and analyzed offline with Fetchan 6.0 (Axon In-
struments) using 50% threshold detection. Although most patches
contained multiple channels based on overlapped openings, only
single amplitude openings were included in the analysis. Kinetic
analysis was performed using Interval 5 (Dr. Barry S. Pallotta,
University of North Carolina, Chapel Hill, NC). Open duration his-
tograms were generated and fitted by the maximum likelihood
method. The number of exponential components was increased until

Pentobarbital Modulates ��� and ��� GABAA Receptors 989

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


an additional exponential component did not significantly improve
the fit as determined by a log-likelihood ratio test automatically
performed by the software. Events with intervals less than 1.5 times
of the estimated system dead time (100 �s) were plotted but not
included in the fitting.

Simulations were carried out with the Berkeley Madonna 8.0
software package (www.berkeleymadonna.com), using the fourth or-
der Runge-Kutta algorithm to solve model differential equations
with a 100-�s step size. Simulated currents were imported into
GraphPad Prism 2.01 (GraphPad Software Inc.) where noise was
added before display.

Data were reported as mean � S.E.M. Paired Student’s t test was
used to compare current features before and after pentobarbital
treatment. Unpaired Student’s t test was used to analyze the alter-
ations between different treatment groups. The difference was con-
sidered to be statistically significant for p � 0.05.

Results
Differential Sensitivity of �2L and � Subunit-Con-

taining GABAA Receptors to GABA. Whole cell currents
were recorded by rapid application of different concentra-
tions of GABA to HEK cells transfected with cDNAs encoding
rat �1, �3, and �2L or �1, �3, and � GABAA receptor subunits
(Fig. 1A). Cells were voltage clamped at �20 mV for cells
transfected with �1, �3, and �2L subunits and at �50 mV for

those transfected with �1, �3, and � subunits due to the
smaller amplitude of currents recorded in these receptors
(Wohlfarth et al., 2002). No voltage-dependent effects were
observed between �20 and �50 mV in the present study (not
shown) and a previous report (Wohlfarth et al., 2002). For
each GABA concentration, mean peak changes in conduc-
tance (�G) were greater for �1�3�2L receptors than for
�1�3� receptors (Fig. 1B). Mean maximal peak �G for
�1�3�2L receptors (233.4 � 41.1 nS; n � 7) was significantly
higher than that for �1�3� receptors (21.0 � 4.0 nS; n � 6)
(p � 0.001). The mean EC50 values for �1�3�2L receptors
(8.5 � 6.4 �M) and �1�3� receptors (5.8 � 0.7 �M) were not
significantly different. The Hill slope for both �1�3�2L and
�1�3� receptors was 1.4.

Differences in Direct Activation and Open-Channel
Block of �2L or � Subunit-Containing GABAA Recep-
tors by Pentobarbital. As reported previously (Schulz and
Macdonald, 1981; Rho et al., 1996; Thompson et al., 1996;
Krampfl et al., 2002), pentobarbital directly activated
GABAA receptors at high concentrations. In the present
study, pentobarbital-evoked whole cell currents were re-
corded from �1�3�2L and �1�3� receptors, followed by ap-
plication of saturating GABA (0.3 mM) for each cell (Fig. 2, A
and C). Similar to GABA, pentobarbital evoked smaller mean
peak �G for �1�3� receptors than for �1�3�2L receptors (Fig.
2, B and D, squares). At 1000 �M pentobarbital, �1�3� re-
ceptor mean peak �G (7.0 � 2.4 nS; n � 7) was significantly
smaller than �1�3�2L receptor �G (109.4 � 19.0 nS; n � 8)
(p � 0.001). However, at higher pentobarbital concentra-
tions, the mean peak �G for �1�3�2L receptors declined.
This effect of high pentobarbital concentration was not ob-
served for �1�3� receptors up to 3000 �M pentobarbital (Fig.
2, B and D, squares). At 3000 �M pentobarbital, the mean
peak �G was still significantly smaller for �1�3� receptors
than for �1�3�2L receptors (p � 0.05).

With higher pentobarbital concentrations, a “rebound” cur-
rent occurred upon washout of pentobarbital (Fig. 2, A and
C). This is consistent with rapid unbinding of pentobarbital
from a low-affinity, open channel block site as suggested
previously (Rho et al., 1996; Thompson et al., 1996; Wooltor-
ton et al., 1997; Dalziel et al., 1999; Akk and Steinbach, 2000;
Krampfl et al., 2002). For both �1�3�2L and �1�3� receptors,
the mean peak �G of rebound current (measured from the
current amplitude at the onset of the rebound current) in-
creased as the pentobarbital concentrations increased from
200 to 3000 �M (Fig. 2, B and D, circles). The mean peak �G
of rebound current was significantly less for �1�3� receptors
than for �1�3�2L receptors at both 1 and 3 mM pentobarbital
(p � 0.05).

For �1�3�2L receptors, maximal mean peak �G evoked by
pentobarbital was significantly smaller than mean peak �G
evoked by a saturating GABA concentration. Maximal mean
peak �G evoked by pentobarbital averaged 58.5 � 8.0% (p �
0.01) of GABA-evoked mean peak �G. For �1�3� receptors,
maximal mean peak �G evoked by pentobarbital was 127.1 �
18.6% of that evoked by a saturating GABA concentration,
but this difference did not reach statistical significance. For
�1�3�2L receptors, maximal mean rebound �G evoked by
pentobarbital was significantly smaller than that evoked by
a saturating GABA concentration (80.2 � 9.1%; p � 0.05).
However, for �1�3� receptors, maximal mean rebound �G

Fig. 1. Differential GABA sensitivity of �1�3�2L and �1�3� receptors. A,
representative whole cell current traces evoked by different concentra-
tions of GABA from �1�3�2L and �1�3� receptors are presented. B, mean
peak conductance changes (�G) with different GABA concentrations are
plotted for �1�3�2L and �1�3� receptors. The squares denote the mean
peak �G for �1�3�2L receptors (n � 7), and the circles denote �G for
�1�3� receptors (n � 6). The error bars represent S.E.M. (the error bars
are too small to be seen for �1�3� receptors). The holding potential was
�20 mV for �1�3�2L receptors and �50 mV for �1�3� receptors.
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evoked by pentobarbital was 1479.0 � 590.4% (p � 0.01) of
that evoked by a saturating GABA concentration.

For �1�3�2L receptors, the pentobarbital-evoked direct
current declined during the pentobarbital application
(Fig. 2A). This decline likely represented receptor desen-
sitization, although a contribution from open channel
block could not be ruled out. This apparent current desen-
sitization was concentration-dependent (300–3000 �M
pentobarbital) and was manifested differently in �1�3�
and �1�3�2L receptors (Fig. 3A). Whereas only minimal
desensitization was observed for �1�3� receptor currents
up to 3000 �M pentobarbital (Fig. 3A), more extensive
desensitization was observed for �1�3�2L receptors at pento-
barbital concentrations greater than 300 �M (Fig. 3A). It is
possible, however, that a rapidly equilibrating open chan-
nel block mechanism was “masking” macroscopic manifes-
tations of entry into desensitized states, and thus the
measurements of apparent desensitization may be under-
estimated for both isoforms. Furthermore, the activation
time with pentobarbital tended to be slower than that
observed with GABA, and slow macroscopic activation
would preclude observation of fast desensitization (Bianchi
and Macdonald, 2002).

For �1�3� receptors, the deactivation rates of GABA-
evoked currents were not concentration-dependent for con-
centrations up to 1 mM (data not shown), but significant
slowing of deactivation was observed at 3000 �M pentobar-
bital (Figs. 2C and 3B). For �1�3�2L receptors, the deacti-
vation rates of GABA-evoked current were not concentration-
dependent at concentrations greater than 10 �M (data not
shown). However, the deactivation rates of pentobarbital-
evoked current were concentration-dependent at concentra-
tions greater than 300 �M (Figs. 2A and 3B).

Pentobarbital Enhanced Currents Evoked by a
High Concentration of GABA from � More than �2L
Subunit-Containing GABAA Receptors. Because low
concentrations of pentobarbital (30–50 �M) caused little or
no direct activation of current, they were considered mod-
ulatory concentrations. Occasionally, pentobarbital at 50
�M alone produced small direct currents for �1�3�2L re-
ceptors, but the direct currents were minimal (�2%) com-
pared with maximal GABA-evoked currents. Pentobarbital
concentrations in this range potentiated GABA-evoked
currents for both �1�3� and �1�3�2L receptors. Coappli-
cation of a range of GABA concentrations with 50 �M
pentobarbital slightly potentiated �1�3�2L receptor cur-
rents (Fig. 4B). The currents evoked by coapplication of
GABA and pentobarbital as well as GABA alone were
normalized to 300 �M GABA. The normalized GABA con-
centration-response curve was shifted upward (Fig. 4B),
with a maximal extent of enhancement of 133.9 � 19.9%
(n � 8). The mean EC50 for GABA � 50 �M pentobarbital
(3.8 � 1.9 �M) was not significantly different from that of
GABA alone (8.5 � 6.4 �M). Pentobarbital at 30 �M also
potentiated �1�3� receptor currents (Fig. 4C). The concen-
tration-response curve was shifted upward (Fig. 4D), and
the amplitude of this shift (225.9 � 15.1%; n � 7) was
significantly greater than that observed with �1�3�2L
receptors (p � 0.001). The mean EC50 for GABA � 30 �M
pentobarbital (5.3 � 1.0 �M) was not significantly differ-
ent from that of GABA alone (5.8 � 0.7 �M).

Fig. 2. Characterization of pentobarbital direct activation and open channel
block for �1�3�2L and �1�3� receptors. A, representative currents evoked
from the same cell by different concentrations of pentobarbital and 0.3 mM
GABA from �1�3�2L receptors are presented. B, mean peak conductance
changes (�G) with different pentobarbital concentrations are plotted for
direct and rebound currents from �1�3�2L receptors (n � 8). C, represen-
tative currents evoked from the same cell by different concentrations of
pentobarbital and 0.3 mM GABA from �1�3� receptors are presented. D,
mean peak �G for direct and rebound currents are plotted for �1�3� recep-
tors (n � 7). The solid line above each current trace denotes the duration of
pentobarbital or GABA application. The squares represent the mean peak
�G of the direct currents, and the circles represent those of the rebound
currents. The error bars denote S.E.M. The holding potential was �20 mV
for �1�3�2L receptors and �50 mV for �1�3� receptors.
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Fig. 3. Characterization of the apparent desensitization and deactivation
of �1�3�2L and �1�3� receptors currents evoked by pentobarbital. A,
mean amounts of desensitization evoked by pentobarbital for �1�3�2L
and �1�3� receptors were determined. The percentage of current reduc-
tions (desensitization) was increased in a concentration-dependent man-
ner from 300 to 3000 �M pentobarbital for �1�3�2L receptors. For the
�1�3� receptors, only minimal desensitization (2–3% current reduction)
was observed at 1000 and 3000 �M pentobarbital. B, mean rates of
deactivation evoked by pentobarbital for �1�3�2L and �1�3� receptors
were determined. The rate of deactivation was increased in a concentra-
tion dependent manner from 300 to 3000 �M pentobarbital for �1�3�2L
receptors. For �1�3� receptors, the mean weighted deactivation time
constant was significantly greater at 3000 �M than at 1000 �M pento-
barbital. The blank columns represent the mean apparent desensitiza-
tion or deactivation of �1�3�2L receptors (n � 8), and the filled columns
represent those of �1�3� receptors (n � 7). Absence of columns indicates
that the measurements could not be made due to either small amplitude
currents or lack of measurable desensitization. The error bars denote the
S.E.M. Significantly different from 1000 �M pentobarbital at ��, p � 0.01;
#, p � 0.05; ���, p � 0.001. Significantly different from 300 �M pento-
barbital at ���, p � 0.001.

Fig. 4. Pentobarbital at modulatory concentrations produced greater en-
hancement of �1�3� receptor than �1�3�2L receptor currents. A, represen-
tative current traces evoked by 300 �M GABA and coapplication of 300 �M
GABA and 50 �M pentobarbital from �1�3�2L receptors are presented. B,
concentration-response curves for GABA alone (n � 7) and coapplication of
GABA with 50 �M pentobarbital (n � 8) are plotted for �1�3�2L receptors.
C, representative current traces evoked by 300 �M GABA and coapplication
of 300 �M GABA and 30 �M pentobarbital from �1�3� receptors are pre-
sented. D, concentration-response curves for GABA alone (n � 6) and coap-
plication of GABA with 30 �M pentobarbital (n � 7) are plotted for �1�3�
receptors. The solid line above each representative current trace denotes the
duration of drug application. The squares represent the mean normalized
response of coapplication of GABA and pentobarbital, and the circles repre-
sent that of GABA alone. The error bars denote the S.E.M. (the error bars in
D are too small to be seen).
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Pentobarbital Produced Similar Alterations in Peak
Current, Desensitization, and Deactivation of Currents
Evoked by a Submaximal Concentration of GABA for �
and �2L Subunit-Containing GABAA Receptors. To dem-
onstrate better the fast component of desensitization and to
determine the effect of pentobarbital on GABAA receptor cur-
rents evoked by low (1 �M) GABA concentrations during coap-
plication, cells were lifted from the recording dishes, and pen-
tobarbital was preapplied for 1.5 s before a 4-s coapplication of
GABA and pentobarbital. Pentobarbital (100 �M, a concentra-
tion that evoked very small currents from both �1�3�2L and
�1�3� receptors) substantially enhanced both �1�3�2L
(660.5 � 111.9%; n � 6) and �1�3� (872.0 � 105.9%; n � 8)
receptor currents, but no significant difference in enhancement
was observed between these two isoforms (Fig. 5, A–C). When
activated by 1 �M GABA, �1�3�2L and �1�3� receptor cur-
rents showed minimal apparent desensitization (�3%; Fig. 5, A,
B, and D). Coapplication of 1 �M GABA with 100 �M pento-
barbital significantly increased the extent of desensitization
similarly for both �1�3�2L and �1�3� receptors (�10%; Fig. 5,
A, B, and D) (p � 0.01). For these experiments, the extent of
current loss during the 4-s applications was used to describe
desensitization, rather than fitted desensitization time con-
stants, because the rate of decay was slow relative to the appli-
cation length, precluding accurate fitting of the time constants.

The currents evoked by 1 �M GABA deactivated signifi-
cantly faster for �1�3� receptors than for �1�3�2L receptors

(Fig. 5, A, B, and E) (p � 0.001). For �1�3� receptors, the
mean current deactivation time constants were significantly
increased by pentobarbital from 86.8 � 12.4 to 271.8 � 45.9
ms (p � 0.01). In the presence of pentobarbital, the mean
current deactivation time constants were significantly in-
creased from 321.2 � 29.4 to 1257.4 � 237.9 ms for �1�3�2L
receptors (p � 0.05). The mean current deactivation time
constants in the presence of pentobarbital were significantly
smaller for �1�3� receptors than for �1�3�2L receptors (p �
0.001) (Fig. 5E).

Pentobarbital Evoked a Greater Enhancement of
Peak Amplitude and Desensitization with a Saturat-
ing Concentration of GABA for � than for �2L Subunit-
Containing GABAA Receptors. Although pentobarbital
(100 �M) modulation of currents evoked by a 4-s application
of low concentration of GABA (1 �M) was not significantly
different between �1�3� and �1�3�2L receptors, modulation
of currents evoked by a 4-s application of a saturating con-
centration of GABA (1 mM) by pentobarbital (100 �M) pro-
duced a much larger effect on �1�3� than �1�3�2L currents
(we used the same preapplication protocol as that for appli-
cation of 1 �M GABA). Pentobarbital did not enhance the
peak �1�3�2L receptor current evoked by 1 mM GABA
(99.4 � 5.8%; n � 7) (Fig. 6, A and C). However, pentobarbital
evoked a substantial enhancement in peak �1�3� receptor
current (526.4 � 98.3%; Fig. 6, B and C). Note that in the
coapplication condition under which �1�3�2L receptor

Fig. 5. Coapplication (4 s) of 1 �M
GABA with 100 �M pentobarbital pro-
duced similar alterations in enhance-
ment, desensitization, and deactivation
for �1�3�2L and �1�3� receptors. A,
representative current traces evoked by
1 �M GABA and coapplication of 1 �M
GABA with 100 �M pentobarbital from
�1�3�2L receptors are presented. The
GABA control trace (gray trace) was nor-
malized to the pentobarbital enhanced
trace to show the changes in desensitiza-
tion and deactivation evoked by coappli-
cation of GABA and pentobarbital. B,
representative current traces evoked by
1 �M GABA and coapplication of 1 �M
GABA with 100 �M pentobarbital from
�1�3� receptors are presented. C, pento-
barbital potentiation of GABA currents
are plotted for both �1�3�2L (n � 6) and
�1�3� receptors (n � 8). D, mean appar-
ent desensitization evoked by 1 �M
GABA and coapplication of 1 �M GABA
with 100 �M pentobarbital is plotted. E,
mean rate of current deactivation evoked
by 1 �M GABA and coapplication of 1 �M
GABA with 100 �M pentobarbital is plot-
ted. The solid line above each current
trace denotes the duration of GABA ap-
plication, and the dashed line denotes
that of pentobarbital application. The
blank columns represent the mean de-
sensitization or deactivation of GABA
alone treatment, and the filled columns
represent that of coapplication of GABA
and pentobarbital. The error bars denote
the S.E.M. Significantly different from
corresponding GABA control at �, p �
0.05, ��, p � 0.01. Significantly different
from GABA control in � isoform at #, p �
0.001. Significantly different from coap-
plication of GABA and pentobarbital in �
isoform at �, p � 0.001.
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GABA concentration-response curves were generated, 50 �M
pentobarbital potentiated currents evoked by 300 �M GABA.
The basis for the difference between this enhancement com-
pared with results with 100 �M pentobarbital preapplied for
1.5 s before a jump into 1 mM GABA is unclear but may be
related to increased direct gating of the receptors (visible
during the preapplication period) that may have resulted in
a small amount of “predesensitization”, similar to what has
been described for preincubation in low concentrations of
GABA (Overstreet et al., 2000).

Currents evoked from �1�3�2L receptors by 1 mM GABA
exhibited substantial desensitization (78.5 � 3.5%; Fig. 6, A
and D), consistent with previous studies on recombinant
GABAA receptors containing a � subunit (Haas and Mac-
donald, 1999; Burkat et al., 2001; Bianchi and Macdonald,
2002). However, only minimal desensitization was observed
for �1�3� receptors with this concentration of GABA (14.1 �

3.9%; Fig. 6, B and D), similar to our previous reports (Haas
and Macdonald, 1999). Pentobarbital differentially altered
desensitization for �1�3� and �1�3�2L receptor currents
evoked by 1 mM GABA. The mean percentage of current
reduction was significantly increased to 39.1 � 6.3% (p �
0.01) for �1�3� receptors. In contrast, the mean percentage of
current reduction was significantly decreased by pentobarbi-
tal by �10% to 69.5 � 5.5% for �1�3�2L receptors (p � 0.05)
(Fig. 6D).

To evaluate more accurately the effects of pentobarbital on
the extent of desensitization, longer duration GABA applica-
tions were required for the residual currents to approach a
quasi steady state. Thus, both �1�3� and �1�3�2L currents
were evoked by long-duration (28-s) pulses of GABA (1 mM).
The enhancement of peak currents for long-duration GABA
application was within the range of that for 4-s applications
for both isoforms. However, the extent of desensitization,

Fig. 6. Coapplication (4 s) of 1 mM GABA with 100 �M pentobarbital produced differential alterations in enhancement and desensitization for
�1�3�2L and �1�3� receptors. A, representative current traces evoked by 1 mM GABA and coapplication of 1 mM GABA with 100 �M pentobarbital
from �1�3�2L receptors. The GABA control trace (gray trace) was normalized to the trace evoked by coapplication of GABA and pentobarbital to show
the changes in desensitization and deactivation. B, representative current traces evoked by 1 mM GABA and coapplication of 1 mM GABA with 100
�M pentobarbital from �1�3� receptors. C, pentobarbital differentially affected the mean GABA peak currents for �1�3�2L (n � 7) and �1�3� (n �
8) receptors. The dashed line indicates 100%. D, comparison of the mean apparent desensitization evoked by 1 mM GABA and coapplication of 1 mM
GABA with 100 �M pentobarbital. E, comparison of the mean rate of current deactivation evoked by 1 mM GABA and coapplication of 1 mM GABA
with 100 �M pentobarbital. The solid line above each representative current trace denotes the duration of GABA application, and the dashed line
denotes that of pentobarbital application. The blank columns represent the mean apparent desensitization or deactivation of GABA alone treatment.
The filled columns represent that of coapplication of GABA and pentobarbital. The error bars denote the S.E.M. �, significantly different from
corresponding GABA control at p � 0.05; ��, significantly different from �2L isoform or GABA control at p � 0.01; #, significantly different from GABA
control in � isoform at p � 0.001. Significantly different from coapplication of GABA and pentobarbital in � isoform at �, p � 0.05; ��, p � 0.01.
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compared with 4-s applications, was increased for both iso-
forms. Specifically, pentobarbital significantly increased the
mean residual currents from 868.0 � 338.1 to 1196.0 � 392.0
pA for �1�3�2L receptors (n � 5) (p � 0.05) as a consequence of
a significant reduction in the extent of desensitization from
83.8 � 2.9 to 78.1 � 2.2% (p � 0.05) after 28-s GABA application
(Fig. 7, A–C). For �1�3� receptors (n � 4), pentobarbital in-
duced a significant increase in apparent desensitization from
30.0 � 9.6 to 59.6 � 10.6% (p � 0.05) after 28-s GABA appli-
cation, but the mean residual current amplitudes were signifi-
cantly increased after pentobarbital treatment from 252.5 �
60.1 to 512.5 � 121.5 pA (p � 0.05) (Fig. 7, D–F).

Although pentobarbital produced differential changes in
enhancement of peak current and desensitization for �1�3�
and �1�3�2L receptor currents evoked by a saturating con-
centration of GABA, the rates of deactivation were prolonged
in the presence of pentobarbital in both of these receptors
after 4-s GABA application (Fig. 6, A and B). The mean
current deactivation time constants after activation with 1
mM GABA alone were significantly smaller for �1�3� recep-
tors than for �1�3�2L receptors (p � 0.001) (Fig. 6E). Pen-
tobarbital significantly increased the mean current deactiva-
tion time constants from 118.2 � 32.4 to 471.9 � 127.8 ms
(p � 0.05) for �1�3� receptors and also significantly in-
creased the mean current deactivation time constants from
388.8 � 44.6 to 1168.9 � 272.1 ms for �1�3�2L receptors (p �
0.05) (Fig. 6E).

Pentobarbital Introduced a Long-Duration Open
State for � Subunit-Containing GABAA Receptor Sin-
gle Channel Currents. To explore possible bases for the
different effects of pentobarbital in modulating macroscopic
GABA-evoked currents from � and �2L subunit-containing
GABAA receptors, single channel currents were recorded
without and with pentobarbital during steady-state applica-
tion of GABA to outside-out membrane patches containing
�1�3� or �1�3�2L receptors. Data were analyzed from 40 to
480 s after the patch was excised. �1�3�2L receptor single
channel currents exhibited bursting openings in the presence
of 1 mM GABA (Fig. 8A1–3). The distribution of open states
was fitted best with three exponential functions (Fig. 8A4),
similar to our previous reports (Fisher and Macdonald,
1997b; Haas and Macdonald, 1999). Coapplication of 1 mM
GABA with 100 �M pentobarbital increased the mean dura-
tion of channel openings (Fig. 8B1–3), although the distribu-
tion of open states was still best described by three exponen-
tial functions (Fig. 8B4). Compared with GABA alone,
pentobarbital significantly increased the mean channel open
duration from 1.45 � 0.26 ms (n � 5) to 4.86 � 1.06 ms (n �
5) for �1�3�2L receptors (p � 0.05) (Table 1). The time
constant of the shortest exponential function (	1) was not
significantly altered by pentobarbital. However, pentobarbi-
tal significantly decreased the relative area of the shortest
exponential function (A1) (p � 0.05) (Table 1). Neither the
time constant (	2) nor the relative area (A2) of the second
exponential function was significantly altered for �1�3�2L
receptors (Table 1). Interestingly, the third exponential func-
tion time constant (	3) was significantly increased from
4.63 � 0.81 to 9.37 � 1.11 ms (p � 0.01), and the relative area
(A3) was significantly increased from 18.2 � 3.04 to 41.4 �
7.21% (p � 0.05) (Table 1). Pentobarbital at 100 �M alone
directly activated single channel currents (Fig. 8C1–3). The
open-duration histogram of channel activity evoked by 100

Fig. 7. Pentobarbital significantly enhanced the residual currents for
both �1�3�2L and �1�3� receptors after long-duration (28 sec) applica-
tion of GABA. A, representative current traces evoked by 1 mM GABA (28
s) and coapplication of 1 mM GABA with 100 �M pentobarbital from
�1�3�2L receptors. B, pentobarbital significantly enhanced the mean
residual currents at steady state for �1�3�2L receptors (n � 5). C,
pentobarbital significantly decreased the apparent desensitization for
�1�3�2L receptors (n � 5). D, representative current traces evoked by 1
mM GABA (28 s) and coapplication of 1 mM GABA with 100 �M pento-
barbital from �1�3� receptors. E, pentobarbital significantly enhanced
the mean residual currents at steady state for �1�3� receptors (n � 4). F,
pentobarbital significantly increased the apparent desensitization for
�1�3� receptors (n � 4). The solid line above each representative current
trace denotes the duration of GABA application, and the dashed line
denotes that of pentobarbital application. The gray dashed line indicates
the level of residual current for GABA controls. The error bars denote the
S.E.M. �, significantly different from GABA control at p � 0.05.
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�M pentobarbital (n � 4) was similar to that evoked by 1 mM
GABA (Fig. 8A1 and C1), except that 	1 was significantly
smaller with pentobarbital alone treatment (p � 0.05). Com-

pared with pentobarbital alone, the mean open duration and
	3 were significantly increased with coapplication of GABA
and pentobarbital (p � 0.05) (Table 1).

Fig. 8. Single channel �1�3�2L receptor currents evoked by 1 mM GABA, coapplication of 1 mM GABA and 100 �M pentobarbital, or 100 �M
pentobarbital alone. The portion of each single channel current trace (A1, B1, and C1) below the hatched column was expanded and shown in A2, B2,
and C2, and a portion of each trace (A2, B2, and C2) was shown in A3, B3, and C3. Compared with the single channel current evoked by 1 mM GABA
or 100 �M pentobarbital, the open duration of single current was prolonged with coapplication of GABA and pentobarbital. The distributions of open
states for each treatment are plotted in A4, B4, and C4. The open events for A4, B4, and C4 were 7351, 3976, and 4229, respectively. Each histogram
contained the data from a single patch. Note that the time constants and relative areas of the third open states were increased by coapplication of
GABA and pentobarbital (the x-axis values for B4 are different than those of A4 and C4).
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In contrast to the “high-efficacy” bursting behavior of
�1�3�2L receptor single channel currents, �1�3� receptor
single channel currents displayed only brief openings (Fig.
9A1–3). The distribution of open states was fitted best with
two exponential functions (Fig. 9A4), similar to our previous
reports (Fisher and Macdonald, 1997b; Haas and Macdonald,
1999). Coapplication of 1 mM GABA with 100 �M pentobar-
bital resulted in an increased mean open duration (Fig. 9B1–
3). The distribution of open states in the presence of pento-
barbital, however, required three exponential functions (Fig.
9B4). Compared with GABA alone, coapplication of GABA
and pentobarbital significantly increased the mean open du-
ration from 0.53 � 0.04 ms (n � 6) to 1.08 � 0.17 ms (n � 7)
for �1�3� receptors (p � 0.05) (Table 1). A1 was significantly
decreased by pentobarbital (p � 0.05), although 	1 was not
significantly altered. 	2 was significantly increased from
0.90 � 0.10 to 1.27 � 0.10 ms in the presence of pentobarbital
(p � 0.05). Coapplication of GABA and pentobarbital intro-
duced a third longer duration open state for �1�3� receptors
with a time constant of 4.03 � 0.59 ms and relative area of
10.3 � 2.15% (Table 1). The single channel activity evoked by
100 �M pentobarbital alone (n � 5) was different from that
evoked by 1 mM GABA alone because open-state distribu-
tions required a third longer-duration open state (	3 � 2.95 �
0.62 ms, A3 � 3.50 � 0.57%) (Fig. 9C1–4). 	1 was significantly
smaller for pentobarbital alone treatment than for GABA
alone treatment (p � 0.001) (Table 1). Compared with pento-
barbital alone, the mean open duration (p � 0.05), 	1 (p �
0.001), 	2 (p � 0.01), and A3 (p � 0.05) were significantly greater
with coapplication of GABA and pentobarbital (Table 1).

Although it was possible that pentobarbital altered closed
times or opening frequency in these experiments, we could
not accurately analyze these properties because most patches
in the current study exhibited overlapping openings, which
indicated the presence of multiple active channels. The pres-
ence of more than one channel will result in spuriously high
measures of open probability and open frequency, as well as
low apparent closed duration measurements. Analysis was
performed only on individual open durations; burst analysis
was not performed due to the presence of multichannel
patches that precluded accurate closed state analysis (re-
quired to define intraburst closed durations).

Simulation of �1�3� and �1�3�2L Receptor Cur-
rents. Although a detailed mechanism of action for pento-
barbital could not be proposed based on the current results,
we felt that simulations may shed light on two interesting
features of the macroscopic data. First, pentobarbital poten-
tiated the peak amplitude of �1�3� currents but did not
potentiate that of �1�3�2L currents evoked by a saturating
GABA concentration, despite the clear increase in efficacy by
prolonging steady-state mean open time. Although this
might have been related to limitations of resolving the “true”
peak of a rapidly activating and desensitizing current using
whole cell methods, could this observation be related to un-
derlying receptor kinetics? Second, pentobarbital exhibited
opposite effects on the macroscopic desensitization of �1�3�
and �1�3�2L currents. Although this could be related to
isoform-specific pentobarbital modulation of rate constants of
desensitized states, was it possible that an increase in single
channel open time could partly contribute to both of these
apparently opposite effects? To explore these issues, we gen-
erated simulated currents using our previously established
models for �1�3� and �1�3�2L receptors (Haas and Mac-
donald, 1999) (Fig. 10, A and B). For the purposes of this
analysis, we were limited to qualitative comparisons, partic-
ularly because the models were generated using data ob-
tained with excised patches, a condition of substantially
higher temporal resolution than the whole cell configuration
(Bianchi and Macdonald, 2002).

In the first set of simulations, the currents evoked by 6-s
square pulses of 1 mM agonist were modeled for the �1�3�2L
receptor (Fig. 10, A and C). Compared with the “wild-type”
current (left trace), increasing the duration of O2 by 3-fold
(second trace) caused a small increase in peak current
(�10%), whereas the residual current increased by �100%
(dotted lines). Combining this with a 3-fold increase in O3

duration (third trace), no further change in peak was ob-
served, whereas the residual current amplitude was in-
creased by an additional �100%. Finally, �3 and �3 were
altered to reflect the observed changes in single channel open
distribution (right trace). In this case, peak amplitude
changed by �5%, whereas the residual current was 3-fold
larger. This limited change in peak amplitude was attributed
in part to rapid entry into the fast desensitized state, effec-

TABLE 1
Pentobarbital (100 � M) modulated the open states of GABAA receptors
For �1�3�2L receptors, the average number of openings were 3758 (GABA), 3899 (GABA � pentobarbital), and 3645 (pentobarbital); and for �1�3� receptors, 5309 (GABA),
4320 (GABA � pentobarbital), and 3499 (pentobarbital).

�1�3�2L �1�3�

GABA
(1 mM)

� PB
(100 �M)

PB
(100 �M)

GABA
(1 mM)

� PB
(100 �M)

PB
(100 �M)

n 5 5 4 6 7 5
Mean 1.45 � 0.26 4.86 � 1.06a,c 1.41 � 0.19 0.53 � 0.04 1.08 � 0.17a,c 0.48 � 0.07
	1 (ms) 0.31 � 0.02 0.32 � 0.07 0.24 � 0.01f 0.33 � 0.02 0.35 � 0.03e 0.18 � 0.02g

A1 (%) 49.2 � 3.33 33.2 � 5.34a 46.0 � 6.39 65.0 � 2.87 54.4 � 2.81a 61.1 � 3.26
	2 (ms) 1.55 � 0.39 2.28 � 0.58 1.11 � 0.13 0.90 � 0.10 1.27 � 0.10a,d 0.75 � 0.10
A2 (%) 32.7 � 3.01 25.4 � 3.33 32.9 � 2.92 35.1 � 2.88 35.3 � 1.97 35.4 � 2.87
	3 (ms) 4.63 � 0.81 9.37 � 1.11b,c 4.66 � 0.67 4.03 � 0.59 2.95 � 0.62
A3 (%) 18.2 � 3.04 41.4 � 7.21a 21.2 � 4.33 10.3 � 2.15c 3.50 � 0.57

PB, pentobarbital.
a Significantly different from corresponding GABA control at p � 0.05.
b Significantly different from corresponding GABA control at p � 0.01.
c Significantly different from corresponding PB at p � 0.05.
d Significantly different from corresponding PB at p � 0.01.
e Significantly different from corresponding PB at p � 0.001.
f Significanlty different from corresponding GABA at p � 0.05.
g Significanlty different from corresponding GABA at p � 0.001.
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tively truncating the current by preventing some channels
from opening upon agonist binding. Also, the model predicts
that 	90% of the peak amplitude is due to openings into the
second open state (whereas residual current is dominated by
O3). Although we have not evaluated this experimentally

(but see Burkat et al., 2001), this kinetic arrangement pre-
dicted that increasing the duration and/or proportion of O3

would preferentially increase residual currents. Apparent
desensitization was reduced for each condition, consistent
with our previous experimental and simulation results re-

Fig. 9. Single channel �1�3� receptor currents evoked by 1 mM GABA, coapplication of 1 mM GABA and 100 �M pentobarbital, or 100 �M
pentobarbital alone. The portion of each single current trace (A1, B1, and C1) below the hatched column was expanded proportionally and shown in
A2, B2, and C2, and a portion of each trace (A2, B2, and C2) was shown in A3, B3, and C3. Compared with the single channel current evoked by 1
mM GABA or 100 �M pentobarbital, the open duration of single current was prolonged with coapplication of GABA and pentobarbital. The
distributions of open states for each treatment are plotted in A4, B4, and C4. The open events for A4, B4, and C4 were 4890, 3767, and 4257,
respectively. Each histogram contained the data from a single patch. Note that coapplication of GABA and pentobarbital introduced an additional open
state, which was not seen with GABA alone. Three open states were observed with pentobarbital treatment alone.
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Fig. 10. Simulations of �1�3� and �1�3�2L receptor currents. A, kinetic model of �1�3�2L receptor behavior (from Haas and Macdonald, 1999). Rate
constants were kon � 7.0e � 6 s � M�1, koff � 170 s�1, C34 � 710 s�1, C43 � 58 s�1, �1 � 50 s�1, �2 � 1800 s�1, �3 � 76 s�1, �1 � 3100 s�1, �2 � 280
s�1, �3 � 150 s�1, Df � 960 s�1, Rf � 22 s�1, Di � 8 s�1, Ri � 0.81 s�1, Ds � 0.75 s�1, Rs � 0.49 s�1; for clarity, intraburst closed states proceeding
from each open state were omitted from the figure (see Haas and Macdonald, 1999). B, kinetic model of �1�3� receptor current response to 1 mM
GABA. Rate constants were kon � 6.5e � 6 s � M�1, koff � 18 s�1, C34 � 12 s�1, C43 � 11 s�1, �1 � 80 s�1, �2 � 9 s�1, �1 � 2400 s�1, �2 � 600 s�1,
Ds � 0.35 s�1, Rs � 0.35 s�1; for clarity, intraburst closed states proceeding from each open state were omitted from the figure (see Haas and
Macdonald, 1999). C, simulations of �1�3�2L receptor-current response to 1 mM GABA under control condition (left trace), as well as decreasing �2
by 3 (second trace), decreasing both �2 and �3 by a factor of 3 (third trace), and decreasing �3 by a factor of 2 and increasing �3 by a factor of 2 to reflect
the observed changes in O3 time constant and relative proportion (right trace). For each trace, the current was generated using a 6 s square pulse of
1 mM GABA. Gaussian noise was added to each current with a standard deviation of 0.5 (on a scale of 0–100 open probability percentage). Dotted lines
show the level of the peak and residual current for the control (left) trace for comparison with other conditions. D, simulations of �1�3� receptors under
control conditions (left trace), with �1 decreased by a factor of 2 (second trace), with �2 decreased by a factor of 2 (third trace), or both (right trace).
For each trace, the current was generated using a 6-s square pulse of 1 mM GABA. Gaussian noise was added to the currents with a standard deviation
of 0.5 (on a scale of 0–100 open probability percentage). The apparent increase in noise reflects the decreased open probability of this model relative
to the �1�3�2L model. The horizontal time scale is the same as that in C. E, simulation showing the occupancy of various states of the �1�3�2L kinetic
model during a simulated 6-s application of 1 mM GABA. The total open probability (i.e., the sum of states O1, O2, and O3) were shown as downward
going and represented the shape of the predicted current. Overlaid upward going lines were the probability density functions of the three desensitized
states, O2 and O3 (O1 and other closed states were not shown). F, Simulations of �1�3�2L (left) and �1�3� receptors (right) generated to reflect
observed macroscopic currents in the presence of pentobarbital. For the �1�3�2L model, the following rate constants were changed: �2 � 1450, �3 �
150, �2 � 200, �3 � 75, and Ri � 0.4. The resulting trace was overlaid and shifted to the right for comparison (but was not normalized). For the �1�3�
model, the “control” rate constants were altered in the following way to more closely represent our whole cell observations: C43 � 22 and �2 � 18. The
following additional changes were made to reflect the presence of pentobarbital: �1 � 400, �2 � 90, �3 � 10, �3 � 250, �2 � 450, Ds � 0.17, and Rs �
0.07. No intraburst closed states were added to state O3. �, simulations that reflect the presence of pentobarbital.
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garding increased efficacy (Bianchi and Macdonald, 2001).
This general pattern of macroscopic manifestations of in-
creasing open duration (i.e., preferential increases in resid-
ual current) was observed for less complex models as well, as
long as desensitized states did not proceed directly from the
open state (not shown). These simulations illustrate the prin-
ciple that increasing open duration can produce selective
increases in residual, as opposed to peak, current amplitudes
for �1�3�2L receptors, in part because of the rapid entry into
a fast desensitized state.

Similar simulations were also carried out with a model
generated for �1�3� receptors (Fig. 10, B and D). Note that
these receptors are characterized by substantially smaller
open probabilities relative to �1�3�2L receptors, even under
conditions of saturating GABA. This was apparent in the
relative increase in “noise” that was added as Gaussian noise
with a constant standard deviation for both sets of simula-
tions. Increasing the open duration via decreasing �1 by a
factor of 2 resulted in an approximate doubling of both the
peak and the steady-state current amplitude (Fig. 10D, left
trace, second trace). This can be explained by the relative
contribution of O1 to the current time course. Similar to
�1�3�2L receptor model, the first accessible open state (in
this case O1) contributes 	90% of the peak current ampli-
tude. However, in contrast to the �1�3�2L model, initial
access to this state is not significantly compromised by rapid
entry into a desensitized state (allowing peak current en-
hancement), and this open state continues to pass a consid-
erable portion of the total current throughout the pulse,
accounting for �60% of the residual amplitude (not shown).
Thus, all parts of the current are sensitive to changes in this
open state. Consistent with this idea, when the duration of
O2 was increased by a factor of 2 (Fig. 10D, third trace), the
macroscopic residual current was preferentially increased,
with only minor changes in peak amplitude. Interestingly, in
contrast to the clear decrease in apparent desensitization
observed with increased open duration for �1�3�2L currents,
apparent desensitization was slightly increased for �1�3�
currents (from �40 to �50%). This difference is attributable
to isoform differences in baseline gating efficacy and desen-
sitization, which will limit changes in peak amplitude for
�1�3�2L but not �1�3� receptor currents. When an addi-
tional open state was included (arbitrarily made to proceed
from the closed state C4), to reflect our single channel obser-
vations, no alteration of peak current amplitudes was ob-
served (data not shown). This is consistent with “proximal”
open states (with relatively high entry rate constants) selec-
tively contributing to the initial development of current.
Again, although the exact mechanism of pentobarbital mod-
ulation remains unclear, the simulations suggested that
longer duration openings could manifest differently for re-
ceptors with different baseline kinetic properties.

The simulated currents from both �1�3�2L and �1�3�
receptor models were qualitatively in agreement with our
experimental observations, regarding the differential sensi-
tivities of peak and residual current amplitude to pentobar-
bital modulation. However, the quantitative differences in
these amplitude measurements suggested that additional
kinetic parameters, in addition to mean open duration, con-
tributed to the alterations induced by pentobarbital. For
example, the residual current amplitude was overestimated
in the case of �1�3�2L receptor simulations (Fig. 10C),

whereas the peak current amplitude changes for �1�3� re-
ceptors were underestimated (Fig. 10D). Clearly, quantita-
tive correlations of steady state mean open time changes
evoked by pentobarbital with peak or residual macroscopic
currents are not straightforward because occupancy of open
states is only a small fraction of all bound states. This is
illustrated in Fig. 10E, in which a simulated �1�3�2L recep-
tor current (downward trace) is shown with the correspond-
ing probability density functions of the two open and three
desensitized states available to the fully bound receptor. For
clarity, occupancy of C3, C4, and the intraburst closed states
is not shown, which also contributes to the overall occupancy
patterns. Thus, further simulations were carried out to ex-
plore other possible mechanisms of pentobarbital modulation
of macroscopic currents of �1�3�2L and �1�3� receptors.
Because of the number of unconstrained parameters in these
complex models, we did not attempt to uniquely fit all rate
constants to our experimental data. Instead, focused changes
were made in an attempt to generate hypotheses as to which
additional parameters might be involved in pentobarbital
modulation. For �1�3�2L receptors, reducing the exit rate of
Di by a factor of 2 (in addition to the changes made to reflect
the single channel open distribution data) reduced the resid-
ual current amplitude (by decreasing open probability) with
minimal alteration of the peak amplitude (Fig. 10F, left
traces). Similar results were obtained with increasing entry
into Di by a factor of 1.5. For the �1�3� receptor model, we
first altered certain parameters to render currents that more
closely resembled our whole cell observations (that is, less
macroscopic desensitization than observed in outside out
patches) (Fig. 10F; see legend for rate constant changes).
From this baseline, we altered various parameters, in addi-
tion to the changes to reflect the single channel data. Specif-
ically, increasing the opening rate �1 by a factor of 5 (with or
without corresponding 5-fold increases in �2 and �3) resulted
in an appropriate 5-fold increase in peak current, but also a
5-fold increase in residual current (not shown). To more
closely reflect our observations, we also changed desensitiza-
tion by both increasing entry into and decreasing exit from
the single desensitized state to obtain the current shown in
Fig. 10F (right traces). Because this entry rate was still
slower than �1, the peak amplitude was minimally affected,
but the steady-state occupancy of the desensitized state was
increased, and thus the residual current (as well as the
increase in apparent desensitization) was similar to our ex-
perimental observations. Further single channel and macro-
scopic experiments would be required to test the hypothesis
that these kinetic parameters were altered in the presence of
pentobarbital for each of these isoforms.

Discussion
Direct Effects of Pentobarbital on �1�3� and

�1�3�2L GABAA Receptors. Similar to many allosteric
modulators, at sufficiently high concentrations pentobarbital
can directly activate GABAA receptor currents. Here, we
report notable differences between its activity at �1�3� and
�1�3�2L receptors. For example, like the isoform-specific
GABA-evoked currents, pentobarbital evoked desensitizing
currents from �1�3�2L receptors, whereas currents from
�1�3� receptors were essentially nondesensitizing. Although
this is consistent with minimal desensitization being a prop-
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erty of � subunit-containing isoforms, as we have suggested
previously, we cannot rule out the possibility that desensiti-
zation could be observed upon activation by a “full” agonist.
We have inferred that desensitized states are in fact acces-
sible to ��� isoforms because GABA-evoked currents in the
presence of tetrahydrodeoxycorticosterone or pentobarbital
show increased desensitization (Wohlfarth et al., 2002; this
study).

Direct activation of single channel events showed isoform
differences as well. Pentobarbital seemed to be a higher
efficacy agonist than GABA for �1�3� receptors, because a
third open state was observed (not seen with GABA), consis-
tent with a recent report for �4�2� receptors (Akk et al.,
2004). At the whole cell level, the amplitude of pentobarbital-
evoked currents (measured at the peak of the rebound) was
significantly larger than maximal GABA-evoked currents
from the same cells. These observations are consistent with
the proposed idea that GABA may be a partial agonist at this
isoform, which may provide the capacity for substantial mod-
ulation (relative to ��� isoforms) by a variety of compounds
(Lees and Edwards, 1998; Adkins et al., 2001; Thompson et
al., 2002; Bianchi and Macdonald, 2003; Wallner et al., 2003;
Akk et al., 2004).

Pentobarbital Modulation of �1�3� and �1�3�2L Re-
ceptor Single Channel Behavior. Pentobarbital increased
mean �1�3� receptor open duration approximately 2-fold,
predominantly due to the introduction of a third, longer
duration open state. This fundamental change in gating was
reminiscent of that observed with neurosteroid modulation
(Wohlfarth et al., 2002). Pentobarbital also increased
�1�3�2L receptor mean single channel open duration (by
�3-fold), but did so by a different mechanism than that
observed for �1�3� receptors, increasing the relative propor-
tion and duration of the third open state. This finding is
similar to reports on pentobarbital modulation of native and
recombinant (�1�2�2L) receptor currents (Macdonald et al.,
1989; Steinbach and Akk, 2001), but in the spinal neuron
preparations, the duration of the third open state was unal-
tered. Although this modulation was significant, pentobarbi-
tal did not introduce an additional open state because three
open states were available to channels bound by GABA alone;
pentobarbital seemed to modulate an already available open
state. The differences in gating efficacy between �1�3� and
�1�3�2L receptors in response to GABA may underlie some
of the macroscopic differences in pentobarbital modulation
that we observed (see below).

Pentobarbital Modulation of Macroscopic GABA-
Evoked Currents from �1�3� and �1�3�2L Receptors.
Pentobarbital potentiated peak currents evoked by both low
and high GABA concentration for �1�3� receptors, but only
those evoked by low GABA concentration for �1�3�2L recep-
tors. The selective enhancement of peak currents for low but
not high GABA concentrations has been observed for many
modulators, including benzodiazepines and neurosteroids.
Although the precise mechanism for this difference remains
unclear, we propose that it depended in part on kinetic dif-
ferences in response to GABA between these isoforms. For
�1�3� receptors, the peak open probability was low (Fisher
and Macdonald, 1997b) and similar (within a factor of 2)
throughout 28-s GABA applications (Bianchi and Macdonald,
2002; this study). In contrast, the peak open probability of
the high-efficacy �1�3�2L receptors was �10-fold higher

than the steady-state open probability (�90% desensitization
in 28 s). Simulations predicted that peak open probability
(40%) was only slightly changed with simulated increases in
gating efficacy. This limited change in peak open probability
was not exhibited for models of low-efficacy, minimally de-
sensitizing receptors (such as �1�3� receptors). Pentobarbi-
tal potentiation of both �1�3�2L and �1�3� receptor peak
currents evoked by low concentration of GABA (a condition in
which both isoforms have low efficacy) is consistent with this
modeling. The simulations provided a potential explanation
for our observation that saturating GABA-evoked peak
�1�3� but not �1�3�2L peak currents were potentiated by
pentobarbital: low-efficacy channel behavior, particularly in
the context of minimal desensitization, is preferentially sus-
ceptible to positive allosteric modulation. Similar observa-
tions of selective allosteric enhancement of ��� peak currents
(relative to ��� isoforms) have been reported for neuros-
teroids (Wohlfarth et al., 2002), as well as other modulators
(Lees and Edwards, 1998; Thompson et al., 2002; Wallner et
al., 2003).

Although pentobarbital differentially modulated the peak
currents evoked by saturating GABA for �1�3� and �1�3�2L
receptors, the residual currents for both of these isoforms
were enhanced by pentobarbital. Simulations suggested that
changes in opening rate and desensitization, in addition to
mean open time, may also be involved in pentobarbital mod-
ulation of these isoforms. For example, pentobarbital may
result in a decrease in open frequency (due to increased
stability of a desensitized state) for �1�3�2L receptors (Fig.
10F). Consistent with this, pentobarbital was reported to
decrease single channel steady-state opening frequency in
spinal neurons (Macdonald et al., 1989).

Pentobarbital Modulation of Desensitization and
Deactivation of �1�3� and �1�3�2L Receptors. Interest-
ingly, we found that pentobarbital differentially affected
macroscopic desensitization of �1�3� and �1�3�2L receptor
currents, resulting in increased desensitization of �1�3� re-
ceptor currents but decreased desensitization of �1�3�2L
receptor currents. The increased mean open duration of
GABA-evoked �1�3�2L receptor single channel currents by
pentobarbital might account for the apparent slowing of de-
sensitization, as we have argued previously using a mutation
that decreased apparent desensitization secondary to in-
creased gating efficacy (Bianchi and Macdonald, 2001). How-
ever, pentobarbital might directly alter �1�3�2L receptor
desensitization. Our simulations suggested the possibility
that increased gating efficacy and increased stability of the
intermediate desensitized state may together account for the
experimental observations. In this setting, the indirect re-
duction (related to efficacy) was partially balanced by an
increase in microscopic desensitization, with the net result
being less extensive desensitization.

In contrast, coapplication of pentobarbital with a saturat-
ing GABA concentration increased desensitization of �1�3�
receptors. Similar observations of increased gating efficacy
together with increased desensitization were reported for
neurosteroid modulation of �1�3� receptors (Wohlfarth et al.,
2002). Although it was possible that the new longer open
state observed in the presence of pentobarbital was “coupled”
somehow to desensitized states, there is experimental evi-
dence of gating and desensitization varying independently
(Bianchi and Macdonald, 2001, 2003), and rapid desensitiza-
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tion has been reported for �1�3 and �1�3� receptors, both of
which exhibit only two open states (Fisher and Macdonald,
1997b; Neelands et al., 1999). As suggested by the simula-
tions, the macroscopic manifestation of desensitization de-
pends on the underlying gating efficacy. Interestingly, the
effect is opposite for high- and low-efficacy receptors. When
efficacy is low at baseline, increasing it may actually enhance
macroscopic desensitization; when efficacy is high at base-
line, further increases tend to reduce the rate and extent of
desensitization. In both settings, macroscopic desensitization
is changed without altering desensitized states. In addition,
pentobarbital may directly alter the slow desensitized state
of �1�3� receptors because, like the �1�3�2L receptor model,
changes in the stability of the desensitized state (in combi-
nation with changes in gating efficacy) of the �1�3� receptor
model produced simulated currents that were similar to our
experimental observations (Fig. 10F).

We observed that the mean current deactivation time con-
stants were prolonged for both �1�3� and �1�3�2L receptors,
similar to reports in cultured hippocampal neurons (Rho et
al., 1996). Increased desensitization is one mechanism by
which deactivation may be prolonged (Jones and Westbrook,
1995; Haas and Macdonald, 1999), but this was not observed
for �1�3�2L receptor currents. We have shown that deacti-
vation can be prolonged by increased channel open time
(Bianchi and Macdonald, 2001), as well as increased agonist
affinity (K. F. Haas and R. L. Macdonald, unpublished). The
present data are consistent with the conclusion that prolon-
gation of deactivation together with decreased desensitiza-
tion for �1�3�2L receptors was due in part to an increase in
channel open time. In principle, it is possible that pentobar-
bital increased the affinity for GABA, but this (in addition to
the increase in efficacy) would predict a reduction of GABA
EC50 that was not observed here. Our previous simulations
showed that, for simple models, deactivation was clearly
sensitive to increased opening rate (Bianchi and Macdonald,
2001), consistent with our hypothesis that opening frequency
was changed for �1�3� receptors.

Implications of Pentobarbital Enhancement of
Tonic, Extra- or Perisynaptic � Subunit-Containing
Receptor Currents. Barbiturates such as pentobarbital are
thought to depress neuronal activity by prolongation of in-
hibitory postsynaptic currents (Poisbeau et al., 1997; Rovira
and Ben-Ari, 1999). However, the role of CNS depressants
and anesthetics on extra- or perisynaptic inhibition has re-
mained largely unknown. The current study suggested that
pentobarbital may selectively modulate � subunit-containing
GABAA receptors. Although ��� isoforms also exist at non-
synaptic locations, � subunit-containing GABAA receptors
are targeted exclusively to extra- or perisynaptic sites. Pen-
tobarbital enhancement of tonic inhibition, and in particular
that mediated by ��� isoforms, may contribute to its anes-
thetic effect in the CNS.

Acknowledgments

We thank Luyan Song for preparing the GABAA receptor subunits
cDNAs.

References
Adkins CE, Pillai GV, Kerby J, Bonnert TP, Haldon C, McKernan RM, Gonzalez JE,

Oades K, Whiting PJ, and Simpson PB (2001) �4�3� GABAA receptors character-
ized by fluorescence resonance energy transfer-derived measurements of mem-
brane potential. J Biol Chem 276:38934–38939.

Akaike N, Maruyama T, and Tokutomi N (1987) Kinetic properties of the pentobar-
bitone-gated chloride current in frog sensory neurones. J Physiol (Lond) 394:85–
98.

Akk G, Bracamontes J, and Steinbach JH (2004) Activation of GABAA receptors
containing the �4 subunit by GABA and pentobarbital. J Physiol (Lond) 556:387–
399.

Akk G and Steinbach JH (2000) Activation and block of recombinant GABAA recep-
tors by pentobarbitone: a single-channel study. Br J Pharmacol 130:249–258.

Bai D, Zhu G, Pennefather P, Jackson MF, MacDonald JF, and Orser BA (2001)
Distinct functional and pharmacological properties of tonic and quantal inhibitory
postsynaptic currents mediated by gamma-aminobutyric acidA receptors in hip-
pocampal neurons. Mol Pharmacol 59:814–824.

Bianchi MT and Macdonald RL (2001) Mutation of the 9
 leucine in the GABAA
receptor �2L subunit produces an apparent decrease in desensitization by stabi-
lizing open states without altering desensitized states. Neuropharmacology 41:
737–744.

Bianchi MT and Macdonald RL (2002) Slow phases of GABAA receptor desensitiza-
tion: structural determinants and possible relevance for synaptic function.
J Physiol (Lond) 544:3–18.

Bianchi MT and Macdonald RL (2003) Neurosteroids shift partial agonist activation
of GABAA receptor channels from low- to high-efficacy gating patterns. J Neurosci
23:10934–10943.

Brown N, Kerby J, Bonnert TP, Whiting PJ, and Wafford KA (2002) Pharmacological
characterization of a novel cell line expressing human �4�3� GABAA receptors.
Br J Pharmacol 136:965–974.

Burkat PM, Yang J, and Gingrich KJ (2001) Dominant gating governing transient
GABAA receptor activity: a first latency and Po/o analysis. J Neurosci 21:7026–
7036.

Dalziel JE, Cox GB, Gage PW, and Birnir B (1999) Mutant human �1�1 (T262Q)
GABAA receptors are directly activated but not modulated by pentobarbital. Eur
J Pharmacol 385:283–286.

Fisher JL and Macdonald RL (1997a) Functional properties of recombinant GABAA
receptors composed of single or multiple � subunit subtypes. Neuropharmacology
36:1601–1610.

Fisher JL and Macdonald RL (1997b) Single channel properties of recombinant
GABAA receptors containing �2 or � subtypes expressed with �1 and �3 subtypes
in mouse L929 cells. J Physiol (Lond) 505:283–297.

Greenfield LJ Jr, Sun F, Neelands TR, Burgard EC, Donnelly JL, and MacDonald RL
(1997) Expression of functional GABAA receptors in transfected L929 cells isolated
by immunomagnetic bead separation. Neuropharmacology 36:63–73.

Haas KF and Macdonald RL (1999) GABAA receptor subunit �2 and � subtypes
confer unique kinetic properties on recombinant GABAA receptor currents in
mouse fibroblasts. J Physiol (Lond) 514:27–45.

Jones MV and Westbrook GL (1995) Desensitized states prolong GABAA channel
responses to brief agonist pulses. Neuron 15:181–191.

Krampfl K, Wolfes H, Dengler R, and Bufler J (2002) Kinetic analysis of the agonistic
and blocking properties of pentobarbital on recombinant rat �1�2�2S GABAA
receptor channels. Eur J Pharmacol 435:1–8.

Lambert JJ, Belelli D, Hill-Venning C, and Peters JA (1995) Neurosteroids and
GABAA receptor function. Trends Pharmacol Sci 16:295–303.

Lees G and Edwards MD (1998) Modulation of recombination human �-aminobutyric
acidA receptors by isoflurane: influence of the � subunit. Anesthesiology 88:206–
217.

Lin LH and Wang LH (1996) Region-specific changes in GABAA receptor � subunit
mRNA level by tolerance to and withdrawal from pentobarbital. Neurosci Lett
202:149–152.

Macdonald RL, Rogers CJ, and Twyman RE (1989) Barbiturate regulation of kinetic
properties of the GABAA receptor channel of mouse spinal neurones in culture.
J Physiol (Lond) 417:483–500.

Neelands TR, Fisher JL, Bianchi M, and Macdonald RL (1999) Spontaneous and
�-aminobutyric acid (GABA)-activated GABAA receptor channels formed by �
subunit-containing isoforms. Mol Pharmacol 55:168–178.

Nicoll RA and Wojtowicz JM (1980) The effects of pentobarbital and related com-
pounds on frog motoneurons. Brain Res 191:225–237.

Nusser Z, Sieghart W, and Somogyi P (1998) Segregation of different GABAA recep-
tors to synaptic and extrasynaptic membranes of cerebellar granule cells. J Neu-
rosci 18:1693–1703.

Olsen RW and Macdonald RL (2002) GABAA receptor complex: structure and func-
tion, in Glutamate and GABA Receptors and Transporters: Structure, Function
and Pharmacology (Egebjerg J, Schousboe A and Krogsgaard-Larsen P eds) pp
202–235, Taylor & Francis, London.

Overstreet LS, Jones MV, and Westbrook GL (2000) Slow desensitization regulates
the availability of synaptic GABAA receptors. J Neurosci 20:7914–7921.

Poisbeau P, Feltz P, and Schlichter R (1997) Modulation of GABAA receptor-
mediated IPSCs by neuroactive steroids in a rat hypothalamo-hypophyseal cocul-
ture model. J Physiol (Lond) 500:475–485.

Pritchett DB, Sontheimer H, Shivers BD, Ymer S, Kettenmann H, Schofield PR, and
Seeburg PH (1989) Importance of a novel GABAA receptor subunit for benzodiaz-
epine pharmacology. Nature (Lond) 338:582–585.

Rho JM, Donevan SD, and Rogawski MA (1996) Direct activation of GABAA recep-
tors by barbiturates in cultured rat hippocampal neurons. J Physiol (Lond) 497:
509–522.

Rovira C and Ben-Ari Y (1999) Developmental study of miniature IPSCs of CA3
hippocampal cells: modulation by midazolam. Brain Res Dev Brain Res 114:79–
88.

Rupprecht R and Holsboer F (1999) Neuroactive steroids: mechanisms of action and
neuropsychopharmacological perspectives. Trends Neurosci 22:410–416.

Schulz DW and Macdonald RL (1981) Barbiturate enhancement of GABA-mediated
inhibition and activation of chloride ion conductance: correlation with anticonvul-
sant and anesthetic actions. Brain Res 209:177–188.

1002 Feng et al.

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


Steinbach JH and Akk G (2001) Modulation of GABAA receptor channel gating by
pentobarbital. J Physiol (Lond) 537:715–733.

Stell BM, Brickley SG, Tang CY, Farrant M, and Mody I (2003) Neuroactive steroids
reduce neuronal excitability by selectively enhancing tonic inhibition mediated by
� subunit-containing GABAA receptors. Proc Natl Acad Sci USA 100:14439–
14444.

Thompson SA, Whiting PJ, and Wafford KA (1996) Barbiturate interactions at the
human GABAA receptor: dependence on receptor subunit combination. Br J Phar-
macol 117:521–527.

Thompson SA, Wingrove PB, Connelly L, Whiting PJ, and Wafford KA (2002)
Tracazolate reveals a novel type of allosteric interaction with recombinant �-ami-
nobutyric acidA receptors. Mol Pharmacol 61:861–869.

Wallner M, Hanchar HJ, and Olsen RW (2003) Ethanol enhances �4�3� and �6�3�
�-aminobutyric acid type A receptors at low concentrations known to affect hu-
mans. Proc Natl Acad Sci USA 100:15218–15223.

Wei W, Zhang N, Peng Z, Houser CR, and Mody I (2003) Perisynaptic localization of
� subunit-containing GABAA receptors and their activation by GABA spillover in
the mouse dentate gyrus. J Neurosci 23:10650–10661.

Wohlfarth KM, Bianchi MT, and Macdonald RL (2002) Enhanced neurosteroid
potentiation of ternary GABAA receptors containing the � subunit. J Neurosci
22:1541–1549.

Wooltorton JR, Moss SJ, and Smart TG (1997) Pharmacological and physiological
characterization of murine homomeric �3 GABAA receptors. Eur J Neurosci
9:2225–2235.

Address correspondence to: Dr. Robert L. Macdonald, Department of Neu-
rology, 6140 MRB III, Vanderbilt University Medical Center, 465 21st Ave.,
South, Nashville, TN. E-mail: robert.macdonald@vanderbilt.edu

Pentobarbital Modulates ��� and ��� GABAA Receptors 1003

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/

