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ABSTRACT The role of subunit composition in determining intrinsic maximum activation and deactivation kinetics of GABA,
receptor channels is unknown. We used rapid ligand application (100-us solution exchange) to examine the effects of
a-subunit composition on GABA-evoked activation and deactivation rates. HEK 293 cells were transfected with human
cDNAs encoding 43,7, Or a,B47v,-subunits. Channel kinetics were similar across different transfections of the same
subunits and reproducible across several GABA applications in the same patch. Current rise to peak was at least twice as fast
for a,B,v, receptors than for a,B,y. receptors (reflected in 10-90% rise times of 0.5 versus 1.0 ms, respectively), and
deactivation was six to seven times slower (long time constants of 208 ms versus 31 ms) after saturating GABA applications.
Thus a-subunit composition determined activation and deactivation kinetics of GABA, receptor channels and is therefore
likely to influence the kinetics and efficacy of inhibitory postsynaptic currents.

INTRODUCTION

Native GABA , receptors may be composed of a-, 8-, y-,
8-, or e-subunits (see Olsen and Tobin, 1990; Burt and
Kamatchi, 1991; Whiting et al., 1995 for review, Davies et
al., 1997). The classical benzodiazepine-sensitive GABA ,
receptor is thought to assemble as a heteropentamer con-
taining 2a-, 2B-, and 1lvy-subunits (for a review see
Schofield, 1989, Chang et al., 1996); however, the particu-
lar isoform of each subunit that is expressed in individual
neurons is dependent on anatomical location (Laurie et al.,
1992; Wisden et al., 1992; Endo and Olsen, 1993; see
Vicini, 1991 for review) and developmental stage (Mhatre
and Ticku, 1992; Schlumpf et al., 1992; Fritschy et al.,
1994; Gutierrez et al., 1994). Several different isoforms
within each subunit class can be selectively expressed in
nonneuronal cells. Certain isoforms and combinations of
isoforms appear to contribute unique characteristics to
GABA , receptor function. In combination with 8- and/or
v-subunits, the a-subunit isoform can determine receptor
binding affinity for GABA,; specifically, a,-containing re-
ceptors have reportedly demonstrated a 10-fold higher ap-
parent GABA affinity than o,-containing receptors in Xe-
nopus oocytes (Levitan et al., 1988). B-Subunits at least
contribute to the agonist binding site (Amin and Weiss,
1993) and may also control channel gating properties (Ver-
doorn et al., 1990). The inclusion of y-subunits with a and
B increases single-channel main-state conductance (Ver-
doorn et al., 1990; Angelotti and Macdonald, 1993). Fur-
thermore, both a- and y-subunits are involved in determin-
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ing benzodiazepine agonist sensitivity (Pritchett et al., 1989,
Kleingoor et al., 1991; Puia et al., 1991; Horne et al., 1993;
Wafford et al., 1993; Ebert et al., 1994).

Although it is apparent that subunit composition of the
GABA 4 receptor plays an important role in receptor phar-
macology, many previous studies of receptor activation and
deactivation properties have been technically limited by
relatively slow presentation of ligand to the receptor (Sigel
et al., 1990; Puia et al., 1991; Gingrich et al., 1995). The
time course of neurotransmitter action at central synapses
can be extremely brief (e.g., glutamate; Clements et al.,
1992). Hence the mechanism by which these molecular
processes relate to the function of these receptor channels
under nonequilibrium conditions at the synapse remains
uncertain. Rapid application techniques have been used to
estimate the maximum activation rate of native cerebellar
GABA, receptors at 6000 s~1 (Maconochie et al., 1994),
but structural determinants of the opening rate have not
been investigated. Subunit composition has been demon-
strated to influence current decay, with longer time con-
stants for a,f3,y, versus a,B,v, receptors (Verdoorn et al.,
1990; Verdoorn, 1993), but slower ligand applications have
prevented resolution of maximum current onset. Rapid li-
gand application to multichannel patches now permits the
resolution of both the activation and deactivation kinetics of
GABA , receptors of defined subunit composition, as well
as predictions concerning inhibitory synaptic function.

In this study we addressed the link between molecular
composition and function of GABA 4 receptors by evaluat-
ing the dependence of GABA, receptor channel kinetic
characteristics on the isoform of the a-subunit expressed.
Using rapid ligand exchange techniques, we distinguished
between two separate kinetic steps involved in receptor
activation of recombinant receptors: ligand binding and
channel gating. Furthermore, we measured current decay in
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the continued presence of ligand (current desensitization) or
after its removal (current deactivation). This direct exami-
nation of the intrinsic kinetic properties of expressed recep-
tor proteins revealed that a-subunit expression can regulate
maximum activation and intrinsic deactivation rates of ex-
pressed GABA , receptor channels without affecting recep-
tor desensitization kinetics. A more comprehensive under-
standing of the relationships between receptor structure and
kinetic function utilizing this approach promises to lend
insight into regional variations in GABAergic function and
inhibitory postsynaptic current kinetics.

MATERIALS AND METHODS

Transformed human embryonic kidney (HEK 293) cells (ATCC CRL
1573) were plated onto 35-mm culture dishes in minimum essential me-
dium (Sigma; with glutamine and glucose added) and 10% fetal calf serum
and maintained in 5% CO,. Standard Ca,PO, precipitation techniques
(Chen and Okayama, 1987) were used to transfect cells with plasmid
(pCIS2; Pritchett et al., 1988) containing either human «, 8, or «,8, and vy,
cDNAs (2:1 ratio, 3 ug). Nontransfected cells did not demonstrate GABA-
evoked currents and polymerase chain reaction analysis of nontransfected
cells revealed no GABA, «, 3, or vy transcripts (A. M. Lavoie et al.,
unpublished results).

At least 48 h after transfection, culture medium was exchanged for
external salt solution (in mM: 142 NaCl, 1.5 KCl, 1 CaCl,, 1 MgCl,, 10
glucose, 30 sucrose, and 10 Na-HEPES at pH 7.4, adjusted to 320 mOsm
with sucrose). Recording patch pipettes were filled with internal salt
solution (in mM: 140 CsCl, 4 MgCl,, 10 Na-HEPES, and 5 EGTA at pH
7.4, adjusted to 290 mOsm with H,0). All experiments were carried out at
a holding potential of —75 mV at room temperature (20-23°C).

A 1 M GABA (Sigma, St. Louis, MO) stock solution in distilled water
was prepared before experiments and frozen in 1-ml aliquots. GABA
dilutions (10 uM to 30 mM) were applied via gravity-assisted pressure
ejection, using a rapid ligand exchange system. Excised outside-out mul-
tichannel patches (containing > 10 channels) were placed into the stream of
control external solution flowing from one side of a double-lumen thin-
septum (theta) glass pipette. The theta tube apparatus was mounted on a
piezoelectric transducer (Burleigh Instruments LSS-3100, with power sup-
ply PZ 150 amplifier/driver) that was software driven via pClamp6.0
(Axon Instruments) command potentials. Command potential onset and
offset proceeded in a three-step ramp fashion (0.15-ms durations to 67%,
83%, and 100% full amplitude, 0.05 ms plateau, reverse to baseline) to
minimize bounce. The duration of the command potential was varied
according to experimental protocol (800-us pulse; 50-ms to 2-s step).
Activation of the piezoelectric transducer moved the interface between
control and agonist solutions 40 pm laterally to rapidly expose the patch to
GABA solutions (10 uM to 30 mM). Solution exchange time was deter-
mined to be ~100 us by measuring the tip potential of an open electrode
during exchange between salt solutions containing a >5% difference in
NaCl osmolarity. Previously published reports have demonstrated similar
rapid exchanges at an excised patch (2-2.5 times; Colquhoun et al., 1992;
Maconochie et al., 1994). Data for which tip potentials did not conform to
the command potential were discarded.

Recording micropipettes were constructed from borosilicate glass and
had resistances of 3-5 MQQ. Currents from excised outside out multichannel
patches were recorded with an Axopatch 200A amplifier (Axon Instru-
ments) with an interposed eight-pole Bessel filter (low-pass 2-10 kHz;
Frequency Devices). The filter bandwidth was chosen to maximize the
resolution of current onset. Data were digitized at 10 times the filter
bandwidth (20-100 kHz, pClamp 6.0 software; Axon Instruments) and
simultaneously stored on a Digital audio tape (DAT; SONY 75ES digital
audio tape deck modified to 0-20 kHz, 14-bit resolution, 44-kHz sampling
frequency) and a strip chart recorder (Gould). Data were redigitized at
lower rates when necessary to evaluate longer deactivation kinetics. Single-
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channel openings were recorded as above by using electrodes coated with
Q-dope to reduce capacitance noise, and digitized at 2-kHz sampling
frequency with a 2-kHz Bessel filter cutoff frequency. ECs, values were
obtained by comparing normalized whole-cell peak current amplitudes in
response to increasing GABA concentrations (300 nM to 10 mM). Avail-
able software (NFIT; Island Products, Galveston, TX) was used to find the
optimal fit of the logistics equation to experimental dose-response curves.

Ensemble averages of sequential current responses of the same patch
were obtained with software written by Dr. Twyman. Single application
amplitudes ranged from ~20 to ~600 pA, depending on patch size,
receptor density, and GABA concentration, so average current amplitudes
were normalized to an arbitrary value of 100 to facilitate direct compari-
sons between patches harboring different numbers of receptors. The rise
time was calculated as the time elapsed between 10% and 90% of the peak
current amplitude. Data are reported as mean * SEM. Multiexponential
curve fitting of the patch current decay phase was performed with pro-
grams described previously (Twyman and Macdonald, 1992). Error ranges
for the estimates were calculated by using maximum likelihood ranges
(m = 2), which corresponded to a ~95% confidence interval. The number
of significant exponential components was determined by fitting with
increasing numbers of exponentials until the maximum likelihood estimate
was no longer greatly improved by the inclusion of additional exponential
components (LLR = 4; McManus and Magleby, 1989; Twyman and
Macdonald, 1992).

Single-channel current amplitudes and durations were determined by
computer, using pClamp 6.0 (Axon Instruments) and software previously
described (Macdonald et al., 1989; Twyman et al., 1990). Channel open-
ings and closings were detected with the 50% threshold crossing method
(based on 30-pS main state conductance). For the 2-kHz Bessel filter cutoff
used in single-channel recording, openings were accepted as valid events if
their durations were greater than twice the system rise time (340 us), and
closings were considered valid at durations greater than twice the system
dead time (180 us). Both openings and closings were collated into loga-
rithmic frequency histograms (Sigworth and Sine, 1987; Twyman and
Macdonald, 1992) for curve fitting of exponentials. A critical closed time
for analytical determination of burst termination was obtained by using a
modified method for minimization of misclassifications (Twyman et al.,
1990). For a,f,7, and «, 8,7, receptors, the critical closed times (“burst
terminator””) were 12 ms and 5 ms, respectively.

Macroscopic currents were modeled with available software (SCoP;
Simulation Resources). Kinetic schemes were based on previous transient
and steady-state kinetic models (Weiss and Magleby, 1989; Twyman et al.,
1990; Maconochie et al., 1994; Jones and Westbrook, 1995; Lavoie and
Twyman, 1996) and included two sequential binding sites, with multiple
open and closed states. Models were fit to experimental data by using
internal optimization functions that calculated the least-square error fol-
lowing variations in specific parameters.

RESULTS
Current activation rates

Net rates of channel activation are dependent upon both
ligand concentration and binding affinity, as well as the time
necessary for the protein conformational changes that are
presumed to open the ion pore. To examine concentration-
dependent activation rates for the GABA, receptor, we
rapidly applied GABA in prolonged step applications for
sufficient duration to allow the receptor-ligand interaction
to reach equilibrium. Peak currents were normalized and
receptor activation was measured as the time required for
current onset to rise from 10% to 90% of peak current (10%
to 90% rise time). Fig. 1 illustrates the GABA concentra-
tion-dependent current onset for a,8,%y, and a,8,7, recep-
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FIGURE 1 Channel activation kinetics are dependent upon GABA concentration and a-subunit composition. (A) Current activation for a,f3,, receptors
after step (50 ms to 2 s) applications of 10 uM, 100 uM, 1 mM, and 10 mM GABA in different patches. Concentration-dependent responses were
reproducible in the same patch and between patches. Responses represent ensemble averages of 10—40 GABA applications (20600 pA peak current),
which were normalized to the maximum peak current amplitude obtained in response to 10 mM GABA. (B) GABA concentration-dependent activation rates
for o, 8,7, and a,B, 7, receptors after step applications of GABA. Log [GABA] is plotted against the time elapsed between 10% and 90% of peak current.
Responses represent 8—10 applications for each receptor and demonstrated mean rise times for current onset of 72 % 2.2, 12 = 0.5, 2.1 + 0.23, 1.0 * 0.06,
and 1.1 % 0.03 ms for a,8,7, receptors (10 uM to 30 mM) and 77 * 3.0, 12 = 0.7, 1.0 = 0.06, 0.5 = 0.06, and 0.5 * 0.02 ms for a,,y, receptors.
Both a,- and a,-containing receptor current amplitudes were saturated at 10 mM GABA. (C) Patch currents for a,,v, and a,f8,v, receptors after step
applications (50 ms to 2 s) of 10 uM and 10 mM GABA. Responses represent ensemble averages of 10—40 traces (20—600 pA) and are normalized to
peak current. (D) Activation rates were consistent across different cells and different transfections of the same subunits (150—-600 pA peak amplitude) and
are shown for two normalized pulse responses each for each receptor subtype. a,f3,v, receptor current onset rise times to brief pulses of GABA were 0.6 +

0.02 ms (fit 7 = 2000 s~'; V), whereas a,3,7, receptor current onset rise times were about twice as long at 1.0 = 0.08 (fit 7 = 3600 s™!; @).

tors (n = 7 for each GABA concentration, 10 uM to 30
mM). Application of low GABA concentrations (1 puM)
demonstrated low efficiency of activation, making it diffi-
cult to resolve the 10% to 90% rise time. At the lowest
GABA concentration analyzed (10 uM), current activation
rates for «,- and a,-containing receptors were indistin-
guishable (Fig. 1 C; 10-90% rise time = 72 = 2.2 (SEM)
ms and 77 * 3.0 ms, respectively; p > 0.10, n = 7).
Progressive divergence between rates of current activation
for ;- and a,-containing receptors was seen at higher
GABA concentrations (Fig. 1 B; 100 uM, 12 * 0.5 ms and
12 + 0.7 ms, p > 0.10; 1 mM, 2.1 * 0.23 ms and 1.0 =
0.06 ms, respectively, p < 0.01). At saturating GABA
concentrations (=10 mM), «,B,y, receptor channels
opened twice as fast, on average, as «,8,7, receptors (10
mM, 0.5 = 0.06 ms and 1.0 * 0.06 ms, respectively, p <

0.001, n = 8; 30 mM, 0.5 * 0.02 ms and 1.1 £ 0.03 ms,
p < 0.001, n = 4). Both receptor activation rise times were
within the resolution of the application and recording sys-
tem. However, if solution exchange at the patch were as-
sumed to be up to three times greater than measured at the
open electrode, the rise time for a,f,7y, receptors could
arguably approach the limits of our resolution. Regardless,
the consistent and statistically significant difference be-
tween rise times for ;- and a,-containing receptors indi-
cates that rise times are at least twofold different for the
receptor subtypes. Current activation rates for both «; 8,7,
and a,f3,7, receptors reached a plateau at 1-10 mM GABA
concentrations, as evidenced by the log-log concentration-
response plot (Fig. 1 B).

When the mean activation rates for each GABA concen-
tration were fitted with the logistics equation, the ECsq
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value for both «,f,v, and a,8,7, receptors was ~1 mM
(1.0 and 1.3, respectively), compared with ECs, values for
the peak amplitude of whole-cell recordings of 6.0 = 1.9
uM and 37 * 8.5 pM (n = 5; Hill number 1.2 and 1.8,
respectively; data not shown). Maximum activation rates,
estimated as the inverse of the best-fit single-exponential
activation time constant (i.e., Maconochie et al., 1994),
were around 2000 and 4200 s~ ! (1960 *+ 10 and 4240 * 8)
for «,8,y, and a,B,7y, receptors, respectively, and were
reproducible across transfection lots (Fig. 1 D). Measured
10-90% rise times were consistent with estimates of 80%
peak current for these single-exponential time constants.

Current deactivation rates

For brief (<1 ms) pulses of agonist applied at 1.0-1.5-s
intervals, decay phases of ensemble averages were fit with
one to four time constants (Fig. 2). Decay currents for both
a,B,7v, and «,B,v, receptors were independent of GABA
concentration and fit best with two exponentials. a,8,7y,
patch currents decayed with fast and slow time constants of
2.5 £ 04 and 31 * 4.2 ms, and «,f3,7, decayed with time
constants of 21 = 2.4 and 208 * 5.0 ms. Currents recorded
from patches containing «,f,y, receptors activated more
quickly and decayed more slowly than those containing
a, 3,y, receptors. Because brief applications of GABA (<1
ms) essentially resulted in the synchronization of receptors
in a bound state, current activation and deactivation kinetics
after a pulse application of ligand represented the intrinsic
maximum activation and deactivation rates of the receptor
(Lavoie and Twyman, 1995).

Despite variability in the number of activated receptors in
a patch, the current response profile also provided an esti-
mate of the efficacy of charge transfer once the receptor was
gated open. Both «, 8,7, and a,f3,7, receptors were shown
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to have similar single-channel main conductances, so nor-
malization of peak current response to an arbitrary value
permitted direct kinetic comparisons between patches con-
taining different numbers of receptors. Integration of nor-
malized peak current traces from onset to complete decay
represented total charge transfer from synchronized and
bound receptors and was thus used to compare efficiency
between receptor populations independent of the number of
channels activated. When peak currents were normalized,
charge transfer after activation by a brief pulse of GABA
was 10 times greater for a,8,7, receptors than for a,f3,v,
receptors. The longer decay time constant (31 and 208 ms)
was responsible for 63 *+ 7.3% and 95 * 1.1% of the total
area for a,83,7y, and «,f8,7y, receptors, respectively.

Desensitization

Desensitization can be measured either as the decline in
current during prolonged ligand application, or as a decrease
in response amplitude to serial presentations of agonist. In
contrast to deactivation, rates of current decay during pro-
longed applications (>50 ms) of 1 mM GABA were indis-
tinguishable between patches containing «,;7, and those
containing a,f3;y, receptors (Fig. 3). The decay phases of
these currents were best fit with a single-exponential time
constant of ~500 ms (a; 8,7, 492 * 128 and o, 3,7y, 449 =
70; n = 5) and were considerably longer than the longest
time constants measured for deactivation after agonist re-
moval. Although desensitization has previously been re-
ported to alter rates of receptor deactivation (Jones and
Westbrook, 1995), these effects are minimized during brief
pulse applications and therefore are not likely to be respon-
sible for subunit specific differences in deactivation rates.
Furthermore, serial applications of 1 mM GABA (<1-ms
duration, 1-1.5-s intervals) did not demonstrate cumulative
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FIGURE 2 Deactivation kinetics are dependent upon a-subunit composition. (A) Pulse (<1 ms) applications of GABA yield patch currents with
characteristic maximum activation rates and concentration-independent decay rates. Traces represent ensemble averages of 10 sequential GABA
applications (10 mM; 150-600 pA peak current) and are normalized to peak current. Areas under the normalized responses were ~10 times greater for
- versus a,-containing receptors. (B) Time constants of current decay after pulse application for both a, 8,7, and a,8,v, receptors were fit best with two
exponentials determined by the maximum log likelihood ratio method. The time constants for the fast components of decay were 2.5 = 0.4 (SEM) ms and
21 * 2.4 ms for o;- and a,-containing receptors, respectively, and the slow components were 31 * 4.2 ms and 208 * 5.0 ms, respectively (n = 8 each).
The slow components contributed 63% and 95%, respectively, to the total current,
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FIGURE 3 Desensitization charac-
teristics during prolonged step appli- A
cations of GABA are not dependent
on a-subunit composition. (4) Cur-
rent decay during a 2-s application of
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agonist was not different between
patches containing «, 3,7, or a,8,7,
subunits (n = 5 patches for each sub-
unit combination; peak currents 30—
200 pA before normalization). Decay
phases were fit best with a single
exponential with a decay time con-
stant of ~500 ms (&, B,7y, 492 * 128
and a, 8,7y, 449 * 70). (B) Brief (<1
ms) pulses of agonist repeated at 1-s
intervals resulted in no decrease in
peak current amplitudes for either
o,8,v, or a,f3,, receptors (60 and
120 pA, respectively).

desensitization in either a,- or a,-containing receptors.
These results are consistent with previous reports that re-
combinant GABA , receptor desensitization is not depen-
dent on o-subunit composition (Sigel et al., 1990; Ver-
doorn, 1993).

Single-channel parameters

To examine the single-channel properties associated with
current decay of «,; 3,7y, and a,f3,%, receptors, single-chan-
nel openings were recorded after pulse applications of 1
mM GABA. Comparisons were made between the open,
closed, and burst kinetics of a;8,y, and «,B,7, receptor
channels. The single-channel main conductances of the two
receptor types did not differ (30 = 0.17 pS for 8,7, and
30 = 0.16 pS for a,fB,vy, receptors). Likewise, subconduc-
tances were similar for o, 3;y, and a,f,7, receptor chan-
nels (19.4 * 1.62 pS and 19.3 £ 0.47 pS, respectively), but
subconductance openings contributed less than 5% of total
current for each receptor type. The prominent single-chan-
nel kinetic differences between the recombinant receptor
types were the prolonged open duration and bursting activ-
ity of a,f3,v, receptors (Fig. 4). The main state conductance
of a,-containing receptors opened for a mean duration of
10.7 ms (2332 openings), with a mean burst duration (all
bursts, containing one or more openings) of 85 ms (7.3
openings per burst) and a mean complex burst duration
(bursts containing >2 openings) of 203 ms (13.5 openings
per burst, 11.4-ms mean open duration). However, a;-con-
taining receptors demonstrated a 4.4-ms mean open dura-
tion (2736 openings), a mean burst duration of 17 ms (3.3
openings per burst), and a mean complex burst duration of
37 ms (6.6 openings per burst, 4.8-ms mean open duration).
Complex bursts containing >2 openings are likely to rep-
resent the activity of fully liganded receptors (Twyman et
al., 1990) and comprised 96% and 82% of all bursts for
a,B,v, and «,,7,, receptors, respectively. These single-
channel bursting properties are consistent with the time

1s

B4,

constants for macroscopic current deactivation (208 ms,
95% total current a,f3,v,; 31 ms, 63% total current a, B, v,).

DISCUSSION

These results suggest that a-subunits are at least partially
responsible for determining the gating kinetics of recombi-
nant GABA, receptors. Activation rates for recombinant
receptors were indistinguishable after prolonged applica-
tions of low GABA concentrations, but were at least twice
as fast for a,f3,7y, receptors at saturating GABA concentra-
tions. Furthermore, a,f3,7y, receptors demonstrated six to
seven times slower relaxation kinetics than «, 3,7y, recep-
tors. Together, these results suggest a mechanism for a-
subunit-specific ligand-binding affinities and a role for sub-
unit isoform variation at the central inhibitory synapse,
where postsynaptic receptors may be exposed to GABA
transiently and at high concentration (Maconochie et al.,
1994; Jones and Westbrook, 1995).

A simple sequential binding model for the
GABA, receptor

Rates of ligand binding and unbinding are integral determi-
nants of the activation and deactivation currents of ligand-
gated receptors; until recently, however, the separate events
of binding and gating involved in receptor activation could
not be distinguished. Receptors composed of «,f3,vy,-sub-
units produced peak whole-cell GABA currents with a
sixfold lower ECs, for GABA, relative to «, 3,7, receptors
when expressed in HEK 293 cells (data not shown; similar
unpublished results were seen by V. V. Koltchine and N. L.
Harrison, personal communication). The increased sensitiv-
ity to GABA for a,f,7, receptors may be interpreted as an
increased affinity for GABA or in terms of an increased
efficacy of GABA at a,8,y, receptors compared to a,3,v,
receptors. However, the GABA concentration that elicited
50% of the maximum activation rate was similar for a,8,7,
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FIGURE 4 Single-channel burst characteristics are determined by a-subunit composition. (A) Oscillations between kinetic states as evidenced by changes
in single-channel conductance, where C = closed states (g =~ 0) and O = open states (g =~ 30 pS). Nonconsecutive single-channel current traces from
excised outside-out patches during 1 mM applications of GABA are shown to detail the typical burst behavior of each receptor type. Open and burst
durations of «, 8,7, were longer than those for a, 3,7, receptors. (B) Probability density functions for single-channel open durations during 1 mM GABA
applications demonstrate different kinetic properties of a,8,v, (O) and a,8,y, () receptors. Probability densities, representing the square root of the
number of events per bin with 15 bins/decade, were best fit by two time constants (a,,7,: T, = 4.0 ms —0.49 + 0.53, relative area 0.92; 7, = 11.8 ms
~3.70 +5.45; a,3,7,: 7, = 6.9 ms —1.17 + 1.38, relative area 0.70; 7, = 16.1 ms —2.78 + 3.19).

and a,fB,y, receptors (~1 mM each), and higher than
whole-cell EC, values (6 and 37 uM, respectively). This
difference between macropatch activation rate and peak
whole-cell current EC5, values is similar to that previously
reported (~100-fold; Maconochie et al., 1994) and reflects
the differences in equilibrium versus dynamic effects of
GABA on receptor response. For example, equilibrium peak
responses were likely influenced more by desensitization
and rapidly deactivating currents than dynamic responses,
in a concentration-dependent manner.

Using rapid ligand exchange techniques and single-chan-
nel recording, the discrete events underlying binding affin-
ity and efficacy can be examined in detail. For example,
increases in binding affinity would be reflected in an in-
crease in association and/or a decrease in dissociation rates
for GABA. Alternatively, changes in receptor efficacy
might be detected as alterations in the single-channel burst
kinetics, because of differences in transitions between fully
liganded open and closed states for the two receptor sub-
types. Current molecular kinetic models indicate that native
GABA 4 receptor channel gating is complex, with at least
two GABA binding sites, three open states, and several
possible desensitized states (Weiss and Magleby, 1989,
Twyman et al., 1992; Jones and Westbrook, 1995). How-
ever, a simple sequential binding linear model can be used

initially to understand the kinetic distinction between bind-
ing and gating events in recombinant channels after brief
exposure to GABA.

GABA GABA
2k +1 k +2 B
Cir € C. +AR €— Cug ——— Onar
ka 2k .. o

In this simple model, current onset at saturating GABA
concentrations would be primarily exponentially shaped and
described by the sum of a + S rates (where B => q).
Although more complex desensitizing models may better
predict native responses under equilibrium conditions, the
effects of desensitization on activation and/or deactivation
kinetics are minimized by brief agonist applications (Jones
and Westbrook, 1995). Saturating concentrations of GABA
evoke current responses, with maximum rates of activation
primarily determined by the gating rate of the channel and
virtually independent of ligand binding factors, provided
that ligand is applied faster than the time required for
conformational changes to open the receptor. At saturating
GABA concentrations, the 10-90% rise time for a,f,7,
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receptors was at least twice as fast as that for «,8,y,
receptors, illustrating an intrinsic structural dependence of
opening rate. Net activation rates after prolonged applica-
tions of low GABA concentrations are primarily determined
by the rates of GABA binding. If the difference in binding
affinity between «, 3,7, and o,f3,v, receptors were due to
dissimilarity in the association rate constants for GABA
binding (k. ,, k.,), then differences in the time course of
current onset would be expected between the two receptor
populations during application of low agonist concentra-
tions to steady state. Instead, rates of activation were nearly
indistinguishable for «,8,y, and «,B,y, receptors after
application of lower GABA concentrations, indicating that
the microscopic association rates k, ; and k,, must not be
greatly different between the two receptors.

Current activation kinetics

An estimate of the GABA association rate constants k_ , and
k., can be obtained by comparing the current onset at
different GABA concentrations. For both «,B,y, and
a, B, 7, receptors, kinetic profiles of the current onset at low
concentrations of GABA were indistinguishable, whereas
differences at high GABA concentrations were significant.
Using the simple model above, simulated current onsets
were fit to experimental concentration-dependent current
onsets by minimizing the least-squares error. Estimated in
this way, k., is thought to be on the order of 4-5 X 10’
M™! s™! for both receptor subtypes. Estimates of k.., for
a,B,v, and o,8,7y, receptors fixed this kp, value in the
model and allowed &, to vary, resulting in rates on the
order of 10° M™' s™' for both receptor subtypes. The
binding events thus appear to be positively cooperative in
this sequential binding model.

At saturating GABA concentrations, a,-containing recep-
tors opened at least twice as fast as «;-containing receptors,
and thus (8 + a) was at least twice as great for a,f3,v,
versus «, 3,7, receptors. If 3 is equal to or greater than k_,,
the channel will be more likely to reopen, resulting in bursts
of two or more openings separated by longer closed dwell
times. A higher ratio of B/k_, or a longer average open
duration (1/a) would yield a more prolonged current decay,
the time constant of which would be closely approximated
by the mean single-channel burst duration. Because the
single-channel data indicate that the open channel exhibits
bursting behavior (13.5 and 6.6 openings per complex burst
for a,- and a,-containing receptors, respectively), and be-
cause « is relatively small (93 and 220 s~ !, respectively),
the reopening rate 3 must be several times greater than k_,.
The average number of openings per burst for a,f;7y,
receptors is about twice that found for «,3,v, receptors. If
B were to remain constant, a reduction of k_, by 50% would
result in an approximate doubling of the mean openings per
burst. However, because 8 is much greater than k_,, a 50%
reduction in k_, would not produce the 50% reduction in
the lifetime in C,, observed for a,-containing receptors.
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Taken together, the twofold increase in the maximum open-
ing rate of a,pB,7y, receptors must be the result of an ap-
proximate doubling of the reopening rate constant 8 relative
to a, 3,7, receptors. This conclusion is consistent with the
data comparing estimates of maximum activation rates be-
tween the two receptor types. The maximum opening rate (a
+ B) for a,fB,y, receptors (calculated as (10-90% rise
time/2.2) ", where 2.2 is the time constant to traverse 80%
current amplitude) was ~4400 s~ !, resulting in an estimate
of B ~ 4300 s~ '. This was approximately twice the estimate
for a, B, 7y, receptors (~2000 s~ '), indicating that a-subunit
composition is at least partially responsible for the maxi-
mum opening rate.

Current deactivation kinetics

According to the simple gating model outlined above, cur-
rent relaxation after agonist removal is determined by the
relative rate constants for channel closing (a), opening (f3),
and ligand unbinding (k_,). On removal of GABA, «,f,7v,
receptors relaxed considerably more slowly than did o, 3,7y,
receptors. Single-channel recordings demonstrated that this
slower current decay was due to the longer average open
duration and increased likelihood of bursting, resulting in a
considerably longer average burst duration for «,f,y, re-
ceptors. The fivefold increase in burst duration approxi-
mates the six- to sevenfold increase in the long decay time
constant found for a,f3,y, receptors compared to a,f,v,
receptors. This long time constant was responsible for the
majority of the area under the current decay for both re-
combinant receptor types and approximated the complex
burst durations seen in the single-channel recordings. Thus
current decay after GABA application results from the fully
liganded receptor exiting from bursting states.

Using the simple model described above for a pulse
application (<1 ms) of GABA, relaxation of the receptor
from a fully bound conformation provides an estimate of the
unbinding rate, which can be determined from the lifetime
in C, i and the number of openings per burst predicted by
this model (= 1 + PB/k_,). The result reveals that the
estimated k_, for both receptor types is approximately the
same order of magnitude (~350 s~') and B is estimated to
be ~4300 s~! and 2000 s™* for a,B;7y, and a,p;Yy, recep-
tors, respectively. These estimates of k_, are simple approx-
imations, as the gating of the GABA , receptor is consider-
ably more complex than that described by the simple model
proposed above (Weiss and Magleby, 1989; Twyman et al.,
1990, 1992).

Current response reproducibility

Because subunit composition determined rates of channel
activation and decay, reproducibility of population re-
sponses to maximally activating ligand applications was
useful as an indicator of consistent subunit expression and
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composition in patches. Patches containing receptors com-
prising different subunit stoichiometries would likely yield
different activation and decay kinetics. Comparison of the
activation rates between patches from different cells trans-
fected with a particular subunit combination yielded con-
sistent current activation rates and profiles after brief appli-
cations (<1 ms) at saturating concentrations of GABA (Fig.
1 D), as well as reproducible rates and profiles for current
decay (data not shown). These characteristic activation and
decay kinetics likely indicate consistent subunit composi-
tion across receptor populations from different cells and
different transfection days. Although these results suggest
kinetic characteristics can be used to phenotype receptor
subtypes, kinetic rates have previously been shown to be
susceptible to modulation (Moss et al., 1992).

CONCLUSION

Kinetics of current activation and deactivation of GABA-
evoked responses in recombinant GABA, receptors are
dependent on subunit composition. Receptors containing
a, 3,7, subunits open at least twice as fast, and the resulting
currents decay six to seven times slower than those gener-
ated by «,-containing receptors. The 6- to 10-fold higher
potency observed for a,-containing receptors compared
with «a,-containing receptors is due primarily to the in-
creased efficacy of GABA at a,-containing receptors once
GABA has been bound. This increased efficacy is primarily
due to a twofold increase in reopening rates of bound
receptors and an increase in average open duration. These
two mechanisms in concert result in longer bursts of chan-
nel activity that are responsible for the prolonged deactiva-
tion of a,f3,7y, receptors compared to «,f3,v, receptors.
These results suggest that native GABA, receptors that
contain a, subunits are likely to induce IPSCs with signif-
icantly longer duration, and thus function more effectively
to limit action potential generation, than receptors contain-
ing a;-subunits.
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