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Dependence of the GABA , receptor gating kinetics on the
a-subunit isoform: implications for structure—function
relations and synaptic transmission
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To examine the dependence of y-aminobutyric acid (GABA,) receptor gating on the
a-subunit isoform, we studied the kinetics of GABA-gated currents (I;,p,) of receptors
that differed in the a-subunit subtype, @182y2S and a382y2S. ¢cDNAs encoding rat brain
subunits were co-expressed heterologously in HEK-293 cells and the resultant receptors
studied with the whole-cell patch clamp technique and rapidly applied GABA pulses
(6-10s).

I 454 of both receptors showed a loosely similar dependence on GABA concentration over a
wide range (1-5000 um). Generally, 1,5, manifested activation reaching an early current
peak, subsequent slower spontaneous desensitization, and deactivation of open channels at
pulse termination. Lowering GABA concentrations reduced peak currents and slowed
activation and desensitization kinetics.

The presence of a3 altered the peak I,5, concentration—response relationship by shifting
the fitted Hill equation to tenfold greater GABA concentrations (GABA concentration at
half amplitude: a1, 7 um; and a3, 75 um) without affecting Hill coefficients (a1, 1-6; a3,
1:5). These findings indicate a reduction in the apparent activating site affinity and are
consistent with previous reports.

To investigate differences in gating, we normalized for apparent activating site affinities by
analysing the time course of macroscopic gating at equi-activating GABA concentrations.
The presence of a3 slowed activation fourfold (time to current peak (means + s.E.M): al,
1:24+ 006 s (2 um); a3, 47 + 0-5 s (20 uM)), desensitization nearly twofold (reciprocal of
time to 80% decay: al, 2:540-48s™ (100 um); a3, 15+ 0-15s™ (1000 um)) and
deactivation threefold (monoexponential decay time constant: al, 0-22 + 0:026 s (2 um);
a3, 068 + 0°1 s (20 um)).

To gain an insight into the gating mechanisms underlying macroscopic desensitization, we
extended a previous gating model of GABA, receptor single-channel activity to include a
desensitization pathway. Such a mechanism reproduced empirical a182y2S activation,
desensitization and deactivation kinetics.

To identify molecular transitions underlying the gating differences between a182y2S and
a332y28 receptors, we explored parameter alterations of the a182y2S gating model that
provided an accounting of a3f2y2S empirical responses. Remarkably, alteration of rates
and rate constants involved in ligand binding alone allowed reproduction of a382y2S
activation, desensitization and deactivation.

These results indicate that substitution of the a3 subunit variant in an a182y2S receptor
alters transition rates involved in ligand binding that underlie changes in apparent
activating site affinity and macroscopic current gating. Furthermore, they argue strongly
that the structural determinants of these functional features reside on the a-subunit.

1 To whom correspondence should be addressed.
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7-Aminobutyric acid (GABA) is the primary inhibitory
neurotransmitter in the vertebrate central nervous system.
GABA binding to GABA , receptors (GABARS) activates an
integral chloride channel that generally results in
membrane hyperpolarization and suppressed neuronal
excitability. These receptors also are modulated by
clinically useful drugs such as anxiolytics and anaesthetic
agents (Sivilotti & Nistri, 1991).

GABARSs are putative heteropentamers involving at least
fifteen protein subunits. These subunits are divided into
five distinct classes («, 8, ¥, 8 and p) based on amino acid
sequence homology where most classes contain multiple
variants (reviewed in Seeburg et al 1990; Burt &
Kamatchi, 1991). The resultant structural diversity has
significance, since the properties of heterologously
expressed channels are critically dependent on subunit
combination (Levitan 1988; Khrestchatisky et al. 1989;
Pritchett, Luddens & Seeburg, 1989; Pritchett, Sontheimer,
Shivers, Ymer, Kettenmann & Seeburg, 1989; Verdoorn,
Draguhn, Ymer, Seeburg & Sakmann, 1990; Draguhn,
Verdoorn, Ewert, Seeburg & Sakmann, 1990; Sigel, Baur,
Mohler & Malherbe, 1990; Sigel, Baur, Kellenberger &
Malherbe, 1992; Angelotti & Macdonald, 1993). The
physiological importance of such subunit-dependent
function is suggested by anatomical restriction of subunit
expression (Wisden, Laurie, Monyer & Seeburg, 1992;
Laurie, Seeburg & Wisden, 1992) and functional diversity
among native GABA-gated currents (Akaike, Inoue &
Krishtal, 1986; Pearce, 1993; Puia, Costa & Vicini, 1994).
Therefore, the dependence of gating on subunit composition
may represent a critical molecular determinant of synaptic
transmission.

The role of component subunits in GABAR function has
begun to emerge from functional studies of recombinant
receptors. Overall, a, # and 7y isoforms are needed to
replicate the salient properties of native GABA-gated
currents (Levitan et al 1988; Pritchett et al. 1989). Here,
the #-subunit binds GABA agonists (Casalotti, Stephenson
& Barnard, 1986; Deng, Ransom & Olsen, 1986) at receptor
sites that trigger channel activation (Amin & Weiss, 1993).
The a-subunit also appears involved in channel activation
by influencing the apparent affinity of GABA activating
sites (Levitan et al. 1988; Sigel et al. 1990; Sigel et al. 1992).
In addition, the a-subunit binds benzodiazepines (Fuchs,
Mohler & Seighart, 1988; Kirkness & Turner, 1988; Fuchs
& Seighart, 1989) triggering enhancement of GABA-gated
currents that require the y-subunit (Pritchett et al. 1989).

There are few investigations of subunit-dependent gating.
Verdoorn et al. (1990) coexpressed 2182, aly2 and al182y2
combinations showing that the presence of £2 enhanced
desensitization and outward rectification while y2 reduced
single-channel mean open time. Angeliotti & Macdonald
(1993) coexpressed alf1l and alfly2S subunits and
demonstrated that the addition of y2S increased mean
open times and burst durations. These studies, while
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elegant, have contrasted the function between receptors
composed of dual and ternary subunit class combinations.
To date, only Verdoorn (1994) has examined the role of the
a-subunit in a ternary subunit class (xf7y) receptor.
Responses triggered by brief (6—25 ms) GABA (3 mm)
applications to outside-out macropatches containing a182y2
or a32y2 receptors were studied. Relaxation kinetics were
markedly faster for a182y2, suggesting that function
influenced by a-subunit subtype plays an important role in
determining inhibitory postsynaptic current (IPSC)
morphology. However, the details of the underlying
function affected by the a-subunit isoform remain unclear.

To this end, we studied whole-cell macroscopic currents of
mammalian cells transiently co-transfected with ¢DNAs
encoding either rat brain «182y2S or «382y2S GABA
subunits. Whole-cell voltage clamp experiments were
conducted with single human embryonic kidney (HEK-293)
cells using a piezo-actuated two-barrel solution changer
(Verdoorn, 1994). This system permitted rapid alterations
in extracellular solution (rise time, 30 ms) and allowed the
study of macroscopic current kinetics and concentration—
response relations during rapidly applied GABA pulses.
This approach, which minimizes possible distortion of
current kinetics by GABA wash-in (Verdoorn et al. 1990),
permits characterization of macroscopic current kinetics
that is not possible with Xenopus laevis oocytes.

We find that substitution of a3 for al reduces the apparent
activating site affinity, as previously described in Xenopus
laevis oocytes (Sigel et al. 1990; Sigel et al. 1992) and
HEK-293 cell (Verdoorn, 1994). Furthermore, this
substitution also slows activation, desensitization and
deactivation of macroscopic currents. To provide
quantitative insight into possible gating mechanisms
underlying macroscopic desensitization, we constructed a
gating model of the a182y2S receptor. We extended the
gating model of Twyman, Rogers & Macdonald (1990) that
accounts for single-channel GABAR activity in murine
spinal cord neurons and probable recombinant a181y28
receptors (Angelotti & Macdonald, 1993). The extended
model includes a desensitization pathway and accounted for
empirical alf2y2S activation, desensitization and
deactivation. To identify possible state transitions
influenced by the a3 substitution, we considered parameter
changes that would allow the 1822S model to reproduce
the a382y2S empirical data. Remarkably, only alteration
of rates and rate constants involved in ligand binding were
required to achieve this goal. These findings indicate that
alterations in molecular transition rates involved in ligand
binding may underlie discordant activation, desensitization
and deactivation kinetics as well as differences in apparent
activating site affinity. Furthermore, they argue strongly
that the associated structural determinants of these
functional features reside on the a-subunit, pointing to a
critical role for this isoform in receptor function and
synaptic signalling.
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METHODS

Cell culture and transient transfection

HEK-293 cells, purchased from the American Type Culture
Collection (Bethesda, MD, USA) or generously donated to us by
Dr Bruce Stillman, Cold Spring Harbor Laboratory (Cold Spring
Harbor, MA, USA), were grown in minimum essential medium
(MEM) (Gibeo BRL, Grand Island, NY, USA) supplemented with
10% fetal calf serum, 1% glucamine, and 1% penicillin—
streptomyein (all Gibco BRL). Cells for experiments were plated
onto fibronectin (Sigma)-coated plastic coverslips (Nunc, Inc.,
Naperville, IL, USA).

During a period of exponential cell growth (1-3 days after
plating), the cells can be transfected. Transfection was
accomplished with a modified lipofection technique. c¢DNAs
encoding rat brain «l, a3, f2 and 2SS subunits inserted
individually into the plasmid pCDM8 (Invitrogen, San Diego, CA,
USA) were kindly supplied by Dr Todd Verdoorn, Department of
Pharmacology, Vanderbilt University (Nashville, TN, USA).
Aliquots of the lipofection reagent (Lipofect amine, Gibco BRL),
and appropriate plasmids were mixed in a modified serum-free
medium (Optimem, Gibco BRL) and incubated for 10 min.
Transfections were based on equal weights of total DNA except for
a3f2y2S combinations where higher expression levels were
achieved with a ratio of 2:1:1, respectively. Cells were washed
and serum-containing medium was replaced with Optimem and
then the liposome—plasmid-containing solution was added to the
solution bathing the cells. After a 16—-18 h incubation period
(37°C, 5% CO,), the cells were washed and returned to serum-
containing MEM for further incubation under normal conditions
(37 °C, 5% CO,). Cells were ready for electrophysiological studies
approximately 48 h after transfection.

Electrophysiology

Coverslips with transfected cells were transferred to a modified
culture dish mounted on the stage of an Olympus IMT-2 inverted
microscope with Hoffman modulated optics (Olympus, Lake
Success, NY, USA). The cells were initially exposed to a modified
Tyrode solution containing (mm): 135 NaCl, 5-4 KCl, 1 MgCl,, 5
Hepes (pH 7-2). Before recording currents, the extracellular
solution was changed to one in which KCl is replaced by equimolar
CsCl. The pipette solution consisted of (mm): 140 CsCl, 1 MgCl,,
11 EGTA, 10 Hepes (pH 7-3). Currents were recorded with whole-
cell application of the patch clamp technique (Hamill, Marty,
Neher, Sakmann & Sigworth, 1981) using an Axopatch-200 (Axon
Instruments) amplifier or a Yale Mark IV amplifier built by us.
Data were collected by and stored on IBM-compatible 386 (Dell
Computer Corp) or 486 (Gateway 2000 4DX2-66) computers
running the AXOBASIC environment (Axon Instruments) using
software of our own design or pCLAMP software (Axon
Instruments). We used single cells that were not electrically
coupled to other cells as judged by cell capacitance (10 pF, typical
for individual HEK cells) Data were collected at room
temperature (20—23 °C).

Membrane potential was fixed at —60 mV in all experiments. Vg,
(the chloride equilibrium potential) is 0 mV under these ionic
conditions. Since GABA-activated channels are Cl™ sensitive
(Levitan et al. 1988), I;,5, Were negative (outward CI~ movement)
in our experiments.

GABA application

GABA (Sigma) was applied transiently to the cells via an electro-
mechanical solution changer. Control and test solutions were
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selected via two separate valves and introduced into both sides of a
dual-barrelled pipette. Solution perfusion rate was determined by
a syringe pump (Harvard Instruments, Cambridge, MA, USA)
and the pipette was positioned grossly via a Narashige hydraulic
micromanipulator (Narashige, Greenvale, NY, USA). The pipette
was mounted on a macro-block piezoelectric transducer (Polytec
Optronics, Costa Mesa, CA, USA) that can move the pipette tip
50 um in < 5 ms. The cell was continually perfused with control
solution. The test GABA-containing solution was applied by
delivering the appropriate voltage pulse to the macro-block
translator such that the pipette tip moved the distance between
the stream centres. In this manner, GABA could be pulsed on/off
around a cell in < 30 ms. Test and control solutions could each be
changed by selection of one of six separate lines via the control
valves. GABA applications were delivered less frequently than
every 120 s to prevent accumulation of desensitized receptors.

Parameter estimation and gating model simulation
The parameter estimation technique minimized a squared error
performance criterion using the Gauss—Newton method. The
algorithm was written in FORTRAN. The performance criterion
was defined with a subset of points selected from the target
responses such that the general features were reproduced.

Simulations of explicit gating mechanisms were written in Turbo
Pascal (Borland International, Scotts Valley, CA, USA) where
differential equations were solved numerically using the Euler
method. The sensitivity of the response to the iteration time step
was examined in all simulations and made sufficiently small to
minimize error.

All programs were compiled and executed on an IBM-compatible
486 (Gateway 2000 4DX2-66) computer.

Evaluation of parameter set uniqueness

The uniqueness of parameter sets was evaluated by systematically
adjusting the initial parameter values prior to parameter
estimation. In this way the performance surface was searched from
different initial starting locations. A parameter set was unique if
the final parameter values were insensitive to initial values.

Data analysis

Curve fitting, statistics and data analysis were carried out using
Origin software (MicroCal, Northampton, MA, USA).

RESULTS

a182y28 and a3$2y2S receptors manifest distinct
properties

Figure 1A compares the responses of expressed a182y2S
(left) and a342y2S (right) GABARS to rapidly applied GABA
pulses lasting 10 s. In this and all other figures, currents
were recorded at a —60 mV holding potential in symmetrical
chloride gradients resulting in inward Ig,gp,. These
responses reveal distinct functional properties of receptors
that have incorporated the different a-subunit subtypes. A
1000 gm pulse applied to a cell expressing alf2y2S
receptors (left, bottom trace) triggers a characteristic
response with rapid activation (downward deflection) that
quickly reaches a peak, subsequent slower desensitization,
and deactivation. Lower GABA concentrations reduce peak
currents and slow current kinetics. The a382y2S response
family appears qualitatively similar, but closer examination
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reveals quantitative differences. First, the threshold for
recording GABA -induced currents is nearly tenfold greater
than that for a182y2S receptors suggesting lower GABA
sensitivity for a382y2S receptors, consistent with previous
reports with receptors expressed in Xenopus (Sigel et al.
1990; Sigel et al. 1992) and HEK-293 cells (Verdoorn,
1994). Figure 1B plots pooled peak I;,5, concentration—
response relations for receptors containing both a-subunit
variants and confirms the effect of subunit substitution on
GABA sensitivity. These relationships, quantitated with
Hill equation fits (continuous lines), are both best fitted by
curves with Hill coefficients greater than 1 (x152y2S, 1-6;
a3f2y28, 1-5) suggesting that two bound GABA molecules
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are required to trigger activation. However, ECy, values
(x182y28,7 um; a382y2S,75 um) differ by tenfold,
suggesting a similar lower apparent affinity of GABA
binding to a382y2S receptors.

In addition to apparent receptor affinity, Fig.14 also
suggests that the a-subunit subtype may influence
desensitization and deactivation kinetics. Receptor channel
opening is determined jointly by ligand binding and gating
and these processes are mutually influential owing to the
physical principle of reciprocity (Edsall & Wyman, 1958). To
begin to discern gating kinetics unconfounded by binding,
we normalized for differences in apparent affinities by
considering I;,p, at equi-activating concentrations. This

10 uMm
20

50

0-25 nA |_
1s

a3p2y2S

Figure 1. Properties of «182y28S and «382y28 receptors: distinctions in kinetics and sensitivity

to GABA

A, macroscopic GABA-gated currents (Ig,5,) recorded at a constant holding potential (—60 mV) under
conditions in which V, = 0 (see Methods) from individual HEK-293 cells expressing a182y2S (left) or
3228 (right) subunits. Shown are current responses to 10 s pulse applications (indicated by bar) over
range of GABA concentrations (indicated to the left). GABA-induced currents are inward under these
conditions. B, concentration—response relations of normalized peak I;,5, for cells (mean + s.p, % in
parentheses) expressing a182y2S and a382y2S as indicated. Smooth curves are fits of the Hill equation:

Normalized peak current = 1/(1 + EC,,/[GABA]™),

where EC;, is the [GABA] that triggers half-maximal response and ny is the Hill coefficient, with the
following parameters: a182y2, EC,y="7 um and ny=1-6; a32y2, EC,, =80 uM and ny = 1'5.
C, I 554 responses at approximately equi-activating GABA concentrations for al82y2S (25 umM, %) and
a3f2y2S (200 uM, @) from Fig. 14 normalized to peak current to emphasize kinetic differences.
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correction presumes that equi-activating concentrations
(based on peak I, 5, concentration—response relationships)
trigger similar relative peak open probabilities. This
allowed us to test whether these observations may be
explained by differences in apparent GABA binding alone.
Figure 1C compares the responses of Fig. 14 for a152y2S
and a3#2y2S at nearly tenfold different and equi-
activating concentrations (25 and 200 uMm, respectively).
This comparison shows that activation, desensitization and
deactivation kinetics are faster when the al subtype is
present, suggesting that the a-subunit isoform influences
transition rates underlying these gating properties. In
order to investigate the effects of the a-subtype on gating,
we characterized the macroscopic current kinetics over a
wide range of GABA concentrations for both receptors.

Activation

Figure 24 shows normalized responses from two groups of
single cells expressing a182y28S (left) and a342y2S (right)
receptors to step GABA application at 2 and 20 um,
respectively. The heavy traces are scaled, superimposed
responses from three cells. The unscaled data (insets) have
different peak amplitudes and demonstrate the range of
recombinant channel activity we recorded. This variation is
due to differing expression level and cell size. However,
activation kinetics are similar because normalization to
peak current nearly superimposes these responses.
Therefore, expression level, over this range, does not
influence gating as has been reported for recombinant
potassium channels (Honoré, Attali, Romey, Lesage,
Barhanin & Lazdunski, 1992).

Figure 2B shows families of mean grouped data over a
range of GABA concentrations for both receptors. The
fivefold different time scales used for display allow precise
identification of peak I;,g, but also cause time courses to
appear falsely similar. The time of peak I;,g, (arrows in
Fig. 2B), related to the inverse of activation rate, decreases
with GABA concentration for both receptors. This yields
the expected result that GABA concentration enhances
activation. Figure 2C plots concentration—response relations
of time to peak, where both receptors display an inverse
dependence on GABA concentration. However, the time to
peak of a182y2S is greater over the entire concentration
range, indicating no overlap of activation rates. This
suggests that the range of transition rates underlying
receptor activation are dissimilar, where the presence of the
al subunit speeds activation. These results suggest that
molecular transitions underlying activation are influenced
by the a-subunit. We next examined desensitization in a
similar fashion.

Desensitization

Figure 34 shows I,p, desensitization responses,
normalized to peak current, from two groups of single cells
expressing alf2y2S (left) and a342y2S (right) at 100 and
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1000 gm GABA, respectively. The heavy traces are scaled,
superimposed responses from eight (left) and six (right)
cells. Unscaled responses (insets) have different peak
currents reflecting both variations in expression level and
cell size and show the range of expression levels we
observed. As for activation kinetics, the time course of
desensitization was not sensitive to expression level. It is
also apparent that at equi-activating GABA concentration,
the a3#2y28 receptor manifests slower desensitization.

Figure 3B shows families of averaged normalized traces
over a range of GABA concentrations for both receptors as
indicated. The concentration—response relationship of
desensitization kinetics was complex for both receptors. At
high GABA concentrations (> 100 um), desensitization was
best described by biexponential functions, where the
magnitudes of the two component exponentials (slow and
fast) as well as their time constants varied with GABA
concentration. At low concentrations, desensitization was
slow, and well described by a monoexponential. In order to
make quantitative comparisons between the concentration
dependence of desensitization kinetics for both receptors,
we measured the time required to decay to 80% of the
peak amplitude (tg, arrows in Fig. 3B). The reciprocal of fy
is a coarse indicator of desensitization rate. Figure 3C gives
the concentration—response relationship of this rate for
both receptors. Substitution of al for a3 shifts this
relationship to lower GABA concentrations, as might be
predicted from different apparent binding affinities, but
also increases maximum rate about threefold with this
measure. Increase in maximal rate indicates speeding of
desensitization by the a1 subunit and suggests increases in
underlying transition rates. Thus, the presence of the al
subtype enhances desensitization kinetics, similar to
activation kinetics.

Deactivation

Figure 44 shows I;,p, deactivation from two groups of
individual cells expressing alf2y2S (left) or a3§2y2S
(right) observed at the end of a 10 s pulse (2 um, left and
20 pM, right). The heavy traces are scaled, superimposed
responses from four (left) and three (right) cells. Unscaled
responses (insets) have different peak currents reflecting
both variations in expression level and cell size, but when
scaled these responses nearly superimpose. Deactivation
kinetics for both receptors were insensitive to concentration
(data not shown).

Figure 4B compares normalized mean deactivation
responses at concentrations for both receptors as indicated.
Deactivation is markedly faster in the presence of the al
subtype where monoexponential time constants were
reduced threefold ((means + s.E.M): al, 0:22 + 0:026 s; a3,
0:68 £+ 0-1 s). These results indicate that the transition
rates underlying receptor deactivation are influenced by
the a-subunit, where the presence of the al subtype
enhances this process.
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Figure 2. Influence of «-subunit variant on activation kinetics

A, the bold current traces are the superposition of Iz, responses, normalized to peak current, from cells
expressing a182y2S (left, n = 3) and a382y2S (right, n = 3) receptors triggered by 2 and 20 um GABA
step pulses (indicated by open bars in insets), respectively. Insets show individual responses before
normalization. Inset scale bars are 01 nA and 0-5s. B, means + s.p. of normalized I;,p, responses
(values of n are given in Fig. 2C) over a range of GABA concentrations (indicated to the right) for cells
expressing a1f2y2S (left) and a382y2S (right) receptors. Time to peak is time from the start of GABA
pulse to time of peak current (arrows). GABA application is marked by open bar. C, concentration
dependence of the time to peak for cells (mean + s.E.M., n in parentheses) expressing a182y2S and
a3f2y2S receptors; smooth curves drawn by hand.
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Figure 3. Influence of «-subunit on desensitization kinetics

A, I, s5  responses recorded at a slower time base to emphasize kinetics of desensitization. The bold traces
show the superposition of responses, normalized to peak current, from cells expressing a182y2S (left,
n = 8) and a3#2y28 (right, n = 6) receptors triggered by 100 and 1000 um GABA steps, respectively. The
insets show individual responses before normalization (scale bars are 1 nA (left), 02 nA (right) with time
of 1 s). B, the means  s.D. of normalized responses over a range of GABA concentrations (indicated to the
right) are shown for cells expressing a182y2S (left) and a382y2S (right) receptors. These responses were
time shifted to align peaks before averaging. Insets show biexponential function fits (dashed lines) to
response at highest GABA concentration shown. Arrows indicate the time of current decay to 80% of
peak value (dashed line). Time interval between peak current and 80% of peak current is tfg,.
D, concentration dependence of the reciprocal of , for a182y2S and a342y2S receptors (means + s.E.M.,
n in parentheses).
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Figure 4. Influence of a-subunit on deactivation
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A, bold current traces are the superposition of deactivation I,p, responses, normalized to current at
pulse end (arrowheads), from cells expressing a182y2S (left, n = 4) or a382y2S (right, n = 3) receptors
triggered by 2 and 20 um GABA pulses (10 s), respectively. Insets show individual responses before
normalization (scale bars: left, 200 pA and 0-5s; right, 50 pA and 1s). B, normalized mean =+ s.D.
deactivation responses for a142y2S and a382y2S receptors following equi-activating 10 s GABA pulses
(concentrations shown). Responses scaled to compare deactivation kinetics.

These results confirm that the al subtype increases
apparent activating site affinity. Furthermore, they
indicate that the presence of al subtype speeds activation,
desensitization and deactivation kinetics thereby arguing
strongly that gating properties are influenced by the
a-subunit isoform.

DISCUSSION

GABA binding transition rates account for
a-subunit-dependent differences in apparent
activating site affinity and gating properties

The empirical results demonstrate that macroscopic current
gating is different between the two receptors when
normalized for differences in apparent activating site
affinities. We wished to understand the molecular

underpinnings of the differences in channel function caused
by this a-subunit substitution. A comprehensive approach
to this question should identify the affected state
transitions and provide an insight into how multiple
functional effects interact to determine receptor activity
observed in macroscopic currents. The former would also be
critical in elucidating the structure—function relations for
the a-subunit isoform. Our strategy was to construct a
gating model that could account for empirical activation,
desensitization and deactivation of the a1§2y2S receptor.
This step would also provide insight into gating
mechanisms underlying macroscopic desensitization. With
such a mechanism in hand, we could then explore which
gating transition(s) could be altered to permit replication of
corresponding a3f2y2S data. In so doing, candidate
molecular transitions influenced by the a-subunit isoform
and their interaction could be identified.
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In order to construct a detailed gating model, the single-
channel properties of GABARs must be considered. The
equilibrium single-channel properties of the primary
conductance in murine spinal cord neurons are complex
(Sakmann, Hamill & Bormann, 1983; Macdonald, Rogers &
Twyman, 1989; Weiss & Magleby, 1989; Twyman et al.
1990; Twyman & Macdonald, 1992). To account for these
observations, an intricate model for the steady-state single-
channel activity of the main-conductance state has been
developed (Macdonald et al. 1989; Twyman et al. 1990;
Twyman & Macdonald, 1992). We began with the model
proposed by Twyman et al. (1990). While the gating of
recombinant a182y2S GABARs has not been characterized
at the level of single channels, the application of this model
to a1B2y2S receptors is tenable because of recognized
similarities between the single-channel properties of
recombinant and neuronal receptors. First, recombinant
alp1y2S GABARs, which differ from «142y2S only in the
f-subunit variant, manifest gatings similar to those of
murine spinal cord neurons (Angelotti & Macdonald, 1993).
Second, expressed «182y2S GABARs have a 30 pS
primary conductance (Verdoorn et al. 1990; K. J. Gingrich,
W. A. Roberts & R. S. Kass, unpublished observations) that
is comparable to al181y2 GABARs (29 pS) and murine
spinal cord neurons (27 pS).

The final model (Scheme 1) is identical in form to that of
Twyman et al. (1990) except for the inclusion of a
desensitizing pathway (see below). As modified from
Twyman et al.(1990), A represents an agonist molecule, C;
represents the ith closed state, and O; represents ith open
state. Parameter values as previously defined (Twyman et
al. 1990) were (s™): &y, 30; k_,, 125; a,, 1515; b,, 2-77; ay,
181; b,, 12-5; ag, 32; by, 17°5; aj, 83; ay, 68; by, 5263; b7,
323; a3, 90; a3, 73; by, 5263; by, 323; a3, 47; a3, 37; b,
5263; and b3, 323. These parameter values were held
constant, thereby preserving all intraburst and some
extraburst neuronal single-channel properties. Also, note
that both ligand binding reactions are identical (see
Scheme 1). In addition, a sequential two state desensitizing
pathway connected to state 2AC, was included, where D, is
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the ith desensitized state. The existence of at least two
such states is suggested by biexponential desensitization at
high GABA concentration (see Fig. 3B). This desensitization
gating mechanism is also consistent with the proposal of
Macdonald & Twyman (1992). The justification for the
connection of D, to 2AC, is derived from the inability of
connections to other states (AC,, 2AC,, 2A0,, 2A0, and
2A0,) to account for the target empirical data (see below).

In this gating model, the macroscopic current (Ig,gp,) is
determined by the time course of the aggregate probability
of open receptor conformations (AO,, 2A0, and 2A0,). The
model is based on single-channel activity filtered at 1 kHz
(3 dB) (Twyman et al. 1990), which is a greater dynamic
range than that of our whole-cell measurement system (rise
time, 30 ms). To approximate the intrinsic filtering of our
measurement system and allow comparison of model and
macroscopic experimental data, we applied a first order
filter (12 Hz, 3 dB) to the model I, 5, that approximates a
response with a 30 ms rise time.

Six extraburst parameters involved in ligand binding (k,,
k_,) and desensitization (d,, d_,, d,, d_,) were estimated to
provide an accounting of target empirical data. Estimation
of these parameters was simplified by considering a subset
of the a182y2S empirical data. Data were selected if they
provided, to a degree, separation of activation,
desensitization, or deactivation (Fig. 5). The target data set
was completed by including peak current data for
responses in Fig.5 as given in concentration—response
curves (Fig.1B). Figure5 compares average kinetic
responses of both receptors at nearly equi-activating GABA
concentrations. These comparisons clearly illustrate that
activation, desensitization and deactivation kinetics are
markedly different between these receptors where gating is
accelerated by the presence of the a1 subtype.

The a1p2y2S model was first considered without the
desensitizing pathway, reducing the number of estimated
parameters to two (k;, k_,). Not surprisingly, no values
could be found to account for the target empirical data. The
four desensitization parameters (d,, d_,, dy, d_,) were then

D,
4
d, || d_s
Dy
4
Ch
k1 k‘l ' k2
2A + Cg =—= A + AC, 2AC; = 2AC,
k—1 k—‘ 4 k-2
81]lb1 as || ba aa]lbg
r

A + AO,

b g, N bz, Nz b,
a; by a; b, as
C,

Cs

2A0, 2A0,

o
b}\,’
Cy

Cs C7 03

Scheme 1
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added and estimation was restricted by fixing the ratio
(k,/k_,) to the empirically observed EC;, (7 gm). This
reduced the number of free parameters to five. Estimation
resulted in parameter values (k,, 2100 mMm's™; k_,,
14657 d;, 30s™Y; d,, 114587 d, 04s™; and d,,
0-07 s™) that provided reproduction of the empirical data
(Figs 5 and 6C, open squares), which enhances the model’s
validity. The single-channel open probability of this model
(0:9% at the end of 1 s, 2 uM pulse) is consistent with that
of the model of Twyman et al. (1990) (1-9%, 2 um)
suggesting that extraburst behaviour at low concentration
was not seriously affected by the introduction of the
desensitizing pathway or the small differences in binding
parameters (k,, k_,).

With a credible «182y2S model in hand, we next
considered parameter modifications that would provide
reproduction of a3§2y2 empirical data. Such a process, if
successful, would identify molecular transitions that may
underlie the gating differences between these structurally

A

alp2y2sS
2 uM

alp2y2S
2 uM
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similar receptors. This presumes that single-channel
properties are not substantially altered by the a3
substitution. We first estimated the same parameters (&,
k_y, dy, d_;, dy, d_) as for alf2y2S, but using target
empirical data for a382y2 receptor (Figs 1B and 5, and
EC;o, 75 uM). Preliminary parameter estimation revealed
that d, and d_, agreed closely with the «182y2S model. We
therefore fixed these parameters to those values (d,, 30 s™;
d_, 11+4 s7") and re-estimated k,, k_,, d;, and d_,. The final
parameters (k,, 39 mms™; k_,, 3s"; d;, 031 5™ and d_,,
0-1s™) provided a close accounting of the a382y2
empirical data (Figs 5, and 6C, open circles). Remarkably, d,
and d_, values are comparable to those of the a142y2 model
(d,, 04 s' and d_,, 0-07 s, indicating that differences in
the two parameters determining binding (&, and k_,) alone
are nearly sufficient to account for the functional
differences in gating and ligand binding. The results
indicate that these receptors may differ only in the rates
and rate constants that govern state transitions during
ligand binding.

B

W alpf2y2S
100 um

a3p2y2S
1mMm

v
------
.....

a3p2y2S
20 um

05s

Figure 5. Empirical data used for parameter estimation and resultant gating model responses

The continuous curves are the means + s.p. of normalized responses (replotted from Figs 2B, 3B and 4B)
expressing a142y28S or a32y28S subunits, as indicated at equi-activating concentrations. Currents have
been scaled to illustrate clearly differing kinetics. Also shown are responses of the gating models
(x182y28, O; a382y28, O) for each condition (see text). A, step responses (initiation at arrowhead) at low
GABA concentration emphasize activation kinetics. B, high GABA concentrations enhance desensitization
kinetics. C, deactivation responses (pulse termination marked by inverted arrowhead).
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Model parameters were determined using a subset of range of GABA concentrations. Figure 6 shows the
empirical data as discussed above. To examine further the  predictions of gating models (open symbols) and empirical
validity of these models we tested their ability to predict  data (continuous lines) for both «182y2S and a3p2y2S
empirical responses beyond this subset and over a broad  receptors. The I;,5, traces (Fig. 64 and B) are normalized

A
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10 uM
T 20
0 2
0-02 nA I
02s
5 50
alf2y2S a3p2y2S
Y
B
2 uM 20 uMm
5
200
100 1000

C
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100 10" 102 108
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Figure 6. Gating models predictions

In 4 and B, gating models predict a-subunit-dependent empirical responses over a broad GABA
concentration range (replotted from Figs 2B and 3B). Empirical data are shown by continuous lines
(mean +s.0) and GABA concentrations, where appropriate, are shown to the right. Gating model
responses (x182y2, O; a3f2y2, O) to the same stimulus were scaled to peak current. A, activation.
Empirical and theoretical responses are shown on an expanded time scale to emphasize activation kinetics
during step GABA application (open bar). B, desensitization kinetics. Empirical I;,5, responses to 10 s
GABA (indicated to the left) pulses for cells expressing subunits, as indicated, that are shown on a longer
time base to illustrate desensitization kinetics. C, concentration—response relationship for peak Ig,g,.
Pooled empirical data are from Fig. 1B and gating model data are shown by open symbols.
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averaged responses. As shown, the gating models faithfully
reproduce the concentration dependence of activation and
desensitization kinetics, and peak current amplitude
(Fig. 6C) of their respective empirical receptors.

Taken together, these results support the validity of the
gating models. Furthermore, they suggest strongly that the
a-subunit isoform influences transition rates involved in
ligand binding that underlie differences both in apparent
activating site affinity and macroscopic current gating of
the receptor.

a-Subunit isoform contains structural
determinants for molecular transitions
underlying gating and ligand binding

The principal new result reported here is that the
substitution of an a3 for an al subunit in an a182y2S
GABAR slows the activation, desensitization and
deactivation of macroscopic GABA-induced currents in
addition to reducing the apparent activating site affinity.
Interestingly, our theoretical analysis suggests that effects
on both gating and affinity can be accounted for by changes
in the molecular transitions governing ligand binding.
These findings also indicate that structural determinants
for these molecular transitions reside on the a-subunit and
point to a critical role of this subunit isoform in receptor
function and synaptic signalling. Furthermore, these
results lay the foundation for future structure—function
studies of the a-subunit isoform in which site-directed
mutagenesis can be precisely targeted by exploiting the
high degree of amino acid sequence homology between al
and a3 subunit isoforms (Seeburg ef al. 1990).

Our approach included a combination of experimental and
theoretical elements. We studied macroscopic current
kinetics of cells expressing receptors that differed only by
the a-subunit subtype (1822S and a382y2S), and we
comprehensively characterized current kinetics over a wide
range of GABA concentrations. We also employed a rapid
extracellular solution changer in conjunction with small
mammalian cells, minimizing potential distortion of
current kinetics by GABA wash-in. Finally, we analysed
the empirical data in the context of a comprehensive gating
model that accounts for macroscopic gating and is based on
GABAR single-channel properties. This step resulted in a
gating model that accounts for, or predicts, a wide range of
GABAR function and permitted the identification of
candidate molecular transitions influenced by the
a-subunit.

Involvement of the a-subunit isoform in determining
gating of GABARs with a putative native subunit
composition (¢fy) is notable. There are few studies that
address subunit-dependent gating of GABARs. Angeliotti
& Macdonald (1993) found that the addition of ¥2 subunits
to co-expressed alf1 subunits increased mean open time
and burst durations. Verdoorn et al. (1990) studied «142,
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aly2 and al1$2y2 receptors and showed that the presence
of B2 enhances desensitization and outward rectification
while y2 reduced mean open time. These important results
have shown that gating is dependent on the type and
number of subunit classes. Subsequently, Verdoorn (1994)
examined the role of the a-subunit in a ternary subunit
class receptor (¢f7y) by considering the kinetic relaxation of
responses triggered by brief (6—25ms) GABA (3 mm)
applications to outside-out macropatches containing
alf2y2 and a3f2y2 receptors. Relaxation kinetics were
markedly faster for a142y2, suggesting that the functional
features that determine inhibitory postsynaptic current
morphology are influenced by the a-subunit subtype.
However, the underlying functional differences were not
identified.

Our results agree with those of Sigel et al. (1990, 1992) who
have demonstrated that the same a-subunit variant
substitution dramatically reduced apparent GABA binding
affinity in «f2y2 subunit combinations expressed in
Xenopus. In fact, their peak current concentration—response
relations (x182y2, EC;, =6 and Hill coeffecient =1-6;
a3f2y2, ECy,, =116 and Hill coeffecient =1-3) are
quantitatively similar to those of the receptors in this study
(see Fig.1B). Likewise, our results are consistent with
reports by Verdoorn (1994) of a182y2 (EC,, =174 um,
Hill coeffecient = 1:9) and a342y2 (EC;, =103 pm, Hill
coefficient = 1-3) expressed in HEK-293 cells. Other
reports have implicated the a-subunit in GABA binding of
recombinant af receptors (Levitan et al. 1988). However,
studies of structure—function (Amin & Weiss, 1993) and
binding (Casalotti et al. 1986; Deng et al. 1986) provide
good evidence that the f-subunit directly binds GABA to
trigger activation. Perhaps the a-subunit indirectly affects
£ subunit binding of GABA in a manner similar to the
probable allosteric influence of the y-subunit on the
a-subunit during benzodiazepine binding (Pritchett et al.
1989).

Physiological implications of the gating models
The model

We used a comprehensive reaction scheme (Scheme 1) to
account for macroscopic current kinetics. The validity of
the resultant models is supported by their reproduction of a
wide array of GABAR function, that includes single-
channel properties, peak current concentration—response
relationships, and macroscopic activation, desensitization
and deactivation. However, these findings cannot prove the
validity of the model since these functional features do not
guarantee a unique model structure. Furthermore, the
assumption that the single-channel properties of neuronal
and these recombinant receptors are similar must be tested.

This model is unique in its ability to account for a wide
range of GABAR function when compared with previous
models. Bormann & Clapham (1985) proposed a linear
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reaction scheme, based on a model described by del Castillo
& Katz (1957) for nicotinic acetylcholine receptors,
involving the sequential binding of two agonist molecules
that activates to a single open state. This reaction scheme
accounted for macroscopic current concentration—response
relations, burst durations and closed times of GABA-gated
ClI” channels in adrenal medullary chromaffin cells.
Bormann (1988) proposed an extension of this model where
singly and doubly bound receptors opened in order to
explain the brief openings and burst characteristics of
single-channel activity. Later, Twyman et al. (1990)
proposed the gating model embodied in Scheme 1 to
account for three kinetically distinct open states and the
concentration independence of intraburst closed times. Our
model extends this gating mechanism, by including a
desensitization pathway to account for macroscopic current
kinetics.

It is interesting to consider this gating model with respect
to recent findings by Maconochie, Zempel & Steinbach
(1994) of GABAR activation from postnatal cerebellar
neurons in rapidly perfused outside-out patches. They
found a sigmoidal concentration—response relationship for
activation rate. This relationship (ECj, = 500 um) was
shifted to higher concentration fiftyfold relative to the peak
current concentration—response relationship (EC;, = 10 um).
These observations were accounted for by an activation
process where most receptors bind more than one GABA
molecule and where the final GABA molecule binds with

Figure 7. Simulation of physiological inhibitory
postsynaptic currents

Model responses (continuous traces) were computed for brief
(1 ms) high concentration (1 mm) GABA pulses (upper trace for
both panels) to yield simulated inhibitory postsynaptic
currents (IPSCs). Responses are normalized to peak current to
illustrate differences in relaxation kinetics. Insets give
parameters of a fitted biexponential functions (fast time
constant (7;), slow time constant (7,), and percentage of
response by fast component (%Fast)). Dashed lines are the

time course of the component monoexponentials. Relaxation of

a3p32y28S-simulated IPSC is markedly slower (see text).

GABA, receptor gating kinetics depend on a-subunit

541

low affinity. We became interested in examining our model
(x182y28) for these properties since most open channels
here also bind two GABA molecules, but in contrast, do so
with high affinity. To increase the model’s frequency
response, we removed the first-order filter. Multi-
exponential functions were then fitted to model activation
responses over a range of GABA concentrations (Maconochie
et al. 1994). The model activation rate manifested a
sigmoidal dependence on concentration (EC;, = 132 um).
Surprisingly, this relationship was also shifted to higher
concentration nearly twentyfold relative to the current
concentration—response relationship (ECy, =7 um). The
similarity of these findings suggests that the interpretation
of GABAR macroscopic currents may be difficult owing to
complex channel gating (Sakmann et al. 1983; Macdonald et
al. 1989; Weiss & Magleby, 1989; Twyman et al. 1990;
Twyman & Macdonald, 1992) and the interactions of ligand
binding and gating.

Predictions for physiologically relevant conditions
Our data show clear kinetic differences for macroscopic
currents carried by a1f2y2S and a382y2S GABARs. Do
these differences have physiologically relevant implications
for receptor function? In order to explore this possibility,
we examined the theoretical responses of these receptor
types to GABA exposures that may approximate those in
the synaptic cleft. These results would provide an insight
into the effects of the a-subunit isoform on synaptic
transmission.

A «1p2y2S

7, = 58 ms
7 = 206 ms
% Fast = 54

02s

a3p2y2S

_____
s

7, =140 ms
7, = 503 ms
% Fast = 31
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The precise time course of cleft neurotransmitter
concentration cannot be measured directly. Hence, our
current understanding is derived from investigations
utilizing a combination of neurotransmitter diffusion
modelling and empirical observations of postsynaptic
currents at the neuromuscular junction and central synapses
(Eccles & Jaeger, 1958; Wathey, Menasche & Lester, 1979;
Busch & Sakmann, 1990; Edwards, Konnerth & Sakmann,
1990). Simplifying these conclusions results in a description
of the time course of cleft neurotransmitter, as a first
approximation, that persists in the order of a millisecond
and reaches millimolar concentrations. In our computations,
we ‘delivered” GABA pulses consistent with this
simplification.

Figure 7 shows the response of both gating models to a
brief (1 ms) pulse of GABA (1 mm). The shape of these
responses is comparable to inhibitory postsynaptic currents
(IPSCs) with constant driving force. These responses show
divergent qualities where the decay of the a382y2 receptor
is markedly slower. Both responses were approximated well
by biexponential functions. The presence of the a3 subunit
slows the overall relaxation time course both by increasing
time constants (7;, from 58 to 140 ms; 7., from 206 to
503 ms) and the relative contribution of the slow component
(%Fast: from 54 to 31). Verdoorn (1994) investigated the
relaxation of responses triggered by brief (6—25 ms) GABA
(3 mm) applications to outside-out macropatches containing
alB2y2 or a3f2y2 receptors. The same substitution
increased time constants (7;, 23 to 40ms; 7, 132 to
546 ms) and the relative contribution of the slow component
(%Fast: 62 to 54) which are similar to our theoretical
findings.

These results suggest that IPSC morphology may be
influenced heavily by transition rates underlying ligand
binding and unbinding and that the manner of synaptic
transmission may depend heavily on the a-subunit isoform.

From our results we thus conclude that the a-subunit of the
GABA , receptor is critical to molecular transitions involved
in GABA binding that influence apparent activating site
affinity as well as macroscopic gating. These characteristics
are likely to underlie subunit-dependent differences in
regional GABA, receptor function that cause unique
postsynaptic inhibitory responses. Future investigations
using site-directed mutagenesis can now be undertaken to
determine the structural basis for these important
physiologically distinct functions.
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