Article

The activation mechanism of a1B2y2s and a3PBsy2.s GABAA receptors

Angelo Keramidas and Neil L. Harrison

Department of Anesthesiology and Department of Pharmacology, Columbia University, New York, NY 10032

The a;Bsys and asPBsys are two isoforms of y-aminobutyric acid type A (GABA,) receptor that are widely distributed
in the brain. Both are found at synapses, for example in the thalamus, where they mediate distinctly different in-
hibitory postsynaptic current profiles, particularly with respect to decay time. The two isoforms were expressed in
HEK293 cells, and single-channel activity was recorded from outside-out patches. The kinetic characteristics of
both isoforms were investigated by analyzing single-channel currents over a wide range of GABA concentrations.
a1B9Ys channels exhibited briefer active periods than asBsys channels over the entire range of agonist concentra-
tions and had lower intraburst open probabilities at subsaturating concentrations. Activation mechanisms were
constructed by fitting postulated schemes to data recorded at saturating and subsaturating GABA concentrations
simultaneously. Reaction mechanisms were ranked according to log-likelihood values and how accurately they sim-
ulated ensemble currents. The highest ranked mechanism for both channels consisted of two sequential binding
steps, followed by three conducting and three nonconducting configurations. The equilibrium dissociation con-
stant for GABA at asfsy, channels was ~2.6 pM compared with ~19 pM for a;B4ys channels, suggesting that GABA
binds to the asBsy. channels with higher affinity. A notable feature of the mechanism was that two consecutive
doubly liganded shut states preceded all three open configurations. The lifetime of the third shut state was briefer
for the asBsys channels. The longer active periods, higher affinity, and preference for conducting states are consis-
tent with the slower decay of inhibitory currents at synapses that contain asBsy, channels. The reaction mechanism
we describe here may also be appropriate for the analysis of other types of GABA, receptors and provides a frame-
work for rational investigation of the kinetic effects of a variety of therapeutic agents that activate or modulate
GABA, receptors and hence influence synaptic and extrasynaptic inhibition in the central nervous system.

INTRODUCTION

v-aminobutyric acid type A (GABA,) receptors are a
group of closely related yet biophysically and pharma-
cologically diverse receptors that belong to a larger fam-
ily of ligand-activated ion channel receptors. All GABA,
receptors are comprised of pentameric combinations of
homologous subunits, and all subunits are members of
alarge gene family. In eukaryotes, members of this fam-
ily are characterized by a functionally important loop in
the extracellular domain of each subunit (“cys-loop”)
formed by a cysteine—cysteine bond. GABA, receptors
are found in nature as distinct assemblies from a total of
16 known subunits (19 if you include the p subunits;
Olsen and Sieghart, 2008). The functional role of GABA,
receptors depends on their location, which itself de-
pends to a large extent on subunit composition. Synap-
tic GABA, receptors mediate phasic inhibition and
play a role in timing and synchronization, and these
require a vy subunit to be trafficked to the synapse. In
contrast, the 8 subunit has been found only in extrasyn-
aptic receptors. These GABA, receptors are tonically
activated by ambient GABA in the perisynaptic space
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and are presumed to contribute to the control of basal
excitability level (Mody and Pearce, 2004; Farrant and
Nusser, 2005).

The most abundant and widely distributed synaptic
GABA, receptor contains o, g, and vy, subunits at a ra-
tio of 2:2:1 (20;2B917s). Another synaptic GABA, recep-
tor, which is less abundant, is comprised of as, B3, and 1y,
subunits. These two GABA, receptor subtypes are often
located in the same neuroanatomical regions, such as
the cortex and thalamus, but are confined to different
nuclei, tissue layers, or cell types (Sieghart and Sperk,
2002). For instance, in the thalamus, the GABA, recep-
tor found at the inhibitory synapses on thalamocortical
neurons in the ventrobasal nucleus (VB) is the a;Byys
isoform, whereas the GABA, receptor found at the re-
ciprocal inhibitory synapses between neurons in the re-
ticular nucleus (RTN) is of the asBsys subtype. These
two receptors have been carefully studied in expression
systems and in brain slice preparations, where it has
been reported that inhibitory postsynaptic currents
(IPSCs) recorded from RTN decay much more slowly
than IPSCs recorded from VB (Mozrzymas et al., 2007;
Schofield and Huguenard, 2007; Jia et al., 2009). This
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observation strongly suggests that subunit composition
is a possible determinant of the time course of synaptic
currents, which in turn implies that subunit composition
confers distinct kinetic properties on individual channels.

A considerable body of literature is now available on
the relationship between structure and function of li-
gand-gated ion channels at the molecular level. The
most thoroughly examined and understood of these
channels are those belonging to the cys-loop family, and
of these, the muscle nicotinic acetylcholine (nACh)
receptor has been investigated most assiduously. One
especially productive approach to investigating ion
channels is to record single-channel currents, postulate
reaction schemes for channel activation, and fit those
schemes to the idealized data by maximum likelihood
methods (Colquhoun and Hawkes, 1995; Qin et al., 1996;
Colquhoun et al., 2003). Using this methodology, single-
channel studies have yielded fine-grained structural in-
formation concerning interacting domains (Lee et al.,
2009) and detected concerted microdomain movements
involved in the transduction of agonist binding to channel
opening (Grosman et al., 2000; Auerbach, 2005; Purohit
et al.,, 2007). Similar studies that are compatible with
the notion of discrete movements along the reaction
pathway have revealed previously undiscovered func-
tional states in the context of refined gating schemes
that describe channel activation in both nACh and gly-
cine receptors (Burzomato etal., 2004; Lape et al., 2008;
Mukhtasimova et al., 2009).

Even though GABA, receptors are the main media-
tors of neuronal inhibition in the brain, fewer attempts
have been made to apply a rigorous analytical treat-
ment, with the notable exception of a study on o;31yss
GABA, receptors (Lema and Auerbach, 2006). Several
gating mechanisms have been proposed for GABA,4 re-
ceptor activation, and these describe the properties of
ensemble (Jones and Westbrook, 1995) and single-chan-
nel (Steinbach and Akk, 2001) currents well, but a uni-
versally accepted mechanism that can be broadly applied
to GABA, receptors is unavailable. Such a mechanism
would be of use in describing and reconciling a broad
spectrum of data on a variety of drugs that interact with
GABA, receptors—from agonists, including “partial
agonism” as recently elucidated for nACh and glycine
receptors (Lape etal., 2008), to channel modulation by
agents such as benzodiazepines and neurosteroids, and
activation by anaesthetics (Krasowski and Harrison, 1999).

Here, we have developed and evaluated several reac-
tion schemes that describe GABA, receptor activation,
one of which we began to describe in a previous study
(Keramidas and Harrison, 2008). The evaluation of
these kinetic schemes was done initially on the basis of
the log-likelihood (LL) values, which indicate the accu-
racy with which a postulated scheme fits single-channel
records. The general applicability of the schemes was
tested by fitting them to single-channel data obtained
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from two isoforms of GABA, receptor, the o;Bsyss and
asBsyes channels. The best of these schemes were then
used to simulate multichannel currents, and these
simulations were compared with real macropatch cur-
rents in response to single and paired 1-ms pulses of
agonist, providing an additional means of distinguish-
ing schemes.

The mechanism that best satisfied our selection cri-
teria consists of two sequential binding steps for GABA,
leading to three shut and three open states and is
similar in some ways to a mechanism proposed for
a1B1v2s GABA, receptors (Lema and Auerbach, 2006).
The best two mechanisms evaluated both involve a
fully liganded shut channel transitioning to a second
fully liganded shut state before entering any conduct-
ing configurations. The existence of preconducting
states has recently been described in other cys-loop
receptors (Burzomato et al., 2004; Lape et al., 2008;
Mukhtasimova et al., 2009) and may be a common
feature of the activation mechanism for the entire re-
ceptor family.

MATERIALS AND METHODS

Expression of GABAARs in HEK293 cells

HEK293 cells were seeded onto poly-pD-lysine—coated glass cover-
slips and transfected with cDNA encoding the human o, 9, and
Yas OT aig, B3, and yos subunits at a plasmid ratio of 1:1:4 (a:B:y) us-
ing the calcium phosphate coprecipitation method. The cells
were cotransfected with the CD4 surface antigen, which acted as
a transfection marker. Transfected cells were washed after 24 h of
exposure to the cDNA precipitate and used for patch clamp re-
cordings 48-72 h later.

Electrophysiology and solutions

GABA-gated currents were recorded at room temperature
(21 + 1°C) using the excised outside-out patch configuration of the
patch clamp technique. All patches were voltage clamped at a po-
tential of —70 mV. Single-channel and macropatch currents were
recorded using an Axopatch 200B amplifier (Axon Instruments),
filtered with a four-pole Bessel filter that is built into the amplifier
at a —3-dB value of 5 or 10 kHz, and acquired at a sampling
frequency of 20 kHz (macropatch recordings) or 50 kHz (single-
channel recordings). The standard extracellular solution con-
tained (in mM): 140 NaCl, 5 KCl, 2 CaCl,, 1 MgCls, 10 p-glucose,
and 10 HEPES, and titrated to a pH of 7.4 with NaOH. The stan-
dard intracellular solution contained (in mM): 80 NaCl, 60 CsCl,
3 KCl, 2 K,ATP, 4 MgCly, 1 CaCly, 5 EGTA, 10 p-glucose, and 10
HEPES, with pH adjusted to 7.4 with NaOH. Patch pipettes were
made of standard wall borosilicate glass and had resistances of
6-15 MQ when filled with intracellular solution. Pipettes used for
single-channel recordings were also coated with a silicon polymer
(Sylgard 184; Corning) and fire-polished to improve signal reso-
lution. Single-channel (equilibrium) recordings were made in the
continuous presence of agonist, which was dissolved at the desired
concentration in the extracellular solution. Macropatch (non-
equilibrium) recordings were done by positioning the patches
near the solution interface of a double lumen glass tube mounted
on a piezo-electric translator. Currents were elicited by exposing
the patches to 5 mM GABA for either 1 ms or a pair of 1-ms pulses
separated by 24 ms.
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Data analysis

Plots of agonist-dependent variables (cluster or burst length and
intraburst open probability, Py) were fitted to a modified Hill
equation of the form:

Y:Y”AUO, 1)
[A]" + EC2,

where [A]is the agonist concentration, ECs is the concentration
of agonist that produces half of the maximal response, n is the
Hill coefficient (slope at ECs), Yis the response to [A], Y"*is the
maximal response, and y, is the lower limit of the response as [A]
approaches 0.

Single-channel current amplitude was determined by generating
amplitude histograms for selected segments of record and fitting
the histograms to Gaussian curves. Single-channel conductance
was calculated using the following expression:

= ;, (2)

)

where vy is the single-channel conductance, iis the single-channel
current amplitude, V,, is the transmembrane potential, and V,,, is
the potential at which current reverses direction (reversal poten-
tial). The values of V,,, were obtained from i-V measurements, cov-
ering a range of voltages between —70 and +70 mV. Liquid
junction potential offsets were accounted for (using ion activities)
in the conductance calculation. In addition, an estimate of cur-
rent rectification (rectification index [RI]) over the experimental
voltage range was determined by taking the ratio of current amp-
litude at —60 and +60 mV.

The activation rate (10-90% rise time) for macropatch cur-
rents was determined by fitting the following equation to middle
80% of the onset phase of currents.

[(0)= 1 (l—e"é), 3)

where I(t) is the current at time ¢, I,,, is the maximum current,
and 7 is the time constant. The deactivation phase of macropatch
currents was fitted with two standard exponential equations.
Single-channel kinetic analysis and modeling were done using
QuB software (http://www.qub.buffalo.edu). A saturating con-
centration of 5 mM of agonist was initially used to isolate the gat-
ing steps from agonist binding. At this concentration, agonist
binding preequilibrates, and the resulting activity arises from fully
liganded channels. Periods of continuous activity were selected
initially by eye and extracted to separate files within QuB for fur-
ther analysis. These eye-selected segments were discrete and sepa-
rated from each other by quiescent periods lasting at least 100 ms.
Isolated brief openings that sometimes occurred between clusters
and multiple openings within active periods were excluded dur-
ing cluster selection and not included in any analysis (Fig. 3). The
segmented k-means algorithm was used for idealizing the data,
and the first and last shutting events of discrete active periods
were dropped from the idealized data. The segments were then
divided into clusters of activity by applying a critical shut time (t;)
that marked the end of a cluster (Colquhoun and Hawkes, 1995).
teie values were determined for each patch by generating shut-
time dwell histograms of the idealized eye-selected segments of
data. Some eye-selected segments produced several t; values,
and the longest one (between the two longest components) was
chosen and used to divide the eye-selected segments. This retained
only three shut components in the distributions. For consistency,
eye-selected segments that produced more shut components (as
was the case with some selections in Fig. 3) with the initial fit were

divided by a t.; that retained the shortest three components.
These preliminary fits were needed solely to determine t,; values
for the purpose of dividing eye-selected segments into shorter
clusters of activity and were not used for further analysis. The t.;
values at 5 mM GABA ranged between 8-20 ms for the a;Byyss
GABA, receptors and 9-25 ms for the asBsys,s GABA, receptors.
The system dead time was 40 ps. The resulting clusters were ana-
lyzed for mean duration, open probability (intraburst Py), and
open and shut durations. The number of individual exponential
components in each dwell class (shut or open) resulting from the
final fit was taken as the minimum number of states in any under-
lying reaction scheme.

Subsaturating concentrations of GABA (200, 20, and 2 pM)
were used to obtain information for agonist binding steps and
were analyzed in the same way as the data obtained at 5 mM
GABA. 200 pM GABA also produced clusters of activity at both
channel isoforms. The t;, values were chosen by the same meth-
ods as described for the 5-mM activity. At this concentration, the
tai Values were 19-31 ms for the a;B9yss channels and 11-30 ms
for the asBsyss channels. At 20 and 2 pM GABA, channel activity
occurred as shorter, scattered bursts, and it was generally more
difficult to isolate segments of activity that appeared to arise from
a single channel, especially for the o;B9yss isoform. In this case,
we selected segments lasting several seconds that did not contain
any overlapping openings and constructed shut histograms for
these. A t.; of 35 ms applied to this activity retained the three
fastest components and a fourth that accounted for the binding
steps for GABA. We also used a t.,;, of 100 ms, retrospectively, to
some 2 pM of data to determine if our original choice of 35 ms
inadvertently excised some longer components associated with
ligand binding.

Global fitting of data across concentrations was done by postu-
lating a scheme that contained the number of fully liganded states
(gating states) determined from the analysis of data at 5 mM
GABA and adding two sequential binding steps to each of the
doubly liganded shut states for evaluation. Schemes were fitted si-
multaneously to sets of data, with each set including data recorded
at 5 mM, 200 pM, and 20 pM for o;Byyss channels and 5 mM,
200 pM, and 2 pM for asPsyss channels. Data recorded at 2 pM
for the a;Bsyss channels were not included in the initial global fit-
ting analysis because this concentration induced mostly very short,
sparse activity with too few complex bursts. However, the two
patches that did yield sufficient complex activity were analyzed
separately, included in separate datasets, and analyzed as de-
scribed above to verify the agonist dissociation constant obtained
from the initial global fitting.

Generating dwell histograms and fitting idealized data to
schemes were done by the method of maximum likelihood. The
dwell histograms were fitted with mixtures of probability density
functions (Colquhoun and Hawkes, 1995; Lema and Auerbach,
2006). Each set of data produced a LL value, and the sums of LL
values (XLL) were compared across all postulated schemes.

Single-channel currents in the presence of high concentrations
of GABA often exhibit modal activity based on intraburst P
(Lema and Auerbach, 2006; Keramidas and Harrison, 2008). In
a1Boyss GABA, receptors, the two prevalent gating modes are
characterized by Pos of ~0.7 and ~0.9. Both of these modes were
evident in a;Byyss and asPgyss single-channel records but were
not treated separately in the analysis (Fig. 3). Po values stated in
the text represent the mean of high- and mid-P, activity.

The derived schemes along with the mean rate constants from
the single-channel analysis were used to generate simulations of
macropatch currents in response to a single or a pair of 1-ms ap-
plications of agonist. These simulations were also done in QuB
with the number of channels contributing to the currents set
to 1,000. The simulated single-pulse currents were then analyzed
for activation rate (10-90% rise time) and deactivation by fitting
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single- or double-exponential equations, respectively, to the currents
as described above for the real currents. For the paired-pulse sim-
ulations, the percentage change in the second peak relative to the
first was measured and compared with that of the real paired-
pulse currents for the o;Bsyss channels that we recorded or the
asPBsyes channels, which we obtained from the literature. Deacti-
vation time constants for single-pulse responses of the asBsyss
channels were also obtained from the literature.

Four of the schemes that were tested against the data (among
others) are the following:

A2R2*
i7) Laz
2k, K. o By
L AR L AR AR AR™
K4 2K 4 P-1 o]
a3 || Ba
AR AR
G_1
(SCHEME 1)
AR’
0'+11L0_1
2k+1 k+1 4 P41 2 B‘l 1%
AR AR AR AR
K_4 2K_4 -1 3]
o2 || B2
AR AR*
(SCHEME 2)
2k+1 k+1
R AR AR
K1 1
P-1]| P+1 P-2 L(P+2
k+2 B3
AR AR AR™*
2K a3
a1 B o2 LBz
AR* AR®
(SCHEME 3)
AR’ AR*
O+1 LG_1
2K+1 K+ P+1 . B 1%
AR AR AR
K_4 2k_4 [o] o1
a2 LBQ
A2R2*
(SCHEME 4)

R represents the receptor, A represents the agonist, and AR
and AR are the mono- and diliganded receptor in the closed
state, respectively. The state number is denoted by a superscript
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on the right of the state, and an asterisk denotes an open, con-
ducting channel. The symbols on either side of the double arrows
are the microscopic rate constants governing the transitions to
and from each state.

Scheme 1 is based on a gating scheme that was derived for
a1Byyss GABA, receptors expressed in outside-out patches in re-
sponse to 10 mM GABA (Keramidas and Harrison, 2008). Scheme
2 was the highest ranking scheme obtained from comparable
analysis of o;B1vss GABA, receptors also expressed in HEK293
cells, but in the cell-attached configuration (Lema and Auerbach,
2006), and Scheme 3 is based on a mechanism that was derived
from single-channel analysis of the muscle-type nACh receptor
(Lape et al., 2008). Microscopic reversibility was applied to the
loop part of Scheme 3. Scheme 4 was one of the top-ranking
schemes in terms of LL values and the simulation of macropatch
currents. In total, 20 distinct schemes were tested. Data are stated
as mean + SEM for (n) separate experiments (recorded patches
or datasets).

RESULTS

Single-channel activity and amplitude

Single-channel currents were initially recorded from ex-
cised outside-out membrane patches expressing either
o1 Boyss or asBsyss GABA, receptors in the presence of
5 mM GABA. Both o;Bsyss and asBsyss GABA, receptors
exhibited visibly similar single-channel activity, exam-
ples of which are shown in Fig. 1. Active periods oc-
curred as discrete clusters of openings and shuttings,
separated by quiescent periods lasting from generally
~15 ms to several minutes (see also Fig. 3). Two current
amplitudes were evident in most patches. The predomi-
nant level was just under —2 pA at a holding potential
of =70 mV (Fig. 1, A and C, bottom record), but the
channels also opened to a smaller level of about —1.2 pA.
For both channel types, the smaller amplitude occurred
either as brief transitions from the larger amplitude
openings, as shown in Fig. 1 A for a;Bsyss GABA, recep-
tors, or as separate active periods, as illustrated by the
cluster of activity in Fig. 1 C (top record) for asBsyss
GABA, receptors.

To obtain estimates of single-channel amplitudes at
—70 mV, amplitude histograms were plotted and fitted
with Gaussian curves for both channel types. Examples
of these plots are shown in Fig. 1 (B and D) for the ac-
companying recordings. For a;Bsy:s GABA, receptors,
the mean amplitude of the most prevalent openings was
—1.81+0.05 pA (n="7), whereas the smaller, rarer activ-
ity was —1.11 + 0.04 pA (n = 6). For the asBsyss GABA,
receptors, the more common, larger openings had a
mean amplitude of —1.66 + 0.03 pA (n = 5) and the
smaller currents were —1.02 + 0.05 pA (7 =8). The mea-
surements for the larger openings are similar to previ-
ously published values for o;Bsyss GABA, receptors
(Keramidas and Harrison, 2008) and a3B9yss GABA, re-
ceptors (Barberis et al., 2007). It should be noted
that the smaller openings are not likely mediated by
binary a3 channels, as these do not exhibit long clus-
ters of activity (Wagner et al., 2004) nor are they likely
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Figure 1.  Conductance levels of aByyss and asBgyss GABA, receptors. (A) Continuous sweeps of single-channel activity recorded from

a patch expressing o Boyss GABA, receptors in the presence of 5 mM GABA. Note the two conductance levels indicated by broken lines
and the transition from the larger conductance to the smaller, and back again. (B) Amplitude histograms for the data shown in A. The
two amplitudes are indicated on the plot. (C) Two separate segments of single-channel activity recorded from the same patch expressing
asBsyss GABA, receptors in the presence of 5 mM GABA. The two conductance levels can also occur as discrete long clusters of either
the small conductance (top trace) or the large conductance (bottom trace). (D) Amplitude histograms for the data shown in C. The two

amplitudes are indicated on the plot. Openings are downward deflections, and the holding potential was —70 mV in both cases.

to appear as transitions within clusters of the larger amp-
litude activity.

Current-voltage relationships

For the purpose of obtaining estimates of single-chan-
nel conductance and investigating current rectification,
single-channel currents were recorded over a voltage
range of —70 to +70 mV for each patch. The larger cur-
rentamplitudes were plotted as a function of membrane
potential for each channel type. The group plots, ac-
companied by an example of an experiment from a sin-
gle patch, are shown for o;Bsyss GABA, receptors in
Fig. 2 A and for asBsyss GABA, receptors in Fig. 2 B.
From these plots, the reversal potential was read and
the conductance for each channel was computed using
Eq. 2, after correcting for liquid junction potentials.
The reversal potential for o;B8+y:5 GABA, receptors was
0.9 £ 0.2 mV (n="7) and for asBsyss GABA, receptors
was 0.9 £ 0.3 mV (n =5). The reversal potential of the
smaller current amplitude was assumed to be the same
as the corresponding larger amplitude for the same
channel type. As can be seen in Fig. 2 and Table I, the
main and lower conductance values of aBsyss GABA,
receptors were 24.5 £ 0.7 pS (n="7) and 15.1 £ 0.5 pS
(n=6), respectively, and for asBsy.s GABA, receptors were

22.7+0.5pS (n=>5) and 14.3£0.7 pS (n=8), respectively.
There was also little evidence of current rectification in
either channel, with the RI for o;Bsy9s channels being
1.21 £ 0.02 (n = 7) and that for asBsyss channels being
1.15 £ 0.03 (n=5; Table I).

Discrete segments of activity of the low conductance
type, as is shown for the a3B5y9s channels in the top trace
of Fig. 1 C and for a;Byyss channels in Fig. 3 A (e), were
quite rare. Out of 18 patches expressing a;fsyss chan-
nels at 5 mM or 200 pM GABA, only four exhibited low
conductance clusters that were >1-s long (a combined
total of ~1,000 events). The asPsy9s channels showed a
similar reluctance to activate to the low conductance
openings. From 33 patches at the higher GABA concen-
trations, only five low conductance clusters longer than
1 s were observed (a combined total of ~1,500 events).

TABLE |

Single-channel conductance and rectification of o35y and a5 3yas
GABA, receptors

vy at —70 mV v1 v2 RI

(main, pS) (pS) (=60 mV/#60 mV)
a1Bayas 245+0.7 (n=7) 151+05 (n=6) 1.21+0.02 (n=7)
asByyas 997+05 (n=5) 143+0.7 (n=8) L.15+0.03 (n=>5)
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Figure 2. Current-voltage experiments for a;Bsyss and agBsyss GABA, receptors. (A) Single-channel activity recorded from the same
patch expressing a;Bsyss GABA, receptors in the presence of 5 mM GABA. (B) Single-channel activity recorded from the same patch
expressing asBsyss GABA, receptors in the presence of 5 mM GABA. The holding potential for each segment of record is indicated
on the far left. On the right of each family of traces are the corresponding group plots of single-channel current amplitude (only
the larger conductance openings are potted) as a function of holding potential. The group plots represent data from seven patches
for the oByyss channels and five patches for asPBsyss channels. Note the very slight downward concavity of the i-V plots indicating mild

inward rectification.

The remainder of patches for both channel isoforms
exhibited much shorter (~~10-50 ms), sporadic periods
of low conductance activity that were discrete. Low con-
ductance openings that occurred as brief transitions
from the high to the low conductance, as illustrated in
Fig. 1 A, were more frequently seen but also very short
lived. Due to the paucity of low conductance data, we
decided to analyze further only the high conductance
currents. In our attempts to derive activation mecha-
nisms, we were careful to reject low conductance peri-
ods that were either discrete or constituted more than
~2-3% of the overall length the high conductance ac-
tive periods by scanning the records at high resolution.

Burst length and intraburst open probability

The next set of experiments was aimed at characteriz-
ing the kinetic differences between o;Boyes and asBsyss
GABA, receptors. To this end, single-channel currents
were recorded over a wide range of GABA concentra-
tions, and the duration and intraburst open probabilities
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were measured and plotted as a function of GABA con-
centration. For o;Bsyss GABA, receptors, the agonist
concentrations used were 5 mM, 200 pM, 20 pM, and
2 pM, whereas 5 mM, 200 pM, and 2 pM GABA were used
for asBsyss GABA, receptors.

Discrete segments of data lasting from hundreds of
milliseconds to several seconds were selected (Fig. 3)
for subdivision into active periods (clusters or bursts).
These were determined by applying a critical shut time
(terit), which separated one active period from the next
(Colquhoun and Hawkes, 1995). A t.; was determined
for each patch and generally ranged between 8 and 35 ms
for both channel types at the concentrations tested,
although the mean t; values at 5 mM GABA were a lit-
tle lower, being ~10 and ~12 ms for the a;Bsyss and
asPsyes channels, respectively. With decreasing GABA
concentrations, there was a corresponding decrease in
cluster length and intraburst Po,.

Although cluster length decreased with decreasing
GABA concentration, the clusters exhibited by asBsyss
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Figure 3. Selecting segments for kinetic analysis. (A) A low-time resolution recording from a patch expressing a;Bsyss GABA, recep-
tors in response to 5 mM GABA. Stretches of single-channel activity were selected by eye and subsequently divided into discrete clusters
by applying a critical shut time (t.;). The most common type of activity (a) was of a high conductance and included segments with an
intermediate and high (purple) intra-cluster Py. Segments were excluded if they exhibited low Py (b), had inconsistent single-channel
conductance, contained overlapping activity from multiple channels (c), occurred as isolated openings (d), or were mainly of the low
single-channel conductance (e). (B) A low-time resolution recording from a patch expressing asBsys:s GABA, receptors in response to
5 mM GABA. Segments of activity (a) that were selected by eye include intermediate and high (purple) intra-cluster Po. agBsyss GABA,
receptors generally activated for longer continuous periods (b) compared with o;Bsy:s GABA, receptors. Records were filtered to

1.5 kHz for display.

GABA, receptors were consistently longer than those of
a1Boyes GABA, receptors at the same concentration, as
shown in Fig. 4 A. Exposing the a;ByYss channels to 5 mM
GABA elicited clusters that were 114 £ 11-ms (n = 7)
long, which is similar to previously published measure-
ments (Keramidas and Harrison, 2008). In contrast, 5 mM
GABA elicited substantially longer clusters at asBsyos
channels, being 196 + 16 ms (n = 16). The mean cluster
length in response to 200 pM GABA of a;Byyss GABA,
receptors was 83.5 + 13.3 ms (n = 11) and for asBsyss
GABA, receptors was 162 = 22 ms (n=17). 20 pM GABA
elicited 45.5 + 5.0 ms (n=4) bursts at a;ByYyss GABA, re-
ceptors, and 2 pM GABA elicited 17.8+ 3.0 ms (n = 5)
and 51.5 + 2.6 ms (n =9) bursts at o;Byyes and asPBsYes
GABA, receptors, respectively (see also Figs. 5 and 6).
Intraburst Py was also greater at asBsy.s GABA, recep-
tors, but only for GABA concentrations below 5 mM
(Fig. 4 B). For the a,B4yss channels, the Pg values were:
0.81£0.01 (r="7;5mM GABA), 0.61 +0.04 (n=11; 200 pM
GABA), 0.33 + 0.06 (n = 4; 20 pM GABA), and 0.15 +
0.01 (n=5; 2 pM GABA). For asBsyss channels, the Pg

values were: 0.77 £ 0.02 (n=16; 5 mM GABA), 0.69 = 0.02
(n=17; 200 pM GABA), and 0.45 + 0.01 (n=19; 2 pM
GABA). Both channels exhibited modal gating with high-,
mid-, and occasional low-Pg activity present in individual
patches. At 5 mM GABA (n = 3 patches) and 200 pM
GABA (n = 3 patches), the mid-mode activity was the
most frequent and accounted for 80-90% of the activ-
ity for both channels. Modal switching was also evident
when inspecting long segments of data (Fig. 3, purple).
We excluded low-P, clusters and conflated the high-
and mid-Pg in our analysis.

Analysis of open and shut durations within active periods

The analysis of clusters and bursts of activity was ex-
tended to include measurements of dwell-time distribu-
tions across GABA concentrations for both channels.
Fig. 5 shows typical recordings obtained from patches
expressing o;Bsyss GABA, receptors. As mentioned
above, as GABA concentration was lowered, active pe-
riods were abbreviated and the intraburst open proba-
bility also decreased. On the right of each record are
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Figure 4. Burst length and intraburst Pg. (A) Plot of the cluster (5 mM and 200 pM GABA) or burst (20 and 2 pM GABA) durations as
a function of GABA concentration for o;B9yss GABA, receptors (filled circles) and asBsyss GABA, receptors (open squares). (B) Plot

of intraburst Pg as a function of GABA concentration for o;39Yss

GABA, receptors (filled circles) and asBsyss GABA, receptors (open

squares). The data for both plots were fitted to a Hill-type equation.

the open and shut dwell histograms for clusters (5 mM
and 200 pM) and bursts (<20 pM), which are fitted with
mixtures of probability density functions. The time con-
stants and fractions for each component are summa-
rized in Table II. Three exponential components were
required to adequately describe each dwell class (shut
or open) at 5 mM and 200 pM GABA. Although the
open time constants and fractions did not vary much
between these two concentrations, the latter two shut-
time constants increased with 200 pM GABA. Applying
20 pM GABA resulted in a further increase in the latter
two shut-time constants and the introduction of a
fourth, without any substantial change in the open com-
ponent parameters (Table II and Fig. 5).

The asBsy:s GABA, receptors were similarly analyzed.
Fig. 6 shows examples of single-channel activity of
asBsyses channels at 5 mM, 200 pM, and 2 pM GABA
along with corresponding dwell histograms. Channel
activity was also best described with three shut and three
open components, with the first two shut components re-
maining little changed across concentrations. At 2 pM
GABA, the third shut componentincreased and a fourth
was also required to fit the histograms adequately.

The second and third open components decreased
with decreasing concentrations in contrast to those de-
scribing the aByyss channels (Table III). The open and
shut dwell-time constants for the asBsyss channels were
generally higher than the corresponding values for the
a1Beyss channels.

Fitting single-channel data to postulated kinetic schemes

The dwell-time distribution analysis provided the basis
for building kinetics schemes that describe the activa-
tion of o Byyss and asPsyss GABA, receptors by GABA.
The number of components in the dwell-time distribu-
tions at saturating GABA concentrations (5 mM) was
taken to represent the minimum number of diliganded
states in the postulated kinetic schemes. Records obtained
at subsaturating agonist concentrations, where the bind-
ing of agonist molecules becomes increasingly significant
in the record with decreasing concentration, were ex-
ploited for obtaining information about agonist binding
steps. Several schemes comprised of three shut and three
open states were first tested for adequacy of fit to clusters
of activity induced by 5 mM GABA. The states in each
scheme were connected in various combinations and

TABLE Il
Duwell time distributions for a3 5y>5 GABA, receptors
Shut Open

5 mM GABA (n="7)
T (ms) 0.172 £ 0.014 0.809 + 0.102 3.13 +0.37 - 0.477 + 0.024 2.64 +0.14 7.44 £ 0.65
Fraction 0.65 + 0.03 0.18 +0.03 0.17 + 0.03 - 0.18 + 0.02 0.61 +0.07 0.21 +0.05

200 pM GABA (n=11)

T (ms) 0.216 + 0.017 1.15 £ 0.09 5.9+0.35 - 0.459 + 0.063 2.75 £ 0.40 7.36 + 0.88
Fraction 0.51 +0.04 0.17 + 0.02 0.30 +0.03 - 0.23 +0.02 0.48 + 0.04 0.28 + 0.04

20 1M GABA (n = 4)
T (ms) 0.390 + 0.067 2.35 +0.46 104+ 1.7 32.7+5.0 0.469 + 0.091 1.81 +0.45 5.66 + 1.06
Fraction 0.38 £ 0.06 0.15 £ 0.03 0.18 £ 0.02 0.32 £ 0.32 0.53 £0.03 0.26 £ 0.08 0.21 £ 0.06
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Figure 5. Single-channel activity across GABA concentrations for a;syss GABA, receptors. Pairs of continuous sweeps of single-channel
activity recorded from patches expressing a;Boyss GABA4 receptors in the presence of the GABA concentrations indicated. The records
from A and B are from the same patch. On the right of each pair of traces are the corresponding dwell-time distributions for ap-
parent shut and open times. The solid line fit represents a mixture of probability density functions, and the broken lines are the

individual components.

tested for goodness of fit to five to seven patches ex-
pressing either o;Byyss or asBsyss channels. Schemes
were evaluated by summing the individual LL values for
each dataset (for each channel type) and comparing
the sum of LLs (3LL) from each scheme. We chose to
focus on the best three of these schemes for further
analysis. To these, we added a fourth (Scheme 3) for
evaluation. To extend and reevaluate the schemes tested
at 5 mM GABA, binding steps were included and fitted
to data recorded at less than saturating GABA concen-
trations in conjunction with data obtained at 5 mM
GABA. Each of the two binding steps was assumed to
occur equivalently and independently. The binding
steps were arranged in series and connected to either
one of the three shut states (AsR!, AsR?, or AsR?) for
global fitting. Mechanisms were fitted to four datasets,
each set containing records at three GABA concentra-
tions, for both channels. One 5-mM and one 20-pM re-
cord were used twice in the «;Boyss channel analysis,
and one 2-pM record was used twice for the osBsyss
channel analysis. As before, LL values were used to rank
schemes. These values are shown in Table IV for the
best three schemes (Schemes 1, 2, and 4) and Scheme 3,
which produced either low LL values or failed to suc-
cessfully fit the data. In cases where Scheme 3 did not fit

the datasets, the fitting algorithm failed to converge.
For a single dataset of a;B¢yss channel activity, the fit
was successful, and we tried to refit the other three data-
sets using the rate constants computed from that fit, but
this also either failed (two cases) or produced an LL
value that was <15,000, along with visibly poor fits of the
corresponding dwell histograms (one case). For the
asBsyses channels, all attempts to fit Scheme 3 resulted
in nonconvergence of the fitting algorithm.

Table IV also shows the mean K, values for each
scheme. For the o,Byyss receptors, Scheme 1 yielded
higher LL values for three out of four datasets, and
Scheme 4 was the leading scheme for the fourth data-
set. Scheme 2 produced competitive LL values but al-
ways lagged behind Schemes 1 and 4. Overall, Scheme 1
produced the highest XLL, but it was only marginally
higher than that for Scheme 4. There was a greater dif-
ference in the K4 values between schemes, with Scheme 1
producing the lowest K4 (highest affinity). The affinity
values for the asBsyss receptors were very similar for
Schemes 1, 2, and 4 and substantially lower than those
for the o,Byyss receptors. Again, Scheme 1 emerged
with the highest 3LL, closely followed by Scheme 4.

Our analysis on the basis of LL fitting suggests that
Scheme 1 describes the data most accurately, with
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Figure 6. Single-channel activity across GABA concentrations for asBsyss GABA, receptors. Pairs of continuous sweeps of single-chan-
nel activity recorded from patches expressing asBsyss GABA, receptors in the presence of the GABA concentrations indicated. On the
right of each pair of traces are the corresponding dwell-time distributions for apparent shut and open times. The solid line fit represents
a mixture of probability density functions, and the broken lines are the individual components.

Scheme 4 being the nearest competitor. The global fit-
ting yielded state transition rate constants for Scheme 1
for the a;Byyss channels. These were: k,; = (17.0 + 3.6)
x10°M sk 1=830+56s5 b, =521 +49s =
1,362 + 149 s B, = 1,684 + 155 s, oy = 340 + 67 s 1;
Bo=1,660+357s 1 as=1,986+ 1885 1, B3=223+ 9857 ;
a;=205+42s 0, =1,216 £ 134s S and o = 153 +
36s ! (n=4; Fig. 7 A). Similarly, for the asBsyss chan-
nels, the rate constants for Scheme 1 were: k,; = (51.0 +
0.6) x 10°M sk ;1 =184+25s7! b, =396+ 345!,
b 1=1,275+1435 1, 3,=3,003+ 2745, 0; =895 + 228571,

Bo=742+ 285 s =192+ 51 s ;B3 =534+ 1495 a3 =
645 +55s 1 0,,=1,940+243s and o1 =2,509 + 1185 !
(n=4; Fig. 7 B).

To facilitate a comparison between key kinetic dif-
ferences between oByyss and asBsyss GABA, receptor
activation, the equilibrium constants for the transition
of each state was calculated and tabulated (Table V).
Most equilibrium constants were either not distin-
guishable (@) or differed by only two- to fivefold (E;, Eo,
and Es). The equilibrium constants that varied most be-
tween the two channels were the dissociation equilibrium

TABLE 111
Duwell-time distributions for o5 5y»5 GABA, receptors
Shut Open
5 mM GABA (n = 16)
T (ms) 0.303 + 0.014 1.28 +£ 0.08 5.21 £ 0.42 - 0.628 + 0.031 4.11 +0.80 10.8 + 1.5
Fraction 0.72 £ 0.03 0.15 £ 0.02 0.13 £ 0.02 - 0.44 £ 0.03 0.39 + 0.04 0.17 £ 0.04
200 pM GABA (n=17)
T (ms) 0.255 + 0.015 1.27+0.18 5.51 +0.54 - 0.551 +0.038 2.80 +0.41 10.4+0.17
Fraction 0.76 + 0.06 0.18 £ 0.01 0.12 £ 0.02 - 0.43 +0.02 0.41 £ 0.02 0.17 + 0.03
2 pM GABA (n=17)
T (ms) 0.318 + 0.020 1.59 £ 0.12 115+1.8 38.3+44 0.644 + 0.069 1.73 +£0.21 4.26 £ 0.14
Fraction 0.64 + 0.02 0.14 + 0.02 0.11 £ 0.02 0.11 £ 0.02 0.42 + 0.04 0.44 + 0.03 0.66 + 0.02
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TABLE IV
LL values for Schemes 1, 2, 3, and 4

LL per data set
Channel Data set  Total no. of transitions S1 S2 S3 S4
o1BaYos 1 21,631 135,053 134,988 112,568 135,041
2 21,360 117,694 116,626 NC 117,670
3 24,273 134,715 133,501 NC 134.670
4 20,460 124,399 124,099 NC 124,421
SLL 511,861 509,214 112,568 511,802
Ky (M) 19.4 132 0.7 96.3
asBayos 1 43,097 231,236 220,014 NC 231,229
2 31,145 170,226 168,407 NC 170,199
3 24,405 135,771 134,984 NC 135,688
4 25,460 136,387 134,549 NC 136,377
SLL 673,620 657,954 - 673,493
Ky (M) 2.63 3.07 - 2.67

constant, Ky, and the transition constant, .. These were,
respectively, over sevenfold and 10-fold higher for the
a1Beyss channels than for the «B9y9s channels.

We did not include single-channel data from o B9yss
GABA, receptors in the presence of 2 pM GABA in our
main datasets for global fitting. This was because most
records at this concentration did not produce sufficient
bursts of activity, and it was generally difficult to confi-
dently select segments of data that were generated by a
single channel. At this concentration, however, binding
steps would be even more prominent in the record than
at 20 pM GABA and potentially provide the most infor-
mation regarding K,. Nevertheless, we endeavored to
check our estimate of K, for the a;Byyss channels. Two
relatively long-lasting patches at 2 pM GABA gave a suf-
ficient number of short bursts of activity (total of ~3,000
and ~1,950 events), which were analyzed separately
and in combination with data recorded at 20 and 200 pM
GABA for global fitting. We first tested if our choice of

A %4Bor2s
AZRZ*
GRey A 1660 | 1986
34x10°  17x10° 521 I, 1684
—= AR AR AR AR
330 660 1362 340
205 | 223
1216
AR === AR’
153

t.ie affected the computed value of K4. A t; of 35 ms
applied to the 2-pM GABA data yielded the same Kgs as
a te of 100 ms for both patches, validating our original
choice of t.;. Second, we tested if K4 was dead-time sen-
sitive with global fitting analysis. A dead time of 40 ps
produced Kgs of 17.8 pM (dataset 1) and 29.2 pM (data-
set 2). Increasing the dead time to 70 ps yielded Kys of 17.4
and 30.6 pM, respectively, suggesting that the K, estimates
were not dead-time sensitive to an appreciable extent.

Macropatch current simulations

It has been suggested that nonequilibrium data can
help discriminate between statistically similar mechanis-
tic schemes that were derived using equilibrium data
(Kienker, 1989). As an additional test for our schemes,
we either measured salient kinetic parameters from
macropatch currents we recorded or obtained them
from the literature (Table VI). Currents were evoked in
patches expressing either o Byyss Or asBsyss channels by

B a3P3Y2g
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Figure 7. Proposed mechanism for GABA, receptor activation. Reaction schemes obtained from global fitting data across a range of

GABA concentrations for o;B8syss GABA, receptors (A) and asBsyss GABA, receptors (B). The mean forward and backward rate con-
stants are indicated on either side of the double arrows between each of the states. Note the difference in binding rate constants
(k_; and k,;) and backward rate constant (o_;) from A,R® to A,R*" and the similarity in the flipping constants (¢-; and ¢,,) between the
two channels.
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TABLE V
Equilibrium constants for activation of o8 5y2s and o583 5725 GABA,
receptors using Scheme 1

Kq= o= E = Eg = Es = S =

ka/ka (RM) - i/ by B1/ e Ba/cts Bs/ s /0
a1BoYas 19.4 0.38 5.0 0.8 1.1 7.9
asPBsyes 2.63 0.31 3.4 3.9 0.8 0.8

rapid application of saturating concentrations of ago-
nist. The 10-90% rise time and the deactivation time
constants were determined for single-pulse responses,
and the relative difference between peaks was deter-
mined for paired-pulse responses. Schemes 1, 2, and 4,
along with mean rate constants, were used to simulate
macropatch currents, also in response to a single or
pairs of ultrafast agonist applications. These are shown
in Fig. 8. As can be seen from comparisons of real and
simulated current parameters, Schemes 1 and 4 recapit-
ulated ensemble currents most accurately. Scheme 1
reproduced single-pulse deactivation kinetics and paired-
pulse data best for the aByyss channels. The simulated
rise time was somewhat high and was improved by in-
creasing ¢, to 1,250 s~ ! butat the expense of the other
parameters. Scheme 4 produced a slow activation rate
and inadequate deactivation and paired-pulse values. For
the asBsyss channels, Schemes 1 and 4 were more difficult

to distinguish. Both produced activation rates and paired-
pulse peaks that were similar to the real currents. The
literature produced a wide range of deactivation param-
eters, but our simulated currents were most similar to
IPSCs and excised patch currents recorded by Schofield
and Huguenard (2007).

DISCUSSION

This study was undertaken with two complementary
aims. We first wished to characterize the «;;vss and
asBsyss GABA, receptors by measuring single-channel
properties, such as i-V relationships, conductance, clus-
ter duration, and intraburst Py so as to better under-
stand the differences in IPSCs mediated by the two
channels. Second, we also wished to derive a plausible
activation mechanism for the GABA, receptor that
was more comprehensive than our previous attempt
(Keramidas and Harrison, 2008) by including agonist-
binding steps and by applying a full mechanism to two
channel isoforms. This also enabled us to express the
observed differences between the two channels within
the framework of a mechanism and rate constants.

Single-channel conductance and i-V relationships
The first series of experiments was undertaken to yield
information about some straightforward single-channel

A Scheme 1 B Scheme 2 C Scheme 4
1 ms application 1 ms application 1 ms application
| cupares | a1P2y2s
o V4 Par. a1B2y2s
i X
a3Pay2s
X asPayes
a3Pay2s 100 ms
D 24 ms inter-pulse interval E 24 ms inter-pulse interval F 24 ms inter-pulse interval
a1Payzs 1 - “1Pars I a1Bayas
] X ] y
oaparzs u‘s\Bavzs
Y X
a3pay2s

/!

Figure 8. Simulated ensemble currents. Current simulations generated by Schemes 1, 2, and 4 for the o;B5yss GABA, receptors (black)
and asBsyss GABA, receptors (blue). (A-C) Simulated response to a 1-ms application of agonist. (D-F) Simulated responses to a pair of
agonist applications, separated by 24 ms.
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TABLE VI

Simulated versus experimental ensemble current parameters

Deactivation PP
Channel Mechanism 10-90% RT (ms) 71 (ms) Ay Ty (ms) Ay (% of first peak)
o BoYas S1 1.07 10.0 0.90 89.0 0.10 98
S1 (9.1 =1,250) 0.96 12.6 0.84 75.6 0.16 92
S2 0.20 5.77 0.44 - - 99
S4 1.35 7.85 0.22 21.1 0.78 116
Experimental 0.65" 8.60 + 0.81° 0.91+0.01° 88.3 +4.7° 0.09 + 0.02" 0.96 + 0.04°
asBayos S1 1.65 72.2 0.98 229 0.02 123
S2 0.84 25.4 0.98 101 0.02 113
S4 1.53 14.2 0.23 52.6 0.77 123
Experimental 1.60 + 0.28¢ ~10-70¢ ~0.45¢ ~170-450¢ ~0.55¢ 122

“Interpolated from activation plot at 5 mM GABA in Keramidas and Harrison (2008).

Pn=6.
“24-ms interpulse interval; n = 16.
9AL5 mM GABA; n = 3.

“Values obtained from Mozrzymas et al. (2007) and Schofield and Huguenard (2007).

'25-ms interpulse interval (Schofield and Huguenard, 2007).
RT, rise time; PP, paired-pulse.

properties of a;Boyss and asBsyss GABA, receptors. The
two channels were similar in several respects. i-V rela-
tionships for both channels were comparable with little
evidence for current rectification in either. Both
channels exhibited a predominant high conductance
(~23-25 pS at —70 mV), which was only slightly higher
in oByyss GABA, receptors, and a less frequent small
conductance of ~14-15 pS. Active periods could be
characterized in three ways in relation to conductance.
They were either exclusive of the high (>80% of the
activity) or low conductance, or they contained transi-
tions from one to the other. The most observable case
of transitions was the large conductance transitioning to
the smaller for brief sojourns of ~10-50 ms. The mech-
anism of multiple conductance states in ion channels
is somewhat of an enigma, but there is now good evi-
dence that in cys-loop channels it is regulated by the in-
tracellular domain (Kelley et al., 2003; Hales et al., 2006;
Carland et al., 2009). It is conceivable that the channels
could achieve multiple conductance states by dynami-
cally regulating the orientation of residues lining the
intracellular conductance portals or the shape of the
portals themselves.

Divergent properties of active periods of a1B2v2s

and asB3y2s GABA, receptors

We made measurements of the durations and open
probabilities of bursts or clusters (intraburst Pgs). This
analysis exposed significant differences between the two
channel isoforms. The cluster/burst lengths of a;Boyss
GABA, receptors were consistently shorter at a given
GABA concentration than the corresponding cluster/
burst lengths for asBsyss GABA, receptors. At 5 mM
GABA, which is close to the concentration reached at
the synaptic cleft upon mass vesicular release of GABA

(Mody et al., 1994), the cluster length of the o;Boyss
channels was ~100 ms, approximately half that of
asPBsyes channels. Lema and Auerbach (2006) report
cluster durations for the o;3,yss isoform in the presence
of 5 mM GABA to be ~5-10 s, not the ~100-200-ms clus-
ter lengths estimated in this study for the o;Bsyss and
asBsyes channels. The likely reason for the disparity is
the consistently shorter t.; values used in this study to
isolate clusters. At 5 mM GABA, our clusters were de-
fined by t.; values that ranged between 8 and 20 ms,
with a mean of ~10 ms. In the Lema and Auerbach
(2006) study, t. values were 215 ms and up to ~~60 ms.

Atvery low GABA concentrations (2 pM), which is the
concentration reached at the synaptic cleft near the
end of a synaptic event, the duration of bursts of o;Boyses
channel activity was ~18 ms compared with ~52 ms for
the asBsyss channels. Indeed, the mean burst duration
elicited by 20 pM GABA at o;B¢Yss channels (~46 ms)
was closer to, but still shorter than, that evoked by 2 pM
GABA at a3B3Yss channels, an order of magnitude differ-
ence in GABA. This property alone could to a significant
degree account for the slower deactivation time course
of IPSCs recorded in RTN (Schofield and Huguenard,
2007; Jia et al., 2009), as has been clearly shown for the
deactivation phase of ensemble currents mediated by
NMDA channels (Wyllie et al., 1998).

Another marked difference between the two chan-
nels was the divergent intraburst Py as a function of de-
creasing GABA concentration. At 5 mM GABA, the Pg
estimates were very similar for both channels, being
0.81 and 0.77. However, at 2 pM GABA, the difference
in Pos was substantial. For the o;Byyes channels, the Pg
was 0.16, whereas for the asBsyss channels, it was 0.45.
This relatively high Py of the later channels may also
contribute to a slower rate of IPSC decay at RTN synapses,
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as GABA is eliminated within the synaptic cleft. But it
should be acknowledged that other factors may also
play a role because the rate of active GABA clearance at
the synaptic cleft is itself dependent on uptake mecha-
nisms, as passive clearance is dependent on synaptic ar-
chitecture, both of which could differ between VB and
RTN synapses.

Global fitting of mechanisms across GABA concentrations
The second aim was achieved by global fitting of single-
channel data recorded over a wide range of GABA con-
centrations, as has been done previously for glycine and
muscle nACh receptors (Burzomato et al., 2004; Lape
et al., 2008) and another subtype of GABA, receptor
(Lema and Auerbach, 2006). Saturating GABA (5 mM)
provided data for the gating portion of the mechanism
and an initial means of reducing the number of poten-
tial schemes. The agonist-binding steps were determined
with the addition of data recorded at below-saturating
concentrations (200 pM and 20 or 2 pM).

Generating dwell histograms for the high, intermedi-
ate, and low concentration data revealed a general pat-
tern in the time constants of the individual exponential
components. Three open components and three or four
shut components were required to adequately fit the data
from both channels, in agreement with other studies on
GABA, receptors (Steinbach and Akk, 2001; Lema and
Auerbach, 2006). Dwell-time distribution components
(time constants and fractions) collectively determine the
rate constants for transitions between channel states in
postulated mechanisms, but in a complex and mecha-
nism-dependent manner (Colquhoun and Hawkes, 1995;
Shelley and Magleby, 2008). To understand better how
the differences in burst properties between the two chan-
nels are achieved, we need to refer to the fitted schemes.
Our mechanisms are consistent with the observed longer
active periods in asBsyss receptors. 20 mechanisms were
evaluated, including the best scheme obtained from cell-
attached patch recordings of o;3;y:s GABA, receptors
(Scheme 2; Lema and Auerbach, 2006) and a scheme
proposed for the muscle nACh receptor (Lape et al,,
2008) that we modified to included three conducting
states (Scheme 3). Other schemes that included loops
were not considered. Of the schemes we did test, the one
that fit the data most consistently and with the highest
> LL values was Scheme 1. Scheme 2 also fit the datasets
adequately, whereas Scheme 3 generally failed to prop-
erly fit most of the datasets. Scheme 4 was statistically very
similar to Scheme 1. This scheme features two sequential
open states and an intermediate shut state preceding the
third open state.

Simulations of macropatch currents

So as not to be exclusively reliant on LL fitting of sin-
gle-channel data, we simulated macropatch currents
using Schemes 1, 2, and 4 along with optimized rate
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constants as an independent means of ranking
schemes. Simulations of single- and double-pulse cur-
rents were then compared with real currents for both
channel isoforms. Consistent with the single-channel
burst analysis, Scheme 1 generated currents that most
closely resembled real currents in terms of activation,
deactivation, and paired-pulse peak measurements
for both channels. None of the schemes reproduced
all the measured macropatch parameters for both
channels. For instance, Scheme 1 reproduced the de-
activation time constants and paired-pulse peak val-
ues well for the o;Byyss channels, but it gave an
activation rate that was 1.6 times slower than the mea-
sured rate. However, we do not regard this shortcom-
ing as a major drawback of the scheme. Nevertheless,
in an attempt to reduce the activation rate, we manu-
ally varied some of the rate constants and found that
increasing ¢.; had the desired effect, but this per-
turbed the other values. For the asBsyss channels,
Scheme 1 successfully reproduced the activation rate
and the paired-pulse peak currents. The deactivation
time constants were also in reasonable agreement
with the real data, but the fractions were less so. It
was also difficult to find consistent deactivation data
in the literature for this channel.

The simulations provided good corroborative evi-
dence that Scheme 1 is the overall best mechanism for
channel activation. The result that single-channel analy-
sis and macropatch data both favor Scheme 1, albeit
only marginally and for two kinetically different GABA,
receptors, suggest that this scheme is a sufficient gen-
eral mechanism that could form the basis for further
GABA, receptor kinetic studies.

Interpretations and caveats

In our efforts to develop an activation mechanism for
the GABA, receptor, we simplified the analysis by omit-
ting low conductance activity, even though it is clearly
present in both channel isoforms, either on its own
or as sojourns from the high conductance openings.
Indeed, GABA, receptor single-channel sublevels have
been known for considerable time (Hamill et al., 1983).
As we removed all (or most) of the low conductance ac-
tivity, our schemes describe only activation to high con-
ductance activity, and in this regard our mechanism (s)
can only be partial. We know of no modeling studies of
cys-loop receptors that explicitly incorporate subcon-
ductance levels in the analysis. We hypothesize that the
low conductance activity represents a distinct class of
protein conformations, but we cannot here distinguish
between intrinsic regulation of low conductance states,
as might occur by dynamic changes in conformation of
the intracellular conductance portals and extrinsic ef-
fects, such as channel block by ions in solution. This
indeed applies to any state in our mechanism. The no-
tion that channel activation occurs as a “conformational
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wave” in the muscle nACh receptor (Grosman et al.,
2000; Purohit et al., 2007) is consistent with classes of
functional (open or shut or conductance) states in cys-
loop channels being intrinsic properties of the chan-
nels. However, it has been demonstrated convincingly
that fast-channel block in the muscle-type nACh recep-
tor by organic cations effectively diminished channel
conductance (Akk and Steinbach, 2003; Lape et al.,
2008, 2009). These studies also show that channel block
does not necessarily have to occur from open states, and
that shut channels can trap the blocking agent, produc-
ing discrete shut states. It is not clear from this study
whether the states (open, shut, or conductance) arise
due to intrinsic properties of the channel or are in-
duced extrinsically. For instance, our investigations
found that one of the primary kinetic differences be-
tween the two GABA, receptor isoforms was the transi-
tion between an open state (AsR**) and a shut state
(AR®), and we infer that the AJR® state is essentially
similar in both channel isoforms but shorter lived in the
asBsyss channels. However, we cannot distinguish be-
tween A9R® being intrinsically less stable or preferen-
tially destabilized in the asBsyss channels by solutes
(e.g., Mg¥) or if AyR¥ is simply blocked by ions in the
a1B9Yss channels, manifesting as AoR®. The similarity in
the i-Vs of both channel isoforms leads us, however, to
strongly favor intrinsic instability of the third shut state
in the asPBsyss channels on the basis of subunit differ-
ences rather than a supposed modulation by ions.
Although our analysis favored Scheme 1 over Schemes
4 and 2, it should be pointed out that there are some
common features between the three schemes. All have
three open and three shut diliganded states and con-
nect the first diliganded shut state to a second before
channel opening occurs. The entry into preconducting
states after agonist binding is also a critical feature of
Scheme 3, the original form of which was applied to the
muscle nACh receptor and elucidates the mechanism
of partial agonism (Lape et al., 2008). Liganded pre-
conducting states, coined “flipped” or “primed,” have
been demonstrated in several cys-loop receptors, in-
cluding glycine receptors (Burzomato et al., 2004; Lape
et al., 2008), muscle ACh receptors (Lape et al., 2008;
Mukhtasimova et al., 2009), and GABA, receptors
(Lema and Auerbach, 2006; Keramidas and Harrison,
2008). Preconducting states have also been identified in
other ligand-gated ion channels that are not closely re-
lated to the cys-loop family. Using partial agonists as
substitutes for either glycine or glutamate at NMDA re-
ceptors composed of NRI and NR2B subunits revealed
subunit-specific conformational transitions involving ei-
ther the NR1 or NR2B before channel opening (Banke
and Traynelis, 2003). Kinetic studies of P2X,-mediated
macroscopic currents have provided evidence of a lag
in time between ligand binding and the detection of
current. These data were modeled accurately with

schemes that included fully liganded shut states that
preceded the opening of the channel (Moffatt and
Hume, 2007).

The main difference between Schemes 1, 2, and 4 in
this study is the connectivity of the fully liganded states.
With regard to Schemes 1 and 2, if we assume that both
schemes accurately account for the respective data they
are applied to, we can only speculate as to why the
schemes are different, even though they both fit GABA,
receptor single-channel data recorded across high and
low GABA concentrations using essentially the same
analysis method. Scheme 2 was determined for data ob-
tained in the cell-attached configuration, where the
channels are exposed to intracellular solutes, including
ions that affect channel kinetics, such as Ca* and Cl™
(Fucile et al., 2000; Pitt et al., 2008). Pitt et al. (2008)
show that low intracellular Cl~, as is present in intact
cells, slows ensemble current deactivation and alters the
rate constants and potentially the states in the underly-
ing scheme in glycine receptors, which are close Cl"-
selective cousins of GABA, receptors. It has also been
shown that kinetics of GABA, receptors expressed in
HEK293 cells are substantially affected by the extent of
phosphorylation by protein kinase A (Hinkle and
Macdonald, 2003). It is conceivable that patch excision
alters the constitutive phosphorylation state of the chan-
nels, impacting on their kinetic behavior.

To facilitate a comparison of the activation properties
of the two channels, the equilibrium constants (ratio of
forward and backward rate constants) were computed
(Table V). From these numbers it can be deduced that
the tendency toward the conducting states (AoR"*) be-
tween the two channels differs (E;, Es, and E;) by only
two- to fivefold. Notably, the equilibrium constant for
the diliganded preconducting state (®, or the “flipping”
or “priming” constant) is essentially the same for both
channels (~0.3-0.4) and not very different to that de-
termined for o;B;yss GABA, receptors (Lema and
Auerbach, 2006). It would be informative to investigate
if other agonists, such as muscimol and piperidine-4 sul-
phonic acid (P4S) affect @, as might be predicted by
the Lape et al. (2008) study. The most evident differ-
ences between the channels is the GABA-binding reac-
tion (K,) and the transition between the open and shut
states, A,R* and AsR® (2). Lema and Auerbach (2006)
report a K4 value of 91 pM, which is dissimilar to the values
determined in this study. According to our estimates,
GABA binds to the asBsyss GABA, receptor (K4 = 2.62)
with an over sevenfold higher affinity for GABA than
a1Boyes GABA, receptors (K4 = 19.4). We suggest that
this would tend to favor the right-hand or gating part of
mechanism and consequently lengthen the active peri-
ods. Moreover, 3 is about an order of magnitude smaller
for the asPsyss receptors (AsR® has shorter lifetime),
which would also account for the higher Pg, of these chan-
nels at most GABA concentrations tested. Collectively,
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these kinetic effects are consistent with observed differ-
ences in deactivation of IPSCs of RTN synapses com-
pared with those of VB. Our estimates of K, obtained
from Scheme 1 for the o;Byyss channels are relatively
low compared with that found by Lema and Auerbach
(2006) for the closely related o;3,yss receptor. Schemes
2 and 4 yielded Kgs that were more comparable, being
132 and 96 pM, respectively. We can offer several plausi-
ble reasons for the discrepancy in Kgs. First, it is appar-
entfrom our analysis that the estimate of K;is mechanism
dependent, and that the o;Bsyss the o;31Yss channels
were described by different schemes. If we compare Kgs
computed from the same scheme (Scheme 2), the dif-
ference in affinity between the o;Boyss and o B1yss
channels is reduced from 4.7- to 1.1-fold. Another po-
tential reason for the discrepant Kgs between the a9vos
and a3yss channels is the choice of t.; values between
this study and that of Lema and Auerbach (2006). It is
conceivable that relatively short t.; values used in this
study, especially for the data at 20 and 2 pM GABA, led
to inadvertently omitting some long binding events that
are longer than t.;. This would result in underestimat-
ing K4. However, when we varied t.;, from 35 to 100 ms
in two patches recorded at 2 pM GABA, we found no
difference in the computed K, for either patch. It should
also be emphasized that the different K;s may reflect a
real difference in affinity between the o Byyss and o 31yes
channels, conferred by different amino acid sequences
at critical binding segments. The  subunit contributes
three components to the GABA-binding pocket. One of
these is the crucial loop 10-3 sheet 10-segment or “loop
C” (Kash et al., 2004). An alignment of these segments
reveals a difference in primary sequence at two positions
between the 3 and 3, subunits.

The complication of affinity estimates obtained via
different mechanisms is avoided with respect to the dif-
ferent Kgs between the a;Byyss and asPsyss channels,
which we hypothesize reflect different binding site af-
finities. Alignments of homologous segments that form
the GABA-binding pocket between the $—a subunit in-
terfaces reveal a total of 11 amino acids that differ between
the two channels. Ultimately, site-directed mutations
and a reanalysis using the same mechanism will aid in
verifying the Kgs and determining the underlying fac-
tors for the apparent affinity differences between the
a1 B1Yss, ®1BsYes, and asBsyss channels.

Conclusion

We have constructed and tested a potential reaction
mechanism that provides an adequate description of
the kinetic behavior of two major subtypes of the GABA,
receptor and explains why inhibitory synaptic currents
are much longer lasting at synapses containing one
subtype than the other. The model incorporates pre-
conducting states that are apparently a conserved fea-
ture of the family of cys-loop receptors. Future efforts
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will be directed toward the application of this mechanism
to additional GABA, receptor subtypes and evaluation
of the effects of a variety of pharmacological challenges,
including agonists, partial agonists, and modulators,
such as benzodiazepines and general anaesthetics.
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