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The first mutations of the GABA, receptor channel linked to
familial epilepsy in humans were reported recently (Baulac et
al., 2001; Wallace et al., 2001). Preliminary functional analysis of
a1B2y2 GABA, receptors expressed in Xenopus oocytes sug-
gested that the y2 subunit R43Q mutation abolished current
enhancement by the benzodiazepine, diazepam, and that the
y2 subunit K289M mutation decreased current amplitudes. We
used single-channel recording and concentration jump tech-
niques applied to outside out patches to evaluate the impact of
these mutations on GABA, receptor channel function of the
highly conserved rat ortholog subunits expressed in human
embryonic kidney cells. When coexpressed with a1 and B3
subunits, no differences were observed between wild-type and
mutant GABA, receptor current activation rates or rates or
extent of desensitization during prolonged (400 msec) GABA
application (1 mwm). Although deactivation after brief (5 msec) or

prolonged (400 msec) GABA application was unaltered by the
R43Q mutation, deactivation (a correlate of IPSC duration) was
accelerated for the K289M mutation. Faster deactivation was
likely a consequence of altered gating, because single-channel
openings had shorter mean duration. Interestingly, the R43Q mu-
tation did not alter diazepam potentiation. It did, however, sub-
stantially decrease current amplitude, which was not caused by
decreased single-channel conductance or open time, suggesting
reduced surface expression of functional receptors. The two y2
subunit mutations likely produce disinhibition and familial epilepsy
by distinct mechanisms, suggesting that maintenance of neuronal
inhibition depends not only on the peak amplitude of IPSCs, but
also on their time course.
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GABA 4 receptors mediate the majority of fast synaptic inhibition
in the brain. The heteropentameric receptor complex is com-
prised of subunits drawn from at least seven families («, B, v, 6,
€, m, 0), although the majority of receptors are thought to be afy
and ofd isoforms (McKernan and Whiting, 1996). Subunit com-
position has been shown to influence the pharmacology, kinetics,
and subcellular localization of GABA, receptors (Macdonald
and Olsen, 1994; Sieghart, 1995). Pharmacological enhancement
of GABAergic inhibition has been used in the treatment of
several clinical disorders, including anxiety and epilepsy, and
certain anesthetics mediate their CNS actions at least in part
through enhancement of GABA , receptor function.

Two recent studies demonstrated for the first time a genetic
linkage between familial epilepsy syndromes and mutations in the
v2 subunit of the GABA, receptor. Wallace et al. (2001) re-
ported a missense mutation, R43Q (in the N terminal extracel-
lular domain of the 2 subunit), in affected individuals of a large
family having both childhood absence epilepsy and febrile
seizures. Recordings from Xenopus oocytes injected with
alB2y2(R43Q) GABA, receptor subunits suggested no differ-
ences in GABA EC,, current amplitude, or apparent desensiti-
zation. However, the receptors were insensitive to functional
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modulation by the benzodiazepine diazepam. Although this
raised the interesting possibility of an endogenous ligand at the
benzodiazepine recognition site, that interpretation depends on
the exclusion of any other functional consequences of the muta-
tion. Baulac et al. (2001) reported that a family with an epilepsy
disorder similar to generalized epilepsy with febrile seizures plus
(GEFS+) had a K289M mutation in the 2 subunit of the GABA ,
receptor. This residue is located in the short extracellular loop
between transmembrane domains TM2 and TM3, a region that
has been implicated in the gating of ligand-gated ion channels
(Campos-Caro et al., 1996; Lynch et al., 1997). Electrophysiologi-
cal recordings from oocytes expressing a1B2y2(K289M) GABA o
receptors revealed smaller amplitude currents relative to wild-type
receptor current amplitudes.

Although the pathophysiology of epilepsy is complex, and her-
itable epilepsies represent a small fraction of all patients with
epilepsy, mutations such as those discovered by Baulac et al. (2001)
and Wallace et al. (2001) may shed light on the importance of
specific aspects of GABA , receptor function in the maintenance
of central synaptic inhibition. Because y2 subunit-containing re-
ceptors are primarily localized to synapses and inhibitory synaptic
transmission occurs in the millisecond time domain, it is necessary
to consider the possible impact of these mutations on channel
properties relevant to the time scale of synaptic transmission. Thus,
we used an ultrafast perfusion technique to ensure resolution of
rapid kinetic properties such as activation, desensitization, and
deactivation. Finally, we studied both mutations at the single-
channel level to determine the basis of our macroscopic
observations.
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MATERIALS AND METHODS

Expression of recombinant GABA 4 receptors. The cDNAs encoding rat
al, B3, and y2L, GABA, receptor subunit subtypes were individually
subcloned into the plasmid expression vector pCMV Neo. Initially we
performed experiments with these rat subunits because human subunits
were unavailable to us. The rat y2L subunit mature peptide differs from
the reported human y2L subunit sequence (Pritchett et al., 1989; acces-
sion NM  000816) by two residues (of 428): the rat sequence contains a
T at position 81 (M in human) and a T at position 142 (S in human). After
our observation of robust diazepam enhancement of the y2L(R43Q)
mutation (which contrasted Wallace et al., 2001) (Fig. 1), we obtained the
cDNAs encoding human «l, 83, and +2S subunits in the expression
vector pClneo, provided by Dr. Erwin Sigel (University of Bern, Swit-
zerland), to verify that species differences in subunit sequence did not
account for our results. Interestingly, the human 2S subunit contained
the rat amino acid sequence at these two sites, resulting in 100% amino
acid sequence identity. This y2 sequence has also been reported by the
NCBI Annotation Project (accession XM 003986.2). Nevertheless, we
mutated the two residues to match the original published human 2
sequence to evaluate diazepam sensitivity of the y2L(R43Q) mutation in
both contexts (Fig. 1 D). Twenty-four bases of the cytoplasmic loop were
introduced into the human 28 subunit to generate the human 2L splice
form used in these experiments. Point mutants were generated using the
QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA).
All subunits and mutations were confirmed by sequencing. Oligonucleo-
tide primers were synthesized by the University of Michigan DNA
synthesis core facility (Ann Arbor, MI). Human embryonic kidney cells
(HEK293T; a gift from P. Connely, COR Therapeutics, San Francisco,
CA) were maintained in DM EM, supplemented with 10% fetal bovine
serum, at 37°C in 5% CO, and 95% air. For expression of both rat and
human isoforms, cells were transfected with 2-4 ug of each subunit
plasmid along with 1-2 ug of pHOOK (Invitrogen, Carlsbad, CA) (in a
ratio of 1:1:1:0.5) for immunomagnetic bead separation (Greenfield et
al., 1997), using a modified calcium phosphate coprecipitation technique,
as previously described (Angelotti et al., 1993). The next day, cells were
replated on collagen-treated culture dishes, and recordings were made at
room temperature 18-30 hr later.

Electrophysiology. Patch-clamp recordings were performed on mem-
brane patches excised from transfected fibroblasts bathed in an external
solution consisting of (in mm): NaCl 142; KCI 8; MgCl, 6; CaCl, 1;
HEPES 10; glucose 10, pH 7.4, 325 mOsm. Electrodes were pulled from
thick-walled borosilicate glass (World Precision Instruments, Pittsburgh,
PA) with a Flaming Brown electrode puller (Sutter Instruments, San
Rafael, CA), fire-polished to resistances of 4-12 M{) when filled with an
internal solution consisting of (in mm): KCI 153; MgCl, 1; MgATP 2;
HEPES 10; EGTA 5, pH 7.3, 300 mOsm. Electrodes used for single-
channel recording were coated with polystyrene Q-dope (GC Electron-
ics). This combination of internal and external solutions produced a
chloride equilibrium potential of ~0 mV. All outside-out patches used
for macroscopic kinetic experiments were voltage-clamped at —50 mV
using an Axon Instruments (Foster City, CA) 200A amplifier. All single-
channel recordings were performed at —75 mV. For macroscopic exper-
iments, drugs were applied (via gravity) to whole cells and excised
outside-out patches using a rapid perfusion system consisting of pulled
multibarrel square glass connected to a Warner Instrument Corp. (Ham-
den, CT) Perfusion Fast-Step. The glass was pulled to a final size of
~200 wm. The solution exchange time was determined after each excised
patch recording by stepping a dilute external solution across the open
electrode tip to measure a liquid junction current. The 10-90% rise times
for solution exchange were consistently <400 psec. For whole-cell ex-
periments, lower resistance thin-walled borosilicate electrodes were used
(0.8-1.5 MQ), and whole cells were generally voltage clamped at —20
mV, although more hyperpolarized potentials were used to increase the
chloride ion driving force when small currents were observed. Exchange
time around whole cells was probably slower than the open tip rise times.
For single-channel recordings, GABA (1 mMm) was applied directly to the
bath solution and was present for at least 2 min before recordings were
started. The sampling intervals of currents used for figure traces were
reduced by decimation (averaging of adjacent points) and/or additional
filtering for display purposes only.

Analysis. Macroscopic currents were low-pass filtered at 2-5 kHz,
digitized at 10 kHz, and analyzed using the pClamp8 software suite
(Axon Instruments). The desensitization and deactivation time courses
of GABA, receptor currents were fit using the Levenberg-Marquardt
least squares method with one or two component exponential functions
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of the form Za,e”™, where n is the best number of exponential
components, a is the relative amplitude of the component, ¢ is time, and
7 is the time constant. Three component fits were not considered for the
400 msec duration pulses used in this study. A second component was
accepted only if a significant improvement of the fit occurred, as deter-
mined by an F-test performed automatically by Clampfit 8.1 analysis
software on the sum of squared residuals. In every patch, the second
exponential function improved the desensitization fit. Note that faster
phases of apparent desensitization could not be resolved if they occurred
with time constants below the solution exchange time of our system
(~400 usec) or if they were faster than the current rise time (< 1 msec).
For comparison of deactivation time courses a weighted summation of
the fast and slow decay components was used, in which the time constants
of the fast and slow phases were weighted by their relative amplitudes.
For paired pulse inhibition analysis, the relative amplitude of the second
peak was measured for comparison with the first peak of each sweep pair.
When the second pulse occurred before the current of the first pulse had
relaxed completely (i.e., for brief interpulse intervals), the current re-
maining from the first pulse was subtracted from the absolute peak of the
second amplitude, thus generating a relative amplitude measurement.

Single-channel data were digitized at 20 kHz, filtered at 2 kHz via the
internal Axon 200A amplifier filter, and stored on VHS videotape for
off-line analysis. Most patches used for single-channel analysis contained
more than one channel, based on the presence of overlapped openings.
Stretches of single-channel activity that contained few or no overlapped
openings were analyzed using the 50% threshold detection method of
Fetchan 6.0 (pClamp 8.1). Overlapped openings and bursts were not
included in the analysis. Events with durations <150 usec (~1.5 times
the estimated system dead time) were shown in the histograms but not
considered in the fitting routine. Logarithmic binning was used as pre-
viously described (Haas and Macdonald, 1999), and fitted with a maxi-
mum likelihood routine by the IntervalS software (Dr. Barry Pallotta,
University of North Carolina). The number of exponential functions
required to fit the distributions was incremented until additional expo-
nentials failed to significantly improve the fit, as determined automati-
cally by the software (analysis of residuals). Mean open times were
calculated from the open duration fitted parameters of a histogram
containing the combined results from several patches.

Numerical data were expressed as mean = SEM. Statistical signifi-
cance, using Student’s unpaired ¢ test (with a Welch’s correction for
unequal variances where appropriate) was taken as p < 0.05.

RESULTS

The biophysical properties of the rat a1p3y2L GABA, receptor
isoform have been extensively studied (Fisher and Macdonald,
1997; Haas and Macdonald, 1999). The well characterized tran-
sient and steady-state kinetics offered an appropriate context for
evaluation of the K289M and R43Q mutations in the y2 subunit
recently linked to human epilepsy. Initial characterization was
performed at the whole-cell level. The ECs, for GABA was
determined, using relatively rapid perfusion (see Materials and
Methods), by applying increasing concentrations of GABA to
whole cells voltage clamped at —10 to —50 mV. As shown in
Figure 14, neither mutation changed the GABA ECs, consistent
with Baulac et al. (2001) and Wallace et al. (2001). Modulation of
GABA 4 receptors by the benzodiazepine diazepam depends on
the presence of a y subunit and the appropriate « subunit subtype
(Sigel and Buhr, 1997). We tested the effects of both mutations on
benzodiazepine sensitivity, as indicated by the diazepam modu-
lation of currents elicited by a low concentration of GABA
(~EC,). Diazepam (1 um) significantly and reversibly enhanced
alB3y2L(K289M) and ol1B3y2L(R43Q) GABA, receptor cur-
rents, and the extent of enhancement was not different from that
observed for wild-type a1B3y2L GABA , receptor currents (Fig.
1B,C). We also examined the diazepam sensitivity of two human
isoforms of the y2L(R43Q) subunit (see Materials and Methods)
expressed with human «l and human B3 subunits. Diazepam
significantly potentiated these human isoforms, despite the R43Q
mutation (Fig. 1D). Although we used the 83 subunit, and the
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Figure 1. Sensitivity to GABA and diazepam. A, The EC5, for GABA
was determined by whole-cell responses to increasing GABA concen-
tration, normalized to the peak current amplitude in each cell. Cells
were voltage clamped at —10 to —50 mV, and data were obtained from
three cells for each mutation. The dotted line is the concentration—
response of wild-type a1p3y2L GABA 4 receptors (Bianchi et al., 2001).
B, Diazepam sensitivity was determined by coapplication of 1 uM diaze-
pam with 2 um GABA (~EC,,) to whole cells expressing a183y2L (top),
alB3y2L(K289M), or a1B3y2L(R43Q) GABA , receptors. C, Diazepam
enhancement is shown as the percentage of control responses (average
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previous studies used the 2 subunit, this should not affect our
results because diazepam sensitivity is known to depend on the «
and vy subunits, but not the B subunit subtype. This was consistent
with the results of Baulac et al. (2001), who found diazepam
enhancement of receptors containing the y2(K289M) mutation,
but contrasted with the results of Wallace et al. (2001), in which
alB2y2(R43Q) GABA, receptors were shown to be insensitive
to diazepam (1 um) when expressed in Xenopus oocytes. In that
study, the possibility of endogenous benzodiazepine ligand or
ligands had been raised as a result of that finding.

One major limitation of standard “whole-cell” electrophysiol-
ogy is the failure to accurately resolve rapid kinetic processes
because of the technical difficulty in perfusing whole cells suffi-
ciently fast to avoid “blurring” rapid channel responses to agonist.
To overcome this limitation and allow investigation of the kinetic
behavior of GABA, receptors containing the reported muta-
tions, we used the concentration jump technique applied to out-
side out patches excised from transfected human fibroblasts (Fig.
2A). This permitted analysis of receptor properties most relevant
to the time scale of synaptic currents, including activation, desen-
sitization, and deactivation. We have previously shown that 400
msec pulses of GABA (1 mm) elicit rapidly activating currents
from «l1B37y2L receptors that desensitize with two phases and
deactivate slowly (Haas and Macdonald, 1999; Bianchi et al.,
2001). This duration of application is appropriate for resolving
the fast phase of desensitization (7 ~10 msec) thought to play a
critical role in shaping GABA , receptor current deactivation and
by extension, IPSC duration (Jones and Westbrook, 1995;
Dominguez-Perrot et al., 1997; Haas and Macdonald, 1999). The
pattern of current desensitization during the 400 msec GABA
application was well described by the sum of two exponential
functions in every patch (see Materials and Methods). The rates
(Fig. 2B1,C1I) and relative contributions (Fig. 2B2,C2) of the fast
and slow phases of macroscopic desensitization were unaffected
by the mutations. Neither mutation significantly altered the mac-
roscopic activation rate, as indicated by the 10-90% current rise
time (Fig. 2D). The mean peak amplitude of a1B3y2L(R43Q)
currents was significantly smaller (p < 0.01) than either a183y2L
or alp3y2L(K289M) currents (which were not different from
each other) (Fig. 2F). Also, the al1B3y2L(K289M) currents de-
activated significantly faster (p < 0.001) than either a1B3y2L or
alB3y2L(R43Q) currents, which were not different from each
other (Fig. 2F).

To more closely approximate the conditions of synaptic cur-
rents, we applied GABA (1 mm) to patches for short durations
(2-5 msec) (Fig. 341-A43). The traces (dark lines) are shown at the
same vertical scale to demonstrate the dramatic effect of the
R43Q mutation on peak current. The gray trace in Figure 343 is
a 10-fold vertical expansion shown for comparison of the deacti-

«

peak current before and after diazepam coapplication). Neither mutation
significantly affected modulation of GABA-evoked currents by diazepam.
D, Representative currents are shown for two human «1p3y2L(R43Q)
GABA, receptor isoforms. The left pair of traces indicated the response
of receptors containing a y2L subunit with amino acid sequence corre-
sponding to the original published y2L sequence, whereas the right pair of
traces indicated the response of receptors containing a y2L subunit with
amino acid sequence corresponding to that of the rat y2L subunit (see
Materials and Methods). For both pairs of traces, the left current was
evoked with 10 um GABA (solid bar), and the right current was evoked
with coapplied 1 um diazepam (hatched bar) in the same cell. Similar
results were obtained in five cells.
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Figure 2. Macroscopic kinetic properties. 4, Representative current
traces obtained from wild-type or mutated receptors during 400 msec
jumps into 1 mM GABA. Time scale of top trace applies to all three
traces. BI-C2, Neither the fast (BI) nor the slow (C7) time constant of
desensitization, nor their relative contributions (B2, C2) were significantly
altered by the mutations. D, Current activation rate, as indicated by the
10-90% rise time of the current, was not significantly altered by the
mutations. E, Peak current amplitudes were significantly smaller for
alB3y2L(R43Q) GABA, receptors. *p < 0.01. F, Current deactivation
after removal of GABA was significantly faster for a1B3y2L(K289M)
GABA, receptors. *p < 0.001. Data were obtained from 8-13 patches.

vation time course. Such applications may reasonably replicate
the time course of IPSCs (Jones and Westbrook, 1995; Haas and
Macdonald, 1999), and provide information about GABA, re-
ceptor current deactivation under nonequilibrium conditions. De-
activation currents relaxed with a biphasic time course for all
three isoforms. alB3y2L(K289M) currents deactivated signifi-
cantly faster than «l1B3vy2L currents (p < 0.05), whereas the
deactivation rate was unaffected by the y2L(R43Q) mutation
(Fig. 3B). For comparison purposes, only the weighted deactiva-
tion rates are shown in Figure 3B.

One consequence of GABA, receptor entry into relatively
long-lasting desensitized states (even after brief exposure to
GABA) is that subsequent exposure to GABA will elicit smaller
current responses. This phenomenon is known as paired pulse
inhibition, in which the smaller amplitude of the second response
of paired GABA applications reflects a fraction of receptors that
cannot be activated because they remain desensitized. As the
interpulse interval is increased, channels recover from desensiti-
zation, and progressively less depression is observed in the peak
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Figure 3. Deactivation after brief GABA pulses. 4, Representative
currents illustrate deactivation rates of a1B3y2L (A1), a1B3y2L(K289M)
(42), and a1B3y2L(R43Q) (43) GABA, receptors in response to brief
(<5 msec) pulses of GABA (1 mm). Scale bars apply to all three solid traces.
The solid trace in A3 is expanded 10-fold ( gray trace) for comparison of
deactivation current time course. B, Weighted time constants of deactiva-
tion (see Materials and Methods) are shown for wild-type and mutated
channels. Deactivation was significantly faster for alp3y2L(K289M)
GABA, receptors (hatched bar). *p < 0.05. a1B3y2L (R43Q) GABA,
receptor deactivation (solid bar) was not different than that of wild-type
receptors (gray bar). Data were obtained from 9-13 patches for each
isoform.

current of the second GABA pulse. We investigated paired pulse
inhibition using paired brief applications of 1 mm GABA sepa-
rated by varying interpulse intervals (30-1000 msec). Prominent
paired pulse inhibition was observed for «alp3y2L and
alB3y2L(R43Q) GABA, receptors (Fig. 44, top and bottom
panels), and the degree of inhibition for each interval was not
different between these two isoforms. Although paired pulse
inhibition was observed for alB3y2L(K289M) GABA 4 receptor
channels (Fig. 44, middle trace), the degree of inhibition was
smaller for each interpulse interval (p < 0.05) (Fig. 4B). In other
words, more current activation occurred (as indicated by greater
current amplitude) in the second pulse of each pair compared
with the same interpulse intervals for al1B3y2L GABA, recep-
tors. Single exponential fitting of the mean relative amplitude
data revealed that a1B3y2L and «al1B3y2L(R43Q) receptors re-
covered with similar time constants of 130 and 170 msec, respec-
tively, whereas al1B3y2L(K289M) receptors recovered with a
significantly faster time constant of 57 msec (p < 0.05).

Finally, we investigated the single-channel properties of
alB3y2L(K289M) and «l1B3y2L(R43Q) GABA, receptors to
determine whether changes in gating or conductance might ex-
plain the faster deactivation and smaller amplitude currents,
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Figure 4. Paired pulse inhibition. Pairs of 5 msec GABA (1 mM) pulses
were delivered to outside-out patches at interpulse intervals of 30, 100,
300, and 1000 msec. A, Representative currents from wild-type and
mutated GABA, receptors. B, Summary plot showing the relative am-
plitude of the second pulse of each pair, for each four interpulse intervals.
Less inhibition was observed for a1B3y2L(K289M) GABA 4 receptors for
each interpulse interval.

respectively. Single-channel currents were recorded from outside-
out patches during steady-state application of GABA (1 mwm).
Neither mutation appeared to change the single-channel conduc-
tance, because the majority of openings for each isoform was ~2
pA at —75 mV (Fig. 54), as previously reported for olpxy2
GABA 4 receptors (Angelotti et al., 1993; Fisher and Macdonald,
1997; Haas and Macdonald, 1999). The R43Q mutation did not
appear to substantially change the pattern of burst-like openings
(three fitted open states; data not shown). The mean open dura-
tion was slightly but significantly shorter than wild-type (1.3 msec
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Figure 5. Single-channel analysis. Single-channel records obtained in
patches held at —75 mV in the presence of 1 mM GABA from «1p3vy2L
(A), a1B3y2L(R43Q) (B), and a1B3y2L(K289M) (C) GABA, receptors.
A portion of the fop trace in each pair (indicated by the open bar) is
expanded below that trace. Calibration bars apply to all three panels.
Openings are downward. Similar results were observed from three
alB3v2L, five a1B3y2L(R43Q), and seven a1B3y2L(K289M) patches. D,
Open duration histogram for «al1B3y2L(K289M) single channels. The
distribution was best described by the sum of three exponential functions,
with each exponential fit shown as a smooth curve. Although three
functions were required, the relative contribution of the shortest open
state (leftmost curve) was highest, indicating that most openings were brief
in duration. The time constants were 0.33, 1.17, and 4.54 msec with
relative areas 0.81, 0.17, and 0.02, respectively. Data were pooled from
seven alB3y2L(K289M) patches.

compared with 2.0 msec) (see Materials and Methods). Interest-
ingly, the open durations of «1B83y2L(K289M) GABA , receptor
channels were substantially shorter in duration than both
alB3y2L and «1B3y2L(R43Q) mean open times, although they
still also tended to occur in bursts. The mean open duration was
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only 0.5 msec, fourfold shorter than that observed for a1p3vy2L.
The open duration histogram is shown in Figure 5D to illustrate
the predominance of the first, brief duration open state, and the
almost complete absence of the longer, third open state charac-
teristic of a1B3y2L single-channel currents.

DISCUSSION

The goal of this study was to determine the functional conse-
quences of two recently described mutations of the GABA,
receptor y2 subunit linked to human epilepsy. Specifically, the
concentration jump technique was used to explore the rapid
kinetic properties thought to be most relevant for the time scale
of synaptic transmission. Our results differ from the initial reports
of functional deficits associated with these mutations. First, we
found unaltered diazepam potentiation for GABA, receptors
containing the y2L(R43Q) mutated subunit. Wallace et al. (2001)
suggested the possible existence of endogenous benzodiazepines
based on the diazepam insensitivity conferred by this mutation in
their in vitro assay. Second, we found no difference in the ampli-
tudes of currents obtained from GABA , receptors containing the
v2L(K289M) mutated subunit, in contrast with the systematically
smaller currents observed in oocytes by Baulac et al. (2001). We
did, however, observe functional consequences of these muta-
tions that would be consistent with decreased neuronal inhibition:
faster deactivation rates for a1p3y2L(K289M) GABA , receptors
(which predicts shorter duration IPSCs) and smaller currents for
alB3y2L(R43Q) GABA , receptors (which predicts smaller am-
plitude IPSCs).

The basis for the discrepancies between our results and those
of Wallace et al. (2001) and Baulac et al. (2001) remain unclear.
The functional differences may be associated with the expression
system (oocytes versus a human cell line). For example, GABA ,
receptor assembly in mammalian cells has been shown to be less
promiscuous than in Xenopus oocytes (Sieghart, 1995). Addition-
ally, both previous studies used 10-fold overexpression of the y2
subunit to drive assembly of ternary receptors; it is not known
how such overexpression might alter receptor assembly or func-
tion. We achieved consistent expression of ternary GABA, re-
ceptor channels with equimolar cDNA ratios, based on various
functional criteria such as modulator pharmacology, single-
channel conductance, and rapid kinetic properties (Angelotti et
al., 1993; Fisher and Macdonald, 1997; Haas and Macdonald,
1999). Also, we tested two human y2L(R43Q) subunits (see
Materials and Methods) expressed with human a1 and human 83
subunits and observed robust diazepam enhancement, indicating
that species differences in amino acid sequence could not account
for the contrasting benzodiazepine sensitivity (Wallace et al.,
2001).

GABA, receptor deactivation is the major determinant of
IPSC duration and is influenced by transitions among open,
closed, and desensitized states, as well as GABA unbinding steps.
Although GABA unbinding is the terminating event for current
deactivation, open, pre-open and desensitized states detain
GABA on the receptor, thereby prolonging the IPSC time course
(Jones and Westbrook, 1995; Chang and Weiss, 1999; Bianchi and
Macdonald, 2001a). Thus, there are several mechanisms by which
deactivation might be accelerated. Because there was no change
in apparent GABA EC,, it is unlikely that decreased microscopic
affinity alone could account for the faster deactivation of
alB3y2L(K289M) currents. Macroscopic desensitization was un-
altered by the mutation, arguing against changes in desensitized
states that contribute to the prolonged deactivation rate. Single-
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channel gating efficacy (opening and closing rates) can also affect
deactivation (Bianchi and Macdonald, 2001b). We observed sig-
nificantly decreased mean open times for olp3y2L(K289M)
GABA 4 receptor single channels. This finding is consistent with
the accelerated deactivation, because channels would spend less
time in the open state for any given opening before eventually
unbinding GABA. Channels that were open at the end of the
GABA pulse would close faster than wild-type channels, and
although “late” re-openings (that normally underlie slow deacti-
vation) would still occur, they would contribute less current to the
deactivation time course, resulting in an overall accelerated cur-
rent relaxation.

This phenotype of fast deactivation despite unaltered desensi-
tization time course is similar to that observed for receptors
containing mutations in TM1 of the y2L subunit (Bianchi et al.,
2001). In that study, we concluded that desensitization and deac-
tivation had been “uncoupled” by the mutation, and we raised
two possible explanations. It might be that TM1 was a critical site
for structural interactions between conformations of TM2 (relat-
ed to the presumed channel gate) and GABA binding sites in the
N terminus. An alternative is that a decrease in gating efficacy
would accelerate deactivation independent of desensitization.
The K-M mutation appears to significantly decrease the mean
open time of single-channel events, consistent with the latter
possibility. Interestingly, we have found shorter mean open times
(our unpublished data) with the TM1 mutation that uncoupled
desensitization and deactivation. These findings suggest that gat-
ing and desensitization can be modified independently and that
gating efficacy is also a critical determinant of deactivation rate
and thus IPSC time course. Consistent with these suggestions, we
recently presented evidence that a mutation that increased gating
efficacy prolonged deactivation without altering desensitized
states (Bianchi and Macdonald, 2001b).

Interestingly, although shorter duration of individual synaptic
events would be a predicted outcome of the K289M mutation, less
paired pulse inhibition would suggest a decrease in the temporal
constraints normally imposed on repetitive firing at GABAergic
synapses. Whereas the shorter deactivation predicts less inhibi-
tion of individual events, the potential for increased inhibition
allowed by less effective paired pulse inhibition might partially
compensate for the decreased inhibition of individual events
predicted by the faster deactivation. How these two predictions
may interact in vivo is not yet known, but may provide insight into
the mechanism of epileptogenesis. It remains unclear whether the
decreased paired pulse inhibition is a result of faster recovery
from desensitization or an indirect consequence of the decreased
gating efficacy.

Our data are consistent with previous studies that suggested the
importance of the TM2-TM3 loop in the gating of ligand-gated
ion channels (Campos-Caro et al., 1996; Lynch et al., 1997; Sigel
et al., 1999). In some cases, mutations in this domain result in
clinical phenotypes. For example, slow channel myasthenic syn-
drome can be caused by TM2-TM3 loop mutation in nicotinic
acetylcholine receptors (Gomez et al., 1997). Also, glycine recep-
tor mutations in this loop region have been shown to result in
hereditary hyperekplexia (for review, see Lewis and Schofield,
1999).

In any transfection paradigm, there is inherent variability in
protein expression of exogenous cDNAs among individual cells.
However, interfering with some aspect of expression or assembly
can result in a systematic decrease in current amplitude. Note that
current amplitude, even under conditions of rapid agonist appli-
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cation, may be affected by kinetic properties of the channels as
well as the level of surface expression (for example, see Haas and
Macdonald, 1999). However, a1B3y2L(R43Q) GABA , receptor
currents did not differ significantly in activation, desensitization,
or deactivation rates and did not have decreased single-channel
conductance or significantly altered gating kinetics. Although the
mean open time was shorter compared with wild-type, this dif-
ference could not quantitatively account for the smaller currents.
Therefore these observations suggest that receptor expression or
assembly has been compromised by the mutation. It is known that
N-terminal sequences are important for assembly of GABA,
receptors (Klausberger et al., 2000). Although the sequence
around R43 was not specifically identified as important for inter-
subunit contacts, the absolute conservation of the R43 residue
across subunits and species is more consistent with a role in
assembly (which is required of all subunits) than with benzodi-
azepine modulation (which is highly subunit- and subtype-
selective). Indeed, several human diseases have been linked to
mutations in conserved arginines (among other residues) that
result in altered protein folding and subsequent degradation
(Bross et al., 1999). Also, a recent study showed that mutation of
a conserved basic arg-lys sequence in the intracellular domain of
nicotinic acetylcholine receptors altered intracellular trafficking
mechanisms (Keller et al., 2001). Further studies are necessary to
determine whether this mutation alters protein folding or
processing.

How these mutations actually contribute to complex seizure
disorders remains unclear. The decreased inhibitory drive caused
by faster current deactivation (K289M) or smaller current ampli-
tudes (R43Q) are both consistent with imbalances of neuronal
activity that would favor a hyperexcitable state. It should be
noted, however, that native synaptic GABA, receptors likely
contain a single y2 subunit (Chang et al., 1996) resulting in a
mixture of wild-type and mutant receptors in patients with either
mutation. Although the portion of synaptic receptors containing
the K289M mutation would accelerate IPSC time courses, alter-
ations in assembly related to the R43Q mutant subunits might
simply result in decreased peak currents. The extent of this effect
would depend on whether compensatory increases in expression
of the wild-type subunit occurred, which is not known. Further
experiments involving expression of a mixture of wild-type and
mutated subunits would clarify these potentially intermediate
functional consequences. Also, this study did not address possible
functional consequences that might depend on interaction of
mutated y2 subunits and other « or B8 subunits or manifestations
of these mutations that depend on a neuronal milieu. Knock-in
animal models may further elucidate the molecular mechanisms
through which these mutations contribute to seizure disorders in
vivo.
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