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SUMMARY
Analysis of the composition of cerebellar y-aminobutyric acidA
(GABA�S) receptors (GABARs) with in situ hybridization of GA-
BAR subunit subtype mRNAs [J. Neurosci 12:1063-1076
(1 992)] and Western blot analysis and quantitative binding of
radioligands to immunopurified receptors from the rat cerebel-
lum [J. Biol. Chem. 269:1 6020-1 6028 (1 994)] have suggested
that GABAR isoforms likely to occur in the cerebellum of adult
rats are al �x-y2, a6�3xy2, and a6�x6 isoforms. Based on these
data, GABARs composed of different combinations of rat al
a6, �2, f33, ‘y2L, and � subunits, corresponding to the three
putative cerebellar GABAR isoforms, were transiently ex-
pressed in mouse fibroblast cells (L929 cells). Whole-cell cur-
rents were recorded from acutely transfected cells to determine
whether the al f32/3y2L, a6J32/3’y2L, and a6�2/36 GABAR iso-
forms could form functional receptor channels in L929 cells and

to compare their electrophysiological and pharmacological
properties. All three putative cerebellar GABAR isoforms
showed a high efficiency of expression of functional GABARs.
We chose to study the �33 and ‘y2L subtypes as major repre-
sentatives of the native subunit subtype proteins. The recom-
binant al �3y2L, a6�33y2L, and a6f33� GABAR isoforms dis-
played different affinities (EC5O values) for GABA, differential
sensitivity to block by the divalent cation zinc and methyl-6,7-

dimethoxy-4-ethyl-�-carboline-3-carboxylate, and differences
in enhancement by diazepam. Our results provide an initial
characterization of the electrophysiological and pharmacolog-
ical properties of possible in vivo cerebellar GABAR isoforms
and demonstrate that subunit compositions of different GABAR
isoforms play a crucial role in determining their properties.

Application of molecular biological and biochemical tech-

niques to the study of the GABAR has produced significant
advances in the understanding ofits structure and the phar-
macological classification of its different isoforms. The GA-

BAR has sequence similarity with other receptor/ion channel

complexes such as the nicotinic cholinergic receptor and is a
member of the superfamily of ligand-gated ion channels (1,

2). It is a heteroligomeric protein complex composed of five
different families of subunits identified so far: a, /3, -y, �, and
p (3). Different lines of evidence [molecular mass = 240-250

kDa (2); electron microscopic image analysis (3)] suggest that

GABARS are likely to contain five subunits, although the
number of each subtype and their stoichiometry are un-

known (4). An important question is whether a limited num-
ber of specific GABAR isoforms or all possible GABAR iso-

forms exist in the brain. Ragan et al. (6) and Quirk et al. (7)

used mixtures of two subunit-specific antibodies to immuno-

precipitate GABARs from the rat cerebellum and confirmed
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Trust Fund (R.L.M.) and University of Michigan Department of Neurology
Training Grant T32 NS0722211 (N.C.S.).

the association of these subunits with each other by Western

blot analysis and quantitative binding of radioligands to im-

munopurified receptors. Their analyses of the composition of

cerebellar GABARS demonstrated that a restricted number

of GABAR isoforms were present in this region. In their

studies, 28% ofthe total cerebellar GABARs were the a1�3x-y2
isoform, 36% were the a6j3x’y2 isoform, and 23% were the

a613x6 isoform. Although an analysis ofthe �3 subunit subtype

composition of these GABAR isoforms was not performed in

the study by Laurie et al. (8), their in situ hybridization

studies indicated an abundance of the J32 and (33 m.RNAs in
rat cerebellar granule cells. Based on studies that suggest

that the rank order of �3 subtype mRNA levels in the cerebel-

lum is �32 > /33 > 131, (9, 10), we separately expressed �32- and
p3-containing GABARs corresponding to the above three pu-
tative cerebellar GABAR isoforms and recorded whole-cell

currents evoked by different concentrations of GABA. Based

on the comparable levels of functional expression of GABA-
evoked currents from both �2- and �33-containing GABARs in

this study, on the high degree of homology among the f3

subunit subtypes (11), and on suggestions that the �3 subunit

subtypes do not affect the determination of selectivity for
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benzodiazepine-site ligands (3H-Ro-15-1788; Ref. 6) and to

keep the 13and y2 subunit subtypes invariant in the different

GA.BAR isoforms studied here, we chose to study the /33

subtype and the y2L subtype as representatives ofthe native

proteins. Other studies of cerebellar GABARs with the use of
similar techniques have suggested the presence of more than

one a, /3, or y subunit subtype and, specifically, the colocal-

ization of al and a6, -y2L and y2S, and /32 or /33 in the same

receptor complex (12, 13). However, this issue was not ad-
dressed in this study; the aim of the current study was to

examine the electrophysiological and pharmacological char-

acteristics of recombinant a1/33�y2L, a6/33-y2L, and a6/336
GABARS corresponding to three most prevalent cerebellar
GABAR isoforms based on the study of Quirk et al. (7).

Materials and Methods

Plasmid construction. Full-length cDNAs encoding the rat al,

/33, and 8 GABAR subunits were kindly provided by Dr. A. J. Tobin

(University of California, Los Angeles, CA), Dr. D. B. Pritchett (Uni-

versity of Pennsylvania, Philadelphia, PA), and Dr. K. Angelides
(Baylor College of Medicine, Houston, TX), respectively, in the blue-

script vector, whereas the rat -y2L and a6 subunits were cloned in our

laboratory by Fang Tan (University of Michigan, Ann Arbor, MI).
The rat cDNAs have been described previously (for review, see Ref.
3). The plasmids were cut with appropriate restriction enzymes to

release the complete open reading frames and 10-100 base pairs of
the 5’ and 3’ untranslated regions, including the Kozak sequences
(14, 15). These plasmids were subcloned individually into the BglII

site of the mammalian expression vector pCMVNeo (16) to form the

plasmids pCMVral, pCMVra6, pCMVrf33, pCMVr-y2L, and pCMVr6.
A 3000-base pair BglII fragment ofpSV2f3gal (Ref. 17; obtained from

Dr. Audrey Seasholtz, University of Michigan, Ann Arbor, MI) was
subcloned into pCMVNeo to create the vector pCMVpgal. Fail-length

cDNA encoding the rat /32 subunit was kindly provided by Dr. K.

Angelides in the mammalian expression vector pCDM8 and was used
as such for the experiments.

Preparation of gridded dishes. Individual 35-mm tissue cul-
ture dishes (Corning, NY) were imprinted with a 26 X 26 grid (300

�.tm/grid edge) on the bottom with a Mecanex BB form 2 device

(Medical Systems, Greenvale, NY) according to the manufacturer’s

instructions. After they were plated at low density, cells could be
accurately located relative to a particular grid, identified by a corre-

sponding two-letter alphabetic code, while the viewer switched be-
tween the fluorescent and electrophysiological microscopes. The pro-

cess of imprinting the grid removed some of the negative charges
required for cell adherence, necessitating a coating of one or two

drops of collagen (0.5 mg/ml) in phosphate-buffered saline for opti-
mal adherence of L929 cells. The gridded region of the dish was

coated with collagen and UV-sterilized overnight before cells were

plated onto it.
Cell culture and DNA transfection. L929 cells were grown in

Dulbecco’s modified Eagle’s medium with 10% horse serum supple-
mented with 100 IU/ml penicillin and 100 �tg/ml streptomycin at 37#{176}

in 5% C02/95% air. Cells were passaged the night before they were
to be transfected with trypsinlEDTA solution (0.5%/0.2%, respec-
tively) and plated at 70% confluency (500,000 cells/60-mm dish) in a
60-mm dish. On the next day, cells were transfected with various
combinations of CsCl-banded pCMVral, pCMVra6, pCMVrI33,

pCMVr-y2L, pCMVr�, and pCMVr/3gal plasmids according to the
modified calcium phosphate precipitation method (18). Plasmids
were mixed in a 1:1:1 (a113/l3gal) or 1:1:1:1 (a/f3/y//3gal or a/jW&’/3gal)

ratio while maintaining the total amount of DNA added per dish at

16-20 ;�g in 500 pi of transfection buffer. For transfections with aG,

/32, and 6 subunit cDNAs and al, /32, and y2L subunit cDNAs, the

plasmids were mixed in a 1:2:1 (a//3/6) and a 1:4:1 ratio (aJj.V-y2L) to

achieve optimal expression of functional receptors. Cells were
shocked with a 15% glycerol/ix PBS solution for 30 sec or 4 or 5 hr

after the addition of precipitate. Twenty-four hours after the addi-

tion of precipitate, cells were passaged as above, placed into 15-nil
conical tubes, and treated with 375 �.tg/ml tissue culture grade DNase
I for 5 mm (twice, for a total time of treatment with DNAse I of 10

mm) at 37#{176}.Cells were pelleted at 400 X g and plated onto either

standard 35-mm plates or Mecanex-gridded plates. Electrophysiolog-
ical analysis was performed 24 hr later.

Galactosidase staining protocols. Two different /3-galactosi-

dase-staining protocols were used to identify cells transfected with

pCMVI3gal. To determine the transfection efficiency, 5-bromo-4-
chloro-3-indoyl-/3-D-galactosidase staining of cells was performed, as

described previously (19). FDG staining was performed as originally

described by Nolan et al. (20), with some modifications for use with
adherent cells, to identify positively transfected cells for electrophys-

iological recordings. Cells were washed twice with PBS to remove the
medium and incubated for 5 mm at 37#{176}with 1 ml PBS to re-

equilibrate the cells to this temperature. While the cells were incu-

bating, 20 mM FDG solution prepared by the manufacturer (Molec-

u.lar Probes, Eugene, OR) was diluted 1:20 by the addition of25 �il of
the 20 mM FDG solution into 500 pi of 0.5x PBS in a 1.5-ml micro-

centrifuge tube and placed into a 37#{176}water bath. After 5 mm of
incubation, PBS was aspirated from the cells, and the warmed 1 mM

FDG solution (final concentration) was added to the cells. The plate

with the cell and FDG solution was warmed in the 37#{176}water bath for

1 mm and then placed on ice, and 2.5 ml of ice-cold lx PBS was

added. After 5 rain on ice, the cells were viewed with a fluorescence

microscope fitted with fluorescein filters.

Recording solutions and electrodes. Before recording, the
PBS/FDG solution on the plate ofcells was exchanged with five 2-ml

washings ofexternal recording medium containing 142 mM NaCl, 8.1

mM KC1, 6 mM MgCl2, 1 mM CaCl2, 10 mM glucose, and 10 mM

HEPES, pH -7.4. The internal (intrapipette) solution contained 153

mM KC1, 1 mM MgCl2, 5 mM EGTA, and 10 mM HEPES, pH -�7.3.
This combination of external and intrapipette solutions produced a

chloride equilibrium potential of - 1.4 mV and a potassium equilib-

rium potential of -75 mV across the patch membrane. GABA, diaz-
epam, pentobarbital, picrotoxin, DMCM, and zinc chloride were di-
luted with external recording solution from a stock solution to the

indicated final concentration on the day of the experiment. StOck

solutions of 10 mM were made for GABA, pentobarbital, and Zn2� in
water and for DMCM in DMSO. A 300-SM stock solution was made

for picrotoxin in water while diazepam was first dissolved in DMSO

(L17 mg diazepam in 50 �il DMSO) and then further dissolved in 10
ml water to give 0.41 mM diazepam stock solution. Drugs were

applied with a pressure ejection micropipette (10-15-�tm tip diame-

ter; 1.0-1.5 p.s.i.) placed next to the cell or patch for experiments

shown in Figs. 1, 4A, 5, 6, and 7A, whereas a multipuffer application
system (50-90-tim tip diameter) was used to apply a range of differ-

ent concentrations of drugs for experiments shown in Figs. 2, 3, 4B,

7B and 8, A and B.

Micropipettes and recording electrodes were fabricated on a Flam-
ing Brown micropipette puller (model P-87, Sutter Instruments Co.).

Microhematocrit capillary tubes made of sodalime glass (i.d. = 1.1-
1.2 mm, o.d. = 1.3-1.4 mm; Fisher Scientific, Pittsburgh, PA) were

used to fabricate the recording electrodes, whereas a type of boro-
silicate glass with filament (o.d. = 1.2 mm; World Precision Instru-
ments, Sarasota, FL) and a Pyrex, nonfilament custom glass tubing

(i.d. = 0.6 mm, o.d. = 1.2 mm; Drummond Scientific Co., Broomall,
PA) were used for the pressure ejection micropipettes and a mul-

tipuffer application system, respectively. Recording electrodes were

coated with Q-Dope before use and had resistances ranging from 5 to
10 Mfl when filled with the internal solution and immersed in a dish

containing the external solution.
Multipuffer system to apply a range of different concentra-

tions of drugs. To enable fast application of a number of different
concentrations and types of drug, a multipuffer application system
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1 L. J. Greenfield, unpublished observations.

was designed in the laboratory.’ Briefly, it consisted of a U-tube

device with inlet and outlet ports feeding into a common application
port at one end and individually connected to polyethylene tubing

leading to either a reservoir of different solutions to be tested (inlet

tubing) or the waste-flask (outlet tubing) at the other end. Puffer tips

of 50-90-p.m diameter made of nonfilament glass were inserted into

the application port. A suction pump (Supra aquarium air pump,
Oakland, NJ) was connected to the outlet tubing ofthe U-tube device

via a three-way miniature solenoid valve (General Valve, Corp.,
Fairfield, NJ) operated by a valve driver (Valve Driver II, General

Valve Corp.). To apply a drug, the valve was turned off(regulated by
timer), stopping the suction of solution through the U-tube device

and pushing the resultant column of accumulated solution in the
application port out through the puffer tip. Reactivation ofthe valve

resumed flow of solution through the U-tube and suction of the

applied drug/solution from the bath, thus affecting a washout of the

drug from the area around the puffer tip and cell. The multipuffer
application system was tested for a satisfactory rate of application

and removal of drug from the bath before every experiment with the

dye Fast Green (Sigma Chemical Co., St. Louis, MO) in a Petri dish
filled with distilled water. The rate ofapplication and removal of the

solutions depended on the size ofthe tip and its position relative to the
cell Er = 30-70 msec, measuring tip potential between potassium-free (0

mM KC1) and potassium-containing (120 mM KC1) solution].
Whole-cell recordings and analyses. Whole-cell recording was

performed with methods described previously for mouse spinal cord
neuron recordings (21, 22) with a List LIM EPC-7 amplifier (Darm-
stadt, Germany). All recordings were made at room temperature

(22-24#{176}).Currents were recorded simultaneously on a videocassette
recorder (Sony SL-HF360) via a digital audio processor (Sony PCM-
501 ES, 14-bit, 44 kHz) on Axotape (Version 2; Axon Instruments,

Foster City, CA; with an Axon TL-1-40 16-channel, 40-kHz, 12-bit
interface) on a 286 IBM-compatible PC-AT computer and a chart

recorder (Gould, Cleveland, OH) for later computer analysis. Whole-

cell recordings were low-pass filtered (3 db at 1 kHz, eight-pole
Bessel filter, Frequency Devices) before use of the chart recorder.
The peak whole-cell current amplitudes were measured either with
Axotape or directly from the chart output and reported as mean ±

standard error. Statistical tests of significance were performed with
paired Student’s t test for all drug treatments, and the p values are

reported. Concentration-response curves were fitted to a four-param-

eter logistic function:

R = Rmin + (Rm,,j - R,,,�0)/(1 + 10(Log EC�s-X)Hi1I sloPe)

where X is logarithm of drug concentration, r is response to drug,

Rm� �5 maximum drug response, Rmin is fl#{252}nimUlfl drug response,

Log EC50 is X value when the response is halfway between maximum
and minimum, and Hill slope is unitless variable that controls the

slope of the curve (Prism; Graph Pad Software, San Diego, CA).

Results

Response of transfected L929 cells to GABA. To deter-
mine whether cerebellar GABA.R isoforms suggested by the

results of Ragan et al. (6) and Quirk et al. (7) could assemble
in L929 cells to form functional GABARS, we studied mdi-

vidual L929 cells cotransfected with GABAR subunit cDNA

expression vectors encoding the a6, -y2L, and /33 or /32 sub-
units (corresponding to the a6(3x-y2 isoform making up 36% of

cerebellar GABARs); the a6, 6, and /33 or /32 subunits (corre-
sponding to the a6/3x6 isoform making up 23% of cerebellar

GABARs); and the al, ‘y2L, and /33 or /32 subunits (corre-
sponding to the alf3x-y2 isoform making up 28% of cerebellar

GABARs). The number of cells with GABA-evoked responses

was determined by recording whole-cell currents in response

to 5-sec pulses of 0.3-10 p.M GABA from FDG-positive cells
clamped at a voltage of - 75 mV. GABAR isoforms comprising
either /3 subtype showed similar whole-cell currents and com-

parable levels of functional expression. Table 1 lists the pro-
portion of cells cotransfected with the different subunit sub-

type combinations that were responsive to GABA.
Representative whole-cell current traces obtained from cells

transfected with al, /33, and -y2L; a6, /33, and y2L; and a6, /33,

and 6 subtypes are shown in Fig. 1. These data provide
evidence that the GABAR subunits that immunoprecipitated

together in the study of Quirk et al. (7) had a high propensity

to form functional GABAR channels in L929 cells and may
therefore make up in vivo cerebellar GABAR isoforms.

Comparison of the alfJZ/3y2L, u6�32I3y2L, and a�32/36

whole-cell currents. Peak whole-cell currents evoked by
GABA (10 nr�i to 300 p.M) obtained from several cells trans-
fected with subunit combinations corresponding to the six

different GABAR isoforms containing either the /32 or the /33

subunit subtype were averaged, and the resulting concentra-

tion-response curves were compared. Plot of the average of
the absolute peak currents (pA) allowed a direct comparison

of the amplitude of currents evoked from single cells trans-
fected with the six different GABAR subtype combinations.
The maximum amplitudes ofthe a1f33�y2L and a6/33’y2L GA-

BAR currents (803 ± 141 pA and 730 ± 305 pA, respectively;
nine experiments) were twice as large as the a6f336 GABAR
current (371 ± 116 pA, eight experiments). The values of the

half-maximum concentration (EC50) of GABA showed differ-
ences for the a1f33y2L, a6/33-y2L, and a6/336 GABAR iso-

forms. The EC50 values for GABA were 16 j.tM for the

a1j33y2L GABAR currents, 2 p.M for the a6/33-y2L GABAR

currents, and 0.4 �tM for the a6/336 GABAR currents (Fig.
2A). The corresponding Hill slope values were 1.2, 1.9, and

1.3, respectively. The change in affinity for GABA ofthe three

GABAR isoforms is illustrated in the normalized concentra-

tion-response curves (Fig. 2B). Therefore, the a6f336 GABARs

displayed the greatest affinity for GABA, followed by the

a6f33y2L GABARS, whereas the a1f33-y2L GABARS displayed
the lowest affinity for GABA among the three GABAR iso-
forms studied.

Plot of the averaged peak currents of the /32-containing
GA.BAR isoforms against the different concentrations of

GABA showed that the maximum amplitudes ofthe alfJ2’y2L
and a6/32-y2L GABAR currents (404 ± 216 pA, four experi-

TABLE 1

Correlation of GABAR expression with FDG-positive cells
Cells were transfected with LacZ and different combinations of GABAR subunit
cDNAs. A fluorescent j3-galactosidase (FDG) assay (36,37) was used to identify
successfully transfected (LacZ-positive) cells. The number of cells with GABA-
evoked responses was determined by eliciting whole-cell currents from selected
cells with applications of 0.3-1 0 �c�i GABA. The number of GABA-responsive cells
of the total number of cells tested was used to estimate the efficiency of expres-
sion of the various combinations of GABAR subunits.

Subunit combinations
Fraction of cells responsive

to GABA GABA responsive

al/33y2L 60/82 73
a6/33�y2L 60/80 75
a6f33� 76/120 63
al/32y2L 7/11 64
a6f32y2L 7/10 70
a6/32� 5/10 50
a6f33 3/27 11
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_��1 25 pA
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Fig. 1 . Representative GABA-evoked whole-cell currents recorded
from L929 cells transfected with al f33y2L, a6f33y2L, and a6f336 GA-
BAR subunits. Cells were voltage-clamped at -75 mV, and 5-sec
pulses of submaximal concentrations of GABA were applied via pres-
sure-ejection micropipette placed close to the cells. Downward deflec-
tions, inward currents (efflux of negatively charged chloride ions) at -75
mV (Chloride equilibrium potential = 0 my). Horizontal bars above
traces, duration of application of GABA.

ments; 292 ± 179 pA, three experiments) were twice as large

as the a6/326 GABAR current (130 ± 70 pA, four experi-

ments) (Fig. 2C). The EC50 values for GABA were 11 �M for

al/32y2L, 2 p.M for a6/32’y2L, and 0.2 j.tM for a6/326 GABAR
currents. The corresponding Hill slope values were 1.7, 1.5,

and 1.2, respectively. The change in affinity for GABA of the
three 132-containing isoforms is illustrated in the normalized

concentration-response curves (Fig. 2D). Normalized concen-

tration-response curves for GABA obtained for /32-containing

GABARs, the al/32-y2L, a6/32’y2L, and a6f326 GABAR iso-

forms, had EC50 values of 10, 2, and 0.2 �tM GABA and Hill

slopes of 1.5, 1.5, and 1.2, respectively. Corresponding values
from the normalized concentration-response curves for

GABA for /33-containing GABARs were 14, 2, and 0.3 �tM

GABA and 1.5, 1.5, and 1.2 for the al/33-y2L, a6/33-y2L, and
a6/336 GABAR isoforms (Fig. 2B). We cannot rule out other

changes in the detailed pharmacological and biophysical
properties of the /32- and /33-containing isoforms. However,

due to the similar concentration-response curves for GABA

obtained with /33- and /32-containing GABAR isoforms and to
keep the /3 subunit subtype invariant in the al/3x-y2L,

a6/3x’y2L, and a6/3x� GABAB isoforms, we chose to study the

/33 subtype as representative of the native protein.
Low efficiency of formation of functional a6�33 GA-

BAR channels compared with functional a6fi3& GA-
BAR channels. To determine whether a6/33 subunits alone

could form functional GABAR channels in the absence of 6 or

7 subunits, responses to GABA of L929 cells transfected with

aG and /33 GABAR subtypes alone were examined and com-

pared with responses of cells transfected with aG, /33, and 6

GABAR subtypes (Fig. 3). Barely detectable levels of GABA-

evoked currents were recorded from only 3 of 27 FDG-posi-
tive cells (11%) (Table 1). The average maximum amplitude

of a6/33 GABAR currents was 12 ± 7 pA (three experiments).

In contrast to the low efficiency of formation of functional

GABAR channels displayed by afi/33 subtypes alone, the

aG/336 GABAR subtypes showed high efficiency of formation

of functional channels (Fig. 3), with 63% GABA-responsive

cells (Table 1) displaying average maximum current ampli-

tude of 371 ± 116 pA. Due to low efficiency of expression of

functional a6/33 GABAR channels and small amplitudes of

aG/33 GABAR currents, detailed pharmacological and electro-

physiological characterizations were not performed.

Effects of diazepam and pentobarbital on a61336,

a6�33y2L, and alfi3y2L GABAR currents. To distinguish

among GABARs in cells transfected with the three different

subunit combinations, we used drugs known to have distinct

actions in the presence and absence of specific subunits. The

benzodiazepine diazepam increases the amplitude of GABA-
evoked currents recorded from GABARs containing a y sub-

unit by shifting the concentration-response curve for GABA

to the left and thus decreasing the value of EC50 (23) and
increasing GABAR channel opening frequency (24). Diaze-

pam does not enhance GABAR currents in GABARs that lack

a y subunit. However, the presence of a4 or aG subunits
renders the GABAR insensitive to enhancement by diazepam

regardless of the presence of a -y subunit (25). The effects of

100 nM diazepam in the presence of submaximal concentra-

tions of GABA (10, 3, and 0.3 p�M GABA for al/33y2L,

a6/33y2L, or a6/336 GABARs, respectively) were studied (Fig.
4A). The al/33y2L GABAR currents were enhanced signifi-
cantly in the presence of 100 n�t diazepam compared with the

currents elicited by GABA alone. The average enhancement
(mean ± standard error) ofal/33y2L GABAR currents by 100

nM diazepam was to 184 ± 22% of the control GABA current

(six experiments, p = 0.01). In contrast, application of diaz-
epam did not increase a6/336 (97 ± 1% of control, eight
experiments,p = 0.09) or a6/33-y2L (94 ± 4% ofcontrol, seven

experiments, p = 0.2) GABAR currents, consistent with the
absence of a y subunit in the former and the presence of the

diazepam-insensitive aG subunit in both GABAB isoforms.

To obtain a quantitative estimate of enhancement of GA-
BAR currents by diazepam, concentration-response curves

for diazepam were determined for each of the three GABAR
isoforms in the presence of submaximal concentrations of

GABA with the use of the multipuffer application system
(Fig. 4B). Diazepam enhanced al/33-y2L GABAR currents to a

maximum of 202 ± 42% (mean ± standard error, three ex-

periments) of control current in the absence of diazepam,

with an EC50 of 70 nr�i and Hill slope of 1.6. The a6/336 and
a6/33y2L GABAR currents were not enhanced by diazepam.

At diazepam concentrations of >300 riM, a6/33-y2L GABAR
currents showed a small decrease to 88 ± 1% (mean ± stan-
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Fig. 2. Concentration-response curves for GABA corresponding to cells transfected with al /3372L, a6/33y2L, and a6/336 GABAR subunits and
al /3272L, a6/32y2L, and a6f326 GABAR subunits. A, Mean ± standard error values of peak whole-cell currents evoked by various concentrations
of GABA from six cells transfected with a6/33� and from nine cells each for cells transected with a6/33y2L or a1f33-y2L GABAR subunits. B, Mean
± standard error values of whole-cell currents normalized by the maximum whole-cell current evoked by GABA plotted against the different
concentrations of GABA for the same set of cells as described in A. C, Mean ± standard error values of whole-cell currents normalized by the
maximum whole-cell current evoked by different concentrations of GABA for cells transfected with al f32y2L, a6j32y2L, and a61326 GABAR
subunits. D, Mean ± standard error values of whole-cell currents normalized by the maximum whole-cell currents evoked by GABA plotted against
the different concentrations of GABA for the same set of cells as described in C. Different concentrations of GABA were applied with the rapid
perfusion multipuffer system as described.
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picrotoxin and benzodiazepine receptor inverse agonist

0.03 pM GABA o.�yM GABA

a6�3#{246} � 1�5O pA

dard error, four experiments) ofcontrol currents with an IC50

of 72 nM.

Pentobarbital enhances GABAR currents regardless of

subunit composition and is postulated to act by modifying

GABAR channel gating (26). Pentobarbital (10 p.M) enhanced
whole-cell currents evoked by submaximal concentrations of
GABA for all three GABAR isoforms (Fig. 5). The average

enhancements (mean ± standard error) for al/33y2L (10 j.tM

GABA), a6/33’y2L (3 �tM GABA), and a6/336 (0.3 p.M GABA)

GABAR currents were to 162 ± 7% (seven experiments, p <

0.03), 158 ± 14% (four experiments,p < 0.02), and 224 ± 18%

(five experiments, p < 0.05) of control GABA currents in the

absence of pentobarbital, respectively.
Actions ofpicrotoxrn and DMCM on a61336, a6�3y2L,

and a1�33�y2L GABAR currents. To further establish the

pharmacological characteristics of the three GABAR iso-

forms, we examined the effects of the GABAR antagonist

Fig. 3. Low efficiency of functional a6/33 GABAR chan-
nel formation versus high efficiency of formation of func-

tional a6/336 GABAR channels. Representative whole-cell
30 �tM GABA current traces recorded at a holding potential of -75 mV-#{176}i/1--in response to concentrations of GABA between 0.03 and

30 j�M from cells transfected with either a6j33 alone or
with a6133 and 6 subunits. Horizontal lines above traces,
duration of application of GABA.

DMCM. Picrotoxin reduces GABAR currents noncompeti-
tively (27) by decreasing the average open channel duration

and burst duration of GABAR single channels (28). Currents
evoked from all three GABAR isoforms were attenuated by

10 p�M picrotoxin (Fig. 6). The al/33-y2L (10 ,tM GABA) GA-
BAR current was reduced by 46 ± 5% (seven experiments, p
< 0.006); the a6/33-y2L (3 p.M GABA) GAEAR current was

decreased by 50 ± 3% (five experiments, p < 0.004); and the
a6/336 (0.3 j.tM GABA) GABAR current was reduced by 58 ±

10% (six experiments, p < 0.04). Also, currents mediated by

all three GABAR isoforms showed marked increase in the

rate of decay of current during application of picrotoxin,
which returned to control rates after subsequent applications
of GABA alone. The aG/336 currents showed slower and often
incomplete recovery after inhibition by picrotoxin compared
with the al/33y2L and a6/33-y2L currents.

DMCM, a convulsant /3-carboline, reduces GABAR current
by decreasing the open and burst frequencies of GABAR
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EC50=70 nM
HillSlope=1 .6

U a6�33’y2L (n=4)

3 pM GABA
lC50=72 nM
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Fig. 4. A, Modulation of GABAR
whole-cell currents evoked from
al /33y2L, a6133y2L, and a6j336 GA-
BAR isoforms by diazepam. GA-
BAR whole-cell currents elicited at
holding potential of -75 mV by the
indicated submaximal concentra-
tions of GABA before, during, and
after application of 100 nM diaze-
pam for the three GABAR isoforms.
Horizontal bars above traces, 5-sec
pulses of the drugs were applied
with pressure-ejection micropi-

pettes placed close to the cell. B,
Concentration-response curves for
diazepam at indicated submaximal
concentrations of GABA corre-
sponding to cells transfected with
al /33y2L, a6/33y2L, and a6/336 GA-
BAR subunits. Mean ± standard er-
ror values of normalized whole-cell
currents against the different con-
centrations of diazepam for each of
the three isoforms. The peak values
of currents recorded in presence of
different concentrations of diaze-

pam were normalized by the value
of current recorded in the absence
of diazepam for each cell, and the
data were averaged to give the
mean ± standard error values. The
curve corresponding to a6j336 GA-
BAR channel currents was fit with
linear regression, whereas those
corresponding to al/33y2L and

a6j33y2L GABAR channel currents
were fit with the four-parameter lo-

gistic equation as described.

1O�GABA

al

3pMGABA

cz6�3Y2Lfl/��

0.3 pM GABA

a6�38

IOpMGABA+ 10pM
PENIOBARBITAL

pA
0.3pMGABA+ 10pM

PENTOBARBITAL

� 500 pA

10 pM GABA

3 pM GABA

it-

0.3 pM GABA

Fig. 5. Enhancement of al /33y2L, a6/33y2L, and a6/336
GABAR whole-cell currents by pentobarbital. GABAR
whole-cell currents evoked by the indicated concentra-
tions of GABA before, during, and after application of 10
p.M pentobarbital for the three GABAR isoforms. Cells
were voltage-clamped at -75 mV, and drugs were ap-
plied for 5 sec with pressure-ejection micropipettes. Hor-

izontal bars above traces, duration of application of drugs.
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Fig. 6. Attenuation of GABAR whole-cell currents elicited
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picrotoxin. GABAR whole-cell currents evoked by the
indicated submaximal concentrations of GABA before,
during, and after the application of 10 �M picrotoxin at a
holding potential of -75 mV. Horizontal bars above
traces, 5-sec applications of the drugs via pressure-ejec-
tion micropipettes.
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single channels (29, 24). However, its effect is much weaker

in recombinant GABARs containing the ce6 subunit along

with the /3 and the ‘y subunits (30, 31). DMCM (100 nM)

reduced the al/33-y2L GABAR current (10 �M GABA) by 48 ±

0.3pMGABA+ 100 eM
DMCM

______j250

20 s

4% (mean ± standard error) (six experiments, p < 0.00001)

but did not have any clear effect on the a6-containing GA-
BAR currents (Fig. 7A). The average enhancement (mean ±

standard error) ofthe a6/33-y2L GABA.R current (3 p.M GABA)

Fig. 7. A, Modulation of a1f33y2L, a6�3y2L,
and a6j336 GABAR whole-cell currents by
DMCM. GABAR whole-cell currents evoked by
the indicated submaximal concentrations of
GABA before, during, and after application of
100 nM DMCM. Cells were clamped at a poten-
tial of -75 mV, and 5-sec pulses of the drugs
were applied with pressure-ejection micropi-
pettes. Horizontal bars above traces, duration
of application of drugs. B, Concentration-re-
sponse curves for DMCM at indicated sub-
maximal concentrations of GABA correspond-
ing to cells transfected with ol /33y2L,

a6f33-y2L, and a6/336 GABAR subunits. Mean ±
standard error values of normalized whole-cell
currents plotted against the different concen-
trations of DMCM for each of the three iso-
forms. The peak values of currents recorded in

the presence of different concentrations of
DMCM were normalized by the value of current
recorded in the absence of DMCM for each cell,
and the data were averaged to give the mean ±
standard error values.
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was 2 ± 2% (six experiments, p = 0.3), whereas that of the
a6/336 GABAR current (0.3 �tM GABA) was 2 ± 2% (eight

experiments, p = 0.2).
To further characterize the differential effects ofDMCM on

the three different isoforms, concentration-response curves

for DMCM were determined for al(33y2L, cs6/33’y2L, and
cr6/336 GABAR currents at submaximal concentrations of
GABA (Fig. 7B). DMCM produced a maximum inhibition of

54 ± 3% (three experiments, p < 0.00002) of the al/33y2L
GABAR currents with an EC50 of 20 nr�i and Hill slope of 1.6.
At higher concentrations of DMCM, a trend of decreasing

inhibition was apparent (25 ± 3% at 10 �M DMCM; three

experiments, p = 0.02), but this was not fully characterized.
In contrast, a6/33-y2L and a6/336 GABAR currents were not
inhibited by DMCM at concentrations between 1 ni�t and 1 �M

but were enhanced at DMCM concentrations of > 1 p�M.

DMCM enhanced the a6/33y2L GABAR currents to a maxi-

mum of 148 ± 20% (three experiments, p = 0.1) of control
current in the absence ofDMCM, with an EC50 of 1.2 �M. The

a6/336 GABAR currents were enhanced to a maximum of 224
± 49% (three experiments, p = 0.1) of control current by
DMCM, with an EC50 of 5 �

Modulation of GABAR currents by divalent cation
Zn2�. The divalent cation Zn2� reduces GABA-evoked cur-
rents, presumably by binding to a novel site on the GABAR

and decreasing the single channel opening frequency, thus
effectively stabilizing the channel in one or more closed con-
formations (32). In recombinant GABARs containing a and /3

subunits only, Zn2� was a potent inhibitor of GABA-evoked

current, and change of the subtypes of a and /3 subunits did
not substantially influence the Zn2�-induced inhibition of

GABAR current. However, the addition ofa �y subunit always
reduced the level of antagonism by Zn2� (33). We examined

the Zn2tinduced inhibition of GABAR currents for the three
cerebellar GABAR isoforms at submaximal concentrations of
GABA. Drugs were applied with either micropipette pressure
ejection or the multipuffer application system. Zn2� at a
concentration of 10 p.M blocked the al/33-y2L GABAR current

(10 �LM GABA) by only 9 ± 7% (five experiments, p = 0.8), the

a6/33’y2L GABAR current (3 p�M GABA) by 15 ± 8% (15

experiments, p = 0.2), and the a6/336 GABAR current (0.3 �M

GABA) by 68 ± 3% (12 experiments, p < 0.004) (Fig. 8A). At
the higher concentration of3O �M Zn2�, the a6/33-y2L GABAR
current was blocked by 50 ± 5% (10 experiments, p < 0.04),
whereas the al/33’y2L GABAR current was blocked by only 9
± 20% (five experiments,p = 0.8). Also, inhibition of currents

by Zn2� in GABAR isoforms containing a -y subunit was
readily reversible on washout of Zn2� compared with the
a6/336 GABAR isoform (data not shown).

To characterize the differential affinity ofZn2� for blocking
the al/33’y2L, a6/33y2L, and a6/336 GABAR currents, concen-

tration-response curves for Zn2� were determined at sub-
maximal concentrations of GABA with the multipuffer appli-
cation system (Fig. 8B). The data were fit separately with the

use of a four-parameter logistic equation for a one- or two-site

competition equation (data not shown). The two-site equation

did not fit the data significantly better than the one-site

equation (based on F test; Prism, GraphPad Software) for all
datasets. Therefore, the four-parameter logistic equation was
used to fit the concentration-response data for Zn2 � . Zn2

showed maximal inhibition (mean ± standard error) of 88 ±

6% (at 3 mM Zn2�, five experiments) of al/33’y2L GABAR

currents with an IC50 of 245 �M, 87 ± 6% (at 3 m�vt Zn2� , five
experiments) ofa6/33’y2L GABAR currents with an IC50 of 47

�.tM, and 90 ± 1% (at 300 p.M Zn2�, four experiments) of a6f336

GABAR currents with an IC50 of 4.8 p�M.

Discussion

Putative cerebellar GABAR isoforms form functional re-

combinant GABARs with distinct characteristics. The local-
ized expression of different GABAR subunit subtype combi-

nations in the brain could underlie the heterogeneity of

GABAR populations in the central nervous system (5). We

examined the electrophysiological and pharmacological char-

acteristics of recombinant al/33-y2L, a6/33-y2L, and a6/336

GABAR channels as representatives of the three main cere-
bellar GABAR isoforms based on the study by Quirk et al. (7).

Because an analysis of the /3 subunit composition of these

GABAR isoforms was not performed by Quirk et al. (7), we
separately expressed /33- and /32-containing GABARs corre-

sponding to the three putative cerebellar isoforms. Due to
similarity in the concentration-response curves for GABA
obtained with both /3 subunit subtypes, we chose to study

GABARs with only one /3 subtype (/33) subtype as a major

representative of the native protein.
Cells cotransfected with all three combinations of GABAR

subunits showed a high efficiency of expression of functional
GABAR channels (Table 1), suggesting that the GABAR sub-

units that immunoprecipitated together in the study of Quirk

et al. (7) show a high propensity to form functional GABAR

channels and may therefore make up the cerebellar GABAR
isoforms in vivo. Comparison of the concentration-response
curves of the three GABAR isoforms revealed an increased

affinity for GABA in the isoform containing the a6 subunit
rather than the al subunit, with an EC50 for GABA of 2.2 �M

for the a6f33y2L GABAR isoform and an EC50 for GABA of
16.4 �tM for the al/33’y2L GABAR isoform. In GABAR iso-

forms containing the a6 subtype, replacement of the -y sub-
unit with the 6 subunit caused a further enhancement in the

affinity for GABA, with an EC50 for GABA of 0.4 �M for the
a6/336 GABAR isoform and an EC50 for GABA of 2.2 �tM for
the a6/33-y2L GABAR isoform. Thus, changing the subunit

combination either by replacing one of the subunits by a
different subtype (al by cr6) or by replacing one class of

subunit by another (�y subunit by 6 subunit) confers distinct
functional characteristics on the GABAR isoform.

The pharmacological profile of the GABAR isoforms also

reflected similarities and differences based on the subunit

composition of the recombinant receptors. Whole-cell cur-
rents from all three GABAR isoforms were enhanced by 10

�M pentobarbital and diminished by 10 �tM picrotoxin, as is

characteristic of GABARs regardless of their subunit compo-
sition (2). Enhancement of GABA-evoked currents by diaze-

pam is dependent on the absence of the a6 and a4 subtypes
and the presence of the y subunit. Accordingly, the a6-con-

taming GABA.R isoforms were insensitive to potentiation by
100 nM diazepam, whereas the al- and y2-contaiing GA-

BAR isoform was sensitive to potentiation by 100 ni�t diaze-

pam. Luddens et al. (30) demonstrated that DMCM binding
shows decreased affinity in recombinant GABARs containing

the cr6 subtype relative to al subtype-containing GABARs.
Similar results have been reported by Angelotti et al. (31) for

the a6/31-y2S GABAR isoform. Consistent with their finding,
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Fig. 8. A, Effect of Zn2� on cr1 �33y2L,
a6133y2L, and a6�33� GABAR whole-cell cur-
rents. GABAR whole-cell currents elicited by
the indicated concentrations of GABA before
and during the application of 30 and 100 pi�i
Zn2� at a holding potential of -75 mV. Hon-
zontal bats above traces, 10-sec duration of
application of drugs. The rapid perfusion mul-
tipuffer system was used to apply drugs in
these experiments. B, Concentration-response
curves for Zn2� at indicated submaximal con-
centrations of GABA corresponding to cells
transfected with al /33y2L, a6/33y2L, and
a6/336 GABAR subunits. Mean ± standard er-
ror values of normalized whole-cell currents
against the different concentrations of Zn24 for
each of the three isoforms. The peak values of
currents recorded in presence of different con-
centrations of Zn2 � were normalized by the
value of current recorded in the absence of
Zn2� for each cell, and the data were averaged
to give the mean ± standard error values.
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in the current study, a6-containing GABAR isoforms were
not blocked by DMCM, whereas the al-containing isoform

was inhibited (Fig. 6B). However, at micromolar concentra-

tions of DMCM, the a6j33y2L and a6/33� GABAR currents

were enhanced above control values. Although we have not
investigated this phenomenon in detail, 10 �tM DMCM en-
hanced a6/33y2L and a6f336 GABAR currents to 148 ± 20%

(three experiments, p = Od) and 224 ± 49% (three experi-

ments, p = 0.1) of control current, respectively. Although

White et al. (34) reported differences in the magnitude of
inhibition by benzodiazepine site inverse agonists of recom-
binant GABAR channel currents depending on the a subunit
subtype (al, a2, or a3) in Xenopus oocytes, the enhancement

of GABAR channel currents in a6-containing GABAR iso-
forms by higher concentrations of DMCM has not been re-
ported. This suggests that a subunit subtypes influence the

extent and nature of modulation of GABAR channel currents
by benzodiazepine site inverse agonists. The pharmacological
profiles of the three main cerebellar GABAR isoforms are
summarized in Table 2.

Pharmacological and biophysical properties of recombi-

TABLE 2
Pharmacological profile of a1�33�’2L, a6�33�y2L, and a6133S
GABAR isoforms
Cells were held at -75 mV. and 5- or 10-sec pulses of GABA alone were applied
followed by GABA with the relevant drug. The submaximal concentrations of
GABA applied were 10 � for alj33y2L GABAR isoform, 3 �u.i for the a6/33-y2L
isoform, and 0.3 �.LM for the a6�3& GABAR isoform. The concentration of drugs
used were 100 nM diazepam, 30 � Zn2�, 100 n� DMCM, 10 �t�i picrotoxin, and
1 0 � pentobarbital. t I t , strong enhancement of GABA-evoked current; �.

weak inhibition of GABA-evoked current; � � , moderate inhibition of GABA-
evoked current, � � � , strong inhibition of GABA-evoked current; ND., no
detectable effect on GABA-evoked current.

combination Diazepam Zn2’ DMCM Picrotoxin Pentobarbital

al/33y2L III �u III
a6/33-y2L N.D. N.D. I I I
a6/338 ND. N.D. I I I

nant GABARS formed by heterologous expression of multiple
GABAR subunits have been examined extensively with
whole-cell recordings (for review, see Ref. 5). Theoretically,
whole-cell currents represent the sum of single-channel cur-
rents produced by all potential GABAR isoforms expressed in
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2 J� Zhang, E. C. Burgard, and R. L. Macdonald, unpublished observations.

cells transfected with multiple subunits. The low resolution
of these recordings might not reveal the characteristics of
potential single-, double-, and triple-subunit combinations of

GABAR subunits expressed in cells transfected with three
different subunits. However, identification of pharmacologi-

cal agents with distinct effects on specific isoforms might
help in distinguishing among certain GABAR isoforms [e.g.,

Zn2�-sensitive a�3 or a�36 isoforms and the relatively Zn2�-
insensitive a�y isoform (33, 35); La3�-potentiated a� isoform
and the La3�-insensitive af36 isoform (35)].

Several lines of evidence (35-37) suggest that in L929
mouse fibroblast cells transfected with a, j3, and �y or a, �3, and
� subunits, aj3’y or � is the preferred isoforms of the GA-
BAR relative to other dimeric or homomeric isoforms. First, it
has been shown by Angelotti and Macdonald (36) that the
alf3ly2S isoform is likely to be the preferred final GABAR

isoform in L929 cells transfected with al, (31, and -y2S sub-
types in a ratio of 1:1:1 or 1:2:1. This conclusion was based on

the findings that no diazepam-insensitive currents were re-
corded from these and that the currents showed a constant
percent enhancement by diazepam regardless of the ratio of
the �3 to a or y subtypes. Second, detailed kinetic analysis of
the single-channel characteristics of alfJl and al�1-y2S GA-

BARs also suggest that the alf3l-y25 GABAR isoform (29 p5)
was a preferred form of the GABAR relative to al(31 (15 p5)
in cells transfected with al, �3l, and y25 subunits (37). Third,

the single-channel characteristics of cells transfected with
a1j316, al�1y2L, and a1J3ly2L� subtypes were distinct with

main conductance levels of 22, 30, and 33 p5, respectively,
and mean open durations of400, 5, and 20 msec respectively.
If there were dimers (a13) or extra oligomers present, one
would expect to see different conductance levels or open
times corresponding to the dimer in patches excised from

cells transfected with af36 or a�-y subtypes, which were not

seen (35). Fourth, binding studies by Hartnett et al. (38) in a
high efficiency expression system of SF9 cells infected with
baculoviruses containing cDNAs for various GABAR sub-
units have shown no significant levels of muscimol binding
with homomeric constructs of a, 13, y, or 6 and dimeric con-
structs of ay, fry, a�, or �36. The minimal requirement for mus-

cimol binding was la and 1�3. Therefore, oligomers ofthe types

described above are unlikely to be formed and support our
finding that GABAR subunits do not seem to undergo random
assembly but seem to have preferred forms. Finally, we have
shown in this study that L929 cells transfected with a6 and �33
subtypes alone do not show a high efficiency of formation of

functional GABAR channels, suggesting that a dimeric a6(33
isoform is not one of the preferred GABAR isoforms. However,

trimeric a6133� and a6�33y2L subtypes show high levels of for-
mation of functional GABAR channels, suggesting that these
likely are preferred GABAR channel isoforms.

Similarly, with regard to the presence of endogenous GA-

BAR subunits in L929 cells, which could potentially confound
interpretation of expressed GABAR isoforms, three lines of

evidence suggest that the L929 cells do not contain signifi-

cant levels of endogenous GABAR mRNAs. First, L929 cells

cotransfected with a and (3 subunit cDNAs do not show pos-
itive modulation by diazepam, which suggests the absence of
endogenous y2 subunit cDNA in these cells (36). Although
L929 cells transfected with al and f31 subunits expressed
functional GABA receptors as assessed by GABA-evoked cur-
rents recorded from these cells, cells transfected with al and

y2 or with �3l and y2 subtypes failed to express functional

GABA receptors. In the presence of endogenous al or f31

subunit, one would expect expression of the a1�l GABAR

isoform in cells cotransfected with aly2 or /3l-y2 subunit
cDNAs. This suggests the absence of significant levels of

endogenous �3l and al subunits in L929 cells. Second, non-

transfected L929 cells or cells that do not show positive

staining for the reporter plasmid Lac Z do not show GABA-

evoked currents. This also suggests the absence of endoge-
nous GABAR subunits. Third, we performed some prelimi-
nary experiments with reverse transcriptase-polymerase

chain reaction technique to determine the presence of a num-
ber of different GABA receptor subunit mRNAs in L929 cells

transfected with only the al, �l, and ‘y2L GABA receptor

subunits. These cells were screened for the presence of GA-

BAR subunit m.RNAS corresponding to al, a4, aG, �31, 133,

72L, and � subtypes. There was no evidence for the presence
of the a4, a6, 133, or � subtype mRNAs in the cells examined,
whereas al, 131, and -y2L subtype m.RNAs derived from the

transfected cDNAs were clearly detected, suggesting that the
L929 cells are not likely to contain any endogenous a4, a6,

f33, or � subtypes.2
Differential sensitivity of a1133’y2L, a6�33y2L, and

a’61336 GABAR isoforms to block by Zn2’. The effects of
Zn2� on GABAR responses differ depending on the species

and maturity of the neurons being studied as well as the

heterogeneity of GABARs (33, 39-42). Our results also sug-

gest that a change in the subunit composition of recombinant
GABARs alters its pharmacological and electrophysiological
properties.

Similar to the differences in affinity for GABA, the

al133y2L, a6133y2L, and a61336 GABAR isoforms showed dif-
ferences in the susceptibility to block by Zn2� in the presence
of submaximal concentrations of GABA. The a6j336 GABAR

currents were most sensitive to inhibition by Zn2� (IC50 =

4.7 SM), showing a slow and often incomplete recovery from

block by Zn2�(data not shown). Replacement ofthe � subunit
by the -y subunit reduced the sensitivity to inhibition by Zn2�
for the a6j33y2L GABAR currents (IC50 = 47 �LM). Finally,

substitution of the al subunit for the a6 subunit further
diminished the susceptibility to inhibition by Zn2� for the
al/33y2L GABAR currents (IC50 = 245 pi�t). The y-contaiing
GABAR isoforms also showed fast and complete recovery

from block by Zn2� compared with the �-contaiing isoform.
Based on our results, the GABAR isoform without the �y
subunit is more sensitive to block by Zn2� than is the GABAR
isoform containing the y subunit. This is similar to the re-

ports by Draguhn et al. (33) for recombinant a1f32-y2 and
a1132 and by Smart et al. (42) for recombinant alj3l-y2 and
alf3l expressed in human embryonic kidney cells. It has
therefore been proposed that when the yl or y2 subtype is
present in recombinant GABAR isoforms, the sensitivity to

inhibition by Zn2� of the GABAR current is lost (33, 42).

However, the results of our study suggest that the presence

of the -y subunit causes a decrease in the susceptibility to
block by Zn2� of GABAR currents rather than a total loss of

sensitivity to inhibition by Zn2� . This is not entirely contrary

to earlier studies, since the GABAR currents evoked from
cells transfected with 132-y2 GABAR subtypes in the study by
Draguhn et al. (33) were inhibited to 50% of control value in
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the presence of 10 �M Zn2�, which was less inhibition than

seen with GABAR isoforms lacking the y subunit but more
inhibition than seen with other GABAR isoforms containing

only the y2 or the a1132’y2 subunits. Recordings from fetal
and adult cultured rat superior cervical ganglia neurons (41)
also revealed that GABA-evoked currents from the fetal neu-

rons were more sensitive to block by Zn2� (65% block with
100 p.M Zn2�) than those from adult neurons that, however,
did exhibit sensitivity to block by Zn2� but to a lesser extent

(33% at 100 p.M Zn2�). Our results also suggest that changing

the a subunit subtype from a6 to al (keeping the 13and -y
subtypes the same) rendered the GABAR isoform less sensi-

tive to inhibition by Zn2� , implying a modulatory role for the

a subunit subtype in determining the potency ofthe blocking

action of zinc on GABA-evoked currents.

We believe that the presence or absence of the y subunit

determines the overall sensitivity of the GABAR isoform to
Zn2�, � that majority of the receptors containing the -y
subunit are less sensitive to inhibition by Zn2� than are

those lacking the -y subunit, whereas a subunit subtypes
modulate this overall sensitivity to block by Zn2� with dif-

ferent subtypes, making it more or less susceptible to the

blocking action of Zn2� . It is possible that the Zn2� modula-

tory site on the GABAR involves residues from the interface
of adjacent subunits rather than residues from a single sub-
unit alone and therefore is sensitive to changes in the sub-

unit composition of the GABAR rather than the presence or
absence of one subunit alone. The site of action of Zn2� is

likely to be extracellular based on the lack of voltage depen-
dence ofthe blocking action ofZn2� (41) and the lack of effect

ofintracelluarly applied Zn2� on GABA-evoked currents (39).

According to our results, replacement of the -y subunit by the

� subunit enhanced the Zn2� sensitivity of the GABAR iso-

form. This, along with the irreversible nature of block by

Zn2� of GABAR current in the &contaiing GABAR isoform
compared with the easily reversible inhibition by Zn2� in the

y-containing GABAR isoform, suggests significant differ-
ences in the type and location of residues on the GABAR
subunits involved in Zn2� binding.

Draguhn et al. (33) reported no changes in the large differ-

ence in Zn2� sensitivity among GABARS containing or lack-
ing the -y subunit on exchanging the al subunit for the a3

subunit, the 132 subunit for the 131 subunit, and the -y2 sub-

unit for the yl subunit in human embryonic kidney cells. In
our experiments, we tested different subunit combinations

than those examined by Draguhn et al. (33), exchanging the

al and a6 subunits, and it is possible that this switch of
subunits exerts a greater effect on Zn2 � sensitivity of GA-

BARs than the exchange of al and a3 subunits tested in the

experiments of Draguhn et al. Smart et al. proposed the
existence of GABARS lacking the -y2 subunit in young hip-

pocampal brain slices based on their benzodiazepine insen-
sitivity; the slices also have very low sensitivity to block by
Zn2� (42). Although this is possible, an alternative interpre-
tation of the benzodiazepine insensitivity could be that the
young CA3 pyramidal neurons do not necessarily lack the -y
subunit but rather contain the a4 subunit whose expression
could be developmentally regulated to be high in young brain

and could confer the low sensitivity to benzodiazepines. The
low Zn2� sensitivity might therefore still be determined by
the presence of the -y subunit, and their result might not
necessarily imply Zn2� insensitivity in receptors lacking the

-y subunit. Therefore, more caution is called for in the simple

assignments of Zn2� insensitivity to -y-containing GABAR
isoforms and Zn2� sensitivity to GABAR isoforms lacking the

�>1 subunit. These findings further strengthen the premise

that subunit compositions play a major role in generating the
heterogenity of GABAR properties seen in different parts of

the central nervous system. This has recently also been re-

ported by White et al. (43).

Physiological relevance of distinct GABAR isoforms
and their modulation by Zn2’ in the cerebellum. Most
prominent innervation of Zn2�-containing neurons, which
sequester histochemically reactive Zn2 � in their axonal bou-

tons, is found in the limbic and neocortical regions of the

central nervous system. Other areas of the brain that are
innervated by more sparse plexuses of bouton-like puncta
containing stainable Zn2� include parts of the granular cell

stratum of the cerebellum, where they are localized to a

subset of the mossy glomeruli (44). The silver amplification

method of staining for Zn2� has revealed its presence in
Purkinje cells and the granular cell layer of the cerebellum
(45). The Zn2�-containing neurons from the granule cell

layer of the cerebellum are also these most likely to express
al133y2L, a6/33y2L, and a6f33� GABAR isoforms, whereas
the Purkinje cells of the cerebellum are likely to express the

a1133’y2L GABAR isoform, based on in situ hybridization
studies (1). Thus, the putative cerebellar GABAR isoforms

described in this study and their differential modulation by
Zn2� could have significant physiological relevance. Based on

kinetic studies of turnover of vesicular Zn2 � and histochem-
ical studies of Zn2 � -containing neurons of the mossy fiber

axons ofthe hippocampus, it has been suggested that Zn2� is

taken up into boutons by high affinity uptake, sequestered in

vesicles, and released from boutons during electrophysiolog-

ical activity by exocytosis ofthe Zn2�-filled vesicles. Whether
zinc is released from vesicles as free Zn2 � or in some bound
form is presently unknown. Zn2� could play either of two
roles at the Zn2�-containing synapse. Within the vesicle, the

cation could be an essential storage cofactor necessary for
stabilizing storage of the primary secretory substance in the
vesicle. After release into the cleft, Zn2 � could assume an

intercellular messenger/modulator function and influence
presynaptic and postsynaptic targets (44). Electrophysiolog-
ical data support the notion that Zn2� interferes with the
receptor-mediated actions of certain neurotransmitters on
postsynaptic target cells. Davies et al. (46) examined the
effects of Zn2� on activity of GABAR channel complexes

found in the rat cerebellum by measuring 36Cl influx into

microsacs. They demonstrated that in adult rat cerebellum,

there are three populations of GABAR isoforms: two that are
sensitive to Zn2� and insensitive to benzodiazepines, and one

that is insensitive to Zn2� (100 p.M) but fully sensitive to
benzodiazepine enhancement. They found that 25% of the

Cl flux was blocked by < 10 �tM Zn2� and that an additional
45% of the flux was blocked by 100 �M Zn2� . They also found
that the ability of benzodiazepines to enhance Cl flux was
not affected by 100 �M Zn2�, suggesting that the benzodiaz-
epine-sensitive GABARs were largely insensitive to Zn2 �.

Cerebellar microsacs in which 25% of the Cl flux was
blocked by < 10 �M Zn2� are consistent with 23% of putative

cerebellar a6133� GABAR isoform (2) that displayed an IC50
of4.8 �M for Zn2� in the current study. Similarly, 45% of 100

�M Zn2�-sensitive Cl flux corresponds well to 36% of
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