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SUMMARY

The pharmacological properties of y-aminobutyric acid (GABA)
type A receptor (GABAR) currents recorded from hippocampal
dentate granule cells acutely dissociated from 28-35-day-old
rats were characterized using the whole-cell patch-clamp tech-
nique. Granule cells were voltage-clamped to 0 mV, and GABA
was applied using a modified U-tube rapid-application tech-
nique. All granule cells were moderately sensitive to GABA
(ECgo = 47 um). All granule cell GABAR currents were uniformly
sensitive to Zn?* (ICs, = 29 um), diazepam (EC5, = 158 nm),

zolpidem (EC5, = 75 nM), and dimethoxyl-4-ethyl-B-carboline-
3-carboxylate (IC5, = 60 nm). GABAR currents from only 50%
of granule cells were sensitive to loreclezole (ECs, = 9 um).
These data suggest that hippocampal dentate granule cells
expressed GABARs with distinctive pharmacological properties
of two types: loreclezole-sensitive and -insensitive receptors. It
is likely that these distinctive properties were due to the specific
GABAR subtypes that assembled to produce distinct granule
cell GABAR isoforms.

Fast inhibitory synaptic transmission in the CNS is pri-
marily mediated by the neurotransmitter GABA interact-
ing with postsynaptic GABARs. The classic properties of
GABARs include formation of a chloride channel; GABAR
currents are enhanced by barbiturates, benzodiazepines,
and neurosteroids and antagonized by penicillin, picro-
toxin, bicuculline, and Zn?*. The concept of a single type of
GABAR was challenged by early pharmacological studies
demonstrating that GABARs had varying sensitivity to ben-
zodiazepines. Recent molecular cloning of the receptor indi-
cated that GABAR isoforms are likely composed of varying
combinations of five subunits structurally homologous to the
nicotinic acetylcholine receptor (1). Five families of GABAR
subunits (a, B, v, 8, and p) and multiple subunit subtypes
(al-6, B1-4, y1-4, 81, and p1-2) have been cloned, suggesting
the that multiple GABAR isoforms may be expressed in the
CNS.

There is growing evidence for the structural diversity of
native CNS GABARs. In situ hybridization studies have
demonstrated an heterogeneous distribution of GABAR sub-
type mRNAs in the brain. Immunoprecipitation studies have
shown that different specific combinations of GABAR sub-
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types occur in the different regions of the brain. McKernan et
al. (2) found that a majority of native GABARs contain only
a single a subtype, and that al, a2, a3, or a5 subtypes
coassemble with a B and the y2 subtype. Subunit-specific
serum for the 8 subunit precipitated a specific set of GABARs
that contained a1, a3, B2/3, and y2 subtypes but not the a5
subtype (3). Expression of specific GABAR isoforms in differ-
ent neurons may result in distinct forms of GABAergic inhi-
bition because GABARs composed of different subunit sub-
type combinations expressed in heterologous systems have
been shown to have different pharmacological and biophysi-
cal properties.

Hippocampal dentate granule cells can potentially express
GABARs with distinct properties because they express 10
different GABAR subtype mRNAs. In situ hybridization
studies have demonstrated high levels of expression of
mRNAs for al, a2, a4, a5, B1, B2, B3, v1, ¥2, and 81 subtypes
in the dentate gyrus (4). It is not known which of the sub-
types assemble to form the native GABAR(s) on the granule
cell. a4, ab, B1, y1, and 81 subtype mRNAs have a restricted
distribution in the brain, and each subtype, if expressed in
granule cell GABARs, would confer distinct pharmacological
properties. The immunoprecipitation experiments predicted
that granule cells expressed either 81 or a5 subtypes but not
both in combination with al, a3, 2/3, and y2 subtypes.
These studies made no prediction regarding the expression of
a2, a4, B1, or y1 subtypes by granule cells. Immunoprecipi-

ABBREVIATIONS: GABA, y-aminobutyric acid; GABAR, y-aminobutyric acid, receptor; CNS, central nervous system; DMCM, methyl-6,7-
dimethoxyl-4-ethyl-B-carboline-3-carboxylate; PIPES, piperazine-N,N’-bis(2-ethanesulfonic acid); EGTA, ethylene glycol bis-(8-aminoethyl ether)-

N,N,N',N'-tetraacetic acid.
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tation studies did not reveal whether subtype combinations
precipitated from brains were functionally expressed by
granule cells. Finally, these studies also did not determine
whether more than one GABAR isoform was expressed by
single granule cells.

The pharmacological properties of individual hippocampal
dentate granule cell GABAR isoforms were characterized to
seek evidence for functional expression of the subtypes whose
mRNA was detected in the dentate gyrus by in situ hybrid-
ization study of Wisden et al. (4). The pharmacological prop-
erties of individual neurons were characterized to determine
the presence or absence of hippocampal dentate granule cell
GABAR isoform heterogeneity.

Materials and Methods

Isolation of dentate granule cells. All experiments were per-
formed on dentate granule cells isolated according to the method
described originally by Kay and Wong (5) and later modified by
Coulter et al. (6). Male or female Sprague-Dawley rats (28-35 days
old) (Harlan Bioproducts for Science, Indianapolis, IN) were killed
and decapitated. The brain was dissected free, and the region con-
taining the hippocampus was blocked and chilled in an oxygenated
bicarbonate buffer (4°) for 1 min. The bicarbonate buffer solution
contained 120 mM NaCl, 2.5 mm KCl, 1.5 mM CaCl,, 1 mm MgCl,, 25
mM D-glucose, and 20 mM NaHCOg, pH 7.4. After blot drying, the
brain was mounted on a vibratome stage, and 500-um coronal sec-
tions containing the hippocampus were cut. The sections were al-
lowed to recover in oxygenated (95% 0,/5% CO,) bicarbonate buffer
for 30-60 min. Hippocampal sections were then incubated in oxy-
genated Sigma type XXIII (Sigma Chemical, St. Louis, MO) protease
enzyme in a PIPES buffer at 32° for 3045 min. The PIPES buffer
solution had the same composition as the bicarbonate buffer solution
except that the PIPES replaced bicarbonate as the buffer, and pH of
the solution was titrated to 7.0 with NaOH. The dentate gyrus was
dissected and cut into 0.5-mm cubes, which were triturated in a cold
(4°) PIPES-buffered medium with fire-polished glass pipettes to iso-
late neurons. The isolated neurons were plated onto 35-mm polysty-
rene petri dishes (Corning Glass Works, Corning, NY), and the
recordings were made within 1 hr of isolation. Only the soma and the
proximal dendrites of the dentate granule cells were preserved dur-
ing the isolation procedure (Fig. 1).

Fig. 1. Acutely isolated hippocampal dentate granule cells. Phase-
contrast micrographs of granule cells isolated from the dentate gyrus of
a hippocampal slice of a 30-day-old rat.
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Recording. Whole-cell voltage-clamp recordings were made using
the technique described by Hamill et al. (7). The extracellular re-
cording solution consisted of 142 mM NaCl, 1.0 mM CaCl,, 8.09 mM
KCl, 6 mm MgCl,, 10 mM glucose, 10 mM HEPES, pH adjusted to 7.4
and osmolarity of 310-320 mOsM (all reagents were from Sigma).
Glass recording patch pipettes were filled with a solution consisting
of the following 115 mM Trizma phosphate (dibasic), 30 mM Trizma
base, 11 mM EGTA, 2 mm MgCl,, 0.5 mM CaCl,, and 4 mm Mg-ATP,
pH 7.35. Recording pipettes also contained an ATP regeneration
system consisting of 50 unite/ml creatinine phosphokinase, 22 mm
phosphocreatine, and 10 mM ATP. The ATP regeneration system
maintained intracellular energy stores and reduced run down of
GABAR currents as previously described by Stelzer and Wong (8).
This maintenance solution was used to fill the shank of the recording
pipette but was omitted from the solution used to fill the tip of the
recording pipette because it interfered with seal formation. All re-
cordings were obtained at room temperature (24°). Patch pipettes
(resistance of 6-8 MQ2) were pulled on P-87 Flaming Brown puller by
a four-stage pull. Currents were recorded with an Axopatch 1-D
amplifier (Axon Instruments, Burlingame, CA), and low-pass filtered
at 2 kHz with an eight-pole Bessel filter before digitization, storage,
and display. Currents were displayed on a Gould 2400S chart re-
corder (Gould, Cleveland, OH), and peak whole-cell currents were
measured manually from the chart paper. Currents were also re-
corded on a hard disk (Acer-286turbo PC) using the Axotape program
(Axon Instruments) (digitized at 208 Hz) and on a video cassette tape
recorder (Sony SL-HF360) via a digital audio processor (Sony PCM-
501 ES, 14-bit, 44 kHz).

Drug application. GABA, zolpidem, and ZnCl, dissolved in ex-
tracellular solution were applied to neurons using a modified U-tube
“multipuffer” rapid-application system (9, 10) with the tip of appli-
cation pipette placed 100-200 um from the cell. The rate of solution
exchange was rapid with a mean 10-90 rise time of 54.4 + 4.96 msec
(five cells). Loreclezole and diazepam were first dissolved in dimeth-
ylsulfoxide and then diluted in extracellular buffer with the final
dimethylsulfoxide dilution being =1:50,000. GABA, picrotoxin. pen-
tobarbital, and ZnCl, were obtained from Sigma; zolpidem was ob-
tained from Research Biochemicals (Natick, MA); and loreclezole
was a gift from Janssen Pharmaceuticals (Beerse, Belgium).

Study of allosteric regulators. Allosteric regulators known to
enhance GABAR currents were coapplied with 10 uM GABA. This
concentration of GABA was selected for several reasons. First, it was
on the rising phase of the GABA concentration-response curve, al-
lowing accurate assessment of enhancement without saturation of
the maximum current (11). Second, with 10 uM GABA, desensitiza-
tion was minimal and GABAR current run-down was slow, thus
reducing trial-to-trial variability of responses. Finally, past quanti-
tative studies of enhancement of GABAR currents by allosteric reg-
ulators have been made at GABA concentrations less than the ECy,
for the GABA concentration-response relationship, thus allowing
comparison of the current study with the previous studies. For sim-
ilar reasons, allosteric regulators known to inhibit GABAR currents
were coapplied with 30 uM GABA.

Data analysis. The magnitude of the enhancement or inhibition
of GABAR current by a drug was measured by dividing the peak
amplitude of GABAR current elicited in the presence of a given
concentration of the drug and GABA by the peak amplitude of control
current elicited by GABA alone and multiplying the fraction by 100
to express it as percentage of control. Thus, the control response was
100%. Peak GABAR currents at various drug concentrations were
fitted to a sigmoidal function using a four-parameter logistic equa-
tion (sigmoidal concentration-response) with a variable slope. The
equation used to fit the concentration-response relationship was:

Lnax

I= T e
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where I is the GABAR current at a given GABA concentration, and
I.nax i8 the maximal GABAR current. Maximal current and concen-
tration-response curves were obtained after pooling data from all
neurons tested for GABA and for all drugs except loreclezole. Con-
centration-response curves were also obtained from individual neu-
rons for GABA, Zn?*, diazepam, and zolpidem. The curve-fitting
algorithm minimized the sum of the squares of the actual distance of
points from the curve. Convergence was reached when two consecu-
tive iterations changed the sum of squares by <0.01%. The curve fit
was performed on an IBM-compatible personal computer using
Prism (GraphPAD, San Diego, CA). All data are presented as
mean * standard error.

Results

Dentate granule cell GABA concentration-response
relationship. Granule cells are the principal output neurons
of the dentate gyrus and are abundantly present in this
region, and thus a large number of granule cells could be
isolated for every experiment. They were identified by their
characteristic granular shape, small size, and a single large
principal dendrite (Fig. 1). Neurons that had >30-um soma
diameters, were polygonal or pyramidal, or had multiple
dendrites were not studied.

GABA was applied to the granule cells at concentrations
ranging from 1 to 1000 uM with recovery intervals of =2 min
(Fig. 2A). The rate of activation of GABAR currents was
concentration dependent, increasing with increasing GABA
concentrations (Fig. 2A).

Desensitization of GABAR currents was GABA concentra-
tion dependent (Fig. 2A). Desensitization was virtually ab-
sent at GABA concentrations of <10 uM and became more
prominent and increased in rate as GABA concentration was
increased (Fig. 2A). GABA concentration-response curves
were obtained from individual granule cells for GABA con-
centrations ranging from 3 to 1000 um. EC;, values for indi-
vidual cells (five cells) ranged from 30 to 113 uM (median, 34
uM). The data from individual cells were pooled and fitted to
a sigmoidal logistic function (Fig. 2B). Mean GABA EC;, was
46 * 10 uM, maximal GABAR current was 842 *+ 54 pA, and
the Hill slope was 1.2. It was possible that the peak currents
elicited by high concentrations of GABA did not represent the
true GABAR maximal current for at least two reasons: if the
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rate of desensitization was sufficiently fast or if there was
significant redistribution of chloride ions by application of
high concentration of GABA, peak GABAR currents would
not have been achieved. The mean GABAR current elicited
by 1 mM GABA from these five neurons was 838 pA compared
with 842 pA maximal current derived by the best fit to Hill
equation. This suggested that at high GABA concentrations,
peak currents were not compromised by rapid desensitiza-
tion or by chloride ion redistribution.

Diazepam enhancement of dentate granule cell
GABAR currents. Diazepam (1-1000 nM) was coapplied
with 10 uM GABA. There was no enhancement of GABAR
current by 1 or 10 nM diazepam (11 cells). However, higher
concentrations of diazepam (30 nM to 1 uM) uniformly
enhanced GABAR currents in a concentration-dependent
fashion (Fig. 3A). Detailed diazepam concentration-re-
sponse relationships were obtained in six neurons. The
data from these neurons could be fitted to a sigmoidal
function (Fig. 3B) with EC;, values ranging from 96 to 317
nM (median, 122 nM). Because the GABAR currents in all
the dentate granule cells were uniformly enhanced by di-
azepam, the concentration-response data from these cells
were pooled (Fig. 3C). The enhancement of GABAR current
by diazepam was a sigmoidal function of diazepam concen-
tration with a Hill slope of 1.2 * 0.3, maximal enhance-
ment of 210 * 10%, and an ECy, of 158 *+ 13 nMm (Fig. 3C).

Zolpidem enhancement of dentate granule cell
GABAR currents. Varying concentrations of zolpidem
(10-1000 nM) were coapplied with 10 uMm GABA. Zolpidem
enhanced hippocampal dentate granule cell GABAR cur-
rents in all nine neurons studied. Complete concentration-
response data were obtained in seven cells (Fig. 4A) and
could be fitted to a sigmoidal function in each case (Fig.
4B). EC;, values for zolpidem enhancement of GABAR
currents for individual cells varied from 40 to 126 nm
(median, 64 nMm). The data from individual neurons were
pooled (Fig. 4C). Zolpidem enhanced granule cell GABAR
currents with an EC;, of 75 + 13 nM, maximal enhance-
ment of 165 + 6%, and a Hill slope of 1.1 *+ 0.4 (Fig. 4C).

DMCM inhibition of hippocampal dentate granule
cell GABAR currents. From 10 to 300 nm DMCM was

Fig. 2. A, GABA concentration-response rela-
tionship for a dentate granule cell isolated from a
30-day-old rat. Traces were from a single neuron
and show responses to six concentrations of
GABA. The concentration of GABA eliciting the
current appears below the trace. Bar, duration of
GABA application. B, Pooled data from six neu-
rons. Each point represents the mean of five ob-
servations. Error bar, standard error. Line, best fit
of the data to a sigmoidal function. The ECg, was
derived from the equation for the sigmoid func-
tion that best fit the data.

1000 uM GABA
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Fig. 3. A, Diazepam (DZP)-enhanced dentate granule cell GABAR currents. The traces were from a single neuron. Concentrations of drug applied
with 10 um GABA are shown below the traces. Horizontal bars, duration of application of the drug. Recovery between drug application was not
shown. B, Diazepam concentration/dentate granule cell GABAR current enhancement relationship for seven neurons were plotted individually. C,
Points, mean of seven observations in B; error bars, standard errors; lines, best fit of the data to a sigmoidal function. The EC, was derived from

the equation for the sigmoid function that best fit the data.
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Fig. 4. A, Zolpidem-enhanced dentate granule cell GABAR currents. The traces were from a single neuron. Concentrations of drug applied with
10 um GABA are shown below the traces. Horizontal bars, duration of application of the drug. Recovery between drug application was not shown.
B, Zolpidem concentration-response relationship for GABAR current enhancement. Data for seven neurons were plotted individually. C, Points,
mean of seven observations in B; error bars, standard errors; lines, best fit of the data to a sigmoidal curve. The EC,, was derived from the equation

for the sigmoid function that best fit the data.

coapplied with 30 uMm GABA to four hippocampal dentate
granule cells (Fig. 5A). In all four neurons tested, DMCM
inhibited GABAR currents in a concentration-dependent
fashion (Fig. 5B). The IC;, for DMCM inhibition of GABAR
currents was 60 * 7 nM, and the maximal inhibition of
GABAR currents was 61 * 5%.

Zn?* inhibition of dentate granule cell GABAR cur-
rents. The action of Zn?* on 30 uM GABAR currents in
hippocampal dentate granule cells was studied. Zn®*, rang-
ing in concentration from 1 to 1000 uM, was coapplied with
GABA after stable GABAR currents were obtained. Zn%* has
been reported to be a noncompetitive blocker of GABAR

currents (12, 13); thus, the magnitude of Zn?* block was
expected to be independent of GABA concentration. In eight
hippocampal dentate granule cells, GABAR currents were
reduced by Zn%* in a concentration-dependent fashion (Fig.
6A). Zn2* inhibition of GABAR currents was similar among
all granule cells tested: currents in all cells were inhibited by
100 pM, and none were inhibited by 1 uM Zn?*. The Zn%* IC,,
values for individual neurons also were distributed over a
narrow range of 13-51 uM (median, 29 uM) (Fig. 6B). Because
the data obtained from individual granule cells suggested a
homogeneous population of cells, the data were pooled and
fitted to a single sigmoidal concentration-response curve. The
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ICyo of Zn2* inhibition of GABAR currents was 28.5 + 11 uM,
maximal inhibition of GABAR currents was 77 + 3%, and the
Hill slope was 2.0 = 0.4 (eight cells) (Fig. 6C). The ICy, of
Zn?* inhibition of the entire group of dentate granule cell
GABAR currents was similar to the median of the individual
IC,, values, also suggesting a single population of cells.
The incomplete inhibition of hippocampal dentate granule
cell GABAR currents by Zn?* may result from the presence of
two subpopulations of GABARs, one Zn?* sensitive and the
other Zn%* insensitive, or by incomplete Zn®* block of a
single GABAR population. Based on the studies of recombi-
nant GABARs, Zn?*-insensitive GABARs were likely to be
diazepam sensitive. The possibility was tested that the re-
sidual granule cell GABAR current following Zn?* block was
contributed by a diazepam-sensitive GABAR subpopulation.
In four granule cells, 30 uM GABA-elicited currents were
inhibited by 100 uM Zn2*, and the residual current was 34 *

L

Fig. 5. DMCM inhibited dentate granule
cell GABAR currents. The traces were from
a single neuron. Drug concentrations ap-
plied with 30 um GABA are shown below
the trace. Horizontal bars, duration of drug
application. B, Points, mean of four obser-
vations; error bars, standard errors; lines,
best fit of the data to a sigmoidal function.
The ICs, was derived from the equation for
the sigmoid function that best fit the data.

+ 1000 nM DMCM

3.2%. When 10 nM diazepam was applied in addition to 100
uM Zn2%*, the residual current was 35 *+ 3.9%. The hippocam-
pal dentate granule cell GABAR currents were enhanced by
100 (30%) and 1000 nM diazepam (50%) in the presence of 100
uM Zn2%* compared with Zn?* alone applied with 30 um
GABA. Thus, ZnZ*-insensitive residual current was no more
diazepam sensitive than the Zn%*-sensitive GABAR currents
in the granule cells.

Effect of loreclezole on dentate granule cell GABAR
currents. Ten granule cells were tested for enhancement of
GABAR by 1 or 10 uM loreclezole. In five of these cells,
loreclezole did not enhance the GABAR currents (Fig. 7A). In
the remainder of cells, GABAR currents were enhanced in a
concentration-dependent fashion (Fig. 7B). In both of the
cells in which GABAR currents were enhanced and those in
which these currents were not enhanced, increasing concen-
trations of loreclezole enhanced the rate of apparent desen-

A
150pA|
M‘J \J-'-—-—a-u&nssec
30 pM GABA +0.3 pMZn +3uMZn +10pM Zn +30 UM Zn +100 uM Zn
B C 100
_ 80
[<] °
B B
£ € 60
3 3
® 2 40
20, 20
A J cl 1 1 L 1

85 55 50 45 40 35 30
Log Zn** [M]

60 55 50 -45 -40 -35 -3.0
Log Zn** [M]

Fig. 6. A, Zn** inhibited dentate granule cell GABAR currents. The traces were from a single neuron. Drug concentrations applied with 30 um
GABA are shown below the trace. Horizontal bars, duration of drug application. Recovery between drug applications was not shown. Note the
Zn?* inhibition of GABAR currents was incomplete. B, Zn?* concentration-response relationship for GABAR current inhibition. Data were from
eight neurons plotted individually. C, Points, mean of the data from eight neurons in B; error bars, standard errors; lines, best fit of the data to a
sigmoidal function. The IC, was derived from the equation for the sigmoid function that fit the data.
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Fig. 7. A, Loreclezole did not enhance
dentate granule cell GABAR currents in
50% of the neurons tested. The traces

SN

were from a single neuron. B, Loreclezole
enhanced dentate granule cell GABAR cur-
rents in 50% of the neurons tested. The
traces were from a single neuron. In both
sets of neurons, loreclezole in high concen-
tration enhanced the rate of apparent de-
sensitization. The concentrations of drug

10 uM GABA +3 pM Loreclezole + 10 uM Lomclezole + 30 uM Loreclezole + 100 uM Loreclezole
2001
C

175f

£

8 150F

*
1251
1003580 55 B0 45 40

Log Loreclezole [M]

sitization of GABAR currents (Fig. 7, A and B). For
loreclezole-enhanced neurons, concentration-response curves
were obtained. The EC;, for loreclezole was 9 * 1.8 um,
maximal enhancement of GABAR currents was 168 + 11%,
and the Hill slope was 1.9 (four cells).

Discussion

Dentate granule cell GABARs had a distinct set of phar-
macological properties, which were likely subunit and sub-
unit subtype composition dependent. These properties in-
cluded the presence of both benzodiazepine sensitivity and
moderate Zn?* sensitivity on individual cells, intermediate
diazepam sensitivity, and high/moderate zolpidem sensitiv-
ity and existence of granule cells with and without loreclezole
sensitivity.

GABAR pharmacology of single neurons. We charac-
terized the pharmacology of GABARs present on a single
identified neuron type: granule cells of the dentate gyrus.
Complete drug concentration-response curves, with drug con-
centration ranging from 2 to 3 log, , units performed on single
acutely isolated neurons, have not been previously reported.
The modification of the U-tube system enabled application of
multiple drug concentrations in a relatively short time. In-
clusion of an ATP regeneration system in the recording pi-
pette allowed prolonged recordings of GABAR currents from
acutely isolated neurons without significant rundown. A po-
tential confounding factor present in this study was that it
was unknown whether enzymatic dissociation of neurons
altered GABAR pharmacology. However, multiple studies of
GABAR currents recorded from acutely enzymatically disso-
ciated neurons have been reported (8, 14, 15), several with
the enzyme used in the current study, reporting pharmaco-
logical properties of GABARs that were similar to those re-
ported for cultured neurons (6, 16).

This method offered multiple advantages over others for
characterizing the properties of native GABARs. Receptor

applied with 10 um GABA are shown below
the traces. Horizontal bars, duration of drug
application. Recovery between drug appli-
cations was not shown. C, Loreclezole
concentration-response curves obtained
from dentate granule cells sensitive to
loreclezole. Points, mean of three observa-
tions; error bars, standard errors; lines,
best fit of the data to a sigmoidal function.
The ECg, was derived from the equation for
the sigmoid function that best fit the data.

binding assays have been commonly used to characterize
native receptor pharmacology, but these studies have been
unable to characterize receptors on single neurons. Mem-
brane preparations used for radiolabeled ligand binding as-
says are derived from entire regions such as hippocampus,
spinal cord, or cerebral cortex. These regions contain multi-
ple neuronal types that may express different GABAR iso-
forms. Quantitative receptor autoradiography with tritium-
labeled ligands provides better resolution, but it still
averages several neurons in the tissue volume. Other factors
interfering with quantitative receptor autoradiography in-
clude variable tissue quenching of tritium and the presence
of endogenous GABA in the sections (17). Finally, radiola-
beled ligand binding studies are performed at a cold temper-
ature (0—4°), which alters the binding affinities of the ligands
for GABARs (18).

GABA sensitivity of dentate granule cell GABARs.
The GABA ECq, of acutely dissociated hippocampal dentate
granule cell GABARs was 46.5 uM, which is similar to that
observed in acutely dissociated pyramidal neurons (25.4 um)
(14) and adult cortical (40.3 uM) and thalamic neurons (23
M) (16). The total range of ECg, values for individual gran-
ule cells was ~0.5 log,, unit of GABA concentration, and the
individual EC4, values were evenly distributed around the
mean. These findings suggested that the limited number of
granule cells sampled were uniform with regard to GABA
ECSO'

Benzodiazepine pharmacology of dentate granule
cell GABARs. We studied the pharmacology of a well-estab-
lished benzodiazepine agonist, diazepam; a BZ 1-preferring
agonist, zolpidem; and a benzodiazepine inverse agonist,
DMCM, on the hippocampal dentate granule cell GABARs.
Benzodiazepines like diazepam act on an allosteric site on
the GABAR. Benzodiazepine receptor sites have been desig-
nated BZ 1, BZ 2, or BZ 3 based on high, low, or no affinity for
certain benzodiazepine agonists such as CL 218,872 or zolpi-
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dem (1, 19). DMCM acts at the benzodiazepine site but in-
hibits GABAR function. All dentate granule cell GABARs
were sensitive to the allosteric regulators diazepam, zolpi-
dem, and DMCM, which bind to the benzodiazepine site.

The hippocampal dentate granule cells expressed GABARs
with a high ECg, (100-200 nM) for diazepam. Native GABAR
currents were previously found to be either highly diazepam
sensitive, enhanced by 1-10 nm diazepam (20, 21), or insen-
sitive to micromolar concentrations of diazepam, in the case
of GABAR currents in cultured cerebellar granule cells (22).
The diazepam ECg, value of granule cell GABAR currents
was intermediate and unlike any previously characterized
native receptors. Benzodiazepine agonists like diazepam and
flunitrazepam bind with high affinity (low nanomolar value
for K;) to the dentate gyrus region of the hippocampus (17,
23, 24), but the binding affinity often does not correlate with
the ECg, for GABAR agonists and allosteric modulators (1).

All hippocampal dentate granule cells tested in this study
had an ECg, for zolpidem intermediate between BZ 1 and BZ
2 receptors. Maximal enhancement of GABAR currents by
zolpidem was 165% compared with 210% by diazepam. These
findings suggested that hippocampal dentate granule cell
GABARs had properties intermediate between BZ 1 and BZ
2 that were not characteristic of either. This finding was in
contrast to the conclusion reached in radioligand binding
studies addressing this question. Niddam et al. (24) reported
that relative binding density of [*H]zolpidem compared with
that of [*Hlflunitrazepam in the dentate gyrus region was
only 20-50%. Olsen et al. (17) found that the [®H]-2-oxo-
quazepam (a BZ 1-preferring ligand) binding in the dentate
gyrus region was significantly lower than that of [*Hlfluni-
trazepam binding. Both studies concluded that this brain
region predominantly contained BZ 2 receptors. These stud-
ies used ligand binding at one standard concentration, as-
suming no regional variability of K; in the brain. This as-
sumption was challenged by a recent study (25) that reported
three different K, values for [*H]zolpidem within the hip-
pocampus: one high affinity (~20 nM), one intermediate af-
finity (~200 nM), and one low affinity (~6 uM). Thus, the
benzodiazepine pharmacology of hippocampal dentate gran-
ule cell GABARs was unusual with regard to diazepam ECg,
and the result of intermediate ECg, for zolpidem enhance-
ment of currents. Inhibition by DMCM was a property shared
with other native GABARSs.

Expression of various combinations of recombinant sub-
unit subtypes in oocytes or mammalian cell lines suggested
an explanation for the benzodiazepine sensitivity of hip-
pocampal dentate granule cell GABARs. Early studies indi-
cated that benzodiazepine sensitivity was conferred by the
presence of a y2 subtype (1). Because all hippocampal den-
tate granule cell GABAR were diazepam, zolpidem, or
DMCM sensitive, a likely explanation would be that each
contained a y2 subtype. There was no obvious explanation,
however, for moderate diazepam sensitivity (EC5, = >100
nM). Recombinant GABARs containing a4 (26) or a6 subtypes
with a B and y2 subtype are diazepam insensitive. The
mRNA for the a4 subtype, which renders GABARs diazepam
insensitive (26), was present in dentate granule cells. One
possible explanation for moderate diazepam sensitivity of
granule cell GABAR was that hippocampal dentate granule
cells expressed a GABAR with two different a subtypes, one
of which was the a4 in addition to the y2 subtype. Although

several studies have demonstrated expression of multiple «
subtypes in native and recombinant GABARs, none have
used a4 as one of the subtypes. Immunohistochemical studies
using antibodies directed against a4 subtype are needed to
confirm this possibility. Alternatively, factors other than sub-
unit composition, such as phosphorylation of GABARSs, par-
ticipate in determining the ECg, of benzodiazepines for
GABARs, and the phosphorylation state of granule cell
GABARS rendered them less sensitive to diazepam.

There also was no explanation for intermediate zolpidem
sensitivity of hippocampal dentate granule cell GABARs
from the study of recombinant GABARs. Zolpidem had a
relatively higher affinity for recombinant GABARSs contain-
ing the al subtype but did not bind to GABARSs containing
the a5 subtype (27, 28). The data in this study suggested the
absence of a5 subtype and could not directly suggest the
presence of the al or a2 subtype in addition to y2 subtype in
the granule cell GABARs. Because all of the GABAR currents
recorded from dentate granule cells were enhanced by zolpi-
dem, it was likely that none of the cells expressed GABAR
isoforms containing the a5 subtype as the only a subtype.
The immunohistochemical studies report the presence of
both the al and a2 subtypes on synaptic junctions between
basket cell and granule cell somata (29, 30).

GABAR currents from all cells tested were inhibited by
DMCM with a low IC,. The finding of high affinity inhibition
of dentate granule cell GABAR currents suggested the ab-
sence of functional expression of the a6 subtype in these cells
because GABAR currents in recombinant GABARs contain-
ing the a6 subtype were enhanced by DMCM (31).

Zn®* sensitivity of dentate granule cell GABARs.
GABAR currents from all dentate granule cells studied
were moderately sensitive to Zn%*. The GABAR currents
were inhibited to 23% of control by Zn?* with an ICg, of 30
pM. Zn2* inhibition of GABAR currents from cultured hip-
pocampal neurons has been studied extensively, but these
hippocampal cell cultures were made from embryonic or
newborn rat hippocampi before the development of the
dentate gyrus. Although the Zn%* sensitivity of dentate
granule cell GABARs has not been reported, the ZnZ*
pharmacology of recombinant GABARs has been recently
characterized (32-34). Recombinant GABAR isoforms ex-
pressed in human embryonic kidney cells composed of al
or 1 subtypes (32) or both al and B1 subtypes (33) were
highly sensitive to Zn?*, with IC,, values of <2 uM. On the
addition of the y2 subunit to these GABAR subtypes, 100
uM Zn®* failed to significantly inhibit GABAR currents.
Zn%* sensitivity of recombinant GABARs was also modi-
fied by a subtype. Recombinant GABARs containing the a6
subtype were more sensitive to Zn?* than were GABARs
containing the al subtype (35). The & subunit also modified
Zn%* gensitivity of recombinant GABAR isoforms contain-
ing al, Bl, and y2 subtypes expressed in mouse L929
fibroblast cells. Coexpression of the 8 subunit with a1, g1,
and y2 subtypes partially restored Zn2* sensitivity (34).
The al, B1, ¥2, and 81 subtype-containing GABAR isoform
was sensitive to 100 uM ZnZ* but not to 10 uM ZnZ".

The finding of moderate sensitivity of dentate granule cell
GABAR currents to Zn2?* in combination with diazepam sen-
sitivity in this study suggests that either both ¥2 and 61
subtypes are present or the expressed a subtype(s) modified
the Zn%* sensitivity. The incomplete inhibition of hippocam-
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pal dentate granule cell GABAR currents by Zn?* may result
from the presence of two subpopulations of GABARs with
regard to Zn?* sensitivity or from Zn®* block of a single
GABAR population that was incomplete. Based on the stud-
ies of recombinant GABARSs, Zn?*-insensitive GABARs were
likely to be diazepam sensitive. Experimentally, the Zn%*-
insensitive residual GABAR currents in granule cells were
no more sensitive to diazepam than were Zn2?*-sensitive
GABAR currents. These data suggested a single population
of moderately Zn?*-sensitive GABARs with incomplete Zn%*
block rather than two subpopulations of GABARs. Although
the Zn2* sensitivity of dentate granule cell GABARs has not
been described previously, cerebellar granule cells in culture
also express relatively Zn?*-sensitive GABARs (IC5, = 57.2
uM), and cerebellar granule cells also contain mRNA for 81
and y2 subtypes (36).

Homogeneity of the properties of hippocampal den-
tate granule cell GABARs with regard to GABA, Zn?*,
diazepam, zolpidem, and DMCM. Dentate granule cell
GABARs seemed to belong to a single population of GABARs
with regard to GABA sensitivity, Zn?* and DMCM inhibi-
tion, and diazepam and zolpidem enhancement. This assess-
ment was based on the findings that there was a narrow
range of EC;, or IC;, values for these ligands on individual
cells and that Hill analysis of pooled population data showed
characteristics (EC;, or IC;, and Hill slope) similar to those
obtained from analysis of individual neurons.

However, because of the limited number of neurons tested,
this description of the hippocampal dentate granule cell pop-
ulation is qualitative. These features do not rule out the
existence of subpopulations of receptors because the cell sam-
ple size for each drug tested was small, limited to 5-10
neurons, which could result in subpopulations of 10-20% of
the hippocampal dentate granule cell GABAR isoforms being
missed.

Two subpopulations of hippocampal dentate gran-
ule cell GABARs. We found that dentate granule cell
GABAR currents were enhanced in only 50% of cells by the
novel antiepileptic drug loreclezole. Loreclezole has been
shown to be an antiepileptic drug with a wide spectrum of
action (37) and has been shown to enhance GABAR cur-
rents (38). In experimental models of epilepsy, the phar-
macological profile of loreclezole was similar to that of
barbiturates and different from that of benzodiazepines
(39). Loreclezole enhanced recombinant GABAR currents
via a specific modulatory site on GABAR B subunits. The
action of loreclezole depended on the B subtype expressed;
isoforms containing B2 or 83 subtypes had a 300-fold lower
ECg, for loreclezole enhancement of GABAR current than
isoforms containing the B1 subtype (40). The recombinant
GABAR studies suggested that two subpopulations of hip-
pocampal dentate granule cell GABARs may exist: those
containing the B1 subtype and those containing the B2 or
B3 subtype. Because mRNA for g1, B2, and B3 subtypes
has been demonstrated in dentate granule cells, it was
likely that the B1 subtype was expressed in dentate gran-
ule cell GABARSs that were not enhanced by loreclezole and
that the B2 and/or B3 subtype was expressed in the
loreclezole-sensitive cells.

Synaptic terminals of multiple distinct types of interneu-
rons act through GABARs on the granule cells (41, 42). The
synaptic inputs from these GABAergic interneurons are spa-
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tially segregated (42). These findings have raised the possi-
bility that diverse and spatially segregated GABAergic input
into granule cells coincides with selective expression of dif-
ferent subtypes of the GABAR on the surface of granule cells
(29). Results of the current study with loreclezole suggested
that at least two different GABAR isoforms can be presented
by the postsynaptic element to match the diversity of
GABAergic inputs.

Distinct properties of hippocampal dentate granule
cell GABARS. Fast inhibitory neurotransmission in the fore-
brain is achieved by a single neurotransmitter, GABA, which
gates one class of chloride channels, the GABARs. GABAR-
mediated fast inhibitory transmission is used in diverse neu-
ronal circuits in the brain to achieve widely differing conse-
quences. For example, GABAergic inhibition is involved in
generation of rhythmic oscillations (6 rhythm) the hippocam-
pus, lateral inhibition in the retina, and switching between
relay mode and bursting mode of the principal neurons in the
thalamus. Much of the diversity of GABAergic inhibition has
been attributed to the neuronal connections and the proper-
ties of the neuronal elements of the circuit (43). The proper-
ties of the postsynaptic element, the GABARs, were not be-
lieved to vary among the hippocampus, the retina, and the
thalamus. Before cloning of the GABAR subunits, limited
varieties of native GABARs were recognized based on radio-
ligand binding studies. The molecular cloning of five families
of GABAR subunits (a, B, vy, 8, and p) and multiple subunit
subtypes (al-6, Bl-4, yl-4, 81, and pl-2) has lead to the
formulation of a hypothesis of GABAR heterogeneity, which
states that multiple GABAR isoforms are assembled in the
CNS (44) and that individual GABAR isoform properties are
brain region or even neuron specific (45).

The presence of both benzodiazepine sensitivity and mod-
erate Zn®* sensitivity on single cells, intermediate pharma-
cology, and the existence of two GABAR subpopulations
(those enhanced by loreclezole and those insensitive to
loreclezole) defines the distinct properties of the GABARs
present on soma and proximal dendrites of hippocampal den-
tate granule cells. These findings are consistent with the
GABAR heterogeneity hypothesis and suggest that a specific
neuronal population, hippocampal dentate granule cells, ex-
presses GABARs with distinct properties that may distin-
guish them from GABAR isoforms expressed in other neu-
rons. These distinct properties may also play a role in
determining the properties of fast synaptic inhibition in the
context of hippocampal neural network.
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