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Tietz, Elizabeth I., Jaideep Kapur, and Robert L. Macdonald. Func-  chloride ion channel, a hetero-oligomeric pentamer (Nayeem et
tional GABA, receptor heterogeneity of acutely dissociated hippocampgl. 1994). GABAR currents are enhanced by several clinically
CA1 pyramidal cellsJ. Neurophysiol81: 1575-1586, 1999. CA1 pyra- yseful drugs, including barbiturates, benzodiazepines, and im-

midal cells were voltage clamped, and GABA was applied to individu . . . -
cells with a modified U-tube, rapid drug application system. With= ?dazopyrldlnes that act at different allosteric regulatory sites on

—50 mV, inward currents elicited by 10M GABA were inhibited by GABARS. Additional modulatory sites have been d_escribed for
GABA, receptor (GABAR) antagonists and were baclofen insensitive€gative modulators of GABARs such as «earbolines and
suggesting that GABA actions on isolated CA1 pyramidal cells wesinc (Macdonald and Olsen 1994; Smart et al. 1991). Hetero-
GABAR mediated. GABA concentration-response curves averaged fr(ggneity of native GABARs was suggested by classical phar-
all cells were fitted best with a two-site equation, indicating the preserggcological studies of allosteric modulators that identified
of at least two GABA binding sites, a higher-affinity site (C, = 11.0 o cantors with different drug sensitivities (BZ Type | and I1)

uM) and a lower-affinity site (EC,_, = 334.2 uM), on two or more : ) .
populations of cells. The effects of GABAR allosteric modulators o@urt and Kamatchi 1991; Ehlert et al. 1983). Heterogeneity of

peak concentration-dependent GABAR currents were complex and $¢ABARs was supported by the identification of different
cluded monophasic (loreclezole) or multiphasic (diazepam) enhan€@ABAR subunit families with multiple subtypesa(1-6),
ment, mixed enhancement/inhibition (DMCM, zolpidem) or multiphasiB(1-4), y(1-4), 6(1), ande(1)] displaying different pharma-
inhibition (zinc). Monophasic (70% of cells) or biphasic (30% of cellsyological properties in recombinant expression systems (Da-
enhancement of GABAR currents by diazepam suggested three diffeigigls et al. 1997; Macdonald and Angelotti 1993; Macdonald
Zi;GSSQOHMC);ABARl_S (EGQ“AEA:thB tn'V'; Ef%q&z ;h75-8_dn'\/'i E%g_-s ~ i 2nd Olsen 1994; Vincini 1991).

-~ V) revealing eterogenéity. 1he imidazopyrdine zoipl- gy, djes in heterologous expression systems have shown that
dem enhanced GABAR currents in 70% of cells with ang€ 2225 iq4in ot pharmacological properties are conferred by varying

nM, suggesting a predominance of moderate affinityor «3-) subtype- : i .
containing BZ Type IIA receptors. A small fraction of cells (10%) had 9ABAR subunit composition. For example, thesubtype is a

high affinity for zolpidem, something that is suggestivesdf subtype- Primary determinant of benzodiazepine and imidazopyridine
containing BZ Type | receptors. The remaining 30% of cells we@ensitivity [al (Type I); a2 anda3 (Type IIA); a5 (Type 11B)
insensitive to or inhibited by zolpidem, suggesting the presenaesof anda4 anda6 (Type I11)] (Doble and Martin 1992; Pritchett et
subtype-containing BZ Type IIB receptors. Whether BZ Type | and Ty, 1989; Wieland et al. 1992). Loreclezole, a novel antiepi-
Il receptors coexist could not be determined. rearboline methyl |eptic drug, enhances currents from GABARs assembled with
6,7-dimethoxy-4-ethyB-carboline-3-carboxylate  (DMCM) inhibited 82 andB3 subtypes but not with th@l subtype (Wafford et al.
GABAR currents in all cells at midnanomolar concentrations, but ii9g94). A v subunit is required to achieve the full range of
additior;, F:.Otemiart]ed GtABAR (t:\t;rrents in sc;me"cetllr? al‘t tltowl_’;aroém' enzodiazepine effects (Pritchett et al. 1989) and also results in
concentrations, characterizing two groups of cells, the latter likely due : S e )

functional assembly a&k58xy2GABARSs. In all cells, GABAR currents 1;32\)/9 dzelggnlgi?\znslr?\tlg S(Et:g/gpliahgrg;e?’:.t g’:}?{;é{gﬁg ﬁ,}ail'

were moderately sensitive (EC= 9 uM) to loreclezole, consistent with e .
a relatively greateB3 subtype, tha1 subtype, subunit mRNA expres-donald 1996). GABARs containing4 or a6 subunits are

sion. Two populations of cells were identified based on their sensitivitB§nzodiazepine insensitive and have relatively high zinc sen-
to zinc(ICs, = 28 and 182uM), suggesting the presence of at least twitivity (Davies et al. 1997; Saxena and Macdonald 1994,
GABAR isoforms includinga583y2 GABARs. Consistent with the 1996). Thus GABAR pharmacological properties are deter-
heterogeneity of expression of GABAR subunit mRNA and protein in th@ined bya, 8, andy subunit subtypes (Ducic et al. 1995; Ebert
hippocampus and based on their differential responses to GABA andstoal. 1994; Hadingham et al. 1993).

allosteric modulators, c_listinct populatjons of CAL pyramidal cells likely GABARS play a prominent role in modulation of CNS
express multiple, functional GABAR isoforms. excitability (Stelzer 1992) and have a dense, heterogeneous
distribution in the CAL region of the hippocampus (Olsen et al.
1990). In situ hybridization studies of the CA1 region of the
INTRODUCTION hippocampus have demonstrated that o5, g1, 83, andy2
subtype mRNAs are highly expressadll and a4 subtype
MRNAs are moderately expressad3, 32, and yl subtype
mMRNAs are minimally expressed, aaf, y3, andél subtype

The costs of publication of this article were defrayed in part by the payme RNAs are negligibly expressed or are absent (Wisden et al.
of page chargeg. The article must therefore be here}lljy margxewr%/isemgﬁg %92)- The relative expression of GABAR subunit mRNAs
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ may reflect their subunit protein expression on CA1 pyramidal

v-Aminobutyric acid (GABA) mediates fast inhibitory syn-
aptic transmission by opening the GABAeceptor (GABAR)

0022-3077/99 $5.00 Copyright © 1999 The American Physiological Society 1575



1576 E. I. TIETZ, J. KAPUR, AND R. L. MACDONALD

cells, and certain immunohistochemically identified GABARathing solution contained (in mM) 142 NaCl, 1 Ca@.1 KCl, 6
subunits exist only at subsets of synapses on CA1 pyramid#dCl,, 10o-glucose, and 10 HEPES (Burgard et al. 1996; Saxena and
cell somata and dendrites (Fritschy andiver 1995; Nusser et Macdonald 1996). The pH was adjusted to 7.4wétM NaOH, and
al. 1996; Somogyi et al. 1996; Sperk et al. 1997; E. I. Tietz, e osmolarity to 322-326 mOsm. Patch pipettes were thin-wall,
Chen, and W. Sieghart, unpublished observations). The divilamented borosilicate glass capillaries (1.5 mm OD, World Precision
sity of subtype mRNA and protein expression and the corffistruments, Sarasota, FL) pulled to a tip resistance of 6—-00avi
partmentalization of subunit subtypes suggest that mum??Flammg-Brown electrode puller (P-87, Sutter Instruments, San

. LT afael, CA) using a two-stage pull. To facilitate gigaohm seal forma-
GABAR isoforms may be assembled on individual CA pyr ion, the patch pipettes were front-filled (5Q0m) with internal

midal cellslto produce funcyonally distinct GABARs. Theg| ion [which contained (in mM) 155.3 KCI, 1 MgCIL0 HEPES,
heterogeneity of CA1 pyramidal cell GABARs was deduceghq 5 EGTA, pH 7.3] adjusted to 285-287 mOsm. The shank was
from early pharmacological studies in in vitro hippocampusack-filled with the same internal solution containing an ATP regen-
(Alger and Nicoll 1982). Functional heterogeneity of GABAR®ration system (50 U/ml creatinine phosphokinase, 22 mM phospho-
was later reported in hippocampal CA1 cells in culture ($ehocreatine, and 4 mM MgATP, 297-299 mOsm).

rock and Bormann 1993) and more recently physiologically Currents were recorded at room temperature using a List EPC-7
distinct GABAR currents, which may arise from differenpatch-clamp amplifier (List Electronics, Eberstadt, Germany) and
classes of GABAergic interneurons (Freund and Bkis¥@96; low-pass filtered at 2 kHz with an eight-pole Bessel filter (Frequency
Lacaille et al. 1989; Miles et al. 1996; Nusser et al. 1996), Weg"'ces' Haverhill, MA). Whole cell currents were displayed on a

: : uld 2400S chart recorder and recorded for later analysis onto
shown to be anatomically segregated on CA1 pyramidal ¢ omputer hard disk using a TL-1 AD/DA converter and Axotape 2.0

somata and dendrites (Banks et al. 1998, Pearce_ 1993). acquisition and analysis software (Axon Instruments, Foster City,

~ The goal of the present study was to characterize the SeRsk) peak current responses were measured off-line from the digi-
tivity of individual CA1 pyramidal cells to GABA and allo- tized current traces using Axotape 2.0 analysis software. Peak current
steric modulators and to compare the functional properties @R) was defined as the initial maximal negative deflection from the
GABARSs to their proposed subunit composition. The concehaseline value determined immediately before the onset of the drug
tration-dependent effects of various allosteric modulators thr@sponse.

have subunit subtype-dependent actions (diazepam, zolpidem,

loreclezole, DMCM, and zinc) on GABAR currents were studQ luti dd licati

ied in mature, acutely dissociated cells using the whole ¢ fug solutions and drug application

patch-clamp technique. . Drug application was gravity driven through a glass micropipette
Portions of this work have appearedSnc. Neurosci. Abstr. tip (30- to 50um tip diameter) positioned within 50—1Q@m of an

21: 1346, 1995. individual pyramidal cell. All drug solutions were applied to individ-
ual cells at 1-min intervals using this modified U-tube “multipuffer”

METHODS drug-application system (Greenfield and Macdonald 1996). A con-
stant negative pressure prevented the flow of buffer (or drug) from the

Isolation of CA1 pyramidal cells tip of the drug-application micropipette. The length of the drug-

) ) ) application bar (Figs. 2—8) represented the total activation time (5-12

CAL1 pyramidal cells were dissociated acutely from 28- to 35-day) of a normally “open” solenoid valve. The solenoid, when closed,
old Sprague-Dawley rats (Harlan, Indianapolis, IN) using modificanterrupted the negative pressure, allowing solution to flow. The
tions of the original procedures of Kay and Wong (1986) and othefssponse time of the solenoid valve was 8—15 ms. An additional “lag
(Celentano and Wong 1994; Kapur and Macdonald 1996; Oh et filne” was introduced between solenoid closure and drug application,
1995). Rats were euthanized with ¢@nd decapitated, and the brainpefore the onset of the GABA-mediated current response, due to the
was rapidly dissected free. The region containing the hippocampiifiall amount of buffer that flowed through the coupled micropipette
was blocked and placed for 1 min in ice-cold (4°C), oxygenated (95fgfore test drug flow. The duration of solenoid activation was varied
0,-5% CQ,) 1,4-piperazinebis(ethanesulfonic acid (PIPES) buffes a function of the exact placement of the multipuffer relative to the
containing (in mM) 120 NaCl, 2.5 KCI, 1 Mggl 1.5 CaC}, 25 recorded cell. The response characteristics of the “multipuffer” were
p-glucose, and 20 PIPES, pH 7.0. Coronal slices (a@) were cut determined previously by measuring the change in tip potential of an
on a vibroslice (Campden Instruments, Campden, U.K.) in preoXypen electrode to step changes of k= = 23.0 ms; total solution
genated, PIPES buffer maintained at 4°C, then were incubated fog)@hange time 101.4 ms) (Greenfield and Macdonald 1996). Before
minimum d 1 h atroom temperature (24°C) in continuously oxygeneach recording session, the area of drug application was visualized
ated PIPES buffer. One or two slices were incubated in Type XXWjith Fast Green and included the entire area occupied by individual
protease (3 mg/ml, Sigma Chemical, St. Louis, MO) in oxygenateg|is. Solutions were dissolved in extracellular buffer to the desired
PIPES buffer for 30 min at 32°C. After an additional 15-60 migoncentrations from the following stock solutions: 100 mM GABA in
recovery in PIPES buffer at room temperature, cells were isolatedo; 10 mM bicuculline methobromide in J&; 20 mM picrotoxin in
acutely by trituration of two to three 1-mm fragments microdissectehoos EtOH: 10 mM diazepam in DMSO; 0.4 mM zolpidem ip®
from the CA1 region of the right or left hippocampus. Cells wergoo mM loreclezole in DMSO: 10 mM DMCM in DMSO; and 100
plated in extracellular recording buffer (see next section) on pely-mm znCl, in H,0. Drugs dissolved in DMSO or ethanol were diluted
lysine-coated (0.1 mg/mlin 0.1 M boric acid/0.1 M Na tetraborate, pHirther in extracellular buffer to a final concentration<08.05%. The
8.4) 35-mm culture dishes, were allowed to adhere to the plate f@hicles alone or when coapplied with 5 or &M GABA had no
=10 min, and were used for electrophysiological recording within 1 éfect on CA1 pyramidal cell GABAR whole cell currents. Coapplied

of dissociation. drug solutions were maintained in the same drug reservoir. GABA,
bicuculline methobromide, picrotoxin, and ZnGind all other chem-
Electrophysiological recording icals were purchased from Sigma Chemical. Diazepam was a gift from

Hoffmann La-Roche Incorporated (Nutley, NJ). Zolpidem was from
Whole cell voltage-clamp recording¥,{ = —50 mV) were made Research Biochemicals International (Natick, MA). Loreclezole was a
from isolated pyramidal cells according to Hamill et al. (1981). Thgift from Janssen Pharmaceutical (Belgium).
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GABA and allosteric modulator effects on CA1 pyramidal wherelg.;, was the current in the absence of drug #&pg.,was the
cells current as allosteric modulator concentration approached infinity.
) ) o Concentration-response curves for diazepam also were fit with the
To evaluate GABA concentration-response relationships in CAshe- or two-site equations described by Oh et al. (1995) whereas
pyramidal cells, the maximal currents induced at each of five to eighfowed to vary or was set 2. Based on the EGs obtained from
GABA concentrations were compared in the 19 cells tested. Tedividual fits (Fig. 4, inse), the averaged responses of cells tested
evaluate allosteric modulator effects on CA1 pyramidal cell GABAyjith diazepam were fit to a one-, two-, or three-site model with
induced currents, diazepam, zolpidem, loreclezole, DMCM, and Z|E£1 Best-fit comparisons between one- and two-site or two- and
were coapplied with 1&M GABA. Because loreclezole only mini- three-site fits were made by test @ < 0.05) as described in the
mally enhanced currents induced by A0 GABA, loreclezole also preceding text.
was coapplied with 4M GABA. The concentration of GABA was = No a priori assumptions were made with regard to the mechanism
chosen to be on the linear portion of the GABA concentratiorsf action of loreclezole and zinc at the GABAR, and their effects on

response curve, thus allowing a reliable measure of both the pote@RABAR currents were compared with a four-parameter logistic equa-
ation and inhibition produced by the various modulators. The effect §§n

GABA-induced current desensitization on the assessment of peak

current also was minimized at lower GABA concentrations (Celen- = lmin + (Imax = lmin)/(1 + 101°95C50-Prualpy ) ®)

tano et al. 1991).

in which n, was allowed to vary. Although DMCM is known to

interact directly or allosterically with the benzodiazepine receptor, the

variable DMCM concentration-response curves also were fit &ith
Peak GABAR current amplitudes were analyzed for each cell ador a sigmoidal dose-response curve. All curve fits and comparisons

described above. To evaluate the CA1 pyramidal cell populati®f goodness-of-fit were carried out using PRISM software (Graph-

responses, individual peak current amplitudes were normalized, ilRAD, San Diego, CA).

defined as 100% for each cell. Individual and averaged GABA con-

centration-response data were fit to a one-site model by nonlinear

regression with the equation RESULTS

Data analysis

I'= [l miny + | ma([GABA] VECI)]/(1 + [GABA] "/ECLy) (1) Acutely dissociated CA1 pyramidal cell morphology

or a two-site model with the equation Because response heterogeneity may depends on the cell
| = [ + Lo ((GABA] VECL, JT/(L + [GABA] VEC,. preparation, it was important to spgmfy the cells use_d in the
[y * | MEGol(L + I"1EGo) study. In each dish 5-20 CA1 pyramidal cells were suitable for
+ [minzy T lmaxa([GABA] VECE, )]/(1 + [GABA]"/ECL,,) (2) whole cell recording based on their phase-bright appearance
and distinct morphological characteristics (Fig. 1). Cells se-

current in the absence of GABA, aifg, .., was the current evoked by IeCtEd.had a diameter20 um and_ were pyraml_da_l or poly- .
a saturating GABA concentration, The Hill slopg,j was allowed to 90N@l in shape. The cells had a single large principle dendrite

vary. For each cell tested and for the averaged data, a compariso@o=60—80um in length, although a majority of cells selected
the goodness-of-fit of the data points to a one- or a two-site model wdd apical dendrites~120-150um long. Longer dendrites,
made byF test. The equation for thE ratio [(SS1-SS2)/(df1-df2)/ i.e., 200um, occasionally were branched. Fusiform cells with
[SS2/df2] was derived from the sum of squares (SS) of the residuals ovoid appearance, multipolar cells with diffuse processes,
from each curve and the respective degrees of freedom (df), i.e., #red small granule cells from the overlying dentate gyrus oc-
number of data points minus the number of variables. A tWO-Si@siona”y were present and were rejected for study.

model was considered to fit the data points significantly better than a

one-site fit if P < 0.05. The EGgs were derived from the best-fit
equation.

The concentration-response relationships for allosteric modulators
were constructed by evaluating the degree of potentiation or inhibition
achieved by coapplication of each allosteric modulator and were
expressed as a fraction of the control GABAR whole cell current. The
peak amplitudes of the GABAR currents in the presence of various
concentrations of each allosteric modulator were taken as fractions o
the average responses to GABA applied 1 min before and 1 min afte
coapplication of each concentration. The fractions of the average
GABA-response were multiplied by 100 and expressed as percen
control, i.e., the control GABA-responses were set equal to 100%.

For diazepam and zolpidem, which also binds to the benzodiaz
epine binding site, a comparison of the peak current amplitudes
obtained with each allosteric-modulator concentration were compared
with an equation for a one-site model

wherel was the current at a given GABA concentratigp,,, was the

gmin = [1 + lamad lamin* ([DrUgI/EC5)1/(1 + [Drugl/ECs))  (3)
Fic. 1. Characteristics of acutely dissociated CA1 pyramidal cells. Phase

or a two-site model contrast photomicrographs of typical CA1 pyramidal cells isolated from a
30-day-old rat. Acutely dissociated cells retained their somata and proximal
1 amin = [L + amaxdlamin* ([Drugl/ECso.)]/(1 + [Drug]/ECsq.1) dendrites. One to 3 basal dendrites 20430 in length and the axon hillock

usually were preserved. Apical dendrites ranged from 20-2@0(median
+ [1 + lgmaxd lamin*([Drug]/ECs0.9)]/(1 + [Drugl/ECs0,) (4) 100-120um) in length and were occasionally branched. Scale=h20 um.
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A ToumaaBA pyramidal cells by 10uM GABA at V,, = —50 mV. The
-0mv. -30my  -10mV. OmV  +10mV  430mV  +50mV competitive antagonist bicuculline methobromide (10 and 50
uM) completely and reversibly inhibited the GABAR currents
[\\‘ (data not shown). After GABAR activation, the noncompeti-
o~ m

\ tive antagonist picrotoxin (10@M) also inhibited GABAR
e % currents (data not shown). The inhibition by picrotoxin re-
V v I_ versed slowly £5 min). The GABA; agonist baclofen (0.1
and 1.0uM; V,, = —50 to +30 mV) was applied to pyramidal
cells 5 min after current activation by M GABA. Baclofen
B 1000 failed to evoke currents in four of four cells (data not shown).
1 Taken together, these results suggested that GABA currents
elicited from CA1 pyramidal cells were mediated by GABARS.

200 pA

10sec

500-]

Heterogeneous GABA concentration response in CA1
pyramidal cells

L e e e e e e e AL B m s e s e e ]
-100 -50 (3 50 100 mV

Peak current amplitude increased with increasing GABA
concentration (Fig. 3A andB). Maximal current amplitude in
] single neurons ranged from 120 to 2,056 pA. For each cell, the
-1000 pa one- or two-site best fit to the GABA concentration-response
6. 2. GABA. recentor (G ) T curves were statistically compare® ( 0.05). GABAR cur-
pyramidal ceIIsA:ArespoFr)\se tg 1%%2%3%2)‘31‘”; éﬂt{igsr;i?égncsg:aéﬂagél rents were monophasic in 8 of 19 cells and biphasic in 11 of 19
clamped to the potentials indicatatioveeach trace. Horizontal bars indicateCells tested. There were no apparent morphological differences
the duration of activation of the solenoid that delivered GABA to the mubetween CA1 pyramidal cells with monophasic or biphasic
tipuffer tip. The onset of the GABAR current occurred with a delay because tigAB A concentration-response curves. Current traces for cells
line connected to the multipuffer contained control solutl_on th_at was eject? . f h h in FiaA3and B
before the ejection of GABAB: peak current-voltage relationship was deter- presentative of eac type aré shown in 'g, an :
mined for a range of holding potential,(= —90 to +50 mV). With nearly EXxamples of the best fit to GABA concentration-response
symmetrical [CI'] inside and outside the pyramidal cellgf, Was near 0 curves derived from the current traces for the two cells shown
mV (-1.6 = 1.7 mV, n = 4). Note the outward rectification of the currentjp, Fig. 3, A and B, displaying monophasic (EG = 8.2 uM;
response. n, = 2.9) and biphasic (E§_; = 15.0uM; EC5,_, = 370.4
uM; n, = 2.3) concentration-response curves, are shown in
Fig. 3C. For individual cells fit best to a single site, estimates
Whole cell recordings were made in nearly symmetricalf EC5es ranged from 4.3 to 30.4M (median 11.3uM).
chloride ion solutions ([Cl], = 164 mM; [CI"]; = 155 mM; ECgs estimated from the best-fit curve to the averaged nor-
Ec- = 1.4 mV). GABA evoked inward currents at negativanalized data from the eight cells exhibiting a monophasic
membrane holding potentials and outward currents at positisesponse was 10.8M [95% confidence interval (ClF 6.5-
holding potentials (Fig. 8). The GABAR current reversal 14.4 uM] with a Hill slope (n,) of 1.6. Analysis of the GABA
potential (Esaga) Was —1.6 = 1.7 (SE) mV ( = 4 cells) concentration-response curves for each cell that fit best to a
equivalent to the E- predicted by the Nernst equation. A plottwo-site model indicated a similar range of &@stimates for
of the peakl-V relationship generated in an individual CAlthe high-affinity site (EG, = 6.1-15.0uM). The EG, for the
pyramidal cell forV,s ranging from—90 to +50 mV is shown low-affinity site in 9 of 11 cells ranged from 108 to (/.
in Fig. 2B. EC, estimates for the low-affinity site in 2 of 11 cells could
Without ATP in the recording pipette, repetitive applicatiomot be accurately determined due to the fewer number of data
of GABA produced currents that declined in amplitude witpoints at very high GABA concentrations. GABA E& for
each successive GABA application (current rundown). To milkgher- and lower-affinity sites, estimated from the best-fit line
imize current rundown, ATP and an ATP regeneration systeimthe averaged, normalized data from the 11 cells with bipha-
were included in the intrapipette recording solution (Oh et aic responses, were 12yaM (95% CI = 7.8-16.7uM) and
1995; Stelzer et al. 1988). Stable recordings could be maBit5.6uM (95% CI = 153.4—-477.9uM), representing 42 and
tained for=1 h, although a slow rundown or run-up occasiorb4% of sites, respectively. The averaged relative amplitude
ally was detected. Therefore to control for any small degree @dirve derived from normalized peak GABAR currents elicited
rundown that may have occurred despite inclusion of an ATiRall cells ( = 19) is shown in Fig. B. The curve was fit best
regeneration system in the patch pipette, the effects of varyifigy < 0.05) to high-affinity (EGy_; = 11.0 uM; 95% CI =
concentrations of allosteric modulators were assessed a8.&-25.9uM) and low-affinity (EG,_, = 346.2 uM; 95%
fraction of the averaged baseline GABAR current before aftl = 121.6-570.8uM; ny = 1.7) sites representing 38 and
after test drug applications. Cells with current rundown d§2% of sites, respectively.
>80% over the lifetime of the recording were not included in
the z_analy5|s. Although m_ultlple test drugs occasi_onally Wefiazepam enhancement of CAL pyramidal cell GABAR
applied to the same cells, it was generally not possible to obtifyrents
full concentration-response curves for more than a single drug
to make reliable cross-drug comparisons ofggsC The benzodiazepine agonist diazepam had variable effects
Unless otherwise noted, inward currents were elicited froom CA1 pyramidal cell GABAR currents recorded from acutely

-500]

CA1 pyramidal cell currents
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A 1uMGABA 3uMGABA 10p1M GABA 30 uM GABA 100 uM GABA

: [/"“ 10sec
Fic. 3. GABAR whole cell currents in CA1 pyramidal
/ cells. GABA (1-1,000uM) was applied to single acutely

dissociated CAl pyramidal cells at 1-min intervals for the
duration indicated by the horizontal bar.traces from a single
cell that showed a monophasic response to GABA. Note the

\ increased rate of activation and desensitization of the response
V with increasing GABA concentratiof8: traces from a single
cell that showed a biphasic response to GABA. Note the

|
1

400 pA

B 1uMGABA 3uM GABA 10;M GABA 30.:M GABA 100 1M GABA 300 xM GABA 1000 uM GABA

1

difference in the activation rate of the response in comparison
to the traces irA indicating differences in GABA affinity in
these 2 cellsC: concentration-response relationship for the
traces inA andB. Lines represents the best ft € 0.05) of the
data to 1 A) or 2 sites B). D: GABA concentration-response
relationship in all CA1 pyramidal cells. Each point represents

1.04

C 20007, pec,=s2,um ECspq= 11.0uM

nH=2.9 % ECs.,=334.2 1M A
2 15004 E nw=1.7 the mean £SE) of normalized peak currents from 19 cells.
e 5 (n=19) Line represents the best fi? (< 0.05) of the data to 2 sites.
8 ] ECseS, | maxe @andn,, were derived from the equation for the
2 1000+ e 0.5 best-fit line.
g- =
B
500 © B:ECsq = 15.0uM @
ECqo., = 346.2 uM
0 . : y=28 ) 0.0 * : . T )
7 6 5 -4 -3 2 7 6 -5 -4 -3 -2
log GABA [M] log GABA [M]

dissociated CA1 pyramidal cells. Diazepam (1-3,000 nM) wa&8hereas GABAR currents in all of the 13 cells were enhanced
coapplied with 1QuM GABA and enhanced GABAR currents(>110%) by 100 nM diazepam, GABAR currents in 8 cells
in a concentration-dependent manner (Fig. 4). GABAR currewere potentiated to 120-135% of control. In the remaining five
enhancement by 10 nM diazepam in individual cells varietklls, GABAR currents were enhanced to 145-200% of con-
widely. In six cells, 10 nM diazepam had little or no effect, i.etrol. At higher diazepam concentrations, GABAR currents
diazepam (10 nM) enhanced the control GABAR current were potentiated t0-130-175% (300 nM)~150-275% (1
10%. However, in five cells, 10 nM diazepam enhanced GA:M); and ~155-375% (3uM) of control.

BAR currents to 110-135% of control. In one cell, 10 nM In 3 of the 13 cells, the concentration-response was biphasic
diazepam enhanced GABAR currents to 160% of contrdFig. 4, A and C), and in the remaining 10 cells, it was
Application of 10 nM diazepam failed in one cell. A similarmonophasic (Fig. 48 andC). EC;s for diazepam potentiation
heterogeneous response was obtained with 100 nM diazepaaried widely (2.1-1167.0 nM, median 68.5 nM) as did the

A 10 yM GABA +10nMDZP + 30 nM DZP + 100 nM DZP + 300 nM DZP + 1000 nM DZP

Wwvvv

<
o
,Co_"_ Fic. 4. Diazepam potentiation of CA1 pyramidal cell GA-
10sec  BAR currents. Diazepam (DZP) showed multiphasic effects to
10 UM GABA +10 nM DZP + 30 nM DZP + 100 nM DZP + 300 nM DZP + 1000 nM DZP enhance GABAR currentsA: traces from a single cell that

showed a biphasic response to diazepam. Concentrations of

/‘N diazepam coapplied with 1AM GABA are indicatedabove
each trace. Bars indicate the duration of solenoid activation. Not
all traces are showrB: traces from a different cell showing a
|_ monophasic response to diazepam coapplica@@roncentra-

200 pA

tion-response relationship for the tracesAmand B. D: each

10sec point represents the mear:8E) diazepam enhancement of

GABAR currents in 13 cells. Line represents the best fit of the

C 250 o AECis = 33nM D257 Ecy = 18nm data to 2 sites. Efgs were derived from the equation for the
ECs.; = 830.2nM ECs; = 75.8nM best-fit line.Inset EC;s for diazepam potentiation of GABA-
5 200] © FEC0 = 691nM - E‘iﬁ): 275.9 M induced currents in the 13 cells averagedirestimated from
5 £ 2001 the best fits of individual concentration response curves. Addi-
8 5 tional 3 data pointsn = 16) represent the additional EC
§ 1504 : ) estimates in the 3 cells with a biphasic response to diazepam.
S 150
100+
T T 1 100 T T T T 1
10 -10 9 -8 7 6 5

log Diazepam [M] log Diazepam [M]
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maximal enhancement achieved (155_375%’ median 17A). wEABAwMcmnowcmmoﬂmcmnmnm DMCM +300 nM DMCM + 100 nM ZOL
There was no correlatiorr (= 0.01) between the estimated AW U"” V-" V-—« W
EC5, and the magnitude of potentiation. EL

Representative current traces from two cells in which diaz- e
epam was coapplied with GABA are shown in FigA4andB. B 10at asa«s aw bucH 410 ot DHEH 450 nM DMCH +100 nM DMCH +300 nM DMCH + 100 i ZOL
The concentration-response curves derived from these individ- 4™ A ey mmm | am St \/W
ual CA1 pyramidal cell responses are shown in Fig. #he

lines represent the best ff (< 0.05) of the data to one or two (200 o AICsp=2208nm [ 1507 o ICss = 150.2 nM (n=d)
sites using the equations describeahirHons (Fig. 4B). ECsos * BilCoo = 478mM *|(Goo= S8 nM (=)
were derived from the equation for the best-fit lines. Diazepa®'™*]  ° °

had a biphasic effect (EG_, = 2.8 nM; EG,,_, = 335.3 nM) 3 oo . o 100 : ‘

to enhance GABAR currents in some pyramidal cells as showh : o ‘

in Fig. 4A or a monophasic effect (g = 57.1 nM, E,.« = 504 . e m‘%
178.3 = 3.3%) in other pyramidal cells as shown in Fid3.4 — — ) W * )

The range of EGs estimated from fits of the data from log DMCH [M] " og DMOM V]

individual cells, shown in Fig' @, inset’SUggeSted three E;,QZ £IG. 6. Methyl 6,7-dimethoxy-4-ethyB-carboline-3-carboxylate (DMCM)
groupings. Th? averaged data fromall 13 Ce“S Were T'tted b%ﬁgct on CAl pyra’midal cell GABAR currents. DMCM had biphasic effects
(P < 0.05) with the equation for a three-site fit (FIigD# on GABAR currents.A: traces are from a single cell in which DMCM
EC5s estimated from the three-site model, (= 1) were 1.8, enhanced GABAR currents at low concentrations. Concentrations of DMCM

75.8, and 275.9 nM, representing 15, 20, and 65% of the eff@E?ppliEd with 1QuM GABA are indicatecaboveeach trace. Not all traces are
" ) ' ’ ' shown. Bars indicate duration of solenoid activatiBntraces from a different

of diazepam to enhance_W GABAR currents. TWO-SitQ fitS cell inhibited by DMCM coapplication. Effect of zolpidem on GABAR cur-
of the diazepam data with,, = 2 (Oh et al. 1995) or with a rents in each cell also is show@: concentration-response relationships for the

variable Hill slope, gave similar EG estimates. In the former traces inA andB. D: each point represents the meanSEM) DMCM effect

_ . . T _in 4 cells in which GABAR currents were enhanced=d10% of control at
case (y = 2), a two-site fit (EG,_, = 5.6 nM and EG,_, = some DMCM concentration and in 4 cells in which GABAR currents were

179.2 nM) was statistically indistinguishable from a three-si{gnibited by DMCM. Lines inC andD represent the best fit of the data to a
fit (ECgo_; = 3.3 nM, EG,_, = 38.3 nM, and EG,_; = sigmoidal curve. IG, andny, for each line were derived from the equations for
222.3 nM). the curves.

Zolpidem effects on CA1 pyramidal cell GABAR currents

The imidazopyridine, zolpidem had variable effects on

/A 10uMGABA +30nM ZOL +100nM ZOL +300nM ZOL +1uMZOL +3uM2ZOL GABAR currents recorded from acutely dissociated CA1 py-
N \/m V .« . ramidal cells (Fig. 5). Zolpidem (1-3,000 nM) produced con-
centration-dependent enhancement of GABAR currents in

L seven of nine pyramidal cells (Fig. & and D). Maximal

200 pA

GABAR current enhancement in these seven cells was either
modest (141.9 9.5%,n = 4) or large (308.1*+ 23.3%,n =
- — - 3) and could be distinguished statistical®y/<€ 0.02,t-test with
VAR VAR VA Ve (/e Welch's correction). The E& estimated from the best-fit line
(Fig. BD) to the averaged data for the seven cells {E€
3.8—-470.8 nM) in which zolpidem enhanced GABAR currents
was 222.5 nM (95% ClI: 23.0—468.1 nM). In three of the nine
cells (33%), GABAR currents were inhibited slightly by low
concentrations of zolpidem (10-100 nW= 2) (Fig. 5,B and
- D) or were unchanged by zolpidem (1-1,000 niv& 1). The
Ec,=2225nM  INSENSitivity to zolpidem or the inhibition of GABAR currents

10sec

B 10 pM GABA +30nM ZOL +100nM ZOL +300nM ZOL +1uM ZOL +3uM ZOL

C 400 D 250

o A:ECg=316.0 nM
o B:ECsp= 71.0nM

200

©
o
=]

% Cantrol

% Control

1o v 100 * by zolpidem were explored further in 19 additional cells by
s 3 7 s 5 9 ] 7 % s coapplying 1uM zolpidem with 10uM GABA. In 8 of the 19
log Zolpidem [M] log Zolpidem [M] additional cells (42% of cells), &M zolpidem inhibited (65—

Fic. 5. Zolpidem effects on CA1 pyramidal cell GABAR currents. Zolpi-95% of control,n = 6, 32% of cells) or did not significantly
dem (ZOL) showed variable effects on GABAR currems.traces from an enhance (110% of controh = 2, 11% of cells) GABAR
individual cell in which zolpidem enhanced GABAR currents. Not all traceg rrents. In the remaining cells (58%) zoIpidem enhancement

are shown. Concentrations of zolpidem coapplied withy®d GABA are 0
indicatedaboveeach trace. Bars indicate the duration of solenoid activaion, ©f GABAR currents ranged from 118.0 to -201.6% (mean

traces from a different cell showing a low sensitivity to zolpidem coapplical53-_9 * 6.9). The responses _Of all cells & 28) to 1 uM
tion. GABA currents in 7 of 21 cells tested with AM zolpidem were zolpidem are shown in Fig.[} inset.
insensitive to or inhibited by the imidazopyridin€: concentration-response

relationship for the traces ihandB. D: each point represents the mearSE) .
zolpidem enhancement of GABAR currents in 7 cells sensitive to zoIpiderQMClvI effects on CA1 pyramidal cell GABAR currents

Lines represent the best fit of the data to a sigmoidal curve, B@n,, were _ : ;
derived from the equation for the curdeset effect of a single concentration The p-carboline DMCM had variable effects on GABAR

of zolpidem (1uM) to potentiate GABA-induced currents in 28 CA1 pyra-CUIT€Nts recorded from aCUte'}’ diS_SOCiated CAl pyramidal
midal cells. cells (Fig. 6). DMCM was applied with 10M GABA onto
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eight cells. DMCM inhibited GABAR currents in half of the A 10sM@ABA .1umzn™ +3aMZn™ +10pMZn™ +30uM Zn*™* +100uM Zn**
cells (Fig. 6,B-D) and had a biphasic effect on the remainder e

of the cells (Fig. 6 A, C,andD). Traces from two represen- W W W W W <
tative cells are shown in Fig. 8 andB. The current traces §|_
in Fig. 6A show concentration-dependent enhancement of
GABAR currents at low nanomolar DMCM concentrations anfp M GABA 410,1M Zn™ +30 M Zn™ +100 1M Zn™" +300 uM Zn*" +1000 LM Zn'™*
concentration-dependent inhibition of GABAR currents at w "\M/’”” W T ™ 0
higher concentrations. In the second cell, isolated from the

same hippocampus, DMCM inhibited GABAR currents at corG ™ o mics smagm D S %= 200um
centrations>100 nM (Fig. 5,B andC). A few cells also were o B (G menoul e

tested with 100 nM zolpidem. In the cell shown in Fid\,6he &1 g fooy -

10 uM GABA current enhanced by 3 nM DMCM was less S

sensitive to zolpidem than the cell in which GABA currents” % 80

were only inhibited by DMCM (Fig. B). The data from

individual cells were fitted best to a sigmoidal curve, and the °z——F——————7>7— & ,
IC50s andnys were derived from the best-fit line. Cells in log Zn** (M] log Zn** [M]

i 0
thICh ?AIBAR current Wgs er:jhanced by DMCg/l (1??:]'10/'7 . _FIG. 8. Zinc inhibition of CA1 pyramidal cell GABAR currents. GABAR
0 _Con rol) were gro_upe_ an Were_ compared wi C_e S_ Whirrents were differentially sensitive to zinc inhibitioh.traces from a single
which DMCM coapplication resulted in GABAR current inhi-cell completely inhibited by 10@M zinc. Not all currents are shown. Con-
bition. Comparisons of the mean logd indicated a signif- centration of zinc coapplied with 10M GABA is indicatedaboveeach trace.
icant difference (Student'stest,P = 0.04) between groups Bars indicate the duration of solenoid activati@ntraces from a different cell

_ + in which GABA currents were inhibited by 50% after 1gM zinc coappli-
(IC50 53.3* 31.6 nMvs. 268+ 103.7 nM)' The pooled data cation.C: concentration-response relationships for the traces shownaind

from each group are shown in Figd6The mean IGys derived g p: each point represents the mean E) zinc effect on GABAR currents
from the averaged data were 87.7 nM (95% CI: 27.3—281i/3 cells inhibited to 10% of control by 100M zinc and 5 cells inhibited to

n|\/|) and 150.2 nM (95% Cl 20.5 nM to ]_,(1|\/|), respectively. 50% of control by 10QuM zinc. Lines inC andD represent the best fit of the
data to a sigmoidal curve. lgandn,, were derived from the equations for the

. curves.
Loreclezole enhancement of CA1 pyramidal cell GABAR

currents shown). Therefore, loreclezole (30 nM to pM) was coap-

Loreclezole had variable effects on GABAR currents relied with 5uM GABA to an additional eight pyramidal cells.
corded from acutely dissociated CA1 pyramidal cells (Fig. %ur_ther increases in the loreclezole concentration applied were
Potentiation of GABAR currents (10uM GABA) by imited by its insolubility. Loreclezolle concentration-depen-
loreclezole (3 nM to 1QuM) was evaluated in four cells. Theden_tIy potentiated GABAR currents in the_se cells at concen-
maximal GABAR current enhancement produced by;2a trations >1 uM. A representative pyramidal cell GABAR

loreclezole was 110—120% of the control currents (data q%frrerslgtzmgti;vasshg\?vfr}gaﬁg tc; Ali?:éo gf g\orr]gp?rlevs\/ietztﬂ/ .

pyramidal cell GABAR current that was relatively insensitive

100 pA

* A ECy= 13.6uM EC5o=8.6 LM
o B: ECsg= 296.0 uM ny=12

0 /“"“ 1 o l i to loreclezole, i.e., potentiated to 130% of control with5a
b | t f \/ fgl_ loreclezole, is shown in Fig. B andC. At higher concentra-
| apparent desensitization (Fig.XandB) (Donnelly and Mac-
7 ralih donald 1996). Individual loreclezole concentration-response
n il u/” y "\W,w w
\-«/ WM W/“ weee from individual fits ranged from 2.9 to 30,6M. In seven of
Cm D2 eight cells, GABAR currents were potentiated to 155-215% of
the best-fit curve to the pooled data (FidR)7 The mean EG,
estimated from the best-fit line of the averaged responses (

/ 8 tions (>10 uM), loreclezole produced an increase in the rate of
10sec
B 5uMGABA +1puMLOR +3puMLOR +10uMLOR +30uMLOR +50uM LOR
[_ curves were obtained for all cells (FigCY. The EGs derived
control, similar to the peak potentiation (185%) derived from
7) to loreclezole was 8.6M (95% CI: 4.9-15.1uM).

150

% Control
g

100 e : 1004 - - &

Zinc inhibition of CA1 pyramidal cell GABAR currents

log Loreclezole [M] log Loreclezole [M]

Zinc had variable effects on GABAR currents recorded from
FIc. 7. Loreclezole potentiation of CA1 pyramidal cell GABAR currentsgcutely dissociated CA1 pyramidal cells (Fig. 8). Zinc (100 nM

Loreclezole (LOR) enhanced GABAR currents in the majority of cells. ; ; ; _
traces were from a single cell in which loreclezole potentiated GABAI—IQO 1 mM) was coapplled with GABA CLQLM) to elght pyra

currents. Not all traces are shown. Concentrations of loreclezole coappl[gﬁdal cells§ and reduced GABAR currents ”_1 all Ce”S_ _'r_] a
with 5 uM GABA are indicatedaboveeach trace. Bars indicate the durationcOncentration-dependent fashion. On the basis of sensitivity to
of solenoid activationB: traces from a different cell showing a low sensitivity 100 uM zinc (Smart et al. 1991), data from individual cells
to loreclezole goapplicatiorrlc: concentration—reshponse rels?éi)or;shipls fo: thgyere pooled into two groups. In five of eight cells, zinc reduced
traces inA and B. D: each point represents the mean oreclezole ;
enhancement of GABAR cuﬁ’ents foFr) 7 cells sensitive to loreclezole. Lin ABAR C.urrents by~.50% (|C50 o 125_978"’“'\/')’ whereas in
represent the best fit of the data to a sigmoidal curve,&6dn,, were derived three of eight cells, zinc reduced GABAR currentst0% of

from the equations for the curves. control (IG, = 18-54 uM, Fig. 8C). Representative current
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traces from two cells exposed to zinc are shown in Fig&)d ence in sensitivity of at least twp-subunit polypeptidesM,

B. In cells with a lower sensitivity to zinc, nearly completes5,000 and 58,000) to GABAagonists (Bureau and Olsen
inhibition of GABAR currents was achieved only with 1 mM1990).

zinc. A comparison of the log I&s estimated from individual The range of Egs associated with the GABAR high-
concentration-response curves for each cell indicated a sigriffinity state in dissociated cells also could represent more than
icant difference (Studentistest,P = 0.04) between the meanone high-affinity site. For example, two cultured hippocampal
log IC5gs of the two groups of cells (I§g = 32.5*= 10.9uM cell populations, differentiated according to their GABA-in-
vs. 377+ 156.9uM). The sigmoidal fit of the concentration-duced desensitization rates, both had high affinities for GABA
response curve for the pooled data are shown in Fig.The (8.5 and 37.3uM) (Schinrock and Borrmann 1993), similar to
IC5es estimated from the averaged data were 28W0 (95% the range of high-affinity Egs detected in dissociated cells.
Cl: 20.8-37.9uM, n = 3) and 182uM (95% CI: 74.4—447 Conversely, discrepancies between GABAR potencies in cell

M, n = 5). culture and young adult rat brain are not unexpected. Expres-
sion of GABAR subunit mRNAs is regulated developmentally
DISCUSSION in the CAL region (Gambarana et al. 1991 ier et al. 1995),

. . . ) coincident with the late appearance gfaminobutyric acid
GABAR currents in acutely dissociated CA1 pyramidal cellgjecarhoxylase (GAD) immunoreactive cells (Potier et al. 1992)

GABA concentration-dependently evoked inward currenfld of functional GABAergic inhibition in the CA1 region
on morphologically identified CA1 pyramidal cells that re{Harris and Teyler 1983; Michelson and Lothman 1992).
versed at the predictedF (Fig. 1). The voltage dependency ©Overall, the data suggested that the two GABAR affinity
of the GABA-induced currents in dissociated CA1 cells, i.eStates detected may reflect that at least two functionally distinct
outward rectification of thé-V relationship, was characteristicPopulations of GABARs were localized to different regions of
of hippocampal pyramidal cells (Ashwood et al. 1987; Burgaf@e¢ pyramidal cell and/or that different GABAR isoforms ex-
et al. 1996; Gray and Johnston 1985; Segal and Barker 198a%ed among distinct populations of pyramidal cells. These data
The insensitivity of pyramidal cells to baclofen indicated thadf€ consistent with earlier reports of pharmacologically and
GABA-induced currents were not GABAreceptor mediated. €lectrophysiologically distinguishable GABAR responses in
Similarly, Lenz et al. (1997) reported an absence of G-protei®Al pyramidal cell somata and dendrites (Alger and Nicoll
mediated conductances using a high internal [@b record 1982). More recently, two anatomically and functionally dis-
whole cell currents from CA1 pyramidal cells in hippocampdinct GABAR-mediated synaptic responses, i.e., GABA
slices. Moreover, because inward currents in dissociated c@Rfl GABA, 0., Were detected using both intracellular and
were blocked by bicuculline and potentiated by diazepam,vhole cell recordings in CA1 pyramidal cells in in vitro hip-
was unlikely that a component of GABA-activated currents iRocampal slices (Banks et al. 1998; Pearce 1993). On the basis

dissociated pyramidal cells were GABAreceptor-mediated Of immunocytochemical colocalization of the? and1 sub-
(Bormann and Feigenspan 1995). types, the former on the axon initial segment (Benke et al.

1994; Chen et al. 1996; Muer et al. 1995; Nusser et al. 1996;
E. I. Tietz, S. Chen, and W. Sieghart, unpublished observa-
tions), «2B1y2 receptors are likely prominent CA1 pyramidal
The actions of GABA on dissociated CA1 pyramidal cellsell GABAR isoforms, perhaps mediating the GABA, re-
suggested a functional heterogeneity of GABARs within indsponse (Pearce 1993). The colocalizationrn@fand B3 sub-
vidual cells and among different cells that was likely dependetypes on pyramidal cell processes (Chen et al. 1996; Nusser et
on a variable subunit subtype composition of different GABARI. 1996; Sperk et al. 1997; E. I|. Tietz, S. Chen, and W.
isoforms. Molecular heterogeneity of GABARs was reflectefieghart, unpublished observation) suggests that GABARs
in high and low affinities for GABA in receptor binding studiecomposed ofa1B83y2 subtypes could represent the second
(c.f. Sieghart 1995). In the present study, two functionallglass of functionally and anatomically distinct GABARS, per-
different populations of acutely dissociated hippocampal CAfaps mediating the dendritic GABA,,,, response proposed to
pyramidal cells were identified based on their monophasic andderlie the classical, early inhibitory postsynaptic potential
biphasic GABA concentration responses, suggesting at leéBanks et al. 1998; Pearce 1993). The immunostaining pattern
two affinity states of GABARSs in a majority of CA1 pyramidalof other subtype antibodies would allow a role for tfe but
cells. Both populations of cells had an apparent high-affinityot o3, subtype in mediating either of the proposed GABA;
site for GABA similar to that reported for trypsinized CAlor GABA, ¢, responses (Fritschy and Wier 1995).
pyramidal cells (6.4-14.5M) (Celentano and Wong 1994;
Shirasaki et al. 1991).. Qne populatllon of dissociated cells had||_to-cell heterogeneity
an apparent lower-affinity GABA site. A somewhat narrower
range of GABA responses was reported for dorsal root gan-In contrast to the biphasic GABA responses in CA1 pyra-
glion cells isolated from adult rats (26—-1@/M) (White 1992), midal cells, GABA concentration-response curves obtained in
consistent with the diversity of GABAR subunit mRNAs inyoung adult dentate granule cells, many isolated from the same
those cells (Persohn et al. 1991). The range of GABAE@ hippocampi used in the present study, were all monophasic
dissociated CA1l cells was within the range of FCfor (ECs, = 47 uM) (Kapur and Macdonald 1996). Because
recombinant GABARs assembled in oocytes and embryomgramidal cells and granule cells display a different comple-
kidney 293 cells from various subunit combinations (1.3—4@ent of GABAR subtype mRNAs (Wisden et al. 1992) and
uM, Levitan et al. 1988; 9-98aM, Sigel et al. 1990; 17-103 pattern of GABAR subtype protein immunostaining (Fritschy
uM, Verdoorn et al. 1990) and may reflect the 15-fold differand Mthler 1995; Nusser et al. 1996; Somogyi et al. 1996;

Heterogeneity of GABAR currents



HETEROGENEITY OF CAl PYRAMIDAL CELL GABA, RECEPTORS 1583

Sperk et al. 1997; E. I. Tietz, S. Chen, and W. Sieghart, uand protein expression, although a contributionytf subtype-
published observations), these contrasting findings strengthendbataining native GABARS to the multiphasic effects of diazepam
likelihood that the unique pharmacological actions of GABA oto enhance GABAR currents could not be excluded (Knoflach et
hippocampal principal cell types was dependent on GABA&. 1991; Somogyi et al. 1996; Wisden et al. 1992). Pyramidal cell
subunit subtype composition. GABARs also might contain multiple (McKernan et al. 1991,
The contrasting responses of hippocampal CA1 pyramidédérdoorn 1994) o subtypes (Li and De Blas 1997). Studies of
cells, dentate granule cells, and other neuron populationstte structural domains of the benzodiazepine binding sites rein-
GABA and allosteric modulators supports the hypothesis thiatce the primary importance of variations édnand y GABAR
GABAR isoform heterogeneity is one basis for the diversity afubunit subtype composition in determining benzodiazepine phar-
GABA inhibitory function within the hippocampus and othemacology (Smith and Olsen 1995). Nonetheless, diazepam poten-
neuronal circuits (Banks et al. 1998; Kapur and Macdonatition of GABAR currents in oocytes was shown to vary 4- to
1996; Mthler et al. 1995; Pearce 1993). Nevertheless, pod2-fold with 8 subtype substitution (Sigel et al. 1990), suggesting
translational modifications or other factors, e.g., phosphoryldat the quaternary structure of native GABARS also may affect
tion state of the receptor, also might contribute to the differehenzodiazepine pharmacology.
GABAR-mediated current pharmacology among hippocampal The monophasic zolpidem concentration-response function
neuronal subtypes (Geynes et al. 1994; Leidenheimer et\wahs consistent with the presence of primarily moderate affin-
1991; Macdonald and Olsen 1994; Smart 1997; Stelzer 199y, BZ Type IIA receptors, although a small population of
This possibility could not be distinguished in the present studyigher-affinity BZ Type | receptors might be represented by the
Moreover, heterogeneity of GABAR isoforms also probably i®wer percentage of cells with the lowest Econsistent with
related to differences in chloride channel properties, e.g., rébhe absence okl subtypes on the soma proximal dendrites of
tification and desensitization, ascribed to hippocampal neure35% of pyramidal cells (Nusser et al. 1996). The remaining
nal populations (Birnir et al. 1994; Burgard et al. 1996; Gragells were insensitive to or inhibited by LM zolpidem,
and Johnston 1985; Pearce 1993; ‘Stbok and Bormann consistent with the presence of BZ Type IIB (or BZ Type llI)
1993). receptors with negligible zolpidem affinity (ddens et al.
1994; McKernan et al. 1991; Pritchett et al. 1989). Zolpidem-
insensitive CA1 pyramidal cells exhibited more rectification
and less desensitization at depolarized potentials than zolpi-
Added variation in the functional response of GABARs imlem-sensitive cells, similar to properties described in recom-
pyramidal cells was only evident in the presence of allostetiénanta581y2L and a5B3y2L GABARS expressed on mouse
modulators, entirely consistent with classical binding studi€®929 fibroblasts (Burgard et al. 1996). Combined with the
that identified two GABA binding sites and a diverse allosterie@sults of binding studies using recombinant GABARSdLu
modulator pharmacology (c.f. Doble and Martin 1992; Sieghadtens et al. 1994) and in situ hybridization studies (Wisden et al.
1995). Allosteric modulators that interact with the benzodiaa992), these findings suggested that @B3y2L GABAR
epine binding site on GABARSs, i.e., diazepam, zolpidem, ansbform was also likely to be expressed on CAl pyramidal
DMCM, produced multiphasic modulation of GABAR cur-cells. The pattern of zolpidem sensitivity/insensitivity may
rents consistent with a mixed Type I/Type Il benzodiazepineflect the presence ail, a2, andab5 subtype mRNAs and
pharmacology (Doble and Martin 1992). The modulation girotein (Fritschy and Maler 1995; Nusser et al. 1996; Wil-
CA1 pyramidal cell GABAR currents by allosteric modulatordiamson and Pritchett 1994; Wisden et al. 1992) consistent with
disclosed a large degree of GABAR heterogeneity that was ribe detection of three binding sitds{ = 15 nM, 225 nM and
always readily predicted from the GABAR subtype mRNA an@ uM) for [*H]zolpidem in the hippocampus (Ruano et al.
protein expressed in CA1 pyramidal cells (Fritschy anthio 1992) and a triphasic diazepam concentration response.
1995; Nusser et al. 1996; Somogyi et al. 1996; Sperk et al. DMCM both enhanced and inhibited GABAR currents in
1997; Wisden et al. 1992; E. I. Tietz, S. Chen, and W. Sieghadiissociated pyramidal cells. The positive modulatory effect of
unpublished observations). DMCM at low concentrations in 50% of the cells tested sug-
The responses to diazepam were consistent with the existegested the presence of either & or y1 subtypes, shown in
of multiple GABAR isoforms containing low- and mid- or low- recombinant GABARs to confer positive modulatory actions
and high-affinity benzodiazepine binding sites. Multiple nanomon DMCM (Puia et al. 1991; von Blankenfeld et al. 1990). The
lar EG5s also were reported for clonazepam potentiation of GAelatively low expression of thel subtype, in comparison
BAR currents in thalamic and cortical neurons dissociated frowith the o5 subtype, mRNA (Fritschy and Niter 1995; Wis-
early postnatal, juvenile and young adult rats (Oh et al. 199%6)n et al. 1992), suggested that potentiation of GABAR cur-
Alternately, potentiation of dentate granule cell GABAR currentents by DMCM may more likely be due to the functional
by diazepam was reported to be monophasicsfE€ 158 nM) assembly ofa58xy2 GABARS, consistent with their reduced
(Kapur and Macdonald 1996). The distribution and relative abusensitivity to zolpidem. The monophasic inhibitory response of
dance ofa subunit subtype mMRNASYS > a2 >=> al = a4 >>=> hippocampal dentate granule cells to DMCM (& 60 nM)
a3) in CA1 pyramidal cells (Williamson and Pritchett 1994(Kapur and Macdonald 1996) also might be explained by the
Wisden et al. 1992) and the patterncofubtype immunostaining relatively lower levels ofa5 subtype mRNA and protein ex-
in the CAL region (c.f. Fritschy and Nhter 1995) suggest that pression compared with CA1 pyramidal cells (Fritschy and
native GABARs composed afl, a2, and/ora5 subtypes most Méhler 1995; Wisden et al. 1992). The relative contribution of
likely contributed to the heterogeneity of the diazepam respongesor a2 subtype-containing GABARS to the inhibitory effects
in CA1 pyramidal cells. The overall benzodiazepine sensitivity @f DMCM on GABAR currents (Puia et al. 1991; von Blan-
CAL1 cells also was expected to relate to thélrsubtype mRNA kenfeld et al. 1990) could not be deduced from the data.

Heterogeneity of allosteric regulation of GABAR currents
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Loreclezole enhanced GABAR currents in the majority of The predominance of BZ Type IIBxp subtype-containing)
cells with an EG, similar to that reported in dentate granuleeceptors was consistent with the responses to all of the allo-
cells (9uM), although a larger fraction (50%) of granule cellsteric modulators tested. Given the insensitivity of some CA1l
were loreclezole insensitive (Kapur and Macdonald 199)yramidal cell GABAR currents to zolpidem, the positive
These findings were consistent with the relatively lower levetsodulatory actions of DMCM in some cells and their
of expression of31l subtype mRNAs and protein in granuldoreclezole sensitivity, an533y2 GABAR isoform was likely
cells than in CA1 pyramidal cell somata (Wisden et al. 199present or=30% of individual pyramidal cells. The enhance-
E. I. Tietz, S. Chen and W. Sieghart, unpublished observaent of GABAR currents by diazepam in all cells studied
tions). implies that a large fraction of GABAR isoforms contained the

Two distinct populations of CA1 pyramidal cells were sepy2 subtype (Fritschy and Muer 1995, Sperk et al. 1997,
arated by the extent of inhibition produced by zinc. The rel&isden et al. 1992; E. I. Tietz, S. Chen and W. Sieghatrt,
tive insensitivity of some CA1 pyramidal cells to 100 zinc, unpublished). Nevertheless, the sensitivity of some cells to zinc
a concentration previously used to establish zinc insensitivéypports the possibility that a portion of native pyramidal cell
of y2 subtype-containing GABAR isoforms (Smart et alGABAR isoforms coexpress tha5 subtype as found with
1991), was consistent with the presence of % subtype «5B3y2 recombinant receptors (Burgard et al. 1996).
(Fritschy and Maler 1995; E. I. Tietz, S. Chen and W. Taken together, the findings of the present study suggest that
Sieghart, unpublished observations) and the sensitivity of dike subtype-specific expression of GABARs can provide an
sociated cells to benzodiazepine agonists. Nevertheless, #dslitional method for modulating the functional properties of
could not explain the moderate zinc sensitivity of the remaimdividual hippocampal pyramidal cells, consistent with the
ing fraction of pyramidal cells tested. Dentate granule cells/pothesis that the diversity of GABA actions in the CNS are
also showed a uniformly moderate zinc sensitivityJ& 29 related to the assembly of multiple GABAR isoforms on indi-
uM) (Kapur and Macdonald 1996). Consistent with the abilityidual neurons, among populations of neurons and within
of a subtypes to modulate zinc sensitivity (Fisher and Maespecific functional neuronal pathways or brain regions (Burt
donald 1997; Saxena and Macdonald 1996), GABAR currergad Kamatchi 1991; Muer et al. 1995; Nusser et al. 1996) and
in mouse fibroblasts containingb3y2L subtypes were mod- reinforcing the likelihood that GABAR heterogeneity plays an
erately zinc sensitive (1§ = 22 uM) (Burgard et al. 1996). important role in regulating GABAR inhibition within the
This finding raises the possibility that zolpidem-insensitiveippocampal trisynaptic circuit.

GABAR isoforms in CA1 pyramidal cells may have contrib-
uted j[O the appearance of two populations of cells with dlffer'We thank Dr. Andrew Beavis for assistance with the derivation of model
ent zinc sensitivities. equations and N. Esmaeil for technical assistance.
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